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1. Executive Summary
In March 2005, the National Science Board
approved the National Science Foundation
(NSF) award of the Cooperative Agreement
for management and operation of the National
Astronomy and Ionosphere Center (NAIC)
to Cornell University for the 5-year period
FY2006-2010. The award represents a strong
endorsement by the NSF of the primary elements
of the Cornell vision for NAIC, and the relation
of NAIC to the community it serves. These
are being vigorously pursued by NAIC. These
elements are summarized in this NAIC Report
to the NSF Division of Astronomical Sciences
Senior Review; together they comprise a
prioritized plan to promote NAIC science in the
21st century.
As the managing organization for the world’s
largest single dish radio/radar telescope, the
305-m Arecibo telescope, NAIC brings unique
scientiﬁc research capabilities in several areas.
These unique capabilities are described in
Section 2 and include the importance of the
Arecibo Observatory for large-scale radio
surveys necessary for the study of galaxies in
the nearby, z < 0.2, universe that complement
on-going surveys at other wavelengths, the
importance of pulsar discoveries and timing of
millisecond pulsars as tools for the exploration of
extreme states of matter and general relativity,
the unique NAIC capability for radar imaging of
near Earth asteroids, and the enormous impact
the Arecibo telescope has on high-sensitivity
VLBI observations. We emphasize the recentlyimplemented, unique, capability of the Arecibo
telescope to perform commensal observations
in which two or more research groups process
the same astronomical signal simultaneously for
different scientiﬁc objectives thereby multiplying
the research utility of the Arecibo telescope by
two or more. Searches for transient astronomical
radio sources and for possible beacons from
other civilizations are enabled by the commensal
capability in a way that does not require assigned
observing time.
In Section 3 of this report we highlight the
emphasis we place at NAIC on maintaining our
programmatic support of the U.S. academic
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research community to facilitate, through
partnerships, advances in
•
•
•

Detector and digital signal processing
technology;
Computational capabilities and
information sharing technology;
Organizational structure of large-scale
research teams working collaboratively
on ambitious, problem-oriented,
programs.

In so doing, NAIC strives to stimulate innovations
at academic institutions and integrate them
rapidly into capabilities at the national center.
NSF funding of NAIC is then multiplexed to
beneﬁt both academic researchers and NAIC.
The NAIC goal is to develop research initiatives
with the community, not for the community. We
are promoting collaboration, not competition,
as a means to help insure that NSF astronomy
research funds are used to greatest efﬁciency in
the U.S. research community.
Section 4 of this report is a concise overview
of NAIC included here for readers who are
unfamiliar with NAIC.
The recent improvements made to the optical
system of the Arecibo telescope, and the routine
availability of the ALFA multibeam receiver that
greatly speeds up large-area sky surveys, has
led to a tremendous increase in the demand for
observing time on the telescope. We discuss
the proposal and user statistics in Section 5.
We note with pride that the FY2005 proposal
oversubscription, averaged over all LST
intervals, make the Arecibo telescope the most
oversubscribed telescope funded by the NSF
Division of Astronomical Sciences. The LST
range of greatest oversubscription for the Arecibo
telescope at the two most recent proposal
deadlines exceeds that of any telescope in
astronomy, including that of the Hubble Space
Telescope. Commensal observing is allowing us
to deal with this oversubscription rationally.
A short description of the public education
program, and public visitor statistics, are also
included in Section 5. We highlight the fact that
Cornell University built a Visitor Center in 1997
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for NAIC at the Arecibo Observatory to serve our
community of neighbors and friends in Puerto
Rico, as well as visitors to the island; this is now
one of the most-visited attractions on the island.
Approximately 120,000 people visit the Arecibo
Observatory annually: this number exceeds the
annual number of public visitors to all other NSFsupported observatories combined. Perhaps
surprisingly, NAIC receives no ﬁnancial support
from the NSF Division of Astronomical Sciences
for operation of the Visitor Center or for the public
education program at the Arecibo Observatory.
We discuss telescope efﬁciency metrics in
Section 6, and in particular we argue that an
efﬁciency metric is properly a cost/beneﬁt ratio
where both cost and beneﬁt need to be deﬁned
and discussed. At NAIC, we note that over the
past six years NSF funds to support Arecibo
Observatory costs have been very scarce. In
the FY2000 to FY2005 period when the NSF
Division of Astronomical Sciences budget grew
from $118M to $200M, an increase of $82M or
nearly 70%, the budget of NAIC grew by only
$500k, an increase of only 4%. The cumulative
effect of inﬂation over these 6 years was 16%.
As the NSF Senior Review focuses its attention
on the prospect of ﬂat funding at the NSF for
the next several years, it is appropriate to
bear in mind that NAIC has had to deal with
essentially ﬂat funding for the past six years, the
most expansive six-year period in the history of
the NSF. In addition, we stress that the NAIC
scientiﬁc and educational programs are unique
assets that are properly viewed as performance
metrics, for without them the capabilities they
represent would either be lost entirely or would
have to be re-created at substantial expense in
some other way.
Section 7 is a vision of the future that sets
forth NAIC astronomy program priorities, both
near-term and long-range. It establishes
a milestone for a major review of the NAIC
astronomy program in the middle of the next
decade at which the future direction of NAIC
can be assessed in the light of progress made
with the SKA project and with other international
astronomy ventures.
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An estimate of the cost of divestiture of the
elements of the NAIC astronomy program and
the appendices conclude this report to the Senior
Review.

2. The Unique Role of NAIC in U.S.
Astronomy
2.1 The “Millennium Questions” in
Astrophysics
The scientiﬁc objectives provided as consensus
priorities by the astrophysics community in the
two reports, Astronomy and Astrophysics in
the New Millennium (2001), and Connecting
Quarks with the Cosmos (2003), express
a common theme: the primary concern in
our future research must be to connect our
understanding of fundamental physics more
ﬁrmly with our understanding of the universe
and its many elements. These “Millennium
Questions” express the concern that our current
understanding may be too phenomenological to
allow us to progress much further. For example,
we know that the dynamics of disk galaxies
are determined by dark matter that occupies
the same general space as the galaxies, and it
interacts gravitationally with the normal baryonic
matter constituting galaxies, but we have no idea
what that dark matter is. To understand galaxy
dynamics on a more fundamental level, we need
to compute the coupling between the two types
of matter, no detailed computations are entirely
reliable with our present knowledge. This is just
one example. The phenomenon we call “dark
energy” is even more of a mystery. And, in many
ways, our understanding of gravity will beneﬁt by
further observational support.
Given such uncertainties, the community’s sense
of priorities is a statement of urgency for more
concerted effort on fundamental processes that,
presumably, apply throughout the universe.
Because the astrophysical questions are broad
and encompassing, so too are the tools required
to answer those questions. Observations
with the NAIC Arecibo telescope are unique
tools for addressing the particular questions
for which extensive sky surveys or precision
physical measurements are required. For the
other questions, other telescopes and other
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approaches are more appropriate.
The physical quantities that can be measured
with greatest precision are time and frequency.
As the world’s largest telescope, the NAIC
Arecibo telescope is the instrument to use for
those observations of time and frequency that
must be made with the greatest instantaneous
precision and/or sensitivity.
Here we emphasize the unique role Arecibo
plays in pulsar timing observations, observations
for which the achievable timing precision
depends linearly on the aperture of the telescope
used to make the observations. As noted in
Section 2.3 below, timing of millisecond pulsars,
either as individual binary systems or as part of
an array of objects widely distributed across the
sky, is a unique probe for answering the following
Millennium Questions:
•

•
•
•

What are the new states of matter
at exceedingly high density and
temperature?
Did Einstein have the last word on
gravity?
How did the universe begin?
Determine the large-scale properties of
the universe; its age, the nature of matter
and energy that make it up, and the
history of its expansion.

The involvement of the Arecibo telescope in
the High Sensitivity Array (HSA) and the EVN
for VLBI observations, Section 2.4, makes the
HSA/EVN a unique probe to answer the following
Millennium Questions:
•

•

Is a new theory of matter and light
needed at the highest energies?
Understand the formation of black holes
of all sizes.

The Arecibo 1 MW S-band planetary radar
system on the Arecibo telescope is a unique
research tool without signiﬁcant peers anywhere
in the world. Precision timing of the radar return
from Near Earth Asteroids (NEAs) at Arecibo is
such a highly precise measurement of distance
that non-gravitational processes that affect orbital
dynamics in the solar system can be investigated
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in exquisite detail. In so doing, one can address,
in part, the Millennium Question, Understand the
effects of the astronomical environment on the
Earth.
The new NAIC Arecibo Observatory ALFA
multibeam mapping receiver gives a unique
capability for probing the Millennium Question,
What is dark matter? The fundamental data
required for such an effort are large-scale survey
data, surveys that can address whether the
same objects respond to the same physical laws
in all parts of the universe and at all times in
the evolution of the universe. This is a primary
motivation of the Sloan Digital Sky Survey, for
example, and for many other on-going surveys
at all wavelengths. It is also the primary
motivation for the Arecibo L-band Feed Array
and the unbiased surveys that the community of
scientists will undertake in partnership with NAIC
using ALFA. This is described in Section 2.2.
Finally, the logical endpoint of the Millennium
Question, Study the formation of stars and their
planetary systems and the birth and evolution of
terrestrial planets, is the origin of life, intelligent
life. For many years, the unrivaled sensitivity
of the Arecibo telescope has been exploited to
seek radio signals from civilizations beyond the
Earth. Recently, the NSF funded an academic
group to develop an advanced spectrometer to
search for extraterrestrial signals, and to install
that spectrometer at the Arecibo Observatory.
The spectrometer will be used with the ALFA
multibeam receiver in a commensal, “piggyback”,
mode whenever ALFA is being used. It will not
disturb the ongoing scientiﬁc program, but it will
make for efﬁcient use of a valuable NSF facility
in support of a speculative research program of
broad public appeal. This is described in Section
2.6 below.

2.2 ALFA Surveys
The Arecibo L-band Feed Array, ALFA, was
built speciﬁcally to provide a rapid mapping
capability for the Arecibo telescope. Because
the telescope is a semi-transit instrument, it is
ideally suited to the large-scale sky surveys
that ALFA enables. NAIC has fostered the
organization of large collaborations of academic
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researchers, consortia, to conduct ALFA surveys
in three disciples: surveys of the extragalactic
sky (EALFA), surveys of galactic hydrogen
and galactic continuum emission (GALFA),
and surveys searching for pulsars (PALFA).
NAIC has built, or is building, under contract to
university groups special-purpose spectrometers
for the three ALFA research consortia.
The survey programs to be undertaken by the
three ALFA consortia have several scientiﬁc
subcomponents that together will take many
thousands of hours of observing time on
the Arecibo telescope. In some cases, the
observations must be done at night and the
survey programs will have to be conducted over
many years. Once completed, however, the
archival databases produced will be extremely
long-lived: the sensitivity and angular resolution
of the ALFA surveys will not be superceded until
the advent of the SKA.
In return for the thousands of hours of telescope
time required for the surveys, the ALFA consortia
pledge to provide:
•

•

•
•

Community access archival databases
with the data products arrived at with
careful attention to data quality and
support provided by the consortia to
database users;
Software systems for ALFA data-taking,
reduction and analysis that will be made
available by NAIC to other interested
ALFA users;
Scientiﬁc and operational support to
other ALFA users with similar scientiﬁc
objectives;
Annual progress reports as input to the
NAIC review process for continuation of
the survey observations.

The scientiﬁc objectives of the three ALFA
consortia are described below. The archival
legacy data products from all three will become
permanent resources to the U.S. astronomical
community.

EALFA: Three major surveys of the HI gas
content in galaxies, and in the environment
shared among galaxies, began at Arecibo in
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FY2005. These three surveys are (1) ALFALFA,
the Arecibo Legacy Fast ALFA Survey; (2) AGES,
the Arecibo Galaxy Environments Survey, and;
(3) a deep imaging survey of NGC 2903 and its
environment. Two other surveys, the Arecibo
Ultra-Deep Survey (AUDS) and the Zone of
Avoidance (ZOA) Survey, will begin soon.
Over the course of the next 5-7 years, ALFALFA
will survey 7000 square degrees of the sky and
will detect some 16,000 extragalactic HI sources.
The ALFALFA survey is speciﬁcally designed to
probe the faint end of the HI mass function in the
very local universe and it will provide a complete
census of HI in the surveyed sky area, making
it especially useful in synergy with other wide
area surveys conducted at optical and infrared
wavelengths, such as the Sloan Digital Sky
Survey (SDSS), and the 2-micron University of
Massachusetts survey (2MASS). In conjunction
with optical studies of comparable volumes,
ALFALFA will explore the “missing satellite
problem”, the apparent contradiction between
the number of low mass haloes observed in the
local group, and surrounding groups, with that
predicted from numerical simulations. ALFALFA
will also provide the basis for studies of the
dynamics of galaxies within the local and nearby
superclusters, it will allow measurement of the
HI diameter function, and it will enable a ﬁrst
wide-area blind search for HI tidal features, HI
absorbers at z < 0.06, and OH megamasers in
the wavelength range 0.16 < z <0.25.
The ALFALFA survey design is based on
numerical simulations of galaxy distribution and
velocities, including peculiar velocities. From
these simulations come the expectations that
ALFALFA will detect 16,000 objects, sampling a
wide range of hosts from local, very low HI mass
dwarfs to gas-rich massive galaxies seen to z ~
0.06. HI spectra provide redshifts, HI masses
and rotational widths for normal galaxies,
trace the history of tidal events and provide
quantitative measurements of the potential
for future star formation via comparative HI
contents. As a blind survey, ALFALFA will not
be biased towards the high surface brightness
galaxies typically found in optical galaxy catalogs
and it will have adequate angular and spectral
resolution to be used on its own, without the
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need for follow up observations to determine
positions, identiﬁcations and HI sizes. An
example is shown as Figure 2.1. The archival
data products from ALFALFA will be linked to
the National Virtual Observatory and will be
invaluable for multi-wavelength data mining
by a wide spectrum of astronomers far more
extensive than those engaged in the survey
itself. A key element of this program is to provide
broad application, legacy data products that will
maximize the science return from the investment
of telescope time.

Four types of regions will be observed in detail in
order to address different questions.
1. The Virgo Cluster. Observations of selected
regions in the Virgo cluster, regions toward the
cluster center and toward the edge, will allow a
comparison to be made of the HI properties of
cluster galaxies with those in the ﬁeld. These
observations will be compared with models
of how the cluster environment affects galaxy
evolution. Searches will be made for low mass
galaxy companions or cluster dwarf galaxies
and previously unidentiﬁed HI clouds. The
observations will make it possible to measure
how the cluster baryonic material is divided
between its individual components (stars, x-ray
gas, neutral gas) and compare this with ﬁeld
galaxies.
2. A Local Void. Observations will be made
of a region locally devoid of bright galaxies so
that searches can be made for HI signatures
that might be associated with very low surface
brightness galaxies or with HI clouds devoid of
stars.

Fig 2.1: The ALFALFA detection of a “dark” intergalactic
cloud, mass of about 5x108 solar masses (if it is at the
distance of the Virgo cluster). The detection has been
conﬁrmed by follow-up observations at Arecibo and recent
ones at the VLA. The starless HI structure is a combination
of many randomly distributed clumps, no orderly velocity
ﬁeld, spread over some 250 kpc.

The Arecibo Galaxy Environment Survey,
AGES, is designed speciﬁcally to study in detail
the atomic hydrogen properties of galaxies in
different environments. The environments to be
explored range from apparent galaxy voids in
the large-scale distribution of galaxies, isolated
spiral galaxies and their halos, extending to
the galaxy-rich central regions associated with
galaxy clusters and ﬁlamentary structures.
The intention is to investigate explicitly the HI
mass function in each environment, measure
the spatial distribution of HI selected galaxies,
identify low mass and low column density objects
and to compare the results with expectations
derived from QSO absorption line studies and
simulations of galaxy formation.
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3. The Virgo Southern Extension. A
comparison will be made between a ﬁeld in
the Virgo southern extension with the void
and Virgo cluster data. If current galaxy
formation theories are correct, galaxies fall into
clusters along ﬁlaments like the Virgo southern
extension. Thus, these galaxies should be in
an intermediate state between galaxies in the
ﬁeld and those in the cluster. For example,
there are far more dwarf galaxies per giant in the
cluster and almost all optically identiﬁed cluster
dwarfs are gas poor. Field galaxies tend to have
fewer dwarf galaxy companions and a higher
fraction of them are gas rich. When does that
transformation begin?
4. Galaxy Groups and Individual Galaxies.
Isolated galaxies and loose clusters will be
observed to provide the benchmark to which all
the other observations will be compared. Two
speciﬁc issues to be addressed are the possible
link between dwarf galaxy companions and high
velocity clouds, and the limits to our ability to
trace the HI distribution to large distances from
the center of galaxies.
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The third major EALFA survey is one planned to
image NGC 2903 with very high sensitivity. NGC
2903 was chosen for this investigation because
it is isolated, is of angular size large enough for
mapping with the Arecibo beam, it is massive,
similar in mass to the Milky Way, so that one may
expect to detect companion objects, it is nearby
(8.6 Mpc) yet not a member of the Local Group,
and previous HI observations have been made
with the VLA of the high brightness regions of the
galaxy. The speciﬁc scientiﬁc objectives are the
following:
1. Extent of the HI Disk. Outer HI galactic
disks are thought to be truncated at a column
density of a few x 1019 cm-2 owing to ionization
by the metagalactic radiation ﬁeld. However,
there is considerable uncertainty about the
strength of the radiation ﬁeld, and uncertainty
indeed over whether it is the metagalactic
radiation ﬁeld or instead the truncation results
from UV and/or particles leaking out from NGC
2903 itself or perhaps, particles in a hot, ionized
halo surrounding NGC 2903 that provides the
truncation. The observations will resolve this
issue.
2. Lyα Absorbers. Lyman limit systems are
suspected of arising in ionized gas around
galaxies. With the sensitive ALFA mapping of
low column density emission around NGC 2903
it will be possible to address directly the crosssection for Lyman limit absorption resulting from
a ‘typical’ galaxy.
3. Extended Rotation Curves. The possibility
to measure the rotation curve to unprecedented
distances from the center of the galaxy is
crucial to the on-going attempt to map out the
distribution of dark matter around galaxies.
4. Cold Dark Matter Satellites. A serious
contradiction with what is otherwise a very
successful scheme of galaxy formation, the
“lambda cold dark matter” cosmology, ΛCDM,
is the prediction of an order of magnitude more
satellites around the Milky Way than are actually
observed. If baryonic matter traces dark matter,
HI searches for such satellites should be more
successful than current optical searches because
HI searches do not require that signiﬁcant
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processing of matter into stars has occurred.
There could be HI gas present that has simply
not reached a threshold for star formation. From
CDM parameters, there should be 87 satellites
of NGC 2903 within a radius of 100 kpc with a HI
mass of 107 solar masses. This is two orders of
magnitude about the ALFA search limit. These
observations will place constraints on the HI/dark
matter ratio and the severity of CDM prediction/
observation disparity for a galaxy other than
the Milky Way and in an environment in which
interactions are not thought to have played a
major role.
5. HI Mass Function and High Velocity
Clouds. A clear product of these observations
will be information about high velocity clouds
(HVCs), particularly their spatial relation to the
galaxy and their mass. Determining the HVC
population around another galaxy that is similar
to the Milky Way, but for which distance is not
ambiguous, will help to clarify the relationship
between HVCs, CDM satellites, normal
companion galaxies, and the environment.
The Arecibo ALFA survey provides the spatial
coverage and angular resolution needed to
achieve the above goals.
6. The Immediate Environment of NGC
2903. The local environment, < 20 kpc, of NGC
2903 is the realm in which disk-halo circulation,
fountains, or outﬂows may occur. Because HI
plumes and supershells have been detected to
distances of order 10 kpc in other galaxies, and
that NGC 2903 has nuclear molecular gas and
a circumstellar starburst as well as evidence for
extended X-ray emitting gas, it will be possible
to detect such features in NGC 2903 if they are
present.

