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The Galactic 
Center: a Unique 

Laboratory
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• The MBH in the GC, Sagittarius A*, has the largest angular 
diameter of this object class in the sky (RS≈10 µas; together 
with the MBH in M87).

• 100× closer than any comparable galaxy nucleus and 1000× 
closer than the nearest AGN
 
• Sub-arcsecond angular resolution is fundamental to 
exploring the environment of Sgr A*



Ongoing experiment since 1992 
(R. Genzel, A. Eckart et al.) and1995 
(A. Ghez et al.), respectively.

SHARP/NTT (La Silla)

NACO/SINFONI/VLT (Paranal) NIRC/NIRC2/OSIRIS, W. M. Keck 
(Mauna Kea)

Stars are ideal test bodies to measure the gravitational 
potential. 



Stellar orbits establish the existence of  a massive black 
hole and allow us to measure its properties.

e.g., Eckart et al. (1997, 2002), Genzel et al. (1997), Ghez et al. (1998, 2000, 2008), 
Schoedel et al. (2002, 2003), Gillessen et al. (2009)
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S0-2 dominates our knowledge about the central 
potential

Ghez et al. (2008)
Yelda et al. (2010)
Meyer et al. (2012)
Gillessen et al. (2009ab)

• BH Mass = 4.1 ± 0.4 x106 M⊙

• Distance = 7.7 ± 0.4 kpc 



Testing General 
Relativity with 

short period stars 
at the GC



General Relativity

The Principle of Equivalence: 
All local, freely falling, non-rotating laboratories are fully 

equivalent for the performance of all physical experiments.

Curvature of space
Time dilation/gravitational redshift

Einstein’s field equations



Gravitational redshift/Time dilation
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S0-2 is truly remarkable!

• It follows a geodesic with velocities unmatched by 
any other observable free-falling object in the 
universe!
	
 	

• Periapse distance = 0.52 ± 0.03 mpc (~1,200 RS)
• Velocity at periapse ~ 8,500 km/s ≈ 0.03 c
• Period = 16.2 ± 0.2 yrs
• e = 0.898 ± 0.005
• i = 133 ± 1 deg

compare with:
Geosynchronous Earth satellite: ~0.00005 c
Mercury: ~0.00016 c
Binary pulsars ~0.003 c



S0-2 measurements can test General 
Relativity in an unexplored regime

Adapted from Psaltis (2004)



Effect of  curved spacetime on stellar 
orbits near Sgr A*

S0-2’s orbit
Precession of the Periapse

Emitted light ray is redshifted by

Doppler effect

Special Relativistic Redshift 
(transverse Doppler effect)

General Relativistic Redshift

(Lensing, Shapiro time delay, ...)



Post-Newtonian treatment of  orbits

e.g. Rubilar & Eckart (2001), Zucker+ (2006), Will (1993, 2008), Weinberg+ (2005), Angelil+ (2010)

SpectroscopySpectroscopy

Doppler effect                 O (β1)

Transverse Doppler effect O (β2)

Gravitational redshift O (β2)

AstrometryAstrometry

Prograde precession of periapse O (β2)

Frame dragging (for spinning BH) O (β3)

Higher order effects...

GR effects typically expressed in terms of β = v/c.
 with v2 ~ GM/r ➔ β ~ r-1/2

Time delay from classical  Rømer effect must also be accounted for:
spectroscopy - O (β2), astrometry - O (β1) 



Rømer Effect

Ole Rømer (1644-1710) measured the finite speed of light 
by using Jupiter’s moons as a clock on the sky.

Using the measured period between eclipses of Io for a 
given relative position between Earth and Jupiter one can 
predict the time of future eclipses correctly only if one 
takes into account the relative motion between Earth 
and Jupiter and the finite speed of light. 

The Rømer effect describes the different apparent time 
delay for different phases of an observed orbit, taking into 
account the geometry of the target-observer system. It 
can also be used to measure the speed of light.

In case of the GC, the relevant time delay happens at the 
GC (stellar orbits >> Earth orbit).



Periapse precession tests  Einstein’s Equations

• GR: prograde precession, best visible 
at apoapse
Δs = 0.8 mas for S0-2

• Extended mass leads to a retrograde 
precession

• More than one star is needed to 
break degeneracy between 
extended mass and GR

Rubilar & Eckart (2001)

G. F. Rubilar and A. Eckart: Periastron shifts of stellar orbits near the Galactic Center 97

Table 1. Angular and linear resolution versus orbital time
scales.

angular linear scale orbital
resolution scale time scale

[mas] [mpc] = 10−3 pc [years]
1000 40 440
100 4 14
60 2.4 6.5
30 1.2 2.3
15 0.6 0.8

Table 2. Expected relativistic periastron shift ∆ϕ for 100%
of the mass contained in a single BH, calculated for different
semi-major axis a and eccentricities e.

a [mas] a [mpc] ∆ϕ ∆ϕ
e = 0.5 e = 0.9

60 2.4 −5.0′ −20′

30 1.2 −10′ −39′

20 0.8 −15′ −59′

15 0.6 −20′ −1.3◦

Center one can compare it to the case of other measured
periastron advances. In the case of Mercury, the measured
relativistic shift is of the order of ≈0.1 arcsec per revolu-
tion. For the Hulse-Taylor Pulsar PSR B1913+16 the shift
is ≈13 arcsec per revolution (Taylor 1993). Therefore, the
expected relativistic shifts for stars on orbits with semi-
major axes as those listed in Table 2 could be, per rev-
olution, 10 to 102 times bigger than that of the Hulse
Taylor Pulsar, and 103 to 104 times bigger than the one
of Mercury.

