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Abstract
Asteroids are diverse and numerous solar system objects, from the large number of
objects in the main asteroid belt to the relatively small near-Earth population. Understanding
their physical properties is essential to understanding the evolution of the solar system, and
asteroid morphology is a complex field in its own right. The histories of individual asteroids,
and particularly near-Earth objects, reflect continuous interaction among their shapes, rotation
states, and orbits due to the effects of radiation pressure.
Radar astronomy has provided detailed information on the orbits, sizes, shapes, rotation
states, and composition of many asteroids. To improve the capabilities of asteroid radar
observations, I have developed the technique of radar speckle tracking. The echoes from
different points on the surface of a radar target interfere with each other, producing a pattern of
bright and dark speckles across the surface of the Earth. Using radio astronomy techniques, I
track the motion of speckles between several ground stations during a radar experiment to
accurately determine the rotation state of the target. Speckle tracking is a powerful tool both to
determine the orbital evolution of near-Earth asteroids, particularly potential Earth impactors,
and to survey the overall physical properties of the asteroid population.
In addition, I have studied applying the techniques of adaptive optics and radio
interferometry to asteroid science. These will become more useful with the next generation of
asteroid-detecting surveys and the construction of large sub-millimeter interferometers.
Interferometry in particular will soon be able to survey the entire asteroid belt.
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Note on asteroid names:
Asteroids and other minor planets are assigned an alphanumeric code in order of their discovery.
This name takes the form <year of discovery> <letter denoting 2-week period of that year><letter
denoting the object’s order of discovery in that two-week block><optional number>. Thus, ‘1950 DA’
was discovered in 1950, in the second half of February, and was the first object discovered in that
interval, and ‘1992 SK’ was the 11th object discovered in the ‘S’-period of 1992. When more than 26
objects are discovered in a two week period, the second letter is reused, followed by a number giving the
number of times through the alphabet the naming has gone. For instance, the discovery of the object
‘2008 EZ’ in the first half of March 2008 was followed by the discovery of the object ‘2008 EA2’,
which was followed by ‘2008 EB2’. ‘2008 EV5’ was the 126th object discovered in that period.
Additionally, if what initially appears to be a new object is determined to be a recovery of an object that
had been lost, the older designation is used – thus there are gaps in the list.
Once the orbit solution for an object is refined to a specified precision, it is assigned a catalog
number. Catalog numbers are given in order of orbit refinement, rather than of discovery: e.g., 29075
(1950 DA) is followed by 29076 (1972 TR8). After having a catalog number, the object can officially
named: 99942 (2004 MN4) was named Apophis. Objects assigned official names are no longer referred
to by alphanumerics, and may be mentioned with or without catalog numbers. However, since the
majority of asteroids are not named, alphanumerics and truncations of them are used extensively in the
asteroid literature and in this thesis.
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1. Introduction
In this thesis, I present my work on the general problem of understanding the physical properties
of asteroids. Asteroids are diverse and numerous solar system objects, ranging from the large number of
objects in the main belt to the relatively small near-Earth population. Understanding their physical
properties is essential to understanding the evolution of the solar system and asteroid morphology is a
complex field in its own right. The histories of individual asteroids, particularly near-Earth objects,
reflect continuous interaction between their shapes, rotation states, and orbits due to the effects of
radiation pressure. I discuss these interactions and the asteroid populations in detail in Chap. 2.
The bulk of my work has been radar shape modeling and speckle tracking as applied to nearEarth asteroids and these topics occupy the appropriate fraction of the material. A part of Chap. 4
describes the results of adaptive optics observations of near-Earth and main-belt asteroids. Please
consider this section an interesting diversion from the main science results.
Prior to developing radar speckle tracking, I studied the moons of Mars and several near-Earth
asteroids (1950 DA, 1992 SK, 1998 WT24, and 2008 EV5) with conventional radar techniques, using
archival and new data from both the Arecibo and Goldstone radar observatories. The results of this work
are presented in Chap. 3, and serve as a description of the capabilities of radar astronomy and a
demonstration of the need to understand asteroid pole directions. Chapter 4 describes different methods
of measuring asteroid rotation states: adaptive optics, radar interferometric imaging, radar speckle
tracking, and the capabilities and limitations of each. In Chap. 5, I describe my implementation of radar
speckle tracking (source code and documentation is included as Appendix 2), its application to
observations of the near-Earth asteroid 2008 EV5 with Arecibo and the Very Long Baseline Array, and
some future applications.
I conclude with some longer-term research possibilities: the pending explosion in the number of
known asteroids with the next generation of optical surveys, and the potential of submillimeter
interferometry to image asteroids by detecting their thermal emission rather than a radar echo (Chap. 6).
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2. Overview of Asteroids in the Solar System
Asteroids are small solar system objects, generally defined as being too small to gravitationally
dominate a significant region of space and composed primarily of non-icy materials. They range from
sub-meter boulders to the 800-km Ceres and from objects that cross the orbit of Mercury to the Trojan
asteroids co-orbiting with Jupiter. My work has been driven by a desire to understand their physical
properties, particularly shapes and spin states. To justify this as a worthy field of study, I will describe
the overall distribution and properties of asteroids in the solar system.
2.a. Asteroid Populations
2.a.i. The main belt
The vast majority of asteroids, by both number and mass, reside in the main asteroid belt
between the orbits of Jupiter and Mars. The belt originated dynamically, as the region in the protoplanetary disc where the planetesimals were perturbed by Jupiter to have random velocities too high to
accrete into a small number of objects (Petit et al. 2001). During planetary migration, a significant
number of ice-rich objects from the outer solar system may have been implanted into the main belt as a
result of dynamical interactions with Jupiter (Levison et al. 2009). Since that time, the belt has
developed an intricate structure (Fig. 2.1). There has been a gradual decrease in the mass of the belt as
objects migrate onto orbits that are perturbed by the gas giants or are collisionally ground into dust.
