
De GRAVITY à GRAVITY+. 

Collaboration GRAVITY/+

Thibaut Paumard - LESIA CNRS/Observatoire de Paris-PSL

• Introduction: le Centre Galactique et GRAVITY
• Résultats Centre Galactique
• Résultats AGNs et GRAVITY+
• Quelques mots trous noirs stellaires
• Promesses Centre Galactique



Le parsec central : zone d’influence de Sagittarius A*

NRAO/VLA

Un point (SgrA*, trou noir ???)

entouré d’une minispirale ionisée…

(découverte : années 70)
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Un point (SgrA*, trou noir ???)

entouré d’une minispirale ionisée…

entourée d’un tore de gaz moléculaire
(le CND)

(découverte : années 70)

Leo Blitz, University of Maryland. 

Le parsec central : zone d’influence de Sagittarius A*
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Un point (SgrA*, trou noir ???)

entouré d’une minispirale ionisée…

entourée d’un tore de gaz moléculaire
(le CND)

baignant un amas d’étoiles vieilles et jeunes malgré 
les forces de marée

(découverte : années 80)

VLT/NACO

Le parsec central : zone d’influence de Sagittarius A*
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Un point (SgrA*, trou noir ???)

entouré d’une minispirale ionisée…

entourée d’un tore de gaz moléculaire
(le CND)

baignant un amas d’étoiles vieilles et jeunes malgré 
les forces de marée

Au cœur, des étoiles en orbite courte autour de 
SgrA*

(découverte : années 90)

ESO/L. Calçada

Le parsec central : zone d’influence de Sagittarius A*
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Un point (SgrA*, trou noir ???)

entouré d’une minispirale ionisée…

entourée d’un tore de gaz moléculaire
(le CND)

baignant un amas d’étoiles vieilles et jeunes malgré 
les forces de marée

au cœur, des étoiles en orbite courte autour de 
SgrA*

Et une émission variable
(découverte : années 2000)

Le parsec central : zone d’influence de Sagittarius A*
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ESO VLTI workshop 2005 
Paumard et al. 20087

Dépasser la limite de résolution d’un 8m

Orbite sursauts

Orbites étoiles



GRAVITY Collaboration



1000x More Sensitive 
than Earlier

Interferometers
Milli Arcsecond

Resolution Imaging

Micro Arcsecond
Astrometry

World’s Largest and Sharpest 
Optical / IR Telescope

GRAVITY and VLTI



Zooming in with GRAVITY

1 light year
1 light month 1 light day



Routine Faint Milli-arcsec Imaging with GRAVITY

April/May 2018

May/June 2018

June/July 2018

June 2017

July 2017

August 2017

End March 2018

April 2017

May 2017

22 July 2018



S2 orbit to 20-100µas accuracy (GRAVITY) + SINFONI spectroscopy

Measure 
Mass

Eckart & Genzel 96,97, Ghez +98,00,03,08, Schödel+ 02,03, Eisenhauer+ 03,05, Gillessen+ 09,17, Meyer+ 12, Fritz+ 14, Boehle +16, GRAVITY collaboration+ 18,19,20, Do+ 19

0.3% 
precision



Highly-significant detection of gravitational redshift and GR precession

Test GR



Redshift => one aspect of Local Position Invariance

Test GR



Measure 
size



Galactic Center Black Hole
Testing the Black Hole Paradigm

Test 
Theory

Measure 
Mass

Measure 
Size

Andrea Ghez Roger Penrose Reinhard Genzel



Mouvement des sursauts



GR-PIC and GR-MHD simulations

El Mellah et al., A&A 663, A169 (2022) (GR-PIC)

Ambient plasma/electrons fall in X-points where they are accelerated to high Lorentz factors
Accelerated electrons are trapped in small Plasmoids
Plasmoids merge in flux tubes

Ripperda et al., ApJ 900, 100 (2020) (GR-MHD)

Modeling with Gyoto explains 
apparent super-Keplerian motion
(Aimar et al. 2023, 
2023A&A...672A..62A )



2 x 4 milli-arcsec
resolution imaging 

Micro-arcsec spectral 
differential astrometry

High resolution 
spectroscopy

<50 µas imaging 
astrometry19+  mag limiting 

magnitude & 
polarimetry

Rotating BLR
in 3C273

Exoplanet spectroscopy

h Car  & SS433 gas flows

Most Trapezium 
members are multiple

SgrA* Flare motion at ISCO

3 RS

SgrA*

- 1 week -
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precession

14mas=1400 RS

- 1 week -

GRAVITY’s Firsts
Microlens

NGC1068 image



GRAVITY Collab. 18, 20, 21
3C 273,
IRAS 09149−6206,
NGC3783

Resolving BLR in Quasars across cosmic times

Mode z =
0

z = 0.2 z = 1 z = 2 z = 3 All

Current 15 2 0 0 0 17

Gravity-Wide 2 17 27 10 1 145

On-axis NGS 193 28 3 1 0 249

On-axis LGS 340 227 19 2 2 1131

Off-axis NGS 0 5 17 12 1 108

Off-axis LGS 2 176 628 542 71 4898



Limit. Mag: K = 22
Resolution: 3 mas
Relative astrometry: 10-50µas
Spectro-astrometry: <10µas

