
Labo#1 à l’Observatoire de Paris
C. Le Poncin-Lafitte



Ins$tut de Mécanique Céleste et 
de Calcul des Éphémérides 

UMR8028



SYRTE – Systèmes de Référence Temps-Espace



Post-doc
8

Doc
9

ITA
8

IT contrat
1

CDD support
3ITRF

5

CNAP
7

CNRS
7

Univ
7

émérite 
3

IPSA
2

Effectifs au 01/07/2023

Effectif total = 60 
Chercheurs (CNAP, Univ., CNRS)

ITA/ITRF (essentiellement BAP E)


23 affiliés/VLD - invités

14 Stagiaires sur l’année


+ 1 MCF (SU) en délégation CNRS 2022-23
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%

Doc, post-doc 28%

Ch. Ens. Chercheurs 44%

3 équipes scientifiques 
ACME (L. Maquet) 5p.


ASD (J. Féjoz) 20p.

PEGASE (V. Lainey) 18p.

Nota : INSU + INSMI (2 sections CNRS et CNU)

Antennes à Lille et Meudon



â102 personnes (1 janvier 2023) + 6 affiliés et VLD + 25 stagiaires / an
âRapport support/chercheurs permanents : 0,8
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3 pôles scientifiques du SYRTE – 7 équipes
ØPôle  « Espace »  
Ø Pôle « Métrologie Temps-Fréquence-Capteurs Inertiels »
Ø Histoire des Sciences Astronomiques

Contacts
Annuaire
Visites
Plans d’accès
Espace événementiel

Rechercher : Rechercher...  Rechercher

Recherche avancée

Heure légale française : Soleil à Paris : Lever 08:41 Coucher 16:53 > Autre lieu

Recherche
Enseignement
Diffusion des connaissances

Observatoire de Paris
Recherche
Enseignement
Diffusion des connaissances

Observatoire de Paris
Missions
Organisation
International
Paris Sciences et Lettres
Bibliothèque
Recrutements
Thèses et stages
Scolarité

Recherche
Actions fédératrices
Politique de recherche
GEPI
IMCCE
LERMA
LESIA
LUTH
SYRTE
USN
Laboratoires associés
Publications
Colloques
CIAS
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Bases de données scientifiques
Observatoire virtuel

Enseignement
Politique de formation
Ecole Doctorale
Master
Diplômes d’Université
Formation des professeurs
Formation à distance
Formation continue

Diffusion des connaissances
Ressources pour les enseignants

Manuscrit de Copernic issu des collections de la Bibliothèque l’Observatoire de Paris, détentrice par ailleurs de
nombreuses images reproduites dans l’édition critique.
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Equipe Théorie et Métrologie
Ø Test de l’effet Einstein avec Galileo 5&6

§ Deux satellites Galileo lancés en orbite elliptique 
(accidentellement) en août 2014

§ Horloges stables à bord → la modulation du décalage 
gravitationnel des horloges permet un test du principe 
d’équivalence d’Einstein inégalé, avec environ 1000 jours 
de données

§ L’invariance locale de position est confirmée avec une 
incertitude de 2.5 x 10-5, une amélioration d’un facteur 5 par 
rapport à Gravity Probe A (1976)

§ PRL cover : Delva et al. PRL 121.23 (2018) and Herrmann et 
al., PRL 121.23 (2018)

§ De nombreux articles de vulgarisation, et une vidéo 
youtube avec plus de 1.9M de vues à ce jour 
(Veritasium, Derek Muller)
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Equipe Références micro-ondes et échelles de temps
Ø Comparaison de fréquence (4 mois) des fontaines atomiques SYRTE-INRIM

8

§ Comparaison de fréquence via un lien fibré Paris/Turin

§ Fontaines atomiques (horloges micro-ondes) comparées en 
quasi continu pendant 4 mois : FO2-Cs et FO2-Rb (SYRTE) / 
It-Cs (INRIM)

§ Comparaisons indépendantes des voies satellitaires : en 
accord et avec moins d’incertitude => validation pour le BIPM

§  Comparaisons FO2-Cs et FO2-Rb / It-Yb (horloge optique) 
améliorées => préparation de la redéfinition de la s du SI

COHERENT OPTICAL-FIBER LINK ACROSS... PHYS. REV. APPLIED 18, 054009 (2022)

