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LAser RAnged Satellites Experiment

Satellites Tests of Relativistic Gravity



• SaToR-G (Satellites Tests of Relativistic Gravity) is a new experiment of the
Astroparticle Physics Experiments Committee of the Italian National Institute for
Nuclear Physics (INFN) and will expand the activities carried on by the LAser RAnged
Satellites Experiment (LARASE, 2013-2019), investigating possible experimental
signatures of deviation from General Relativity (GR)

• Similarly to LARASE, SaToR-G is dedicated to measurements of the gravitational
interaction in the Weak-Field and Slow-Motion (WFSM) limit of GR by means of laser
tracking to geodetic passive satellites orbiting around the Earth
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The goals of SaToR-G



• SaToR-G exploits the improvement of the dynamic models of the two LAGEOS and
LARES satellites performed by LARASE. These satellites still represent the main proof-
masses of the new experiment

LARESLAGEOS LAGEOS II

The goals of SaToR-G



The goals of SaToR-G

• SaToR-G focuses on verifying the gravitational interaction in the WFSM
limit beyond the predictions of GR, looking for possible effects connected
with new physics, and foreseen by different alternative theories of
gravitation

• Alternative theories:
• Metric theories as GR

• Non-metric theories



The goals of SaToR-G

• SaToR-G main goals
• From the analysis of the orbits of the satellites it is possible to obtain a whole series

of gravitational measurements with consequent constraints on different theories of
gravitation.

• Among the main measures we can consider:

• Constraints on long-range interactions parameterized by a Yukawa-like potential
• PPN parameters and their combinations: , , 1, 2
• Relativistic precessions and non-linearity of the gravitational interaction
• EEP and Nordtvedt effect
• …



The goals of SaToR-G

• SaToR-G main goals
• Looking at the effects on the orbits of artificial satellites allows us to test GR vs.

other metric theories, in their deeper aspects, related to the curvature of
spacetime, motion on geodesics and field equations

• The goal is to provide precise and accurate measurements, in the sense of a
robust and reliable evaluation of the systematics errors, in order to obtain
significant constraints for the different theories



The theoretical framework of SaToR-G

Weak Equivalence Principle (WEP)
• two different bodies fall with the same acceleration: Universality of the Free Fall (UFF)

• the inertial mass is proportional to the gravitational (passive) mass

• the trajectory of a freely falling “test” body is independent of its internal structure and composition

• in every local and non-rotating falling frame, the trajectory of a freely falling test body is a straight
line, in agreement with special relativity

Einstein Equivalence Principle (EEP)

• WEP

• Local Lorentz Invariance (LLI)
❑ The outcome of any local non-gravitational experiment is independent of the velocity of the freely-falling reference frame

in which it is performed

• Local Position Invariance (LPI)
❑ The outcome of any local non-gravitational experiment is independent of where and when in the Universe it is performed

At the foundation of GR and of metric theories of gravitation is Einstein Equivalence Principle



Metric theories

• GR is a metric theory of gravity and all metric theories obey the EEP

• Indeed, the experimental results supporting the EEP supports the conclusion that
the only theories of gravity that have a hope of being viable are metric theories, or
possibly theories that are metric apart from very weak or short-range non-metric
couplings (as in string theory):

1. there exists a symmetric metric

2. tests masses follow geodesics of the metric

3. in Local Lorentz Frames, the non-gravitational laws of physics are those of Special
Relativity
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Metric theories

• Metric theories different from GR provide additional fields beside the metric tensor
g, that act as “new” gravitational fields:

• Scalars, Vectors, Tensors,…

• The role of these gravitational fields is to “mediate” how the matter and the non-
gravitational fields generate the gravitational fields and produce the metric

In Metric theories different from GR:
• the spacetime geometry tells mass-energy how to

move as in GR

• but mass-energy tells spacetime geometry how to
curve in a different way from GR

• and the metric alone acts back on the mass in
agreement with EEP

The theoretical framework of SaToR-G



The parametrized post-Newtonian (PPN) formalism
• A way to test a theory of gravitation is at its post-Newtonian limit

• Post-Newtonian formalism or PPN formalism details the parameters in
which different theories of gravity, under WFSM conditions, can differ
from Newtonian gravity

Metric

Stress-Energy Tensor

Metric Potentials

C.M. Will Living Rev. Relativity, 17, (2014), 4
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C.M. Will Living Rev. Relativity, 17, (2014), 4

The parametrized post-Newtonian (PPN) formalism

The theoretical framework of SaToR-G



The Dicke framework

• Testing for the values of the PPN parameters represents a powerful tool to
discriminate among different theories of gravitation

• Anyway, within the SaToR-G strategy to test a theory of gravity, we are also interested
in recovering the more general approach from which the PPN formalism itself, in its
current version (papers by Nordtved and Will), was basically born

• In fact, we will try as much as possible to test the different theories in the
theoretical/experimental framework conceived by R.H. Dicke around the mid-60s

• The main idea at the basis of this framework is to build up a set of experiments to be
as unbiased as possible both from classical Newtonian physics and from Einstein’s GR

