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Abstract. We describe a long-term program designed to obtain and interpret high-precision
radar range measurements of a number of near-Earth objects (NEOs) that have trajectories
reaching deep inside the gravitational well of the Sun. Objects in our sample have perihelion
shift rates 1.5 to 2.5 times that of (1566) Icarus (10”/cy) and span a wide range of inclinations
and semi-major axes, allowing for an unambiguous separation of general relativistic and solar
oblateness effects. Four objects have been observed at Arecibo on at least two apparitions since
2000, with typical uncertainties of a few hundred meters. Within the next three years, we
anticipate securing a total of 15 observations of 5 different NEOs. This program is expected to
provide a purely dynamical measurement of the oblateness of the Sun (J2 at the 10−8 level) and
to constrain the Eddington parameter β at the 10−4 level. Although our objects are selected to
minimize Yarkovsky orbital drift, we also anticipate measuring Yarkovsky drift rates, which are
orthogonal to the GR and J2 signatures.
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1. Motivation

Attempts to quantize gravity and to unify it with other forces indicate that general
relativity (GR) cannot be the final theory on gravity (Will 2006). Testing metric theories
of gravity to higher levels of precision is, therefore, critical and has resulted in new
efforts in the solar system (e.g. Nordtvedt (2000); Margot (2003); Pireaux and Rozelot
(2003); Iorio (2005); Folkner (2009)). While the uncertainty on γ in the parametrized
post-Newtonian (PPN) formalism is now of order 10−5 (Bertotti et al. 2003), there has
been no comparable improvement in the knowledge of β. A direct constraint on β can be
obtained by measurement of the perihelion shift. Anderson et al. (2002) have combined
radar and spacecraft ranging data and find |β − 1| < 1.2 × 10−3, while Folkner (2009)
recently reported |β−1| < 10−3. Our simulations show that Arecibo radar measurements
obtained over a decade can discriminate changes in β at the 10−4 level.

A second motivation for our observations stems from the difficulties in reconciling he-
lioseismological inferences with new solar abundance measurements. Confidence in the
helioseismology inversions has been shaken as independent solar abundance measure-
ments displaying a high degree of consistency (Asplund et al. 2004; Caffau et al. 2008)
have ruined the previous agreement between helioseismological inferences and models
of the solar interior. The new measurements place the oxygen abundance at ∼60% of
the Anders and Grevesse (1989) values, changing the opacity and depth of the base of
the convective layer (Basu and Antia 2008). The quadrupole moment of the Sun is of
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fundamental importance to the internal structure of the Sun and warrants an indepen-
dent determination that does not rely on inversion models of helioseismology data. Our
simulations show that changes in the solar quadrupole moment J2 at the 10−8 level are
detectable and would put the preferred helioseismology value of J2 ∼ 2× 10−7 (Pireaux
and Rozelot 2003) to a very serious test with a direct dynamical measurement.

Finally we are motivated by the benefits of measuring the Yarkovsky orbital drift,
which is due to the anisotropic reradiation of sunlight from asteroid surfaces (Bottke
et al. 2006). This effect has been detected with Arecibo radar data (Chesley et al. 2003)
and turns out to be the dominant source of uncertainty in near-Earth asteroid (NEA)
trajectory predictions (Giorgini et al. 2002) for bodies smaller than 2 km. By far the
largest influence on orbital parameters is a change in the semi-major axis of objects as
a function of their spin, shape, orbit, and material properties. For asteroids of known
sizes and spins, a measurement of the Yarkovsky drift rate can be interpreted in terms
of bulk density and thermal properties (Chesley et al. 2003). Our goal is to obtain such
measurements along with detailed physical characterizations, with a particular focus on
the binaries in our sample for which independent density estimates can be established.

2. Theoretical background

The spacetime geometry around a spherical star is described by a metric that is static
and spherically symmetric (Schwarzschild 1916). In isotropic coordinates,

ds2 = −

(

1 − 2
GM
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where G is the gravitational constant, c is the speed of light, and M is the mass of the
star. GR derives part of its elegance from the fact that it depends only on G and c, which
are non-adjustable constants.

