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Cours	1	(10/01/23)	:	Peser	l'Univers	grâce	à	la	loi	de	la	gravitation		
-	Modéliser	le	mouvement	des	astres	:	Ptolemée,	Copernic,	Newton,	Einstein	
-	Mesurer	la	masse	de	la	Terre	et	du	Soleil		
-	Découvrir	l’invisible:	Neptune,	les	exoplanètes,	le	trou	noir	central	de	notre	Galaxie

Matière	noire	:	mirage	ou	réalité	?

Physique	pour	Tous	!Jonathan	Freundlich	 jfreundlich@unistra.fr

Cours	2	(17/01/23)	:	Le	problème	de	la	masse	manquante	:	la	matière	noire	
-	Les	galaxies	à	différentes	longueurs	d'onde	:	le	visible	et	l'invisible		
-	Les	courbes	de	rotation	des	galaxies	
-	A	la	recherche	de	la	masse	manquante	:	gaz,	trous	noirs,	neutrinos,	etc.		
-	Le	modèle	cosmologique	actuel

Cours	3	(24/01/23)	:	L’histoire	de	l'Univers	avec	matière	noire	froide	
-	Le	Big	Bang,	la	nucléosynthèse	primordiale	et	le	fonds	diffus	cosmologique	
-	Le	scénario	hiérarchique	de	formation	des	galaxies	
-	La	toile	cosmique	et	les	halos	de	matière	noire		
-	La	formation	des	étoiles	et	des	galaxies	et	les	phénomènes	de	rétroaction

Cours	4	(31/01/23)	:	Les	déQis	du	modèle	cosmologique	actuel	
-	La	non-détection	des	particules	de	matière	noire	
-	Les	problèmes	à	l’échelle	des	galaxies		
-	Résoudre	une	partie	des	problèmes	grâce	aux	phénomènes	de	rétroaction		
-	L'énergie	noire	et	la	constante	de	Hubble

Cours	5	(07/02/23)	:	Les	alternatives	à	la	matière	noire	froide		
-	Les	autres	types	de	matière	noire	:	chaude,	tiède,	Vloue,	interagissant	avec	elle-même	
-	La	gravité	modiViée



Du ciel étoilé à des modèles théoriques: spécificité de l’astronomie



Camille Flammarion, L’atmosphère : météorologie populaire (1888)

Monde sublunaire et cosmos chez Aristote (384-322 av. J.C.) 

- Monde sublunaire : le physicien cherche à percer la nature des choses 
- Cosmos : l’astronome mathématicien rend compte des phénomènes (sauve les apparences)



Sénèque : Questions naturelles, VII, II-III, 1 : 

           « Il est bon, pour avancer dans cette recherche, de nous demander si les 
comètes sont de même nature que les astres. Elles ont des points de ressemblance 
avec eux, elles se lèvent, elles se couchent ; sauf la diffusion et la longueur, elles en 
ont l'aspect, le feu, la splendeur. Si donc tous les astres sont des corps terrestres, 
les comètes auront aussi la même nature. Si les comètes ne sont qu'une flamme pure, 
qui subsiste six mois de suite, et que la rapide conversion du monde ne dissipe 
point, les astres aussi peuvent être formés d'une matière déliée, et qui n'ait rien à 
craindre de la révolution perpétuelle du ciel. À ces questions se rattache celle de 
savoir si la Terre reste immobile, le monde circulant autour d'elle, ou si elle 
tourne dans le monde immobile ; car il est des philosophes qui ont affirmé que la 
nature nous emporte à notre insu, que ce n'est pas le ciel qui se lève et qui se 
couche, mais nous qui nous couchons et nous levons relativement à lui. Un 
problème digne de nos méditations, c'est de savoir quelle situation est la nôtre : si 
notre demeure est stationnaire ou douée du plus rapide mouvement ; si Dieu fait 
rouler l'univers autour de nous, ou nous autour de l'univers. Il faudrait de plus 
avoir le tableau de toutes les comètes qui sont apparues anciennement, car leur 
rareté empêche de saisir la loi de leur course, et de dire avec certitude s'il y a 
périodicité et régularité dans leurs révolutions. Or, l'observation de ces corps 
célestes est de date récente, et ne s'est introduite que depuis peu dans la Grèce. »



Le modèle géocentrique de Ptolémée (~100-168) 

Almageste, Espagne, 1381 Traduction de l’arabe par Gérard de Clermont, 1200



Le modèle héliocentrique de Copernic (1473-1543) 

De Revolutionibus, 1520-1541



Les lois de Kepler (1571-1630) 

✦ Première loi (loi des orbites) : les planètes du 
système solaire décrivent des trajectoires 
elliptiques, dont le Soleil occupe l’un des foyers.  