Some of the migrating objects enter the inner solar system, forming the near-Earth population (red
circles in Fig. 2.1), which I discuss below.
In the asteroid belt, three subpopulations are particularly significant. The Jupiter Trojans (dark
blue points in Fig. 2.1) reside close to the Sun-Jupiter Lagrange points. The Trojans are dynamically
stable and the physically coldest asteroids. They are relatively ice-rich and chemically similar to the
Centaur objects at larger semimajor axis (Barucci et al. 2002). The Hilda asteroids are in a 3:2 meanmotion resonance with Jupiter, and seen as the threefold pattern of the outer main belt in Fig. 2.1. This
resonance is stable, in contrast to the mean-motion and secular resonances at lower semi-major axis,
where the asteroids are expelled from the main belt, producing the drops in asteroid number as a function
of semimajor axis known as the Kirkwood Gaps (Kirkwood 1866). Finally, one-third of the asteroids in
the main belt are members of collisional families, the remnants of larger objects disrupted relatively
recently in the history of the solar system. All but the largest asteroids have experienced disruptive
collisions; the size distribution of asteroids smaller than 100 km is well approximated by a collisional
cascade power law (Bottke et al. 2005). Despite this violent history, there is an overall gradient in
composition across the main belt, particularly in the outer belt where subsurface ice becomes stable.
2.a.ii. The near-Earth asteroids
Near-Earth asteroids are more chaotic than their progenitors in the main belt, in terms of both
their orbits and their composition. As seen in Fig. 2.1, most asteroids with perihelion <1.3 AU (the
conventional boundary of the near-Earth population) are on highly eccentric orbits. Objects at low
inclination have frequent close flybys of the inner planets, particularly Earth, Venus, and Mars, and are
strongly perturbed by Jupiter and main belt asteroids when they are close to aphelion. Due to such
frequent perturbations, a typical near-Earth asteroid has a dynamical lifetime of <100 Myr. None of the
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Fig. 2.1. Projected view of the inner solar system from ecliptic north at 2010 March 27, 00:00 UTC, illustrating
the different asteroid populations. This plot contains a total of roughly 250000 objects. Light blue squares are
comets; dark blue points are Jupiter Trojans (Jupiter’s orbit is the outermost blue curve, the planet itself is at
lower right). Green points indicate the main belt asteroids, and red circles the near-Earth population. Earth is to
the left of the Sun. The majority of comets that appear to be well within the orbit of Jupiter are high-inclination
objects at larger distances from the Sun. A note on scale: the orbit of Jupiter has a radius of 5.2 astronomical
units (780 million kilometers); the largest asteroids are approximately 1/2000 the width of a pixel. Plot courtesy
Gareth Williams, Minor Planet Center (http://www.cfa.harvard.edu/iau/lists/InnerPlot.html).
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current near-Earth objects is primordial, and the overall number of objects fluctuates on tens-of-Myr
timescales, with increases following large family-forming collisions in the main belt. The familyforming collisions produce a population of objects that migrate due to perturbations and nongravitational effects – particularly net radiation pressure from non-isotropic thermal emission (the
Yarkovsky effect, see Sec. 2.b). When migration puts the objects into one of the unstable resonances
with Jupiter and Saturn, their eccentricity can increase until they become near-Earth objects (Bottke et al.
2007).
In addition to objects that are the recent product of collisions, some primordial objects migrate
into Jupiter/Saturn resonance and move into the near-Earth population. Regardless of their origin,
perturbations (both gravitational and non-gravitational) ensure that none of the near-Earth objects forms
a long-lived collisional family. Debris from collisions is rapidly disrupted and spread out. Meteor
streams are the closest to an equivalent of a main-belt asteroid family. With low ejection velocity from
their parent comets, the meteoroids do not spread in orbital elements very quickly. Even so, they
disperse on 1000-year timescales and only are maintained by the ejection of additional material from
their parent bodies (Jenniskens 1994).
There are four potential fates for any given near-Earth asteroid (O’Brien & Greenberg 2005).
Most either hit a planet or hit or are hit by another asteroid. The former is the asteroid impact hazard,
when the planet is Earth, and is of the most interest to the public. The latter is simply the collisional
cascade, and produces smaller objects that are even more affected by non-gravitational forces. Asteroids
that do not suffer collisions either reach such high eccentricity that they impact the Sun or are scattered
out of the inner solar system entirely by interactions with Jupiter.
2.b. Asteroid Morphology
I have described asteroids in terms of their orbital dynamics. However, asteroids are not point
masses or simply the remnants of collisional disruption. There is a huge diversity of asteroid shapes,
sizes, compositions, and rotation states.
2.b.i. Shapes and composition
For the largest asteroids – Ceres, Pallas, Vesta, and Hygiea – gravity dominates over material
strength and their shapes are relatively close to hydrostatic equilibrium. At smaller sizes (200-300 km),
rock’s compressive strength becomes comparable to gravitational pressure and many asteroids this size
are notably non-spherical (such as Iris and Kleopatra, Fig. 2.2). For still smaller objects – including
Ganymed and Eros, the largest two near-Earth asteroids – the fracture and granular properties of the
asteroids’ interiors determine their overall shapes and response to impacts. These objects are generally
referred to as rubble piles (Fig. 2.3, Harris 1996). Still smaller asteroids, <200 m, can consist of single
unfractured blocks and have significant tensile strength.
Large asteroids differentiated into metallic cores and silicate mantles early in the history of the
solar system, due to heat produced from the decay of short-lived radioisotopes – particularly 26Al and
60
Fe – and developed complex mineralogies (e.g. Day et al. 2009). Many of these objects have since
been disrupted by collisions, leaving a few large nickel-iron bodies such as the bilobate asteroid
Kleopatra (Ostro et al. 2000) and many small objects made of nickel-iron, silicate phases produced at
high temperature, or a mixture of the two. Asteroids that never differentiated contain carbonaceous
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Fig. 2.2. Shapes of various asteroids, illustrating the transition from gravity-dominated (Ceres, Vesta, Iris) to
strength-dominated shapes (Mathilde and smaller). The left panel is a zoomed-in version of the inset in the upper
right panel, which in turn is a zoom-in of the inset in the lower right. The bilobate asteroid Kleopatra may be an
anomaly (see text). Phobos and Deimos are included here as well. Eros is the second-largest near-Earth asteroid.
Itokawa (Fig. 2.3) and the objects I discuss in Chapters 3, 4, and 5 are all comparable in size to or smaller than
Dactyl. Figure from Ostro et al. 2010.