As the precise shape of the orbit will depend on the
particular central mass distribution, it is most useful to
have a general framework to compute the orbits for a par-
ticular choice of central mass distribution. If one wants to
include the first order general relativistic contribution, in
particular the relativistic periastron advance, one can use
the so-called post-Newtonian approximation of General
Relativity, which is described in Appendix A.

3. Extended mass distribution

In order to study the Newtonian orbital shift we consider
the simplest case of a spherically symmetric mass distribu-
tion. We assume that a given star can enter the extended
mass distribution, and neglect any non-gravitational in-
teraction. We also neglected the influence of lensing (see
Sect. 4.4).

We assume that the total mass of the central compact
distribution amounts to 2.9 × 106 M!.

As a consequence of the spherical symmetry of the con-
sidered mass distribution, the (Newtonian) gravitational
force on a given star depends only on the enclosed mass
within the radius corresponding to the position of the star.

–100

–50

0

50

100

–100 –50 50 100

Fig. 2. Example for prograde relativistic periastron ad-
vance. Units are given in gravitational length scales GM/c2.
Apoastron locations are indicated.

Therefore, as it moves towards the center of forces, the
gravitational force and hence the curvature of the orbit
is smaller as compared with the case in which the whole
mass is concentrated within a radius smaller than the peri-
astron radius of the stellar orbit. This leads to orbits with
a retrograde orbital shift – that is a shift in the opposite
direction as compared with the relativistic orbital shift.

3.1. Simple model: Uniform density sphere

Jiang & Lin (1985) present a simple analytical treatment
of the orbits of a test particle which is allowed to enter into
the inner region of a sphere with uniform matter distribu-
tion. Only the Newtonian gravitational force is considered.
In this case, the potential is given by

φ(r) =






GM
2R3 r2 − 3GM

2R r ≤ R,

−GM
r r > R,

(4)

where R is the radius of the sphere of total mass M . They
have shown, that for a given M and R the resulting orbit
precession is given by

∆ϕ = 2 arccos [Ξ1(e, a)] + arcsin [Ξ2(e, a)] − π

2
, (5)

with

Ξ1(e, a) =
1
e

[ a

R
(1 − e2) − 1

]
, (6)

Ξ2(e, a) =
2

R2 − B
√

B2 + 4A
, (7)

and

A := − 1
aR3(1 − e2)

, B :=
1

a2(1 − e2)

(
3a

R
− 1

)
. (8)

Here we have rewritten the results of Jiang & Lin (1985)
in terms of the semi-major axis a and the eccentricity e of
the outer Keplerian orbit.
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Point mass + spherically 
symmetric extended mass



Redshift tests Equivalence Principle

Zucker et al. (2006)

Periapse passage



Rømer effect



Transverse Doppler shift



Gravitational redshift



Gravitational redshift

Accuracy of RV measurements: 
~25 km/s.



With the current approach of 
S0-2 alone and simple sampling 

we should be able to 
determine the redshift 
parameter to a relative 
precision of ~75% (3 σ). 

A signal on the order of 100 
km/s is HUGE, so: Where’s the 

catch?

Detecting the relativistic redshift is within 
reach at the next closest approach of  

S0-2 in 2018



Observations: 
Challenges and 

Solutions



1) Confusion and stellar types limit the accuracy of  
spectroscopy
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1) Confusion and stellar types limit the accuracy of  
spectroscopy

Gillessen et al. (2009)

Keck/NIRC2+LGSAO

UCLA GC Group
2”/0.08 pc

Ghez et al. (2003)

AO-assisted integral-field
spectroscopy is indispensable 

to overcome source 
confusion!

S0-2 has K≈14 and shows 
hardly any lines in the NIR. 

Accuracy of vLOS ~ 25 km/s.



2) Confusion limits the accuracy of  astrometry

NACO/VLT, Ks, Sept 2010
State-of-the-art: AO + holography

60 mas FWHM

S0-2: Ks≈14

SgrA*: Ks≈15-18, variable!

Ks≈17

Completeness limit 
near SgrA* is 

Ks≲17

Overlap with unresolved 
sources can easily 

introduce astrometric 
errors of a few mas.

(Ghez et al.,  2008; Gillessen 
et al., 2009)



but also stellar proper motions from infrared data can be refer-
enced directly to Sgr A!, without assumptions of isotropy or homo-
geneity of the stellar motions.