GALFA: The consortium of users interested
in surveying the Milky Way galaxy with ALFA, the
GALFA consortium, has also begun initial survey
observations in FY2005. The GALFA emphasis
in FY2005 includes study of turbulence in the
ISM and the energy sources for that turbulence,
a comparison of the atomic and molecular
components in “molecular” clouds, careful largescale mapping of clouds/regions in the Milky Way
of special astrophysical interest.
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If the Milky Way were a uniformly-rotating galaxy,
large-scale longitude-velocity, (l,v), HI maps
would reﬂect that uniform rotation in smooth
contours. This is not what is seen. In fact,
the (l,v) diagrams of HI 21-cm emission in the
Galactic plane usually show small high-velocity
bumps protruding from their surroundings.
These bumps represent line wings that extend
to velocities beyond the maximum or minimum
values permitted by Galactic rotation. These
“forbidden velocity” wings are different from highvelocity clouds in the sense that the wings are
extended and not separated from the Galactic
HI emission. Since the high-velocity wings exist
at velocities forbidden by Galactic rotation, they
must result from local dynamical processes, e.g.
supernova explosions, stellar winds, collisions
of high-velocity clouds, and such phenomenon.
Several examples of such localized forbiddenvelocity line wings are known in existing data
sets, but their root cause is unknown. ALFA will
be used to probe this phenomenon by examining
with much better angular resolution the location
and extent of the forbidden-velocity line wings
and, with this information, to identify the
underlying source of the turbulent energy input
to the ISM. With this understanding in the known
cases, a larger survey will be conducted to map
the phenomenon in the Galactic plane visible
from Arecibo.
In our Galaxy, molecular cloud complexes
and the atomic disk are distinct entities. The
molecular clouds are more concentrated in
space, have more than an order of magnitude
higher density, and are generally much cooler
than atomic gas. The linewidth of the atomic ISM
is determined by pressure balance and is on the
order of tens of km/s. The linewidth of molecular
clouds, on the other hand, is on the order of one
km/s and is dominated by turbulence in close
equipartition with the cloud gravitational energy.
Thus, unlike atomic gas, molecular clouds are
self-gravitating, turbulent objects. The change of
balance between gravity and internal turbulence
leads to star formation. This is the conventional
understanding; clearly many points need
veriﬁcation and clariﬁcation. The primary goal
of one of the key GALFA projects is to improve
our understanding of the formation and age of
molecular clouds by studying the relationship
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between neutral and molecular hydrogen.
ALFA will be used to map the HI distribution and
velocity structure in the Taurus molecular cloud.
These observations will be used to complement
a CO data set that traces the molecular hydrogen
distribution in this cloud. In order to isolate the
HI in the Taurus cloud from that in the foreground
and background, observations will be made of
the narrow HI self-absorption lines that arise
from HI gas within the cloud. The HI/H2 ratio
is a sensitive measure of the elapsed lifetime
of the molecular cloud. Hence the Arecibo
observations will place a critical constraint on
the evolution of the Taurus cloud. Speciﬁcally,
column densities of both cold HI and H2 will be
computed from the observations and that ratio
will be studied as a function of total gas density,
kinematic environment, and other parameters.
The observations will enable the investigators to
disentangle the atomic-molecular relationship in
the Taurus cloud.
The GALFA consortium will use the mapping
speed of ALFA to enable studies of the
Magellanic Stream and of peculiar Galactic halo
HI clouds discovered at the GBT.
The Magellanic Stream is a thin, ~10 degree
wide, tail of HI emanating from the Magellanic
Clouds and trailing for almost 100 degrees on
the sky. This huge HI structure is a signature
of the recent interaction between our Milky Way
galaxy with the Magellanic Clouds. It is also a
clear example of a gaseous stream currently
being accreated by the Galaxy. At the same
time, streaming so far away from the Clouds and
into the Galactic halo, the Magellanic Stream is
an excellent probe of the outer halo for which we
have very little observational information.
One of the most fundamental issues about the
origin and structure of the Magellanic Stream is
to what extent interaction with the Galactic halo
determines or inﬂuences the Magellanic Stream
gas. This problem is particularly important at the
extreme northern end of the Magellanic Stream
because without pressure from an external
medium the stream clouds should dissipate on
a very short timescale. If the external pressure
is sufﬁcient to conﬁne the HI clouds at the tip
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of the Magellanic Stream, then the Milky Way
halo has a much higher scale height than most
theories predict. Several lines of evidence lead
to the conclusion that the Magellanic Stream
is composed of, or includes, a population of
high velocity clouds or mini-HVCs. The ALFA
observations planned in PY2005 will investigate
the HI clouds in the Galactic halo that comprise,
or result from the Magellanic Stream at its
extreme northern tip.
In a related set of observations, ALFA will be
used by the GALFA consortium to explore further
the property of the peculiar HI clouds in the
Galactic halo discovered at the GBT. These
clouds have typical sizes ~20 arcminutes,
masses of tens to hundreds of solar mass, and
are found to more than a kiloparsec from the
Galactic plane. Their kinematics are dominated
by Galactic rotation and many are well-separated
from other neutral gas in position and velocity.
Such Galactic halo clouds were undetected in
past large-scale HI mapping owing to insufﬁcient
angular resolution and sensitivity. As a result,
it is clear that a comprehensive ALFA survey
will allow us to resolve the internal kinematics
and structure of the Halo clouds on a level
that will allow analyses focused on the origin
and evolution of these structures on nearly an
individual basis.
The Galactic Halo cloud population has
been shown to have diverse characteristics
with a puzzling origin. Are they the cooling
return products from a galactic fountain? Or
are they gas ﬂung upwards from the plane
by some energetic process? Lockman has
shown that many of the clouds appear to have
considerable internal structure, for example cool
condensations have a warm envelope. GBT
data show that clouds close to the Galactic
plane are the most compact and contain mainly
cool HI; clouds more distant from the plane are
more diffuse and lack cool gas. Higher angular
resolution is necessary to investigate this
phenomenon further.
The ALFA observations will discover many
Halo clouds, and at the same time provide
important information about their morphology and
kinematics. In what way are they in equilibrium
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with the Halo, if at all? Through which process
is the population replenished, if at all? Do they
originate directly from the Galaxy disk, or are
they condensations from cooling fountain gas
at higher latitudes? It is very probable that no
single evolutionary hypothesis is valid for all
Galactic Halo clouds and detailed and individual
studies from a kinematic and morphological
perspective are required. The ALFA data to be
obtained in FY2005 will provide the input to such
analyses.

PALFA: The third of the ALFA scientiﬁc
consortia is the PALFA group, which is conducting a large-scale pulsar survey of the Galactic
plane that will lead to timing observations that
exploit the unique clock-like aspects of pulsars.


Radio pulsars continue to provide unique
opportunities for testing theories of gravity and
probing states of matter otherwise inaccessible
to experimental science. In large samples, they
also allow detailed modeling of the magnetoionic
components of the interstellar medium. For
these and other reasons a large-scale survey
began in FY2005 that aims to discover rare
objects especially suitable for their physical and
astrophysical payoffs. Of particular importance
are pulsars in short-period orbits with relativistic
companions, ultrafast milli-second pulsars
(MSPs) with periods P < 1.5 ms that provide
important constraints on the nuclear equation of
state, and MSPs with stable spin rates that can
be used as detectors of long-period (> years)
gravitational waves. Long period pulsars (>
5 sec) are of interest for understanding their
connection, if any, with magnetars. Additionally,
any objects with especially large space
velocities, as revealed through subsequent
astrometry, will help constrain aspects of the
formation of neutron stars in core-collapse
supernovae. While particular, rare objects will be
the initial focus of survey follow-up observations,
long-term dividends will emerge from the totality
of pulsar detections that can be used to map
the electron density and its ﬂuctuations and the
Galactic magnetic ﬁeld. Finally, multi-wavelength
analyses of selected objects will provide further
information on how neutron stars interact with
the ISM, on supernovae-pulsar statistics, and on
the relationship of radio pulsars to unidentiﬁed
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sources found in surveys at high energies.
The survey aims to detect at least half of
the active radio pulsars that are beamed at
us. Taking beaming and the radio lifetimes of
pulsars into account, the ﬁducial birthrate of
neutron stars, one per century, implies that there
are 2 x 104 detectable pulsars in the Galaxy.
Approximately one-quarter of these pulsars
are in the Arecibo sky so there are about 5000
pulsars accessible to Arecibo, half of which are at
low Galactic latitudes.

electron density and line of sight magnetic ﬁeld,
and of the neutral hydrogen density. Together,
these parameters will allow more accurate
models of the Galaxy to be constructed.
Canonical pulsars and MSPs account for
~90% and ~10% of all pulsars, respectively,
with relativistic binaries and high-ﬁeld pulsars
comprising < 1%. It would not be surprising to
ﬁnd additional types of pulsars in a high-yield
survey, an expectation that is a primary driver for
the PALFA survey.

One can describe three primary motivations for a
large-scale pulsar survey:

We have high conﬁdence that the goals of the
PALFA survey can be met based on experience
from the PALFA commissioning, “precursor”,
observations. The precursor PALFA survey from
the second half of 2005 led to the rapid discovery
of 11 new pulsars, of which three are especially
important. One is a young pulsar with 69ms
period that has a very ﬂat spectrum with
signiﬁcant ﬂux density even at 9 GHz. Follow-up
timing observations can be conducted at high
frequencies, therefore, allowing greater arrival
time precision. A second object has proven
to be a relativistic binary with a 4-hour orbital
period and a total system mass of 2.4 solar
masses. The third object demonstrates that
our single-pulse “transient” search analysis will
lead to discoveries of objects missed by the
periodicity search algorithm. It was found
via three strong pulses emitted over a one
minute period. These results are described in
greater detail in the following two publications:

1) The larger the number of pulsar
detections, the more likely it is to ﬁnd rare objects
that provide the greatest opportunities for use
as physical laboratories. These include binary
pulsars as described above, and also those with
black hole companions; MSPs that can be used
as detectors of cosmological gravitational waves;
MSPs spinning faster than 1.5 ms, possibly as
fast as 0.5 ms, that prove the equation of state
under extreme conditions; hyper-velocity pulsars
with translation speeds in excess of 1000 km/
s, which constrain both core-collapse physics
and the gravitational potential of the Milky
Way; and objects with unusual spin properties,
such as those showing “glitches” and apparent
precessional motions.
2) In a full Galactic census, the large
number of pulsars can be used to delineate the
advanced stages of stellar evolution that lead to
supernovae and compact objects. In particular,
with a large sample the branching ratio can be
determined for the formation of pulsars and
magnetars. From a large sample, one can also
estimate the effective birthrate for MSPs and for
those binary pulsars that are likely to coalesce
on time scales short enough to be of interest as
sources of periodic, chirped gravitational waves.
3) A maximal pulsar survey can be used
to probe and map the ISM at an unprecedented
level of detail. Measurable propagation effects
include dispersion, scattering, Faraday rotation,
and HI absorption that provide, respectively, lineof-sight integrals of the free electron density, of
the ﬂuctuating electron density, of the product of
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• “Arecibo Pulsar Survey Using ALFA. I.
Survey Strategy and First Discoveries”,
submitted to ApJ, (Cordes, Freire,
Lorimer, Camilo + 20 additional authors
from the PALFA Consortium)
• “Arecibo Pulsar Survey Using ALFA.
II. Discovery of a Relativistic Binary
System,” 2005, in preparation for ApJ,
(Lorimer, Stairs, Freire, Cordes + 30
other authors)
PSR J1906+0746 is one of 11 new pulsars found
during the preliminary PALFA survey. With
a rotational period of 144 ms, and an orbital
period of just under 4 hours, this new probably
double neutron star system is the second most
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relativistic ever discovered, being very similar in
its parameters to the double pulsar in its infancy.
Remarkably, this system has an age of only
100 kyr, that is, it is about 0.1% of the age of
the double pulsar. Apart from tests of general
relativity, this system will provide a fascinating
insight into the infancy of double neutron star
systems.

2.3 Pulsar Surveys and Timing
The Arecibo telescope is superior to other radio
telescopes for both pulsar surveys and for followup timing observations that reap the beneﬁts of
pulsars as astrophysical clocks.
Pulsar science with Arecibo has always lead the
pack, as the list of discoveries previously given
attests. This will continue to be the case. While
several telescopes around the world have
been used to great success for pulsar studies,
Arecibo’s much greater sensitivity actually leads
uniquely to a qualitatively different regime of
scientiﬁc investigation.
 Pulsar Surveys: Arecibo’s collecting
area – at least ﬁve times larger than other
telescopes used for pulsar searches – allows
pulsars to be detected as much as 25 times
faster than with any other telescope. For rare
binary pulsars in compact orbits with neutron
star or black hole companions (the latter yet to
be discovered), this is important because the
pulsars can be detected either without recourse
to a computationally-intensive acceleration
search analysis, that is prohibitive in large-area
sky surveys, or it is possible to use a smaller set
of trial acceleration values with the very sensitive
Arecibo observations. As a speciﬁc example,
the highly successful Parkes Multibeam survey
used 2100 second dwell times per sky position,
requiring comprehensive acceleration searches
that involve a large increase in detection
threshold owing to the large number of statistical
trials needed. By comparison, with the Arecibo
telescope the ALFA surveys need dwell times of
only about 30 sec to achieve the same sensitivity.
Since the number of acceleration values to be
searched scales as the square of the dwell time,
the threshold can be as much as (2100/30)2
lower in the Arecibo surveys. For pulsar surveys
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in the Galactic plane where the usual log N – log
S distribution of source ﬂux densities applies,
the number of detectable objects at Arecibo
compared to those at Parkes is a further square
of this ratio. (The ability of Parkes to observe
both the ﬁrst and fourth quadrant of the Galaxy is
an undeniable compensating virtue!) The PALFA
surveys are indeed exploiting this advantage in
the region of the Galactic plane accessible to
Arecibo, and preliminary observations have led
to the discovery of the second most relativistic
(and by far the youngest) double neutron star
known, PSR J1906+0746, without the need for
any sort of acceleration survey. The discovery
observation was in fact so short that the large
acceleration of this system did not distort the
timing precision over the observation interval.
Had a longer detection integration been required,
as would have been the case with a smaller
telescope, the system acceleration would have
corrupted the timing and the object would have
been missed.
Another critical class of objects for discovery
is millisecond pulsars, especially those with
periods below that of the fastest known (P = 1.56
ms). There are important physical reasons for
discovering such objects or, at least, placing
meaningful limits on the numbers of such
objects. First of all, the fastest allowed spin rate
of a neutron star is determined in part by the
equation of state for matter at densities much
larger than 1014 gm cm-3. Objects spinning
faster than 0.5 ms, for example, would rule out
most known equations of state and would signify
the importance of quark matter in the core and
possibly throughout the star. It may turn out,
however, that there are no pulsars spinning
faster than 1.5 ms owing to the precise nature
of accretion-driven spinup processes combined
with gravitational radiation. This question can
only be answered by extensive searches that
are sensitive to faint, fast, pulsars. The Arecibo
ALFA surveys excel over all other telescopes
in these parameters. Another possibility is that
such objects do exist, but their spins are irregular
owing to triaxiality and precession. Arecibo
again may detect these objects when other
telescopes cannot. This is the case because,
as with binary pulsars, the shorter dwell times
needed for detection will encompass a smaller
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range of spin variation, allowing the Fourier
analysis of data streams to detect the pulsations.

of pulsars, this relationship has formed the
foundation for great strides in pulsar science.

Another technique for constraining the equation
of state is to use high precision timing of heavily
recycled pulsars to measure their masses. A
recent Arecibo study by David Nice, Eric Splaver
and Ingrid Stairs has found that PSR 0751+1807,
a millisecond pulsar in orbit around a white
dwarf, has a mass of 2.2 +/- 0.15 solar masses.
If this value is conﬁrmed by further, more precise
timing experiments, then we will be able to
exclude all the equations of state that cannot
yield a stable conﬁguration for such massive
objects (this is the vast majority of theoretical
models for matter at extreme density). Uniquely,
these Arecibo observations provide the answer
to one of the eleven fundamental questions for
astrophysics highlighted in the National Academy
of Sciences document, “Connecting Quarks with
the Cosmos”.