FIG. 1. Geographical layout of the infrastructure, with the link between SYRTE, Paris (France) and INRIM, Torino (Italy) charac-
terized in this work highlighted as a thick line. The map also shows the other branches of the REFIMEVE network in blue and the
Italian Quantum Backbone (IQB) in red. Cross-border connections of this infrastructure to the National Metrology Institutes NPL in
the UK and PTB in Germany are indicated in orange and green. Repeater laser stations (RLS or MLS) and link terminals are repre-
sented with open circles. (b) The scheme used for the link characterization: blue paths indicate phase-stabilized links on the two fibers.
At SYRTE, local reference light is sent to a photodiode together with the light disseminated through the loop SYRTE-TH2-SYRTE
and phase compared to a local rf reference, to evaluate the overall uncertainty of the SYRTE-TH2-SYRTE link (similarly for the
path to Modane). The green arrow represents a free-running link whose noise is removed offline. This is detected by heterodyning
local radiation at INRIM with light traveling the path INRIM-Modane-INRIM (orange line). The Modane-INRIM link is evaluated by
comparing light disseminated through the two fibers.

distributes it further to Modane through cascaded RLSs
located in Lyon and Grenoble. A part of the regenerated
signal in TH2 is instead sent back to SYRTE using the sec-
ond fiber of the pair, independently stabilized in the MLS,
and here compared to the reference input light (actively
stabilized paths are indicated by blue arrows in the figure).
This provides a measurement of the frequency distributed

along the whole SYRTE-TH2-SYRTE loop, and allows
deriving an upper limit to the SYRTE-TH2 dissemination
uncertainty. Similarly, from TH2, the regenerated light is
sent to Modane via phase-stabilized fiber segments also
including intermediate RLSs in Lyon and Grenoble. In
Modane, the radiation is regenerated, partly sent back to
TH2 using the second fiber, and there compared to the
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COHERENT OPTICAL-FIBER LINK ACROSS... PHYS. REV. APPLIED 18, 054009 (2022)

TABLE I. Summary of the remote and local comparisons between INRIM and SYRTE. Here y is the fractional frequency deviation
of the ratio (for Rb and Yb relative to the CCTF 2021 recommendations;); u is the total combined uncertainty; uA is the statistical
uncertainty of the measurement, derived from the measured instability and including the contribution from density shift uncertainty for
FO2-Cs and FO2-Rb; and uB1 and uB2 are the systematic uncertainties of each standard. The last column reports the total measurement
time.

y u uA uB1 uB2 Meas. time
(×10−16) (×10−16) (×10−16) (×10−16) (×10−16) (d)

Remote comparisons
FO2-Cs/IT-CsF2 −5.5 3.7 1.3 2.1 2.4 56.1
FO2-Rb/IT-CsF2 −1.5 3.8 1.3 2.5 2.4 60.1
IT-Yb1/FO2-Cs −0.4 3.0 2.1 0.2 2.1 3.9
IT-Yb1/FO2-Rb −4.2 3.2 1.9 0.2 2.5 4.0
Local comparisons
FO2-Rb/FO2-Cs 3.7 3.5 0.6 2.5 2.1 99.7
IT-Yb1/IT-CsF2 −4.9 5.9 5.3 0.2 2.4 4.3

of 1.9×10−16, as established by CCTF in 2021. The
result for the comparison between IT-Yb1 and FO2-Cs
is y(IT-Yb1/FO2-Cs) = −0.4(3.0) × 10−16 with a statisti-
cal uncertainty of 2.1×10−16 for a total measurement time
of 95 h, including the contribution from the zero-density
extrapolation of FO2-Cs. Accordingly, the absolute fre-
quency of Yb is 518 295 836 590 863.61(17) Hz. The result
for IT-Yb1/FO2-Rb is y(IT-Yb1/FO2-Rb) = −4.2(3.2) ×
10−16 with a statistical uncertainty of 1.9×10−16 for
a total measurement time of 95 h, including the con-
tribution from the density extrapolation of FO2-Rb.
The corresponding ratio between Yb and Rb frequen-
cies is 75 833 197.545 114 168(24). The local comparison
at INRIM between IT-Yb1 and IT-CsF2 in the same
period results in an average of y(IT-Yb1/IT-CsF2) =

FIG. 5. Instabilities of the ratios between IT-Yb1 and FO2-
Cs, FO2-Rb and IT-CsF2 as overlapping Allan deviation. The
solid gray line represents the white noise contribution of IT-CsF2
(3.2×10−13 at 1 s for this shorter measurement); the dashed gray
line represents the short-term instability of FO2-Rb and FO2-Cs
(4.3×10−14 at 1 s).