The radio and infrared propermotionsmeasured for the nine stars
are listed in Table 4. The nine stars have weighted mean differences
(and standard errors of the means) of þ0:66 # 0:21 mas yr$1

toward the east and $0:45 # 0:28 mas yr$1 toward the north.
These results are qualitatively similar to those published in Paper II.
Quantitatively, the differences between the IR motions of Paper II
and this paper for some stars (notably IRS 12N) are greater than
expected based on the quoted uncertainties. Since the IRmotions

in Paper II were based on 2 epochs only, which did not allow for
an internal check on the formal motion uncertainties, we believe
those uncertainties were somewhat optimistic.
Currently only one star, IRS 7, has a significant discrepancy

between the radio and infrared motions in the both coordinates.
This is the only supergiant star in the sample, and owing to its ex-
treme brightness, the infrared measurements are compromised
by detector saturation. In addition, the radio measurements are sub-
ject to significant uncertainty from the large SiOmaser shell size.
After removing IRS 7, the weighted mean differences between
the radio and IRmotions change only slightly and becomeþ0:63 #
0:21mas yr$1 toward the east and$0:32 # 0:18mas yr$1 toward
the north.
When comparing how well the IR frame matches the radio

frame, we need to consider the statistical uncertainty of the av-
erage IR motion, which has been removed. For most epochs, the
average motion is based on%400 stars, each of which has a typ-
ical motion of %100 km s$1. Thus, the mean IR motion should
have an uncertainty of roughly 100/

ffiffiffiffiffiffiffiffi
400

p
% 5 km s$1. Adopting

the result with IRS 7 removed, converting to linear speeds for a dis-
tance of 8.0 kpc to the Galactic center (Reid 1993), and adding in
quadrature a %5 km s$1 uncertainty for the mean IR motion re-
moved from each coordinate, implies that the infrared stellar cluster
(the reference for the IR motions) moves$24 # 9 km s$1 toward
the east and þ12 # 9 km s$1 toward the north, with respect to
Sgr A!. The northward component motion does not deviate sig-
nificantly from zero; the eastward component formally presents a
2.7 ! significance. Combining these components in quadrature
formally yields a speed difference of 27 # 9 km s$1. However, at
this time, we do not consider that we have firmly detected motion
of the stellar cluster, and we adopt a 2 ! upper limit of 45 km s$1

for the proper motion of the stellar cusp with respect to Sgr A!.

5. ENCLOSED MASS VERSUS RADIUS FROM SGR A!

Estimates of the enclosed mass versus projected radius from
Sgr A!, based on infrared stellar motions, rely on relative mo-
tions not tied directly to Sgr A!. Since, the three-dimensional
motions of the SiO masers in this paper are both very accurate
and directly tied to Sgr A!, they provide valuable information on
the enclosed mass within projected radii of 0.2Y2 pc of Sgr A!.

Fig. 4.—Infrared (K-band) image of the central #2000 of the Galactic center
taken in 2005, with east to the left and north to the top. SiOmaser stars within this
region are circled and their proper motions relative to Sgr A! are indicated with
arrows. The vertical bar and arrow at the right of the image indicate the linear and
motion scales for R0 ¼ 8:0 kpc. The location of Sgr A! is indicated by the circle
at the center of the image.

TABLE 3

Three-Dimensional Stellar Motions and Enclosed Mass Limits

Star

VLSR

(km s$1)

Vx

( km s$1)

Vy

( km s$1)

Vtotal

( km s$1)

Rproj

(pc)

Mencl

(106 M')

IRS 9 ...................................... $342 # 3 116 # 4 80 # 7 370 # 3 0.33 >5.1

IRS 7 ...................................... $114 # 3 $22 # 19 $133 # 20 177 # 16 0.21 >0.5

SiO-14 .................................... $112 # 3 79 # 5 $36 # 8 142 # 4 1.14 >2.4

IRS 12N ................................. $63 # 3 $40 # 4 $102 # 6 127 # 6 0.30 >0.5

IRS 28 .................................... $55 # 3 76 # 14 $201 # 16 221 # 15 0.46 >2.0

SiO-15 .................................... $36 # 3 $94 # 37 29 # 80 105 # 40 0.65 >0.0

IRS 10EE ............................... $27 # 3 2 # 3 $79 # 3 84 # 3 0.34 >0.2

IRS 15 NE ............................. $12 # 3 $74 # 3 $215 # 5 228 # 4 0.44 >2.5

SiO-16 .................................... 8 # 3 19 # 6 $70 # 58 73 # 55 1.68 >0.0

SiO-6 ...................................... 52 # 3 98 # 16 75 # 20 134 # 16 1.81 >2.2

SiO-17 .................................... 53 # 3 96 # 7 89 # 16 141 # 11 1.12 >1.8

SiO-11 .................................... 70 # 3 49 # 17 93 # 9 126 # 10 1.56 >2.1

IRS 17 .................................... 73 # 3 $61 # 41 $28 # 46 99 # 29 0.55 >0.1

SiO-12 .................................... 82 # 3 29 # 43 $160 # 32 183 # 29 1.80 >3.3

IRS 19NW ............................. 84 # 3 45 # 5 $16 # 12 97 # 4 0.91 >0.8

Notes.—Vx and Vy are proper motion speeds toward the east and north, respectively. Vtotal ¼ ðV 2
LSR þ V 2

x þ V 2
y Þ

1/2 is the total speed
of the stars relative to Sgr A!. Proper motion speeds, projected distances, total speeds, and enclosed mass limits assume a distance to the
Galactic center of 8.0 kpc.

