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La Galaxie telle que nous la voyons



Mini spirale, 
région HII
(2 pc/~ 50’’)

Amas des étoiles S
50 étoiles massives séquence 
principale
(0,5-20 mpc/12-400 mas)

Disque circumnucléaire
gaz moleculaire et poussière
(1,5-7 pc/~100’’)

Amas central à deux disques
90 étoiles massives OB et 
Wolf-Rayet
(0,5 pc/12,5’’)

Sgr A* et le centre 
galactique Sgr A*

Rs=10 µas = 0,1 ua
Dist. 8 k pc

(Balick & Brown 1974, Becklin et al. 1982, Roberts, Yusef-Zadeh & Goss 1992,
Eckart et al. 1995, Paumard et al. 2004, 2006)
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Observations dans l’infrarouge proche

0,25 pc

© UCLA 2006



Le VLT, Very Large Telescope
4 télescopes européens de 8 m au Mont Paranal au Chili
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OnOff

Le miracle de l’optique adaptative
NACO (VLT)

résolution angulaire du 
télescope

Image	d’une	étoile	double	serrée
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Avec une optique adaptative infrarouge pour le 
Centre Galactique

0.05 pc

© UCLA 2006
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Orbite de l’étoile S2 observée par l’optique 
adaptative du VLT NAOS

Schödel et al. (2002)

Sgr A*
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Orbite de l’étoile S2 observée par l’optique 
adaptative du VLT NACO

Schödel et al. (2002)

S2
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Orbites des étoiles S par optique 
adaptative et spectroscopie au VLT

Eisenhauer et al. (2005)
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Vitesse 
de l’étoile sur la 
ligne de visée en 
km/s

Décalage Doppler dû au
mouvement de l’étoile
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Orbites tridimensionnelles
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Calcul précis de la masse de Sgr A*

MSgr A*= 4,31±0,42 ✕106 MSoleil

(d = 7,62±0,32 kpc) Eisenhauer et al. (2005)

Application de la 
3ème loi de Kepler :

� 

a3

T 2
=
GMSgr A*

4π 2

Gillessen et al. (2009)
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Figure 16. Stellar orbits of the stars in the central arcsecond for which we were able to determine orbits. In this illustrative figure, the coordinate system was chosen
such that Sgr A* is at rest.

quicker convergence the parameters should be chosen orthog-
onal to each other. Interestingly, for a sufficiently long chain
the result does not depend upon the chosen jump distance; that
value influences rather how fast the chain samples the parameter
space.

For each star, we used the MCMC algorithm. Assuming some
reasonable potential (e.g., as determined from a preliminary fit
to the S2 data) we varied all six orbital elements and checked
whether the region in this six-dimensional parameter space
which is reached by the chain is compact and reasonably well
described by Gaussian functions (see Figure 17). The advantage
of doing so is mainly that, unlike a minimization routine that can
be trapped in a local minimum, the MCMC simulations yield a
global picture of the probability density distribution.

For all 26 stars, for which we were able to determine an orbit,
the probability density distribution was well behaved, i.e., in all
cases, the MCMC sampled a compact region in parameter space,
the size of which was consistent with the expectation from the
fit errors of the parameters. Examples are shown in Figure 17.
We conclude that the orbital solutions presented in Table 7 are
reliable.

Among the stars with orbital solution, six stars are late type
(S17, S21, S24, S27, S38 and S111). It is worth noting that for
the first time, we determine here the orbits of late-type stars
in close orbits around Sgr A*. In particular S17, S21 and S38
have small semi major axes of a ≈ 0.′′25. The late-type star
S111 is marginally unbound to the MBH, a result of its large
radial velocity (−740 km s−1) at r = 1.′′48 which brings its total
velocity up to a value ≈ 1σ above the local escape velocity.

Furthermore, we determined (preliminary) orbits for S96
(IRS16C) and S97 (IRS16SW), showing marginal accelerations
(2.1σ and 3.9σ respectively). These stars are of special interest,

since they were proposed to member of a clockwise-rotating disk
of stars (Paumard et al. 2006). Similarly, we could not detect
an acceleration for S95 (IRS16 NW). This excludes the star
from being a member of the counter-clockwise disk (Paumard
et al. 2006), since in that case it should show an acceleration
of ≈ 150 µas yr−2, while we can place a safe upper limit of
a < 30 µas yr−2.

