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Le trou noir : objet de l’imaginaire commun

Le trou noir d’Interstellar (2014)

	 17	

	

	

	
	

Figure	 16.	 Top	:	Marck’s	 simulation	 of	 a	 black	hole	 accretion	 disk	 as	 seen	 in	 the	 equatorial	

plane,	1994.	Bottom	:	the	same	by	James	et	al.	for	the	movie	Interstellar,	2014.		
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Le premier suspect trou noir : Cygnus X-1 (1965)

Détection en rayons X et mesure de la masse par 

l’orbite du compagnon (~10 M⦿)
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Détection de trous noirs par ondes gravitationnelles

Interféromètre franco-italien VIRGO
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Détection de trous noirs par ondes gravitationnelles

Fusion de deux trous noirs stellaires
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Détection d’ondes gravitationnelles

Fusion de deux trous noirs stellaires
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Le zoo de trous noirs stellaires (2021) 

Catalogues des fusions de trous noirs mesurées par 

ondes gravitationnelles (novembre 2021)
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Les suspicions de trous noirs super-massifs au cœur 

des galaxies

Radio galaxie Hercules A

(~4x109 M⦿)
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Une réalité très ancienne

Des quasars très précoces sont détectés peu de 

temps après le Big Bang (100-1000x106 M⦿)

Pic d’accrétion de matière sur 

les trous noirs super-massifs

GN-z11

~ 400.106 années

z = 10,6

1,6-3,2.106 M⦿

Maiolino et al. (2024), 

JWST
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1ers soupçons d’un objet compact super massif au 

centre de la galaxie : naissance de Sagittarius A*

Détection d’une source compacte et brillante au centre de la

galaxie en radio (2,7 GHz, 11cm)

Balick & Brown (1974)

Tailles en u.a. :

1’’ 8100 u.a.

0,1’’ 810 u.a.

1 u.a.= ~150.106 km

1 unité astronomique

Distance Terre-Soleil
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La mesure des fusions de trous noirs super-massifs par 

LISA

Interféromètre spatial à ondes gravitationnelles 

aux bras de plusieurs millions de km
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Trous noirs et relativité générale

1783 – J. Michell et 1798 - P.-S. de Laplace :

intuition des étoiles noires (théorie corpusculaire 

et vitesse finie de la lumière).

1905 - Einstein : Relativité restreinte : 

• espace-temps

• durées et longueurs dépendent de la 

vitesse de l'observateur (temps élastique)

1915 - Einstein : Relativité générale : 

• mariage de la relativité et de la gravitation

• bon cadre pour la description des trous noirs
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Manifestations d’effets de relativité générale

Déviation des rayons lumineux par le Soleil

(1ère preuve de la relativité générale en 

champ faible par Eddington dès 1919)

Mirages gravitationnels

Avance du périhélie de Mercure

Sens de l’orbite

Sens de la précession
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Comment forme-t-on un trou noir ?

Le Soleil serait un trou noir s’il avait la taille du Paris de 1789 (2x
2𝐺𝑀𝑆𝑜𝑙𝑒𝑖𝑙

𝑐2
= 6 km) !

6 1024 kg

12 800 km
2 cm

La Terre serait un trou noir si elle avait la taille d’un dé à coudre (2x
2𝐺𝑀𝑇𝑒𝑟𝑟𝑒

𝑐2
= 2 cm) !

Par quels processus peut-on arriver à de telles densités ? 

𝑅𝑆𝑐ℎ𝑤𝑎𝑟𝑧𝑠𝑐ℎ𝑖𝑙𝑑 = 𝑅𝑡𝑟𝑜𝑢 𝑛𝑜𝑖𝑟 =
2𝐺𝑀

𝑐2

2 1030 kg

1 392 000 km

Paris

Mur des fermiers généraux  

6 km
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Trous noirs stellaires

Exemple type : Cygnus X-1

Par accrétion de la masse

d’un compagnon

(étoiles de masse

faible ou intermédiaire)

Par effondrement d’une étoile 

massive et explosion en supernova

Cassiopée A
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Formation des structures de l’univers

Trous noirs supermassifs (106 - 109 Msoleil)
Âge Univers : Fond diffus cosmologique 

380 000 ans (satellite Planck)

(recombinaison)
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Les trous noirs n’ont pas de cheveux

(Carter, Hawking, Israël, 1973)

Un trou noir est entièrement 

déterminé par trois paramètres :

- sa masse

- son taux de rotation

- sa charge électrique



Comment voir les trous noirs ?
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C’est très simple : il suffit de les éclairer !

