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The Galaxy as we see it



Mini spiral, HII 
region
(2 pc/~ 50’’)

S star cluster
50 massive main sequence
stars
(0.5-20 mpc/12-400 mas)

Circumnuclear disk
Molecular gaz and dust
(1.5-7 pc/~100’’)

2-disk central cluster
90 massive OB and
Wolf-Rayet stars
(0.5 pc/12.5’’)

Sgr A* at the Galactic
Center Sgr A*

Rs=10 µas = 0.1 ua
Dist. 8 k pc

(Balick & Brown 1974, Becklin et al. 1982, Roberts, Yusef-Zadeh & Goss 1992,
Eckart et al. 1995, Paumard et al. 2004, 2006)
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Observations in the near infrared

0,25 pc

© UCLA 2006



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

The miracle of adaptive optics
NACO (VLT)

Diffraction-limited
angular resolution

Image	of	a	double	star
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With infrared adaptive optics on the Galactic
Center

0.05 pc

© UCLA 2006
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Orbit of the S2 star observed with the NAOS VLT 
adaptive optics system

Schödel et al. (2002)

Sgr A*
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Orbit of the S2 star observed with the NAOS VLT 
adaptive optics system

Schödel et al. (2002)

S2
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More orbits + spectroscopy

Eisenhauer et al. (2005)
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Star 
velocity on the 
line of sight

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

MSgr A*= 4.31±0.42 ✕106 M⦿

(d = 7.62±0.32 kpc) Eisenhauer et al. (2005)

3rd Kepler law:

� 

a3

T 2
=
GMSgr A*

4π 2

Gillessen et al. (2009)
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Figure 16. Stellar orbits of the stars in the central arcsecond for which we were able to determine orbits. In this illustrative figure, the coordinate system was chosen
such that Sgr A* is at rest.

quicker convergence the parameters should be chosen orthog-
onal to each other. Interestingly, for a sufficiently long chain
the result does not depend upon the chosen jump distance; that
value influences rather how fast the chain samples the parameter
space.

For each star, we used the MCMC algorithm. Assuming some
reasonable potential (e.g., as determined from a preliminary fit
to the S2 data) we varied all six orbital elements and checked
whether the region in this six-dimensional parameter space
which is reached by the chain is compact and reasonably well
described by Gaussian functions (see Figure 17). The advantage
of doing so is mainly that, unlike a minimization routine that can
be trapped in a local minimum, the MCMC simulations yield a
global picture of the probability density distribution.

For all 26 stars, for which we were able to determine an orbit,
the probability density distribution was well behaved, i.e., in all
cases, the MCMC sampled a compact region in parameter space,
the size of which was consistent with the expectation from the
fit errors of the parameters. Examples are shown in Figure 17.
We conclude that the orbital solutions presented in Table 7 are
reliable.

Among the stars with orbital solution, six stars are late type
(S17, S21, S24, S27, S38 and S111). It is worth noting that for
the first time, we determine here the orbits of late-type stars
in close orbits around Sgr A*. In particular S17, S21 and S38
have small semi major axes of a ≈ 0.′′25. The late-type star
S111 is marginally unbound to the MBH, a result of its large
radial velocity (−740 km s−1) at r = 1.′′48 which brings its total
velocity up to a value ≈ 1σ above the local escape velocity.

Furthermore, we determined (preliminary) orbits for S96
(IRS16C) and S97 (IRS16SW), showing marginal accelerations
(2.1σ and 3.9σ respectively). These stars are of special interest,

since they were proposed to member of a clockwise-rotating disk
of stars (Paumard et al. 2006). Similarly, we could not detect
an acceleration for S95 (IRS16 NW). This excludes the star
from being a member of the counter-clockwise disk (Paumard
et al. 2006), since in that case it should show an acceleration
of ≈ 150 µas yr−2, while we can place a safe upper limit of
a < 30 µas yr−2.

7. DISCUSSION

7.1. The Distance to the Galactic Center

Our estimate R0 = 8.33 ± 0.17|stat ± 0.31|sys kpc (Equation
(11)) is compatible with our earlier work (Eisenhauer et al. 2003,
2005). While the underlying data base is partially identical, this
work mainly improved the understanding of the systematic un-
certainties. In particular, the astrometric data during the pericen-
ter passage of S2 is hard to understand. This is an unfortunate
situation, since that data potentially is most constraining for the
potential. During the passage the star sampled a wide range of
distances from the MBH, corresponding to a radially dependent
measurement of the gravitational force acting on it. Probably
only future measurements of either S2, or other stars passing
close to Sgr A* will allow one to answer the question, whether
the confusion problem close to Sgr A* is generic, or whether
2002 was a unlucky coincidence.

Besides stellar orbits, there are other techniques to determine
R0. A classical one is to use the distribution of globular clusters.
Bica et al. (2006) applied this technique to a sample of 153
globular clusters and obtained R0 = 7.2 ± 0.3. This value is
only marginally compatible with our result. However, the error
quoted by Bica et al. (2006) corresponds to the formal fit error
derived from their Figure 4. Therefore, one might suspect that



Flares at the Galactic Center

Genzel et	al.	(2003)
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The luminosity of the 2003 flare

Genzel et al. (2003)



Flares at the Galactic Center
Three examples of scenarios:
• magnetic reconnection in jets
• hot spots (reconnection) at the 
ISCO
• statistical fluctuations

Characteristic scale: few 10 µas



Bringing the evidence that Sgr A* is a black hole

Understanding the nature of the flares

Probing general relativity in the strong field regime

Going further by increasing angular resolution

Scale ~ 1 Rs 10 µas      (x5000)

Scale ~ 100 Rs 1 mas       (x50)