REID ET AL.384 Vol. 659

2) Stability of  Reference Frame limits the accuracy of  
astrometry
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Three-Dimensional Stellar Motions and Enclosed Mass Limits

Star

VLSR

(km s$1)

Vx

( km s$1)

Vy

( km s$1)

Vtotal

( km s$1)

Rproj

(pc)

Mencl

(106 M')

IRS 9 ...................................... $342 # 3 116 # 4 80 # 7 370 # 3 0.33 >5.1

IRS 7 ...................................... $114 # 3 $22 # 19 $133 # 20 177 # 16 0.21 >0.5

SiO-14 .................................... $112 # 3 79 # 5 $36 # 8 142 # 4 1.14 >2.4

IRS 12N ................................. $63 # 3 $40 # 4 $102 # 6 127 # 6 0.30 >0.5

IRS 28 .................................... $55 # 3 76 # 14 $201 # 16 221 # 15 0.46 >2.0

SiO-15 .................................... $36 # 3 $94 # 37 29 # 80 105 # 40 0.65 >0.0

IRS 10EE ............................... $27 # 3 2 # 3 $79 # 3 84 # 3 0.34 >0.2

IRS 15 NE ............................. $12 # 3 $74 # 3 $215 # 5 228 # 4 0.44 >2.5

SiO-16 .................................... 8 # 3 19 # 6 $70 # 58 73 # 55 1.68 >0.0

SiO-6 ...................................... 52 # 3 98 # 16 75 # 20 134 # 16 1.81 >2.2

SiO-17 .................................... 53 # 3 96 # 7 89 # 16 141 # 11 1.12 >1.8

SiO-11 .................................... 70 # 3 49 # 17 93 # 9 126 # 10 1.56 >2.1

IRS 17 .................................... 73 # 3 $61 # 41 $28 # 46 99 # 29 0.55 >0.1

SiO-12 .................................... 82 # 3 29 # 43 $160 # 32 183 # 29 1.80 >3.3

IRS 19NW ............................. 84 # 3 45 # 5 $16 # 12 97 # 4 0.91 >0.8

Notes.—Vx and Vy are proper motion speeds toward the east and north, respectively. Vtotal ¼ ðV 2
LSR þ V 2

x þ V 2
y Þ

1/2 is the total speed
of the stars relative to Sgr A!. Proper motion speeds, projected distances, total speeds, and enclosed mass limits assume a distance to the
Galactic center of 8.0 kpc.

REID ET AL.384 Vol. 659

2) Stability of  Reference Frame limits the accuracy of  
astrometry

• Stellar SiO masers, observed with VLBI,
allow to establish an astrometric reference frame. 

• In this frame, Sgr A* is localized to within a position of 
0.6 mas and a velocity of 0.09 mas yr−1

• The reference frame’s stability should improve steadily 
with future measurements (∝t−3/2)



but also stellar proper motions from infrared data can be refer-
enced directly to Sgr A!, without assumptions of isotropy or homo-
geneity of the stellar motions.

The radio and infrared propermotionsmeasured for the nine stars
are listed in Table 4. The nine stars have weighted mean differences
(and standard errors of the means) of þ0:66 # 0:21 mas yr$1

toward the east and $0:45 # 0:28 mas yr$1 toward the north.
These results are qualitatively similar to those published in Paper II.
Quantitatively, the differences between the IR motions of Paper II
and this paper for some stars (notably IRS 12N) are greater than
expected based on the quoted uncertainties. Since the IRmotions

in Paper II were based on 2 epochs only, which did not allow for
an internal check on the formal motion uncertainties, we believe
those uncertainties were somewhat optimistic.
Currently only one star, IRS 7, has a significant discrepancy

between the radio and infrared motions in the both coordinates.
This is the only supergiant star in the sample, and owing to its ex-
treme brightness, the infrared measurements are compromised
by detector saturation. In addition, the radio measurements are sub-
ject to significant uncertainty from the large SiOmaser shell size.
After removing IRS 7, the weighted mean differences between
the radio and IRmotions change only slightly and becomeþ0:63 #
0:21mas yr$1 toward the east and$0:32 # 0:18mas yr$1 toward
the north.
When comparing how well the IR frame matches the radio

frame, we need to consider the statistical uncertainty of the av-
erage IR motion, which has been removed. For most epochs, the
average motion is based on%400 stars, each of which has a typ-
ical motion of %100 km s$1. Thus, the mean IR motion should
have an uncertainty of roughly 100/

ffiffiffiffiffiffiffiffi
400

p
% 5 km s$1. Adopting

the result with IRS 7 removed, converting to linear speeds for a dis-
tance of 8.0 kpc to the Galactic center (Reid 1993), and adding in
quadrature a %5 km s$1 uncertainty for the mean IR motion re-
moved from each coordinate, implies that the infrared stellar cluster
(the reference for the IR motions) moves$24 # 9 km s$1 toward
the east and þ12 # 9 km s$1 toward the north, with respect to
Sgr A!. The northward component motion does not deviate sig-
nificantly from zero; the eastward component formally presents a
2.7 ! significance. Combining these components in quadrature
formally yields a speed difference of 27 # 9 km s$1. However, at
this time, we do not consider that we have firmly detected motion
of the stellar cluster, and we adopt a 2 ! upper limit of 45 km s$1

for the proper motion of the stellar cusp with respect to Sgr A!.

5. ENCLOSED MASS VERSUS RADIUS FROM SGR A!

Estimates of the enclosed mass versus projected radius from
Sgr A!, based on infrared stellar motions, rely on relative mo-
tions not tied directly to Sgr A!. Since, the three-dimensional
motions of the SiO masers in this paper are both very accurate
and directly tied to Sgr A!, they provide valuable information on
the enclosed mass within projected radii of 0.2Y2 pc of Sgr A!.