material mixed with silicate and metallic grains (e.g. the carbonaceous chondrite meteorites, some of
which have been chemically unaltered for 4.567 Gyr, Baker et al. 2005). In the outer asteroid belt and
Trojan populations, low bulk densities (Marchis et al. 2006a) and occasional outgassing imply that a
significant fraction of the mass is water ice rather than rock or metal (“main-belt comets”, Hsieh &
Jewitt 2006).
To date, most of our knowledge of asteroid composition comes from meteorites analyzed in the
laboratory (e.g. Burbine et al. 2002). Optical and near-infrared spectroscopy provide information on the
composition of asteroids currently in space, by comparing the spectra of different asteroids to each other
to identify common spectral features – spectral types – and to laboratory spectra of meteorites to relate
spectral types to the presence of particular minerals. In situ observations by spacecraft have been helpful
(Veverka et al. 2000), as will sample return such as that attempted by the Hayabusa spacecraft from the
asteroid Itokawa (Fujiwara et al. 2006).
There are several different systems of spectral typing in use, and they are constantly being
adjusted (e.g. Bus et al. 2002). Three major spectral types are of particular interest, and are mentioned
throughout this thesis: the S-type objects, which have spectra dominated by silicate absorption features;
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Fig. 2.3. The near-Earth asteroid Itokawa, as imaged by the Hayabusa spacecraft. Itokawa is 535 m long, and
shows a rubble-pile structure. Figure from Fujiwara et al. 2006.