Studying relativistic effects with close stellar orbits

Understanding the nature of S stars and their distribution
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GRAVITY combines the 4 UTs (8 m) 
or the 4 ATs (1.80 m) of the VLTI

~	140	m

Angular resolution:	3 mas	@	2.2	µm



GRAVITY: a distributed instrument on VLTI

Eisenhauer+ 05,11

In addition to the beam 
combiner:

• 4 infrared adaptive 
optics (UT)

• Metrology probes on 
the telescopes (UTs 
and ATs) for high 
precision astrometry

Beam combiner
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The GRAVITY consortium 



Principle of the GRAVITY measurements
Reference source for infrared
adaptive optics

Reference sources for fringe tracking
and phase referencing for astrometry
and imaging

IRS16	C

IRS16	NW
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Reference
star

Sgr A*
Distance between interferograms:

Dopd = B ✕Da

Hence:

Da = Dopd / B

A precision of 5 nm on Dopd with a
100 m baseline yields and accuracy of
10 µas on Da.

Da

opd0

Dopd =	B	✕Da

Interferometric astrometry
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Solving for confusion with GRAVITY

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*

Angular resolution of	the	VLT
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ABSTRACT

The highly elliptical, 16-year-period orbit of the star S2 around the massive black hole candidate Sgr A* is a sensitive probe of the gravitational
field in the Galactic centre. Near pericentre at 120 AU⇡ 1400 Schwarzschild radii, the star has an orbital speed of ⇡7650 km s�1, such that the
first-order e↵ects of Special and General Relativity have now become detectable with current capabilities. Over the past 26 years, we have
monitored the radial velocity and motion on the sky of S2, mainly with the SINFONI and NACO adaptive optics instruments on the ESO Very
Large Telescope, and since 2016 and leading up to the pericentre approach in May 2018, with the four-telescope interferometric beam-combiner
instrument GRAVITY. From data up to and including pericentre, we robustly detect the combined gravitational redshift and relativistic transverse
Doppler e↵ect for S2 of z=��/�⇡ 200 km s�1/c with di↵erent statistical analysis methods. When parameterising the post-Newtonian contribution
from these e↵ects by a factor f , with f = 0 and f = 1 corresponding to the Newtonian and general relativistic limits, respectively, we find from
posterior fitting with di↵erent weighting schemes f = 0.90± 0.09|stat ± 0.15|sys. The S2 data are inconsistent with pure Newtonian dynamics.

Key words. Galaxy: center – gravitation – black hole physics

1. Introduction

General Relativity (GR) so far has passed all experimental tests
with flying colours (Einstein 1916; Will 2014). The most strin-
gent are tests that employ solar mass pulsars in binary systems
(Kramer et al. 2006), and gravitational waves from 10 to 30 M�
black hole in-spiral events (Abbott et al. 2016a,b,c). These tests
cover a wide range of field strengths and include the strong
curvature limit (Fig. A.2). At much lower field strength, Earth

? This paper is dedicated to Tal Alexander, who passed away about a
week before the pericentre approach of S2.
?? GRAVITY is developed in a collaboration by the Max Planck
Institute for extraterrestrial Physics, LESIA of Paris Observa-
tory/CNRS/Sorbonne Université/Univ. Paris Diderot and IPAG of Uni-
versité Grenoble Alpes/CNRS, the Max Planck Institute for Astronomy,
the University of Cologne, the CENTRA – Centro de Astrofisica e Grav-
itação, and the European Southern Observatory.
??? Corresponding author: F. Eisenhauer
e-mail: eisenhau@mpe.mpg.de

laboratories probe planetary masses that are about a factor 106

lower than the stellar mass scale. For massive black hole (MBH)
candidates with masses of 106�10 M�, only indirect evidence
for GR e↵ects has been reported, such as relativistically broad-
ened, redshifted iron K↵ line emission in nearby active galax-
ies (Tanaka et al. 1995; Fabian et al. 2000). The closest MBH is
at the centre of the Milky Way (R0 ⇡ 8 kpc, M• ⇡ 4⇥ 106 M�),
and its Schwarzschild radius subtends the largest angle on the
sky of all known MBHs (RS ⇡ 10 µas⇡ 0.08 AU). It is coincident
with a very compact, variable X-ray, infrared, and radio source,
Sgr A*, which in turn is surrounded by a very dense cluster of
orbiting young and old stars. Radio and infrared observations
have provided detailed information on the distribution, kinemat-
ics, and physical properties of this nuclear star cluster and of
the hot, warm, and cold interstellar gas interspersed in it (cf.
Genzel et al. 2010; Morris et al. 2012; Falcke & Marko↵ 2013).
High-resolution near-infrared (NIR) speckle and adaptive optics
(AO) assisted imaging and spectroscopy of the nuclear star clus-
ter over the past 26 years, mainly by two groups in Europe (the

Article published by EDP Sciences L15, page 1 of 10
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Detection of gravitational redshift with S2

Spectroscopy
(velocities)

Imaging and 
relative astrometry
to Sgr A*



Tracking of S2 position with GRAVITY

50 mas

April/May 2018

May/June 2018

June/July 2018

June 2017

July 2017

August 2017

March 2018

April 2017

May 2017

22 July 2018

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



The S2 dataset

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

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

L15, page 3 of 10
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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 10� result in favour of general relativity ( f = 0.90 ± 0.09), and
�2

r

=0.86. The bottom 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 ⇡ 18.5 mag, 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 data set. We find 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

��per orbit =
3⇡R

S

a(1 � e

2)
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
the outgoing, near-Keplerian orbit. In addition it leads to a west-
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 this second phase of the experiment. Our forecast sug-
gests that we will obtain a 5� posteriori result with GRAVITY
by 2020 (Grould et al. 2017).
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Redshift	– radial	velocity