✦ Deuxième loi (loi des aires) : des aires égales sont 
balayées dans des temps égaux. 

✦ Troisième loi (loi des périodes) : le carré de la 
période T d’une planète est proportionnel au cube 
du demi-grand axe a de l’ellipse  

Hamonices Mundi, 1619

a3

T2
= constante

2a

Soleil

Planète



La loi universelle de la gravitation de Newton (1642-1727) 

Isaac Newton, héros involontaire d’une anecdote inénarrable dont il est loin de se douter des
conséquences.

Page de garde de la Rubrique-à-brac, tome 
Gotlib © Dargaud, 2017

22 La chute de la pomme a eu lieu : la découverte attend la case suivante, le personnage assis

en porte les traces (bosse, œil droit en spirale), a le visage hilare et résume le complexe

énoncé  en  deux  mots  à  valeur  de  slogan :  « gravitation  universelle».  L’allégresse  est

montrée par l’agitation de la main droite, va-et-vient entre la zone de réception et le ciel,

d’où semble avoir chu le fruit en l’absence de tout pommier. Retour sur terre et à la

promenade après la dissipation de la joyeuse folie : maussade et renfrogné, Isaac Newton

revient sur ses pas. C’est bien de la temporalité particulière attribuée à la découverte

scientifique  que  naît  le  comique  gotlibien :  le  surgissement  est  amplifié  par  la

décomposition en cases, qui mécanise les mouvements. 

 

Isaac Newton dans tous ses états

Arts et Savoirs , 2017

12

Isaac Newton conçoit sa célèbre théorie, dans des conditions bien pénibles, il faut le dire.

Page de garde de la Rubrique-à-brac, tome 1
Gotlib © Dargaud, 2017

23 Le troisième temps est celui de la découverte proprement dite : post-choc, Isaac Newton,
littéralement atterré, conçoit sa « célèbre théorie», résumée par les deux seuls mots de
« gravitation universelle», contenus dans le phylactère de pensée. La caricature se fait
alors par la bosse, conséquence tragique de ces « conditions bien pénibles», l’air hagard
du savant en pleine illumination, souligné par l’œil tout en spirale.

 

Isaac Newton dans tous ses états

Arts et Savoirs , 2017

13

Traduction française par la marquise du Châtelet, 1759Isaac Newton fait une promenade digestive dans la nature en fête.

Page de garde de la Rubrique-à-brac, tome 1
Gotlib © Dargaud, 2017

21 Les deux cases suivantes correspondent au choc et à l’épiphanie : la nature disparaît, le
pas s’interrompt, le visage est déformé par l’impact, lui-même suggéré par des étoiles et
des traits indicateurs de mouvements. La « promenade digestive» se trouve brutalement
suspendue par la chute de la pomme, aliment inopportun après un repas déjà pris. La
vignette montre le  moment précis  du heurt,  quand la découverte est  rejetée dans le
troisième temps.

 

Isaac Newton dans tous ses états

Arts et Savoirs , 2017

11

Gotlib, Rubrique-à-brac, 2017



✦ Première loi de Newton (principe d’inertie) : Il existe une famille de référentiels, appelés 
galiléens ou inertiels, dans lesquels tout corps persévère dans l’état de repos ou de mouvement 
rectiligne uniforme, à moins que quelque force n’agisse sur lui. 

Lois de Newton

G = 6.67407 × 10−11 N . m2 . kg−2

m ⃗a = ⃗F

✦ Deuxième loi de Newton (principe fondamental de la dynamique) : Les changements qui 
arrivent dans le mouvement sont proportionnels à la force. 

✦ Troisième loi (principe d’action-réaction) : Tout corps A exerçant une force sur un corps B 
subit une force d’intensité égale, de même direction mais de sens opposée, exercée par le corps 
B.

FA/B = FB/A = G
MAMB

d2

d

⃗F B/A
⃗F A/B

A B

✦ La loi universelle de la gravitation : 

c’est très petit !  



