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The Galaxy as we see 1t




Sgr A* at the Galactic
Center

Sgr A*
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Dist. 8 k pc

Mini spiral, HII
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2-disk central cluster
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S star cluster
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Observations in the near infrared

0,25pc &

O©UCLA 2006



The VLT, Very Large Telescope
Four 8m European telescopes on Mount Paranal in Chili




The miracle of adaptive optics
NACO (VLT)

On

@ Diaffraction-limited
angular resolution

‘ ‘ Image of a doublestar



With on the Galactic
Center
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Orbit of the S, star observed with the NAOS VLT
adaptive optics system

)
1992 10 Light days

Schodelet al. (2002)



Orbit of the S, star observed with the NAOS VLT
adaptive optics system

2006.9 light days

Schodelet al. (2002)



More orbits + spectroscopy

SINFONI 18.08.04: K(75 mas)

NACO 10.06.04: H (40mas)

ec.-offset from SgrA* (arcsec)
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Eisenhauer et al. (2005)



Doppler shift due to star motion
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Acurate mass estimate for Sgr A*

3rd Kepler law:

Mgy as=4.31£0.42x 106 Mg,

(d=7.62%0.32kpc)

Gillessen et al. (2009)



Flares at the Galactic Center
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The luminosity of the 2003 flare

K, 16 June 2003, t, = 4 h 47 min 46 s (UT)
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Flares at the Galactic Center

Thre e ex amples Of scen ari oS’ D.-Iaignetic reconnection = heated region
* magnetic reconnectionin jets : :
* hot spots (reconnection) at the
ISCO
* statistical fluctuations Individual blobs of ~ | £/

ejected material

Characteristic scale:

Hot spot at t



Going further by increasing angular resolution

Studying relativistic effects with close stellar orbits

Understanding the nature of S stars and their distribution

Bringing the evidence that Sgr A* is a black hole
Understanding the nature of the flares

Probing general relativity in the strong field regime



GRAVITY combines the 4 UTs (8 m)
orthe 4 ATs (1.80 m) of the VLTI
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GRAVITY: a distributed instrument on VLTI

In additionto the beam
combiner:

* 4 infrared adaptive
optics (UT)

| * Metrology probes on
——— the telescopes (UTs
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The GRAVITY consortium
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Principle of the GRAVITY measurements

Reference source for infrared
adaptive optics

Reference sources for fringe tracking
and phase referencing for astrometry
and 1maging




Interferometric astrometry

. . Reference © Sgr A*
Distance between interferograms: star

Da
Hence:
A precision of 5 nm on with a
100 m baseline yields and accuracy of

B xDa

10 pas on Lyl # s

opd



Gliese 65AB

Astrometric precision with
GRAVITY: 40-60 pas

(oesoue) yuv
S0 )

GRAVITY collaboration Abuteretal., A&A 602, A94 (2017), GRAVITY collaboration in preparation



Reconstructed images of S2 and Sgr A*

22 mas
& SgrA* 180 AU
' - 2200 Ry
y \
S2
¥
SgrA*
resolution

co-add early summer 2017 5981 7 mas March 2018






Detection of gravitational redshift with S2

A&A 615, L15 (2018)
https://doi.org/10.1051/0004-6361/201833718 %tronomy
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Detection of the gravitational redshift in the orbit of the star S2
near the Galactic centre massive black hole*
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Detection of gravitational redshift with S2

; GRAVITY
TN A Imaging and
Sgr A* relative astrometry
'\’ to Sgr A*
Spectroscopy
(velocities)

Hel HI 7-4

Yl

S2-SINFONI 'I.'

dirty beam
2.2x 4.7 mas July 2017 May / June 2018

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



Tracking of S2 position with GRAVITY

22 July 2018

June/July 2018

May/June 2018

April/May 2018

A
\ 4

GRAVITY Collaboration, A&A 615, L15 (2018) 50 mas

April 2017

May 2017

June 2017

July 2017

August 2017

March 2018



The S2 dataset
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Fitting with a relativistic orbit

Redshift — radial velocity

300

b B /= 0: Newton

f=1: Einstein
(post-newtonian
approximation)

20170 20175 20180 20185 20190

0.0010[

0.0005 |

0.0000 |

-0.0005

—0.0010¢ . . . ]
20170 20175 20180 20185 2019.0

Mass of Sgr A*:
4.11+0.03x10° Mg,
0.00107 - ' ' ] (precision of 6x1 03)

0.0005

ooooo i ﬁi gﬁ}\ Distance to Sgr A*:

~0.0005 8177+ 31 i
(precision of 4x103)

—0.0010¢

20170 20175 20180 20185 20190
Year

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



Measuring the relativistic precession of S2
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Flares near the innermost stable circular orbit

A&A 618, 110 (2018)
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Flares at the Galactic Center

29 light days
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Flares near the innermost stable circular orbit

Jul 22 2018 flare, MJD=58321.9954
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flux density (in units of S2)

y-offset («as)