Some millisecond pulsars, and a few highmagnetic-ﬁeld pulsars like the Crab pulsar,
emit occasional “giant pulses” that can be
detected much more easily than the periodicity
of the accompanying weaker pulses. Giantpulse detection relies on the instantaneous raw
sensitivity of the telescope and, here again,
Arecibo has an obvious advantage.
Giant pulses like those from the Crab pulsar also
are detectable with Arecibo from the nearest
large galaxy in Arecibo’s declination range: M33.
The typical large pulse seen within one hour of
observing could be detected from a source as far
away as 1.5 Mpc, about 50% greater than M33’s
distance. Such pulses cannot be seen with any
other radio telescope.
Combined with Arecibo’s sensitivity, the
Observatory’s tradition of providing instrumentation for analysis of time-domain signals
has played an important role in the discovery
process. For instance, the correlator chip used in
the current Wideband Arecibo Pulsar Processor
(WAPP) spectrometers and also in the Green
Bank Telescope Correlator was designed
through a joint collaboration between NAIC and
NASA. Planetary radar data acquisition and
analysis is highly synergistic with that of pulsar
science and over the years since the discovery
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Pulsar Timing: For use as astrophysical
clocks, pulsars must be monitored over many
years by time-tagging average pulse shapes
to the highest precision. High precision in
turn requires both high sensitivity and high
time resolution. As the scientiﬁc literature
demonstrates, timing analyses of pulsars
observed with Arecibo have provided the lowest
rms timing errors, allowing stringent tests to be
made on theories of gravity and on the General
Relativistic Equivalence Principle; precision
mass determinations of pulsars and their
companions; and orbital evolution that signiﬁes
the emission of gravitational waves in accord
with General Relativity. Being able to achieve
very small timing errors is extremely important in
the application of pulsars as detectors of longwavelength gravitational waves, such as those
produced by inspiraling supermassive black
holes that result from galaxy mergers. The
energy density of such waves has an upper
bound that scales as the square of the rms
timing precision. Thus, important upper bounds
or detections of such waves are tied directly to
arrival time precision.
Future pulsar timing programs with Arecibo will
undoubtedly include timing of the relatively weak
pulsars found in PALFA surveys. Those rare
objects that will prove to be the most important
as gravitational and physics laboratories are
expected to be at large distances across the
Galaxy and likely will be comparatively faint.
We expect that some of these objects will
include millisecond pulsars and relativistic binary
pulsars that have been missed in previous
surveys (for the reasons noted above) and these
objects necessarily will require Arecibo’s high
sensitivity for the follow-up timing over many
years.

2.4 The High Sensitivity Array
Using its tape-based Mark4 and disk-based
Mark5A recorders, the Arecibo 305-m telescope
has been playing its part in VLBA, EVN and
Global-array Very Long Baseline Interferometry
(VLBI) since September 2001. From the June
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2004 proposal deadline, Arecibo has also
been participating in a new array instituted to
provide the community regular access to VLBI
observations of the highest possible sensitivity,
and operating outside the calendar constraints
of Global-array scheduling. This is known as
the High Sensitivity Array (HSA) and consists
of Arecibo, the Green Bank Telescope (GBT),
the phased VLA (Y27), the Effelsberg 100-m
telescope (EB), and the full VLBA.
A total of up to 100 hr in each trimester (~25
hr/month) may be scheduled for highly rated
projects that can justify the use of the remarkable
sensitivity of the HSA. Adding Arecibo, the
GBT, Y27, and EB to a VLBA experiment can
increase its sensitivity by more than an order of
magnitude, opening up promising new avenues
for scientiﬁc discovery. For a full Arecibo transit
of 2.75 hr, the expected image sensitivity of the
HSA at 1.6 GHz is 5.5 microJy/beam, compared
to 80 microJy/beam for the VLBA alone. Without
Arecibo, the expected image sensitivity would
be degraded to 12.0 microJy/beam. As well as
more than doubling the HSA sensitivity, Arecibo
also adds considerable north-south coverage
to the range of visibilities sampled by the HSA,

permitting a more circular synthesized beam
than would otherwise be possible. In general, a
source that is visible at Arecibo (with transit time
1-2.75 hr for 0 < declination < 37 degrees) is also
visible during an Arecibo transit by all other HSA
antennas.
Arecibo can participate in HSA experiments at
frequencies of 0.33, 0.61, 1.4, 5 and 8.4 GHz.
Proposals to the HSA are presently limited to
recording rates of 256 Mbps using magnetic
tape. Continuum observers are encouraged to
use this maximum rate. With the HSA, sources
with emission strengths of just a few mJy on
milliarcsecond scales can be suitable for selfcalibration, and phase-calibrators may be
similarly weak. Phase referencing by switching
to calibrators within 2 degrees of a faint target
source with cycle times of ~3 min are regularly
made. All HSA observations are correlated in
Socorro.
HSA Proposals were ﬁrst solicited for the June
1, 2004 proposal deadline, and community
interest has been high. To date, 27 proposals for
Arecibo-included HSA time have been received,
(plus a further 18 proposals for the same 4

Fig 2.2: HI absorption spectra averaged against the continuum components of NGC 7674 at 1380
MHz. The effective velocity resolution of the HI spectra is 14 kms-1. The restoring beam size of both the
continuum and the HI is 129 x 108 mas in position angle -13 deg. The rms noise level of the continuum
and the HI data are 85 and 570 microJy/beam respectively. HI absorption was not detected against the W
and SW components.
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deadlines requesting Arecibo participation in
high-sensitivity Global VLBI array experiments.)
A range of investigations, both spectral-line and
continuum, have been requested including, a)
topics in stellar and protostellar radio astronomy,
b) studies of extragalactic supernova remnants,
c) investigations of low-luminosity active galactic
nuclei, d) imaging gamma-ray bursts (GRBs),
e) studies of high-z starburst galaxies, f) pulsar
scintillation investigations, and g) the detection of
weak gravitational-lens images.
The power of the HSA telescopes to image a
spectral-line source has already been illustrated
by the spectacular imaging (Fig. 2.2) of the
Seyfert-2 galaxy, NGC7674, a nearby luminous
IR galaxy, by Momjian, Romney, Carilli & Troland
(ApJ, 2003, 597, 809). These observations used
Arecibo, Y27 and the VLBA, and revealed the
presence of an inclined HI disk/torus feeding
a central AGN. Although Arecibo participated
for about 20% of the total observing time, the
image sensitivity was ~4.2 times better than
the VLBA alone for the whole observing time.
In addition, we note that until the EVLA enters
operation, Arecibo is the only US telescope that
can participate in Global-array observations of
the strong methanol maser spectral line near 6.7
GHz.

Fig 2.3: HSA 8.4-GHz image of SN 2001em. The peak
brightness is 1.46 mJy/beam, with an rms background
of 17 microJy/beam. The lowest contour is at 3-sigma.
The FWHM size of the Gaussian beam is 1.30 x 0.62
mas at P.A. = -4 deg, as shown in the bottom left
corner of the image. (Bietenholz & Bartel, 2005).

outburst. It had been suggested that SN 2001em
might be a jet-driven GRB, with the jet oriented
far from the line of sight so that the GRB was not
visible from Earth. To test this conjecture, the
size of SN 2001em was determined. These 8.4GHz observations marginally resolve the 1.5-mJy
The ﬁrst HSA publication appeared recently,
target at a resolution of 0.9 mas (Fig. 2.3). The
(Bietenholz & Bartel, 2005, ApJL, 625, L99). This
3-sigma upper limit on the major axis angular
paper describes HSA observations of the Type
size of the radio source was 0.59 mas (FWHM of
I b/c supernova SN 2001em, 3 yr after the
an elliptical Gaussian), corresponding to a onesided apparent expansion
velocity of 70,000 km
s-1 for a distance of 80
Mpc. No low-brightness jet
was seen in the image to
a level of 4% of the peak
brightness. Assuming
instead a spherical shell
geometry typical of a
supernova, an angular
radius for SN 2001em
of about 0.17 mas is
Fig 2.4: Global-array VLBI image of the western nucleus of Arp 220. The experiment
derived, implying an
employed 18 antennas full-track, and 256 Mbps recording. The map noise varies from
isotropic expansion
5.5 to 8 microJy/beam across the image. The numbered sources are young supernova velocity of 20,000 (plus
remnants, and a similar cluster of these is found in the eastern nucleus 1 arcsec away.
7,000, minus 12000) km/s,
In total, 49 compact sources have been located. (Diamond, Lonsdale, Lonsdale &
which is comparable to
Smith, private communication).
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the expansion velocities of young supernova
shells. Thus, the observations are not consistent
with a relativistically expanding radio source in
SN 2001em, but are consistent with a supernova
shell origin for SN 2001’s radio emission.
In terms of sensitivity, the ultimate VLBI
imaging has presently been made using
Arecibo as part of the Global VLBI array.
Using Mark5A recording, with all available
telescopes recording at 1 Gbps, a sensitivity
of about 4 microJy/beam is expected from a
single Arecibo transit if thermal noise level is
achieved. (For comparison, 13 microJy/beam
is expected without Arecibo.) Such a sensitivity
level was recently approached closely (5.5
microJy/beam) in a Global-array experiment by
Diamond, Lonsdale, Lonsdale & Smith (private
communication) who imaged 49 young SNRs
lying close to the twin nuclei of the prototypical
ultra-luminous infra-red galaxy, Arp 220 (Fig.
2.4), a merging system.
The availability of the Mark5A recorder has also
allowed Arecibo to participate in real-time, “VLBIover-internet” (eVLBI) runs from late 2004. A
number of very successful experiments have
been made providing, (a) the ﬁrst transatlantic
eVLBI fringes, and (b) the longest eVLBI baseline
yet achieved -- Arecibo to Torun (Poland). This
work led to an interna-tional press release (see
http://www.naic.edu/~astro/aovlbi/press_release/
eVLBI_AR.htm.)
The future is bright for VLBI at Arecibo.
Upgrade of the Mark5A system to Mark5B will
be made as soon as the latter system becomes
available. This will provide considerably simpler
VLBI operations, and can potentially lead to an
increase in the maximum recording data rate
from the present 1 Gbps. The provision of a
small additional dish at Arecibo for VLBI (and
other purposes) is currently planned. This would
be used to provide phase calibration when
“phase-referenced” observations are being made
using the 305-m telescope, which has a relatively
slow “slew rate”. Phase solutions would be
derived from the observations made with the
small antenna, and used to phase calibrate the
data from the 305-m dish. The big telescope
would just track the target, accruing additional
sensitivity that is presently being lost due to the
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extended “slew time” between calibrator and
target.
As mentioned above, Arecibo has been
in the forefront of eVLBI operations, and
intends to remain there. A necessary factor,
however, is increased internet bandwidth from
the Observatory to the eVLBI correlator. This
is currently limited by connectivity between
the mainland and Puerto Rico. Haystack
Observatory has received an NSF grant to
implement Ultra-wideband VLBI (UVLBI) in
the USA and is presently working towards
a 4-Gbps system. With such a system, the
expected thermal noise on a Global-array
image would be close to 1 microJy/beam at
1.6 GHz; the Haystack NSF proposal notes,
“Low map-noise derives primarily from inclusion
of an approximately 2 hour Arecibo transit.”
Later development to 16 Gbps, and higher,
is foreseen. Arecibo is in touch with these
developments, and intends to participate in their
implementation.

2.5 S-Band Planetary Radar
The Planetary Radar (“S-Band”) program at
the Arecibo Observatory is a unique NSF user
facility. It enables scientists and students to
image solar system bodies including the planets,
their satellites, asteroids, comets and the Moon
with unrivaled clarity. With very few exceptions,
images made of solar system bodies made with
the Arecibo S-band radar have vastly superior
resolution compared to those obtainable with any
other Earth-based or Earth-orbit telescope at any
wavelength. Arecibo radar images of asteroids
do not quite have the imaging resolution of
spacecraft rendezvous observations, but each
year tens of objects are imaged with the Arecibo
S-band radar. The total cost for these images
can be compared to spacecraft images as
follows: the least expensive spacecraft mission
to an asteroid or comet, the recent Deep Impact
mission, cost about $300M; the cost of just
this one spacecraft mission is approximately
equal to the entire construction and operating
budget of the Arecibo Observatory summed
over its 42 years of operation. The Arecibo Sband planetary radar is clearly a very ﬂexible,
and cost-effective, research facility serving an
important scientiﬁc discipline.
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TABLE 1: Arecibo Observatory Observations of Near Earth Asteroids
July 1, 2003 to June 30, 2004
NEA
2003 GY
2100 Ra-Shalom
2003 QB30
22771(1999 CU3)
2003 RU11
1998 RO1
2003 KP2
2003 SS84
69230 Hermes
2003 UC20
2001 KZ66
2003 TL4
2003 TH2
2002 QF15
1990 OS
1996 GT
1998 UT18
2004 AD
2001 BE10
6239 Minos
2004 FY31
1999 DJ4
2001 US16
2004 HX53
2003 YT1
2000 JS66
2004 JN1
Itokawa
Itokawa
1999 MN
2000 PH5

Obs. Dates

# Obs.

PI

Telescopes

4
5
1
3
1
6
3
4
3
2
2
1
1
4
5
2
2
1
3
5
1
4
4
2
4
4
1
1
2
3
1

Nolan
Shepard
Shepard
Benner
Benner
Benner
Nolan
Nolan
Margot
Nolan
Nolan
Nolan
Howell
Ostro
Ostro
Benner
Benner
Nolan
Benner
Ostro
Ostro
Benner
Nolan
Nolan
Nolan
Nolan
Nolan
Black
Ostro
Margot
Margot

AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO
AO/VLBA
AO
AO
AO

2003 Aug 17-20
2003 Aug 21-25
2003 Aug 25
2003 Sep 10-12
2003 Sep 17
2003 Sep 29-Oct 4
2003 Oct 2-5
2003 Oct 3-7
2003 Oct 17-25
2003 Oct 28-30
2003 Oct 28-30
2003 Oct 28
2003 Oct 30
2003 Nov 4-9
2003 Nov 5-9
2003 Nov 22-23
2003 Nov 23-25
2004 Jan 6
2004 Jan 13-18
2004 Feb 5-09
2004 Apr 14
2004 Apr 14-17
2004 Apr 27-30
2004 Apr 29-30
2004 May 1-4
2004 May 20-26
2004 May 21
2004 Jun 13
2004 Jun 18-19
2004 Jul 21-24
2004 Jul 26

The Arecibo Planetary Radar is about a
factor of 30 more sensitive (or about a factor
of 1000 in integration time) than its nearest
competitor, the NASA Goldstone radar. To put
this comparison in perspective, note that in
FY2004, 85 observations were made of near
earth asteroids with the planetary radar at
Arecibo, each observation lasting approximately
2 hours. If these observations were to be done
instead with the NASA Goldstone telescope, to
the same signal-to-noise, a total observation
time of approximately 20 years on the Goldstone
telescope would have been required! Clearly,
the orbital dynamics of near earth asteroids
precludes this alternative (or a possible
alternative using the GBT for the same reason).
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Obs. Type
CW + 4�s + 0.1�s
CW + 0.5�s + 0.1�s
CW + 4�s + 0.1�s
CW + 4�s + 0.1�s
CW + 4�s + 0.1�s
CW + 4�s + 0.5�s
CW + 4�s + 0.2�s
CW + 4�s + 0.1�s
CW + 4�s + 0.5�s
CW + 0.5�s
CW + 4�s + 0.1�s
CW + 0.1�s
CW
CW + 4�s + 0.5�s
CW + 4�s + 0.1�s
CW + 0.1�s
CW + 0.1�s
CW
CW + 4�s + 0.1�s
CW + 0.1�s
CW
CW + 4�s + 0.1�s
CW + 4�s + 0.1�s
CW + 4�s + 0.1�s
CW + 4�s + 0.2�s
CW + 4�s + 0.2�s
CW
CW
CW + 0.1�s
CW + 4�s
CW + 0.1�s

Without the NSF Arecibo Observatory S-band
planetary radar, precision astronomical imaging
of solar system bodies other than by means of
spacecraft encounters, would be lost.

Near Earth Asteroids: Measurements of
target distance made with the Arecibo Planetary
Radar have a typical fractional precision of 10-9,
a precision which is crucial for the evaluation of
the hazard due to asteroid impact with the Earth.
A single radar observation can increase the time
interval over which an asteroid’s trajectory can be
accurately predicted by an order of magnitude or
more, compared to passive observations made
at visual wavelengths, enabling reliable orbit
predictions to span decades or centuries. This
is but one scientiﬁc reason that the study of near
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earth asteroids has been so active at the NAIC
Arecibo Observatory recently.
Radar observations of NEAs are providing a
statistical sample, which cannot be obtained
by any other means, of the physical properties
of these small bodies; their shapes, sizes,
rotation states and, for the approximately 16%
that are in binary systems, their densities.
The radar results for the shapes and densities
bear directly on the collisional history of the
objects, which, until now, have been estimated
by extrapolation from laboratory experiments
made on objects thousands of times smaller. The
shapes and surface properties of these objects
are of great importance to theories of the origin
and dynamical evolution of the solar system.
They are also of surprisingly wide-interest to
the public at large. Table 1 lists the 30 NEAs
observed in the 12-month period between July
1, 2003 and June 30, 2004, the parameters of
the observations and the PIs for each of the
proposals under which the observations were
made. A total of 85 observations were made of
these 30 NEAs.
Shape models and other information were
computed and published for the NEO 25143
Itokawa based on Arecibo and Goldstone radar
observations. Itokawa is the target for the
Japanese MUSES-C sample return mission
and the information provided by the radar
observations are of considerable importance for
the mission’s operational planning. Additional
observations of Itokawa were made in June
2004.
A total of six binary asteroids were discovered
or conﬁrmed including 2002 CE26 and 2003
YT1. CE26 had a diameter of about 3 km and
its companion size is 100 to 200 m, very small
compared with its primary. After the initial
discovery, further analysis by a summer REU
student, G. Miranda (University of Puerto Rico),
indicated that there may be a second companion.
If this is true, then CE26 would be the ﬁrst triple
asteroid system discovered. YT1 is about 1.1
km in diameter and its companion has a size of
about 210 m. A total of 16 binary NEAs have
now been discovered or conﬁrmed by radar,
16% of the NEAs that have been observed with
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the Arecibo and/or Goldstone systems since the
discovery of the ﬁrst binary, DP107, in 2000.

Comets: The major objectives of the Arecibo
radar observations of comets are high resolution
imaging of cometary nuclei and the mapping of
the distribution of cm-sized grains in the comae.
Both of these objectives require relatively close
approaches, less than about 0.1 AU, to the Earth,
and no such events have been observable over
the past few years. However, there have been
a number of opportunities to observe comets
with close approach distances in the range 0.2
to 0.4 AU and we are building up statistics on
the properties of comets. Each observation puts
an upper limit on the size of the nucleus and
provides information about the dependence of
the presence of cm-sized grains in the comae
on distance from the Sun, and the time relative
to perihelion passage. Owing to the visual
obscuration close to the nucleus, the information
provided by these observations is unique and
complements that obtained at other wavelengths.