7. DISCUSSION

7.1. The Distance to the Galactic Center

Our estimate R0 = 8.33 ± 0.17|stat ± 0.31|sys kpc (Equation
(11)) is compatible with our earlier work (Eisenhauer et al. 2003,
2005). While the underlying data base is partially identical, this
work mainly improved the understanding of the systematic un-
certainties. In particular, the astrometric data during the pericen-
ter passage of S2 is hard to understand. This is an unfortunate
situation, since that data potentially is most constraining for the
potential. During the passage the star sampled a wide range of
distances from the MBH, corresponding to a radially dependent
measurement of the gravitational force acting on it. Probably
only future measurements of either S2, or other stars passing
close to Sgr A* will allow one to answer the question, whether
the confusion problem close to Sgr A* is generic, or whether
2002 was a unlucky coincidence.

Besides stellar orbits, there are other techniques to determine
R0. A classical one is to use the distribution of globular clusters.
Bica et al. (2006) applied this technique to a sample of 153
globular clusters and obtained R0 = 7.2 ± 0.3. This value is
only marginally compatible with our result. However, the error
quoted by Bica et al. (2006) corresponds to the formal fit error
derived from their Figure 4. Therefore, one might suspect that



Les sursauts au Centre Galactique

Genzel et	al.	(2003)
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Luminosité du sursaut de 2003 en fonction du 
temps

Genzel et al. (2003)



Aller vers une preuve définitive que Sgr A* est un trou noir

Comprendre la nature des sursauts

Utiliser le trou noir comme un laboratoire unique pour la relativité 
générale en champ fort

Aller plus loin en augmentant la résolution angulaire

Échelle ~ 1 Rs 10 µas      (x5000)

Échelle ~ 100 Rs 1 mas       (x50)

Étudier les effets relativistes sur les orbites d’étoiles proches

Comprendre la nature des étoiles S et leur distribution
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GRAVITY combine les 4 UT (8 m) 
ainsi que les 4 AT (1,80 m) du VLTI

~	140	m

Résolution	angulaire	:	4	mas	@	2,2	µm



GRAVITY : instrument distribué sur le VLTI

Eisenhauer+ 05,11

Au recombinateur
viennent s’ajouter :

• les 4 optiques
adaptatives
infrarouges (UT)

• les capteurs
métrologiques sur les 
télescopes (UT et AT) 
pour l’astrométrie très
haute précision

Recombinateur

DG
Director

LSP

GRAVITY
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Principe de la mesure GRAVITY
Source de référence pour 
l’optique adaptative infrarouge

Sources de référence pour la 
stabilisation des franges, l’imagerie 
et l’astrométrie interférométriques

IRS16	C

IRS16	NW
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Étoile de
référence

Sgr A*
La distance entre les interférogrammes
vaut :

Dddm = B ✕Da

D’où :

Da = Dddm / B

Avec une précision de 5 nm sur Dddm
pour une base de 100 m, la précision sur
Da est de 10 µas.

Da

ddm0

Dddm =B	✕Da

Astrométrie interférométrique
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Images reconstruites de S2 et Sgr A*

SgrA*

S2

22 mas 
180 AU 
2200 RS

resolution 
2.2 x 4.7 mas March 2018

SgrA*

S2

co-add early summer 2017

61 mas 

Ks=14

16.6

	

S2

Sgr A*



Pas d’étoile plus brillante que K = 17,1 près de S2 et Sgr A*

Integration time = 300 sCalibrated with IRS 16C

V² = 0.97 ± 0.09 CP = 0.0 ± 1.7°

GRAVITY Collaboration, A&A 602, A94 (2017)
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ABSTRACT

The highly elliptical, 16-year-period orbit of the star S2 around the massive black hole candidate Sgr A* is a sensitive probe of the gravitational
field in the Galactic centre. Near pericentre at 120 AU⇡ 1400 Schwarzschild radii, the star has an orbital speed of ⇡7650 km s�1, such that the
first-order e↵ects of Special and General Relativity have now become detectable with current capabilities. Over the past 26 years, we have
monitored the radial velocity and motion on the sky of S2, mainly with the SINFONI and NACO adaptive optics instruments on the ESO Very
Large Telescope, and since 2016 and leading up to the pericentre approach in May 2018, with the four-telescope interferometric beam-combiner
instrument GRAVITY. From data up to and including pericentre, we robustly detect the combined gravitational redshift and relativistic transverse
Doppler e↵ect for S2 of z=��/�⇡ 200 km s�1/c with di↵erent statistical analysis methods. When parameterising the post-Newtonian contribution
from these e↵ects by a factor f , with f = 0 and f = 1 corresponding to the Newtonian and general relativistic limits, respectively, we find from
posterior fitting with di↵erent weighting schemes f = 0.90± 0.09|stat ± 0.15|sys. The S2 data are inconsistent with pure Newtonian dynamics.