Détermination de G: l’expérience de Cavendish (1798)

Balance de torsion

En connaissant G, on peut mesurer la masse de la Terre                                    ! MT = 5.972 × 1024 kg



Cas d’une orbite circulaire uniforme
ou pourquoi la Lune ne tombe-t-elle pas sur la Terre 

⃗F

⃗V

d
Terre

Lune

la vitesse associée à cette orbite dépend 
directement de la masse 

F = G
MT ML

d2 = MLaL = ML
V2

d
V2 =

GMT

d
Ou : dans le référentiel (non galiléen) de la Lune, 
la force centrifuge compense exactement 
l’attraction gravitationnelle
Et on retrouve aussi la troisième loi de Kepler !



⃗F

⃗V

d
Soleil

Terre

Détermination de la masse du Soleil

V2 =
GMS

d
MS =

d
G

V2donne

Si on connait la distance Terre-Soleil d et la vitesse de rotation V de la Terre :

∙ V =
2πd
T

= 2 575 000 km/jour = 107 000 km/h = 30 km/s avec T égal à 365 jours 

∙ d = 149 600 000 km (une unité astronomique) 

et on trouve  MS = 1.989 × 1030 kg ( = 1 M⊙)



Le système solaire
(vue d’artiste, pas à l’échelle)

Soleil

Mercure
Venus

Terre

Mars

Jupiter

Saturne

Uranus

Neptune

NASA



Vitesse orbitale des planètes du Système Solaire

V2 =
GMS

d



Détermination de la distance Terre-Soleil
1/ Aristarque de Samos (310-230 av. J.C.) : quartiers de la Lune

2/ Cassini, Picard & Richer (1672) : en mesurant la distance Terre-Mars

2/ Lalande et al. (1771) : grâce aux transits de Vénus de 1761 et 1769

(pour un récit des expéditions de 1761 et 1769, cf. Jean-Pierre Luminet, Le rendez-vous de Vénus)  



Détermination de la distance Terre-Soleil

Plafond de la salle du conseil de l’Observatoire de ParisPlafond de la salle du conseil de l’Observatoire de Paris



Le Verrier découvrant la planète Neptune (C. 
Flammarion, Astronomie Populaire, 1884)

Page de calculs de Le Verrier (1846)

Positions observées d’Uranus de 1800 à 1846 
Positions qu’Uranus aurait dû occuper sans Neptune

L’attraction de Neptune accélère Uranus

La découverte de Neptune (Urbain le Verrier, 1846)
L’attraction de Neptune ralentit Uranus



Observatoire de Paris/ASM Emmanuel Pécontal, lien video : https://media4.obspm.fr/public/ressources_lu/pages_methodes-detection/html_images/envimage5.html

Détecter et mesurer la masse des exoplanètes 
avec la méthode des vitesses radiales  

https://media4.obspm.fr/public/ressources_lu/pages_methodes-detection/html_images/envimage5.html


Détecter et mesurer la masse des exoplanètes

Bowler (2016)

Planètes rocheuses

Super-Terres

Neptunes chaudes

Jupiters  
chaudes Planètes géantes

Naines brunes



Quelques systèmes planétaires découverts par le telescope Kepler

NASA/Dan Fabricky, lien video: https://solarsystem.nasa.gov/resources/311/kepler-orrery-iii/

https://solarsystem.nasa.gov/resources/311/kepler-orrery-iii/


La Voie Lactée, notre Galaxie

seule la lumière de cette petite région nous est parvenue depuis l’Antiquité (2000 années-lumière)…   

(vue d’artiste)

NASA/JPL-Caltech
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27 000 années-lumière (8 kpc)

l’étoile la plus proche, Proxima Centauri, est à 4.3 années-lumière
(1	kiloparsec	[kpc]	=	3.09	1021	m)



La Voie Lactée, notre Galaxie

le centre de notre Galaxie



producing what is called lens flare. As is conventional for movies (so that computer generated
images will have visual continuity with images shot by real cameras), Nolan and Franklin
asked that simulated lens flare be imposed on the accretion-disk image. The result, for the first
image in figure 15, is figure 16.

This, with some embellishments, is the accretion disk seen around the black hole Gar-
gantua in Interstellar.

All of the black-hole and accretion-disk images in Interstellar were generated using DNGR,
with a single exception: when Cooper (Matthew McConaughey), riding in the Ranger spacecraft,
has plunged into the black hole Gargantua, the camera, looking back upward from inside the
event horizon, sees the gravitationally distorted external Universe within the accretion disk and
the black-hole shadow outside it—as general relativity predicts. Because DNGR uses Boyer–
Lindquist coordinates, which do not extend smoothly through the horizon, this exceptional
image had to be constructed by Double Negative artists manipulating DNGR images by hand.