Fig. 4.—Infrared (K-band) image of the central #2000 of the Galactic center
taken in 2005, with east to the left and north to the top. SiOmaser stars within this
region are circled and their proper motions relative to Sgr A! are indicated with
arrows. The vertical bar and arrow at the right of the image indicate the linear and
motion scales for R0 ¼ 8:0 kpc. The location of Sgr A! is indicated by the circle
at the center of the image.

TABLE 3

Three-Dimensional Stellar Motions and Enclosed Mass Limits

Star

VLSR

(km s$1)

Vx

( km s$1)

Vy

( km s$1)

Vtotal

( km s$1)

Rproj

(pc)

Mencl

(106 M')

IRS 9 ...................................... $342 # 3 116 # 4 80 # 7 370 # 3 0.33 >5.1

IRS 7 ...................................... $114 # 3 $22 # 19 $133 # 20 177 # 16 0.21 >0.5

SiO-14 .................................... $112 # 3 79 # 5 $36 # 8 142 # 4 1.14 >2.4

IRS 12N ................................. $63 # 3 $40 # 4 $102 # 6 127 # 6 0.30 >0.5

IRS 28 .................................... $55 # 3 76 # 14 $201 # 16 221 # 15 0.46 >2.0

SiO-15 .................................... $36 # 3 $94 # 37 29 # 80 105 # 40 0.65 >0.0

IRS 10EE ............................... $27 # 3 2 # 3 $79 # 3 84 # 3 0.34 >0.2

IRS 15 NE ............................. $12 # 3 $74 # 3 $215 # 5 228 # 4 0.44 >2.5

SiO-16 .................................... 8 # 3 19 # 6 $70 # 58 73 # 55 1.68 >0.0

SiO-6 ...................................... 52 # 3 98 # 16 75 # 20 134 # 16 1.81 >2.2

SiO-17 .................................... 53 # 3 96 # 7 89 # 16 141 # 11 1.12 >1.8

SiO-11 .................................... 70 # 3 49 # 17 93 # 9 126 # 10 1.56 >2.1

IRS 17 .................................... 73 # 3 $61 # 41 $28 # 46 99 # 29 0.55 >0.1

SiO-12 .................................... 82 # 3 29 # 43 $160 # 32 183 # 29 1.80 >3.3

IRS 19NW ............................. 84 # 3 45 # 5 $16 # 12 97 # 4 0.91 >0.8

Notes.—Vx and Vy are proper motion speeds toward the east and north, respectively. Vtotal ¼ ðV 2
LSR þ V 2

x þ V 2
y Þ

1/2 is the total speed
of the stars relative to Sgr A!. Proper motion speeds, projected distances, total speeds, and enclosed mass limits assume a distance to the
Galactic center of 8.0 kpc.

REID ET AL.384 Vol. 659

2) Stability of  Reference Frame limits the accuracy of  
astrometry

• Stellar SiO masers, observed with VLBI,
allow to establish an astrometric reference frame. 

• In this frame, Sgr A* is localized to within a position of 
0.6 mas and a velocity of 0.09 mas yr−1

• The reference frame’s stability should improve steadily 
with future measurements (∝t−3/2)



but also stellar proper motions from infrared data can be refer-
enced directly to Sgr A!, without assumptions of isotropy or homo-
geneity of the stellar motions.
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are listed in Table 4. The nine stars have weighted mean differences
(and standard errors of the means) of þ0:66 # 0:21 mas yr$1

toward the east and $0:45 # 0:28 mas yr$1 toward the north.
These results are qualitatively similar to those published in Paper II.
Quantitatively, the differences between the IR motions of Paper II
and this paper for some stars (notably IRS 12N) are greater than
expected based on the quoted uncertainties. Since the IRmotions

in Paper II were based on 2 epochs only, which did not allow for
an internal check on the formal motion uncertainties, we believe
those uncertainties were somewhat optimistic.
Currently only one star, IRS 7, has a significant discrepancy

between the radio and infrared motions in the both coordinates.
This is the only supergiant star in the sample, and owing to its ex-
treme brightness, the infrared measurements are compromised
by detector saturation. In addition, the radio measurements are sub-
ject to significant uncertainty from the large SiOmaser shell size.
After removing IRS 7, the weighted mean differences between
the radio and IRmotions change only slightly and becomeþ0:63 #
0:21mas yr$1 toward the east and$0:32 # 0:18mas yr$1 toward
the north.
When comparing how well the IR frame matches the radio

frame, we need to consider the statistical uncertainty of the av-
erage IR motion, which has been removed. For most epochs, the
average motion is based on%400 stars, each of which has a typ-
ical motion of %100 km s$1. Thus, the mean IR motion should
have an uncertainty of roughly 100/

ffiffiffiffiffiffiffiffi
400
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% 5 km s$1. Adopting

the result with IRS 7 removed, converting to linear speeds for a dis-
tance of 8.0 kpc to the Galactic center (Reid 1993), and adding in
quadrature a %5 km s$1 uncertainty for the mean IR motion re-
moved from each coordinate, implies that the infrared stellar cluster
(the reference for the IR motions) moves$24 # 9 km s$1 toward
the east and þ12 # 9 km s$1 toward the north, with respect to
Sgr A!. The northward component motion does not deviate sig-
nificantly from zero; the eastward component formally presents a
2.7 ! significance. Combining these components in quadrature
formally yields a speed difference of 27 # 9 km s$1. However, at
this time, we do not consider that we have firmly detected motion
of the stellar cluster, and we adopt a 2 ! upper limit of 45 km s$1

for the proper motion of the stellar cusp with respect to Sgr A!.

