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We present the result of the analysis of the GREAT (Galileo gravitational Redshift test
with Eccentric sATellites) experiment. An elliptic orbit induces a periodic modulation of
the fractional frequency difference between a ground clock and the satellite clock, partly
due to the gravitational redshift, while the good stability of Galileo clocks allows one to
test this periodic modulation to a high level of accuracy. GSAT0201 and GSAT0202, with
their large eccentricity and on-board H-maser clocks, are perfect candidates to perform
this test. Satellite laser ranging data allows us to partly decorrelate the orbit perturbations
from the clock errors. By analyzing several years of Galileo tracking data, we have been
able to improve the Gravity probe A test (1976) of the gravitational redshift by a factor of
5.6, providing, to our knowledge, the first reported improvement since more than 40 years.
© 2019 Published by Elsevier Masson SAS on behalf of Académie des sciences. This is an
open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

RESUME

Nous présentons les résultats de I'analyse de I'expérience GREAT (Galileo gravitational
Redshift test with Eccentric sATellites). Une orbite elliptique induit une modulation périodique
de la différence de fréquence relative entre une horloge au sol et I'horloge du satellite, due
en partie au décalage gravitationnel vers le rouge, tandis que la bonne stabilité des horloges
Galileo permet de tester cette modulation périodique a un niveau élevé de précision. Les
satellites GSAT0201 et GSAT0202, avec leur grande excentricité et leurs horloges H-maser
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embarquées, sont des candidats parfaits pour mener a bien ce test. De plus, des données de
télémétrie laser sur satellites nous permettent de décorréler partiellement les perturbations
de l'orbite et les erreurs d’horloge. En analysant plusieurs années de données de suivi
Galileo, nous avons été en mesure d’améliorer le test de Gravity Probe A (1976) du décalage
gravitationnel vers le rouge d’un facteur 5.6, fournissant, a notre connaissance, la premiére
amélioration signalée depuis plus de 40 ans.
© 2019 Published by Elsevier Masson SAS on behalf of Académie des sciences. This is an
open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The classical theory of General Relativity (GR) provides a geometrical description of the gravitational interaction. It is
based on two fundamental principles: (i) the Einstein Equivalence Principle (EEP) and (ii) the Einstein field equations that
can be derived from the Einstein-Hilbert action. All GR extensions or alternative theories of gravitation will break at least
one of these principles. The EEP was first envisioned in 1907 by Albert Einstein in [1], where he says that “we shall therefore
assume the complete physical equivalence of a gravitational field and a corresponding acceleration of the reference system”.
This principle eventually led, after quite some thoughts from renowned physicists and mathematicians, to the development
of “metric theories” of gravity, in which (i) spacetime is endowed with a metric; (ii) the worldlines of test bodies are the
geodesics of this metric; (iii) EEP is satisfied, with the non-gravitational laws in any freely falling frame reducing to the laws
of special relativity (see e.g. [2,3]).

Following Will [4], EEP can be divided into three sub-principles:

e Universality of Free Fall (UFF): if any uncharged test body is placed at an initial event in space-time and given an initial
velocity there, then its subsequent trajectory will be independent of its internal structure and composition;

e Local Position Invariance (LPI): The outcome of any local non-gravitational test experiment is independent of where and
when in the universe it is performed;

e Local Lorentz Invariance (LLI): The outcome of any local non-gravitational test experiment is independent of the velocity
of the (freely falling) apparatus.

These principles can be tested with some apparatus, which can be specially designed for the test or not.

In this article, after a review of the existing and planned tests of LPI, we report on a very recent test of LPI using two
eccentric Galileo satellites: GSAT0201 and GSAT0202. While the launch in 2014 of these two satellites was first considered
as a failure, we soon realized [5] that they could be used to improve one of the long-standing classical test of GR: the
gravitational redshift test of Gravity Probe A rocket, launched in 1976.

2. Local position invariance (LPI)

LPI stipulates that the outcome of any local non-gravitational experiment is independent of the space-time position of
the freely falling reference frame in which it is performed (see, e.g., [3]). This principle is mainly tested by two types of
experiments: (i) search for variations of the constants of Nature and (ii) redshift tests.

The question of the constancy of the constants of Nature was first addressed by Dirac. This question is driven by the
“principle of reason”: there should be a reason behind the specific values of the constants of physics (see the discussion in
Section 2 of [6]). This argument leads to many developments of extensions of physics where the constants of physics become
dynamical entities. In parallel, many observational investigations search for any space/time evolution of the constants of
physics (see [7]).

Amongst all the observations performed, atomic clocks have an important role leading to some of the best constraints
currently available. In particular, linear drifts in the evolution of the fine-structure constant ¢, in the ratio ;4 between the
mass of the electron and the mass of the proton, and in the ratio between the mass of the light quarks (up and down) and
the quantum chromodynamics (QCD) energy scale Aqcp have been considered. Several groups in the world have pursued
effort to constrain such hypothetical linear drifts: at SYRTE [8], NIST [9], Berkeley [10], NPL [11], PTB [12]... The current
constraints on the variation of the three constants are at the level of 10716 per year. More recently, searches for a harmonic
temporal variation of the constants of Nature using atomic clocks have been performed in Berkeley [13] and SYRTE [14].