the C-type objects, inferred to be dominated by carbonaceous material and hydrated silicates; and the Xtype objects, which have spectra that are nearly featureless in the optical and near-infrared other than a
slight slope to the red. The X-types are sub-divided into E-type objects, which have high optical albedo
and are dominated by the high-formation-temperature silicate mineral enstatite; M-types, which have
intermediate optical albedo and can be either high-density nickel-iron or low-density hydrated silicates;
and P-types, which have low optical albedo and are mixtures of hydrated silicates and carbonaceous
materials.
Spectroscopy and photometry alone are unable to distinguish between the different X-type
objects; this requires estimates of the object’s albedo and bulk density. Even an albedo estimate by itself
is sometimes insufficient. Prior to the discovery of the satellite of the non-metallic M-type asteroid
Kalliope, all M-types were believed to be metallic, but Kalliope’s low mass requires that it be dominated
by silicates (Margot & Brown 2003). As I describe in Sec. 3.d, radar astronomy provides information on
asteroid composition, by allowing albedo estimates and approximate measurements of the near-surface
bulk densities of target objects, even those without satellites. Radar observations have been essential in
determining the composition of many asteroids (Benner et al. 2008).
2.b.ii. The Yarkovsky effect
I have mentioned the importance of non-gravitational forces in driving the migration of small
asteroids within the main belt and from the main belt to the near-Earth population. The general process
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at work here is called the Yarkovsky effect, and was first described circa 1900 by Ivan Osipovich
Yarkovsky (Öpik 1951).
Consider an object large enough that thermal conduction does not equilibrate the temperature on
the timescale of a rotation (in practice, any asteroid larger than a few meters). Then the temperature will
vary across the surface, due to the balance between the absorbed solar flux and thermal re-radiation.
Since there is some thermal inertia, the hottest point on the surface will be in the afternoon region of the
object and there is a net imbalance in the radiation pressure. More photons are radiated from the hotter
region and the object experiences a net force in the opposite direction (Fig. 2.4). To determine the true
Yarkovsky force on an object requires a model of its shape, pole direction, rotation rate, surface thermal
properties, and orbit to determine the solar insolation and the resulting pattern of thermal re-emission.
To convert from the Yarkovsky force to the object’s acceleration requires an estimate of the object’s
mass (Giorgini et al. 2002, Chesley et al. 2003, Bottke et al. 2005).
The absorbed and reflected portions of the incident sunlight also carry a certain amount of
momentum. This radiation pressure is directed almost radially outward from the Sun and therefore acts
as a decrease in the effective solar gravity. It is also determined by the asteroid’s shape, pole direction,
and mass, but is generally considered separately from the Yarkovsky effect (Bottke et al. 2005).