4.3. Some details of the DNGR accretion-disk simulations

4.3.1. Simulating lens flare. In 2002 one of our authors (James) formulated and perfected the
following (rather obvious) method for applying lens flare to images. The appearance of a
distant star on a camera’s focal plane is mainly determined by the point spread function of the
camera’s optics. For Christopher Nolan’s films we measure the point spread function by
recording with HDR photography (see e.g. [46]) a point source of light with the full set of 35
and 65 mm lenses typically used in his IMAX and anamorphic cameras, attached to a single
lens reflex camera. We apply the camera’s lens flare to an image by convolving it with this
point spread function. (For these optics concepts see, e.g. [47].) For the image 15(a), this
produces figure 16. More recent work [48] does a more thorough analysis of reflections
between the optical elements in a lens, but requires detailed knowledge of each lens’
construction, which was not readily available for our Interstellar work.

Figure 16. The accretion disk of figure 15(a) (no colour or brightness shifts) with lens
flare added—a type of lens flare called a ‘veiling flare’, which has the look of a soft
glow and is very characteristic of IMAX camera lenses. This is a variant of the
accretion disk seen in Interstellar. (Figure created by our Double Negative team using
DNGR, and TM&© Warner Bros. Entertainment Inc. (s15)). This image may be used
under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs 3.0
(CC BY-NC-ND 3.0) license. Any further distribution of these images must maintain
attribution to the author(s) and the title of the work, journal citation and DOI. You may
not use the images for commercial purposes and if you remix, transform or build
upon the images, you may not distribute the modified images.

Class. Quantum Grav. 32 (2015) 065001 O James et al

24

Un trou noir supermassif au centre de notre Galaxie ? 
(vue d’artiste)

DNEG/Warner Bros. Entertainment Inc./CQG 32 065001



Very Large Telescope

Son nom : Sagittarius A* 
Sa masse : M∙ = 4.152 × 106 M⊙

(8.25 × 1036 kg !)

Mesurer la masse du trou noir central de notre Galaxie

lien video :  
https://www.eso.org/public/france/videos/eso1825d/

lien video :  
https://www.eso.org/public/videos/eso0226a/

https://www.eso.org/public/france/videos/eso1825d/
https://www.eso.org/public/videos/eso0226a/


Sagittarius A*

Event Horizon Telescope



La relativité générale d’Einstein (1915) 

Manuscrit original, Université Hébraïque de Jérusalem



La relativité générale d’Einstein (1915) 
principe d’équivalence et espace-temps courbe  

Wikimedia Commons/ESA C. Carreau



Sagittarius A* : un test crucial pour la relativité générale
GRAVITY Collaboration: Detection of gravitational redshiftGRAVITY Collaboration: R. Abuter et al.: Detection of gravitational redshift
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Fig. 2. Summary of the observational results of monitoring the S2 - Sgr A* orbit from 1992 to 2018. Left: Projected orbit of the star S2 on
the sky (J2000) relative to the position of the compact radio source Sgr A* (brown crossed square at the origin). Triangles and circles (and 1�
uncertainties) denote the position measurements with SHARP at the NTT and NACO at the VLT, colour-coded for time (colour bar on the right
side). All data points are corrected for the best-fit zero-point (x0, y0) and drifts (ẋ0, ẏ0) of the coordinate system relative to Sgr A* (see Plewa et al.
2015). Green squares mark the GRAVITY measurements. The bottom right panel shows a zoom around pericentre in 2018. Top right: Radial
velocity of S2 as a function of time (squares: SINFONI/NACO at the VLT; triangles: NIRC2 at Keck). S2 reached pericentre of its orbit at the end
of April 2002, and then again on May 19th, 2018 (MJD 58257.67). The data before 2017 are taken from Ghez et al. (2008), Boehle et al. (2016),
Chu et al. (2018), and Gillessen et al. (2009b, 2017). The 2017/2018 NACO/SINFONI and GRAVITY data are presented here for the first time.
The cyan curve shows the best-fitting S2 orbit to all these data, including the e↵ects of General and Special Relativity.

the combined H+K-band grating with a spectral resolution of
R⇡ 1500.

For more details on the data analysis of all three instruments,
we refer to Appendix A.