Astrometry

f = 0: Newton

f = 1: Einstein 
(post-newtonian
approximation)

GRAVITY result:
f = 0.94 ± 0.09
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Mass of Sgr A*: 
4.11 ± 0.03´106 M⦿
(precision of 6´10-3)

Distance to Sgr A*: 
8127 ± 31 pc 
(precision of 4´10-3)



Measuring the relativistic precession of S2
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ABSTRACT

We report the detection of continuous positional and polarization changes of the compact source SgrA* in high states (“flares”) of its variable near-
infrared emission with the near-infrared GRAVITY-Very Large Telescope Interferometer (VLTI) beam-combining instrument. In three prominent
bright flares, the position centroids exhibit clockwise looped motion on the sky, on scales of typically 150 µas over a few tens of minutes, corre-
sponding to about 30% the speed of light. At the same time, the flares exhibit continuous rotation of the polarization angle, with about the same
45(±15) min period as that of the centroid motions. Modelling with relativistic ray tracing shows that these findings are all consistent with a near
face-on, circular orbit of a compact polarized “hot spot” of infrared synchrotron emission at approximately six to ten times the gravitational radius
of a black hole of 4 million solar masses. This corresponds to the region just outside the innermost, stable, prograde circular orbit (ISCO) of a
Schwarzschild–Kerr black hole, or near the retrograde ISCO of a highly spun-up Kerr hole. The polarization signature is consistent with orbital
motion in a strong poloidal magnetic field.

Key words. Galaxy: center – black hole physics – gravitation – relativistic processes

1. Introduction

The compact source SgrA* at the centre of the Milky Way
harbours a concentration of 4.14 million solar masses, plausi-
bly a massive black hole (Genzel et al. 2010; Ghez et al. 2008).
SgrA* exhibits steady and continuously variable, non-thermal
emission across the electromagnetic spectrum (Genzel et al.
2010; Bagano↵ et al. 2001; Trippe et al. 2007; Eckart et al. 2008;
Yusef-Zadeh et al. 2008; Do et al. 2009; Dodds-Eden et al. 2009;
Shahzamanian & Eckart 2015; Ponti et al. 2017; Witzel et al.
2018). Intercontinental microwave interferometry and polarized
infrared(IR)/X-ray variability on 10–30 min timescales suggest

? The data are only available at the CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/618/L10

?? GRAVITY is developed in a collaboration by the Max Planck Insti-
tute for Extraterrestrial Physics, LESIA of Paris Observatory/Université
PSL/CNRS/Sorbonne Université/Univ. Paris Diderot/Sorbonne Paris
Cité, IPAG of Université Grenoble Alpes/CNRS, the Max Planck Insti-
tute for Astronomy, the University of Cologne, the CENTRA – Centro
de Astrofísica e Gravitação, and the European Southern Observatory.
??? Corresponding authors: O. Pfuhl (e-mail: pfuhl@mpe.mpg.de),
J. Dexter (e-mail: jdexter@mpe.mpg.de) and T. Paumard (e-mail:
thibaut.paumard@obspm.fr).

that this emission comes from highly relativistic electrons in a
hot, magnetized accretion disk/torus of⇠10 light minutes in diam-
eter, plus perhaps a jet, just outside the innermost stable circu-
lar orbit (ISCO) of the putative massive black hole (Witzel et al.
2018; Johnson et al. 2018; Doeleman et al. 2008; Yuan et al.
2004; Marko↵ et al. 2001). The exploration of this innermost, rel-
ativistic accretion region with high-resolution imaging techniques
promises important and fundamental information for physics and
astronomy, including new stringent tests of the massive black hole
paradigm.

We have been observing the Galactic centre and SgrA* with
the GRAVITY instrument (Gravity Collaboration et al. 2017,
2018; Eisenhauer et al. 2011, 2008; Paumard et al. 2008) during
multiple campaigns in 2017/20181, with the aim of testing gen-
eral relativity (GR) and the massive black hole paradigm in the
closest massive black hole candidate. Gravity Collaboration et al.
(2018) have already reported in this journal on a high-quality mea-
surement of the gravitational redshift in the orbit of the star S2
going through its peri-approach at 2800 Rg from SgrA* (Rg =

GM•/c2 = 6.1 ⇥ 1011 cm, or 5 µas) in May 2018. Another

1 ESO Telescopes at the La Silla Paranal Observatory programme IDs
099.B-0162, 0100.B-0731, 0101.B-0195, and 0101.B-0576.
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Fig. 1. Bottom left (panel a): time evolution of the east-west (east positive, blue) and north-south (red) position o↵set of the July 22 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
are 1�. For this purpose the total intensity was computed from the sum of the two polarization directions. The points represent the average of the
“Pfuhl” and “Waisberg” analyses (see Appendix B). Bottom right (panel b): projected orbit of the flare centroid on the sky (colour ranging from
brown to dark blue as a qualitative marker of time through the 30 min observation, relative to their medians (small black cross) and after removal
of the S2 motion and di↵erential refraction between S2 and SgrA*). The orange square and 1� uncertainty is the long-term astrometric position
of the mass centre of the S2 orbit (approximately the orbital centroid, although shifts between apparent and true centroids can be introduced by
lensing, relativistic beaming, and azimuthal shearing of an initially compact “hot spot”). Top left (panel c) and top right (panel d): comparison of
the data of the bottom two panels with a realization of a simple hot spot model in the Schwarzschild metric, including light bending, lensing, time
dilation and other e↵ects of GR and/or special relativity (SR), computed from the NERO relativistic ray tracing code (Bauböck et al., in prep.).
Similar results were obtained with the GYOTO code (Vincent et al. 2011b; Grould et al. 2016). The purple and cyan continuous curves in (c) show
the same orbit in x(t) and y(t), compared to the data in blue and red. The continuous blue curve in (d) denotes a hot spot on a circular orbit with
R = 1.17 ⇥ R(ISCO, a = 0,M = 4.14 ⇥ 106 M�), seen at inclination 160� (clockwise on the sky, as for the data in (d)) and with the line of nodes at
⌦ = 160� ( �r

2 = 1.2). Open blue circles and grey bars connect the data points to their locations on the best fit orbit.

main goal of our observations is to search for orbital motions
of “hot spots” of relativistic gas in the innermost accretion zone
around the black hole’s ISCO (Broderick & Loeb 2005, 2006;
Hamaus et al. 2009).