2024

2021

2025

Proposed 2019
PDR Jan. 2022
FDR Jul.  2022

Sensitivity and
Robustness

Sky-coverage
LGS+wide-angle FT2024



Resolving BLR in Quasars at High-z

z = 2.5

z = 1.0
z = 0.2

z = 0.05

3C273

K-Band Magnitude10 18
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Up to redshift 2 – Cosmic Noon Quasar ULAS J112001.48+064124.3

And Even z > 7

Mortlock+ 2011Mode z = 0 z = 0.2 z = 1 z = 2 z = 3 All

Current 15 2 0 0 0 17

Gravity-Wide 2 17 27 10 1 145

On-axis NGS 193 28 3 1 0 249

On-axis LGS 340 227 19 2 2 1131

Off-axis NGS 0 5 17 12 1 108

Off-axis LGS 2 176 628 542 71 4898



Supermassive Binary Black Holes – Final Parsec 
Problem

Yu-Yang Songsheng, Jian-Min Wang, Yan-Rong Li, Pu Du



First Resolution of Microlensed Images

QE = 1.85 ± 0.014 mas

Dong+ 19

Credit:ESO

Einstein 1936



Model-free Determination of Mass for Dark Lens

Zang+ 20

Isolated Stellar Black Holes from Microlensing

Dong+ 19

Most long duration 
lensing events will be 
black holes

Lam+ 20



Towards measuring the spin of Sgr A* 

• Cleanest probe: Stellar orbit
• Needs a star on very close, 

high eccentricity orbit

Ressler ea 2018 

Waisberg ea 2018 

• Closest probe: Flares
• Gas phyiscs & magnetic fields
• Using a combination of 

light curves, 10µas astrometry & polarimetry
• Accretion physics might be against us

Possibly test 𝑸 = −𝑱𝟐/𝑴
Test no-hair theorem (Will 2008)



Original science case: detect close faint stars

Detection of a K=19 star near SgrA* (in projection), GRAVITY collaboration et al. 2020

Paumard et al. (2008)



2023: ~10 stars

GRAVITY+ :
increased sensitivity,
more stable, higher performance (LGS)
detect and monitor more faint stars (K=22)
detect more flares

June 2021



Probe the potential well around SgrA*

• Mass distribution around Sgr A*:
• (faint) stars
• Sea of stellar mass to 

intermediate mass
• Signatures:

• Enclosed mass for many stars
• Orbital precession
• Statistics of orbital elements

(Tep et al. 2021)
• Changes in orbits from 2 body 

encounters
• Caustic crossings in "weak" 

lensing events

S9

Lensing detectable within first years of operation



Vue d’artiste des étoiles laser. Crédits: Luis Calçada

Calendrier de GPAO (Gravity Plus AO):
• 2019: Présentation à VLT2030
• 2020: Lettre d’intention/sélection ESO
• 2022: Jan: PDR, jul: FDR, nov : début AITs
• 2024: PAE, commissioning mode NGS
• 2025: Commissioning LGS
Performance cible: K=22,
Tout le disque galactique, beaucoup d’AGNs

Participation française: lead Gravity Plus AO (GPAO)
• LESIA: coordination nationale G+, RTC, FT upgrade
• IPAG: système AO, qualification DM
• Laboratoire Lagrange: intégration
• CRAL: DRS

Couverture
LGS+FT hors-axe

Mise en service communauté :
2022: GRAVITY-wide
2022: FT upgrade
2023: GRAVITY-faint
2024: GPAO NGS
2026: GPAO LGS

AGNs à travers
tout l’Univers

Planètes jeunes
À 1-10 u.a.



https://gravity2023.sciencesconf.org/
Deadline: November 10th (next Friday!)





Improved Sensitivity

Laser Guide Stars

Adaptive Optics

Faint All Sky Milli Arcsecond Imaging and 
Micro Arcsecond (Spectro) Astrometry

Currently being integrated in Nice, first light next year!

Credit: ESO, Luis Calçada

Off Axis Fringe Tracking

Strong community support, P0 of INSU 2019 prospective



INSU : AO (GPAO)



Galactic Center Black Hole

Measure 
Size

~ l-2

~ l-1.44

Fish+ 11, Doeleman+ 08
Bower+ 06,04, Shen+ 05
Krichbaum+ 98

GRAVITY Collaboration+ 18,19,20

Yusef-Zadeh+ 86
Roberts & Goss 93



GRAVITY collaboration 2018b, A&A, 618, L10;
GRAVITY collaboration 2019c, MNRAS, 489, 4604;
GRAVITY collaboration 2020, A&A, 635, 143





– Imaging NGC 1068Active Galactic Nuclei
and NGC3783

GRAVITY collaboration+ 20+, subm.

Size-Luminosity Relation

Thin Ring aligned 
with Maser Disc



Supermassive Binary Black Holes – Final Parsec Problem

Songsheng+ 19

Dual Broad Line Region Single Broad Line Region

Dexter+ 20


