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Local Lorentz Invariance

One way to look for evidence of new physics beyond Special Relativity (SR) and General
Relativity (GR) is to check for violations, apparent or effective, of the pillars of Einstein's
theories.

For example, Lorentz invariance is a feature of both SR and GR.

The fusion of Special Relativity with Quantum Mechanics was very successful in the
development of Quantum Field Theory and, ultimately, the current Standard Model of
particles and fields.

However, violations of Lorentz invariance could arise from some models of Quantum
Gravity (QG). Indeed, the Planck length represents a fundamental length scale in QG, but it
is not an invariant quantity: Lorentz invariance might be violated at some level.
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Local Lorentz Invariance
Local Lorentz Invariance (LLI) states that the outcome of any local (in space and time) non-
gravitational experiment is independent of the velocity of the freely-falling reference
frame in which the experiment is performed.

Modern unification theories suggest that the gravitational long-range interaction between
macroscopic bodies may be mediated, not only by the metric tensor field g of GR but also
by other fields (scalar, vector, or tensor).

More generally, besides GR, any metrically coupled tensor-scalar theory of gravitation does
not predict any violation of local boost invariance. This is for example the case of the
Brans-Dicke theory of gravitation which includes the existence of a scalar field .

Local Lorentz Invariance is a key ingredient of the 
(Einstein or Strong) Equivalence Principle



Local Lorentz Invariance
However, in the case of theories that contain vector fields or other tensor fields in addition
to the metric tensor g, one expects that the global distribution of matter in the Universe
select a preferred rest frame for the local gravitational interaction.

In this case the physical laws could be different from a moving observer with respect to a
stationary one, also considering their relative
orientation...

Summarizing:

In theories of gravity with LLI holds,

while in theories with

or with LLI is violated.
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Local Lorentz Invariance

The parameterized post-Newtonian (PPN) formalism
• One way to test a theory of gravitation is by studying its post-Newtonian limit
• Post-Newtonian formalism or PPN formalism details the parameters in which

different metric theories of gravity, under weak-field and slow-motion (WFSM)
conditions, can differ from Newtonian gravity
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Metric 
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From the phenomenological point of view, and in the framework of the parameterized post-Newtonian
(PPN) formalism [1,2,3], valid in the WFSM limit of GR, the Preferred Frame Effects (PFE) are described by
the parameters α1, α2 and α3, all equal to zero in GR and in tensor-scalar theories of gravitation.

In particular, in the case of the interaction of N masses, the Lagrangian depends on the two parameters α1

and α2, that, if different from zero, will provide non-boost invariant terms depending on the velocities (𝒗𝑎
0 ) of

the test masses with respect to some gravitationally preferred rest frame [4]:

1. Nordtvedt, K. Equivalence Principle for Massive Bodies. II. Theory. Phys. Rev. 1968, 169, 1017–1025
2. Will, C.M. Theoretical Frameworks for Testing Relativistic Gravity. II. Parametrized Post-Newtonian Hydrodynamics, and the Nordtvedt Effect. Astrophys. J. 1971, 163, 611–628
3. Will, C.M.; Nordtvedt, K. Conservation Laws and Preferred Frames in Relativistic Gravity. I. Preferred-Frame Theories and an Extended PPN Formalism. Astrophys. J. 1972, 177, 757–774
4. Damour, T.; Esposito-Farese. G. Testing for preferred-frame effects in gravity with artificial Earth satellites. Phys. Rev. D 1994, 49, 4, 1693-1706
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LLI and, consequently, PFE, are well tested in the context of high-energy physics experiments but are much more difficult
to test in the context of gravitation, both in the weak-field regime and in the strong- or quasi-strong-field regime.

Local Lorentz Invariance



In 1994, Damour and Esposito-
Farese have shown that the
orbits of some artificial satellites
have the potential to provide
improvements in the limit of the
1 parameter down to the 10−6

level, thanks to the appearance
of small divisors which enhance
the corresponding PFE.

Local Lorentz Invariance



The SaToR-G experiment
Satellite Tests of Relativistic Gravity (SaToR-G, started on 2020) and the previous LAser RAnged

Satellites Experiment (LARASE, 2013-2019) are two experiments devoted to measurements of the
gravitational interaction in the WFSM limit of GR by means of laser tracking to geodetic passive
satellites orbiting around the Earth. The two experiments were and are funded by the Italian
National Institute for Nuclear Physics (INFN-CSN2).