Such hot spots have been proposed to originate from
magnetic shocks or re-connection events in the innermost
accretion zone (Eckart et al. 2008; Zamaninasab et al. 2010;
Dexter & Fragile 2013; Chan et al. 2009; Dodds-Eden et al.
2010; Ponti et al. 2017) leading to local acceleration of elec-
trons to relativistic �-factors of 103...6, su�cient to generate
the variable IR (and X-ray) emission, in analogy to solar flares
(Dodds-Eden et al. 2010; Lin et al. 2001; Ponti et al. 2017). This
is the subject of the current paper.

2. Observations

The GRAVITY instrument combines the four 8 m telescopes
of the European Southern Observatory (ESO)-Very Large Tele-
scope (VLT) interferometrically for 3 milli-arcsec (mas) res-
olution imaging and ⇠20–70 microarcsec ( µas) astrometry in
the K-band (2.2 µm) continuum. For details of the instrument
and the data analysis and positional extraction we refer to
Gravity Collaboration et al. (2017) and Appendix A. Briefly, the
light of the four telescopes is extracted into mono-mode fibres
for two positions on the sky and then interfered in the beam
combiner for all six baselines of the interferometer. One fibre
is placed on the bright (Ks = 10) star IRS16C about 100 N-E

L10, page 2 of 15

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 = 7.3 ± 0.5 Rg
P = 40 ± 8 min
=> vorb~ 0.3 c

Flares near the innermost stable circular orbit
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Polarization loops
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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:
Ppol = 48 ± 6 min

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



Constraint on inclination and orbital radius

R = 7.6 ± 0.5 Rg and inclination i ≤ 30°

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



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
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Table A.1. Best-fit orbit parameters with and without Schwarzschild
precession.

Para- Without Schwarz- With Schwarz- Unit
meter schild precession schild precession

f 0.901 ± 0.090 0.945 ± 0.090
M• 4.106 ± 0.034 4.100 ± 0.034 106 M�
R0 8127 ± 31 8122 ± 31 pc
a 125.38 ± 0.18 125.40 ± 0.18 mas
e 0.88473 ± 0.00018 0.88466 ± 0.00018
i 133.817 ± 0.093 133.818 ± 0.093 �
! 66.12 ± 0.12 66.13 ± 0.12 �
⌦ 227.82 ± 0.19 227.85 ± 0.19 �
P 16.0526 16.0518 yr
tperi 2018.37965 ± 0.00015 2018.37974 ± 0.00015 yr

58257.667 ± 0.054 58257.698 ± 0.054 MJD
x0 �0.88 ± 0.47 �1.00 ± 0.47 mas
y0 �0.97 ± 0.41 �0.99 ± 0.41 mas
ẋ0 0.070 ± 0.031 0.076 ± 0.031 mas/yr
ẏ0 0.178 ± 0.030 0.178 ± 0.030 mas/yr
ż0 2.4 ± 3.0 1.9 ± 3.0 km/s
�2

red 0.86 0.86

For the case of Schwarzschild precession, the orbital parameters should
be interpreted as the osculating orbital parameters. The argument of
periapsis ! and the time of pericentre passage tperi are given for the
epoch of last apocenter in 2010.

& Petterson 1975; Will 2008):

�! = 2 ⇠
 

RS

a(1 � e2)

!3/2

, (A.3)

where ⇠  1 is the dimensionless spin parameter of a Kerr
black hole. For ⇠ = 0.5, the LT precession of S2 is 900, which
is clearly not detectable. It is thus necessary to observe stars
yet deeper in the potential if the spin of Sgr A* is to be mea-
sured with orbiting stars. Waisberg et al. (2018) have quantita-
tively analysed the requirements for detecting the LT-precession
on a star inside the S2 orbit. They find that such a star would
have to have a combination of semi-major axis a and eccentric-
ity e, a(1�e2)3/4/RS  250, and a significant detection would
require 10 µas astrometric precision in a campaign over several
years. Based on the K-band luminosity function (Genzel et al.
2003; Sabha et al. 2012; Gallego-Cano et al. 2018; Schödel et al.
2018) and the eccentricity distribution of the S-stars (Gillessen
et al. 2017), Waisberg et al. (2018) estimate a probability of
⇡ 10 % for a K < 19 mag star to fulfill the above requirement.
Still fainter stars would likely be more common. No second
star with K < 18.5 mag has so far been reliably detected near
Sgr A* with GRAVITY, which is consistent with the predictions
of Waisberg et al. (2018). We hope for such a detection in the
next years, when S2 has moved away from Sgr A* and cleared
the field of view for fainter objects.
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Fig. A.2. Comparison of tests of General Relativity, inspired by Psaltis
(2004). Shown in black are well-established tests: the Pound & Rebka
(1959) experiment, the precession of Mercury (Einstein 1916), light de-
flection and the Shapiro delay in the solar system, the Hulse-Taylor
pulsar (Taylor & Weisberg 1982), the gravitational redshift of Sirius
B (Greenstein et al. 1971; Barstow et al. 2005), the LIGO detections
(Abbott et al. 2016a,c,b), and the relativistic Fe K↵ line (Tanaka et al.
1995; Fabian et al. 2000). Future tests are shown in grey, and this work,
which uses the S2 orbit around Sgr A*, is shown in blue.
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Fig. A.2. Comparison of tests of General Relativity, inspired by Psaltis
(2004). Shown in black are well-established tests: the Pound & Rebka
(1959) experiment, the precession of Mercury (Einstein 1916), light de-
flection and the Shapiro delay in the solar system, the Hulse-Taylor
pulsar (Taylor & Weisberg 1982), the gravitational redshift of
Sirius B (Greenstein et al. 1971; Barstow et al. 2005), the LIGO de-
tections (Abbott et al. 2016a,b,c), and the relativistic Fe K↵ line
(Tanaka et al. 1995; Fabian et al. 2000). Future tests are shown in grey,
and this work, which uses the S2 orbit around Sgr A*, is shown in blue.