Le halo marque la sphère des 

photons à 1,5 x l’horizon du trou 

noir 

trou noir

halo       
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Un disque autour d’un trou noir

	 5	

Accretion	 disks	 are	 expected	 to	 form	 in	 some	 double-star	 systems	 that	 emit	 X-ray	

radiation	(with	black	holes	of	a	 few	solar	masses)	and	 in	the	centers	of	many	galaxies	

(with	black	holes	whose	mass	adds	up	to	between	one	million	and	several	billion	solar	

masses).	 Their	 close-up	 images	 must	 experience	 extraordinary	 optical	 deformations,	

due	to	the	deflection	of	light	rays	produced	by	the	strong	curvature	of	the	space-time	in	

the	vicinity	of	the	black	hole.	General	relativity	and	a	computer	allow	to	calculate	such	

an	effect.		

Then	 I	 undertook	 to	 compute	 the	 bolometric	 appearance	 (i.e.	 including	 the	

contributions	at	all	electromagnetic	wavelengths)	of	a	thin	accretion	disk	gravitationally	

lensed	by	a	non-spinning	black	hole,	as	seen	from	far	away,	but	close	enough	to	resolve	

the	image.	I	considered	a	Schwarzschild	black	hole	and	a	physical	model	of	a	thin	disk	of	

gas	viewed	from	the	side,	either	by	a	distant	observer	or	a	photographic	plate.		

Throughout	 my	 researchers’	 career	 I	 always	 considered	 that,	 before	 writing	 a	

computer	 program	 with	 full	 equations	 and	 running	 the	 machine,	 pure	 geometrical	

reasoning	 is	 of	 a	 great	 help	 to	 get	 a	 preliminary	 idea	 of	 the	 result.	 Otherwise,	 what	

guarantee	have	you	that	your	program	had	no	mistake	?		

I	 did	 this	 kind	 of	 geometrical	 reasoning	 to	 guess	 what	 I	 should	 obtain	 for	 a	 black	

hole’s	accretion	disk	appearance.	In	an	ordinary	situation,	meaning	in	Euclidean	space,	

the	curvature	is	weak.	This	is	the	case	for	the	solar	system	when	one	observes	the	planet	

Saturn	surrounded	by	its	magnificent	rings,	with	a	viewpoint	situated	slightly	above	the	

plane.	 Of	 course,	 some	 part	 of	 the	 rings	 is	 hidden	 behind	 the	 planet,	 but	 one	 can	

mentally	reconstruct	their	elliptic	outlines	quite	easily.	Around	a	black	hole,	everything	

behaves	differently	because	of	the	optical	deformations	due	to	the	space-time	curvature,	

as	 depicted	 in	 the	diagram	below	 -	published	only	 years	 later	 in	my	popular	 book	on	

black	holes	(Luminet	1992).	

	

	
Figure	 3.	 Optical	 distortions	 near	 a	 black	 hole.	 We	 imagine	 a	 black	 hole	 surrounded	 by	 a	

bright	disk.	The	system	is	observed	from	a	great	distance	at	an	angle	of	10°	with	respect	to	the	

plane	of	the	disk.	The	light	rays	are	received	by	a	photographic	plate.	Because	of	the	curvature	

of	space-time	in	the	neighborhood	of	the	black	hole,	the	image	of	the	system	is	very	different	

from	the	ellipses	which	would	be	observed	if	an	ordinary	star	or	a	planet	replaced	the	black	

hole.	The	light	emitted	from	the	upper	side	of	the	disk	forms	a	direct	image	and	is	considerably	

distorted	 so	 that	 it	 is	 completely	 visible.	 The	 lower	 side	 of	 the	 disk	 is	 also	 visible	 as		 a	

secondary		image	caused	by	highly	curved	light	rays	(from	Luminet	1992).	