Mercury: Radar observations of Mercury
is a vigorous research program that has as its
primary goals the study of the ice deposits in
shadowed craters at the poles, general imagery
of the surface, and a quest to determine if
Mercury has a liquid core or outer core. As
is well known, the polar ice deposits were
discovered through radar observations at
Arecibo, and now the effort is on seeking
information about the presence and thickness of
any layer of regolith that overlies the deposits.


In the last 18 months, speckle interferometric
observations have been made as part of a
very innovative program to obtain precise
measurements of the rotation vector of Mercury
and, hence, the amplitude of Mercury’s forced
librations to determine if the planet has a
liquid, or outer liquid, core. The initial S-band
measurements clearly indicate the presence
of at least a partially liquid core, a tremendous
achievement for Earth-based observations and
the ﬁrst direct measurement bearing on the longstanding debate over whether solar tidal forces
are sufﬁcient to keep the interior of Mercury ﬂuid.
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Venus: Owing to permanent cloud cover,
and to its extreme temperature and atmospheric
chemistry, radar imaging is our best tool for
studying the surface of Venus. From the Earth,
the Arecibo S-band radar is the preferred
exploratory instrument owing to its resolution and
sensitivity. Current discoveries, and surprises,
from this work include the observation that a
large percentage of the surface of Venus seems
to be covered in mantling deposits. Mantling
deposits show up in radar imagery due to the
induced linear polarization when a circularly
polarized radar signal penetrates the surface
and an echo is received from either imbedded
scatterers or from a higher dielectric constant
surface under a surﬁcial deposit of wind blown
material, crater ejecta, etc. Images of the degree
of linear polarization for Venus show clear
evidence for surﬁcial deposits associated with
dome ﬁelds, areas showing wind streaks and
some crater related deposits.


Saturn’s Rings and Satellites: As a giant
gaseous planet, Saturn itself cannot be studied
using its radar reﬂectivity. But Saturn’s rings
and satellites have proven to be very informative
targets.


The Arecibo radar is being used to study the
structure of Saturn’s rings at centimeter to meterscales. These sizes are too large to be observed
optically from the Earth, but are too small to be
studied by spacecraft. The S-band radar at the
Arecibo Observatory is a unique tool for these
studies.
New observations of Titan are underway to
improve the occurrence statistics of specular
reﬂections and, when good surface imagery is
available from Cassini, to correlate the locations
of the specular returns with surface albedo
variations and/or surface geology depending on
the nature of Titan’s surface. Combining data
from 2001 to the present, it seems clear that
the very narrow (in Doppler) specular returns
are clustered at longitudes corresponding to
the high near-IR albedo “bright spot” – now
named Xanadu Regio – centered on about
90o longitude. Near-IR spectra plus the radar
characteristics strongly suggest that Xanadu
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Regio has signiﬁcant concentrations of water ice,
suggesting the possibility that at least the narrow
specular radar echoes may arise from very
smooth icy surfaces.
The Arecibo radar detections of both the leading
and trailing hemispheres of Iapetus showing
that the dark and bright hemispheres have very
similar radar scattering properties at 13 cm
wavelength, strongly suggested that the very low
albedo of the leading hemisphere is due to a thin
surﬁcial covering. This conclusion has apparently
been conﬁrmed by recent imagery from Cassini.
However, with a radar albedo of only 0.12 and
a “normal” circular polarization ratio, the radar
reﬂections properties of Iapetus do not conform
to those of other icy surfaces in the solar system
suggesting that some contaminant, possibly
ammonia, is increasing the propagation loss in
the surface ice.
The success with Iapetus and the questions
raised with respect to the possible presence of
ammonia in, at least, the upper surface layer of
Iapetus, spurred an effort to examine the radio
wavelength reﬂection properties of the other
large Saturnian satellites, Mimas, Enceladus,
Tethys, Dione, and Rhea. All of these objects are
very difﬁcult to detect even with the Arecibo radar
system. Rhea is the easiest and initial results
indicate that it has reﬂection properties similar to
those of the icy Galilean satellites. Results from
observations in January 2005 showed that Tethys
also has clean ice-like reﬂection properties, while
results for Enceladus and Dione are puzzling
and are still being explored. Mimas is too small
and rotating too rapidly for even a lower limit
on its cross section to be useful. Additional
observations will allow improved estimates of
the satellites’ reﬂection properties and, possibly,
allow inferences to be made about the presence
of ammonia.
 The Moon: Recently there has been great
scientiﬁc interest in searching for ice deposits
in shadowed craters on the moon. If such
deposits exist, they would be potential sources
of water for exploratory laboratories. A major
project to image the polar regions at S-band in
the full Stokes polarization parameters has been
initiated and will be pursued in the coming years.
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Images with surface resolution less than 20m will
be produced and will address many important
questions about the lunar surface, including that
of the existence of water.

The most direct approach to ﬁnding ETI is
to search for the electromagnetic emissions
from alien technologies. Radio searches have
been carried out sporadically over the past 40
years. These have sought signals that differ
from naturally produced radiation in readily
identiﬁable ways that could indicate to us that
they are beacons.

One of the major recent searches for radio
signals has been a spatially unbiased survey
at, and around, the 21-cm hydrogen line. The
data reduction was done by more than 5 million
volunteers working under the auspices of
the academic/commercial venture known as
SETI@home. In 2006, a major new commensal
search will begin making use of the output
from the ALFA multibeam receiver whenever
ALFA is scheduled for scientiﬁc observations
on the Arecibo telescope. A new-technology
spectrometer for this commensal program,
Fig. 2.5: 70-cm Arecibo/GBT bistatic radar images of the lunar funded by a $750k grant to an academic
polar regions (Courtesy of B. Campbell, Smithsonian Institute). group, will be installed at Arecibo and used by
academic investigators interested in pursuing
this challenging project that, demonstrably,
The program of lunar observations being made
has enormous popular appeal. If successful, of
with the S-band planetary radar system at the
course, its impact would be stunning.
Arecibo Observatory illustrate well the unique
research capability that this NSF facility provides.
3. NAIC Science in the Twenty-First
It reminds all of us of the popular appeal of solar
Century: A New Model for the Relation
system research, and it demonstrates how NSF
of the National Observatory to its
curiosity-driven basic research contributes in
Community
measurable ways to U.S. national goals and
priorities.
Although transformational changes in astronomy
have occurred with surprising regularity over
2.6 SETI
the centuries, the last ﬁfty years have been
revolutionary even in this broad historical context.
While detection of pre-biotic chemistry, or
Not only have the previous ﬁve decades brought
even microbial life on another planet would
us an acquaintance with entirely new classes
immediately imply that the origin of life is
of objects such as quasars, pulsars, gamma
not an extremely rare event, we will still not
ray burst sources, and extrasolar planets,
know how commonly life evolves to humanbut we have been able to take an accurate
level intelligence. Because life on Earth took
measurement of the size, composition and age of
nearly 4 billion years to evolve to this point – a
the universe, and have uncovered the mysterious
signiﬁcant fraction of the age of the Galaxy – it
new physics of dark matter and dark energy in
is possible that we are unique. The possible
the process. These achievements result from
existence of extraterrestrial intelligence (ETI)
several causes, the two most prominent of
is the astronomical question with the broadest
which are advances in detector and digital signal
implications beyond astronomy.
processing technology that spawned true multiwavelength research opportunities, and stunning
advances in computational capabilities that
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opened the door to detailed theoretical modeling
used to extract astrophysical understanding from
the observations, and to massive data-handling,
data manipulation, and data sharing procedures.
A less well-recognized, but equally important,
cause of the revolution, is the interest of many
researchers in applying their special expertise as
a member of a large research team, rather than
working as an independent researcher. Such
large-scale collaborative efforts have enabled
research teams to take on, and accomplish,
extremely ambitious research projects that are
well beyond the capabilities of individuals or
small groups. Recognizing the fundamental way
that astrophysical research has changed as we
enter the 21st century owing to these advances in
•
•
•

Detector and digital signal processing
technology;
Computational capabilities and
information sharing technology;
Organizational structure of large-scale
research teams working collaboratively
on ambitious, problem-oriented,
programs,

we at NAIC have been re-orienting our
programmatic support of our user community
to facilitate the research opportunities made
available by these revolutionary technologies
and participatory research collaborations. The
essentials of this change are described below.
Fifty years ago when the three NSF astronomy
national centers NOAO, NRAO and NAIC
were formed, the primary NSF objective was
to provide world-class astronomical research
facilities to individual academic researchers on
an equitable, and non-proprietary basis. That
is, observing time was made available on the
basis of competitive, peer-reviewed, scientiﬁc
proposals; the allocation of telescope time
was not based on the institutional afﬁliation of
the proposer nor on the proposer’s success in
obtaining funding support from the NSF, from his
or her institution, or from other sources. With
a successfully-reviewed scientiﬁc proposal, an
academic scientist could conduct his or her
research observations at the national centers,
and publish the results, with little or no personal
research funding required. For the past 50
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years this is a model that has worked extremely
well as measured by the impact of the science
done at the national centers. However, with the
current revolution in astronomy, it has become
apparent that there are limitations to this model.
In particular, the emphasis at the national
centers on accepting full stewardship for the
tools needed for astronomical research so as to
achieve the laudatory goal of assuring that every
person has the same research opportunities,
serves to discourage instrumentation and
software development from ﬂourishing in the
creative environment of academic institutions.
In the ideal, academic innovations would be
stimulated by the national centers and would
rapidly become integrated into their capabilities.
This is one of Cornell’s major goals for NAIC in
the 21st century.
Further, the often-used metric of the number
of proposals scheduled annually as being a
measure of the performance of a national center,
favors scientiﬁc proposals of limited scope and
encourages competitive rather than collaborative
research endeavors. At NAIC we have taken
a new approach in this regard also, one based
on mutually-beneﬁcial partnerships between
academic researchers and the national center.
In April 2005, NSF awarded Cornell the
Cooperative Agreement to manage and operate
NAIC in the period FY2006-2010. Cornell’s
vision for NAIC in the period of the Cooperative
Agreement has no provision in it for NAIC to
become a NSF facility that is so large, and
so independent, that it can create a research
structure (facilities, instruments and personnel)
with the mission of developing research
initiatives for the community. Instead the NAIC
mission is to develop research initiatives with the
community. This approach engages students
and university-based collaborations in all aspects
of instrument development and the associated
scientiﬁc utilization. As a research university
itself, Cornell shares the educational goals,
and understands ﬁrst-hand, the concerns of the
academic community of researchers served by
NAIC. A few examples, below, serve to illustrate
these points.
At NAIC, we believe that partnerships between
a national center and the academic community
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are an effective, and necessary, way to maintain
a viable research enterprise. This is especially
true in times such as the present when Federal
funds are increasingly scarce. Partnerships
provide a way for the national center to share its
ﬁnancial resources with the academic community
thereby “multiplexing” the NSF funds: the
same NSF dollars that fund development at the
national center also support instrument/software
development in the U.S. academic community.

3.1 Partnerships in Detector and Digital
Signal Processing Technology
Adapting new technology rapidly to the needs
of astronomical research requires the efforts
of scientists to set speciﬁcations and design
engineers to incorporate the new technology
into research instrument systems. NAIC does
not support a comprehensive in-house design
engineering staff. Instead, we contract with
university groups for development, fabrication
and delivery of our next-generation instruments.
This keeps NAIC on the leading edge of
technology, it serves to support instrument
development for radio astronomy at U.S.
universities where students can be fully engaged,
and it assures that innovative technology is
transferred rapidly from academic researchers to
the NAIC national center.

MMIC Ampliﬁers for Receivers at
Arecibo: Recent developments in the
technology of microwave ampliﬁers, stimulated
in large measure by commercial interests, have
centered on the need to produce extremely
large numbers of low noise ampliﬁers that are
compact, highly integrated, and easily mass
produced to consistent quality standards. Such
Monolithic Microwave Integrated Circuits (MMIC)
meet all the requirements of radio astronomy if
they can be cooled to cryogenic temperatures so
as to achieve the exceptionally low background
noise necessary for radio astronomy. The
group at Caltech lead by Professor S. Weinreb
and N. Wadefalk, have been working on this
problem and have produced demonstration
MMIC ampliﬁers at long centimeter wavelengths
that are small, simple and provide exceptional
performance when cooled to 15K. A photograph
of one such MMIC ampliﬁer is shown in Figure

Fig. 3.1: MMIC 4.12 GHZ Ampliﬁer (Courtesy
of S. Weinreb and N. Wadefalk).

3.1, and the performance of the device is given
in Figure 3.2. NAIC contracted with the Caltech
group to acquire these MMIC ampliﬁers. We
retroﬁt our X-band (8 – 10 GHz) and C-Band
high (4 – 6 GHz) receivers with these devices
lowering the system temperature of each by
nearly a factor of two and gaining increased
bandwidth and system stability. This was the
ﬁrst application of wideband, centimeter-wave,
cryogenic MMIC ampliﬁers at an operational
telescope for radio astronomy.
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Fig. 3.2: Noise performance of the 4-12 GHz
MMIC Ampliﬁer at 15K (Courtesy of S. Weinreb and
N. Wadefalk).

Spectrometers for the ALFA Multibeam
Receiver: The Arecibo L-Band Feed Array
(ALFA) is a 7-beam, 14-channel (two orthogonal
polarizations are independently sampled on each
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beam), receiver system designed to facilitate
large-scale surveys of the sky. ALFA was
installed in 2004 and is now in routine scheduled
operation on the Arecibo telescope. There are
four “backends”, or signal processing systems
needed for ALFA. One, the Wideband Arecibo
Pulsar Processor (WAPP) is an operational
facility instrument at the Arecibo Observatory.
The other three are specially-designed
spectrometers needed for pulsar searches
and continuum observations, for studies of
neutral atomic hydrogen (HI) in the Milky Way,
and for surveys of HI in galaxies beyond the
Milky Way, respectively. For the ﬁrst of these,
the spectrometer for Galactic HI known as the
GALFA spectrometer, NAIC contracted for its
design, construction and installation with Dr. Dan
Werthimer and his group at the University of
California Space Sciences Laboratory.
Dr. Werthimer based his GALFA spectrometer
design on Field Programmable Gate Arrays
(FPGA) made available to his group by the
Xylinx Corporation under an industry/academic
partnership agreement. Filtering for the
individual spectral channels is done by digital
polyphase ﬁlters that give the spectrometer
exceptionally high dynamic range, eliminates
aliasing, and effectively limits spectral
corruption owing to radio frequency interference
(RFI). The GALFA spectrometer is a digital
implementation of a ﬁlterbank, it is not a

correlation spectrometer. It was delivered to
the Arecibo Observatory in the fall of 2004 and
is now in routine operation. This is the ﬁrst
spectrometer making use of digital polyphase
ﬁlters to be used in radio astronomy. This
feature, a digital implementation done in highlyintegrated FPGAs that replaces a traditional
analog approach, reduces the size and power
requirements of the spectrometer in a very
dramatic way. Figure 3.3 is a photo of the
GALFA spectrometer; as can be seen it occupies
only part of one standard equipment rack. The
functionally equivalent WAPP correlator, based
on traditional special purpose integrated circuits,
occupies fully 4 equipment racks.
Contract negotiations for the remaining two ALFA
spectrometers, those for pulsar surveys (PALFA)
and for extragalactic hydrogen surveys (EALFA),
are presently in progress with the same provider.

3.2 Partnerships in Computation and
Information Sharing Technology
While progress in radio astronomy technology
development has been very rapid recently, the
pace of developments in computational capability
and information sharing technology has been
even more astonishing. This makes it even
more desirable for NAIC to seek to establish
partnerships with innovative academic groups for
transfer of information technology than it is in the
area of instrument development. We are taking
the steps necessary to forge those partnerships
that will keep NAIC pushing the envelope
in these areas, but without the necessity to
establish an in-house team whose capabilities
overlap with those of university groups interested
in being involved with NAIC programs. Our
approach is to provide ﬁnancial, and other,
support for the partnerships that will enable
academic groups to work on NAIC computing
and information sharing tasks. A few examples
of ongoing programs will illustrate this point.

Software Systems for ALFA
Extragalactic Surveys: There are four
Arecibo legacy sky surveys of extragalactic
HI using the ALFA multibeam receiver, known
collectively as the EALFA surveys. Although the
scientiﬁc goals of the four surveys are somewhat


Fig. 3.3: Photograph of the GALFA spectrometer.
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different—one is a shallow survey of a large sky
area, another is a very deep survey of a small
region of sky, and so forth—the data taking for
all of them consists of acquiring an independent
spectrum from each of the 14-ALFA receivers
every second of time. The seven pairs of ALFA
spectra acquired each second relate to different
sky positions, and for this reason they must be
treated independently in the editing, RFI-removal,
calibration, baseline removal, display and archive
process. The magnitude of the task requires
that it be automated. Two such EALFA data
reduction systems have been developed by the
academic groups involved and each has been
made available by the EALFA groups involved
for use by others using the Arecibo Observatory.
This has removed the need for NAIC to develop
an in-house software system for EALFA.
Software developed by the Arecibo Legacy
Fast ALFA survey, ALFALFA, university
consortium is built on Arecibo Observatory
general-purpose data analysis software and
makes use of commercial IDL software from
Research Systems, Inc. as a toolkit for the
software applications. The ALFALFA program
acquires approximately 1 GByte of data per
hour all of which is processed in their IDL-based
software system. The ALFALFA software system
is documented, supported by the ALFALFA
consortium team, and available for use by others
at the Arecibo Observatory. An archival database
with links to the National Virtual Observatory
(NVO) has been established to make the entire
survey database, and data products, available to
the community. In partnership with the ALFALFA
consortium, NAIC supported the on-site work of
the student teams at the Observatory.
The academic groups involved with the Arecibo
Galaxy Environments Survey (AGES), the
EALFA Ultradeep Survey, and the EALFA Zone
of Avoidance (ZOA) survey, all make use of
the software system developed at the Australia
National Telescope Facility (ATNF) for the HI
Parkes All Sky Survey (HIPASS). This software
system is composed of a data preparation
program called Livedata and a data analysis tool
known as Gridzilla. Both were developed from
a variety of existing software tools, including
tools drawn from AIPS++. These programs
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have been thoroughly debugged as part of the
HIPASS observations and are supported from
ATNF. They are now integrated in the Arecibo
Observatory software environment and are used
frequently.