and f = 1). We can thus use the respective peak (best-fit) pa-
rameter values and the covariance matrices to approximate the
Bayesian evidence integrals (Mackay 2003). The ratio of the so-
called Occam factors describing the ratio of the volumes of the
two posterior parameter spaces is almost unity, such that the ev-
idence ratio ⇢ equals the likelihood ratio, i.e. ⇢⇡��2/2, which
is ⇡ 43 in favour of f = 1 (assuming p( f = 0)= p( f = 1) a priori).
The di↵erences in the Bayesian information criteria (BIC) and
the Akaike information criteria (AIC) both equal ��2 in our case.
Given that ��2 = 87, we have a “decisive” evidence for f = 1
when applying Je↵rey’s scale.

We estimated the sampling error on f by means of a boot-
strap analysis, during which we randomised the astrometric and

spectroscopic data points separately but simultaneously. We refit
the bootstrap sample and used the standard deviation of the best-
fit values of f as sampling error. We obtain � f = 0.15.

A.10. Lense-Thirring effect

The S2 experiment delivers a valuable confirmation of GR in
a so-far unexplored regime at high masses (Fig. A.2, adapted
from Psaltis 2004). A further goal would be determining the
spin of the massive black hole through the combination of frame
dragging and quadrupole moment, the so-called Lense-Thirring
(LT) precession, of PPN(1.5) order (e.g. Misner et al. 1973;
Bardeen & Petterson 1975; Will 2008):

�! = 2 ⇠
 

RS

a(1 � e2)

!3/2

, (A.3)

where ⇠  1 is the dimensionless spin parameter of a Kerr black
hole. For ⇠ = 0.5, the LT precession of S2 is 900, which is
clearly not detectable. It is thus necessary to observe stars yet
deeper in the potential if the spin of Sgr A* is to be mea-
sured with orbiting stars. Waisberg et al. (2018) have quantita-
tively analysed the requirements for detecting the LT-precession
on a star inside the S2 orbit. They find that such a star
would have to have a combination of semi-major axis a and
eccentricity e, a(1� e2)3/4/RS  250, and a significant detec-
tion would require 10 µas astrometric precision in a campaign
over several years. Based on the K-band luminosity func-
tion (Genzel et al. 2003; Sabha et al. 2012; Gallego-Cano et al.
2018; Schödel et al. 2018) and the eccentricity distribution of
the S-stars (Gillessen et al. 2017), Waisberg et al. (2018) esti-
mate a probability of ⇡10 % for a K < 19 mag star to fulfill
the above requirement. Still fainter stars would likely be more
common. No second star with K < 18.5 mag has so far been
reliably detected near Sgr A* with GRAVITY, which is con-
sistent with the predictions of Waisberg et al. (2018). We hope
for such a detection in the next years, when S2 has moved
away from Sgr A* and cleared the field of view for fainter
objects.
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conducted on 2017April3 as part of the first offered VLBI
session with ALMA (project code MB007). We recorded a
total bandwidth of 256MHz per polarization divided into four
intermediate frequencies (IFs) of 116channels each. The 12 hr
track (4 hr with the European subarray and 8 hr with ALMA)
included three calibrator sources: 1749+096, NRAO530, and
J1924−2914. The total integration time on Sgr A* with ALMA
was 5.76 hr.

The data were processed with the VLBI correlator at the Max
Planck Institute for Radio Astronomy using DiFX (Deller et al.
2011). After correlation, reduction was carried out using the
Haystack Observatory Postprocessing System24 (HOPS) sup-
ported by a suite of auxiliary calibration scripts presented in
L. Blackburn et al. (2019, in preparation), with additional
validation and cross-checks from the NRAO Astronomical
Image Processing System (AIPS; Greisen 2003). The HOPS
software package in its current form arose out of the
development of the Mark IV VLBI Correlator; see Whitney
et al. (2004). During the HOPS reduction, ALMA baselines
were used to estimate a stable instrumental phase bandpass and
delay between right and left circular polarization relative to the
other stations. The ALMA or GBT baselines (depending on
signal-to-noise ratio (S/N)) were used to remove the stochastic
differential atmospheric phase within a scan. Because atmo-
spheric phase corrections are required on short (∼second)
timescales, leading to a large number of free parameters to fit, a
round-robin calibration was used to avoid self-tuning: baseline
visibility phases on each 58MHz IF were estimated using only
the remaining three IFs, which have independent thermal noise.
The integration time for rapid phase corrections was auto-
matically chosen by balancing errors from random thermal
variation with those due to atmospheric phase drift and thus
varied with the available S/N. The median effective integration
time was 4.5 s. During a final stage of reduction with the HOPS
fringe fitter fourfit, fringe solutions for each scan were fixed
to a single set of station-based delays and rates. These were
derived from a least-squares solution to baseline detections
where unconstrained stations were removed from the data set.
No interpolation of these fringe solutions was performed across
scans, as the solutions were not stable within their necessary
tolerance to maintain coherence. After these phase corrections,
our data have enough phase coherence to allow longer
averaging times.