	

Luminet (1992)
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First	Flight	into	a	Black	Hole	
	

In	 1989-1990,	 while	 I	 spent	 one	 year	 as	 a	 research	 visitor	 at	 the	 University	 of	

California,	 Berkeley,	my	 former	 collaborator	 at	 Paris-Meudon	 Observatory,	 Jean-Alain	

Marck,	 both	 an	 expert	 in	 general	 relativity	 and	 computer	 programming,	 started	 to	

extend	my	 simulation	 of	 1979.	 The	 fast	 improvement	 of	 computers	 and	 visualization	

software	(he	used	a	DEC-VAX	8600	machine)	allowed	him	to	add	colors	and	motions.	To	

reduce	 the	 computing	 time,	 Marck	 developed	 a	 new	 method	 for	 calculating	 the	

geodesics	in	Schwarzschild	space-time,	published	only	several	years	later	(Marck	1996).	

In	a	 first	 step	 (Marck	1989),	he	calculated	static	 images	of	an	accretion	disk	around	a	

Schwarzschild	black	hole	according	to	various	angles	of	view,	see	Figure	12.	

	

	
Figure	 12.	 Colored	 images	 of	 a	 black	hole	 accretion	disk	 for	 various	 angles	 of	 view	by	 J.-A.	

Marck,	1989	(unpublished).		

	

In	1991,	when	I	went	back	to	Paris	Observatory,	I	started	the	project	for	the	French-

German	 TV	 channel	 Arte	 of	 a	 full-length,	 pedagogical	 movie	 about	 general	 relativity	
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Figure	 8.	 Image	of	a	Spherical	Black	Hole	with	Thin	Accretion	Disk.	As	expected,	 the	main	

characteristic	of	the	image	is	the	strong	asymmetry	of	the	disk’s	brightness,	so	that	one	side	

is	far	brighter	and	the	other	is	far	dimmer.	Another	one	is	that,	although	the	upper	side	of	the	

disk	is	completely	visible,	only	a	small	part	of	the	lower	side	is	observable.	This	is	due	to	the	

fact	that	in	a	realistic	situation,	the	gaseous	disk	is	opaque;	therefore	it	absorbs	the	light	rays	

that	 it	 intercepts.	 It	 follows	 that	 a	 major	 part	 of	 the	 secondary	 image	 is	 occulted	 by	 the	

primary	image,	its	visible	part	being	stuck	around	the	edge	of	the	black	hole,	like	a	gleaming	

halo	(from	Luminet	1979).	

	

To	comment	in	a	non-scientific	manner	this	first	theoretical	glimpse	of	the	shadow	of	

a	black	hole,	no	caption	could	fit	better	than	these	verses	by	the	French	poet	Gérard	de	

Nerval,	written	as	soon	as	in	1854	(Nerval	1854)	:	

	

In	seeking	the	eye	of	God,	I	saw	nought	but	an	orbit	

	Vast,	black,	and	bottomless,	from	which	the	night	which	there	lives		

Shines	on	the	world	and	continually	thickens		

	

A	strange	rainbow	surrounds	this	somber	well,	

Threshold	of	the	ancient	chaos	whose	offspring	is	shadow,	

A	spiral	engulfing	Worlds	and	Days	!		

	

The	picture	was	first	published	in	November	1978	a	popular	article	on	black	holes	for	

a	 French	 magazine	 (Carter	 &	 Luminet	 1978),	 and	 the	 complete	 work	 with	 technical	

details	 a	 few	months	 later	 in	 a	 peered-reviewed	European	 journal	 (Luminet	 1979).	 A	

funny	anecdote	is	that	many	readers	who	saw	for	the	first	time	this	simulated	picture	of	

a	 perfectly	 non-luminous	 star	 believed	 that	 the	 author	 used	 the	 name	 Luminet	 as	 a	

pseudonym.	Indeed	I	enjoyed	the	pun	!		

	

	

	

	

Luminet (1979)

Marck (1989)



21

Quelle est la dimension apparente d’un trou noir ?

Trous noirs stellaires

très petits : Rtrou noir ~ quelques km

à 1 parsec : 10-10 seconde d’angle  (plus petit qu’une cellule humaine 

sur la Lune vue depuis la Terre) 

Trous noirs super-massifs

très gros : Rtrou noir ~ quelques 106-109 km

mais galaxies très lointaines

Le plus grand angulairement c’est Sgr A*

Taille apparente de l’horizon (2 rayons de Schwarzschild) : : : 

53 micro-secondes d’angle = 5x1€ sur la Lune

Ou encore deux cheveux à Lyon vus depuis Paris !