Key words. Galaxy: center – gravitation – black hole physics

1. Introduction

General Relativity (GR) so far has passed all experimental tests
with flying colours (Einstein 1916; Will 2014). The most strin-
gent are tests that employ solar mass pulsars in binary systems
(Kramer et al. 2006), and gravitational waves from 10 to 30 M�
black hole in-spiral events (Abbott et al. 2016a,b,c). These tests
cover a wide range of field strengths and include the strong
curvature limit (Fig. A.2). At much lower field strength, Earth

? This paper is dedicated to Tal Alexander, who passed away about a
week before the pericentre approach of S2.
?? GRAVITY is developed in a collaboration by the Max Planck
Institute for extraterrestrial Physics, LESIA of Paris Observa-
tory/CNRS/Sorbonne Université/Univ. Paris Diderot and IPAG of Uni-
versité Grenoble Alpes/CNRS, the Max Planck Institute for Astronomy,
the University of Cologne, the CENTRA – Centro de Astrofisica e Grav-
itação, and the European Southern Observatory.
??? Corresponding author: F. Eisenhauer
e-mail: eisenhau@mpe.mpg.de

laboratories probe planetary masses that are about a factor 106

lower than the stellar mass scale. For massive black hole (MBH)
candidates with masses of 106�10 M�, only indirect evidence
for GR e↵ects has been reported, such as relativistically broad-
ened, redshifted iron K↵ line emission in nearby active galax-
ies (Tanaka et al. 1995; Fabian et al. 2000). The closest MBH is
at the centre of the Milky Way (R0 ⇡ 8 kpc, M• ⇡ 4⇥ 106 M�),
and its Schwarzschild radius subtends the largest angle on the
sky of all known MBHs (RS ⇡ 10 µas⇡ 0.08 AU). It is coincident
with a very compact, variable X-ray, infrared, and radio source,
Sgr A*, which in turn is surrounded by a very dense cluster of
orbiting young and old stars. Radio and infrared observations
have provided detailed information on the distribution, kinemat-
ics, and physical properties of this nuclear star cluster and of
the hot, warm, and cold interstellar gas interspersed in it (cf.
Genzel et al. 2010; Morris et al. 2012; Falcke & Marko↵ 2013).
High-resolution near-infrared (NIR) speckle and adaptive optics
(AO) assisted imaging and spectroscopy of the nuclear star clus-
ter over the past 26 years, mainly by two groups in Europe (the

Article published by EDP Sciences L15, page 1 of 10
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Détection du rougissement gravitationnel avec S2

Mesures
spectroscopiques 
(vitesses)

Imagerie et 
astrométrie 
relative à Sgr A*



Le suivi régulier de S2 en imagerie
interférométrique

50 mas

Avril/mai 2018

Mai/juin 2018

Juin/juillet2018

Juin 2017

Juillet 2017

Août 2017

Fin mars 2018

Avril 2017

Mai 2017

22 juillet 2018

GRAVITY Collaboration, A&A 615, L15 (2018)
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GRAVITY Collaboration: R. Abuter et al.: Detection of Gravitational Redshift
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Fig. 4. Posterior analysis of all data by fitting for f simultaneously with all other parameters. We plot the residuals in spectroscopy (top, NIRC2,
NACO and SINFONI), R.A. and Dec. (middle two panels, filled grey: NACO, open grey: SHARP, green filled blue: GRAVITY) between the best
f = 1 fit and the f = 0 (Newtonian) part of that fit for the model (red line) and all data. The black curve includes the Schwarzschild precession.
Here, we down-sampled the NACO data into 100 equal bins along the orbit to get a constant weighting in spatial coverage. With a weight of 0.5
for the NACO data (in order to account for the systematic errors) this yields a 10� result in favour of general relativity ( f = 0.90 ± 0.09), and
�2

r

=0.86. The bottom panel shows the posterior probability distributions for f and its correlation with the mass M• and distance R0 of the massive
black hole, and the argument of periapsis !. The distributions are compact and all parameters are well determined.