3. Results

3.1. Relativistic corrections

The left panel of Fig. 2 shows the combined single-telescope
and interferometric astrometry of the 1992-2018 sky-projected
orbital motion of S2, where the zero point is the position of the
central mass and of Sgr A*. All NACO points were corrected
for a zero-point o↵set and drift in R.A./Dec., which are obtained
from the orbit fit. The bottom right panel zooms into the 2018
section of the orbit around pericentre measured with GRAVITY.
The zoom demonstrates the hundred-fold improvement of as-
trometry between SHARP in the 1990s (⇡ 4 mas precision) and
NACO in the 2000s (⇡ 0.5 mas) to GRAVITY in 2018 (as small
as ⇡ 30 µas). While the motion on the sky of S2 could be detected
with NACO over a month, the GRAVITY observations detect the
motion of the star from day to day. The upper right panel of Fig. 2

displays the radial velocity measurements with SINFONI at the
VLT and NIRC2 at Keck in the 1992-2018 period.

At pericentre Rperi, S2 moves with a total space velocity
of ⇡ 7650 km/s, or � = v/c = 2.55 ⇥ 10�2. This means that
the first-order parameterised post-Newtonian correction terms
(PPN(1)), due to Special and General Relativity, beyond the or-
bital Doppler and Rømer e↵ects, are within reach of current mea-
surement precision, PPN(1) ⇠ �2

⇠ (RS /Rperi) ⇠ 6.5⇥ 10�4.
These terms can be parameterised spectroscopically as (e.g. Mis-
ner et al. 1973; Alexander 2005; Zucker et al. 2006).

z =
��

�
= B0 + B0.5� + B1�

2 + O(�3), (1)

where the PPN(1)z term B1=B1,tD+B1,gr, with B1,tD=B1,gr=0.5,
and �2= [Rs(1+e)]/[2a(1 � e)]=6.51⇥10�4 for S2. Here a is the
semi-major axis and e is the eccentricity of the S2 orbit. B0.5� is
the Newtonian Doppler shift.

Eq. (1) indicates that PPN(1)z consists in equal terms of the
special relativistic transverse Doppler e↵ect (B1,tD) and the gen-
eral relativistic gravitational redshift (B1,gr), totalling ⇡ 200 km/s
redshift at pericentre, while at apocentre, it amounts to only
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Fig. 2. Summary of the observational results of monitoring the S2 – Sgr A* orbit from 1992 to 2018. Left: projected orbit of the star S2 on
the sky (J2000) relative to the position of the compact radio source Sgr A* (brown crossed square at the origin). Triangles and circles (and 1�
uncertainties) denote the position measurements with SHARP at the NTT and NACO at the VLT, colour-coded for time (colour bar on the right
side). All data points are corrected for the best-fit zero-point (x0, y0) and drifts (ẋ0, ẏ0) of the coordinate system relative to Sgr A* (see Plewa et al.
2015). Green squares mark the GRAVITY measurements. The bottom right panel shows a zoom around pericentre in 2018. Top right: radial
velocity of S2 as a function of time (squares: SINFONI/NACO at the VLT; triangles: NIRC2 at Keck). S2 reached pericentre of its orbit at the end
of April 2002, and then again on May 19th, 2018 (MJD 58257.67). The data before 2017 are taken from Ghez et al. (2008), Boehle et al. (2016),
Chu et al. (2018), and Gillessen et al. (2017, 2009b). The 2017/2018 NACO/SINFONI and GRAVITY data are presented here for the first time.
The cyan curve shows the best-fitting S2 orbit to all these data, including the e↵ects of General and Special Relativity.

and 26 additional spectroscopy epochs with SINFONI using the
25 mas pix�1 scale and the combined H +K-band grating with a
spectral resolution of R⇡ 1500.

For more details on the data analysis of all three instruments,
we refer to Appendix A.

3. Results

3.1. Relativistic corrections

The left panel of Fig. 2 shows the combined single-telescope
and interferometric astrometry of the 1992–2018 sky-projected
orbital motion of S2, where the zero point is the position of the
central mass and of Sgr A*. All NACO points were corrected
for a zero-point o↵set and drift in RA/Dec, which are obtained
from the orbit fit. The bottom right panel zooms into the 2018
section of the orbit around pericentre measured with GRAVITY.
The zoom demonstrates the hundred-fold improvement of as-
trometry between SHARP in the 1990s (⇡4 mas precision) and
NACO in the 2000s (⇡0.5 mas) to GRAVITY in 2018 (as small
as ⇡30 µas). While the motion on the sky of S2 could be detected
with NACO over a month, the GRAVITY observations detect the

motion of the star from day to day. The upper right panel of Fig. 2
displays the radial velocity measurements with SINFONI at the
VLT and NIRC2 at Keck in the 1992–2018 period.