The PPN formalism is a framework to parametrize various theories of gravity in a
systematic way. Of the ten parameters, β and γ are the most important. Their placement
in the metric illuminates their physical significance:
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Appearing in the spatial part of the metric, γ is related to the amount of curvature
produced by a unit rest mass, and is tested by deflection of light and Shapiro delay
experiments. The degree of non-linearity in the superposition law for gravity is captured
by β. In GR, β = γ = 1.

Orbits of test particles in curved spacetime do not close and their perihelion precesses.
A Keplerian orbit modified for perihelion precession can be written (Misner et al. 1973)

r =
a(1 − e2)

1 + e cos[(1 − δφ/2π)φ]
, (2.3)

where a is the semi-major axis, e is the eccentricity, and φ is the true anomaly. The
perihelion shift per orbit is

δφ =
6πGM⊙

a(1 − e2)c2

(2 − β + 2γ)

3
. (2.4)

Under the influence of an oblate Sun with quadrupole moment J2, the perihelion shift
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contains an additional contribution:

δφ =
6πGM⊙

a(1 − e2)c2

[

(2 − β + 2γ)
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+
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2
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⊙

(1 − 3/2 sin2 i)

a2(1 − e2)2
J2, (2.5)

with i the orbital inclination with respect to the solar equator and R⊙ is the solar radius.

3. Previous studies

Shapiro et al. [1968, 1971, 1972] determined the perihelion precession of Mercury and
that of asteroid (1566) Icarus (Gilvarry 1953) to test GR and to constrain values of
the PPN parameters. Because Newtonian precession due to the oblate Sun affects the
measurements, Shapiro emphasized the need to measure the precession of several bodies
in order to separate, based on their heliocentric distance dependence, the general rela-
tivistic effects from those due to the gravitational quadrupole moment of the Sun (J2).
Another way of separating the two effects is to use several bodies with different orbital
inclinations, since GR is a purely central effect whereas the precession due to the oblate
Sun has a known dependence on inclination. The GR and J2 influences cause no change
in the semi-major axis, which is orthogonal to the effect of the Yarkovsky drift. We rely
on these different signatures on orbital evolution to distinguish the Yarkovsky effect from
the perihelion shift.

The perihelion shift of Mercury predicted from GR alone is 43 arcseconds per century
(”/cy) (Nobili and Will 1986). The value measured with radar is known with 0.5%
uncertainties (Shapiro et al. 1976; Anderson et al. 1991) and is consistent with GR
predictions. The influence of the solar J2 has not been detected and is ∼0.1% of the GR
influence for J2 ∼ 2 × 10−7.

We anticipate improvements over previous studies involving Mercury and Icarus be-
cause 1) Several newly-discovered asteroids have orbits offering a better sensitivity to the
solar J2; 2) Our sample incorporates a range of heliocentric distances and inclinations
that can unambiguously separate GR and J2 effects and provide more robust estimates
in a joint solution; 3) The center of mass locations of the small bodies can be determined
to 100-500 m, about an order of magnitude better than existing Mercury ranges. The
Mercury determinations suffer from km-scale uncertainties due to unknown topography
and possible center of mass/center of figure offset. Mercury topography is an important
source of systematic errors in GR tests (Pitjeva 1993).

4. Observational strategy

In light of the large number of recent NEO discoveries, a search for asteroids that
provide better opportunities than Mercury or Icarus to detect GR and J2 effects was
performed (Margot 2003). Roughly ten candidates with long astrometric arcs, repeated
observability at Arecibo, and GR perihelion shifts larger than that of Icarus have been
identified (Figure 1 and Table 1). We regularly update the target list to incorporate the
NEOs most suited to the realization of our science objectives.

We rely primarily on optical astrometry (typically hundreds of measurements) to secure
state estimates for each object, and we rely primarily on the radar measurements to
expose the parameters of interest: one Yarkovsky rate per object, β, and J2.

As shown in Table 1, we have now acquired observations on two apparitions for 4
objects (1999 KW4, 1999 MN, 2000 BD19, 2000 EE14), giving very roughly 8 independent
data constraints for 6 solve-for parameters (In reality, six orbital parameters must also
be determined - see previous paragraph). In the next three years a modest investment
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Figure 1. A. Predicted rates of perihelion shift due to GR alone for a number of newly discovered
NEAs, compared to that of (1566) Icarus, shown in semi-major axis versus eccentricity space.
Objects with two existing radar detections are labeled. B. Same objects shown in apocenter
versus inclination space, illustrating the wide range of inclinations that can separate GR and J2

effects.