Figure 2.4. Yarkovsky and YORP forces acting on an object, showing the importance of the rotation state, shape,
and thermal inertia. The magnitudes of the Yarkovsky and radiation pressure accelerations relative to the Sun’s
gravity are greatly exaggerated, as is the magnitude of the YORP torque compared to the current rotation.
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Yarkovsky migration causes dramatic effects on the trajectories of individual objects. For a
typical 1-km near-Earth asteroid, the Yarkovsky force is of order 1 N, producing an acceleration of order
10-12 m/s2. Over 100 Myr, this can accumulate to a few km/s – a significant fraction of the asteroid’s
total orbital velocity and sufficient to produce close planetary encounters when none was possible
before. In the main asteroid belt, sunlight is weaker, and a similar change in velocity would take ~1 Gyr.
Over the age of the solar system, Yarkovsky has moved 10-km objects from stable main belt orbits into
unstable resonance and in turn into the near-Earth population.
To predict Earth impacts with ‘certainty’, the uncertainty in a potential impactor’s position must
be smaller than an Earth diameter. The Yarkovsky acceleration on objects in the 100 m -1 km size range
(those with the potential for regional to global destruction on millennium timescales) accumulates to a
change in position of more than an Earth radius within decades. Understanding asteroids’ physical
properties – shape, spin state, and mass – is essential to predicting Earth impacts centuries in the future
(Giorgini et al. 2002, 2008).
Working backward in time rather than forward, models of Yarkovksy are essential for accurately
reconstructing the progenitors of asteroid families: smaller family members migrate away from their
initial orbits. With proper modeling, the asteroid belt can be studied forensically, and collisions between
even relatively small asteroids dated to within a few hundred thousand years (Nesvorny et al. 2006).
Yarkovsky may not have been important during planetary formation, because the optically thick
protoplanetary disc blocked and redistributed sunlight. However, to understand what structures in the
asteroid belt result from processes in the early solar system, we must recognize and understand the later
changes to the asteroids that result from their own physical properties.
2.b.iii. YORP and Reconfiguration
The Yarkovsky effect is only the first example of a rapidly developing science that connects
asteroid shapes, spin states, trajectories, and physical properties to each other. Given the particular
importance of shape and spin state, I refer to this field as asteroid morphology.
Yarkovsky connected the trajectory and orbital evolution of an object to the surface thermal
properties and to its mass, spin state, and shape. Given a non-symmetric shape, inevitable for a rubblepile object, shape and orbit also affect the asteroid’s spin state. Asymmetric thermal re-radiation leads to
a net torque, accelerating or decelerating the asteroid’s rotation rate and changing the pole direction (Fig.
2.4). This is termed the Yarkovsky–O'Keefe–Radzievskii–Paddack effect and is universally abbreviated
as YORP (Rubincam 2000). Completely despinning a 500-m near-Earth asteroid from breakup rotation
takes ~1 Myr on average (Scheeres 2007a), ~1% of their dynamical lifetime.
To complete this set of interactions, an asteroid’s orbit and spin state can also determine its
shape, given that the object is a rubble pile with limited internal strength. If YORP steadily increases an
object’s rotation rate, eventually centrifugal acceleration will overcome the local gravity and the internal
strength of the rubble pile and the object’s shape will reconfigure to accommodate more angular
momentum per unit mass. This typically produces a ridge around the equator (e.g. Ostro et al. 2006,
Scheeres et al. 2006). Adding still more angular momentum results in material at the equator exceeding
breakup velocity and the asteroid will shed mass. This is the presumed origin of the large number of
binary near-Earth asteroids, where the primaries are much larger than the secondaries (Margot et al.
2002, Walsh et al. 2008).
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Once an asteroid forms a satellite, the primary’s shape changes to accommodate the secondary’s
tidal perturbations and the effects of YORP change (Cuk 2007, Goldreich & Sari 2009, Cuk & Nesvorny
2010). If YORP continues to accelerate the system, angular momentum can be transferred into the orbit
of the secondary until it escapes. If the reconfiguration reverses the direction of the radiation torques,
the secondary may recombine with the primary. This chaotic progression of reconfiguration should
occur many times over the lifetime of each near-Earth asteroid (Scheeres 2007b).
The near-Earth asteroids are reconfigured by more than just YORP. Impacts also disrupt their
shapes. Even collisions so small that no material is ejected from the object can dramatically reconfigure
a rubble-pile, due to seismic shaking and depending on its initial shape and internal material properties
(Asphaug 2008). Finally, tidal stresses during close planetary flybys cause enough stresses on a rubble
pile asteroids to resurface them (Binzel et al. 2010). While tides may only move around the surface
material on an object, the resulting changes in the color and albedo distribution of the surface are
coupled back to the orbit and spin state via Yarkovsky and YORP.
To understand the history of the asteroids and their role in the overall history of the solar system,
and to predict the future behavior of individual asteroids (as for the impact hazard), is to understand all
of these coupled interactions. This requires knowing the orbits, sizes, shapes, spin states, and, ideally,
the density, composition, and material properties of a representative sample of the near-Earth population.
Since extreme instances of Yarkovsky migration, YORP spin-up or spin-down, and shape
reconfiguration last less than 1% of an asteroid’s lifetime, a truly representative sample must include at
least several hundred objects.
To determine an asteroid’s current orbit merely requires accurate astrometry from conventional
optical imaging, and is a necessary precursor to any further observations. Some compositional
information is available from optical and infrared spectroscopy. However, to determine size, shape and
spin state normally requires spatial resolution. Accurate Yarkovsky and YORP predictions for fewhundred meter asteroids require resolution of roughly 10 m or better (Statler 2009).
The finest resolution observations of asteroids are of course from spacecraft: the NEAR mission
to Eros and the Hayabusa mission to Itokawa both obtained global maps with resolution finer than 1 m
(Zuber et al. 2000, Demura et al. 2006). Spacecraft observations are also likely the only way to obtain
detailed information on the internal structure of rubble-pile objects. However, it is prohibitively
expensive to send spacecraft to several hundred asteroids. Ground-based astronomical techniques have a
decisive advantage. Currently, one of the most powerful and successful techniques for studying
asteroids physical properties is radar astronomy, which I describe in the next chapter.
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3. Asteroid Radar Astronomy
Radar astronomy is a set of techniques to study target objects by illuminating them with a radio
transmission and analyzing the reflected echoes. By coding the transmission, asteroids and planets can
be imaged; in some cases with resolution <10 m. I have used radar astronomy to construct models of the
shapes and spin states of four near-Earth asteroids and to study the surface properties of the moons of
Mars.
Here I describe radar astronomy in detail and discuss my observational results and their
meaning. The material in this chapter is drawn from two review articles (Ostro et al. 2002 & Ostro et al.
2007) and from descriptions of the SHAPE radar modeling software (Magri et al. 2007 & Magri 2010),
in addition to the Busch et al. papers describing results for individual objects.
3.a. Transmitters and Receivers
The fundamental relationship for radar astronomy is the radar equation for received echo power:

Pr =

(3.1)

Pt Gt Ar aπr 2
4
(4 π ) 2 Dtarget

The received power Pr is proportional to the transmitted power Pt, the transmitter gain Gt, and the
receiver’s effective collecting area Ar, and the cross sectional area (πr2) and radar albedo (a) of the target
object. Most importantly, it is also inversely proportional to the fourth power of the distance Dtarget. The
total power intercepted by the target drops as Dtarget2, as does the fraction of the reflected power received
€
by the antenna. It is therefore very much preferable to observe objects when they are at their closest to
the Earth and the radar.
Currently there are two regularly operating planetary radars. At the Arecibo Observatory in
Puerto Rico (Fig. 3.1a), the 2380-MHz (12.6 cm) radar provides a maximum transmit power of 1 MW; at
the Goldstone Deep Space Network 70-m station in the Mojave Desert (Fig. 3.1.b), the 8560-MHz (3.5
cm) radar can transmit 450 kW. While Arecibo’s 305-m primary is much larger than that of Goldstone,
its longer wavelength and lower aperture efficiency mean that the two antennas have roughly the same
gain. In consequence, the Arecibo radar is only roughly (305/70)2 ≈ 20 times more sensitive than the
Goldstone system. Arecibo’s higher sensitivity is complemented by Goldstone’s ability to slew to any
direction on the sky. While Arecibo can see only ~1/3 of the sky (between declinations of 1.35º S and
38.05º N) and can track a given object for no more than ~2.6 hours, due to the fixed dish, Goldstone can
view ~80% of the sky (declinations north of 39.55º S) and track objects for as long as they are above the
horizon.
The velocity of the target object relative to the Earth and the radar produces a variable Doppler
shift, which can be removed by tuning either the transmitter or the receiver, concentrating the echo
power into the smallest possible bandwidth. This bandwidth is determined by the target’s rotation. A
portion of its surface is moving away from the radar relative to the center-of-mass while another is
moving towards it. The resulting Doppler shifts give the echo a bandwidth determined by the target’s
radius, rotation period P, and the sub-radar latitude θ:
(3.2)

Δν =

2πr
ν cos(θ )
Pc
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Figure 3.1. (a) Arecibo Observatory, Puerto Rico. The antenna is a 305-m fixed spherical dish. The transmitter
and receivers are mounted inside the Gregorian dome on the platform and moved to permit pointing within roughly
20º of zenith.

Viewing an object from its equatorial plane produces the maximum echo bandwidth, while a view
directly along the rotation axis gives no Doppler broadening and zero bandwidth.
By matching the bandwidth of the echo, and increasing the integration time tint, the radar obtains
the maximum possible signal-to-noise ratio:
4
SNR ∝ Pr t1/int2 /Δν 1/ 2 ∝ r 3 / 2 Ar2 Pt aP1/ 2 t1/int2 /Dtarget
(3.3)
3.b. Surface properties

