Introduction: le Centre Galactique et GRAVITY
Résultats Centre Galactique

Résultats AGNs et GRAVITY+
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Le parsec central : zone d’influence de Sagittarius A*

Un point (SgrA*, trou noir ?7?)
entouré d’une minispirale ionisée...

(découverte : années 70)

NRAO/VLA



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

Circum—nuclear disk (Hat Creek) Un point (SgrA*, trou noir ??7?)

Leo Blitz, University of Maryland.

entouré d’une minispirale ionisée...
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Le parsec central : zone d’influence de Sagittarius A*

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)



Le parsec central : zone d’influence de Sagittarius A*
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baignant un amas d’étoiles vieilles et jeunes malgré
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Le parsec central : zone d’influence de Sagittarius A*
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< Location of

black hole
au coeur, des étoiles en orbite courte autour de
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Et une émission variable
(découverte : années 2000)
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Dépasser la limite de résolution d’'un 8m

Projet instrumental GRAVITY: General Relativity

50 mas ~ 5000Rs  Analysis through VLT Interferometry

o Section Centre galactique
du document ESO
« PRIMA reference
MmIissions »;
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GRAVITY, en particulier

Centre galactique:
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GRAVITY and VLTI

1000x More Sensitive

Milli Arcsecond v
Resolution Imay world’s Largest and Sharpest

\’/ Optical / IR Telescope
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/ooming in with GRAVITY
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Routine Faint Milli-arcsec Imaging with GRAVITY
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S2 orbit to 20-100pas accuracy (GRAVITY) + SINFONI spectroscopy
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Highly-significant detection of gravitational redshift and GR precession

S2 redshift

S2 precession
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g GRAVITY Collab. 2018a, 2019b, 2020
T Redshift / Precession (2018-2021)

@ f-parameter fit: 0 for Newton, 1 for GR (1PN)
@ feashirt = 1.04 == 0.05 = 200 grav. redshift detection
compatible results with Keck: Do,Hees,Ghez+19

L @ firecession = 0.997 £0.144 = 7o Sch. precession detection
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Redshift => one aspect of Local Position Invariance

Normalized Flux
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Near ISCO- flare motions in the Galactic Center
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Galactic Center Black Hole
Testing the Black Hole Paradigm

Andrea Ghez Roger Penrose Reinhard Genzel
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Mouvement des sursauts

fitter: GyotoModel.curve_fit, nvary: 4, ndof: 18, red. chi2: 1.12+ 0.33, BIC: 215.06+ 6.00, AlCc: 213.04
x0: -53.145 +/-0.000 (fixed), y0: 50.608 +/-0.000 (fixed), spin: 0.000 +/-0.000 (fixed)
R: 7.302 +/-0.541,1i5noclination: 16.235 +/-3.122, PALN: -27.799 +/-2.728, phi0: 182.684 +/-9.010
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GR-PIC and GR-MHD simulations

Ripperda et al., ApJ 900, 100 (2020) (GR-MHD)
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Modeling with Gyoto explains
apparent super-Keplerian motion
(Aimar et al. 2023,
2023A&A...672A..62A)

Light Curve

Lorentz factor

Ll PP

El Mellah et al., A&A 663, A169 (2022) (GR-PIC) .25 1 —— observed
---- intrinsic

Ambient plasma/electrons fall in X-points : : 20— . . . ,
. =50 -100 -150

Accelerated electrons are trapped in small P . (rlrfin) *

Plasmoids merge in flux tubes
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solving BLR in Quasars across cosmic times
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Resolving BLR in Quasars at High-z

Up to redshift 2 — Cos

Flux density, F, (W m= um-")
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Supermassive Binary Black Holes — Final Parsec
Problem
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First Resolution of Microlensed Images

- QE =1.85 + 0.014 mas

Credit:ESO

LENS-LIKE ACTION OF A STAR BY THE

DEVIATION OF LIGHT IN THE
GRAVITATIONAL FIELD

Einstein 1936

Dong+ 19



Isolated Stellar Black Holes from Microlensing

Model-free Determination of Mass for Dark Lens

Most long duration Masses in the Stellar Graveyard
lensing events will be in Solar Masses
black holes
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Lam+ 20 LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern



Towards measuring the spin of Sgr A*
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semi-major axis (Schwarzschild Radii)

Waisberg ea 2018
Cleanest probe: Stellar orbit

. * Needs a star on very close,
— _J2
POSS|ny_teSt Q = ] /M high eccentricity orbit
Test no-hair theorem (Will 2008)