−4.9(5.9) × 10−16, corresponding to an absolute fre-
quency of Yb of 518 295 836 590 863.38(31) Hz. The
results are summarized in Table I. It should be noted that
these measurements, as well as the measurements between
fountains, are calculated only on the common uptime.
Alternatively, it would be possible to extrapolate over
dead time by using the H masers as flywheels [41,71,72]
increasing the measurement time at the expense of an extra
contribution of uncertainty. Our measurements are in good
agreement with the recommendations of secondary repre-
sentations of the second and previous measurements of the
absolute frequency of Yb and Rb [9,41,69,73] and their
ratios [74,75].

IV. CONCLUSIONS AND PERSPECTIVES

We describe the operation and long-term characteriza-
tion of the optical link between INRIM in Italy and SYRTE
in France, which also represents a cross-border connec-
tion between the national facilities REFIMEVE and Ital-
ian Quantum Backbone. The present connection showed
robust operation over the past four months and has been
used to compare the Cs and Rb microwave frequency stan-
dards at the two Institutes, confirming their uncertainties
at the 10−16 level. It allowed independent evaluations of
the IT-Yb1/FO2-Cs and IT-Yb1/FO2-Rb ratios with uncer-
tainties at the 3×10−16 level, limited by the microwave
clocks. These measurements contribute to the milestones
towards the redefinition of the second. Notably, the direct
measurement of the Yb/Rb ratio performed in this work is
consistent with the CCTF recommendation and improves
the preceding measurement performed using data in the
Circular T [74,75]. The link is planned to continue in
the next years, with periodical comparison campaigns also
involving other optical clocks at the two institutes, i.e., a
Hg and Sr neutral lattice clocks at SYRTE [76,77], as well
as a neutral lattice Sr clock under development at INRIM
[78,79].

054009-7

Local INRIM

Remote SYRTE/INRIM

PHYS. REV. APPLIED 18, 054009 (2022) 
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Principe physique

Brevet

Paramètres importants Valeur Unité

Bande passante 30 kHz
Destructivité (@ 5kHz désaccord) 0.04 %

‘Observatoire-born’  microcircuit

Equipe Interférométrie atomique & capteurs inertiels
Ø Détection hyperfréquence non destructive d’une dynamique quantique
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Mathématiques … Modélisations …. Éphémérides … Observations astrométriques

Tous les aspects de la Mécanique Céleste

3 équipes de recherche

Éphémérides
Planètes, Lune (INPOP)

Satellites naturels (NOE)
Comètes,  Astéroïdes

Planètes (LaX)

Sat. artificiels

Missions spatiales

GAIA
VEX, MEX

JUICE, MMX

Coordinateur de 2 SNO (ANO 1 et 5);  partenaire de 3 SNO

 Formulaires 
Webservices

Lettre 
d’Information

Publications 
institutionnelles

Éditions

Réquisitions 
judiciaires

Renseignements 
astronomiques
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INPOP17a and fundamental physics tests 5

the Moon and the Earth (NM, f igM� f igE ) and the viscous interac-
tion between the fluid core and the mantle (NCMB).

The motion of the uniform fluid core is controlled by the mantle
interior, with the fluid core moment of inertia (Ic) constant in the
frame of the mantle. The angular momentum di�erential equation
of the fluid core in the mantle frame is then given by:

d
dt

Ic!c + !m ⇥ Ic!c = �NCMB (2d)

NCMB = kv
�
!c � !m

�
+
�
Cc � Ac

� �
ẑm · !c

� �
ẑm ⇥ !c

�
(2e)

where kv is the coe�cient of viscous friction at the CMB and ẑm
is a unit vector aligned with the polar axis of the mantle frame. The
second part on the right-hand side of Eqn. (2e) is the inertial torque
on the axis-symmetric fluid core.