riod not subject to tidal break-up. The GRAVITY imaging data
(Fig. 1) so far do not show any object near Sgr A* and S2
brighter than K ⇡ 18.5 mag, corresponding to a 2M� main se-
quence star. However, massive, non-luminous objects, such as
stellar black holes might be present and could a↵ect the orbital
dynamics of S2 (Gualandris & Merritt 2009; Merritt et al. 2010;
Gualandris et al. 2010). We repeated the exercise by Gillessen
et al. (2017) of testing how much of an extended mass distribu-
tion (in form of a Plummer distribution) could still be commen-
surable with our full new data set. We find that such an extended
mass is less than 0.35 to 1 % of the central mass, depending on
the assumed Plummer radius.

The next relativistic correction term we hope to detect is the
Schwarzschild precession, which per orbital revolution is

��per orbit =
3⇡R

S

a(1 � e

2)
radians ⇡ 120 for S2. (2)

Since the precession is strongly dependent on distance from the
black hole and S2 is on a highly elliptical orbit, the term mani-

fests itself as a kink between the incoming, near-Keplerian and
the outgoing, near-Keplerian orbit. In addition it leads to a west-
ward drift of all data points around apocentre. Posterior fits of
the current data including the Schwarzschild precession yields
an f -value still closer to GR than without the precession term
( f = 0.94 ± 0.09 in the posterior analysis). The chances for ro-
bustly detecting the Schwarzschild precession with further ob-
servations are very promising. GRAVITY will continue to be
critical for this second phase of the experiment. Our forecast sug-
gests that we will obtain a 5� posteriori result with GRAVITY
by 2020 (Grould et al. 2017).

Acknowledgements. We are very grateful to our funding agencies (MPG, ERC,
CNRS, DFG, BMBF, Paris Observatory, Observatoire des Sciences de l’Univers
de Grenoble, and the Fundação para a Ciência e Tecnologia), to ESO and the
ESO/Paranal sta↵, and to the many scientific and technical sta↵ members in our
institutions, who helped to make NACO, SINFONI, and GRAVITY a reality.
S.G., P.P., C.D., N.B., and Y.K. acknowledge the support from ERC starting grant
No. 306311. F.E. and O.P. acknowledge the support from ERC synergy grant No.
610058. We also would like to acknowledge the important theoretical contribu-
tions of the late Prof. Tal Alexander (Weizmann Institute, Rehovot) whose 2006
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Ajustement par une orbite relativiste

Décalage	spectral	vers	le	rouge	– vitesses	radiales

Astrométrie

f = 0 : Newton

f = 1 : Einstein 
(approximation post-
newtonienne)

Résultat GRAVITY :
f = 0,94 ± 0,09

GRAVITY	Collaboration,	A&A	615,	L15	(2018)



Ajustement avec l’intégralité des données
actuelles

Masse Sgr A* : 4,144 ± 0,023´106 Msol
(précision de 6´10-3)
Distance Sgr A* : 8174 ± 20 pc 
(précision de 2´10-3)
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Mesure de la précession relativiste avec S2
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ABSTRACT

We report the detection of continuous positional and polarization changes of the compact source SgrA* in high states (“flares”) of its variable near-
infrared emission with the near-infrared GRAVITY-Very Large Telescope Interferometer (VLTI) beam-combining instrument. In three prominent
bright flares, the position centroids exhibit clockwise looped motion on the sky, on scales of typically 150 µas over a few tens of minutes, corre-
sponding to about 30% the speed of light. At the same time, the flares exhibit continuous rotation of the polarization angle, with about the same
45(±15) min period as that of the centroid motions. Modelling with relativistic ray tracing shows that these findings are all consistent with a near
face-on, circular orbit of a compact polarized “hot spot” of infrared synchrotron emission at approximately six to ten times the gravitational radius
of a black hole of 4 million solar masses. This corresponds to the region just outside the innermost, stable, prograde circular orbit (ISCO) of a
Schwarzschild–Kerr black hole, or near the retrograde ISCO of a highly spun-up Kerr hole. The polarization signature is consistent with orbital
motion in a strong poloidal magnetic field.