In particular, SaToR-G aims to test gravitation beyond the predictions of GR searching for effects foreseen by
alternative theories of gravitation (ATG) and possibly connected with “new physics”.

SaToR-G builds on the improved dynamical model of the two LAGEOS and LARES satellites achieved within
the previous project LARASE.

The improvements concern the modeling of both gravitational and non-gravitational perturbations.



The SaToR-G experiment
From the analysis of satellite orbits it is possible to obtain a series of measurements of gravitational effects
with consequent constraints on different theories of gravitation. The main ones include:

1. Relativistic precessions
2. Constraints on long-range interactions
3. Nonlinearity of the gravitational interaction
4. Local Lorentz Invariance
5. Equivalence Principle
6. …

From these measurements it is possible to obtain constraints on PPN parameters and their combinations.

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



The SaToR-G experiment

1. Lense-Thirring precession of the nodes of LAGEOS, LAGEOS II and LARES
2. Relativistic precession of the argument of pericenter and mean anomaly of 

LAGEOS II (Schwarzschild, …)

From these two main measurements:

we were already able to constrain the gravitational interaction for several
physical theories of gravitation:

1. PPN parameters
2. Extended gravity theories
3. Yukawa-like long-range interactions
4. Torsional theories of gravity
5. Vector-tensor theories of gravity

𝜺 − 𝟏 = (−𝟎. 𝟏𝟐 ± 𝟐. 𝟏𝟎) × 𝟏𝟎−𝟑 ± 𝟐. 𝟓 × 𝟏𝟎−𝟐

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



The test masses
The predictions of GR on the orbits of geodetic satellites, which play the role of test

masses, are compared with those of ATG both metric and non-metric in their essence.

LARES (ASI, 2012)LAGEOS (NASA, 1976) LAGEOS II (ASI/NASA, 1992)



Precise Orbit Determination
Currently, we are using the following software in our POD:

• GEODYN II (NASA/GSFC)
• SATAN (NSGF, UK) in collaboration with “Observatorio de YEBES” (Spain) (under test)
• Bernese (University of Bern, CH)

1. From a least squares fit of the tracking data by means of an
appropriate dynamic model, the estimate of the state
vector of the satellite over 7-day arcs is obtained.

2. Then from an appropriate comparison between the state
vector estimated at the beginning of each arc and the state
vector estimated at the beginning of the previous arc but
propagated at the same epoch, the residuals in the orbital
elements are obtained: Δ Ԧ𝑥𝑟𝑒𝑠 = Ԧ𝑥𝑒𝑠𝑡 − Ԧ𝑥𝑝𝑟𝑜.

D. Lucchesi, G. Balmino, The LAGEOS satellites orbital residuals
determination and the Lense–Thirring effect measurement. Plan. and
Space Science, doi:10.1016/j.pss.2006.03.001 , 2006



Precise Orbit Determination
POD and models for the two LAGEOS and LARES satellites:

GEODYN II s/w
▪ Arc length, 7 days
▪ General Relativity: not modeled
▪ Empirical accelerations, CR, …: not estimated
▪ Non-gravitational perturbations: internal and external
▪ Gravity field: from GRACE and GRACE-FO solutions
▪ State-vector adjusted to best fit the tracking data
▪ …



In our analysis:

• we concentrated upon the yearly oscillation of the longitude (𝜔 + 𝑀) of the LAGEOS II satellite
• as gravitationally preferred rest frame we consider that of the cosmic microwave background radiation
• w represents the speed of the Sun with respect to this reference frame with orientation given by the

following ecliptic coordinates (𝜆𝑃𝐹 , 𝛽𝑃𝐹):

ℒ𝛼1
= −

𝛼1

4𝑐2
෍

𝑎≠𝑏

𝐺𝑚𝑎𝑚𝑏

𝑟𝑎𝑏
𝒗𝑎

0 ∙ 𝒗𝑏
0

ℒ𝛼1
= −

𝛼1

2𝑐2

𝐺𝑀⨁𝑚𝑠

𝑟⨁𝑠
𝒗⨁ + 𝒘 ∙ 𝒗𝑠 + 𝒗⨁ + 𝒘

𝒗𝑠
0 = 𝒗𝑠 + 𝒗⨁ + 𝒘

𝑤 = 368 ± 2
𝑘𝑚

𝑠
ቊ

𝜆𝑃𝐹 = 171°. 55
𝛽𝑃𝐹 = −11°. 13

Measurement and constraint



From Lagrange’s perturbative equations we are able to extract the perturbative effect of a possible PFE on the rate of the
argument of pericenter and on the rate of the mean anomaly of the satellite:

ሶ𝝎 + ሶ𝑴
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We finally obtain:

𝑛 =
𝐺𝑀⨁

𝑎3

R  represents the perturbing funtion
𝑎, 𝑒, 𝑖, Ω, 𝜔, 𝑀  are the keplerian elements

𝑛 represents the satellite mean motion:

If PFEs exist, the quantity ሶ𝜔 + ሶ𝑀
𝛼1

must be present in the residuals of the two elements obtained from the POD.