2.3 Reduction model

The reduction model for the LLR data analysis has been imple-
mented within a precise orbit determination and geodetic software:
GINS (Marty et al. 2011; Viswanathan et al. 2015) maintained
by space geodesy teams at GRGS/OCA/CNES and written in For-
tran90. The subroutines for the LLR data reduction within GINS is
vetted through a step-wise comparison study conducted among the
LLR analysis teams in OCA-Nice (this study), IMCCE-Paris and
IfE-Hannover, by using simulated LLR data and DE421 (Folkner
et al. 2009) as the planetary and lunar ephemeris. The modeling
follows the recommendations of IERS 2010 (Petit & Luzum 2010).
To avoid any systematics in the reduction model, the upper-limit on
the discrepancy between the teams was fixed to 1 mm in one-way
light time.

From each normal point, the emission time (in UTC) and the
round trip time (in seconds) are used to iteratively solve for the
reflection time in the light-time equations. A detailed description is
available in Moyer (2003, Section 8 & 11) for a precise round-trip
light-time computation.

A detailed description of the reduction model used for this
study is provided in Manche (2011).

2.4 Fitting procedure

For APOLLO station observations, scaling the uncertainties of
the normal points depending on the change of equipments, or
a change in the normal point computation algorithm, is advised
(see http://physics.ucsd.edu/~tmurphy/apollo/151201_
notes.txt). Unrealistic uncertainties present in observations from
Grasse, McDonald MLRS2 and Matera between time periods 1998-
1999, 1996 and 2010-2012 respectively, are rescaled. Additional
details of the weighting scheme and the fitting procedure used for
the construction of INPOP17a solution can be found in Viswanathan
et al. (2017). A filtering scheme is enforced during the iterative fit of
the parameters. At each iteration, the residuals are passed through
a 3-� filter (where � is recomputed at each iteration).

2.4.1 Biases

Changes in the ground station introduces biases in the residuals.
These biases correspond either with a known technical develop-
ment at the station (new equipment, change of optical fiber cables)
or systematics. Any estimated bias can be correlated with a cor-
responding change in the ground station, provided the incidents

Figure 5. Post-fit residuals in (cm) vs time (year) obtained with INPOPG+IR
specification (sec. 2.5) for McDonald, MLRS1, MLRS2, Haleakala and
Matera stations

Figure 6. Post-fit residuals in (cm) vs time (year) obtained with INPOPG+IR
specification (sec. 2.5) for GRASSE station with the Green wavelength

Figure 7. Post-fit residuals in (cm) vs time (year) obtained with INPOPG+IR
specification (sec. 2.5) for GRASSE station with the IR wavelength

Figure 8. Post-fit residuals in (cm) vs time (year) obtained with INPOPG+IR
specification (sec. 2.5) for APOLLO station

have been logged. A list of known and detected biases are given in
Viswanathan et al. (2017).

2.5 Results

Table (2) gives the list of the adjusted parameters related to the
Moon interior. The fitted coordinates of the Moon reflectors and
of the LLR stations can be found in Viswanathan et al. (2017). As
the LLR observations are not included in the construction of the

MNRAS 000, 1–10 (2017)

Viswanathan et al., 

INPOP17a
Nouveau modèle 

de structure 
INPOP13c

Ephémérides planétaires INPOP

INPOP (Intégration Numérique 
Planétaire de l’Observatoire de Paris) 
est un modèle du mouvement des 
corps du système solaire. Les 150 
paramètres d’INPOP  sont estimés par 
comparaison aux 150 000 observations 
( spatiales et optiques depuis 1914 ).



Deux projets majeurs

Birdy (CENSUS) Meteorix (CurieSat)

Mission interplanétaire petit-corps
N. Rambaux (resp sci., IMCCE), J. Vaubaillon (PI, IMCCE)

Détection et caractérisation des météores
Daniel Hestroffer (PI, IMCCE)

Projets de nanosatellites

Réalisation du banc de test du transporteur 
(Financement DIM ACAV+)

Test du logiciel de détection appliquée aux 
observations aéroportées

Installation caméra Fripon à SU pour test du 
logiciel de détection

Optimisation chaîne de traitement (LIP6)

Test nouvelle caméra pour observer les météores par 
les étudiants (toit bat. Perrault 03/2023)

1 post-doc DIM Origines
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AstroGeo & l’expédition 395 

Programme : « Reykjanes Mantle Convection and Climate »

Forages dans les sédiments accumulés sur les roches magmatiques

Matthias Sinnesael (AstroGeo/ASD) est à bord !

Construire des échelles de temps à haute résolution en reliant les observations géologiques 
aux solutions astronomiques.
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