Sagittarius A* (Sgr A*) au cœur de notre galaxie



Diamètre : ≥ 25 kpc

ou 80 000 années-lumière

Galaxie spirale barrée

Modèle de la Voie Lactée

Sgr A*
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Le centre de la Galaxie

Opaque à cause de la poussière.

Observations aux longueurs d’onde

des domaines radio et infrarouge ou X
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Observations dans l’infrarouge proche

0,05 pc

© UCLA 2006

80 x Système

Solaire



La turbulence atmosphérique

atmosphère

Fluctuations temporelles et 

spatiales de T et n qui 

modifient le trajet des 

rayons lumineux

Échelle spatiale de 

corrélation de la phase : r0

(diamètre de Fried), qq cm 

dans le visible (~l6/5)

front d'onde perturbé

/r0 (seeing)
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Observation d’une source ponctuelle à travers 

l’atmosphère terrestre turbulente

(étoile non résolue par le télescope) 

tache image turbulente 

longue pose

résolution angulaire du 

télescope

Image d’une étoile double serrée
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Un senseur analyse les erreurs résiduelles

Un miroir 

déformable corrige à 

tout instant le front 

d’onde incident

Un calculateur 

spécialisé optimise

la correction

Le front 

d’onde 

corrigé peut 

être focalisé

©
 L

ac
o

m
b

e 
2

0
0

1

La boucle d’optique adaptative



Le miracle de l’optique adaptative

(séquence réelle, NAOS, VLT)
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Observations du Centre Galactique dans 

l’infrarouge proche avec optique adaptative

0.05 pc

© UCLA 2006

80 x Système

Solaire



Carte du Chili

31



Le VLT, Very Large Telescope

4 télescopes européens de 8,20 m au Mont Paranal au Chili



Un des télescopes de 8,20 m du VLT
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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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1er 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
=

GM
Sgr A*

4p 2

Gillessen et al. (2009)



Des sursauts lumineux près de la dernière orbite 

circulaire stable

Genzel et al. (2003)
Orbite 

inclinée

à 45°

Image

primaire

Image

2ndaire

Image

totale

Orbite

relativiste
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Un trou noir ?
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L’instrument GRAVITY
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GRAVITY combine les 4 UT (8,20 m) ainsi que les 4 AT 
(1,80 m) du VLT depuis début 2016 (idée : 2005)

1 seconde d’angle = 4,85 10-6 rad     = 1 personne à Lyon

1 mas = 1 milli-seconde d’angle       = 1 personne sur la Lune

50 µas = 50 micro-secondes d’angle  = 2 cheveux à Lyon

~ 140 m

Résolution angulaire : 3 mas @ 2,2 µm



Le consortium GRAVITY



Des images à très haute résolution angulaire

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*

Résolution angulaire du VLT



Détection du rougissement gravitationnel avec S2

Dilatation du temps ⇔ diminution de la fréquence

⇔ augmentation de la longueur d’onde 

⇔ rougissement 



Les données de l’étoile S2

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

Astrométrie Spectroscopie



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 10σ result in favour of general relativity ( f = 0.90 ± 0.09), and
χ2

r = 0.86. Thebottom 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 ⇡ 18.5mag, 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 dataset. Wefind 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

∆Φper orbit =
3⇡RS

a(1− e2)
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
theoutgoing, near-Keplerian orbit. In addition it leads to awest-
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 thissecond phaseof theexperiment. Our forecast sug-
gests that we will obtain a 5σ posteriori result with GRAVITY
by 2020 (Grould et al. 2017).
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Orbite képlérienne vs. orbite relativiste

Rougissement – vitesse de fuite

Astrométrie

fRG = 0 : Newton

fRG = 1 : Einstein

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

Masse de Sgr A* : 

4,11 ± 0,03106 M⦿

(précision de 0,6%)

Distance à Sgr A* : 

8127 ± 31 pc 

(précision de 0,4%)

avec précession
sans précession

Résultat GRAVITY :

fRG = 1,04±0,04

(avec précession)

Einstein sans précession
Einstein avec    précession
Newton

PPN (1) terms:



La précession relativiste de S2

3/2

 2 2
3 2

(1 ) (1 )

(1) :  Schwarzschild Precession

2 :11.9 '

s s
per orbit LTSP

R R

a e a e

PPN

S

f f 



   
 =  +    

− −   

Test de la pression relativiste : 

fSP=1,100,19 Einstein confirmé à 5s

Masse étendue inférieure à 0,1% ou 4000 M⦿

GRAVITY Collaboration, A&A 636, L5 (2020)

