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Global picture & motivations
• Some of the “greatest challenges” in theoretical physics:  

- what are Dark Matter and Dark Energy ? 
- how can we develop a quantum theory of gravity and/or unify it with the 
Standard Model of particles ?

• local physics measurements can give some clue about these
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A lot of “alternative theories” of gravitation 
and a lot of Dark Matter candidates
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a b s t r a c t

In this review we present a thoroughly comprehensive survey of recent work on modified
theories of gravity and their cosmological consequences. Amongst other things, we
cover General Relativity, scalar–tensor, Einstein–æther, and Bimetric theories, as well
as TeVeS, f (R), general higher-order theories, Ho∞ava–Lifschitz gravity, Galileons, Ghost
Condensates, and models of extra dimensions including Kaluza–Klein, Randall–Sundrum,
DGP, and higher co-dimension braneworlds. We also review attempts to construct a
Parameterised Post-Friedmannian formalism, that can be used to constrain deviations from
General Relativity in cosmology, and that is suitable for comparison with data on the
largest scales. These subjects have been intensively studied over the past decade, largely
motivated by rapid progress in the field of observational cosmology that nowallows, for the
first time, precision tests of fundamental physics on the scale of the observable Universe.
The purpose of this review is to provide a reference tool for researchers and students in
cosmology and gravitational physics, as well as a self-contained, comprehensive and up-
to-date introduction to the subject as a whole.

© 2012 Elsevier B.V. All rights reserved.
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• See for example the review: (189 pages - and it is not exhaustive)  

We need observations to detect, constrain or 
rule out these propositions

• Dark Matter can be searched for 
in a huge region of mass 
Fig. from US cosmic vision, 2017



Geodetic measurements are becoming more and 
more accurate and are now commonly used to 

probe fundamental physics
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• Very high accuracy/stability

• Extremely good control over the systematics

• Reproducibility (even by different labs)

• Can easily be optimized to search for specific signatures

• Built for other scientific  
goals: “Affordable”
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In this talk: I will review recent results obtained 
by the SYRTE theory and metrology group
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• Use of atomic clocks: variations of fundamental constants and search 
for Dark Matter

• GNSS measurements: test of the gravitational redshift

• Lunar Laser Ranging: search for a breaking of Lorentz symmetry

• MICROSCOPE: search for a breaking of Lorentz symmetry

• Very Long Baseline Interferometry: search for a breaking of Lorentz 
symmetry



Space/time variations of the constants of Nature are 
a signature of a breaking of the Equivalence Principle

• The Einstein Equivalence Principle is a building block of General Relativity

• Identification of gravitation with a unique space-time curvature (geometry) 

which governs the motion of bodies, light, the evolution of proper time, …
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Universality of Free Fall
Two test masses fall with 
the same acceleration in a 
gravitational field

Tested at 10-14 with 
MICROSCOPE

See Touboul et al, PRL, 2018

SM constants are constant
Fine structure constant, masses 
of fermions independent of 
space/time

Tested with atomic clocks, e.g.
↵̇

↵
< 10�17yr�1

d ln↵

dU/c2
< 10�7

For a review, see Uzan, LRR, 2011

Gravitational Redshift
The comparison between 
two clocks depend on the 
difference of their 
gravitational potential

Tested with Galileo data  
(see later)

• Standard tests of the Equivalence Principle:



A massive scalar field is a good Dark Matter 
candidate
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• DM below ~ 10 eV: only bosons (exclusion principles): axion, scalar 
field, vector field, …

• Mass << eV: huge occupation number: the boson field can be treated 
classically (no quantization)

• At cosmological scales, the boson field oscillates at its Compton 
frequency and behaves like CDM

<latexit sha1_base64="GmFoIS8PtNADARn6J+Q6vSrN2iU=">AAACDXicbVC7SgNBFJ2Nrxhf66OzGQyCVdgVUcugjWUE84DsEmYns8mQmZ1l5m4ghnyDv2CrvZ3Y+g22fomTZAtNPHDhcM69nMuJUsENeN6XU1hZXVvfKG6WtrZ3dvfc/YOGUZmmrE6VULoVEcMET1gdOAjWSjUjMhKsGQ1up35zyLThKnmAUcpCSXoJjzklYKWOexQMiU77HAeGSxxQZbCEjlv2Kt4MeJn4OSmjHLWO+x10Fc0kS4AKYkzb91IIx0QDp4JNSkFmWErogPRY29KESGbC8ez7CT61ShfHSttJAM/U3xdjIo0ZychuSgJ9s+hNxX+9SC4kQ3wdjnmSZsASOg+OM4FB4Wk1uMs1oyBGlhCquf0d0z7RhIItsGRL8RcrWCaN84p/WfHvL8rVm7yeIjpGJ+gM+egKVdEdqqE6ougRPaMX9Oo8OW/Ou/MxXy04+c0h+gPn8wedmpuM</latexit>

' ⇠ cosmt
see e.g.  Arvanitaki et al PRD, 2015 or Stadnik and Flambaum, PRL 2015
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• An effective Lagrangian for the scalar-matter coupling 

• This leads to a space-time dependance of some constants of Nature to 
the scalar field

see Damour and Donoghue, PRD, 2010
• Couplings usually considered:  

  - linear in 𝜑: lowest order expansion (cfr Damour-Donoghue)  
  - quadratic in 𝜑: lowest order if there is a Z2 symmetry (cfr Stadnik et al)

Can be interpreted as a signature of a violation of the Einstein Equivalence 
Principle and searched for using atomic sensors!

Lmat [gµ⌫ , ,'] = LSM [gµ⌫ , ] + 'i

2

4d(i)e

4e2
Fµ⌫F

µ⌫ � d(i)g �3
2g3

FA
µ⌫F

µ⌫
A �

X

j=e,u,d

⇣
d(i)mj

+ �mjd
(i)
g

⌘
mj ̄j j

3

5

↵(') = ↵
⇣
1 + d(i)e 'i

⌘

⇤3(') = ⇤3

⇣
1 + d(i)g 'i

⌘
mj(') = mj

⇣
1 + d(i)mj

'i
⌘

for j = e, u, d

see also Arvanitaki et al, PRD 2015, Hees et al, PRD, 2018

The scalar field is coupled to SM and induces 
oscillations of the “constants of Nature”



Search for a periodic signal in Cs/Rb 
comparison
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• Cs/Rb FO2 atomic fountain data from SYRTE: high accuracy and high 
stability, data used from 2008

• Search for a periodic signal in the data

A. Hees, J. Guéna, M. Abgrall, S. Bize, P. Wolf, PRL, 2016

using Scargle’s method, see Scargle ApJ, 1982

No positive detection

see J. Guéna et al, Metrologia, 2012 and J. Guéna et al., IEEE UFFC, 2012
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⌫ (~r , t)� ⌫ (~r , t)

⌫(~r , t )� ⌫(~r , t )

Search for a periodic signal in a Mach-
Zender interferometer
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• New type of experiment (E. Savalle’s PhD) 

see Savalle et al, PRL 2021

�⌫A
⌫A

= (i)
A 'i

<latexit sha1_base64="l9uNoUbIv1f7w95wEVJLml5z0SQ="></latexit>

Fiber 
delay T0

⌫A(t� T0)