We performed a priori amplitude calibration using provided
telescope gain information and measured system temperatures
during the observations. The heterogeneity of the stations in
the GMVA required us to adopt a careful approach to the
amplitude calibration. The calibration for ALMA was fully
provided by the ALMA quality assurance (QA2) team
(C. Goddi et al. 2019, in preparation), and system equivalent
flux densities (SEFDs) were generated with a high time
cadence by PolConvert (Martí-Vidal et al. 2016). Both YS
and PV measure effective system temperatures via the chopper
wheel method and thus do not require an additional opacity
correction to their SEFDs. However, the rest of the array
(VLBA, GB, EB) measures system temperatures via the noise
diode method, requiring an additional opacity correction to
account for atmospheric attenuation of the visibility ampli-
tudes. Unfortunately, several VLBA stations were observed in
difficult weather conditions (ice, wind, rain), leading to limited

detections on baselines to the Owens Valley (OV), North
Liberty (NL), and Pie Town (PT) stations. Additionally,
observations at PV suffered from phase coherence losses in
the signal chain during the observations, leading to poor-
quality data and lower visibility amplitudes on those baselines,
which cannot be rescaled with a priori calibration information.
Figure 1 shows the detections and nondetections for Sgr A*

(top panel) and corresponding S/N of scan-averaged visibilities
for Sgr A* detections. All detections beyond ∼1 Gλ are on
baselines to ALMA. After a priori calibration, we can proceed
with imaging routines to determine the morphology of the
calibrators and the target source.

4. Imaging

We employ the eht-imaging library,25 a regularized
maximum-likelihood imaging software package, to image our

Figure 1. Top: The (u, v) coverage of Sgr A*. Each symbol denotes a scan-
averaged measurement: filled colored circles are strong detections, open
colored circles are weak detections (constrained fringe delay and rate but
S/N<6), and hollow gray circles are nondetections (unconstrained fringe
delay and rate) after processing through HOPS. Bottom: The S/N for scan-
averaged visibilities on Sgr A* as a function of projected baseline length,
showing only detections. All detections beyond ∼1 Gλ are on baselines
to ALMA.

24 https://www.haystack.mit.edu/tech/vlbi/hops.html 25 https://github.com/achael/eht-imaging
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weights). The regularizers used in the scattered image, with a
weighting of 10% of the data weights, were Gull–Skilling
maximum entropy, total squared variation, and second-moment
regularization, with the second-moment matrix given by that of
the Gaussian used for self-calibration. Each of these regular-
izers favors particular image features while enforcing image
positivity and a total flux density constraint. Gull–Skilling
entropy favors pixel-by-pixel similarity to the prior image (we
used the previously fitted Gaussian source as the prior). Total
squared variation regularization favors small image gradients,
producing smooth edges (see Chael et al. 2018b for a detailed
discussion of these regularizers). Second-moment regulariza-
tion constrains the second derivative of the visibility function at
the zero baseline (which is proportional to the second central
image moment) to match a specified value; we thereby
constrained our short baselines to match those of the Gaussian
source measured in previous experiments (O16, B18) without
imposing assumptions on the visibilities measured by longer
baselines, which reflect image substructure. In the scattering
mitigation code, the second-moment regularization is only
applied to the observed image, such that the intrinsic image
derived by the scattering deconvolution is not directly
constrained by the regularizer but still remains within physical
size ranges. After imaging with closure quantities and corrected
visibility amplitudes, we then self-calibrated the visibility
phases and amplitudes to the obtained scattered image before
imaging with stochastic optics (using the same regularization
parameters).

The stochastic optics framework is implemented within the
eht-imaging library via regularized maximum likelihood.
The code solves for the unscattered image by identifying,
separating, and mitigating the two main components of the
scattering screen introduced in Section 2: small-scale diffrac-
tive modes that blur the image, causing the ensemble-average
scattered image to be a convolution of the true image and the
scattering kernel (predominantly east–west scatter broadening),

and large-scale refractive modes that introduce stochastic
image substructure (ripples distorting the image). The code
simultaneously solves for the unscattered image and the large-
scale phase screen causing refractive scattering while assuming
a given model for the diffractive blurring kernel and the
refractive power spectrum Q(q) (governing the time-averaged
scattering properties). In our case, we used the scattering kernel
(with a size of (159.9×79.5) μas, PA of 81°.9) and power
spectrum (with α=1.38 and rin=800 km) from the J18
scattering model. See Johnson (2016) for a more detailed
description of the method. Two iterations of stochastic imaging
and self-calibration are done for convergence. We present in
Figure 5 our resulting intrinsic and scattered images of Sgr A*.

