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Needs for Tests of General Relativity

• General Relativity (GR) is one of the fundamental
pillars of our knowledge of the natural world, being, to
date, the best theory of the gravitational interaction at
our disposal

• Thus, it is important to put it on the test in as much
ways as possible to increase our confidence in it,
especially in view of the extrapolations of its validity to
extreme scenarios

• In these cases, empirical checks are more difficult
and/or the interpretation of existing observations
heavily rely upon more or less speculative assumptions
concerning the history of the systems considered and
the physics governing them in such regimes
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Role of the Weak-Field Tests

• In this respect, the weak-field and slow-motion
approximation of GR has played so far an important
role

• On the one hand, the magnitude of its predicted effects
is generally modest with respect to those expected in
the strong-field regime

• On the other hand, they occur in the gravitational fields
of stars and planets such as our Sun, the Earth and
some of the major bodies of our Solar System which
can be probed with great confidence with manmade
objects tracked with increasing accuracy . Moreover,
the key physical parameters of such natural
laboratories are, in general, well known from a variety
of independent space-based missions, thus reducing
the untested (and often untestable) speculations down
to a minimum.
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Weak-Field Tests with Orbiting Bodies

• The precession of the pericenter of a test particle about
a spherically symmetric, static source. It corresponds
to the celebrated Einstein precession of the perihelion
of Mercury of 42.98 arcseconds per century

• The geodesic precession of a gyroscope orbiting a
spherically symmetric, static body. It was measured in
the field of the Sun by tracking the Earth-Moon system
with the Lunar Laser Ranging technique, and in the
field of the Earth with the Gravity Probe B (GP-B)
spacecraft.

• The Lense-Thirring orbital precessions of a test particle
and the Pugh-Schiff precession of a gyroscope orbiting
a slowly rotating body, both caused by its proper
angular momentum S. A measurement of the
Pugh-Schiff effect was recently made with the GP-B
mission to a claimed 19% accuracy.
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A Funny Interlude on GP-B

• In late 2007, a preprint [Forst 2007] attempting to
criticize GP-B, authored by a certain G. Forst, was
posted on the well known arXiv repository maintained
by the Cornell University. This author never either
posted other preprints on the arXiv website or published
any peer-reviewed papers. Moreover, there is no
mention at all on the WEB of the organization quoted
as his affiliation, i.e. “FGP, Behrenstr. 1, 10117 Berlin”.
Finally, the references cited did not actually show what
was attributed to them in the main text of the preprint.

• Now, we learn from the arXiv moderators, who
retracted that paper since early 2008, that G. Forst “is a
pseudonym of Ignazio Ciufolini, who repeatedly
submits inappropriate articles under pseudonyms.”

• So, let’s now take a beer (Forst, of course. . . ), and go
on!
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The 1PN J2c−2 Orbital Perturbations

• The oblateness J2 of the primary has an impact on the
motion of a test particle not only at a Newtonian level
but also at the 1PN level, inducing long-term orbital
effects of order J2c−2 on all the Keplerian orbital
elements [Soffel et al. 1988, Heimberger et al. 1990].

• Exact analytical expressions are available: among
them, the secular rate on the semimajor axis a is of
order O(e2).

• So far, such effects did not receive much attention in
the literature since it was always believed that they are
too small to be detectable in any foreseeable future.

• Recent developments in space sciences may soon
modify the situation [Iorio 2013].
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Juno

Juno [Matousek 2007] is a spacecraft en route to Jupiter
where its arrival is scheduled for July 2016. Its science
phase has a nominal duration of almost 1 yr (10 November
2016-5 October 2017) [Helled et al. 2011]. During it, Juno
will move along a highly elliptical (e = 0.947), polar
(I = 90◦) orbit to accurately map, among the other things,
the gravitational field of Jupiter through
[Anderson et al. 2004] the perturbations on the Juno’s wide
(a = 20.03R, Pb = 11.07 d) trajectory due the departures
from spherical symmetry of the Jovian gravitational
potential. Indeed, Jupiter is the most oblate of the major
bodies of the Solar System: J2 = 0.0147.
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The Juno’s Radio Science Capability

• The measurement will be conducted with the Juno’s
radio science system (X-Band, Ka-Band)
[Helled et al. 2011, Finocchiaro et al. 2011] providing
an accurate determination of the Doppler shift during
many of the scheduled 31 orbits in the science phase,
mainly at the perijove passages lasting about 6 hr
[Finocchiaro et al. 2011].