Key words. Galaxy: center – black hole physics – gravitation – relativistic processes

1. Introduction

The compact source SgrA* at the centre of the Milky Way
harbours a concentration of 4.14 million solar masses, plausi-
bly a massive black hole (Genzel et al. 2010; Ghez et al. 2008).
SgrA* exhibits steady and continuously variable, non-thermal
emission across the electromagnetic spectrum (Genzel et al.
2010; Bagano↵ et al. 2001; Trippe et al. 2007; Eckart et al. 2008;
Yusef-Zadeh et al. 2008; Do et al. 2009; Dodds-Eden et al. 2009;
Shahzamanian & Eckart 2015; Ponti et al. 2017; Witzel et al.
2018). Intercontinental microwave interferometry and polarized
infrared(IR)/X-ray variability on 10–30 min timescales suggest

? The data are only available at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/618/L10

?? GRAVITY is developed in a collaboration by the Max Planck Insti-
tute for Extraterrestrial Physics, LESIA of Paris Observatory/Université
PSL/CNRS/Sorbonne Université/Univ. Paris Diderot/Sorbonne Paris
Cité, IPAG of Université Grenoble Alpes/CNRS, the Max Planck Insti-
tute for Astronomy, the University of Cologne, the CENTRA – Centro
de Astrofísica e Gravitação, and the European Southern Observatory.
??? Corresponding authors: O. Pfuhl (e-mail: pfuhl@mpe.mpg.de),
J. Dexter (e-mail: jdexter@mpe.mpg.de) and T. Paumard (e-mail:
thibaut.paumard@obspm.fr).

that this emission comes from highly relativistic electrons in a
hot, magnetized accretion disk/torus of⇠10 light minutes in diam-
eter, plus perhaps a jet, just outside the innermost stable circu-
lar orbit (ISCO) of the putative massive black hole (Witzel et al.
2018; Johnson et al. 2018; Doeleman et al. 2008; Yuan et al.
2004; Marko↵ et al. 2001). The exploration of this innermost, rel-
ativistic accretion region with high-resolution imaging techniques
promises important and fundamental information for physics and
astronomy, including new stringent tests of the massive black hole
paradigm.

We have been observing the Galactic centre and SgrA* with
the GRAVITY instrument (Gravity Collaboration et al. 2017,
2018; Eisenhauer et al. 2011, 2008; Paumard et al. 2008) during
multiple campaigns in 2017/20181, with the aim of testing gen-
eral relativity (GR) and the massive black hole paradigm in the
closest massive black hole candidate. Gravity Collaboration et al.
(2018) have already reported in this journal on a high-quality mea-
surement of the gravitational redshift in the orbit of the star S2
going through its peri-approach at 2800 Rg from SgrA* (Rg =

GM•/c2 = 6.1 ⇥ 1011 cm, or 5 µas) in May 2018. Another

1 ESO Telescopes at the La Silla Paranal Observatory programme IDs
099.B-0162, 0100.B-0731, 0101.B-0195, and 0101.B-0576.
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Les sursauts au Centre Galactique

Genzel et	al.	(2003)



Les sursauts au Centre Galactique
Trois exemples de scenarios :
• reconnexion magnétique
dans les jets
• points chauds sur la dernière
orbite circulaire stable
• fluctuations statistiques

Échelle caractéristique : 
quelques 10 µas
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Utilisation des sursauts pour tester la relativité 
générale

Sursaut lumineux : matière chauffée 
sur une (la dernière) orbite circulaire 
(stable)

Période du sursaut : période de l’orbite 
(20-40 minutes)

Le point chaud joue le rôle de particule 
test et permet l’étude de l’espace-temps 
autour de Sgr A*
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Fig. 1. Bottom left (panel a): time evolution of the east-west (east positive, blue) and north-south (red) position o↵set of the July 22 flare (MJD =
58321.9954) centroids from their medians, as well as the flux density evolution (right y-axis, black) in units of the flux of S2 (14.0 mag). Error bars
are 1�. For this purpose the total intensity was computed from the sum of the two polarization directions. The points represent the average of the
“Pfuhl” and “Waisberg” analyses (see Appendix B). Bottom right (panel b): projected orbit of the flare centroid on the sky (colour ranging from
brown to dark blue as a qualitative marker of time through the 30 min observation, relative to their medians (small black cross) and after removal
of the S2 motion and di↵erential refraction between S2 and SgrA*). The orange square and 1� uncertainty is the long-term astrometric position
of the mass centre of the S2 orbit (approximately the orbital centroid, although shifts between apparent and true centroids can be introduced by
lensing, relativistic beaming, and azimuthal shearing of an initially compact “hot spot”). Top left (panel c) and top right (panel d): comparison of
the data of the bottom two panels with a realization of a simple hot spot model in the Schwarzschild metric, including light bending, lensing, time
dilation and other e↵ects of GR and/or special relativity (SR), computed from the NERO relativistic ray tracing code (Bauböck et al., in prep.).
Similar results were obtained with the GYOTO code (Vincent et al. 2011b; Grould et al. 2016). The purple and cyan continuous curves in (c) show
the same orbit in x(t) and y(t), compared to the data in blue and red. The continuous blue curve in (d) denotes a hot spot on a circular orbit with
R = 1.17 ⇥ R(ISCO, a = 0,M = 4.14 ⇥ 106 M�), seen at inclination 160� (clockwise on the sky, as for the data in (d)) and with the line of nodes at
⌦ = 160� ( �r