Software System for ALFA Pulsar
Surveys: The PALFA software task has three
parts: (1) Data taking and on-line display; (2)
pulsar search algorithms; and (3) database
system for accessing raw data and data
processing products that allow highly ﬂexible
data mining initiatives. Although a considerable
library of algorithms exist in the pulsar community
that are dedicated to many aspects of these
tasks, pulling the entire system together with
coherency for the speciﬁc needs of ALFA pulsar
observing, is a task that NAIC has contracted
with the community to provide. Speciﬁcally,
NAIC has contracted with the academic groups
at Columbia University and at the University
of California, Berkeley for the following PALFA
software tasks:


•

Development of code to do pulsar search
analysis with the ALFA pulsar survey
data, including periodicity searches
and single-pulse and transient source
searches;

•

Development of algorithms and
implemen-tation software to use the
simultaneous 7-beam ALFA data to
identify and remove radio frequency
interference and, in the process, identify
any celestial transients;

•

Participate with other PALFA consortium
institutions and individuals in the effort
to develop a comprehensive end-to-end
software package for analysis of ALFA
pulsar survey data;

•

Porting of that code to at least two
platforms, including one or more Linux
clusters and also a Windows-based
cluster at the Cornell Theory Center;

•

Development of a database system that
keeps track of observations, raw data,
and data products from survey analyses;
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•

Development of a real-time RFI
monitoring system based on the Arecibo
Spectral Processor system installed at
the Arecibo Observatory.

The reference mentioned above to the
Cornell Theory Center (CTC) is a reference
to still another NAIC partnership. The PALFA
consortium in the course of their survey of the
Galactic plane will acquire an enormous amount
of data, well in excess of 1PetaByte. Storage of
this data is a major concern. At NAIC we have
been addressing the issue by negotiating for the
CTC to provide the necessary space and user
access. The CTC has high bandwidth access
from the NSF-provided internet backbone, and
Cornell is negotiating to become the northeastern
US node on the Lambda Rail. While still
incomplete, we are optimistic that these
partnerships will soon become a reality.

Software System for ALFA Galactic
Surveys: Observations of Galactic HI with
the Arecibo telescope are challenging because
it has proven difﬁcult to establish a reliable
reference to remove the instrumental spectral
baseline. Traditionally, the astronomer obtains a
reference spectrum either by position-switching
the telescope, or by switching in frequency.
For Galactic HI, position-switching is not viable
because there are no sky positions devoid of
Galactic HI emission. Owing to the semi-transit
nature of the Arecibo telescope, frequency
switching is limited by the fact that reﬂections
(from the telescope platform, from the Gregorian
dome structure, and so forth) in the optical path
are themselves frequency dependent and hence
the frequency-switched reference band is an
inappropriate characterization of the signal band.
This is not a major limitation, but it is important
when the astronomer is interested in high
precision column densities or in the emission
structure at low brightness levels.


NAIC is funding studies by the GALFA team
at the University of California, Berkeley that
are directed toward development of software
algorithms that can adequately address the
GALFA spectral baseline problem. The essence
of the approach being taken is to develop
observational techniques and algorithms that
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will permit the intermediate frequency bandpass
shape, and the radio frequency bandpass
shape, to be separately characterized and
removed. The Berkeley group has demonstrated
very good progress toward these goals with a
implementation they refer to as Least Squares
Frequency Switching. Once developed, the
technique and software will become facility
resources for common use at the Arecibo
Observatory.
 Asteroid Shape Modeling Software: One
of the unique scientiﬁc programs at the Arecibo
Observatory is the S-band (2.4 GHz) planetary
radar. Scientists using the S-band radar continue
to produce spectacular images of the Moon,
Mercury, Venus, Mars, the Jovian and Saturian
satellites, comets, main belt and near-Earth
asteroids. Among their many achievements
have been the detection of ice deposits in
shadowed craters on Mercury, specular glints
from Titan indicative of extensive deposits of
hydrocarbons, and determinations of the density
of near-Earth asteroids (NEAs) through images
of binary asteroids. For the latter, the density is
obtained using detailed NEA images from which
the size, shape and separation of the individual
components of a NEA are measured; the masses
come from repeated measurements of the binary
orbit.

Fig. 3.4: Shape model for the asteroid 6489
Golevka derived from Arecibo radar observations. Its radius is approximately 500 meters.
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The radar observables are the range and delay
rate. In order to determine the shape of the
individual components of a binary asteroid,
very specialized modeling software is used
that is capable of accounting for the often very
irregular shapes of NEAs. Rather than use the
NAIC staff scientists and programmers to write
this software, NAIC contracted with modeling
experts at the University of Maine, Farmington,
to port their code to the Arecibo Observatory.
This task was completed in July 2005 and the
software is now being used routinely by groups
imaging NEAs with the NAIC S-band radar. The
application of this software to model the Arecibo
S-band observations of the asteroid 6489
Golevka is shown in Figure 3.4.

3.3 ALFA Legacy Survey Consortia
Organization
The ALFA multibeam receiver enables rapid
imaging over enormous regions of the sky at
frequencies from 1225 – 1525 MHz; all or any
part of this spectral region may be analyzed
spectroscopically. ALFA gives a view of
continuum radio sources at all redshifts, HI
in galaxies near the Milky Way out to z ~ 0.2,
HI in Galactic gas clouds, and all the discrete
sources of radio emission in the Galaxy
including supernova remnants, HII regions,
and, importantly, pulsars. Because a largescale survey of any one of these targets is
an enormous effort, and because the dataset
developed as a result of a survey is very rich
scientiﬁcally, three groups of astronomers with
different scientiﬁc interests have been organized
as consortia to undertake the observational
program and to produce archival datasets to
be made available rapidly by NAIC to the entire
community. The three ALFA scientiﬁc consortia
are the Galactic Consortium, the Extragalactic
Consortium, and the Pulsar Consortium, known
respectively as the GALFA, EALFA and PALFA
consortia. Many more than 50 scientists and
students are actively participating in each of
these.
The formation of the ALFA survey consortia
provides a framework that facilitates large
science programs signiﬁcantly greater in scope
and ambition than typical individual-investigator
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programs. Surveys require an uncommonly
large investment in telescope time, hardware
development, software development, personnel
resources, planning and management.
Acquiring and employing all these resources is
a commitment that both NAIC and the interested
science teams have pledged to achieve in
partnership so as to insure the success of the
science programs.
The NAIC objectives of the ALFA consortia
organi-zational structure are:
•

•
•
•
•
•

To achieve the maximum science
‘product’ as measured by the consortia
objectives established prior to
commencing the surveys and reviewed
skeptically by a panel of experts;
To have the broadest possible scientiﬁc
impact by making the survey data easily
and widely available;
To optimize the use of the telescope and
consortia resources;
To engage meaningfully the broadest
community of researchers;
To provide a comprehensive educational
and training experience for students and
their teachers;
To raise broad public interest in the
consortia endeavors.

The operational principles that deﬁne the function
of a consortium are:
•
•
•

•

To plan, execute and manage the survey
observations on behalf of the larger
research community;
To coordinate the surveys among the
ALFA consortia for maximum efﬁciency
and impact;
To contribute expertise, software, and
documentation to NAIC in concert with
the Observatory’s efforts on behalf of the
consortia;
To deliver standardized, robust, high
quality data products that will enable and
inspire further research.

The ALFA consortia are a new organizational
model for the NAIC and for the radio astronomy
community worldwide. The model requires
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the NAIC and the ALFA Consortia to work in a
collaborative partnership to achieve scientiﬁc
success. If successful, the ALFA surveys will
have a similar scope and impact potential to that
of the SDSS and the 2MASS surveys to which
the ALFA surveys serve as radio frequency
complements. The scale of the effort required
to achieve the ALFA surveys’ goals requires a
new and closer partnership between NAIC and
the community it serves. NAIC has embarked
on making the changes necessary to secure that
partnership as a model for the appropriate role of
a national center in the 21st century.

of nearly independent design and prototyping
tasks, the execution of which is planned as the
responsibility of institutions in the U.S. that bring
needed and specialized expertise to the TDP.
NAIC will coordinate the whole of the effort. In
this speciﬁc case, NAIC serves the community in
a partnership role with the US SKA Consortium
by providing management infrastructure and
accountability for the TDP.

3.4 Management of the U. S. Square
Kilometer Array Partnership for the
Technology Development Project

The Arecibo Observatory is a NSF national
center for astronomical research operated
by Cornell University through the National
Astronomy and Ionosphere Center (NAIC). The
principal facility for astronomical research is
the 305-m diameter Arecibo telescope. The
Observatory also offers a complete suite of
optical instrumentation (LIDARs, lasers and
Fabry-Perot spectrometers) for atmospheric
research. Access to the NAIC facilities is by
means of competitively-reviewed research
proposals. Public outreach activities at the
on-site, Angel Ramos Visitor and Educational
Center, provide an effective avenue for
communicating the research program of the
Observatory to the people of Puerto Rico, as well
as presenting fundamental aspects of astronomy
and physics.

NAIC is the managing organization for the U.S.
Square Kilometer Array (SKA) Technology
Development Project (TDP). In March 2004,
NAIC submitted a proposal to NSF for the TDP;
this is a ﬁve-year project.
The SKA is perhaps the ultimate example of a
partnership of institutions sharing a common
objec-tive. The objective, the SKA, is the next
generation radio telescope for astronomy. Its
development is a fully international endeavor that
is coordinated by the International SKA Steering
Committee (ISSC), one-third of whose members
are afﬁliated with institutions in the United States.
In the U.S., nine research universities and seven
research institutes have joined together as the
U.S. SKA Consortium to pursue a telescope
concept that meets the science requirements
of the SKA in the form of a synthesis array
composed of a large number of small diameter
antennas. There are many technical challenges,
and cost issues, to be addressed that together
are the focus of the TDP proposal.
The successful execution of the TDP will yield a
complete project baseline for the SKA from which
detailed engineering design and construction
can begin. As a means to this end, the TDP
provides an organizational framework that
effectively brings together a team of experts from
many institutions. They will work together under
the NAIC TDP Project Ofﬁce to be located at
Cornell University. The TDP involves a number
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4. NAIC General Facility Description
4.1 Overview of the Facility

Uniqueness and Superlatives: The
construction of the 305-m diameter Arecibo
telescope is based on a unique design concept
that enabled it to be built as the largest ﬁlledaperture radio/radar telescope in the world. Its
size remains unrivaled anywhere in the world
today.


•

•

The Arecibo telescope provides three
times more collecting area (“light
gathering power”) than all other NSFfunded radio facilities combined;
The Arecibo telescope is equipped with
a suite of low noise radio receivers that
cover completely the frequency range
from 1.1 to 10 GHz. The combination
of a large collecting area, large gain,
G, and receivers with very low noise
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•

temperature, T, gives Arecibo signiﬁcantly
better sensitivity, G/T, for passive radio
astronomy than any other telescope in
the world;
The Arecibo telescope is also equipped
with a 1-MW S-band radar transmitter for
active radar astronomical investigations
of solar system objects. The resolving
power and sensitivity of the Arecibo radar
system are twenty times greater than any
other planetary radar research facility.

The Angel Ramos Visitor and Educational
Facility located at the Arecibo Observatory was
built entirely by private funds raised by Cornell
University. The NSF Informal Education program
provided funds for many of the exhibits.
•

•

The Angel Ramos Visitor and Educational
Facility is the only science center on the
island of Puerto Rico, an island having
a population of 4 million U.S. citizens,
mainly of Hispanic origin;
Annually, there are about 120,000 paid
admissions to the Angel Ramos Visitor
and Educational Facility. This number
exceeds the total visitors at all other
NSF-supported observatories combined.

4.2 NAIC Managing Institution and
Organization
Cornell University manages the NAIC for the
NSF. In April 2005, the NSF awarded Cornell
a new 5-year Cooperative Agreement for
management and operation of NAIC. At Cornell,
NAIC is one of 22 research centers reporting
to the Cornell Ofﬁce of the Vice Provost for
Research.

4.3 NAIC Funding Sources
In FY2005, NAIC was funded almost entirely
by the NSF. Previously, the Arecibo S-band
planetary radar facility had been supported by
NASA. By agreement between NASA and NSF,
responsibility for future support of the S-band
planetary radar has been transferred entirely to
the NSF.
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Approximately 85% of NSF funding for NAIC
comes from the NSF Division of Astronomical
Sciences; the remaining 15% comes from
the Upper Atmosphere Division of the NSF
Geosciences Directorate.
The Angel Ramos Visitor and Educational Facility
located at the Arecibo Observatory is entirely
self-supporting from ticket sales and private
donations through Cornell University. It receives
no NSF operations funding.

4.4 Speciﬁcs of the Telescope and
Instrumentation
Documentation on the telescope, its instruments
and the software available to users of the Arecibo
telescope is maintained on the web. For the
astronomy program, this information can be
accessed at
http://www.naic.edu/~astro/astronomy.htm

4.5 New Capabilities Planned in the Next
5-10 Years
Technical capabilities at the NAIC, and plans
for new capabilities, are developed in concert
with the NAIC user community. Not only does
the academic community of users help the
NAIC generate ideas for new capabilities, in
most cases it also provides the people to do
the work to implement those capabilities (under
contract with NAIC). NAIC strives to foster multiinstitutional collaborations that are needed to
promote many research endeavors. The NAIC
plan for the future is dependent on partnerships
formed, or being formed, to execute that plan.
The key elements are the following:
•

•

Operate and maintain the ﬁrst highthroughput survey instrument at the
Observatory, the Arecibo L-band Feed
Array (ALFA), that was designed
to enable rapid, large-scale, sky
surveys. This project is being done
as a cooperation between NAIC and
three very large (50-75 member) topical
consortia of academic researchers;
Develop and provide funding for
backend instrumentation and software
for ALFA as joint initiatives between
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•

•

•

•

•

•

•

NAIC and experienced university
researchers. A spectrometer for ALFA
galactic science has been built and put
into operation using this model. Two
more spectrometers—for ALFA pulsar
surveys and surveys of HI in the local
universe—will be implemented using the
same partnership model;
Implement “commensal” observing, a
sharing of telescope time in which the
signals from the ALFA front ends are
analyzed simultaneously by two or more
spectrometers operated by groups with
different science objectives, but with a
common need to survey the sky at Lband;
Develop and provide funding for ALFA
legacy databases that are designed and
implemented by ALFA academic users.
The databases will be a permanent
resource for researchers everywhere
and accessible via the National Virtual
Observatory;
Upgrade the present Arecibo Mark 5a
disk-based VLBI record system to Mark
5b as soon as the Mark 5b system is
available. This will provide additional
sensitivity for VLBI observations;
In partnership with the University of
Puerto Rico (UPR), propose to the
NSF Education Division that a small,
~12m, antenna be built to serve as a
phase-calibration facility for VLBI when
VLBI observations are scheduled at
Arecibo, and to serve as a UPR/NAIC
collaborative educational facility at other
times;
Improve internet connectivity to raise
data rates from the Observatory, aiding
both ALFA survey data transfer and
the bandwidths at which Arecibo can
participate in eVLBI;
Design and construct a wideband,
digital, data-taking system for the
S-Band planetary radar system in
response to community-generated
needs for higher spatial resolution on
their targets;
Design and construct a wideband,
MMIC-based, array receiver for high
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•

•

•

frequency (4-10 GHz) observations
at Arecibo. This will greatly speed up
surveys of formaldehyde, methanol, and
other molecular and atomic lines;
Serve as the managing organization for
U.S. participation in the International
Square Kilometer Array (SKA) project,
the next generation facility for radio
astronomical research;
Establish a Project Ofﬁce at NAIC for
the U.S. SKA Technology Development
Project (TDP) as already proposed
to the NSF, and provide the project
management for the TDP needed for the
successful execution of all participating
university efforts in the TDP;
Maintain and enhance NAIC involvement
in radio spectrum management in
international, national and local forums.

4.6 Science Overview
4.6.1 Current Forefront Scientiﬁc Programs
(a) Sky surverys with the Arecibo L-band Feed
Array (ALFA)
• A completely-sampled L-band survey of
the Galactic plane is being conducted
to search for pulsars. The survey is
especially sensitive to distant, highly
dispersed pulsars. The survey is
expected to double the number of known
pulsars (more than 1000 new pulsars)
and uncover rare and exotic objects
useful for tests of General Relativity
and the equation of state of ultra-dense
matter;
• Nearly one-quarter of the sky will be
systematically searched for HI emission
from galaxies in the local universe. The
survey sensitivity will permit detection
of all galaxies with masses greater
than 106.0 solar masses. About 20,000
galaxies will be detected by the survey
and all survey data will be accessible
via the NVO. It will also provide a
blind survey for tidal remnants and HI
absorption;
• Galactic HI emission will be mapped
systematically with 3 arcminute angular
resolution and 0.1 km s-1 kinematic
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•

resolution. The resulting database, also
accessible via the NVO, will be used to
reveal previously unknown sources of
energy input to the ISM (traced by high
velocity line wings) and will provide a
census of cold atomic hydrogen in the
Galaxy (from HI self-absorption features);
The radio continuum emission in the
Galaxy will be mapped in all four Stokes
parameters, and sources of radio
recombination line emission will be
identiﬁed.