<latexit sha1_base64="58LTvOVK3OjgdQqWQ1qumLVwgv0=">AAACA3icbVDLSsNAFJ34rPVVdelmsAh1YUmkoO6qblxW6AuaECbTSTt0MgkzN0IJXfoLbnXvTtz6IW79EqdtFtp64MLhnHs5lxMkgmuw7S9rZXVtfWOzsFXc3tnd2y8dHLZ1nCrKWjQWseoGRDPBJWsBB8G6iWIkCgTrBKO7qd95ZErzWDZhnDAvIgPJQ04JGMl1ZerfVOC86dtnfqlsV+0Z8DJxclJGORp+6dvtxzSNmAQqiNY9x07Ay4gCTgWbFN1Us4TQERmwnqGSREx72eznCT41Sh+HsTIjAc/U3xcZibQeR4HZjAgM9aI3Ff/1gmghGcIrL+MySYFJOg8OU4EhxtNCcJ8rRkGMDSFUcfM7pkOiCAVTW9GU4ixWsEzaF1WnVr1+qJXrt3k9BXSMTlAFOegS1dE9aqAWoihBz+gFvVpP1pv1bn3MV1es/OYI/YH1+QPrMpdY</latexit>

⌫A(t)

<latexit sha1_base64="6AuyUbKRcekNMhVVlrNC1hKd1v8=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMQixCbsSULuojWUE84BkCbOT2WTIzOwyc1cIIYW/YKu9ndj6KbZ+iZNkC008cOFwzr2cywkTwQ163pezsrq2vrGZ28pv7+zu7RcODhsmTjVldRqLWLdCYpjgitWRo2CtRDMiQ8Ga4fB26jcfmTY8Vg84SlggSV/xiFOCVmp1VNq9LuFZt1D0yt4M7jLxM1KEDLVu4bvTi2kqmUIqiDFt30swGBONnAo2yXdSwxJCh6TP2pYqIpkJxrN/J+6pVXpuFGs7Ct2Z+vtiTKQxIxnaTUlwYBa9qfivF8qFZIwugzFXSYpM0XlwlAoXY3dahtvjmlEUI0sI1dz+7tIB0YSirSxvS/EXK1gmjfOyXylf3VeK1ZusnhwcwwmUwIcLqMId1KAOFAQ8wwu8Ok/Om/PufMxXV5zs5gj+wPn8AZ02liA=</latexit>

⌫A(t� T0)� ⌫A(t)

<latexit sha1_base64="jt1YgKi9MMolTlXp+IPxVSpPH24=">AAACDnicbVDLSgMxFM3UV62vUXHlJliEdtEyIwV1V3XjskJf0A5DJs20oUlmSDJCGfoP/oJb3bsTt/6CW7/EtJ2Fth64cO4593IvJ4gZVdpxvqzc2vrG5lZ+u7Czu7d/YB8etVWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxnczv/NIpKKRaOpJTDyOhoKGFCNtJN8+6YvEvynpStN3ypWsKft20ak6c8BV4makCDI0fPu7P4hwwonQmCGleq4Tay9FUlPMyLTQTxSJER6jIekZKhAnykvn70/huVEGMIykKaHhXP29kSKu1IQHZpIjPVLL3kz81wv40mUdXnkpFXGiicCLw2HCoI7gLBs4oJJgzSaGICyp+R3iEZIIa5NgwYTiLkewStoXVbdWvX6oFeu3WTx5cArOQAm44BLUwT1ogBbAIAXP4AW8Wk/Wm/VufSxGc1a2cwz+wPr8AVKQmrQ=</latexit>

Oscillations of the 
scalar field

• Main advantage: explored frequency range ~ kHz-MHz while standard 
clocks are limited to 100 mHz

• Oscillations of: (i) the output cavity frequency, (ii) the refractive index of 
the fibre and (iii) the length of the finer

AOM

Bobine de fibre 54 km

3937

Signal

Référence

. µ

kHz

The DAMNED experiment (DArk 
Matter from Non Equal Delays)
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• In practice:

- the “clock” is a laser cavity (its length/output frequency oscillate)
- the length of the fiber oscillates
- the refractive index of the fiber oscillates

see Savalle et al, submitted to PRL, arXiv:2006.07055

Fiber - 54km

Cavity

• First experiment built @SYRTE (E. Savalle’s PhD) and data analyzed

• A Lomb-Scargle analysis shows that 
no significant periodic signal is detected in the 10-200 kHz frequency band

A

• First experiment built @SYRTE: no significant periodic signal is detected 
(Lomb Scargle analysis)



Constraints on the linear couplings
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Update from Hees et al, PRD, 2018
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Results from:
- Rb/Cs: Hees et al, PRL, 2016
- JILA: Kennedy et al, PRL, 2020
- Eöt-Wash: Wagner et al, CQG, 2012
- MICROSCOPE: Bergé et al, PRL, 2018
- DAMNED: Savalle et al, PRL 2021

Assuming the DM density to be constant over the whole Solar System (0.4 GeV/cm3)

Quadratic coupling exhibits a richer 
(more complex) phenomenology. 

More info in Hees et al, PRD, 2018



Quantum sensors have recently provided some 
of the best constraints on some DM candidates 
although they have been developed for other 

purposes (TAI, chronometric geodesy, …) 
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• Fiber comparison of clocks located around UK, Germany, France has 
also provided constraints on some DM models

see Roberts et al, N. J. Of Physics, 2020 and also the talk from B. Bertrand for a description of those DM models

• Current on-going project: how to use such devices to search for 
axions? PhD thesis of J. Gué



The gravitational redshift is a consequence of 
the Equivalence Principle
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• compare the frequency of 2 clocks located in different gravitational 
potentials

�⌫

⌫
= (1 + ↵)

�U

c2
see C. Will, LRR, 2014

Scientific objectives

Galileo satellites 5&6 orbit

P. DELVA (Syrte/Obs.Paris) GREAT GREAT–TW2 7 / 36

• In 2014, two Galileo S/C have been launched on wrong eccentric orbits

• Useful to measure the gravitational redshift 
signal see P. Delva et al, CQG 2015



Galileo satellites provide the best current 
measurement of the gravitational redshift
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• The orbit eccentricity induces a periodic modulation of the signal

• Use of 3 years of clock bias data (2015-2018) to search for this 
modulation

• Systematics have been estimated using a dedicated campaign of SLR 
measurements

given by a fit to the PSD of the clock bias residuals. The
PSD is calculated thanks to the Lomb-Scargle algorithm
[37,38], which takes into account data gaps. Typical
PSD noise levels are 3 × 10−25 s2Hz−1 × ðf=f0Þ−2 and
1 × 10−21 s2Hz−1 × ðf=f0Þ−1, where f0 ¼ 1 Hz. As dis-
cussed in Ref. [19] the clocks are also subject to flicker
frequency noise at low frequencies (typically ≤ 1 d−1),
which (anyway) plays no role in our analysis because it is
absorbed by the daily linear fit τDLF given in Eq. (6).
As the noise from the clock bias is mostly composed

by random walk noise, it is not possible to use a simple
linear least-square approach which assumes white noise,
and would lead to a strong underestimation of the para-
meter uncertainties by 1 or more orders of magnitude.
Therefore a Monte Carlo linear least-square (MC LLS)
approach is used. The LLS minimizes the quantity SðpÞ ¼
½y − fðpÞ%⊤½y − fðpÞ%, where p is the set of parameters, y
is the observation vector, and fðpÞ is the model estimated at
p (see, e.g., Chap. 15.6 of Ref. [39]). In our case, y ¼ τcorr,
fðpÞ ¼ τLPI þ τDLF, and p≡ fα; ai; big, which are the
same parameters as defined in Eqs. (5) and (6).
Moreover, the two clocks from GSAT0202 are weighted
following their respective clock residuals standard devia-
tions given in Table I. This provides our estimates of the
parameters p. Then we determine the statistical uncertain-
ties of the parameters with the MC routine: we generate
1000 independent noise series mimicking our data, and fit
the same model fðpÞ to each of them, as to the data. This
provides 1000 sets of the parameters p, coming only from
the modeled stochastic noise. The standard deviation of the
obtained parameter values give their statistical uncertainty
at 1σ.