• The expected overall range-rate accuracy should be of
the order of 1-5 µm s−1 over time scales of 103 s for
the Ka-Band apparatus
[Helled et al. 2011, Finocchiaro et al. 2011].

• The spacecraft’s position and velocity should be known
from the X-Band apparatus with an uncertainty of about
10 m and 1 mm s−1, respectively, in the three spatial
directions [Helled et al. 2011].
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Juno J2c−2 Orbital Effects

Juno: semimajor axis shift of order OHJ2c-2L
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Figure 1 : Left column, upper panel: semi-major axis shift ∆a (m), as a function of the initial value ω0
of the perijove (deg) and of the duration T of the science phase (yr). Left column, middle panel: semi-major
axis shift ∆a (m) as a function of the initial value ω0 for T = 1.6 yr. Left column, lower panel: semi-major axis
shift ∆a (m) as a function of T for ω0 = 60 deg. Right column, upper panel: perijove shift ∆ω (mas) as a
function of ω0 and of T . Right column, middle panel: perijove shift ∆ω (mas) as a function of ω0 for T = 1.6
yr. Right column, lower panel: perijove shift ∆ω (mas) as a function of T for ω0 = 60 deg.
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Juno range and range-rate J2c−2 shifts
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Figure 2 : From the left to the right: Earth-Juno range ∆ρ, in m,
and range-rate ∆ρ̇, in µm s−1, due to the J2c−2 acceleration.
Both were calculated by numerically integrating the equations of
motion of the Earth, Jupiter and Juno with and without the J2c−2

term over 1 yr. Both the integrations shared the same initial
conditions corresponding to the beginning of the science phase
(10 November 2016) [Helled et al. 2011]. The time interval of the
plots, covering 6 hr, is centered about the first perijove passage
after the beginning of the science phase.



Solar System
tests of
General

Relativity:
what has been

left?

L. Iorio

Why testing
General
Relativity?

The Effects of
the
Oblateness in
General
Relativity

The Juno
Mission

The J2c−2

Effects for
Juno

Conclusions

References

• The shift of the semimajor axis a can reach values as
large as 600-900 m, while the perijove shift ∆ω can
amount to 50-60 milliarcseconds (mas); from such a
point of view, an extension of the science phase up to
1.5 − 2 yr would be certainly desirable.

• The J2c−2 range-rate signal amounts to about
280 µm s−1 over a typical 6 hr perijove passage, thus
supporting the feasibility of our proposed
measurement. The J2c−2 range shift is as large as
20 m over the same interval.

• The encouraging outcome of the investigations in
[Helled et al. 2011, Finocchiaro et al. 2011] concerning
the Lense-Thirring effect makes us confident that also
for the J2c−2 effect a percent determination with Juno is
feasible.
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Conclusions

• The J2c−2 orbital effects strongly depend on the
eccentricity e of the test particle.

• Juno will orbit the highly oblate (J2 = 0.0147) planet
Jupiter in a highly eccentric orbit (e ∼ 0.95) for about 1
yr. Mission extensions are, in general, feasible.

• Its expected Doppler range-rate and range accuracies
are ∼ 1 − 5 µm s−1 and ∼ 10 m, respectively.

• Its expected J2c−2 range-rate and range signals are
. 280 µm s−1 and . 20 m, respectively, over a typical
perijove pass 6 hr long.

• Independent analyses demonstrated the feasibility of a
percent measurement of the Lense-Thirring effect with
Juno. They can be used to support the same
conclusion also for the J2c−2 effects.
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