The theoretical framework of SaToR-G



The Dicke framework

The theoretical framework of SaToR-G

1. Spacetime is a 4-dimensional differentiable manifold, with each point in the
manifold corresponding to a physical event. The manifold need not a priori have
either a metric or an affine connection

• The hope is that experiment will force us to conclude that it has both

1. The equations of gravity and the mathematical entities in them are to be
expressed in a form that is independent of the particular coordinates used, i.e., in
covariant form

Dicke imposes two constraints:
1. Gravity must be associated with one or more fields of tensor character:

scalars, vectors and tensors of various ranks

2. The dynamical equations that govern gravity must be derivable from an
invariant action principle

Dicke, R.H. The Theoretical Significance of Experimental Relativity; Blackie and Son Ltd.: London and Glasgow, 1964



The Dicke framework

The theoretical framework of SaToR-G

From Dicke’s Framework, theorists have been able to formulate a set of criteria
that any theory of gravitation should satisfy if it is to be viable:

1. It must be complete
2. It must be self-consistent
3. It must be relativistic
4. It must have the correct Newtonian limit



The legacy from LARASE

2. Non-Gravitational Perturbations (NGPs) modelling
• Internal structure of the satellites

• Mass and moments of inertia

• Attitude of the satellites
• Spin evolution

• NGPs on the satellites
• Thermal thrust forces on the two LAGEOS satellites

• Neutral drag force on the LARES satellite

1. Measurements in the field of Gravitation
• A precise and accurate measurement of the GR advance of the argument of pericenter of

LAGEOS II
• With constraints on alternative theories of gravity

• A precise and accurate measurement of the GR Lense-Thirring precession on the orbits of
the two LAGEOS and LARES satellites



The legacy from LARASE

2. Non-Gravitational Perturbations (NGPs) modelling
• Internal structure of the satellites

• Mass and moments of inertia

• Attitude of the satellites
• Spin evolution

• NGPs on the satellites
• Thermal thrust forces on the two LAGEOS satellites

• Neutral drag force on the LARES satellite

1. Measurements in the field of Gravitation
• A precise and accurate measurement of the GR advance of the argument of pericenter of

LAGEOS II
• With constraints on alternative theories of gravity

• A precise and accurate measurement of the GR Lense-Thirring precession on the orbits of
the two LAGEOS and LARES satellites

We will focus only on point 1



• Measurements in the field of Gravitation: LAGEOS II pericenter GR advance

The legacy from LARASE



• Measurements in the field of Gravitation: LAGEOS II pericenter GR advance

Target:

Fit:

We obtained b  3294.6 mas/yr, very close to the
prediction of GR

The discrepancy is just 0.01%

From a sensitivity analysis, with constraints on some of
the parameters that enter into the least squares fit, we
obtained an upper bound of 0.2%

Δ ሶ𝜔𝑟𝑒𝑙
𝐿𝐼𝐼 = 3294.95 Τ𝑚𝑎𝑠 𝑦𝑟

b=Δ ሶ𝜔𝑓𝑖𝑡
𝐿𝐼𝐼 ≃ 3294.56 Τ𝑚𝑎𝑠 𝑦𝑟 GP NGP GR

     =  +  + 

𝜀 = 1 − (0.12 ± 2.10) ∙ 10−3 ± 2.5 ∙ 10−2

Post data reduction analysis: 13-yr analysis of the LAGEOS II orbit (FIT)

Fit to the pericenter residuals ( )
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• Measurements in the field of Gravitation: LAGEOS II pericenter GR advance

Error budget of the
unmodelled pericenter
rate measurement

The legacy from LARASE



• Measurements in the field of Gravitation: LAGEOS II pericenter GR advance

Summary of the constraints obtained

The legacy from LARASE



• Measurements in the field of Gravitation: LAGEOS II pericenter GR advance

The legacy from LARASE



• Measurements in the field of Gravitation: LAGEOS II pericenter GR advance

𝛼 ≅ 𝟎. 𝟓 ± 8 ∙ 10−12 ± 𝟏𝟎𝟏 ∙ 𝟏𝟎−𝟏𝟐

85 1010 −− 

Previous limits with LAGEOS’s:

𝜶 ≅ 𝟏 ∙ 𝟏𝟎−𝟏𝟎

𝜶 ≅ 𝟓 ∙ 𝟏𝟎−𝟏𝟑

Constraints on a long-range force: Yukawa like interaction

The legacy from LARASE
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• Measurements in the field of Gravitation: The Lense-Thirring precession
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The Lense-Thirring effect consists in a precession of the orbit of a satellite
around a primary produced by its rotation, i.e. by its angular momentum (mass-
currents)

This precession produces a secular effect in two orbital elements:
• the right ascension of the ascending node 

• the argument of pericenter 

The legacy from LARASE



• Measurements in the field of Gravitation: The Lense-Thirring precession

The Lense-Thirring precession is very small compared to the classical orbital
precessions caused by the deviation from the spherical symmetry for the mass
distribution of the Earth, or compared to the same relativistic Schwarzschild
precession produced by the mass of the primary