(b) High Sensitivity VLBI Imaging
The Arecibo telescope participates with the
largest of the other radio telescopes in the world
to give the most sensitive radio images that it is
now possible to make. The addition of Arecibo
to these arrays doubles the image sensitivity.
Addition of the Arecibo telescope to the standalone VLBA increases the imaging sensitivity by
a factor of four.
(c) Searches for Transient Cosmic Radio
Sources
The seven-feed ALFA multi-beam receiver on the
Arecibo telescope gives users an effective and
extremely sensitive tool with which to search for
transient cosmic radio sources. Having seven
beams placed adjacent to each other on the
sky gives a highly reliable way to separate real
signals from RFI. The large Arecibo telescope
gives by far the highest instantaneous sensitivity
currently possible for detecting transient sources.
These search observations will be done
commensally with other observations scheduled
on the telescope; in this way the same received
signal will be used simultaneously for two (or
more) entirely different scientiﬁc purposes.
(d) Physical Characterization of Near Earth
Asteroids
The Arecibo S-band radar is used to image
system-atically Near Earth Asteroids (NEAs).
The imaging enables statistics to be established
on sizes, shapes, rotation rates, orbits, and
surface roughness for NEAs. It is used to
measure asteroid masses and (uniquely)
determine asteroid densities for binary NEA
systems.
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4.6.2 Major NAIC Astronomy Program
Scientiﬁc Discoveries Made at the Arecibo
Observatory
(a) Pulsar Astronomy
• Discovery of the 33-ms periodicity of the
Crab pulsar, which proved that neutron
stars exist in the Universe (Nobel Prize
for Physics, 1993);
• Discovery of the ﬁrst binary pulsar,
PSR1913+16, and from its timing,
observational conﬁrmation of gravitation
radiation;
• Discovery of the ﬁrst millisecond pulsar,
an object of solar mass that rotates
642 times per second (more precisely,
641.9282, or 38,515.69 rpm!);
• Detection of the General Relativistic
“Shapiro Delay” due to space-time
curvature near pulsars;
• Discovery of the ﬁrst eclipsing pulsar;
• Detection of the ﬁrst extra-solar planetary
system.
(b) Extragalactic Astronomy
• Discovery that the OH “megamaser” and
“gigamaser” phenomenon is common in
starburst galaxies—luminosities greater
than 10,000 times that of the Sun in a
single spectral line;
• Neutral hydrogen mapping of galaxies
in the Pisces-Perseus supercluster
demonstrating the ﬁlamentary nature of
the large-scale structure of the universe;
• Observational evidence for an enormous
halo of dark matter surrounding the
galaxy DDO 154 that is far larger and far
more massive than the visible galaxy;
• Observations of isolated clouds that
are entirely dark—no detectable visible
light—but have a galactic mass of neutral
hydrogen that may be bound by dark
matter;
• Evidence that Low Surface Brightness
galaxies contribute a dominant fraction of
the HI cross section on the sky, and they
contribute a substantial fraction of the
cosmic baryon density;
• Detection of high column density HI
clouds in the early universe, z ≥ 2, from
HI absorption observations;
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•

Determination of cosmological
parameters and the mass density
distribution in the local universe through
the mapping of the peculiar velocity
ﬁeld, which also allowed independent
conﬁrmation of the Doppler nature of the
dipole of the cosmic CMB.

(c) Stars, Star Formation and Molecular Clouds
• Observational conﬁrmation that mass
ejection from AGB stars occurs in violent
episodes each lasting only a few hundred
years rather than ejection being slowly
continuous over thousands of years;
• Demonstration that most (>85%) of
nearby Galactic molecular clouds
contain large amounts of neutral atomic
hydrogen.
(d) Solar System Astronomy
• First high resolution images of the
surface of Venus and the discovery, from
a census of craters on these images, that
the surface of Venus is relatively young
(i.e. it is renewed by lava ﬂows);
• Discovery of anomalous radar reﬂections
from the poles of Mercury indicating
the presence of water ice in craters
shadowed from solar illumination;
• First radar detection of a comet and
discovery of centimeter-sized cometary
dust grains (recently spectacularly
conﬁrmed by the Cassini/Huygens
probes);
• First direct evidence for hydrocarbons on
the surface of Saturn’s moon Titan;
• Co-discovery of binary Near Earth
Asteroids and demonstration that
more than 10% of the NEAs are binary
systems;
• Imaging of Saturn’s Rings.

•

•
•

•

•

•
•

•
•

4.6.4 Focus on Future Astronomy Program
Science Questions
•

4.6.3 NAIC Astronomy Program Science
Highlights of the Last Five Years
•

Precise measurement of the “most
perfect circle in the universe”, a binary
pulsar whose exquisitely circular orbit
(semi-major and semi-minor axis differing
by less than 40 µm for an orbital diameter
greater than 100,000 km) constrains and
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conﬁrms one of the pillars of General
Relativity;
First direct measurement, anywhere, of
the deceleration of micrometeors in the
Earth’s atmosphere thereby providing
a sound estimate of the mass ﬂux of
micrometeors incident on the Earth;
Participation in the ﬁrst real-time,
transatlantic, VLBI imaging over the
internet (known as e-VLBI);
Discovery of nanosecond duration
structure in “giant pulses” from the Crab
Nebula pulsar, providing evidence for
the smallest coherent structure (size <
1 meter) ever detected beyond the solar
system;
Detection of CH and 6-cm formaldehyde
emission in the Carbon star IRC +10216,
an indication of external enrichment of
the circumstellar envelope;
Observational conﬁrmation of the
Yarkovsky effect via radar imaging
of the Asteroid 4179 Toutatis. The
Yarkovsky effect is a non-gravitational
orbit perturbation resulting from solar
radiation;
Determination that the mass of a high
velocity HI cloud is dominated by dark
matter;
Routine detection of HI in galaxies
beyond 10,000 km s-1 in 1 second of
observation using the Arecibo telescope
and the ALFA multibeam receiver;
Discovery of hydrocarbons on the surface
of Titan;
First “interstellar” meteors.

•

•

What is the merger rate of galaxies in
the nearby universe, and what is the
mass and spatial distribution of HI tidal
remnants? Blind sky surveys with ALFA
will provide the answers;
The spatial distribution of dark matter
in halos surrounding galaxies will be
investigated by observing the kinematics
of extended HI disks;
The cosmic abundance of low mass
halos will be elucidated by the
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•

•

•

•

•

•

determination of the HI mass function to
low masses never before explored;
What is the population of transient
sources of cosmic radio emission, and
what is their nature and origin? ALFA
surveys for transient emission will
address this question;
Is there evidence for exotic states of
matter? Precision measurements
of pulsar masses will constrain the
equation of state in neutron stars
and tell us whether “quark stars” or
heretofore unknown states of matter at
extraordinarily high density are required
to explain the pulsar mass distribution;
Are alternatives to General Relativity
needed? Binary pulsar timing accurately
tests alternative models for gravity
that involve violation of the Strong
Equivalence Principle of General
Relativity;
What is the energy density in the
Cosmological Gravitational Wave
background? Precision timing of an array
of millisecond pulsars will constrain the
stochastic background of cosmological
gravity waves;
What are the black hole masses in
galactic nuclei and what are the physical
processes in the vicinity of those black
holes that lead to particle acceleration
and relativistic, collimated, outﬂow? VLBI
imaging with the High Sensitivity Array
and Global Array over a long time base
will help to answer this question;
What is the distribution and spatial
structure of the magnetic ﬁeld in the Milky
Way? This will be determined for that
part of the Galaxy visible to the Arecibo
telescope using “Faraday Tomography”.

5. Community Served: A Statistical
Look at NAIC
In broad terms, NAIC exists to serve two
communities, the U.S. community of academic
researchers, and through their collaborations,
the worldwide research community; and our
Observatory neighbors, the people of Puerto
Rico. In this section of the NAIC Report to the
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Senior Review, we examine quantitatively the
scope of these efforts.

5.1 NAIC Astronomy Program Proposal
Statistics
At the end of calendar year 2004 we completed
a major project to measure the shape of all the
reﬂectors on the 305-m Arecibo telescope using
photogrammetry and videogrammetry. The
panels making up all three telescope mirrors
were all re-adjusted to remove the errors
uncovered in the measurement process. The
Arecibo telescope optical system is now more
precise, and the resulting telescope gain higher,
than ever before in its 40-year history. The
total root sum squared optical error is less than
2 mm. This provides extremely good optical
performance up to 30 mm wavelength, the
shortest wavelength at which the telescope is
used.
This marked improvement in telescope
performance, together with the routine availability
of the ALFA multibeam receiver for extremely
large-scale sky surveys, has led to a dramatic
increase in proposal pressure for observing time
on the Arecibo telescope. The oversubscription
rate of the Arecibo telescope astronomy program
at the three proposal deadlines in FY2005,
averaged over all LST intervals, and the
oversubscription at the LST interval of greatest
demand, are shown in Table 5.1.

Table 5.1: Arecibo Telescope Astronomy
Program FY2005 Oversubscription
Ave Oversubscription
(all LST)

Peak
Oversubscription

Oct 1, 2004

2.2

3.9

Feb 1, 2005

4.1

9.1

June 1, 2005

4.1

7.2

Proposal
Deadline

Table 5.1 does not include proposal requests for
VLBI observations. Such requests go through
the VLBA and EVN proposal review processes
respectively.
The FY2005 oversubscription, on the average,
make the Arecibo telescope the most oversubscribed telescope funded by the NSF Division

30

of Astronomical Sciences.
The peak oversubscription
of the Arecibo telescope
at the two most recent
proposal deadlines
exceeds that of any
telescope in astronomy,
including that of the
Hubble Space Telescope.
Remarks:
1. “Oversubscription
is deﬁned as
hours requested
in telescope
proposals received
at a particular
proposal deadline
divided by the
Figure 5.1: The FY2005 oversubscription of the astronomy program time on the
hours available
Arecibo telescope as a function of interval of local sidereal time (LST). Data is plotted
in the observing
independently for proposals received at each of the three proposal deadlines in
FY2005, viz. October 1, 2004, February 1, 2005 and June 1, 2005. Also shown is the
trimester to which
average oversubscription for all of FY2005.
the proposal
deadline applies.
them, if they receive favorable referee
2. The numbers given in Table 5.1 are
reviews, to be conducted over several
not cumulative hours, they are hours
years.
requested at a speciﬁc proposal deadline.
3. Many of the proposals request nighttime
The NAIC Arecibo telescope is a semi-transit
observations only, or include other
instrument located in Puerto Rico at a latitude of
scheduling constraints that will require
18 degrees north. It can view celestial objects
with declinations in the range 0
to +38 degrees, and can track
a particular object for at most
2.5 hours (less time at the high
and low declination limits). The
Arecibo telescope thus has only
a limited view of the plane of
the Milky Way; the ﬁrst quadrant
of the Galaxy can only be
seen between 18hr- 21hr LST.
Because studies of pulsars
and galactic giant molecular
clouds favor the inner galaxy,
this LST range is the most
oversubscribed. Nevertheless,
this is not dramatically so as
the plot of the FY2005 Arecibo
telescope oversubscription as
a function of LST, Figure 5.1,
Fig. 5.2: The number of scientiﬁc proposals scheduled on the Arecibo telescope
illustrates.
as a function of year. Figures are shown separately for the three components of
the NAIC scientiﬁc program at the Arecibo Observatory.
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thesis research programs on the Arecibo
telescope. Students are encouraged
to get their (trained) hands on the
equipment, to make modiﬁcations to the
observing procedures, and to experiment
with novel observing techniques and
data processing algorithms. Largely
for this reason, there is an active and
growing group of PhD students who
make use of Arecibo Observations as
a component of their thesis research.
Figure 5.4 summarizes the number of
graduate students whose observations
were scheduled on the Arecibo telescope.
Fig. 5.3: The number of users of the NAIC Arecibo telescope in the
Again, for each year an individual
period since completion of the Gregorian upgrade.
graduate student was counted only once,
even in those cases where the student
The number of scientiﬁc proposals scheduled on
observed multiple times or on multiple scheduled
the Arecibo telescope since the major Gregorian
programs.
upgrade of the telescope
was completed in 1999
The number of institutions
is shown in Figure
from which the users of
5.2. This plot includes
the Arecibo telescope
scheduled proposals in
come as a function of
all three components
year is shown in Figure
of the NAIC scientiﬁc
5.5. Here the numbers
program at the Arecibo
are separated between
Observatory, astronomy,
institutions located in
planetary radar and
the U.S., and foreign
space and atmospheric
Fig. 5.4: The number of graduate students conducting
institutions. In this plot
sciences (SAS).
thesis research observations on the Arecibo telescope.
a particular institution
is counted only once a
5.2 NAIC User
year, even in those cases
Statistics
where several telescope users come from the
same institution in that year.
The number of scientists using the NAIC Arecibo
telescope annually and the number of institutions
these scientists represent has grown consistently
since the completion of the Gregorian upgrade
of the telescope in 1999. The telescope user
statistics are shown in Figure 5.3. Each person
is counted individually and only once in a year,
even in those cases where a person observes
multiple times during the year and/or participates
on several scheduled observing proposals.
In the six-year period since 1999 the annual
number of users has grown by 64% (from 170 to
278).
NAIC provides encouragement by means
of travel cost reimbursement for graduate
students to become actively involved in their
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Fig. 5.5: The number of institutions represented annually by
scheduled users of the NAIC Arecibo telescope.
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5.3 NAIC Educational
Programs for Puerto Rico
Puerto Rico is an island of more
than 4 million U.S. citizens, the
overwhelming majority of whom
are Hispanic. With private
funding, Cornell University built
a Visitor Center for NAIC at the
Arecibo Observatory to serve our
community of neighbors and friends
in Puerto Rico. Major support for
the required capital funding was
Fig. 5.6: Public visitors to the Arecibo Observatory. The Angel Ramos
generously provided by the Angel
Foundation Visitor and Educational Facility was opened in 1997.
Ramos Foundation, one of the
leading philanthropic foundations
supported observatories combined. Included
in Puerto Rico. Other funds came from various
in these statistics are school groups from both
public and private institutions and individuals in
public and private institutions from around the
Puerto Rico. The NSF Division
island. In FY2004, 525 individual school
of Informal Education provided
groups, each led by a teacher or school
funding for the displays.
administrator, toured the Observatory. The
NAIC Angel Ramos Visitor Center is a
Situated in a spectacular
source of pride to the people of Puerto Rico
setting on a cliff overlooking
and it receives enthusiastic support from our
the Arecibo telescope, the
community of neighbors.
Angel Ramos Visitor Center
is the physical focus for NAIC
 School Groups:
The school visits
initiatives that provide visitors with educational
program allows school groups, from both public
and broadening opportunities at the Arecibo
and private institutions, to visit by appointment the
Observatory. In addition to the bilingual, handsArecibo Observatory and tour its Angel Ramos
on, More than Meets the Eye displays designed
speciﬁcally to communicate the research mission
of the Observatory to the public, the Visitor
Center sponsors workshops for teachers, invited
talks, topical lectures for students, tours and
special events. The Angel Ramos Visitor Center
has a full-time staff of 5 people and a team of
student guides, all of whom are paid directly by
Cornell University—NAIC receives no ﬁnancial
support from the NSF Division of Astronomical
Sciences for operation of the Visitor Center.
In 2004, 120,000 visitors purchased tickets for
admission to the Angel Ramos Visitor Center.
This was an increase of approximately 8% over
the average attendance of the previous ﬁve
years.
The 120,000 annual visitors to the Arecibo
Observatory is a number that exceeds the
annual number of public visitors to all other NSF-
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Foundation Visitor Center. In FY2004, 525 school
groups toured the Arecibo Observatory. In addition
to the school-group visits, a large number of
additional groups are also scheduled every year.
These include university, industry, government,
boy scouts, and other community organizations.
In FY2004, we hosted 125 special groups.

Educational Workshops for Science
Teachers in Puerto Rico: The sixth “Angel
Ramos Foundation Workshop for Distinguished
Science Teachers” was held at the Arecibo
Observatory in 2004. Our collaboration with
the Angel Ramos Foundation has provided an
intensive training in the areas of astronomy and
atmospheric science to over 200 science teachers
on the Island. This year we had 38 participants,
18 from the middle school, and 20 from the high
school level, respectively.


Participants were organized in groups based on
their discipline. Each group then designed and
tested between four and ﬁve experiments related
to their discipline (physics, biology, chemistry,
or earth science). At the end of the week, each
group provided an oral presentation and submitted
a written report of their activities. These reports
were then copied and distributed among the rest
of the workshop participants. Thanks to this effort,
a bank of 36 science experiments for the graphing
calculator and the CBL system was produced.

Fig. 5.7: Number of teachers in Puerto Rico attending
NAIC science education workshops at the Arecibo
Observatory per year shown as a function of year.

Department of Education. Participants of these
workshops include pre-service teachers, students
and undergraduates.
The success of the NAIC teacher educational
workshops at the Arecibo Observatory has led
to an increase in the private funding that we
have received to support the workshops, which
in turn has led to an expansion of the program.
Figure 5.7 illustrates the growth in the number of
teachers in Puerto Rico served by this important
NAIC program.

The Arecibo Observatory as a Gateway
to Central and South America: Although
politically part of the English-speaking United
In addition, the Angel Ramos Foundation Teacher
States, Puerto Rico shares its Spanish language
workshops, a number of 1-day workshops are
and much of its culture with South and Central
also being offered during the year. These are
America. This places the Arecibo Observatory in
coordinated with local universities and the
a very special geographic and
cultural context; it provides
an opportunity for the NAIC
to develop scientiﬁc and EPO
programs at the Observatory
as a crossroads between two
cultures. To this end, in 2003,
NAIC established the Ofﬁce
for the Public Understanding
of Science (OPUS) at
the Observatory with the
objective of becoming a
leader in efforts to improve
the public understanding
of science in the Hispanic
Fig. 5.8: Participants at the Congreso Internacional Communicando Astronomia en
community, a community that
Hispanoamérica held at the Arecibo Observatory.
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is underrepresented in the ﬁelds of mathematics,
science and engineering. The OPUS director is
Dr. Daniel Altschuler, who is both a staff scientist
at Arecibo and a member of the faculty at the
University of Puerto Rico, Rio Piedras.
The OPUS ofﬁce interacts closely with media in
Puerto Rico to promote interest in the Arecibo
Observatory programs. It seeks to develop
partnerships in the U.S. and in the rest of the
western hemisphere that will encourage greater
participation in science among underserved
minorities. Just as the NSF is engaged with
Chile and Mexico in scientiﬁc pursuits through
its national observatory facilities in these
countries, the NAIC national observatory will
be used to engage the NSF in furthering public
understanding of science in Central and South
America and, with the same mechanism,
beneﬁting the U.S. Hispanic community also.
Among the ﬁrst of the OPUS initiative was
NAIC sponsorship of an international meeting,
Comunicando Astronomia en Hispanoamerica,
held at the Arecibo Observatory. Participants
from Spain, 7 countries in Hispanic America
and Hispanics working in the U.S. in the ﬁeld of
Education and Public Outreach, attended this
meeting held at the end of September 2003.
Strategies were discussed for popularization
of science in general and astronomy in
particular. Effective practices were presented
and evaluated. New initiatives in science
education and outreach in the Hispanic world
were presented, problems and obstacles were
anticipated, and solutions to those potential
problems were the subjects of lively discussion.
The meeting proceedings, in Spanish, will be
published; Dr. Altschuler is editing the volume.
This meeting is a model that NAIC will build on
for future OPUS initiatives.
Beneﬁting by the full cooperation and support
of our community of neighbors in Puerto Rico,
we look forward to sharing the excitement and
inspiration of the Arecibo Observatory with
Hispanic America.
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6. NAIC Astronomy Program Funding
and Metrics of Productivity and Cost
Effectiveness
In this section of the NAIC Report to the Senior
Review we respond to Dr. Wayne van Citters’
request that we discuss the productivity and
cost effectiveness, the “efﬁciency”, of the NAIC
astronomy program. “Efﬁciency” is a cost/beneﬁt
quantity, a ratio of what is produced versus the
cost of production. It is possible to become more
efﬁcient by producing more at the same total
cost, or alternatively, by maintaining a constant
production at lower total cost. In science we
are not accustomed to thinking of “products”,
although many NASA astronomy missions
explicitly use the term “data products” so that it
is clear what the missions are meant to produce.
NASA does this precisely so that the mission
efﬁciency can be assessed relative to its plans.
We adopt that approach here, discussing ﬁrst the
cost of operating NAIC and then discussing the
scientiﬁc beneﬁt, the products, of doing so. Then
we look at the beneﬁts and compute the ratio, the
scientiﬁc effectiveness, of the NAIC operation.