We report the results of the MC LLS, i.e., the value of
the LPI violation parameter α and its statistical uncertainty,
in Table II. We obtain α ¼ ð−0.77 ' 1.48Þ × 10−5 and
α ¼ ð6.75 ' 1.41Þ × 10−5 for satellites GSAT0201 and
GSAT0202, respectively. The value of α for GSAT0202
is 5 times its uncertainty at 1σ, and therefore significant.
A careful analysis of systematic effects is discussed in the
Supplemental Material to explain this value [21]. We
compared the MC LLS approach to a general least-square
(GLS) approach for GSAT0201, where we take into
account the full noise covariance matrix on a day by
day basis. The value of α found with GLS is still consistent
with a null value within the 1σ uncertainty, and the
uncertainty found with GLS is 20% smaller. However,
the GLS approach neglects long term (across day bounda-
ries) correlations and we consider the MC LLS uncertainty
value to be more conservative.
The main likely systematic effects were identified in

Ref. [19]. Effects acting on the frequency of the reference
ground clock, as well as effects acting on the radio link
can be safely neglected, as explained in Ref. [19]. We will
assess effects acting directly on the frequency of the
onboard clock, namely, temperature and magnetic field
variations, as well as systematic effects coming from orbit
modeling errors, which are strongly correlated to the clock
solution in the case of a one-way time transfer (see, e.g.,
Refs. [22,23]). During this experiment, no additional
environmental data (onboard magnetic field or temper-
ature) were available. Therefore, we will only evaluate an
upper limit of the systematic effects rather than trying to
correct them. In doing so we do not use the clock data itself,
so our limits are independent of a putative violation of the
gravitational redshift.
A detailed description of the systematic effect analysis

is given in the Supplemental Material [21]. Here we
summarize the main results. The magnetic field vector is
calculated along the trajectory of each satellite, and
projected onto each axis of the PHM clock. The sensitivity
of the clock to the magnetic field, as determined in ground
tests, then translates the modeled magnetic field variations
along each axis of the clock into a variation of the fractional
frequency of the clock. The model fðpÞ ¼ τLPI þ τDLF is
then fitted to this variation to obtain the highest possible
value of α due to this effect. Our approach is conservative
as we do not assume any shielding from the satellite or the
clock. The result is reported in Table II in the magnetic field
uncertainty column. A similar approach is used to estimate
the highest possible value of α due to temperature varia-
tions, acting both directly on the clock and on the rest of the
payload. We assume that temperature variations of the
clock are due to the change of the orientation of the satellite
with respect to the Sun, and take their amplitude as the
highest peak-to-peak variation allowed by the thermal
control system, which is a very conservative assumption
as explained in the Supplemental Material [21]. The result

FIG. 4. GR prediction, clock data (after removal of a daily
linear fit) and residuals are shown for 2 days from March 31,
2016. The peak-to-peak effect is around 0.4 μs, therefore the
model and systematic effects at orbital period should be con-
trolled down to 4 ps in order to have a 1 × 10−5 uncertainty on the
LPI violation parameter α.

PHYSICAL REVIEW LETTERS 121, 231101 (2018)

231101-4

• The best measurement of the 
gravitational redshift

↵redshift = (0.19± 2.48)⇥ 10�5

See Delva et al, PRL, 2018 and Herrman et al, PRL 2018



GNSS measurements provide the best 
measurements of the gravitational redshift
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• GNSS measurements are also used to search for some Dark Matter 
candidates

see the talk from B. Bertrand



Tests of the gravitational dynamics
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• The Einstein Equivalence Principle stipulates that space-time geometry 
governs motion of bodies, etc…

• Second building block of General Relativity: the Einstein field equations 
describe how space-time curvature is generated by Matter/Energy

<latexit sha1_base64="1HAySOp7mD1OhWUYWpZUj5A3fZ4="></latexit>

Rµ⌫ � 1

2
gµ⌫R =

8⇡G

c4
Tµ⌫

• Standard tests: orbital dynamics (advance of periastron), light propagation 
(deflection, time delay), dynamics of spinning bodies (Gravity Probe B)

see Will, LRR, 2014

• Two phenomenological frameworks widely used so far to test the 
Einstein field equations: the parametrized post-Newtonian (PPN) and the 
fifth force formalisms

see Will, LRR, 2014



A breaking of Lorentz symmetry from a 
fundamental unified theory can lead to a 

modification of the Einstein field equations
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• like e.g.: strings, noncommutative space-time, loop quan. theory

• General framework to study Lorentz violation:  
                   Standard-Model Extension (SME)

developed by Kostelecky and collaborators in the 90s

• SME is an effective field theory developed from a Lagrangian

L = LSM + LGR + LLV

standard 
model

General 
Relativity

All possible Lorentz 
violating terms constructed 
from SM & GR fields and 
background coefficients



The Standard Model Extension predicts 
deviations in the gravitational sector

18

• lowest order (minimal SME):

• 9 Lorentz-violating coefficients:        impacts orbital dynamics, 
GW propagation, light propagation

• coefficients that break the EEP/UFF:

• Next-to-leading order:           coefficients. Violation of CPT 
symmetry. Velocity-dependent signature on orbital dynamics 
(unusual)

• searches for signatures from a breaking of Lorentz symmetry 
have been done using pulsars, VLBI, LLR, atomic gravimeters, GW, 
…
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See Bailey, PRD, 2006

See Kostelecky and Tasson, PRD, 2011
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See Bailey and Havert, PRD, 2017

For a review, see Hees et al, Universe, 2015
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Lunar laser ranging

5 LLR stations :
McDonald 2.7m, MLRS1, MLRS2 (Texas)
Grasse Yag, Rubis, MeO (France)
Haleakala (Hawaii)
Matera (Italie)
Apache-point (Texas)

•
•
•
•
•

5 retroreflectors :
Apollo XI
Apollo XIV
Apollo XV
Lunokhod 1
Lunokhod 2

•
•
•
•
•1 pulse contains

1018 photons

Only 1 photon
over 109 is reflected

Only
0.01 photons
per pulse are

detected

1 pulse ' 0.2ns

pulse separation ' 2.9ns

10 pulses
per second

6 / 24Courtesy to Adrien Bourgoin for this slide LLR residuals ~ 5cm

A. Bourgoin, et al, PRL, 2016, PRL 2017 and PRD 2021
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A. Bourgoin, et al, PRL, 2016, PRL 2017 and PRD 2021

• Full numerical integration of the SME eq. of motion (and partials) for 
the first time + time delay

• ~ 21 000 normal points, covering 45 years

• Two analyses: one for       and      and one for   
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Kijkl

s̄1 ¼ s̄XY; ð4aÞ

s̄2 ¼ s̄XZ; ð4bÞ

s̄3 ¼ s̄XX − s̄YY; ð4cÞ

s̄4 ¼ 0.35s̄XX þ 0.35s̄YY − 0.70s̄ZZ − 0.94s̄YZ; ð4dÞ

s̄5 ¼ −0.62s̄TX þ 0.78αðāeþ p
eff ÞX þ 0.79αðāneffÞX; ð4eÞ

s̄6 ¼ 0.93s̄TY þ 0.34s̄TZ − 0.10αðāeþ p
eff ÞY − 0.10αðāneffÞY

− 0.044αðāeþ p
eff ÞZ − 0.044αðāneffÞZ: ð4fÞ

At the end, two fundamental SME coefficients (s̄XY and
s̄XZ) and four linear combinations (s̄3–6) can be estimated
without high correlations (the largest one remains below
30%). A fit including the linear combinations with the 59
physical parameters provide estimations of Eqs. (4) with
their statistical uncertainties.
It is known that the least-square fit returns only statistical