€ echo contains information about the target’s surface properties. In particular, the echo
A radar
polarization provides information on the structure of the near-surface on the scale of the wavelength;
while the overall radar albedo is related to the target’s dielectric constant and, by inference, to its nearsurface bulk density. The polarization ratio and radar albedo can be mapped across an object, providing
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Figure 3.1: (b), Goldstone Deep Space Network, Mojave Desert, California, 70-m steerable antenna. The
transmitter and receivers are mounted in separate feed horns at the Cassegrainian focus.

information about the distribution of surface features (such as for the polar ice deposits on Mercury,
Slade et al. 1992, and for lava flows on Mars, Muhleman et al. 1991). Generally, for asteroid radar
observations, only the integrated echo polarization ratio and radar albedo are considered, to provide the
maximum possible signal-to-noise.
3.b.i. Polarization ratio and surface roughness
Both the Arecibo and Goldstone radars transmit a circularly polarized signal and receive echoes
in both senses of circular polarizations. If the asteroid’s echo came entirely from single scattering, then
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it would be entirely in the opposite-sense-as-transmitted circular polarization (OC). A real object has
near-surface roughness on the scale of the wavelength and multiple scattering, leading to some echo
power coming back in the same-sense-as-transmitted polarization (SC). The target’s SC/OC ratio of
echo power is a convenient measure of the degree of near-surface structural complexity.
The polarization ratio of asteroid radar targets varies widely, from less than 0.1 to roughly unity:
the mean SC/OC of the current NEA radar sample is 0.34, with a root-mean-square dispersion of 0.25
(Benner et al. 2008). Oddly, the NEAs have significantly higher mean SC/OC than the main-belt
asteroids (Magri et al. 1999).
Polarization ration is correlated with spectral type and presumably composition (Benner et al.
2008). The S-type asteroid 1992 SK has a polarization ratio of 0.35 ± 0.05, which is fairly typical for its
spectral type as well as the population as a whole. The E-type asteroid 1998 WT24 has one of the
highest polarization ratios ever recorded for an asteroid: SC/OC = 0.97 ± 0.10 at both 12.6 cm and 3.5
cm wavelengths. The high ratio implies extreme near-surface structural complexity. Out of a sample
size of 214, there are only 18 near-Earth asteroids with SC/OC > 0.8 (Benner et al. 2008). These high
polarization objects include all five radar-observed near-Earth asteroids known to belong to spectral type
E (presumed to have enstatite achondrite compositions, Bus et al. 2002), including WT24, and others of
unknown composition (X-class or no spectral data available).
Connecting the polarization ratio to particular surface morphologies is not easy. SC/OC = 0
implies a smooth surface, where the average surface fluctuations on 10-cm scales are much less than a
wavelength. SC/OC = 1 implies equal amounts of odd- and even-reflections, but there are many suitable
geometries with scattering either between the rock and vacuum (surface scattering) or between
composition changes or voids within the material (volume scattering). The latter requires a low-loss
medium, such as high-porosity regolith. My subjective physical intuition says that the surface of WT24
is likely dominated by cm-to-m-size rocks that have complex, jagged shapes – similar to lava flows on
Earth (e.g. Campbell 2002). A speculative explanation for the high polarization ratio of the E-types is
that the presence of cm-scale enstatite crystals gives a preferential size to the components of a rubblepile fractured by collisions.
3.b.ii. Radar albedo and near-surface bulk density
The radar albedo is defined as the ratio between the echo power received from an object and that
received from a hypothetical perfect reflector at the same distance and with equal cross-sectional area
that reflects the echo power isotropically. It is possible to have a radar albedo greater than 1, for an
object where coherent backscatter sends a large fraction of the incident flux back in the direction it came
from (e.g. a flat mirror normal to the line of sight or a right angle reflector cube, Green 1968). Asteroid
radar targets are generally diffusely scattering, and therefore have albedos much less than 1.
For a smooth sphere, the OC radar albedo would equal R, the Fresnel normal-incidence
reflectance coefficient, and SC/OC would be zero. For a target that has decimeter-scale ‘roughness’
within a meter or so of the surface, some of the echo power is converted into SC via single scattering
from rough surfaces or via multiple scattering. Some fraction of the OC radar albedo then corresponds
to R for a hypothetical smooth component of the surface. Generally, one can write R = OC albedo/b for
non-spherical rough objects, where the backscatter gain b is greater than 1. R for a homogenous
dielectric halfspace with a perfectly smooth boundary is an increasing function of the bulk density ρ,