5. ENCLOSED MASS VERSUS RADIUS FROM SGR A!

Estimates of the enclosed mass versus projected radius from
Sgr A!, based on infrared stellar motions, rely on relative mo-
tions not tied directly to Sgr A!. Since, the three-dimensional
motions of the SiO masers in this paper are both very accurate
and directly tied to Sgr A!, they provide valuable information on
the enclosed mass within projected radii of 0.2Y2 pc of Sgr A!.

Fig. 4.—Infrared (K-band) image of the central #2000 of the Galactic center
taken in 2005, with east to the left and north to the top. SiOmaser stars within this
region are circled and their proper motions relative to Sgr A! are indicated with
arrows. The vertical bar and arrow at the right of the image indicate the linear and
motion scales for R0 ¼ 8:0 kpc. The location of Sgr A! is indicated by the circle
at the center of the image.
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IRS 9 ...................................... $342 # 3 116 # 4 80 # 7 370 # 3 0.33 >5.1

IRS 7 ...................................... $114 # 3 $22 # 19 $133 # 20 177 # 16 0.21 >0.5

SiO-14 .................................... $112 # 3 79 # 5 $36 # 8 142 # 4 1.14 >2.4

IRS 12N ................................. $63 # 3 $40 # 4 $102 # 6 127 # 6 0.30 >0.5

IRS 28 .................................... $55 # 3 76 # 14 $201 # 16 221 # 15 0.46 >2.0

SiO-15 .................................... $36 # 3 $94 # 37 29 # 80 105 # 40 0.65 >0.0

IRS 10EE ............................... $27 # 3 2 # 3 $79 # 3 84 # 3 0.34 >0.2

IRS 15 NE ............................. $12 # 3 $74 # 3 $215 # 5 228 # 4 0.44 >2.5

SiO-16 .................................... 8 # 3 19 # 6 $70 # 58 73 # 55 1.68 >0.0

SiO-6 ...................................... 52 # 3 98 # 16 75 # 20 134 # 16 1.81 >2.2

SiO-17 .................................... 53 # 3 96 # 7 89 # 16 141 # 11 1.12 >1.8

SiO-11 .................................... 70 # 3 49 # 17 93 # 9 126 # 10 1.56 >2.1

IRS 17 .................................... 73 # 3 $61 # 41 $28 # 46 99 # 29 0.55 >0.1

SiO-12 .................................... 82 # 3 29 # 43 $160 # 32 183 # 29 1.80 >3.3

IRS 19NW ............................. 84 # 3 45 # 5 $16 # 12 97 # 4 0.91 >0.8

Notes.—Vx and Vy are proper motion speeds toward the east and north, respectively. Vtotal ¼ ðV 2
LSR þ V 2

x þ V 2
y Þ

1/2 is the total speed
of the stars relative to Sgr A!. Proper motion speeds, projected distances, total speeds, and enclosed mass limits assume a distance to the
Galactic center of 8.0 kpc.
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3) Degeneracies require the use of  multiple stars
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Figure 1. Recovery of α for 10 mock data sets. The ratio A2
C/AR is the slope

of the lines in the above plot and is recovered from mock spectroscopic data
of 14 data points with accuracy 10 km s−1, concentrated around pericenter.
The horizontal lines are the upper and lower confidence levels for the recovered
inclination from astrometry, taken from Gillessen et al. (2009b). The intersection
point corresponds to the value of α for which both data types agree on the
inclination.

for multiple atomic processes. If the stellar atmosphere does not
change appreciably over an orbit, an observed spectrum can be
cross-correlated on a logarithmic wavelength scale with a spec-
trum observed at some other epoch, and the cross-correlation
peak would directly give the redshift ln(ν0/ν) with ν0 an un-
known constant. If different atomic/molecular species behave
differently in a freely falling frame, the shape of the cross-
correlation curve would change. Alternatively, multiple spectral
features could be fitted simultaneously with variable redshift.
We do not, however, attempt to model the observable spectra
explicitly in this Letter.

We now simulate the recovery of α as follows. We generate
10 mock redshift data points of S2 taken over two months at
pericenter, plus four additional data points, at ±1,±2 yr around
pericenter. The data are generated with α = 2 and orbital
parameters taken from Gillessen et al. (2009b). To them we add
Gaussian random noise at a dispersion of 10 km s−1 and then fit
via the seven parameters. We then assume I has been measured
by astrometry and use Equation (8) to recover α. Figure 1 shows
an example for a few mock data realizations at a fixed accuracy
and Figure 2 shows the dependency of the recovered value of
alpha with the data accuracy.

4. DISCUSSION

Testing the equivalence principle using a combination of
spectroscopy and astrometry seems possible in the near future.
In comparing the spread in A2

C/AR from mock data to the
recovered value for I from real astrometric data (illustrated in
Figure 1), in testing the equivalence principle using S2, the
current accuracy available from astrometry sits at a comfortable
level. Spectroscopic accuracy of S2 at 10 km s−1 is not yet
available, but seems plausible with future observations. For the
late-type star S35, which has a more favorable spectrum, a fit
error of 10 km s−1 has been achieved (Gillessen et al. 2009b).
We remark that any systematic errors that do not change between
observations are harmlessly absorbed into ν0.