» Closest probe: Flares N iy

« Gas phyiscs & magnetic fields "2

» Using a combination of . 2
light curves, 10uas astrometry & polarimetry |

* Accretion physics might be against us Ressler ea 2018




Original science case: detect close faint stars
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Detection of a K=19 star near SgrA* (in projection), GRAVITY collaboration et al. 2020
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Just the Beginning
June 2021 May 2021 March 2021 2019

T S 20 0 20 -40

mas
GRAVITY Collaboration+ 20

GRAVITY+ : 00x fainter than S2
Increased sensitivity, S2
more stable, higher performance (LGS)

mas - 2023: ~10 stars

Quick look image rg

detect and monitor more faint stars (K=22)
detect more flares



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
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Lensing detectable within first years of operation



BLR Phase Signal [deg]

Mise en service communaute : Participation francaise: lead Gravity Plus AO (GPAQO)

2022: GRAVITY-wide « LESIA: coordination nationale G+, RTC, FT upgrade
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Fundamental Physics at the Galactic Centre
15 & 18 December, 2023

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

Porto, Portugal

MAIN MENU

Home

Venue

Registration
Registration instructions
Organization

Code of Conduct

Programme

4 Login .

WELCOME

The Galactic Centre and SgrA* is a unique laboratory for fundamental physics studies. Being the nearest
supermassive compact object to planet Earth, it allows for probing the smallest spatial scales with high
angular resolution instrumentation such as adaptive optics at the Keck and VLT telescopes, (sub-)mm
long baseline interferometry with the EHT and infrared long baseline interferometry with Gravity/VLTI,
space telescopes such as the James Webb or NUSTAR satellites. Its low accretion rate allows for a
relatively minor astrophysical complexity concerning other counterparts.

A wealth of measurements and fundamental physics results has been obtained in its context, from the
celebrated 2020 Nobel prize to the EHT images, from General Relativity tests to alternative theories of
gravity and dark matter. The general understanding is that the compact object at SgrA* is a black hole.
Johann Wolfgang von Goethe once wrote, "We only see what we know". Black holes have been known
theoretically since 1915 and are obvious candidates for what we see at SgrA*. But is this all that there is?






Strong communlty sup'l

Off AXIS Fringe Tracklrng
. Laser Gmde Stars

v

| GRAVITY+: Towards Faint Science, All Sky, / . - e
High Contrast, Milli-Arcsecond Optical &8 j i . 1 Im proved SenS|t|V|ty
Interferometric Imaging i E . e R e—

White Paper and Proposal

We are happy to inform you t ded GRAVITY+ as the highest priority project to
be pursued in the coming years. ESO is now considering adopting GRAVITY+ as the next VLT facility
instrument after a thorough Phase A process, which is also requested by the STC.

- Currently being integrated in Nice, first light next year!

Credit: ESO, Luis Cal¢cada
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Phase1 /2019 - 2022

Mises a jour instrumentales
GRAVITY Wide
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Optimisation FT
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Measure

Size

Galactic Center Black Hole

GRAVITY
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Offset [uas]

Orbital motions in relativistic zone are consistent
with hypothesis that SgrA* is a Kerr Black Hole
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Dreaming about the Future: Are ‘(Massive) Black
Holes’ described by the Kerr Space-Time ?

(and can other theories of gravity, boson-stars, grava-stars etc. be excluded ?)

187*  April 11, 201 q

— |=— (a')2+5 (no hair)

1l/TINg AOW:

GRAVH'Y hot spots near ISCO

EHT rng S
f“ ’ P2 dn Y ;"T R R SR

B

g 1a. :
SgrA* GRAVITY & EHT 0.1
SgrA* pulsar in central 10 mas 0.1
SgrA* MICADO spectroscopy 0.05
distant MBH LISA EMR in-spiral 0.01

Johannsen & Psaltis 2010 a,b, Will 2014, Johannsen 2016, Psaltis, Wex & Kramer 2016, Johannsen et al. 2016, Zhang et
al. 2015, Waisberg et al. 2018, GRAVITY collaboration et al. 2018c, EHT collaboration et al. 2019, Cardoso & Pani 2019



Active Galactic Nuclei— Imaging NGC 1068

Thin Ring aligned and NGC3783
with Maser Disc
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Size-Luminosity Relation
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GRAVITY collaboration+ 20+, subm.



Supermassive Binary Black Holes — Final Parsec Problem

Dual Broad Line Region  Single Broad Line Region
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