uncertainties (labeled σstat) which may be overoptimistic
since no systematic is considered. However, in LLR
observations all the data acquired by one instrument is
not independent, which results in systematic effects in the
estimations of parameters. Therefore, it is essential to
quantify such neglected systematics in order to provide
realistic uncertainties on the estimated parameters.
In order to assess these systematics we used a jackknife

resampling method (see, e.g., [39] and [22] for a similar use
of this method to LLR data). We built 18 subsets of data: 13
by station or instrument (as depicted in Table I) and 5 by
retroreflectors. Each subset is constructed by removing all
the observations acquired by one station or instrument or
reflected by one retroreflector. The basic idea is to consider
that each subset provides an independent estimation of the
SME coefficients which is used to infer a systematic
uncertainty (for more details see [22]). We have applied

this procedure to (i) subsets by stations or instruments (the
obtained systematics variance is labeled σ2s) and to (ii) sub-
sets by retroreflectors (the obtained systematics variance is
labeled σ2r).
Finally, the total variance estimate is the sum of

statistical and the two systematics uncertainties σ2 ¼
σ2stat þ σ2syst with σ2syst ¼ σ2s þ σ2r . The final estimations with
the associated realistic errors on SME coefficients are given
in Table II. No deviation from GR is reported.
Our results improve up to a factor 2 previous estimations

in the pure gravitational sector [29] on s̄XY , s̄XZ, and s̄3.
However, the estimation on the combination s̄4 is improved
by more than 1 order of magnitude compared to [22]. This
improvement is mainly due to the consideration of 3300
additional subcentimetric data distributed between
December 2013 and December 2016.
The main novelty from this work is related to the last two

linear combinations (s̄5 and s̄6) which regroup the gravity-
matter couplings coefficients ðāeffÞJ with the boost coef-
ficients s̄TJ. In previous studies based on theoretical
grounds, the ðāeffÞJ coefficients were shown to appear in
four linear combinations instead of two [see Eqs. (20) of
[15] ], highlighting the limitations of postfit methods. Such a
difference is explained sincewe have numerically integrated
effects of LS violations, considering in this way short- and
long-term signatures. The main result relies on the bounds
over s̄5 and s̄6 (cf. Table II) which are at the level of one part
in 108 representing an improvement of almost 2 orders of
magnitude compared to previous best determination [15]
(considering results from the LLR section).
Maximum reach.—This procedure is less general than the

previous one and is based on the assumption that no set of the
SMEcoefficients could be generated in the underlying theory
in such a way that they lead to an exact cancellation in
observable effects [28]. In this approach, each Lorentz-
violating coefficient is estimated separately assuming all
theothers vanish.Wehave performed successively a global fit
of the 59 physical parameters with each SME coefficient one
byone. Then,wehave deduced realistic errors performing the
same jackknife resamplingmethod as the one discussed in the
previous section. Final estimations are presented in Table III.
No deviation from GR is reported.

TABLE II. Realistic constraints on SME linear combinations
[see Eqs. (4)] from a global LLR data analysis in “coefficient
separation” approach. The quoted uncertainties correspond to 1σ
realistic uncertainties.

SME Constraints jσsyst=σstatj

s̄1 ð−0.5 % 3.6Þ × 10−12 3.7
s̄2 ðþ 2.1 % 3.0Þ × 10−12 8.8
s̄3 ðþ 0.2 % 1.1Þ × 10−11 2.8
s̄4 ðþ 3.0 % 3.1Þ × 10−12 4.5
s̄5 ð−1.4 % 1.7Þ × 10−8 4.8
s̄6 ð−6.6 % 9.4Þ × 10−9 4.1

TABLE I. Residuals of ELPN in pure GR per LLR stations and
instruments. μ is the mean of the dispersion and σ is the
dispersion around the mean. For each station or instrument, N
is the number of available observations.

Station or instrument Period N μ½cm' σ½cm'
Haleakala 1984–1990 770 −0.6 10.4
Matera 2003–2015 118 −1.0 8.9
McDonald (2.7m) 1969–1985 3604 9.1 34.9
McDonald (MLRS1) 1983–1988 631 5.2 37.9
McDonald (MLRS2) 1988–2015 3670 0.4 9.0
Grasse (Rubis) 1984–1986 1188 4.7 18.2
Grasse (Yag) 1987–2005 8324 −0.5 4.7
Grasse (MeO) 2009–2016 1732 0.0 2.4
Grasse (IR) 2015–2016 1337 −1.5 2.2
Apache Point 2006–2010 941 0.0 2.6
Apache Point 2010–2012 513 0.0 3.3
Apache Point 2012–2013 360 0.0 3.2
Apache Point 2013–2016 834 0.0 2.1

PRL 119, 201102 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

17 NOVEMBER 2017

201102-4

• First result: 6 independent combinations of        and      are constrained
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s̄1 ¼ s̄XY; ð4aÞ

s̄2 ¼ s̄XZ; ð4bÞ

s̄3 ¼ s̄XX − s̄YY; ð4cÞ

s̄4 ¼ 0.35s̄XX þ 0.35s̄YY − 0.70s̄ZZ − 0.94s̄YZ; ð4dÞ

s̄5 ¼ −0.62s̄TX þ 0.78αðāeþ p
eff ÞX þ 0.79αðāneffÞX; ð4eÞ

s̄6 ¼ 0.93s̄TY þ 0.34s̄TZ − 0.10αðāeþ p
eff ÞY − 0.10αðāneffÞY

− 0.044αðāeþ p
eff ÞZ − 0.044αðāneffÞZ: ð4fÞ

At the end, two fundamental SME coefficients (s̄XY and
s̄XZ) and four linear combinations (s̄3–6) can be estimated
without high correlations (the largest one remains below
30%). A fit including the linear combinations with the 59
physical parameters provide estimations of Eqs. (4) with
their statistical uncertainties.
It is known that the least-square fit returns only statistical

uncertainties (labeled σstat) which may be overoptimistic
since no systematic is considered. However, in LLR
observations all the data acquired by one instrument is
not independent, which results in systematic effects in the
estimations of parameters. Therefore, it is essential to
quantify such neglected systematics in order to provide
realistic uncertainties on the estimated parameters.
In order to assess these systematics we used a jackknife

resampling method (see, e.g., [39] and [22] for a similar use
of this method to LLR data). We built 18 subsets of data: 13
by station or instrument (as depicted in Table I) and 5 by
retroreflectors. Each subset is constructed by removing all
the observations acquired by one station or instrument or
reflected by one retroreflector. The basic idea is to consider
that each subset provides an independent estimation of the
SME coefficients which is used to infer a systematic
uncertainty (for more details see [22]). We have applied

this procedure to (i) subsets by stations or instruments (the
obtained systematics variance is labeled σ2s) and to (ii) sub-
sets by retroreflectors (the obtained systematics variance is
labeled σ2r).
Finally, the total variance estimate is the sum of

statistical and the two systematics uncertainties σ2 ¼
σ2stat þ σ2syst with σ2syst ¼ σ2s þ σ2r . The final estimations with
the associated realistic errors on SME coefficients are given
in Table II. No deviation from GR is reported.
Our results improve up to a factor 2 previous estimations

in the pure gravitational sector [29] on s̄XY , s̄XZ, and s̄3.
However, the estimation on the combination s̄4 is improved
by more than 1 order of magnitude compared to [22]. This
improvement is mainly due to the consideration of 3300
additional subcentimetric data distributed between
December 2013 and December 2016.
The main novelty from this work is related to the last two

linear combinations (s̄5 and s̄6) which regroup the gravity-
matter couplings coefficients ðāeffÞJ with the boost coef-
ficients s̄TJ. In previous studies based on theoretical
grounds, the ðāeffÞJ coefficients were shown to appear in
four linear combinations instead of two [see Eqs. (20) of
[15] ], highlighting the limitations of postfit methods. Such a
difference is explained sincewe have numerically integrated
effects of LS violations, considering in this way short- and
long-term signatures. The main result relies on the bounds
over s̄5 and s̄6 (cf. Table II) which are at the level of one part
in 108 representing an improvement of almost 2 orders of
magnitude compared to previous best determination [15]
(considering results from the LLR section).
Maximum reach.—This procedure is less general than the

previous one and is based on the assumption that no set of the
SMEcoefficients could be generated in the underlying theory
in such a way that they lead to an exact cancellation in
observable effects [28]. In this approach, each Lorentz-
violating coefficient is estimated separately assuming all
theothers vanish.Wehave performed successively a global fit
of the 59 physical parameters with each SME coefficient one
byone. Then,wehave deduced realistic errors performing the
same jackknife resamplingmethod as the one discussed in the
previous section. Final estimations are presented in Table III.
No deviation from GR is reported.