Figure 2. 1σ level in the recovered value of α for spectroscopic data of different
accuracy. At each data accuracy level, we have performed the same procedure
illustrated in Figure 1, except that 60,000 mock data realizations have been used.

Naturally, in detecting relativistic effects on S stars, data dur-
ing pericenter passage are of greatest value. With instrumen-
tation currently available, an observation program concentrated
over two months during S2’s next pericenter passage (2018) will
prove to be sufficient as a test for the EEP. Figure 2 argues that
a small handful of spectral measurements of S2 at 10 km s−1

around pericenter imply a 1σ accuracy on α of ∼0.3.
The approach we have taken above focuses on the essentials.

The degeneracy between α, I, and a for spectroscopy has been
lifted by using astrometry only to provide I. In practice, all
the parameters are fitted simultaneously to both astrometry and
spectroscopy. We have done simulations to verify that when this
is done, the degeneracy is implicitly broken by the mechanism
highlighted in this Letter.

Relativistic effects can be expected to become increasingly
important as corrections in other astrophysics relating to the S
stars. Three areas where this can be expected are the following.

1. The combination of spectroscopic and astrometric S star
data provides us with the distance to the center of the
galaxy. Astrometry is sensitive to the angular size of the
orbit, while spectroscopy on the physical size. The quotient
is the distance to the galactic center (Eisenhauer et al. 2003).

2. The position of the observed line depends on the velocity of
the BH-star system with respect to the Earth. Spectroscopy
therefore has the power to determine our velocity with
respect to the central BH (Angélil et al. 2010), thus
constraining the U component of the Galactic local standard
of rest.

3. The form of the mass distribution within the inner arcsecond
affects the S star orbits. A better understanding of the
density profile will provide insight into the region’s star
capture and formation history, and to the central dark matter
distribution (Ghez et al. 2008; Gillessen et al. 2009b).

In exploring (1) and (2), one cannot easily avoid relativity
simply by considering stars with larger orbit sizes (3), as per-
turbations due to the enclosed mass become a problem. With
the accuracy regime that spectroscopy will enter in the coming
decade, one of two types of perturbations to the redshift must

3

Redshift: Inclination must be known.
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differently in a freely falling frame, the shape of the cross-
correlation curve would change. Alternatively, multiple spectral
features could be fitted simultaneously with variable redshift.
We do not, however, attempt to model the observable spectra
explicitly in this Letter.
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Naturally, in detecting relativistic effects on S stars, data dur-
ing pericenter passage are of greatest value. With instrumen-
tation currently available, an observation program concentrated
over two months during S2’s next pericenter passage (2018) will
prove to be sufficient as a test for the EEP. Figure 2 argues that
a small handful of spectral measurements of S2 at 10 km s−1

around pericenter imply a 1σ accuracy on α of ∼0.3.
The approach we have taken above focuses on the essentials.

The degeneracy between α, I, and a for spectroscopy has been
lifted by using astrometry only to provide I. In practice, all
the parameters are fitted simultaneously to both astrometry and
spectroscopy. We have done simulations to verify that when this
is done, the degeneracy is implicitly broken by the mechanism
highlighted in this Letter.

Relativistic effects can be expected to become increasingly
important as corrections in other astrophysics relating to the S
stars. Three areas where this can be expected are the following.

1. The combination of spectroscopic and astrometric S star
data provides us with the distance to the center of the
galaxy. Astrometry is sensitive to the angular size of the
orbit, while spectroscopy on the physical size. The quotient
is the distance to the galactic center (Eisenhauer et al. 2003).

2. The position of the observed line depends on the velocity of
the BH-star system with respect to the Earth. Spectroscopy
therefore has the power to determine our velocity with
respect to the central BH (Angélil et al. 2010), thus
constraining the U component of the Galactic local standard
of rest.

3. The form of the mass distribution within the inner arcsecond
affects the S star orbits. A better understanding of the
density profile will provide insight into the region’s star
capture and formation history, and to the central dark matter
distribution (Ghez et al. 2008; Gillessen et al. 2009b).

In exploring (1) and (2), one cannot easily avoid relativity
simply by considering stars with larger orbit sizes (3), as per-
turbations due to the enclosed mass become a problem. With
the accuracy regime that spectroscopy will enter in the coming
decade, one of two types of perturbations to the redshift must
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Periapse precession: 
Newtonian retrograde shift 
can mask GR prograde shift.

Rubilar & Eckart (2001)

G. F. Rubilar and A. Eckart: Periastron shifts of stellar orbits near the Galactic Center 97

Table 1. Angular and linear resolution versus orbital time
scales.

angular linear scale orbital
resolution scale time scale

[mas] [mpc] = 10−3 pc [years]
1000 40 440
100 4 14
60 2.4 6.5
30 1.2 2.3
15 0.6 0.8

Table 2. Expected relativistic periastron shift ∆ϕ for 100%
of the mass contained in a single BH, calculated for different
semi-major axis a and eccentricities e.

a [mas] a [mpc] ∆ϕ ∆ϕ
e = 0.5 e = 0.9

60 2.4 −5.0′ −20′

30 1.2 −10′ −39′

20 0.8 −15′ −59′

15 0.6 −20′ −1.3◦

Center one can compare it to the case of other measured
periastron advances. In the case of Mercury, the measured
relativistic shift is of the order of ≈0.1 arcsec per revolu-
tion. For the Hulse-Taylor Pulsar PSR B1913+16 the shift
is ≈13 arcsec per revolution (Taylor 1993). Therefore, the
expected relativistic shifts for stars on orbits with semi-
major axes as those listed in Table 2 could be, per rev-
olution, 10 to 102 times bigger than that of the Hulse
Taylor Pulsar, and 103 to 104 times bigger than the one
of Mercury.