Target H D P Arc No Nr a e i ˙̃ω App
[km] [h] [days] [AU] [deg] (“/cy)

1999 KW4 16.5 1.32 2.8 3735 1672 2 0.642 0.688 38.9 22.1 15 16 17
1999 MN 21.4 0.12 5.5 2204 75 2 0.674 0.665 2.0 18.5 9 10

2000 BD19 17.2 0.90 12.5 4332 359 2 0.876 0.895 25.7 26.8 11 15 20
2000 EE14 17.1 0.60 5.0 2952 242 2 0.662 0.533 26.5 15.0 14 15
2008 EA32 16.5 2.02 5.0 349 65 0.616 0.305 28.3 14.2 10 11 12

Icarus 16.9 1.30 2.3 20861 590 1 1.078 0.827 22.8 10.1 15 24
Phaethon 14.6 5.10 3.6 9231 1801 1 1.271 0.890 22.2 10.1 13 16 17

Talos 17.0 1.60 38.5 6234 415 1.081 0.827 23.2 10.0 10 11 19

Table 1. Subset of NEOs that are particularly well-suited for our program, based on the NEO
population known as of 2009 May 30. H is the absolute magnitude, D is diameter, and P is spin
period. Sizes and spin periods were obtained from the DLR NEA Data Base, unless superseded
by our own radar estimates (in bold). For those objects that had no size/albedo information, the
value was evaluated on the basis of H and the 11% average albedo of NEAs (italics). For those
objects that had no spin period information, the period was fixed at 5 hours and italicized in the
table. Arc and No refer to the interval between first and last optical observation and the total
number of optical observations, respectively. All objects have arc lengths in excess of 300 days,
guaranteeing recovery and small pointing uncertainties. Nr is the number of apparitions with
existing ranging observations. Orbital elements a, e, i have their usual definition. The perihelion
shift rate ˙̃ω is given in arcseconds per century, with a cutoff of 10”/cy. The last column indicates
the years of future apparitions detectable at Arecibo.

of ∼70 hours of telescope time can secure ranges for an additional 7 epochs (Table 1).
In rough accounting terms, there will be a total of 15 independent data constraints (for
5 different objects) and 7 solve-for parameters. At least three objects will have data on
at least three apparitions, giving good prospects for measuring Yarkovsky drift rates.
Yarkovsky drift rates are roughly 15 m/y in semi-major axis for a 1 km object, and the
rate scales roughly as size−1. The range is affected quadratically with time and rapidly
produces a signal of several km (Chesley et al. 2003).

We obtain accurate range astrometry to NEAs using procedures that have been re-
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fined to exquisite precision over the years. The basic idea is to send a waveform encoded
with a pseudo-random code sequence and to cross-correlate the received echoes with a
replica of the code (Evans and Hagfors 1968). Transmission occurs for the duration of
the round-trip light time to the object, and reception occurs for an equivalent duration.
Each transmit-receive cycle constitutes a run. The duration of an individual code element
(baud) and the length of the code are chosen in combinations that provide unambigu-
ous range measurements to distances of several astronomical units. So-called closed-loop
tests are performed with identical system parameters to fully calibrate delays within the
telescope and electronics. The internal consistency of the measurements and external
verifications via orbit determination software are both excellent.

Figure 2 illustrates that for ranging uncertainties of ∼100 m, a 10−3 variation in β
represents a 10-σ signal after a decade with a single NEO. Our goal is to constrain β at
the 10−4 level (and J2 at the 10−8 level) from a joint analysis of the entire data set.
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Figure 2. Sensitivity of the trajectory of NEO 2000 BD19 to variations in β at the 10−3 level.

5. Conclusions

The Yarkovsky and perihelion shift observations represent a long-term endeavor with
little or no instant gratification. However, a modest investment in telescope time can
improve our knowledge of asteroid densities and thermal properties, provide a dynamical
measurement of the solar J2, and test general relativity to new levels of precision.
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