2017

2018

2019

Orbite S2/10 

46



Nouvelle mesure de la précession relativiste de S2

GRAVITY Collaboration, A&A 657, L12 (2022)

Nouveau test avec S2, S29, S38 et S55

Test de la pression relativiste : 

fSP=0,9970,144 Einstein confirmé à 7s

Masse étendue inférieur à 0.1% ou 4000 M⦿ à l’intérieur de l’apocentre :

confirmée

(profil de Plummer) 

0.1%
0.2%
0.4%



Des sursauts lumineux près de la dernière orbite 

circulaire stable
GRAVITY Collaboration: R. Abuter et al.: Detection of Orbital Motions Near the ISCO of the SMBH SgrA*
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Fig. 1. Bottom left (a): time evolution of the east-west (east positive, blue) and north-south (red) position o↵set of the July 22nd 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 are1σ. For thispurpose the total intensity wascomputed from thesum of the two polarization directions. Thepoints are from the
analysis dubbed ’Pfuhl’ (seeAppendix B). Bottom right (b): Projected orbit of theflarecentroid on thesky (color ranging from brown to dark blue
asa qualitativemarker of time through the 30 minute observation, relative to their medians (small black cross) and after removal of theS2 motion
and di↵erential refraction between S2 and SgrA*). Thepink asterisk and 1σ uncertainty is the long term astrometric position of themasscentre of
the S2 orbit (presumably the central black hole). Top left (c) and top right (d): Comparison of the data of the bottom two panels with a realization
of asimplehot spot model in theSchwarzschild metric, including light bending, lensing, timedilation and other e↵ectsof General Relativity (GR)
and/or Special Relativity (SR), computed from theGYOTO relativistic ray tracing code(Vincent et al. 2011b; Grould et al. 2016). Thecontinuous
blue curve denotes a hot spot on a circular orbit with R = 1.17⇥R(ISCO, a = 0, M = 4.14⇥106M ), seen at inclination 164◦ (clockwise on the
sky, as for the data) and with the line of nodes at ⌦= 118◦ (χr

2 = 1.1). The cyan scatter illustrates the noise-broadened circular orbit assuming a
⇠30µasscatter. The violet and cyan continuous curves show the same orbit in x(t) and y(t), compared to the data in blue and red.

We discuss in Appendix B measurements of a second, sim-
ilarly bright flare on July 28th, 2018 (MJD=58328.0841) and a
fainter flare on May 27th, 2018 (MJD=58266.3420). The data
in Figure B.4 broadly exhibit the same properties as those in
Figure 1. Again the emissions for these two flares appear to fol-
low incomplete clockwise loops of total maximum to minimum
amplitude ⇠110 to 140 µas over a time period of ⇠40-70 min-
utes, and again the loop centroids are consistent within the un-
certainties with SgrA* ’s mass position. Overall the data quality
issomewhat poorer than in Figure1, owing to the lessfavourable
atmospheric conditions and lower fluxes. Theshort lifetimes ob-
served for all three best flares are expected in hot spot models
(Broderick & Loeb 2005, 2006; Hamaus et al. 2009), since the
di↵erential rotation in an accretion disk would in asingle orbital
period shear out an initially compact gascloud into an elongated

arc.
The apparent orbits of the flares, in addition to their common
clockwise motion, appear to be relatively face on (Tables 1 &
2). Our best fits of the data in Figure 1 with the GYOTO rel-
ativistic ray tracing code (Vincent et al. 2011b) including light
bending, lensing, time dilation etc.) yield R ⇡ 7.3± 0.5Rg, a line
of nodes at ⌦⇡ 118◦ ± 6◦ and an inclination i ⇡ 164◦ ± 6◦ , with
an orbital period of P = 40 ± 8 minutes, for orbits in an angular
momentum parameter a = 0 (Schwarzschild) space time (Tables
1 & 2). Fitting with the NERO code (Yang & Wang 2014; Dex-
ter & Agol 2009) gives similar results (Appendix B, Figure B.2
, Table 2). Tables 1 & 2 summarize the fit results for all three
flares, obtained with two independent analyses of the data and
two independent relativistic fit codes. All three flares can in
pr inciple be accounted for by a single orbit model. Interest-
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3 sursauts observé les 27 mai,  