2 = 1.2). Open blue circles and grey bars connect the data points to their locations on the best fit orbit.

main goal of our observations is to search for orbital motions
of “hot spots” of relativistic gas in the innermost accretion zone
around the black hole’s ISCO (Broderick & Loeb 2005, 2006;
Hamaus et al. 2009).

Such hot spots have been proposed to originate from
magnetic shocks or re-connection events in the innermost
accretion zone (Eckart et al. 2008; Zamaninasab et al. 2010;
Dexter & Fragile 2013; Chan et al. 2009; Dodds-Eden et al.
2010; Ponti et al. 2017) leading to local acceleration of elec-
trons to relativistic �-factors of 103...6, su�cient to generate
the variable IR (and X-ray) emission, in analogy to solar flares
(Dodds-Eden et al. 2010; Lin et al. 2001; Ponti et al. 2017). This
is the subject of the current paper.

2. Observations

The GRAVITY instrument combines the four 8 m telescopes
of the European Southern Observatory (ESO)-Very Large Tele-
scope (VLT) interferometrically for 3 milli-arcsec (mas) res-
olution imaging and ⇠20–70 microarcsec ( µas) astrometry in
the K-band (2.2 µm) continuum. For details of the instrument
and the data analysis and positional extraction we refer to
Gravity Collaboration et al. (2017) and Appendix A. Briefly, the
light of the four telescopes is extracted into mono-mode fibres
for two positions on the sky and then interfered in the beam
combiner for all six baselines of the interferometer. One fibre
is placed on the bright (Ks = 10) star IRS16C about 100 N-E

L10, page 2 of 15

3 sursauts observés les 27 mai, 
22 et 28 juillet 2018

Ajustement par un modèle
relativiste de sursaut
(GYOTO, Vincent et al. 2011)

Cas Schwarzschild (a=0) :
R = 7,3 ± 0,5 Rs
P = 40 ± 8 min
=> vorb~ 0,3 c

Détection de mouvements orbitaux près de la dernière
orbite circulaire stable de Sgr A*

GRAVITY Collaboration, A&A 618, L10 (2018)



Relativistic ray tracing code GYOTO

© T. Paumard

Rossby instabilityRed noise

1 Earth mass black hole
in the direction of the 
Eiffel Tower

Vincent et al. Classical and Quantum Gravity 28, 225011 (2011) 
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Champ magnétique
perpendiculaire au plan de 
l’orbite.

Sgr A* a pour effet de rajouter
une composante azimutale à la 
polarisation qui tourne avec le 
point chaud. 

Sursaut du 28 juillet 2018 
Ppol = 48 ± 6 min

Compatible avec une
inclinaison faible (15-30°) et 
un rayon de 7-8 Rg.



Contraintes sur l’inclinaison et le rayon de l’orbite

R = 7,6 ± 0,5 Rg et inclinaison i ≤ 30°

GRAVITY Collaboration,  A&A 618, L10 (2018)



Les mouvements orbitaux près de l’horizon sont
totalement compatibles avec l’hypothèse d’un trou

noir de 4 millions de masses solaires
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Contributions GRAVITY dans le schéma global des 
tests relativistes

A&A 615, L15 (2018)
A&A proofs: manuscript no. s2_20180702_revised_language_edited2

Table A.1. Best-fit orbit parameters with and without Schwarzschild
precession.