TABLE II. Realistic constraints on SME linear combinations
[see Eqs. (4)] from a global LLR data analysis in “coefficient
separation” approach. The quoted uncertainties correspond to 1σ
realistic uncertainties.

SME Constraints jσsyst=σstatj

s̄1 ð−0.5 % 3.6Þ × 10−12 3.7
s̄2 ðþ 2.1 % 3.0Þ × 10−12 8.8
s̄3 ðþ 0.2 % 1.1Þ × 10−11 2.8
s̄4 ðþ 3.0 % 3.1Þ × 10−12 4.5
s̄5 ð−1.4 % 1.7Þ × 10−8 4.8
s̄6 ð−6.6 % 9.4Þ × 10−9 4.1

TABLE I. Residuals of ELPN in pure GR per LLR stations and
instruments. μ is the mean of the dispersion and σ is the
dispersion around the mean. For each station or instrument, N
is the number of available observations.

Station or instrument Period N μ½cm' σ½cm'
Haleakala 1984–1990 770 −0.6 10.4
Matera 2003–2015 118 −1.0 8.9
McDonald (2.7m) 1969–1985 3604 9.1 34.9
McDonald (MLRS1) 1983–1988 631 5.2 37.9
McDonald (MLRS2) 1988–2015 3670 0.4 9.0
Grasse (Rubis) 1984–1986 1188 4.7 18.2
Grasse (Yag) 1987–2005 8324 −0.5 4.7
Grasse (MeO) 2009–2016 1732 0.0 2.4
Grasse (IR) 2015–2016 1337 −1.5 2.2
Apache Point 2006–2010 941 0.0 2.6
Apache Point 2010–2012 513 0.0 3.3
Apache Point 2012–2013 360 0.0 3.2
Apache Point 2013–2016 834 0.0 2.1
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week ending
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201102-4
No signature from a Lorentz 

symmetry breaking

Best constraint for several of these SME coefficients



LLR provides one of the best test of LV

21
A. Bourgoin, et al, PRD 2021

• Second result: 15 independent            which parametrises the lowest 
order of a breaking of both Lorentz and CPT symmetries

No signature from a CPT 
symmetry breaking

<latexit sha1_base64="ksP8+yhD3uyBVL6gGZDdGECLYEw=">AAAB/3icbVC7SgNBFL3rM8ZX1NJmMAhWYVdELYM2gk0E84BkCbOT2WTMPJaZWSEsKfwFW+3txNZPsfVLnCRbaOKBC4dz7uVcTpRwZqzvf3lLyyura+uFjeLm1vbObmlvv2FUqgmtE8WVbkXYUM4krVtmOW0lmmIRcdqMhtcTv/lItWFK3ttRQkOB+5LFjGDrpNZtN2MPQz7ulsp+xZ8CLZIgJ2XIUeuWvjs9RVJBpSUcG9MO/MSGGdaWEU7HxU5qaILJEPdp21GJBTVhNv13jI6d0kOx0m6kRVP190WGhTEjEblNge3AzHsT8V8vEnPJNr4MMyaT1FJJZsFxypFVaFIG6jFNieUjRzDRzP2OyABrTKyrrOhKCeYrWCSN00pwXgnuzsrVq7yeAhzCEZxAABdQhRuoQR0IcHiGF3j1nrw37937mK0uefnNAfyB9/kDpOuWwg==</latexit>

Kijkl

The next-to-leading term in the SME action, the d ¼ 5
term, has recently been studied in Refs. [7,20]. It breaks
both Lorentz and CPT symmetries, leading to new
phenomenological signatures that can be used to test
the emergence of a new physics. In particular, it leads to a
modification of the two-body equations of motion that
depend on the relative velocity of the bodies. Hence,
short-range laboratory experiments [5,21,22], which
should be the best to constrain higher-dimensional
operators with mass dimension larger than 4, are mainly
insensitive to these new velocity-dependent Lorentz- and
CPT-breaking terms. Instead, LLR and pulsar timing are
expected to be among the most sensitive probes [7].
While pulsar timing has already provided constraints on
these Lorentz- and CPT-violating coefficients [12], LLR
has not.
The first d ¼ 5 term in the nonminimal SME expansion

of the gravity sector can be written as a quadratic effective
action, which reads as [5–7]

Lð5Þ ¼ −
c4

128πG
hμνqμρανβσγ∂βRρασγ ð1Þ

with c the speed of light in a vacuum, G the Newton
gravitational constant, and Rαβγδ the linearized Riemann
tensor built from the space-time metric gμν ¼ ημν þ hμν
with ημν the Minkowski metric. The Lorentz- and CPT-
breaking coefficients qμρανβσγ have length dimension, and
only 60 of them are independent due to symmetries of the
Riemann tensor. Some combinations of the qμρανβσγ occur
frequently in the formalism, so that it is appropriate to
introduce the effective coefficients Kjklm as follows [7,12]:

Kjklm¼−
1

6
ðq0jk0l0mþqn0knljmþqnjknl0mþpermutationsÞ;

ð2Þ

where “permutations” mean all symmetric permutations in
the last three indices klm.
It can be shown that the orbital dynamics at the linearized

order actually depends on 15 independent combinations of
the fundamental SME coefficients [7,12]. The expressions
of these 15 canonical coefficients in terms of the qμρανβσγ

and in terms of all Kjklm are given in Tables I and II,
respectively. The contribution to the two-body equations of
motion due to the mass dimension 5 operators for Lorentz
and CPT violations reads as

!
d2rj

dt2

"

d¼5

¼ GMvk

cr3
ð15nlnmnnn½jKk&lmn − 3K½jk&ll

þ 9nlnmK½jk&lm − 9n½jKk&llnmÞ ð3Þ

with r ¼ jrj, where r ¼ r2 − r1 is the relative position of
the two bodies, n ¼ r=r, and v ¼ v2 − v1 their relative
velocity [7]. The total mass is M ¼ m1 þm2, and
A½ij& ¼ 1

2 ðAij − AjiÞ.
The deviation from GR is nonstatic, proportional to the

velocity, and inversely proportional to the cubic distance
between the two bodies. This term and the associated
phenomenology are, therefore, extremely different from all
GR corrections, Parameterized Post-Newtonian deviations
[1], violations of the universality of free fall [23], and other
LS-violating terms with mass dimension 4 that have
already been considered in previous LLR analyzes [9].
In this paper, we use 50 years of LLR measurements in
order to estimate the d ¼ 5 SME gravity coefficients.

TABLE I. Definition and estimates of the 15 canonical independent coefficients. Estimates are derived from a global LLR data
analysis. A realistic estimate of each canonical SME coefficient xi is reported such as xi ' σstatðxiÞ ' σsystðxiÞ.