6.1 NSF Funding of NAIC FY1999 – FY2005
In the ﬁfty-year history of the National Science
Foundation there has never been a period of
six contiguous years in which the NSF budget
grew as rapidly in dollars or in percent as has
been experienced in the last six years, the
period FY1999 – 2005. The recent NSF budget
expansion is unprecedented.
The astronomy program at NAIC is funded by
the NSF Division of Astronomical Sciences (AST)
that is part of the Mathematics and Physical
Sciences (MPS) Directorate. The annual funding
of NSF, MPS, AST and NAIC over the period
FY1999 – FY2005 is given in Table 6.1. In order
to visualize the trends represented in these
ﬁgures better, in Figure 6.1 we plot the annual
funding changes, in percent, relative to funding
received in FY1999.
In a six-year period when the budget of the NSF
Division of Astronomical Sciences grew from
$118M to $200M, an increase of $82M or nearly
70%, the budget of NAIC grew by only $500k, an
increase of 4%. The cumulative effect of inﬂation
over these 6 years was 16%.
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1999

2000

2001

2002

2003

2004

2005

NSF

3690.3

3923.4

4459.9

4774.1

5310.0

5578.0

5473.0

MPS

733.6

755.9

854.1

920.4

940.6

1061.3

1094.0

AST

118.5

122.5

148.7

166.0

183.1

186.9

200.6

NAIC

11.7

11.1

12.3

11.8

13.4

12.4

12.2

As the Senior Review focuses its attention on the
prospect of ﬂat funding at the NSF for
the next several years, it is appropriate
to bear in mind that NAIC has had to
deal with ﬂat funding for the past six
years, the most expansive six-year
period in the history of the NSF.

Effect of Commensal
Observing: In FY2005, NAIC
began scheduling some of the
ALFA surveys as “commensal”
partners. What this means is
that the intermediate frequency
(IF) from the ALFA multibeam
receiver is split ahead of the
backend signal processing system
and the signal is fed to multiple


Table 6.1: Funding History of NSF, MPS, AST and NAIC
by Fiscal Year (in millions of current year dollars)

6.2 Measures of Scientiﬁc
Efﬁciency
Cost per Hour of Scientiﬁc
Observation: The Arecibo telescope
is used for scientiﬁc research
approximately 6000 hours per year. The
remaining time is used for scheduled
maintenance, instrument commissioning, Fig. 6.1: Percent changes in funding from FY1999 over the
software and system tests, and for
period FY2000 – FY2005 for the NSF as a whole, for the MPS
unscheduled maintenance and repair.
Directorate, for the AST Division and for NAIC.
In the years since completion of the
Gregorian upgrade the cost of an hour
backends, usually spectrometers. Each backend
of scientiﬁc observation (NAIC annual budget
supports the research program of a particular
divided by hours observed) is illustrated in Figure
group of researchers and the signal processing
6.2. This plot is made in current year dollars.
is done to satisfy the scientiﬁc requirements
of that group. However, by having
multiple groups make simultaneous use
of the same signal from the receiver,
two or more research proposals may
be satisﬁed using the same telescope
time. This “multiplexing” of the signal for
different science objectives multiplies the
observing hours made available on the
telescope. In FY2005 and subsequent
years, we expect that the number of
hours scheduled on the Arecibo telescope
for scientiﬁc observations may actually
exceed the number of hours in a year!


Fig. 6.2: Cost per hour of scheduled science observation on the
Arecibo telescope over the past six years.
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 Cost per Scientiﬁc User Served:
A fundamental measure of the efﬁciency
of a national center is the cost of
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providing the observing time each user requires
to obtain the data he or she is seeking as part of
the team proposing the observations that have
been scheduled. This measure is obtained by
using the annual number of scheduled telescope
users (Section 5 of this report), and the annual
observatory budget (Section 6.1) and dividing
the latter by the former. The result for the NAIC
Arecibo telescope is shown in Figure 6.3. Lower
cost per observer is, of course, a measure of
greater efﬁciency.

of earned value. It expresses the product of the
work in the same terms, dollars, as the cost of
producing the product. Let’s look at a speciﬁc
example.

Fig. 6.3: The cost per scientiﬁc user scheduled on the Arecibo
telescope plotted as a function of ﬁscal year.

Expressed in monetary terms in this way,
dollars per discovery, it is possible to assess
whether it is cost effective to do the scientiﬁc
research with an alternative telescope. All
one needs to know to do this assessment is the
length of time it will take to do the observation to
the needed signal-to-noise with the alternative

In future years we expect the efﬁciency to
continue to improve as a larger number of
scientists and students make use of the
telescope and as commensal ALFA
observations are scheduled so that
two, or more, groups are using the
telescope simultaneously.

Scientiﬁc Efﬁciency: When
the purpose of a telescope is to
produce science, and the rate of
production of that science can be
measured, then the cost of the
science can be determined simply
by dividing the rate of science
production—for example, pulsars
discovered per hour—by the cost
of operating the telescope per hour.
The resultant quantity, discoveries
per dollar expended, is similar to
the project management concept

Figure 6.4 is the HI spectrum of a galaxy
discovered in the course of the ALFALFA survey
described earlier in this report. ALFALFA is
a drift scan survey that acquires data each
second of time; at the celestial equator the
half power beamwidth of the telescope is
about 12 seconds of time. If as much as
12 seconds of integration time went into
forming the spectrum shown, then the cost
of acquiring this spectrum was ~$2k/hour *
(12 sec/3600 sec/hr) = $6.7. But while these
data were being taken ALFA was also taking
6 other spectra at different sky positions
simultaneously. Thus, the cost of this
particular spectrum is something like $1. We
can ask, is the value of the knowledge gained
by the acquisition of this spectrum worth $1?
(Needless to say, it also costs $1 to determine
that there is no galaxy at other positions in
the survey where no HI is detected).
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Fig. 6.4: The HI spectrum of a galaxy discovered in the ALFALFA survey.
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telescope, and the cost of operating that
telescope per hour.
Telescope efﬁciency metrics based on data
products and the cost of acquiring these data
products are useful effectiveness parameters.
But efﬁciency is not the only metric by which
a telescope could or should be measured,
the capability to make unique contributions to
scientiﬁc understanding is without question of
paramount importance. The unique contribution
that the NAIC Arecibo telescope makes to U.S.
astronomy is discussed in Section 4 of this
report. Importantly, that unique contribution
includes (a) partnerships by which NAIC funds
are used to support academic researchers who
develop instruments and software for NAIC;
(b) educational partnerships by which research
students participate fully in research programs
and acquire real pre-professional training with
ﬁnancial support provided by NAIC; and (c)
international scientiﬁc partnerships (e.g. the
Arecibo Observatory as an associate member
of the European VLBI Network) through which
the NSF scientiﬁc program is leveraged and
neatly dovetailed into the worldwide scientiﬁc
enterprise. These ongoing consequences
of NAIC result without NSF allocating funds
speciﬁcally to their support; they are ways in
which NAIC is utilized creatively.

7. NAIC Astronomy Program in the Future:
Objectives, Priorities, Milestones and Costs

7.1 Objectives, Priorities and Milestones
One of the issues that Dr. van Citters asked
Cornell to address in its NAIC report to the senior
review is the following: “Document the case
for, and priority of, each component of NAIC’s
astronomical activity (radio astronomy, planetary
radar, etc), along with a defensible cost for each,
[and] in so doing build the case for a forwardlooking observatory operation, the highest priority
components of which would exist in 2011.”
The astronomy program at NAIC is described
elsewhere in this report; the unique role of the
NAIC program in U.S. astronomy is highlighted
and described in Section 4. There are four
astronomy research programs at NAIC that are
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unique, namely
•

•

•

•

Large scale sky surveys with the
ALFA multibeam receiver leading to
permanent, legacy, archival databases
to be used via the NVO in conjunction
with complementary surveys at other
wavelengths;
Pulsar timing observations of millisecond
pulsars done over sufﬁciently long time
baselines that the precision of the timing
is adequate for the pulsars to be used as
probes of long wavelength gravitational
radiation and for precise tests of General
Relativity;
VLBI observations made in conjunction
with other large radio telescopes in
the U.S. and elsewhere that are of the
highest achievable sensitivity so that the
nuclear regions of active galaxies, and
starburst galaxies, can be probed in the
early universe;
Radar imaging of solar system objects
to probe with precision measurements
the dynamics of the solar system and
the orbits of objects that potentially could
threaten the Earth.

All of the presently active ALFA surveys will
take many years to complete, often 5-7 years.
Some of these surveys will truly be complete and
there will never be a reason to repeat them. For
others, such as searches for sources of transient
emission, the time-duration of useful survey
observations has no natural limit. Nevertheless,
the NAIC long-range plan anticipates that a
comprehensive review of the NAIC astronomy
program will be conducted sometime in the
middle of the next decade. At that time all
the initial ALFA surveys will have ﬁnished and
an assessment is appropriate to determine
the priority of future survey initiatives. This
assessment will also be informed by the progress
of the SKA, which could in principal supplant the
research capabilities of the Arecibo telescope.
For these reasons, we believe the year 2015
is an appropriate milestone to set for the NAIC
scientiﬁc review. The outcome of this review
would set priorities for the four unique astronomy
programs noted as bullets above.
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7.2 Components of the NAIC Astronomy
Program and Costs
Let us begin this discussion by deﬁning terms.
The “NAIC Astronomy Program” is the research
support provided to NAIC by the NSF Division of
Astronomical Sciences (AST). It is distinguished
from the NAIC Space and Atmospheric Sciences
(SAS) program that obtains its support from the
Upper Atmosphere Research Section (UARS)
in the NSF Division of Atmospheric Sciences
(ATM) of the NSF Geosciences Directorate. By
agreement between AST and ATM, the present
NAIC Cooperative Agreement (NSF-9809484)
states “UARS funding is intended to cover the
incremental costs for the approximately 15%
of time available for observing on the 305-m
telescope expected to be used for SAS activities
and for the costs of the operation of the optical
instrumentation used in support of the SAS
program.” It is important that the UARS funding
speciﬁcally notes that it covers the “incremental
costs” of the NAIC SAS program, it does not
provide for a full cost reimbursement to AST of
the expense of the SAS observations on the
Arecibo telescope. Instead, AST is responsible
for the operational cost of the telescope
infrastructure at the Arecibo Observatory.
As requested by Dr. van Citters, we deﬁne three
components of NAIC’s astronomical
activity: radio astronomy, radar
astronomy and ATM infrastructure
support.

Program

Radio Astronomy: NAIC
operates only a single radio telescope,
the 305-m Arecibo telescope. Its
costs are documented annually in the
NAIC Astronomical Sciences annual
Progress Report and Program Plan.
Expenditures are reported quarterly
to AST. As noted in Section 5 of this
report, AST funding for NAIC has
been essentially ﬂat for the past six
years. The annual AST budget for
the astronomy program at NAIC is
approximately $10.3M
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Personnel salary and beneﬁts
Instrumentation
Supplies, fuel
Maintenance
Klystron repair (*)
Total

$450k
50k
75k
50k
80k
$705k

*For two klystrons, each with a MTBF of 6 years and
using $240k as the cost to repair.
 ATM Infrastructure Support: An estimate
of the difference between the incremental cost
of AST support of the ATM program at the
Arecibo Observatory, and the full cost of the ATM
program, may be obtained by comparing the
cost per observing hour on the Arecibo telescope
for astronomy observations with that for SAS
observations. Here are the ﬁgures for the last
two NAIC program (ﬁscal) years:

Table 7.1: Program Year 2004
Funding
(k$)

Telescope Hours
Observed

Funding per Telescope
Hour (k$/hour)

AST

10303

4662.75

2.20

ATM

1808

1318.25

1.37

12111

5981.00

2.02

Sum/Ave

Table 7.2: Program Year 2003
Program
AST
ATM
Sum/Ave

Radar Astronomy: The S-band planetary
radar system was upgraded with NASA funding


in the mid-1990s as an important part of the
Gregorian project. In subsequent years,
NASA continued to provide partial support for
operation of the S-band radar; that operations
support has now been phased out and the Sband radar is now simply one component of the
NAIC radio astronomy program supported by
AST. The annual operating cost of the S-band
planetary radar program at NAIC breaks down
approximately as follows (FY2005 dollars):

Funding
(k$)

Telescope Hours
Observed

Funding per Telescope
Hour (k$/hour)

10930

4606.75

2.37

1884

1284.75

1.47

12814

5891.50

2.17

These tables illustrate in a quantitative way the
fact that AST has accepted responsibility for the
infrastructure cost of the Arecibo telescope with
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ATM responsible only for the incremental cost
of it usage. For example, in FY2004 the cost of
a research hour on the Arecibo telescope was
$2.02k; but the AST program paid $2.20k for
each hour whereas the ATM program paid only
$1.37k per hour. The same effect can be seen in
FY2003. The “value” of the infrastructure support
that AST is providing to ATM amounts to $850k
- $910k in each of these years.
Clearly this is a NSF issue, not at NAIC issue,
that results from the agreement between AST
and ATM as codiﬁed in the NAIC Cooperative
Agreement. However, if AST is now seeking to
adjust its facility support costs, this is an issue for
AST to discuss with ATM and record as agreed
in the next NAIC Cooperative Agreement that is
presently under negotiation between NSF and
Cornell.

8. Cost of Divestiture
Dr. Wayne van Citters’ letter written to the
managers of the NSF astronomy facilities,
Appendix A, requests that an estimate be made
of the cost of divestiture of each of the astronomy
programs at NAIC, viz. the radio astronomy
program and the radar astronomy program.
The NAIC radio astronomy program includes
sole support of 125 FTE NAIC employees,
support of the Arecibo Observatory site
including the 305-m Arecibo telescope, and all
site buildings and infrastructure (roads, water
system, sewage system, power system). The
Arecibo Observatory site, and everything on
the site, with the single exception of the Angel
Ramos Foundation Visitor and Education
Center buildings, is the property of the U.S.
government, accountable to the National Science
Foundation. The cost to the NSF to divest itself
of the government property depends on how
the NSF chooses to relinquish its ownership
responsibilities. If the NSF transfers ownership
wholly to a private, commercial or government
entity, the divestiture cost could be minimal. At
the other extreme, if it is necessary to remove the
Observatory equipment and infrastructure wholly
from the site, and restore the site to its original
condition, then the cost would be very signiﬁcant.
There are intermediate options as well, involving

NSF SENIOR REVIEW - JULY 2005

perhaps NSF retaining title to the equipment
and the new owner assuming ownership only
of the site, buildings and permanently-attached
facilities.
What follows is simply a guide to the divestiture
cost of the astronomy program. Disclaimer: The
process and costs presented in this section are
NOT a proposal from Cornell for the divestiture
of the NAIC astronomy program, nor do they
represent a commitment from Cornell for the
divestiture of the NAIC astronomy program by
the process and at the costs noted here.
The cost of staff termination depends on how
much notice each of the employees is given.
Under Cornell policy each person terminated is
entiled to severance pay amounting to one week
of salary for every year of service, not to exceed
24 weeks total. In addition, the employees are
entitled to payment for unused vacation time.
A possible option under Cornell policy is to
accord each employee 90 days notice in lieu of
severance pay. In either case, the terminated
employees are entitled to full beneﬁts until
their termination date. Thus, the process by
which NSF divests itself of the NAIC astronomy
program will dictate the cost of divestiture.
If the NSF were to cease funding of the NAIC
astronomy program immediately, with no notice,
then we estimate that the termination and
severance costs per NAIC employee would
average approximately $25k, amounting to
an aggregrate cost of $3.3M. On the other
hand, were the NSF to provide one year notice
of termination then the aggregrate employee
termination cost would be approximately $12.5M.
Disposal of the Arecibo Observatory site and
facilities is the major cost item facing NSF with
its potential divestiture of the NAIC astronomy
program. In the event that NSF cannot transfer
title to another owner, the Arecibo Observatory
site equipment and infrastructure would have to
be removed and, in this case, we estimate that
demolition and removal would cost between 30%
and 60% of the site and telescope replacement
cost; we estimate the replacement cost. We
have estimated previously that the replacement
cost is approximately $250M in current year
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dollars. Additionally, it is likely that NSF would
want to compensate Cornell for the value of
the Visitor Center which, without the telescope,
would have no educational purpose.
With these assumptions, the divestiture cost of
the NAIC astronomy program has the following
cost elements:
Demolition and Removal
Staff Severance
Compensation to Cornell

$75M - $150M
-$3.3M - $12.5M
$ 5M

Clearly these ﬁgures are simply budgetary
estimates. As noted above, the cost is
dependent on how NSF negotiates its
termination of the NAIC astronomy program and
on how the NSF relinquishes its ownership of the
Observatory property.
An estimate of the divestiture cost of the
NAIC radar astronomy program is more
straightforward. The radar astronomy program
is an integral part of the operation of the radio
astronomy program at the Arecibo Observatory.
It involves a staff of 5 FTEs that are incremental
to the 125 staff members cited above for the
astronomy program. The primary divestiture
task would be removal of the S-band transmitter
and ancillary instrumentation that is present in
the Gregorian dome on the telescope, and in the
Observatory control room. The divestiture cost
of the NAIC radar astronomy program has the
following cost elements:
Instrument removal and disposal
$150k
Staff Severance
$125k - $600k
These costs are estimates and can be reﬁned as
required once the NSF establishes guidelines for
its divestiture process.
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9. Appendices
APPENDIX A: Letter from Dr. Wayne van Citters to Cornell as NAIC Facility Manager

Dear Dr. Burns:
As I have mentioned on various occasions over the past six months, the Division of
Astronomical Sciences is beginning the process of a “Senior Review” of its portfolio of
facilities. This review, a recommendation of the most recent Decade Survey, is motivated
at this particular time by a combination of the current Federal budget outlook, the ambitions
of the astronomical community as evidenced in the Decade Survey and other reports such as
“Connecting Quarks with the Cosmos,” and by the growth in the AST budget over the past
ﬁve years.
This review is designed to examine the balance of our investments in the various facilities
that we support. The primary goal of the review and the adjustment of balance that will
result is to enable progress on the recommendations of the Decade Survey, including such
things as operations funds for ALMA, and other priorities. At the same time we must
preserve, indeed grow, a healthy core program of astronomical research. We regard this as
essential to support the scientiﬁc programs that will be undertaken with the new facilities, to
seed the next generation of capability, and to attract, train, and retain the next generation of
astronomical researchers.
We have adopted the following boundary conditions for the review:
•

The assumption is that the AST budget will grow no faster than inﬂationary increases for
the remainder of the decade

•

In concert with the advice of every community advisory body that we have asked (and
in keeping with our own evaluation of balance and need), we will not use resources from
the unrestricted grants programs (AAG) to address the challenges of facility operations
or the design and development costs for new facilities of the scale of LSST, GSMT,
SKA, etc.