R=7 R a=0i=160" 0=160"y =13

3 flares observed on May 27,
July 22 and 28 2018

Model fitting with a

relativistic hot spot model
(GYOTO, Vincent et al. 2011)

Schwarzschild case (a=0):

R=73+0.)5 Rg
P =40+ 8 min
=> Vorb™ 03 C



Polarization loops

July 28th, 2018
MJD 58328.0841

July 22nd, 2018
MJD58321.9954

Pp0|=57ir8 min

1/S2 (blue), Q/S2(red)
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GRAVITY Collaboration, A&A 618, L10 (2018)

Poloidal magnetic field
(perpendicular to orbital
plane)

Light bending by Sgr A* adds
an azimutal component to
polarization with an orbit-like
motion

Flare of July 28:
P =48 £ 6 min

Compatible with a low
inclination (15-30°) and a 7-8
R, orbital radius.



Constraint on inclination and orbital radius
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Orbital motions are fully compatible with a 4 million
solar mass black hole
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Contributions of GRAVITY to tests of general
relativity

Black Holes

Fe K- aline

LIGO detections

S2 orbit around Sgr A

grav. redshift Sirius B
Hulse- Taylor pulsar

Light Deflection

Shapiro Delay

Precession of Mercury
Pound- Rebka experiment

30 35 40
log (mass/gr)




Other measurements?



First image of Sgr A* at 86 GHz (3.5 mm)

Issaoun et al., ApJ, 871:30 (2019)

(u,v) coverage

ALMA-GBT e strong detection
ALMA-VLBA o weak detection

GBT-VLBA non-detection
intra-Europe

intra-VLBA




Scattering by plasma
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Diameter~ 20 R (Ag )31
@ 3.5 mm
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Radiationis scattered by
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Bower et al. (2006, 2004)
Shen et al. (2005)




Scattering by plasma

Diameter™~ 20 R¢ (A5, ) 1317 SIMULATION SCATTERED
@ 3.5 mm
luaor13Rq

L &

Radiationis scattered by
JENE

200 pas 200 pas
M. Moscibrodzka .M. D. Johnson

Issaoun et al., ApJ, 871:30 (2019)

Bower et al. (2006, 2004)
Shen et al. (2005)



First image of Sgr A* at 86 GHz (3.5 mm)

ALMA-GBT
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First image of Sgr A* at 86 GHz (3.5 mm)

Modeling:

only disks at moderate viewing angles

and jet models with viewing angles < 20°

are consistent with 1 and 3mm sizes and asymmetry constraints

=> Fully compatible with the constraints derived from the GRAVITY data

Initial scattered image ' Unscattered image
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Event Horizon Telescope

' First observations in-Aprﬂ"ZO 17 ...
results should come soon ...






First measurements at ® ~ 1 mm

Not the event
horizon yet!
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True disteance from black hole (GM/c
Doeleman et al. (2008)



More with GRAVITY?



Orbits of nearby stars

Imaging of the central 100 mas (one night)
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Orbits of nearby stars

Imaging of the central 100 mas (one night)

After 15 months of observing:
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Lense-Thirring effects and precession of the quadrupolar
moment

(precession of
the angular momentum vector around the BH
spin vector)

[72]
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[w]
o

Precas

0. 0.6
Black Hole spin parameter x

of Wheeler: only 3 parameters || The measurement of precession due to
describe a black hole: mass M, spin J, electric in a few years with orbits
charge of size
Quadrupolar moment: Q, =-J> /M

Will (2008) Merritt et al. (2010)



So far: no star brighter than K = 17.1 next to S2 and Sgr A*

— T T T T

Integration time =300 s

T

'Calibrated with IRS 16C%) . -

—_
o
T T

|

i
T 07%g = =
I I T i

o
TTTTTTTI

Squared visibility
Closure phase [°]

-
Qo
T

Vz=10.97 ¢ 0.09 ; : CP=0.0¢ 1.7¢
3104J0510 30 ‘4‘DI5lI)
Spatial frequency [Mi] Spatial frequency [Mi]

Absil (99%)
Gallenne (99%)

30 40
Radial distance [mas]

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



A flare with < 30 minute period to constrain the spin?
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Thank you for your attention!

Special thanks to Thibaut Paumard, Fréderic
Vincent, Reinhard Genzel, Oliver Pfuhl,
Frank Eisenhauer and the members of the
GRAVITY consortium!



First direct measurement of the mass of a quasar:
3C273

QUASAR ENGINES

The sccretion of m r onko giant black
hioles in the cent palacies pawers
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Hot gas glows as it falls
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> Viewed as a radio galay > Viewed a5 quasar

GRAVITY collaboration, Nature 563, 657 (2018)
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First direct measurement of the mass of a quasar:
3C273
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Relativistic ray tracing code GYOTO

Red noise Rossby instability

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

B -

N\ LN \_,,. .‘ -
Vincent et al. Classical and Quantum Gravity 28, 225011 (2011) ©T. Paumard
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