Canonical Definition Value and uncertainties (m)

KXXXY
1
3 ð−q

TXYTXTX þ qTXYXYXY þ qTXYXZXZ − qXYZXZXTÞ ðþ0.7 ' 0.4 ' 2.9Þ × 103

KXXXZ
1
3 ðq

TXYXYXZ − qTXZTXTX þ qTXZXZXZ þ qXYZXYXTÞ ðþ0.8 ' 0.9 ' 5.9Þ × 103

KXXYY
1
3 ð−2q

TXYTXTY þ 2qTXYXZYZ þ qXYZXYZT − 2qXYZXZYTÞ ð−0.4 ' 1.3 ' 8.4Þ × 103

KXXYZ
1
6 ð−2q

TXYTXTZ − 2qTXYXYYZ − 2qTXZTXTY þ 2qTXZXZYZ þ qXYZXYYT − qXYZXZZTÞ ðþ0.5 ' 0.2 ' 1.6Þ × 104

KXXZZ
1
3 ð−2q

TXYXZYZ − 2qTXZTXTZ þ 2qXYZXYZT − qXYZXZYTÞ ð−1.9 ' 0.6 ' 4.1Þ × 104

KXYYY −qTXYTYTY þ qTXYXYXY þ qTXYYZYZ − qXYZYZYT ð−0.7 ' 0.3 ' 1.2Þ × 104

KXYYZ
1
3 ð−2q

TXYTYTZ þ 3qTXYXYXZ − qTXZTYTY þ qTXZYZYZ − qXYZYZZTÞ ðþ4.6 ' 1.6 ' 6.9Þ × 103

KXYZZ
1
3 ð−q

TXYTZTZ þ 3qTXYXZXZ þ qTXYYZYZ − 2qTXZTYTZ − qXYZYZYTÞ ð−0.2 ' 0.8 ' 4.1Þ × 103

KXZZZ −qTXZTZTZ þ qTXZXZXZ þ qTXZYZYZ − qXYZYZZT ðþ1.2 ' 0.3 ' 1.3Þ × 104

KYXXZ
1
3 ð3q

TXYTXTZ þ 3qTXYXYYZ − qTXZTXTY þ qTXZXZYZ þ qXYZXZZTÞ ðþ0.1 ' 0.3 ' 2.3Þ × 104

KYXYZ
1
6 ð4q

TXYTYTZ − 2qTXYXYXZ − 2qTXZTYTY þ 2qTXZYZYZ þ qXYZXYXT þ qXYZYZZTÞ ð−4.7 ' 0.8 ' 4.0Þ × 103

KYXZZ
1
3 ð3q

TXYTZTZ − qTXYXZXZ − 3qTXYYZYZ − 2qTXZTYTZ þ qXYZXZXTÞ ð−1.6 ' 0.5 ' 2.4Þ × 103

KYYYZ
1
3 ðq
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KYYZZ
1
3 ð2q
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KYZZZ −qTXZTZTZ þ qTXZXZYZ þ qTYZYZYZ þ qXYZXZZT ð−1.2 ' 0.8 ' 5.1Þ × 104
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The next-to-leading term in the SME action, the d ¼ 5
term, has recently been studied in Refs. [7,20]. It breaks
both Lorentz and CPT symmetries, leading to new
phenomenological signatures that can be used to test
the emergence of a new physics. In particular, it leads to a
modification of the two-body equations of motion that
depend on the relative velocity of the bodies. Hence,
short-range laboratory experiments [5,21,22], which
should be the best to constrain higher-dimensional
operators with mass dimension larger than 4, are mainly
insensitive to these new velocity-dependent Lorentz- and
CPT-breaking terms. Instead, LLR and pulsar timing are
expected to be among the most sensitive probes [7].
While pulsar timing has already provided constraints on
these Lorentz- and CPT-violating coefficients [12], LLR
has not.
The first d ¼ 5 term in the nonminimal SME expansion

of the gravity sector can be written as a quadratic effective
action, which reads as [5–7]

Lð5Þ ¼ −
c4

128πG
hμνqμρανβσγ∂βRρασγ ð1Þ

with c the speed of light in a vacuum, G the Newton
gravitational constant, and Rαβγδ the linearized Riemann
tensor built from the space-time metric gμν ¼ ημν þ hμν
with ημν the Minkowski metric. The Lorentz- and CPT-
breaking coefficients qμρανβσγ have length dimension, and
only 60 of them are independent due to symmetries of the
Riemann tensor. Some combinations of the qμρανβσγ occur
frequently in the formalism, so that it is appropriate to
introduce the effective coefficients Kjklm as follows [7,12]:

Kjklm¼−
1

6
ðq0jk0l0mþqn0knljmþqnjknl0mþpermutationsÞ;

ð2Þ

where “permutations” mean all symmetric permutations in
the last three indices klm.
It can be shown that the orbital dynamics at the linearized

order actually depends on 15 independent combinations of
the fundamental SME coefficients [7,12]. The expressions
of these 15 canonical coefficients in terms of the qμρανβσγ

and in terms of all Kjklm are given in Tables I and II,
respectively. The contribution to the two-body equations of
motion due to the mass dimension 5 operators for Lorentz
and CPT violations reads as

!
d2rj

dt2

"

d¼5

¼ GMvk

cr3
ð15nlnmnnn½jKk&lmn − 3K½jk&ll

þ 9nlnmK½jk&lm − 9n½jKk&llnmÞ ð3Þ

with r ¼ jrj, where r ¼ r2 − r1 is the relative position of
the two bodies, n ¼ r=r, and v ¼ v2 − v1 their relative
velocity [7]. The total mass is M ¼ m1 þm2, and
A½ij& ¼ 1

2 ðAij − AjiÞ.
The deviation from GR is nonstatic, proportional to the

velocity, and inversely proportional to the cubic distance
between the two bodies. This term and the associated
phenomenology are, therefore, extremely different from all
GR corrections, Parameterized Post-Newtonian deviations
[1], violations of the universality of free fall [23], and other
LS-violating terms with mass dimension 4 that have
already been considered in previous LLR analyzes [9].
In this paper, we use 50 years of LLR measurements in
order to estimate the d ¼ 5 SME gravity coefficients.

TABLE I. Definition and estimates of the 15 canonical independent coefficients. Estimates are derived from a global LLR data
analysis. A realistic estimate of each canonical SME coefficient xi is reported such as xi ' σstatðxiÞ ' σsystðxiÞ.

Canonical Definition Value and uncertainties (m)
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• 3 orders of magnitude improvement wrt 
pulsars: large number of data that helps 

to decorrelate the 15 coefficients

• Combined analysis with other probes 

(pulsars, Lageos, planetary ephemerides) 

can help to reduce correlations



• MICROSCOPE: dedicated mission to test the UFF between Pt/Ti in 

space @10-15 (first published result @10-14)

• Dedicated talk on MICROSCOPE on Thursday

MICROSCOPE provides also constraints on 
Lorentz violation

22

Touboul et al, PRL, 2018

• Alternative data analysis pipeline developed 

@SYRTE (H. Pihan Le-Bars thesis): confirmation 
of the consortium results with independent 

method + search for Lorentz violations

• The LV signature: annual modulation of the UFF 

violation
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Systematic e↵ects – As discussed in detail in [2] the
by far dominant systematic e↵ect in the frequency re-
gion of interest is related to thermal fluctuations that
give rise to corresponding fluctuations of �x̂. The corre-
sponding coupling coe�cient between the temperature of
the instrument and the di↵erential acceleration was de-
termined by dedicated measurement sessions where the
baseplate temperature was varied intentionally [2], giv-
ing �x̂ = C�T where �T is the baseplate temperature
fluctuation and C = 4.3⇥10�9 m s�2K�1. To determine
the corresponding e↵ect on our parameter estimations we
used the baseplate temperature data, “converted” it to
acceleration data using C, and analysed it using the same
LSMC method as for the acceleration data. The resulting
parameters and their uncertainties (to be conservative we
used the quadratic sum of the two) are then our estimate
of the systematic uncertainties. The noise model used
for the temperature data S�T (f) = d�2f�2 + d0 con-
tains white measurement noise of the thermistors and a
f�2 component that could be a random walk tempera-
ture noise. Figure 3 presents temperature data residuals
(after removal of slow drifts by a 3rd order polynomial)
from one session (July 2017) and the best fit model, show-
ing good agreement in the region of interest.