At pericentre Rperi, S2 moves with a total space veloc-
ity of ⇡7650 km s�1, or �= v/c= 2.55⇥ 10�2. This means that
the first-order parameterised post-Newtonian correction terms
(PPN(1)), due to Special and General Relativity, beyond the or-
bital Doppler and Rømer e↵ects, are within reach of current
measurement precision, PPN(1)⇠ �2

⇠ (RS/Rperi)⇠ 6.5⇥ 10�4.
These terms can be parameterised spectroscopically as (e.g.
Misner et al. 1973; Alexander 2005; Zucker et al. 2006).

z =
��

�
= B0 + B0.5� + B1�

2 + O(�3), (1)

where the PPN(1)z term B1 = B1,tD + B1,gr, with B1,tD = B1,gr
= 0.5, and �2 = [RS(1+ e)]/[2a(1�e)]= 6.51⇥ 10�4 for S2. Here
a is the semi-major axis and e is the eccentricity of the S2 orbit.
B0.5� is the Newtonian Doppler shift.

Equation (1) indicates that PPN(1)z consists in equal terms
of the special relativistic transverse Doppler e↵ect (B1,tD) and
the general relativistic gravitational redshift (B1,gr), totalling
⇡200 km s�1 redshift at pericentre, while at apocentre, it amounts
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Fig. 3. Residual velocity c�z=c(zGR�zK) for the best fitting prior Keple-
rian Kprior ( f =0, grey) and the same orbit with f =1 (red GRprior). Kprior
was constructed from all 1992-2018 astrometric data with NACO &
GRAVITY and the SINFONI data between 2004 and 2016 (open black
circles). The 2017/2018 SINFONI data points (black circles with cyan
shading) can then be added to test if the spectroscopic data around peri-
centre follow Kprior or the GRprior predicted from Kprior. The new data
points near and up to pericentre, where the �2 e↵ects in radial velocity
are expected to be important, fall close to the predicted GRprior curve,
and exclude the Keplerian prior orbit.

6 km/s. If the total orbital redshift ztot is separated into a New-
tonian/Kepler part zK and a GR correction, one can write ztot =
zK+f (zGR�zK), where f is zero for purely Newtonian physics and
unity for GR. In the following we show the residuals �z=zGR�zK.
The Keplerian part of the orbit is at �z=0, and the PPN(1)z cor-
rections appear as an excess.

3.2. Analysis with prior Kepler orbit

We define a prior orbit Kprior by excluding those data for which
the PPN(1)z corrections matter. For Kprior we use the entire 1992-
2018 SHARP/NACO and GRAVITY data and the SINFONI data
from 2004 up to the end of 2016. We then obtained Kprior as
described in Gillessen et al. (2017), which requires a simulta-
neous fit of 13 parameters. The Rømer delay is included in the
calculation. The resulting orbit is a modest update of Gillessen
et al. (2017). Using this as the prior orbit, we then added the
radial velocities from 2017 and 2018 (Fig. 3). The 26 residual
2017/2018 spectroscopic data relative to Kprior clearly do not fol-
low the best-fitting Keplerian orbit derived from all previous 51
spectroscopic and 196 positions in the past 26 years (grey line in
Fig. 3), but instead follow the f = 1 (i.e. GR(Kprior)) version of
Kprior (red line in Fig. 3). This test is fair: GR-corrections should
only be detectable with our measurement errors within ±1 year
of pericentre.

This a priori test demonstrates that the spectroscopic data
around the pericenter passage are inconsistent with Newtonian
dynamics and consistent with GR. However, both Kprior (�2

r
=21)

and GR(Kprior) (�2
r
=8 ) are poor fits to the data.

3.3. Posterior Analysis

Because of the uncertainties in the parameters of Kprior, in partic-
ular, in the strongly correlated mass and distance, a more conser-
vative approach is to determine the best-fit value of the parame-
ter f a posteriori, including all data and fitting for the optimum
values of all parameters. In carrying out the fitting, it is essential
to realise that the inferred measurement uncertainties are domi-
nated by systematic e↵ects, especially when evidence from three
or more very di↵erent measurement techniques is combined (see
Appendix A.6 for a more detailed discussion). In particular the
NACO measurements are subject to correlated systematic er-
rors, for example from unrecognised confusion events (Plewa &
Sari 2018), which typically last for one year and are compara-
ble in size to the statistical errors. We therefore down-sampled
the NACO data into 100 bins with equal path lengths along the
projected orbit (Fig. 4, middle) and gave these data in addition
a lower weight of 0.5. Depending on exactly which weighting
or averaging scheme was chosen, the posterior analysis includ-
ing all data between 1992 and 2018 yielded f values between
0.85 and 1.09. With a weighting of 0.5 of the NACO data, we
find f = 0.90 ± 0.09 (Fig. 4). GR ( f = 1) is favoured over pure
Newtonian physics ( f =0) at the ⇡10� level.