22 et 28 juillet 2018

Ajustement avec un modèle 

relativiste de point chaud:

R = 3,6 ± 0,25 Rtrou noir

P = 40 ± 8 min

=> vorb~ 0,3 c

S2

Sgr A*



Boucle de polarisation
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Fort degré de polarisation 

linéaire (qq 10%)

(émission synchrotron)

Boucle de polarisation du 28 

juillet avec Ppol ~ Porb

 



Modélisation des boucles de polarisation

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

Champ magnétique poloidal pour obtenir des boucles avec Ppol ~ Porb 

(Ppol ~ 0,5xPorb avec un champ toroidal)

Boucles : courbure des géodésiques

Géométrie avec un pôle fortement incliné pour des boucles centrées dans le plan (Q,U) avec 

un rayon de quelques RSch



Contraintes sur l’inclinaison de l’orbite

R = 3,75 ± 0,25 RSch et 

inclinaison i ≤ 30°

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

Le trou noir est vu par l’un 

de ses pôles 😢



Les 3 orbites sont totalement compatibles avec un trou 

noir de 4 millions de masses solaires
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Le Event Horizon Telescope
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Interféromètre intercontinental aux longueurs 

d’onde millimétriques



55EHT Collaboration (2019 et 2022)

Les deux trous noirs sont vus par leurs pôles ! 😭 

M87* et Sgr A* vus par l’EHT

	 13	

	

First	Flight	into	a	Black	Hole	
	

In	 1989-1990,	 while	 I	 spent	 one	 year	 as	 a	 research	 visitor	 at	 the	 University	 of	

California,	 Berkeley,	my	 former	 collaborator	 at	 Paris-Meudon	 Observatory,	 Jean-Alain	

Marck,	 both	 an	 expert	 in	 general	 relativity	 and	 computer	 programming,	 started	 to	

extend	my	 simulation	 of	 1979.	 The	 fast	 improvement	 of	 computers	 and	 visualization	

software	(he	used	a	DEC-VAX	8600	machine)	allowed	him	to	add	colors	and	motions.	To	

reduce	 the	 computing	 time,	 Marck	 developed	 a	 new	 method	 for	 calculating	 the	

geodesics	in	Schwarzschild	space-time,	published	only	several	years	later	(Marck	1996).	

In	a	 first	 step	 (Marck	1989),	he	calculated	static	 images	of	an	accretion	disk	around	a	

Schwarzschild	black	hole	according	to	various	angles	of	view,	see	Figure	12.	

	

	
Figure	 12.	 Colored	 images	 of	 a	 black	hole	 accretion	disk	 for	 various	 angles	 of	 view	by	 J.-A.	

Marck,	1989	(unpublished).		

	

In	1991,	when	I	went	back	to	Paris	Observatory,	I	started	the	project	for	the	French-

German	 TV	 channel	 Arte	 of	 a	 full-length,	 pedagogical	 movie	 about	 general	 relativity	

Just Right …+
Glorious Confirmation

of GRAVITY results

Orange:  EHT collaboration 2022

Color:     GRAVITY Collaboration 2018
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Funding of R15000 

Grismfrom Ireland

Couleurs	:	GRAVITY	Collaboration	2018
Orange:	EHT	Collaboration	2022

Orbite	de	plasma	chauffé	
autour	de	Sagittarius A*

Ombre

ISCO	(spin	=	0)

Rhorizon



Boucles de polarisation à 229 GHz (1,3 mm)

Wielgus et al., A&A 665, L6 (2022)

Acquisition pendant un sursaut en X le 11 avril 

2017

Période ~70 minutes

Inclinaison du disque de plasma : ~20°

Rayon de l’orbite : 5 RSch

Sens horaire

Champ magnétique poloidal
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Glorious Confirmation
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Contributions de GRAVITY et l’EHT aux tests de la 

relativité générale

Inspired by Psaltis (2004)

Orbite de S2 avec 

GRAVITY

Ondes gravitationnelles

Potentiel

Masse centrale

M87* avec l’EHT

Sgr A* avec GRAVITY 

et l’EHT



L’objet super-massif et compact au centre de la Voie Lactée

Prix Nobel de physique 2020

Andrea Ghez Roger PenroseReinhard Genzel

GRAVITY
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Merci de votre attention !