Para- Without Schwarz- With Schwarz- Unit
meter schild precession schild precession

f 0.901 ± 0.090 0.945 ± 0.090
M• 4.106 ± 0.034 4.100 ± 0.034 106 M�
R0 8127 ± 31 8122 ± 31 pc
a 125.38 ± 0.18 125.40 ± 0.18 mas
e 0.88473 ± 0.00018 0.88466 ± 0.00018
i 133.817 ± 0.093 133.818 ± 0.093 �
! 66.12 ± 0.12 66.13 ± 0.12 �
⌦ 227.82 ± 0.19 227.85 ± 0.19 �
P 16.0526 16.0518 yr
tperi 2018.37965 ± 0.00015 2018.37974 ± 0.00015 yr

58257.667 ± 0.054 58257.698 ± 0.054 MJD
x0 �0.88 ± 0.47 �1.00 ± 0.47 mas
y0 �0.97 ± 0.41 �0.99 ± 0.41 mas
ẋ0 0.070 ± 0.031 0.076 ± 0.031 mas/yr
ẏ0 0.178 ± 0.030 0.178 ± 0.030 mas/yr
ż0 2.4 ± 3.0 1.9 ± 3.0 km/s
�2

red 0.86 0.86

For the case of Schwarzschild precession, the orbital parameters should
be interpreted as the osculating orbital parameters. The argument of
periapsis ! and the time of pericentre passage tperi are given for the
epoch of last apocenter in 2010.

& Petterson 1975; Will 2008):

�! = 2 ⇠
 

RS

a(1 � e2)

!3/2

, (A.3)

where ⇠  1 is the dimensionless spin parameter of a Kerr
black hole. For ⇠ = 0.5, the LT precession of S2 is 900, which
is clearly not detectable. It is thus necessary to observe stars
yet deeper in the potential if the spin of Sgr A* is to be mea-
sured with orbiting stars. Waisberg et al. (2018) have quantita-
tively analysed the requirements for detecting the LT-precession
on a star inside the S2 orbit. They find that such a star would
have to have a combination of semi-major axis a and eccentric-
ity e, a(1�e2)3/4/RS  250, and a significant detection would
require 10 µas astrometric precision in a campaign over several
years. Based on the K-band luminosity function (Genzel et al.
2003; Sabha et al. 2012; Gallego-Cano et al. 2018; Schödel et al.
2018) and the eccentricity distribution of the S-stars (Gillessen
et al. 2017), Waisberg et al. (2018) estimate a probability of
⇡ 10 % for a K < 19 mag star to fulfill the above requirement.
Still fainter stars would likely be more common. No second
star with K < 18.5 mag has so far been reliably detected near
Sgr A* with GRAVITY, which is consistent with the predictions
of Waisberg et al. (2018). We hope for such a detection in the
next years, when S2 has moved away from Sgr A* and cleared
the field of view for fainter objects.

-
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*
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-

( / )
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/
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Fig. A.2. Comparison of tests of General Relativity, inspired by Psaltis
(2004). Shown in black are well-established tests: the Pound & Rebka
(1959) experiment, the precession of Mercury (Einstein 1916), light de-
flection and the Shapiro delay in the solar system, the Hulse-Taylor
pulsar (Taylor & Weisberg 1982), the gravitational redshift of Sirius
B (Greenstein et al. 1971; Barstow et al. 2005), the LIGO detections
(Abbott et al. 2016a,c,b), and the relativistic Fe K↵ line (Tanaka et al.
1995; Fabian et al. 2000). Future tests are shown in grey, and this work,
which uses the S2 orbit around Sgr A*, is shown in blue.
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Fig. A.2. Comparison of tests of General Relativity, inspired by Psaltis
(2004). Shown in black are well-established tests: the Pound & Rebka
(1959) experiment, the precession of Mercury (Einstein 1916), light de-
flection and the Shapiro delay in the solar system, the Hulse-Taylor
pulsar (Taylor & Weisberg 1982), the gravitational redshift of
Sirius B (Greenstein et al. 1971; Barstow et al. 2005), the LIGO de-
tections (Abbott et al. 2016a,b,c), and the relativistic Fe K↵ line
(Tanaka et al. 1995; Fabian et al. 2000). Future tests are shown in grey,
and this work, which uses the S2 orbit around Sgr A*, is shown in blue.

and f = 1). We can thus use the respective peak (best-fit) pa-
rameter values and the covariance matrices to approximate the
Bayesian evidence integrals (Mackay 2003). The ratio of the so-
called Occam factors describing the ratio of the volumes of the
two posterior parameter spaces is almost unity, such that the ev-
idence ratio ⇢ equals the likelihood ratio, i.e. ⇢⇡��2/2, which
is ⇡ 43 in favour of f = 1 (assuming p( f = 0)= p( f = 1) a priori).
The di↵erences in the Bayesian information criteria (BIC) and
the Akaike information criteria (AIC) both equal ��2 in our case.
Given that ��2 = 87, we have a “decisive” evidence for f = 1
when applying Je↵rey’s scale.