13

given that the bulk density reflects the dielectric constant. This is a good approximation for rocky and
metallic objects like asteroids, but fails for liquid water or nearly pure water ice.
If we assume b = 1, we set an upper bound on R, and therefore an upper bound on the bulk
density of the smooth component of the near-surface. For objects with low SC/OC, single backreflections dominate the echo. However, since a small fraction of the OC power is still due to multiple
scattering, upper bounds on R are conservative.
Several approximate ρ(R) formulas for real materials have been derived from empirical results,
either by using the radar albedos of asteroids visited by spacecraft or by measuring the radar reflectivity
of laboratory powders. Magri et al. (2001) used the surface density of 433 Eros as determined from the
NEAR spacecraft to calibrate their ρ(R) relationship. Ostro et al. (1985) and Garvin et al. (1985)
measured R for powders of various densities and compositions and found a nearly linear or logarithmic
dependence on density. Some of the difference between the Ostro et al. and Garvin et al. relationships
(Fig. 3.2) may be due to the density range covered by the measurements. Garvin et al. used powders with
bulk densities between 1 and 2.3 g/cm3, while Ostro et al. sampled densities between 1.5 and 3.5 g/cm3.
These relationships are:
(3.2)
ρ = (R/REros)1/2(3.75 ± 0.1) g/cm3 (Magri et al., 2001),
ρ = 8.33R + (1.08 ± 0.1) g/cm3 (Ostro et al., 1985),
ρ = ln((1 + R1/2)/(1 − R1/2))(3.2 ± 0.1) g/cm3 (Garvin et al., 1985).
These three equations provide reasonable estimates of near-surface bulk densities for low polarization
ratios. Given other constraints on composition, radar density estimates can provide an estimate of the
porosity of an object’s near-surface. A caution: below I will use near-surface bulk density as a proxy for
the overall bulk density of various asteroids. This is a reasonable approximation, based on the known
densities of Eros, Itokawa, and 1999 KW4 (Ostro et al. 2006), but may not hold for all objects. For
example, a solid block covered with regolith more than several wavelengths thick would have higher
global than near-surface bulk density.

Figure 3.2. Relationships between bulk density d and Fresnel reflection coefficient R, from Garvin et al. (1985),
Ostro et al. (1985), and Magri et al. (2001). Upper bounds on R for Phobos and Deimos, with their 2-σ
uncertainties, are denoted by gray shading.
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Figure 3.3. Echo power spectra. (a) Phobos from 1990, (b) Phobos from 2005, and (c) Deimos from 2005. The
1990 spectrum is the best single-day detection in that year. The frequency resolution has been smoothed from a
raw value of 3.9 to 7.8 Hz in (a), from 5.0 to 10 Hz in (b), and from 0.2 to 2.0 Hz in (c). Echo strength is plotted in
standard deviations. The Phobos Doppler prediction ephemerides used an approximate model for the motion of the
moon; the observed offsets are not dynamically significant and have no bearing on the albedo and SC/OC results.

If SC/OC is high, then the logic above breaks down: R cannot be estimated because multiple
scattering and/or reflections from interfaces that are rough at scales near the wavelength dominate the
echo. However, it is possible to constrain the surface density in a relative sense, because the total-power
(OC+SC) radar albedo is necessarily strongly related to the near-surface’s average bulk density. Thus,
for 1998 WT24, the total-power albedo ranks below values obtained for apparently metallic asteroids but
above other NEAs, including objects whose global bulk densities have been measured by spacecraft:
Eros (2.67 ± 0.03 g/cm3, Yeomans et al. 2000) and Itokawa (1.9 ± 0.13 g/cm3, Fujiwara et al. 2006).
Therefore, WT24’s bulk density is likely between 3 and 5 g/cm3.
There is no spectral evidence for high iron content minerals on WT24 (Lazzarin et al. 2004) and
solid enstatite achondrite has a bulk density of about 3 g/cm3 (Britt and Consolmagno 2003). All this
information suggests that WT24’s surface and global bulk densities probably are close to 3 g/cm3, but
multiple-scattering configurations (along with a wide range of possible near-surface porosities) can
conspire to give a wide range of total-power radar albedos. For WT24 and similar objects, the radar
properties do not strongly constrain either density or porosity.
3.b.iii. Phobos and Deimos
On November 2, 2005, Arecibo observed the moons of Mars, Phobos and Deimos (Fig. 3.3,
Busch et al. 2007a). While the moons are both much larger than most near-Earth asteroids (with a mean
diameter of 22 km for Phobos and 12 km for Deimos), they were much more distant. Their overall echo
strengths were such that I was only able to estimate their disc-integrated radar albedos and polarization
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