The error on f is derived from the posterior probability
distributions (Fig. 4, bottom) of a Markov chain Monte Carlo
(MCMC) analysis. Fig. A.1 shows the full set of correlation plots
and probability distributions for the fit parameters. The distribu-
tions are compact and all parameters are well determined. The
best-fit values and uncertainties are given Table A.1.

The superb GRAVITY astrometry demonstrably improves
the quality of the fits and is crucial for overcoming the source
confusion between Sgr A* and S2 near pericentre. A minimal
detection of PPN(1)z (Eq. (1)) is provided by a combination us-
ing only NACO and SINFONI data ( fNACO+SINFONI=0.71± 0.19,
3.6�), but the inclusion of the GRAVITY data very significantly
improves the precision and significance of the fitted parameters:
the improvement reaches a factor of 2 to 3.

A still more demanding test is to search for any Keplerian
fit to all data and determine whether its goodness of fit is signifi-
cantly poorer than the goodness of fit of the best-fitting GR-orbit.
For linear models the formula presented in Andrae et al. (2010)
can be used to estimate the significance. However, the value for
the degrees of freedom (d.o. f .) is not well defined for non-linear
models (Andrae et al. 2010). In our case, we have two models
that only di↵er significantly over a very critical short time-span
given the uncertainties in the underlying data. We therefore used
the number of those data points as d.o. f . for which the two mod-
els predict significant di↵erences. This is, in e↵ect, the number
of SINFONI measurements in 2017 and 2018, that is, 26 mea-
surements. The di↵erence in �2 amounts to 87 in favour of the
relativistic model and therefore yields a formal significance of
8.5�. For further comments on a Bayesian analysis of our data,
see Appendix A.9.

4. Discussion

We have reported the first direct detection of the PPN(1) gravi-
tational redshift parameter around the MBH in the Galactic cen-
tre from a data set that extends up to and includes the pericen-
tre approach in May 2018. Three di↵erent analysis methods of
our data suggest that this detection favours the post-Newtonian
model with robust significance. Further improvement of our re-
sults is expected as our monitoring continues post pericentre.
Still, there are reasons to be cautious about the significance of

Article number, page 4 of 10

Fig. 3. Residual velocity c�z= c(zGR � zK) for the best fitting prior Ke-
plerian Kprior ( f = 0, grey) and the same orbit with f = 1 (red GRprior).
Kprior was constructed from all 1992–2018 astrometric data with NACO
& GRAVITY and the SINFONI data between 2004 and 2016 (open
black circles). The 2017/2018 SINFONI data points (black circles with
cyan shading) can then be added to test if the spectroscopic data around
pericentre follow Kprior or the GRprior predicted from Kprior. The new data
points near and up to pericentre, where the �2 e↵ects in radial velocity
are expected to be important, fall close to the predicted GRprior curve,
and exclude the Keplerian prior orbit.

to only 6 km s�1. If the total orbital redshift ztot is separated
into a Newtonian/Kepler part zK and a GR correction, one
can write ztot = zK + f (zGR � zK), where f is zero for purely
Newtonian physics and unity for GR. In the following we
show the residuals �z= zGR � zK. The Keplerian part of the
orbit is at �z= 0, and the PPN(1)z corrections appear as an
excess.

3.2. Analysis with prior Kepler orbit

We define a prior orbit Kprior by excluding those data for which
the PPN(1)z corrections matter. For Kprior we use the entire
1992–2018 SHARP/NACO and GRAVITY data and the SIN-
FONI data from 2004 up to the end of 2016. We then obtained
Kprior as described in Gillessen et al. (2017), which requires a si-
multaneous fit of 13 parameters. The Rømer delay is included
in the calculation. The resulting orbit is a modest update of
Gillessen et al. (2017). Using this as the prior orbit, we then
added the radial velocities from 2017 and 2018 (Fig. 3). The 26
residual 2017/2018 spectroscopic data relative to Kprior clearly
do not follow the best-fitting Keplerian orbit derived from all
previous 51 spectroscopic and 196 positions in the past 26 years
(grey line in Fig. 3), but instead follow the f = 1 (i.e. GR(Kprior))
version of Kprior (red line in Fig. 3). This test is fair: GR-
corrections should only be detectable with our measurement er-
rors within ±1 year of pericentre.