Measurement and constraint

Earth mean motion: 
annual frequency



Procedure in the time domain to extract the constraint in the PPN parameter 1:

ሶ𝝎 + ሶ𝑴
𝜶𝟏

= −𝜶𝟏𝟐𝒏
𝒘𝒗⨁

𝒄𝟐
𝒄𝒐𝒔 𝜷𝑷𝑭 𝒔𝒊𝒏 𝒏⨁𝒕 − 𝝀𝑷𝑭 + ⋯ = 𝜶𝟏𝑲 sin 𝒏⨁𝒕 − 𝝀𝑷𝑭 + ⋯

1. Estimate from the POD the satellite state-vector for each arc
2. Obtain from the state-vectors the residuals in the rate of the orbital elements: ሶ𝜔 and ሶ𝑀
3. Build from these residuals the gravitational observable: ሶ𝜔 + ሶ𝑀
4. Remove from the observable the predictions of the unmodeled relativistic precessions
5. Apply a homodyne detection to these data at the expected frequency (the annual one) for the effect

described by the 1 parameter and linked to the existence of the PFE due to the cosmic microwave
background radiation

6. Apply a low-pass filter to the data
7. Calculate the mean from this last operation and from this mean, suitably renormalized, extract the value

of the PPN parameter 1

𝑲 = −𝟐𝒏
𝒘𝒗⨁
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Measurement and constraint



Residuals in the two observables after the POD Relativistic precessions in the two observables

Measurement and constraint
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Lock-in analysis

𝐬𝐢𝐧 𝒏⨁𝒕 − 𝝀𝑷𝑭 ∙ ሶ𝜔 + ሶ𝑀
𝒓𝒆𝒔

= 𝛼1 K 𝒔𝒊𝒏 𝒏⨁𝒕 − 𝝀𝑷𝑭
𝟐 + ⋯

sin 𝛼 sin 𝛽 =
1

2
cos 𝛼 − 𝛽 − cos 𝛼 + 𝛽

sin 𝛼 sin 𝛼 =
1

2
1 − cos 2𝛼

sin 𝛼 cos 𝛽 =
1

2
sin 𝛼 − 𝛽 + sin 𝛼 + 𝛽

If α=β, as in our case, a part of the signal goes in continuous (DC) and a part at twice the annual frequency.

ሶ𝝎 + ሶ𝑴
𝜶𝟏

= 𝜶𝟏𝑲 sin 𝒏⨁𝒕 − 𝝀𝑷𝑭 + ⋯ 𝑲 = −𝟐𝒏
𝒘𝒗⨁

𝒄𝟐 𝒄𝒐𝒔 𝜷𝑷𝑭

Lock-in analysis, in this case more properly a homodyne analysis (phase sensitive detection), is mathematically based on
Werner's trigonometric formulas:

Measurement and constraint



Measurement and constraint

𝜶𝟏 = ሶ𝝎 + ሶ𝑴
𝒓𝒆𝒔

𝟐

𝑲

Analysis to fix the parameters of the low-pass filter:
Observable
Simulated data with no signal at annual frequency
Simulated signal with reference signal
Reference signal at annual frequency

• order
• integration time
• timespan for the averaging

365.25 d



Measurement and constraint

𝛼1 = 3 ± 4 × 10−5

𝛼1 = 10 ± 3 × 10−5

Lock-in analysis:



Measurement and constraint
Scatter plot of the value of the PPN parameter α1 after the lock-in demodulation as the frequency and signal
phase vary and α1 behavior as a function of the phase.