FIG. 3.
p
PSD of the temperature measurement residuals in

blue, and the two-slopes model in orange (see text) with am-
plitudes d�2 = 1.3⇥10�10 K2Hz and d0 = 3.3⇥10�4 K2Hz�1.

Results – We first checked our analysis method by
comparing it to previous work [2]. To do so, we anal-
ysed the same single session as [2] (no. 218) and sim-
plified our model (2) by setting all SME parameters to

zero except ↵(ā(d)e↵ )T. Then the model is identical to
a standard WEP test, with the simple correspondence

� = 2↵(ā(d)e↵ )T, where � is the the Eötvös parameter.
The results are summarized in table I. Our results agree,
within their uncertainties, with the ones of [2], which
are � = (�1 ± 9stat ± 9syst) ⇥ 10�15. Our slightly larger
uncertainties could be due to the LSMC estimator be-
ing non-optimal and/or slight discrepancies of our noise

Parameter Value and uncertainties Units

� (4.0± 9.6stat ± 13.0syst)⇥ 10�15 �
�x (20.2± 0.04)⇥ 10�6 m

�z (�5.77± 0.04)⇥ 10�6 m

TABLE I. Estimations of the Eötvös parameter � and the
o↵centerings for session 218. For the o↵centerings only sta-
tistical uncertainties are shown. All correlation coe�cients
are  0.08.

models or evaluation of the systematics. Nonetheless, the
good agreement between two independent analyses is a
valuable and conclusive cross-check.
For the global SME analysis we weight the data of

each session by the inverse of the square of the total
uncertainty on � obtained for each individual session,
which are (3.8, 1.6, 2.7, 1.6, 1.0) ⇥ 10�14 for sessions no.
(210, 218, 326, 358, 404). We carry out a global LSMC
fit of (2) using those weights, obtaining estimates, un-
certainties, and correlations for the four combinations

↵(ā(d)e↵ )µ, 10 o↵centerings (2 per session), and 5 biases.
The results for the SME coe�cients are given in Tab.II.

Coe�cient Value and uncertainties [GeV]

↵(ā(n-e-p)
e↵ )T (6.3± 12) (10)(6.0)⇥ 10�14

↵(ā(n-e-p)
e↵ )X (0.81± 1.7) (1.4)(0.98)⇥ 10�9

↵(ā(n-e-p)
e↵ )Y (0.67± 3.1) (1.4)(2.7)⇥ 10�7

↵(ā(n-e-p)
e↵ )Z (�1.55± 7.1) (3.2)(6.3)⇥ 10�7

TABLE II. SME coe�cients obtained from the global analy-
sis of five sessions. 2nd and 3rd brackets show statistical and
systematic uncertainties (68% confidence) respectively. Cor-
relation coe�cients are ⇠ 0.9 between T and X components,
⇠ 1 between Y and Z, and  0.02 otherwise.

Given the large correlations between the SME coef-
ficients we also perform a singular value decomposition
(SVD) of the covariance matrix to determine uncorre-
lated linear combinations of coe�cients (see appendix C
of [14] for details). The resulting linear combinations
a1, a2, a3, a4 are given in Tab.III, and their values and
uncertainties in Tab.IV.

↵(ā(n-e-p)
e↵ )T ↵(ā(n-e-p)

e↵ )X ↵(ā(n-e-p)
e↵ )Y ↵(ā(n-e-p)

e↵ )Z

a1 1.0 �6.0 10�5 4.8 10�6 2.0 10�6

a2 5.9 10�5 0.99 0.11 0.050

a3 �1.3 10�5 �0.12 0.91 0.39

a4 1.2 10�9 �4.9 10�5 �0.40 0.92

TABLE III. Composition of the independent linear combina-
tions of ↵(ā(n-e-p)

e↵ )µ coe�cients obtained using a SVD of their
covariance matrix.

We use the results of the SVD decomposition to pro-
vide an order of magnitude estimate of the so called
“maximal sensitivity” constraints, i.e. assuming in turn

Pihan Le-Bars et al, PRL, 2019

• Best constraints on some of the SME 

violating parameters + combinations 

complementary to LLR results



SME and VLBI
• Observations of distant quasar from 2 stations (measure of a time delay 

determined through a correlator) 

• Uses:

23

see S. Lambert and C. Le Poncin-Lafitte, A&A, 2009 and 2011

• Roughly 107 observations available between ~ 1980 and today

• Current accuracy of VLBI catalogues ~ 0.04 mas (limitation from tropo)

  - Earth rotation  
  - light deflection (already used in PPN 
formalism)

© NASA/GSFC



SME and VLBI

24

• Lorentz symmetry violations impact light propagation 
                      

• VLBI time delay in SME (leading term here)

see Q. Bailey, PRD 2009     and      R. Tso and Q. Bailey, PRD, 2011
3

Using the observed mass parameter leads to

�⌧(grav) = 2
gGM

c3
(1� 2

3
s̄TT ) ln

r1 + k.x1

r2 + k.x2

+
2

3

gGM

c3
s̄TT (n2.k � n1.k) .(10)

This last formula is the one used to fit the s̄TT coe�cient
using VLBI observations.

From August 1979 to mid-2015, almost 6000 VLBI
24-hr sessions have been scheduled for monitoring the
Earth’s variable rotation and determining accurate ref-
erence frames, corresponding to about 10 million delays.
The International VLBI Service for Geodesy and Astrom-
etry (IVS) [29] who schedules and operates regular geode-
tic since 1998 imposed a minimal distance to the Sun of
15� after 2002 in order to avoid potential degradation
of geodetic products due to radio wave crossing of the
Solar corona, this limit was recently removed (Fig. 1).
In our analysis, all VLBI delays were corrected from de-
lay due to the radio wave crossing of dispersive regions
in the signal propagation path in a preliminary step that
made use of 2 GHz and 8 GHz recordings. Then, we only
used the 8 GHz delays to fit the parameters listed here-
after. We used the Calc/Solve geodetic VLBI analysis
software developed by the VLBI group of NASA God-
dard Space Flight Center, in which the astrometric mod-
elling of VLBI time delay is compliant with the latest
standards of the International Earth Rotation and Refer-
ence Systems Service (IERS) [30]. We added the partial
derivative of the VLBI delay with respect to s̄TT from
Eq. (10) to the software package using the USERPART
module of Calc/Solve.

We ran a first solution in which we estimated all source
and station coordinates and all five Earth orientation pa-
rameters once per session together with s̄TT . A priori
zenith delays were determined from local pressure values
[31], which were then mapped to the elevation of the ob-
servation using the Vienna mapping function [32]. Wet
zenith delay and clock drift were estimated at intervals
of ten and thirty minutes, respectively. Troposphere gra-
dients were estimated at intervals of 6 hours. Suitable
loose constraints were applied to source and station co-
ordinates to avoid global rotation of the celestial frame
and global rotation and translation of the terrestrial
frame. Sites undergoing strong nonlinear motions due to,
e.g., post-seismic relaxation, were excluded from the con-
straint. This preliminary solution allowed us to identify
a half-dozen of sessions with abnormally high postfit rms
(generally higher than 1 ns). The distribution s̄TT scaled
by its error also reveals a few points clearly lying outside
the distribution (see Fig. 2). These data corresponds to
the 26 sessions of the CONT08 campaign (August 2008),
representing 1.1% of the dataset. Without the CONT08
sessions, we obtained s̄TT = (�5± 11) ⇥ 10�5. Keeping
the CONT08 sessions moves the mean value to 7⇥ 10�5.