This a priori test demonstrates that the spectroscopic data
around the pericenter passage are inconsistent with Newtonian
dynamics and consistent with GR. However, both Kprior (�2

r
= 21)

and GR(Kprior) (�2
r
= 8) are poor fits to the data.

3.3. Posterior analysis

Because of the uncertainties in the parameters of Kprior, in par-
ticular, in the strongly correlated mass and distance, a more
conservative approach is to determine the best-fit value of the
parameter f a posteriori, including all data and fitting for the op-
timum values of all parameters. In carrying out the fitting, it is
essential to realise that the inferred measurement uncertainties
are dominated by systematic e↵ects, especially when evidence
from three or more very di↵erent measurement techniques is
combined (see Appendix A.6 for a more detailed discussion). In
particular the NACO measurements are subject to correlated sys-
tematic errors, for example from unrecognised confusion events
(Plewa & Sari 2018), which typically last for one year and are
comparable in size to the statistical errors. We therefore down-
sampled the NACO data into 100 bins with equal path lengths
along the projected orbit (Fig. 4, middle) and gave these data
in addition a lower weight of 0.5. Depending on exactly which
weighting or averaging scheme was chosen, the posterior anal-
ysis including all data between 1992 and 2018 yielded f values
between 0.85 and 1.09. With a weighting of 0.5 of the NACO
data, we find f = 0.90± 0.09 (Fig. 4). GR ( f = 1) is favoured over
pure Newtonian physics ( f = 0) at the ⇡10� level.

The error on f is derived from the posterior probability
distributions (Fig. 4, bottom) of a Markov chain Monte Carlo
(MCMC) analysis. Fig. A.1 shows the full set of correlation plots
and probability distributions for the fit parameters. The distribu-
tions are compact and all parameters are well determined. The
best-fit values and uncertainties are given Table A.1.

The superb GRAVITY astrometry demonstrably improves
the quality of the fits and is crucial for overcoming the source
confusion between Sgr A* and S2 near pericentre. A minimal de-
tection of PPN(1)z (Eq. (1)) is provided by a combination using
only NACO and SINFONI data ( fNACO+SINFONI = 0.71± 0.19,
3.6�), but the inclusion of the GRAVITY data very significantly
improves the precision and significance of the fitted parameters:
the improvement reaches a factor of 2–3.

A still more demanding test is to search for any Keplerian
fit to all data and determine whether its goodness of fit is signifi-
cantly poorer than the goodness of fit of the best-fitting GR-orbit.
For linear models the formula presented in Andrae et al. (2010)
can be used to estimate the significance. However, the value for
the degrees of freedom (d.o.f.) is not well defined for non-linear
models (Andrae et al. 2010). In our case, we have two models
that only di↵er significantly over a very critical short time-span
given the uncertainties in the underlying data. We therefore used
the number of those data points as d.o.f. for which the two mod-
els predict significant di↵erences. The di↵erence in �2 yields a
formal significance of 5� or greater in favour of the relativistic
model.

For further comments on a Bayesian analysis of our data, see
Appendix A.9.

4. Discussion

We have reported the first direct detection of the PPN(1) gravita-
tional redshift parameter around the MBH in the Galactic centre
from a data set that extends up to and includes the pericen-
tre approach in May 2018. Three di↵erent analysis methods of
our data suggest that this detection favours the post-Newtonian
model with robust significance. Further improvement of our
results is expected as our monitoring continues post pericen-
tre. Still, there are reasons to be cautious about the signifi-
cance of these early results, mainly because of the systematic
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Au plus près de SgrA*, la vitesse 
de l’étoile S2 atteint ~3% de la 
vitesse la lumière  
➡ effet Doppler relativiste 

(décalage vers le rouge) 

Collaboration GRAVITY (2018)

dynamique Newtonienne  

relativité générale



Jonathan	Freundlich

Cours	1	(10/01/23)	:	Peser	l'Univers	grâce	à	la	loi	de	la	gravitation		
-	Modéliser	le	mouvement	des	astres	:	Ptolemée,	Copernic,	Newton,	Einstein	
-	Mesurer	la	masse	de	la	Terre	et	du	Soleil		
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