4.2.3. Uncertainties of Image-derived Parameters

To determine the uncertainties in the imaging method and
size measurements for Sgr A*, we performed imaging tests on
simulated observations where the intrinsic model image was
known. We tested our imaging method on four snapshots from
3D GRMHD simulations of Sgr A* at 86 GHz (Mościbrodzka
et al. 2009, 2014, 2016; Davelaar et al. 2018), using the same
sampling, coverage, and noise as our observations. The model
images were scattered with the J18 scattering model and
sampled with our GMVA+ALMA coverage before being
imaged via the same imaging routine applied to the Sgr A* data
described above.
While the imaging procedure is identical, these reconstruc-

tions do have some advantages relative to our reconstruction of
the actual observations. For example, we used the ensemble-
average properties of the J18 scattering model as inputs to the
scattering mitigation; i.e., we assume perfect knowledge of the
diffractive scattering kernel and the time-averaged power
spectrum. We also measure the second moment of the scattered
simulated images and use it as an exact input to the second-
moment regularization. Because the scattering is subdominant
to intrinsic structure and the second moment is estimated to

Figure 4. Noise-debiased correlated flux density of Sgr A* as a function of projected baseline length for data after self-calibrating to the Gaussian source from O16 and
B18 using only baselines shorter than 0.75 Gλ. Because the a priori calibration for the GBT was excellent (see Table 1), we did not apply the derived GBT gains.
Dashed dark blue curves show expected visibilities along the major and minor axes for an anisotropic Gaussian source with a FWHM of 215 × 140 μas (the source
size from O16 and B18). All detections beyond ∼1 Gλ are baselines to ALMA, and all show marked deviations from the Gaussian curves.
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Measured vsibilities

Reconstructed images
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excellent accuracy in previous experiments, we do not expect
either of these effects to significantly advantage the reconstruc-
tions of simulated data.

In Figure 6, we present the original 3D GRMHD model
images, the model images scattered with the J18 scattering
model (as observed in the simulated observations), and the
reconstructed observed (scattered) and intrinsic images from
the imaging method. In Table 2, we compare the true intrinsic
source sizes from the models to the intrinsic source sizes
derived from the imaging routine. We determined the source
size parameters using two methods: (1) measuring the second
central moment of the image (2nd mom.) and deriving
Gaussian parameters and (2) doing a 2D Gaussian fit with a
least-squares minimization (LSQ) onto the image.

Next, we evaluate the difference between true and
reconstructed image parameters. We sought to define an
approach that quantifies these differences in a way that is
related to the reconstructed image properties and the observing
beam. When expressed in this way, we can use parameter errors
on these reconstructed simulated images to predict uncertainties
on parameters derived from our reconstructed image with data.

To this end, Table 2 expresses the difference between the
true and measured source major and minor axes as a fraction of
the projected beam FWHM θbeam along the corresponding axis.
For the axial ratio, we express the difference between the true
and measured ratios as a fraction of the cumulative error from
both axes (the projected beam widths along the measured major
and minor axes added quadratically).

However, while it is straightforward and well motivated to
express uncertainties on axis lengths and their ratio in terms of
the observing beam, uncertainty on the PA is more subtle. We
opted to create an ensemble of beam-convolved reconstructed
images and use the scatter in the PA of the ensemble as an
estimate of the PA uncertainty. The ensemble of images is
constructed by convolving the single reconstructed image with
an ensemble of narrow beams, sampling all PAs. Each of these
beams has a major-axis size given by the projected observing
beam size along the same PA and a minor-axis size of zero. We
thereby stretch the image along each direction, up to the extent
of the observing beam, and examine the overall dependence of

the reconstructed image on this stretching. With this approach,
images that are nearly isotropic will have large PA uncertainty,
while highly elongated images (relative to the beam size) will
have small PA uncertainty.
In general, we find that the LSQ method fares better than second

moment for determining the source parameters, likely due to weak
extended flux in the images skewing the second-moment
parameters to larger values. As expected, both methods perform
poorly when determining the PA of a fairly symmetrical source,
for which it remains largely unconstrained. However, for more
elongated source geometry, both methods are able to accurately
recover the intrinsic PA. We adopt the LSQ method to quantify the
size of Sgr A* via image-domain fitting. Although the Gaussian
approximation does not fully describe our source morphology, it is
suitable for comparisons to visibility-domain model fits from the
previous observations of Sgr A* presented in Section 5.

5. Results

5.1. Intrinsic Source Constraints from Imaging

Figure 5 shows the unscattered and scattered images of Sgr A*,
as imaged following the method described in Section 4. The
(uniform-weighted) beam size of the Sgr A* observations is
(235×87) μas, with a PA (east of north) of 53°.6. While the
shorter baselines of the array (intra-VLBA, VLBA-GBT, and
intra-European) see primarily a Gaussian source elongated in the
east–west direction, longer baselines are expected to pick up on
non-Gaussian source structure or refractive noise from interstellar
scattering. In this particular observation, our longest baselines are
mainly north–south to ALMA (see Figure 1), where scattering has
less of an effect on the source. As seen in Figure 5, left panel, the
reconstructed scattered image looks very smooth and Gaussian-
like, showing no obvious refractive noise in the image. We also
see a similar outcome in our imaging tests, presented in
Section 4.2.3. Although the scattered images (second column in
Figure 6) have visible ripples of scattering substructure, the
reconstructed scattered images (third column) appear very smooth.
This is likely because our GMVA+ALMA observations sample
low levels of refractive noise mainly along the north–south
direction, whereas our east–west sensitivity and resolution do not

Figure 5. Left: scattered image of Sgr A*, reconstructed with the second-moment regularizer and stochastic optics (θmaj=228±46 μas, θmin=143±20 μas from
LSQ). Right: reconstructed image from stochastic optics (Johnson 2016) of the intrinsic source (θmaj=120±34 μas, θmin=100±18 μas from LSQ). In each
panel, the ellipses at the bottom indicate half the size of the scatter-broadening kernel (θmaj=159. 9 μas, θmin=79. 5 μas, PA=81°. 9) and the observing beam.
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excellent accuracy in previous experiments, we do not expect
either of these effects to significantly advantage the reconstruc-
tions of simulated data.