A spectral analysis of the time series revealed no signif-
icant peaks. We computed s̄TT over 1000 random subsets
containing three quarters of the 5895 sessions to check the
stability of the mean value. s̄TT stays around 0 within
8 ⇥ 10�5. We also addressed the sensitivity to Solar ac-
tivity. To do so, we used the Sun spot number (SSN)
monthly data to separate VLBI sessions into two groups:
each group contains sessions occurring when the SSN is
higher or lower than its median value computed over our
observational time span, that is 2947 sessions in each
group. We obtained s̄TT = (3 ± 16) ⇥ 10�5 for the high
activity periods, and s̄TT = (�12 ± 15) ⇥ 10�5 for low
activity period, giving no clue on the influence of Solar
activity.
We turned to a global solution in which we estimated

s̄TT as a global parameter together with radio source co-
ordinates. Station coordinates were left as session param-
eters. Constraints remained unchanged. We obtained
s̄TT = (�5 ± 8) ⇥ 10�5, with a global postfit rms of
28 ps, and a �2 per degree of freedom of 1.15. Correla-
tions between radio source coordinates and s̄TT remain
lower than 0.02. The global estimate is consistent with
the mean value obtained with the session-wise solution
with a slightly lower error.
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FIG. 1. Observational history of the sources at less than
20� to the Sun (blue dots) and Sun spot number (red curve,
rescaled to fit in the plot; [33]).

In this letter, we have presented a test of Lorentz sym-
metry performed using 36 years of VLBI data. Contrarily
to previous studies of Lorentz symmetry in the gravity
sector, our work is not based on a post-fit analysis on
residuals obtained after a GR analysis but rather on a
full SME modelling in the VLBI data reduction process.
Our analysis leads to a constraint on the s̄TT coe�cient
at the level of 10�5. This coe�cient is particularly im-
portant since it controls the speed of gravity in the SME
framework [22]. Our result improves the best current
constraint on this coe�cient [17, 18] by a factor of five. In
the future, the accumulation of VLBI data in the frame-
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This last formula is the one used to fit the s̄TT coe�cient
using VLBI observations.

From August 1979 to mid-2015, almost 6000 VLBI
24-hr sessions have been scheduled for monitoring the
Earth’s variable rotation and determining accurate ref-
erence frames, corresponding to about 10 million delays.
The International VLBI Service for Geodesy and Astrom-
etry (IVS) [29] who schedules and operates regular geode-
tic since 1998 imposed a minimal distance to the Sun of
15� after 2002 in order to avoid potential degradation
of geodetic products due to radio wave crossing of the
Solar corona, this limit was recently removed (Fig. 1).
In our analysis, all VLBI delays were corrected from de-
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in the signal propagation path in a preliminary step that
made use of 2 GHz and 8 GHz recordings. Then, we only
used the 8 GHz delays to fit the parameters listed here-
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elling of VLBI time delay is compliant with the latest
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derivative of the VLBI delay with respect to s̄TT from
Eq. (10) to the software package using the USERPART
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We ran a first solution in which we estimated all source
and station coordinates and all five Earth orientation pa-
rameters once per session together with s̄TT . A priori
zenith delays were determined from local pressure values
[31], which were then mapped to the elevation of the ob-
servation using the Vienna mapping function [32]. Wet
zenith delay and clock drift were estimated at intervals
of ten and thirty minutes, respectively. Troposphere gra-
dients were estimated at intervals of 6 hours. Suitable
loose constraints were applied to source and station co-
ordinates to avoid global rotation of the celestial frame
and global rotation and translation of the terrestrial
frame. Sites undergoing strong nonlinear motions due to,
e.g., post-seismic relaxation, were excluded from the con-
straint. This preliminary solution allowed us to identify
a half-dozen of sessions with abnormally high postfit rms
(generally higher than 1 ns). The distribution s̄TT scaled
by its error also reveals a few points clearly lying outside
the distribution (see Fig. 2). These data corresponds to
the 26 sessions of the CONT08 campaign (August 2008),
representing 1.1% of the dataset. Without the CONT08
sessions, we obtained s̄TT = (�5± 11) ⇥ 10�5. Keeping
the CONT08 sessions moves the mean value to 7⇥ 10�5.

A spectral analysis of the time series revealed no signif-
icant peaks. We computed s̄TT over 1000 random subsets
containing three quarters of the 5895 sessions to check the
stability of the mean value. s̄TT stays around 0 within
8 ⇥ 10�5. We also addressed the sensitivity to Solar ac-
tivity. To do so, we used the Sun spot number (SSN)
monthly data to separate VLBI sessions into two groups:
each group contains sessions occurring when the SSN is
higher or lower than its median value computed over our
observational time span, that is 2947 sessions in each
group. We obtained s̄TT = (3 ± 16) ⇥ 10�5 for the high
activity periods, and s̄TT = (�12 ± 15) ⇥ 10�5 for low
activity period, giving no clue on the influence of Solar
activity.
We turned to a global solution in which we estimated

s̄TT as a global parameter together with radio source co-
ordinates. Station coordinates were left as session param-
eters. Constraints remained unchanged. We obtained
s̄TT = (�5 ± 8) ⇥ 10�5, with a global postfit rms of
28 ps, and a �2 per degree of freedom of 1.15. Correla-
tions between radio source coordinates and s̄TT remain
lower than 0.02. The global estimate is consistent with
the mean value obtained with the session-wise solution
with a slightly lower error.
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FIG. 1. Observational history of the sources at less than
20� to the Sun (blue dots) and Sun spot number (red curve,
rescaled to fit in the plot; [33]).

In this letter, we have presented a test of Lorentz sym-
metry performed using 36 years of VLBI data. Contrarily
to previous studies of Lorentz symmetry in the gravity
sector, our work is not based on a post-fit analysis on
residuals obtained after a GR analysis but rather on a
full SME modelling in the VLBI data reduction process.
Our analysis leads to a constraint on the s̄TT coe�cient
at the level of 10�5. This coe�cient is particularly im-
portant since it controls the speed of gravity in the SME
framework [22]. Our result improves the best current
constraint on this coe�cient [17, 18] by a factor of five. In
the future, the accumulation of VLBI data in the frame-

implemented in geodetic VLBI data reduction software (Calc/Eph)

• Full data reduction (no postfit analysis)

s̄TT = (�5± 8)⇥ 10�5

• Improvement by 1 order of magnitude wrt previous constraint 
Rq.: in SME, this parameter controls the speed of gravitation and is 

now better constrained with GW (sensitive to different systematics)

see Abbott et al, ApJ Letters, 2017

see Le Poncin-Lafitte et al, PRD, 2016



Lunar Laser Ranging, the MICROSCOPE space-
mission and Very Long Baseline Interferometry 

provide some of the best constraints on 
Lorentz and CPT symmetry violation
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Conclusion
• GR is likely not the ultimate theory of gravitation

• Challenge

- theory: construct alternative theories 
1) not suffering from theoretical pathology 
2) able to explain a wide set of observations at different scales 
3) that would solve some of the theoretical problems (quantum gravity, 
DM/DE…)

- observations:  
1) constraint a wider and wider class of alternative theories of 
gravitation and DM candidates 
2) searching for “tiny” deviations (in Solar System) or searching for 
signatures not considered so far

Geodetic measurements are very helpful in this context



Thank you for your attention
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Picture inspired by Altschul et al, Adv, in Space Res. 55, 501, 2015