We estimated the sampling error on f by means of a boot-
strap analysis, during which we randomised the astrometric and

spectroscopic data points separately but simultaneously. We refit
the bootstrap sample and used the standard deviation of the best-
fit values of f as sampling error. We obtain � f = 0.15.

A.10. Lense-Thirring effect

The S2 experiment delivers a valuable confirmation of GR in
a so-far unexplored regime at high masses (Fig. A.2, adapted
from Psaltis 2004). A further goal would be determining the
spin of the massive black hole through the combination of frame
dragging and quadrupole moment, the so-called Lense-Thirring
(LT) precession, of PPN(1.5) order (e.g. Misner et al. 1973;
Bardeen & Petterson 1975; Will 2008):

�! = 2 ⇠
 

RS

a(1 � e2)

!3/2

, (A.3)

where ⇠  1 is the dimensionless spin parameter of a Kerr black
hole. For ⇠ = 0.5, the LT precession of S2 is 900, which is
clearly not detectable. It is thus necessary to observe stars yet
deeper in the potential if the spin of Sgr A* is to be mea-
sured with orbiting stars. Waisberg et al. (2018) have quantita-
tively analysed the requirements for detecting the LT-precession
on a star inside the S2 orbit. They find that such a star
would have to have a combination of semi-major axis a and
eccentricity e, a(1� e2)3/4/RS  250, and a significant detec-
tion would require 10 µas astrometric precision in a campaign
over several years. Based on the K-band luminosity func-
tion (Genzel et al. 2003; Sabha et al. 2012; Gallego-Cano et al.
2018; Schödel et al. 2018) and the eccentricity distribution of
the S-stars (Gillessen et al. 2017), Waisberg et al. (2018) esti-
mate a probability of ⇡10 % for a K < 19 mag star to fulfill
the above requirement. Still fainter stars would likely be more
common. No second star with K < 18.5 mag has so far been
reliably detected near Sgr A* with GRAVITY, which is con-
sistent with the predictions of Waisberg et al. (2018). We hope
for such a detection in the next years, when S2 has moved
away from Sgr A* and cleared the field of view for fainter
objects.
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Et ensuite ?
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Orbites d’étoiles proches
Imagerie des 100 mas centrales en une nuit : besoin de 4 UT 
et de ~ 100 m de base

Paumard et	al.	(2005)

mas mas

Image d’étoile de 
référence

(dirty beam)

Image d’un champ de 6 étoiles
(dirty image)

Après déconvolution
mas mas mas



Orbites d’étoiles proches
Imagerie des 100 mas centrales en une nuit : besoin de 4 UT 
et de ~ 100 m de base

Après 15 mois d’observation

(mas) (mas)
Précession	relativiste	dans	la	métrique	de	Schwarzschild
Mesure	du	spin	dans	la	métrique	de	Kerr
Mesure	du	moment	quadrupolaire ?

Système	des	
étoiles	S	ramené	
à	100	mas

Paumard et	al.	(2005)



Lense-Thirring effects and precession of the quadrupolar
moment

Precession of the orbital plane (precession of 
the angular momentum vector around the BH 
spin vector)

Will (2008)

No-hair theorem of Wheeler: only 3 parameters 
describe a black hole: mass M, spin J, electric 
charge
Quadrupolar moment: Q2 = -J2 / M

The measurement of precession due to 
frame dragging in a few years with orbits 
of size 0,2 - 1 mpc (5 - 25 mas)

Merritt et al. (2010) 

spin

quadrupolar moment
orbit 0.1 year, e=0.9



Exploration de la dernière orbite circulaire stable

Orbite newtonienne
inclinée à 45°

Image primaire Image secondaire

Rs

10 µas = 1 Rs
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Orbite relativiste



Exploration de la dernière orbite circulaire stable

µas

10 µas = 1 Rs
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10 observations GRAVITY moyennées Paumard et	al.	(2005)

Orbite relativiste
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Event Horizon Telescope

Premières observations en avril 2017 
… en attente des résultats officiels …



Merci de votre attention !

Et merci à Thibaut Paumard, Frédéric 
Vincent, Reinhard Genzel, Oliver Pfuhl et 
tous les autres membres de GRAVITY ! 