Moreover, several astrophysical observations have also been used to search for a temporal evolution of the constants
of Nature: observations of quasar absorption lines [15-17], observations of the Cosmic Microwave Background [18], and
analysis of the big bang nucleosynthesis [19]. Using a linear interpolation at low redshift, we can compare the order of
magnitude of constraints obtained with atomic clocks and using quasar observations. The atomic clock estimations are
roughly one order of magnitude more accurate than quasar observations. This comparison implies a linear approximation
of the cosmological evolution and implies that no screening mechanism is playing a role around the Earth: a screening
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Fig. 1. Data analysis flowchart: as input we use ESOC orbit and clock solution files, SLR residuals as well as clock on-ground characterization. The evaluation
of systematics is completely independent of the clock measurements.

mechanism can lead to a situation where deviations from GR at cosmological scales are hidden or strongly reduced on local
scales (see, e.g., [20,21]).

In addition to temporal variations of the constants of Nature, one can search for spatial variations. Regarding this, atomic
clocks have also been widely used to search for a variation of the constants of Nature with respect to the gravitational
potential of the Sun. The idea is to compare two clocks working on different atomic transitions (and therefore differently
sensitive to the various constants of physics) located at the same place, and search for periodic variations in their frequency
comparison. This kind of tests are also known as null redshift experiments [3]. Several groups in the world have been
measuring this effect, which is now constrained at the level of 10~%: SYRTE [8], USNO [22], Berkeley [10], NIST [23]...

The second way to test LPI is to measure the gravitational redshift, which is a direct consequence of the EEP. It was
observed for the first time in the Pound-Rebka-Snider experiment [24-27]. In a clock redshift experiment, the fractional
frequency difference z = Av/v between two identical clocks placed at different places in a static gravitational field is
measured. The EEP predicts z= AU/c? for stationary clocks, where AU is the gravitational potential difference between
the locations of the receiver and the emitter, and c is the velocity of light in vacuum. A simple and convenient formalism
to test the gravitational redshift is to introduce a new parameter o defined through [3]:

Av AU
z=—=(+a)— (1)
% C

with o =0 when the EEP is valid. The most precise test of the gravitational redshift until recently had been realized with
the Vessot-Levine rocket experiment in 1976, also named the Gravity Probe A (GP-A) experiment [28-30]. The frequency
differences between a space-borne hydrogen maser clock and ground hydrogen masers were measured thanks to a continu-
ous two-way microwave link. The gravitational redshift prediction was verified with 1.4 x 10~ uncertainty, limited by the
short duration of the parabolic rocket flight (~ 2 h).

In the next section, we report on the recent test with the clocks of GSAT0201 and GSAT0202 satellites, which improved
this limit to 2.5 x 10~ uncertainty [31]. The future Atomic Clock Ensemble in Space (ACES) experiment [32,33], an ESA/CNES
mission, planned to fly on the ISS in 2020, will test the gravitational redshift to around |o| < 3 x 1078, Furthermore, other
projects like STE-QUEST propose to test the gravitational redshift at the level of 10~7 [34]. Finally, observations with the
RadioAstron telescope are expected to reach an uncertainty of the order of 10~> [35].

3. The GREAT experiment

It was proposed in 2015 [5] to use the onboard atomic clocks of the Galileo satellites 5 and 6 (named Doresa and
Milena, or GSAT0201 and GSAT0202) to search for violations of the EEP/LPIL. These two satellites were launched together
on a Soyuz Rocket on 22 August 2014 and because of a technical problem on the launcher’s upper stage, they were placed
in a non-nominal elliptic orbit. Although the satellites’ orbits were adjusted after the launch, they remain elliptical, with
each satellite climbing and falling some 8500 km twice per day. The elliptic orbit induces a periodic modulation of the
gravitational redshift at orbital period (around 13 h, see Fig. 5), while the good stability of recent GNSS clocks allows us to
measure this periodic modulation to a new level of uncertainty. The Galileo 5 and 6 satellites, with their large eccentricity
(e =0.162) and onboard passive hydrogen-maser (PHM) clocks, are hence perfect candidates to perform this test. Contrary to
the GP-A experiment, it is possible to integrate the signal over a long duration, therefore improving the statistics. Moreover,
a specific ILRS (International Laser Ranging Service) campaign took place during the years 2016-2017 [36]. Satellite Laser
Ranging (SLR) data are used for a characterization of systematic effects.