In Figure 6, we present the original 3D GRMHD model
images, the model images scattered with the J18 scattering
model (as observed in the simulated observations), and the
reconstructed observed (scattered) and intrinsic images from
the imaging method. In Table 2, we compare the true intrinsic
source sizes from the models to the intrinsic source sizes
derived from the imaging routine. We determined the source
size parameters using two methods: (1) measuring the second
central moment of the image (2nd mom.) and deriving
Gaussian parameters and (2) doing a 2D Gaussian fit with a
least-squares minimization (LSQ) onto the image.

Next, we evaluate the difference between true and
reconstructed image parameters. We sought to define an
approach that quantifies these differences in a way that is
related to the reconstructed image properties and the observing
beam. When expressed in this way, we can use parameter errors
on these reconstructed simulated images to predict uncertainties
on parameters derived from our reconstructed image with data.

To this end, Table 2 expresses the difference between the
true and measured source major and minor axes as a fraction of
the projected beam FWHM θbeam along the corresponding axis.
For the axial ratio, we express the difference between the true
and measured ratios as a fraction of the cumulative error from
both axes (the projected beam widths along the measured major
and minor axes added quadratically).

However, while it is straightforward and well motivated to
express uncertainties on axis lengths and their ratio in terms of
the observing beam, uncertainty on the PA is more subtle. We
opted to create an ensemble of beam-convolved reconstructed
images and use the scatter in the PA of the ensemble as an
estimate of the PA uncertainty. The ensemble of images is
constructed by convolving the single reconstructed image with
an ensemble of narrow beams, sampling all PAs. Each of these
beams has a major-axis size given by the projected observing
beam size along the same PA and a minor-axis size of zero. We
thereby stretch the image along each direction, up to the extent
of the observing beam, and examine the overall dependence of

the reconstructed image on this stretching. With this approach,
images that are nearly isotropic will have large PA uncertainty,
while highly elongated images (relative to the beam size) will
have small PA uncertainty.
In general, we find that the LSQ method fares better than second

moment for determining the source parameters, likely due to weak
extended flux in the images skewing the second-moment
parameters to larger values. As expected, both methods perform
poorly when determining the PA of a fairly symmetrical source,
for which it remains largely unconstrained. However, for more
elongated source geometry, both methods are able to accurately
recover the intrinsic PA. We adopt the LSQ method to quantify the
size of Sgr A* via image-domain fitting. Although the Gaussian
approximation does not fully describe our source morphology, it is
suitable for comparisons to visibility-domain model fits from the
previous observations of Sgr A* presented in Section 5.

5. Results

5.1. Intrinsic Source Constraints from Imaging

Figure 5 shows the unscattered and scattered images of Sgr A*,
as imaged following the method described in Section 4. The
(uniform-weighted) beam size of the Sgr A* observations is
(235×87) μas, with a PA (east of north) of 53°.6. While the
shorter baselines of the array (intra-VLBA, VLBA-GBT, and
intra-European) see primarily a Gaussian source elongated in the
east–west direction, longer baselines are expected to pick up on
non-Gaussian source structure or refractive noise from interstellar
scattering. In this particular observation, our longest baselines are
mainly north–south to ALMA (see Figure 1), where scattering has
less of an effect on the source. As seen in Figure 5, left panel, the
reconstructed scattered image looks very smooth and Gaussian-
like, showing no obvious refractive noise in the image. We also
see a similar outcome in our imaging tests, presented in
Section 4.2.3. Although the scattered images (second column in
Figure 6) have visible ripples of scattering substructure, the
reconstructed scattered images (third column) appear very smooth.
This is likely because our GMVA+ALMA observations sample
low levels of refractive noise mainly along the north–south
direction, whereas our east–west sensitivity and resolution do not

Figure 5. Left: scattered image of Sgr A*, reconstructed with the second-moment regularizer and stochastic optics (θmaj=228±46 μas, θmin=143±20 μas from
LSQ). Right: reconstructed image from stochastic optics (Johnson 2016) of the intrinsic source (θmaj=120±34 μas, θmin=100±18 μas from LSQ). In each
panel, the ellipses at the bottom indicate half the size of the scatter-broadening kernel (θmaj=159. 9 μas, θmin=79. 5 μas, PA=81°. 9) and the observing beam.
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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 
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Event Horizon Telescope

First observations in April 2017 …
results should come soon …
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First measurements at l ~ 1 mm

Doeleman et al. (2008)

Not the event
horizon yet!5.2 GM/c2

3.7 GM/c2



More with GRAVITY?
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Orbits of nearby stars
Imaging of the central 100 mas  (one night)

Paumard et	al.	(2005)

mas mas

Dirty beam Dirty image After deconvolution
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Orbits of nearby stars

Imaging of the central 100 mas  (one night)

After 15 months of observing:

(mas) (mas)
Schwarzschild precession
Kerr	precession and	spin	measurement
Measurement of	the	quadrupolar moment?

Simulation of the 
S star cluster 
downscaled to 
100 mas

Paumard et	al.	(2005)



Lense-Thirring effects and precession of the quadrupolar
moment

Precession of the orbital plane (precession of 
the angular momentum vector around the BH 
spin vector)

Will (2008)

No-hair theorem of Wheeler: only 3 parameters 
describe a black hole: mass M, spin J, electric 
charge
Quadrupolar moment: Q2 = -J2 / M

The measurement of precession due to 
frame dragging in a few years with orbits 
of size 0,2 - 1 mpc (5 - 25 mas)

Merritt et al. (2010) 

spin

quadrupolar moment
orbit 0.1 year, e=0.9



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

Integration time = 300 sCalibrated with IRS 16C

V² = 0.97 ± 0.09 CP = 0.0 ± 1.7°

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



A flare with ≤ 30 minute period to constrain the spin?
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