365.25 days 
signal



Preliminary error budget for the systematic errors:

1. Gravitational field (quadrupole)

2. Solid tides

3. Ocean tides

4. Non-Gravitational Perturbations:

𝛿𝛼1 ≅ 1.6 × 10−5

𝛿𝛼1 < 9 × 10−10

𝛿𝛼1 ≲ 2 × 10−7
𝛿𝛼1 ≅ 2 × 10−5

𝛿𝛼1 ≅ 0

Measurement and constraint
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𝛼1 = 3 ± 3 × 10−5

Result for the PPN parameter 1 and constraint to alternative theories of gravitation:

This result represents the first constraint in 1 in the field of the Earth based on a pure
gravitational experiment.

The result obtained, although preliminary, confirms the validity of the LLI for gravitation
and strongly constrains possible PFEs and, consequently, vector-tensor theories of gravity,
at least in the WFSM limit of GR.

Measurement and constraint



𝛼1 = +3 × 10−5 ± 3 × 10−5 With SLR data from LAGEOS II longitude, 2023/2024

𝛼1 = −7 × 10−5 ± 9 × 10−5 With LLR data from the oscillations of the Earth-Moon distance, 2008

ො𝛼1 = −4 × 10−6 ± 4 × 10−5 From binary Pulsar data, 2012

L. Shao, N. Wex, New tests of Local Lorentz invariance of gravity with small-eccentricity binary pulsars. Class. Quantum Grav. 29, 
2012.

Müller J, Williams J G and Turyshev S G, 2008. Lunar laser ranging contributions to relativity and geodesy. Lasers, Clocks and
Drag-Free Control: Exploration of Relativistic Gravity in Space (Astrophysics and Space Science Library vol 349) ed H Dittus, C 
Lammerzahl and S G Turyshev p 457.
J. Müller, K. Nordtvedt, D. Vokrouhlický, Improved constraint on the α1 PPN parameter from lunar motion. Phys. Rev. D, Vol. 54, 
No 10, 1996.

Comparison with the literature:

Measurement and constraint



• Local Lorentz Invariance represents one of the cornerstones of both the standard model of field and particle physics
and the standard model of gravitation, i.e. of GR. In a sense, LLI represents our current deepest understanding of the
nature of space and time. So, why test LLI?

• A strong motivation in our work is to search for the possible existence (or at least evidence) of new physics beyond GR.
We mentioned the possible existence of additional fields that come into play in mediating the gravitational interaction
and that could couple to matter in such a way, in some cases, that they violate Lorentz invariance.

• Therefore, in this work we have presented and discussed a test of LLI, and its possible violation, in the gravitational
sector by exploiting the possible existence of PFE:

• The result we have obtained further constrains the possible existence of a preferred frame for local gravitational
physics and, consequently, that of theories of gravitation described, in addition to the metric tensor of GR, by the
presence of additional fields of tensor and/or vector nature.

• Consequently, this new result represents a first constraint on LLI through a weak-field gravitation experiment with a
satellite orbiting the Earth.

Conclusions

𝜶𝟏 = 𝟑 ± 𝟑 × 𝟏𝟎−𝟓
The result is therefore fully 

compatible with zero, in 
agreement with GR
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Satellite Laser Ranging
The geodetic satellites are tracked with very high accuracy through
the Satellite Laser Ranging (SLR) technique.

SLR allows to determine the round–trip time between Earth–
bound laser Stations and orbiting passive (and non-passive)
satellites.

The time series of range measurements are then a record of the
motions of both the end points: the satellite and the station.

Thanks to the accurate modelling of both gravitational and non–
gravitational perturbations on the orbit of these satellites, and
considering a less than 1 cm range accuracy, we are able to
determine their Keplerian elements with about the same accuracy.

The precision of the measurement depends mainly on the laser pulse width,
about 1 × 10−10 s ⎯ 3 × 10−11 s

Matera (ASI-CGS)



Satellite Laser Ranging

ilrs.gsfc.nasa.gov

The ILRS (International Laser Ranging Service) supports laser ranging measurements to geodetic, remote
sensing, navigation and experimental satellites equipped with retroreflector arrays as well as to reflectors
on the Moon.



Precise Orbit Determination
Precise Orbit Determination (POD) has the goal of accurately determining the position and velocity vectors
of an orbiting satellite.

To achieve this objective, precise observations of the satellite’s motion and a dynamic model of the orbit as
accurate as possible are necessary.

With these two ingredients it is possible to compute
the observable to be minimized in a least squares
process.

In the case of SLR, this observable is a quadratic
function of the range residuals R:

ℛ𝑖 = 𝑂𝑖 − 𝐶𝑖



Residuals in the observable ሶ𝜔 + ሶ𝑀 FFT of the residuals in the observable

365.25 d

Measurement and constraint
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