The analysis covers three years of data and is reported in [31] (see Fig. 1 for a summary of the data analysis). The satellite
orbits and clock bias are computed by the ESA/ESOC centre, using the latest models for clocks and satellite dynamics.
Satellite orbits and time epochs are calculated in the Geocentric Celestial Reference System (GCRS) thanks to the Standards
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Fig. 2. GR prediction of the proper time of the onboard clock showing only the periodic term, which can be split into two contributions: gravitational
redshift due to the Earth’s potential and other bodies, and second-order Doppler effect. The Earth monopole contribution and second-order Doppler effect
lead to a similar periodic effect at the orbital period, with peak-to-peak variation of 400 ns. The Earth flatness leads to a 40-ps peak-to-peak periodic effect
at twice the orbital frequency. Tidal effects from the Moon and the Sun lead to a periodic signal of around 12 ps peak to peak. A daily linear fit is removed
from the model just for visualization.

of Fundamental Astronomy (SOFA) routines [37]. Then, we calculate the theoretical proper time of the onboard clock t¢r -
predicted by GR - by integrating the coordinate time to proper time transformation:

v2 Ug+ Ut

where T and t are the proper time and the coordinate time (geocentric coordinate time TCG) of the clock, respectively, c is
the velocity of light in a vacuum, v is the velocity of the clock in the GCRS. Also, Ug is the Newtonian gravitational potential
of the Earth at the location of the satellite given by

Ug =

GM GMR?
—+—°]2<1—3c0529) 3)

r 2r3
where G is the gravitational constant, M, Rp, and J, are the mass, the equatorial radius and the zonal coefficient of order
2 of the Earth, respectively, and r and 6 are the distance from the center of the Earth and the co-latitude of the satellite,
respectively. Ut is the tidal potential due to external bodies [38]

1 1 r-ra
Ur=) GMjy [7————} (4)
ZA: [r—ral |ral [|ral?

where My is the mass of external body A, and r and r4 are respectively the position vectors of the satellite and external
body A in the geocentric frame. We take into account the Moon and the Sun, while other bodies can be neglected.

The main gravitational effect is the sum of a linear and a periodic term, which amounts to 400 ns peak to peak (see
Fig. 5). Contributions of the periodic terms are given in Fig. 2 for a subsample of data.

The deviation of the proper time from the GR prediction, tip;, is quantified by the LPI violation parameter « as given in
(1) and proportional to the gravitational part of the coordinate to proper time transformation:

U U
TLPIZ—Ol/¥dt (5)
c

The raw clock bias Tgsoc from the ESOC clock solution contains a large drift of the order of 34 us d~1, which is present
most of the time (see Fig. 3). The linear part of the relativistic redshift between the Galileo clocks and a ground clock is
~ 40 ps d~! assuming a nominal 10.23 MHz frequency. However, each PHM clock is also affected by an intentional frequency
offset (= —6 ps d~!) to this nominal frequency, which explains the observed drift. Additionally, after each activation, the
clock retraces to the nominal frequency with an accuracy not better than +0.18 ps d—!. We account for this unknown
frequency offset (together with the known = 34 ps d=!) by removing from the clock bias a daily linear fit (DLF), which can
be written in the form
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around 400 ns; therefore, the model and systematic effects at orbital period should be controlled down to 4 ps in order to have a 1 x 10~ uncertainty on
the LPI violation parameter «.

N

e =y fit)(ai + bit) (6)
i=1

where N is the number of days in the data, a; and b; are the clock offset and linear drift for day i, respectively, and f;(t) is
equal to 1 for day i, and 0 otherwise. The obtained clock bias pre-fit residuals are shown on Fig. 4.

The data analysis contains 359 days of data from GSAT0201 and 649 days of data from GSAT0202, spanning from January
2015 to December 2017. The raw clock bias Tgsoc is corrected to account for the full GR prediction given in Eq. (2), providing
the corrected clock bias tcorr. The data analysis is performed in three steps. First, we fit a model for the stochastic noise to
the corrected clock bias residuals. In a second step, we fit the model defined from equations (5) and (6) to the corrected
clock bias by using a Monte Carlo approach, using the stochastic noise model estimated in the first step. This gives us the
fitted value for o as well as an estimation of its statistical uncertainty. In a third step, we estimate the systematic uncertainty
by considering the main sources of systematic uncertainties: effects of magnetic field, of temperature and mismodelling of
the orbital motion of the satellites. A detailed description of these procedures is given in [31].
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Finally, by analysing 1008 days of data from the two eccentric Galileo satellites, GSAT0201 and GSAT0202, and through
a careful analysis of systematic effects, we were able to improve the gravitational redshift test done by GP-A in 1976 by a
factor 5.6, down to:

®=0.19+2.48 x 107

Our result is at the lower edge of the predicted sensitivity in [5]. Moreover, this result has been confirmed by an
independent analysis in [39], with a slightly lower accuracy.

At this point, the main residual limiting factor is the uncertainty due to the magnetic field variations, which cannot be
overcome without more information about the clock sensitivity (e.g., directional dependence) and the actual local magnetic
field after, e.g., shielding from the satellite itself. The three main uncertainties, i.e. statistical, orbit and magnetic field, are of
the same order. Therefore, envisaging a potential future mission of the same type, it would be of interest to improve these
three aspects of the experiment: a more stable clock to have better statistics, a careful shielding, modelling or measurement
of the magnetic field, and a careful modelling or measurement of non gravitational accelerations. Also, increasing the signal
(higher ellipticity, lower perigee) would improve the test significantly (see, e.g., the STE-QUEST proposal [34]). Finally, a
two-way link would strongly reduce the effect of orbit determination uncertainties (see, e.g., the ACES proposal [32,33]).
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