30 mas  1.8 m in 1-year

ሶΩ𝐿𝑎𝑔𝑒𝑜𝑠
𝑂𝑏𝑠𝑒𝑟 ≈ +126 𝑑𝑒𝑔/𝑦𝑟 ሶΩ𝐿𝑎𝑔𝑒𝑜𝑠𝐼𝐼

𝑂𝑏𝑠𝑒𝑟 ≈ −231 𝑑𝑒𝑔/𝑦𝑟

ሶΩ𝐿𝑎𝑟𝑒𝑠
𝑂𝑏𝑠𝑒𝑟 ≈ −624 𝑑𝑒𝑔/𝑦𝑟
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• Measurements in the field of Gravitation: The Lense-Thirring precession

1. We considered several models for the background gravitational field of the Earth

• This allows to highlight possible systematics errors among the different models

2. For the first 10/15 even zonal harmonics we considered their explicit time dependency
following the monthly solutions from GRACE measurements

• This has reduced the systematic error of the background gravitational field

3. Together with the relativistic Lense-Thirring precession we estimated also some of the low-
degree even zonal harmonics ( = even and m = 0) of the background gravitational field

• This allows to estimate the direct correlation between the relativistic Lense-Thirring precession
with the coefficients of the gravitational field

The legacy from LARASE



• Measurements in the field of Gravitation: The Lense-Thirring precession

4. The relativistic Lense-Thirring precession has been measured both in the residuals of the rates
of the combined nodes and in their integration

• This is the first time that the measurement has been performed on the rate of the combined
observables

5. The measurement has been obtained both via linear fits and non-linear fits

• This is also the first time that a reliable measurement of the Lense-Thirring precession has been
obtained by means of a simple linear fit

The legacy from LARASE



• Measurements in the field of Gravitation: The Lense-Thirring precession

The data reduction of the satellites orbit has been done with GEODYN II (NASA/GSFC) on a time
span of about 6.5 years (2359 days) from MJD 56023, i.e. April 6th 2012, and we computed the
effects on the orbit elements of LAGEOS, LAGESOS II and LARES:

o Background gravity model: GGM05S + other fields from GRACE

o Arc length of 7 days

o No empirical accelerations

o Thermal effects (Yarkovsky Schach and Rubincam) not modelled

o General relativity modelled with the exception of the Lense-Thirring effect

1. EIGEN-GRACE02S (2004)
2. GGM05S (2014): official field of the ILRS
3. ITU_GRACE16 (2016)
4. Tonji-Grace02s (2017)

ሶΩ𝐿𝑇 𝑠𝑒𝑐
30.67 31.50 118.48

LAGEOS LAGEOS II LARESRate (mas/yr)

ቊ
𝝁 = 𝟎 𝑵𝒆𝒕𝒘𝒐𝒏𝒊𝒂𝒏 𝒈𝒓𝒂𝒗𝒊𝒕𝒂𝒕𝒊𝒐𝒏

𝝁 = 𝟏 𝑬𝒊𝒏𝒔𝒕𝒆𝒊𝒏′𝒔 𝑮𝑹
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• Measurements in the field of Gravitation: The Lense-Thirring precession

Results for  from the linear system Cumulative sum for 

The legacy from LARASE



• Measurements in the field of Gravitation: The Lense-Thirring precession

Estimation of the systematic errors

𝝁𝑮𝑹 = 𝟏

𝝁𝒎𝒆𝒂𝒔 − 𝟏 = 𝟏. 𝟓 × 𝟏𝟎−𝟑 ± 𝟕. 𝟒 × 𝟏𝟎−𝟑 ± 𝟏𝟔 × 𝟏𝟎−𝟑

Errors @ 95% CL

Lense-Thirring effect measurement

ቊ
𝝁 = 𝟎 𝑵𝒆𝒕𝒘𝒐𝒏𝒊𝒂𝒏 𝒈𝒓𝒂𝒗𝒊𝒕𝒂𝒕𝒊𝒐𝒏

𝝁 = 𝟏 𝑬𝒊𝒏𝒔𝒕𝒆𝒊𝒏′𝒔 𝑮𝑹

The legacy from LARASE
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Conclusions
• The SaToR-G goals were briefly introduced with the theoretical framework within

which our work will be developed

• SaToR-G will expand the activities already started with the LARASE experiment

• LARASE has achieved significant results in the development of new models for the
Non-Gravitational Perturbations for laser-ranged satellites and in the measurement of
relativistic precessions and in constraints to some alternative theories of gravitation

• With SaToR-G, a series of activities were initiated with the aim of setting up new kinds
of measurements in the field of gravitation with Earth-bound laser-ranged satellites.
These activities will be based on a theoretical/experimental framework not ‘’simply’’
described by PPN parameters, but also as close as possible to the original framework
proposed by Professor R.H. Dicke



Many thanks for your kind attention

Satellites Tests of Relativistic Gravity