•

No facilities will be considered to be “off the table.”

•

The process and the adjustments in balance that may result must be realistic and
realizable

•

Recommendations should be based on well-understood criteria

• There should be ample opportunity for community input at all stages.
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The speciﬁc goal of the review is to examine the impact and the gains we might experience
by redistributing $30M of annual spending from Division funds. These funds would be
obtained by selective reductions in the operations of existing facilities. The review will not
revisit existing community priorities and recommendations for how these funds would be
used. The near-term needs for new investment have lead us to conclude that we must try to
generate the $30M in annual redistributed funding by the end of FY2011. Even with this,
there will be challenges to be met to satisfy projected need in FY2007-2008.
Over the past several months, we have considered a number of different ways that we might
approach gathering the input necessary to estimate the impact of various decisions, so that
we can then present a few different scenarios to a committee representing the community
for their comment and advice. Our target is to have the advice of the committee in hand by
September of this year.
In order to treat each of NRAO, NOAO, NSO, Gemini, and NAIC on an equal footing and
to obtain an in-depth understanding of the contributions that each of our facilities makes,
component by component, we are adopting a “zero-base” approach. Under this approach, we
ask that Cornell consider and document:
•

The case for, and priority of, each component of NAIC’s astronomical activity
(radio astronomy, planetary radar, etc.), along with a defensible cost for each.

•

In doing so, build the case for a forward-looking observatory operation, the
highest priority components of which would exist in 2011

•

Provide as realistic an estimate as possible of the cost and timescale that
would be associated with divestiture of each component

We expect that your deliberations will:
•

Be based on extensive consultation with your user community

•

Involve evaluation of component facilities and capabilities using well-deﬁned
and carefully documented metrics to deﬁne productivity, cost effectiveness,
and future utility. We will work with all facilities managers to arrive at a
common set of metrics so various components can be compared.

•

Take into consideration systemic issues such as complementing observations
at other wavelengths, ﬁlling critical niches in the overall U.S. system, role in
training and technical innovation, impact on shared infrastructure.

•

Explore opportunities to deliver scientiﬁc knowledge at reduced cost or
increased efﬁciency through new operating modes

We would like to have your input in hand by July 31, 2005.
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With this information in hand from all of the facilities that we support, and with our best
understanding of the needs for development and future programs, we will then present a
number of scenarios to the senior review committee for their comment and advice. These
scenarios will necessarily trade progress on the various recommendations before us against
preservation of existing capability. The challenge will be to strike an acceptable balance.
We recognize that this will be a difﬁcult task and that the end result may well be that some
facilities are judged to be no longer viable under the circumstances. We also recognize that
the landscape of U.S. astronomy could almost certainly change dramatically as a result of
some these actions. The question for all of us is to judge whether these changes are viable
and lead to a vital and sustainable future, or whether the pace and scope of change necessary
to realize the cumulative aspirations of the community under severely constrained budgets
are too drastic.
We are ready and willing to interact with you and with your communities as this process gets
underway. We welcome comments on our assumptions and on the tasks set for you above.
However, as I have said on numerous occasions, I do not see any way to avoid this review
or the difﬁcult judgments that will be required. Done properly and wisely, I believe it can
result in a healthier program in the long-term, and one that is poised to take advantage of
improving outlooks when they occur.
Sincerely,
G. W. Van Citters
DD/AST
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APPENDIX B: FY2004 List of Users and Institutions

ARECIBO OBSERVATORY TELESCOPE USERS
FY2004
1

Graduate Student
Undergraduate Student
3
REU Student
2

ASTRONOMY
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Alberdi, A.
Alef, W.
Anderson, S.B.
Antonucci, R.
Araya, E.1
Arce, H.
Arzoumanian, Z.
Baan, W.
Backer, D.
Bartel, N.
Barvainis, R.
Baudry, A.
Becker, K.1
Benner, L.
Bhat, R.N.D.
Biaggi, A.1
Bietenholz, M.F.
Black, G.
Bogdanov, S.2
Bolatto, A.D.
Boselli, A.
Brinks, E.
Brogan, C.
Brosch, N.
Brown, P.
Brown, R.L.
Bruens, C.
Burgay, M.1
Camilo, F.
Campana, S.
Campbell, B.
Campbell, D.
Carilli, C.L.
Carter, L.1
Castander, F.J.
Catinella, B.
Champion, D.J.1
Chandler, A.M.
Chastian, R.J.1
Chatterjee, S.1
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IAA, Spain
MPI Bonn
Caltech
UC Santa Barbara
UPR-San Juan
Caltech
NASA GSFC
Westerbork Observatory
UC Berkeley
York University, Canada
NSF
Univ. Bordeaux, France
Cornell
JPL
MIT Haystack
UPR Rio Piedras
York University, Canada
University of Virginia
Penn State
UC Berkeley
Lab. d'Ast. Marseille
INAOE
NRAO Socorro
Tel Aviv University
University of Western Ontario
NAIC
University of Bonn
University of Bologna
Columbia U.
Oss. Ast. De Brera
NASM
Cornell
NRAO Socorro
Cornell
Yale
NAIC
University of Manchester
Caltech
University of Washington
Cornell
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

Chatzikos, M.
Chengalur, J.
Chesley, S.R.
Cognard, I.
Cohen, A.
Coles, W.A.
Colina, L.
Connolly, A.
Conway, J.
Cordes, J.
Crawford, F.
Crutcher, R.
Dahlem, M.
Dalcanton, J.J.
D'Amico, N.
Darling, J.
Davies, J.
deBlock, E.
DeCesar, M.3
Demorest, P.1
Deshpande, A.
Desmurs, J.F.
Diamond, P.
Dickey, J.
Disney, M.J.
Donovan, J.1
Dunne, L.
Eales, S.A.
Eder, J.
Edwards, P.
Evans, N.
Faison, M.
Faulkner, A.J.1
Ferdman, R.
Fix J.D.
Flores, R.1
Fomalont, E.
Freire, P.
Freudling, W.
Fruchter, A.
Gaensler, B.
Gah, I.2
Garcia, D.A.1
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Harmon, J.K., M.C. Nolan, S.J. Ostro, and D.B. Campbell, Radar Studies of Comet Nuclei and Grain
Comae, Comets II (Space Science Series), eds. M. Festou, H. Keller and H. Weaver, U. Arizona Press,
2004
Howell, E.S., Lovell, A.J., and Schloerb, F.P., Comet C/2002 T7 (LINEAR), IAU Circ., 8329, 2, Ed. Green,
D.W.E., April 2004
Kozlova, E.A., The Nature of Anomalous Formations in the Polar Regions of Mercury and the Moon, Solar
System Res., 38(5), pp. 335-346, Sept 2004
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M.A. Slade, Recent Goldstone Solar System Radar Observations, American Geophysical Union, Fall
Meeting 2003, abstract #P42B-06, Dec 2003
Neish, C.D., M.C. Nolan, E.S. Howell, and A.S. Rivkin, Radar Observations of Binary Asteroid 5381
Sekhmet, American Astronomical Society Meeting 203, #134.02, Dec 2003

NSF SENIOR REVIEW - JULY 2005

58

Nicholson, P.D., D.B. Campbell, R.G. French, and H.J. Salo, Radar Observations of Wakes in Saturn’s Rings,
American Astronomical Society, DDA meeting #35, #09.06, May 2004
SPACE & ATMOSPHERIC SCIENCES
Refereed Journals:
Bernhardt, P.A. and M.P. Sulzer, Incoherent Scatter Measurements of Ring-Ion Beam Distributions Produced
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APPENDIX D: NAIC Summer Student & REU Program Participants and
Current Afﬁliations, FY1972-FY2004
For more than 30 years, the NAIC summer student program has proven to be an effective way of introducing
graduate and undergraduate students to science as a career. Although it has not been possible for us to track the
professional trajectory of all of the former NAIC summer students, we have been able to follow the careers of
many. That list is attached below as an illustration of the effectiveness of the NAIC summer student program.

Participant

Current Afﬁliation

Summer of
Participation

Dr. Vincent J. Abreu
University of Michigan
Dr. Linda Dressel
Space Telescope Science Institute
Dr. Alan Hirshfeld
Univ. of Massachusetts, Dartmouth
Dr. Thomas Balonek
Colgate University
Dr. James Cordes
Cornell University
Dr. Lee Hartmann
Center for Astrophysics
Dr. Martha Haynes
Cornell University
Dr. William Newman
Univ. of California @Los Angeles
Dr. James F. Vickery (deceased) Stanford Research Institute
Dr. Randy Kimble
NASA/Goddard Space Flight Center
Dr. James Breakall
Pennsylvania State University
Dr. Matthew Malkan
Univ. of California @Los Angeles
Dr. Bruce Wilking
University of Missouri, St. Louis
Dr. Kristen Sellgren
Ohio State University
Dr. Richard L. White
Space Telescope Science Institute
Dr. Robert J. Hanisch
Space Telescope Science Institute
Dr. Keith D. Horne
University of St. Andrews, Scotland
Dr. Leslie Hunt
Arcetri Observatory, Italy
Dr. Emilio Falco
Smithsonian Inst., Whipple Observatory
Dr. Jacqueline Hewitt
MIT
Dr. Richard Edelson
UCLA
Dr. Michael Bicay
Caltech
Dr. Perry Hacking
Jet Propulsion Laboratory
Dr. Brett Isham
EISCAT, Tromsoe, Norway
Dr. Michael A. Strauss
Princeton University
Dr. Douglas O. Wood
NRAO Socorro
Dr. Blaise Canzian
U.S. Naval Observatory
Dr. JoAnn Eder
Arecibo Observatory (retired)
Ms. Inge Heyer
Space Telescope Science Institute
Dr. Steven T. Myers
NRAO
Dr. Joshua Roth
Sky Publishing Corp.
Dr. Myeong-Gu Park
Kyungpook National Univ., Korea
Dr. Daniel Holden
Los Alamos National Laboratory
Dr. William Reach
Caltech
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1973
1974
1974
1976
1976
1976
1976
1977
1977
1978
1979
1980
1981
1982
1982
1983
1983
1983
1984
1984
1984
1984
1984
1985
1985
1985
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Dr. Nicholas Stacy
Surveillance Research Laboratory, S. Australia
1985
Dr. Leila Belkora
Self-employed
1987
Dr. Peter Lawson
JPL
1987
Dr. Brian A. McLeod
Center for Astrophysics
1987
Dr. Margaret Meixner
Univ. of Illinois, Urbana-Champaign
1987
Dr. John M. Carpenter
Caltech
1988
Dr. Tracey Evans
Caltech
1988
Dr. Sixto González
Arecibo Observatory
1988
Dr. Margaret Murray Hanson University of Cincinnati
1988
Dr. Joseph Lazio
Naval Research Laboratory
1988
Dr. Crystal L. Martin
Caltech
1988
Dr. Bruce Campbell
National Air & Space Museum
1989
Dr. Jayaram Chengalur
NCRA�TIFR, Pune, India
1989
Dr. Eric Schulman
NRAO, Charlottesville
1989
Dr. Adam Showman
NASA
1989
Dr. Thomas E. Vaughan
University of Oklahoma
1989
Dr. Jonathan Williams
University of Florida
1989
Dr. Rachel Akeson
Caltech
1990
Dr. Bryan W. Miller
AURA
1990
Dr. Liese van Zee
Jansky Fellow, NRAO�VLA
1990
Dr. Jeremy Heyl
Caltech
1991
Dr. Jenny Patience
UCLA
1991
Dr. James Rhoads
Space Telescope Science Institute
1991
Dr. Keith Rosema
Blue Operations, LLC
1991
Dr. Shoko Sakai
UCLA
1991
Dr. Jose F. Salgado
Adler Planetarium, Chicago
1995
Dr. Nestor Aponte
Arecibo Observatory
1992
Ms. Heather Elliott
Michigan State University
1992
Mr. Adam Trotter
Harvard University
1992
Ms. Lorraine Allen
Center for Astrophysics
1992
Mr. Jason Johnson
Harvard University
1992
Ms. Vanessa Galarza
New Mexico State
1992
Ms. Erin Hatch
George Washington University
1992
Mr. Antonio Algaze
Ohio State University
1993
Mr. James Anderson
US Geological Survey
1993
Mr. Yevgeniy Dorfman
MIT
1993
Dr. Mayra Lebrón Santos
Arecibo Observatory
1993
Mr. Ben R. Oppenheimer
Caltech
1993
Dr. Alison Peck
Max-Planck-Inst. for Radio Astronomy
1993
Mr. Christopher DeVries
University of Massachusetts
1994
Mr. Mark Lemon
Letter Press Software
1994
Ms. Rebecca Morley
Japan
1994
Mr. Marcel Agueros
Univ of Washington
1995
Ms. Ann Bragg
Harvard University
1995
Dr. Genene Fisher
American Meteorological Society
1995
Ms. Nicole Lloyd
Stanford University
1995
Ms. Kristin Nelson
University of Rochester
1995
NSF SENIOR REVIEW - JULY 2005

63

Ms. Yu Ling Su
Steward Observatory
Mr. Matthew Schwartz
Princeton University
Mr. Brent W. Grime
US Air Force
Ms. Zoe M. Leinhardt
University of Maryland
Ms. Melissa Nysewander
Univ. of North Carolina, Chapel Hill
Mr. Albin Alonso Rosario
University of Puerto Rico
Mr. Anil C. Seth
University of Washington
Mr. Angel Alejandro Quinones
University of Houston
Ms. Monique Aller
University of Michigan
Ms. Yira Cordero Lebron
UPR Humacao
Ms. Ingrid Daubar
University of Arizona
Mr. Simon DeDeo
Princeton University
Mr. David Kaplan
Caltech
Mr. Dale Kocevski
University of Hawaii
Mr. Benjamin D. Oppenheimer University of Arizona
Mr. Felix Mercado Cortes UPR - Río Piedras
Ms. Celia Salmeron
University of Houston
Ms. Heidi Brandenburg
Caltech
Mr. Carlos Vargas Alvarez UCSD
Mr. Shawn M. Allison
Penn State
Ms. Sarah Boswell
University of Wisconsin
Ms. Alyson Brooks
Columbia University
Ms. Diane Chin
Binghamton University
Ms. Laura J. Hainline
Caltech
Mr. Justin B. Kinney
Cornell University
Ms. Ruth Murray
UC Berkeley
Mr. Homero Cersosimo
UPR –Humacao
Mr. Miguel F. Irizarry
Arecibo Observatory
Ms. Karin Menendez
McGill University
Ms. Sun Mi Chung
Wesleyan University
Mr. Daniel Dougherty
University of Alabama
Ms. Lindsay DeRemer
Wellesley College
Ms. Natalia Figueroa
UPR – Mayaguez
Mr. Marko Krco
Cornell University
Mr. Mike Nicolls
Cornell University
Ms. Val Phillips
University of Colorado
Ms. Karin Sandstrom
Harvard University
Ms. Ivelisse Cabrera
UPR – Mayaguez
Mr. Homero Cersosimo
UPR – Humacao
Mr. Mike Eydenberg
New Mexico Tech
Mr. Derek Kopon
Cornell University
Ms. Esther Santos
UPR – Mayaguez
Mr. Carols Vargas Alvarez UPR – Mayaguez
Ms. Martha Boyer
University of Minnesota
Ms. Laura Chomiuk
Wesleyan University
Mr. Andrew Helton
University of Iowa
Mr. Chi-Feng (Daniel) Kao Penn State
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1996
1997
1997
1997
1997
1997
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1999
1999
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2001
2002
2002
2002
2002
2002
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Ms. Stephanie Morris
University of Chicago
Ms. Danielle Moser
Univ. of Illinois, Urbana-Champaign
Mr. Martin Rodgers
Miami University, Ohio
Ms. Rebecca Wilcox
University of Washington
Ms. Julia Deneva
Vassar College
Ms. Ingrid Pla Rodriguez
UPR – Mayaguez
Ms. Samantha Stevenson
Wesleyan University
Mr. Graham Alvey
University of Illinois, Urbana-Champaign
Ms. Jacqueline Hodge
California Polytechnic State University
Mr. Adam Mott
Arizona State University
Ms. Catherine Neish
University of British Columbia
Mr. Matthew Phillips
University of Colorado
Mr. Kristopher Reilly
New College of Florida (sadly deceased)
Ms. Elizabeth Schmidt
Carthage College
Ms. Coral Wheeler
University of Akron
Ms. Nerlyn Echevarría
UPR – Mayagüez
Ms. Romina Nikoukar
University of Illinois, Urbana-Champaign
Mr. Michael Jouteux
Ecole Normale Superieure, Lyon France
Ms. Laura Chomiuk
Wesleyan University
Ms. Megan DeCesar
Pennsylvania State University
Ms. Laura Kinnaman
Wittenberg University
Ms. Melissa Rice
Wellesley College
Mr. Karles Saucedo-McQuade Oberlin College
Mr. Drew Turner
Embry-Riddle Aeronautical
Mr. Jan Ulrich
University of Texas-Austin
Ms. Yang Yang
Miami University, Ohio
Mr. Harus J. Zahid
University of California-Berkeley
Mr. Jose Casillas
UPR – Mayagüez
Ms. Regina Flores
Columbia University
Ms. Giselle Miranda
Wesleyan College

NSF SENIOR REVIEW - JULY 2005

2002
2002
2002
2002
2002
2002
2002
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004

65