As the precise shape of the orbit will depend on the
particular central mass distribution, it is most useful to
have a general framework to compute the orbits for a par-
ticular choice of central mass distribution. If one wants to
include the first order general relativistic contribution, in
particular the relativistic periastron advance, one can use
the so-called post-Newtonian approximation of General
Relativity, which is described in Appendix A.

3. Extended mass distribution

In order to study the Newtonian orbital shift we consider
the simplest case of a spherically symmetric mass distribu-
tion. We assume that a given star can enter the extended
mass distribution, and neglect any non-gravitational in-
teraction. We also neglected the influence of lensing (see
Sect. 4.4).

We assume that the total mass of the central compact
distribution amounts to 2.9 × 106 M!.

As a consequence of the spherical symmetry of the con-
sidered mass distribution, the (Newtonian) gravitational
force on a given star depends only on the enclosed mass
within the radius corresponding to the position of the star.

–100

–50

0

50

100

–100 –50 50 100

Fig. 2. Example for prograde relativistic periastron ad-
vance. Units are given in gravitational length scales GM/c2.
Apoastron locations are indicated.

Therefore, as it moves towards the center of forces, the
gravitational force and hence the curvature of the orbit
is smaller as compared with the case in which the whole
mass is concentrated within a radius smaller than the peri-
astron radius of the stellar orbit. This leads to orbits with
a retrograde orbital shift – that is a shift in the opposite
direction as compared with the relativistic orbital shift.

3.1. Simple model: Uniform density sphere

Jiang & Lin (1985) present a simple analytical treatment
of the orbits of a test particle which is allowed to enter into
the inner region of a sphere with uniform matter distribu-
tion. Only the Newtonian gravitational force is considered.
In this case, the potential is given by

φ(r) =






GM
2R3 r2 − 3GM

2R r ≤ R,

−GM
r r > R,

(4)

where R is the radius of the sphere of total mass M . They
have shown, that for a given M and R the resulting orbit
precession is given by

∆ϕ = 2 arccos [Ξ1(e, a)] + arcsin [Ξ2(e, a)] − π

2
, (5)

with

Ξ1(e, a) =
1
e

[ a

R
(1 − e2) − 1

]
, (6)

Ξ2(e, a) =
2

R2 − B
√

B2 + 4A
, (7)

and

A := − 1
aR3(1 − e2)

, B :=
1

a2(1 − e2)

(
3a

R
− 1

)
. (8)

Here we have rewritten the results of Jiang & Lin (1985)
in terms of the semi-major axis a and the eccentricity e of
the outer Keplerian orbit.
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Figure 1. Recovery of α for 10 mock data sets. The ratio A2
C/AR is the slope

of the lines in the above plot and is recovered from mock spectroscopic data
of 14 data points with accuracy 10 km s−1, concentrated around pericenter.
The horizontal lines are the upper and lower confidence levels for the recovered
inclination from astrometry, taken from Gillessen et al. (2009b). The intersection
point corresponds to the value of α for which both data types agree on the
inclination.

for multiple atomic processes. If the stellar atmosphere does not
change appreciably over an orbit, an observed spectrum can be
cross-correlated on a logarithmic wavelength scale with a spec-
trum observed at some other epoch, and the cross-correlation
peak would directly give the redshift ln(ν0/ν) with ν0 an un-
known constant. If different atomic/molecular species behave
differently in a freely falling frame, the shape of the cross-
correlation curve would change. Alternatively, multiple spectral
features could be fitted simultaneously with variable redshift.
We do not, however, attempt to model the observable spectra
explicitly in this Letter.

We now simulate the recovery of α as follows. We generate
10 mock redshift data points of S2 taken over two months at
pericenter, plus four additional data points, at ±1,±2 yr around
pericenter. The data are generated with α = 2 and orbital
parameters taken from Gillessen et al. (2009b). To them we add
Gaussian random noise at a dispersion of 10 km s−1 and then fit
via the seven parameters. We then assume I has been measured
by astrometry and use Equation (8) to recover α. Figure 1 shows
an example for a few mock data realizations at a fixed accuracy
and Figure 2 shows the dependency of the recovered value of
alpha with the data accuracy.

4. DISCUSSION

Testing the equivalence principle using a combination of
spectroscopy and astrometry seems possible in the near future.
In comparing the spread in A2

C/AR from mock data to the
recovered value for I from real astrometric data (illustrated in
Figure 1), in testing the equivalence principle using S2, the
current accuracy available from astrometry sits at a comfortable
level. Spectroscopic accuracy of S2 at 10 km s−1 is not yet
available, but seems plausible with future observations. For the
late-type star S35, which has a more favorable spectrum, a fit
error of 10 km s−1 has been achieved (Gillessen et al. 2009b).
We remark that any systematic errors that do not change between
observations are harmlessly absorbed into ν0.

Figure 2. 1σ level in the recovered value of α for spectroscopic data of different
accuracy. At each data accuracy level, we have performed the same procedure
illustrated in Figure 1, except that 60,000 mock data realizations have been used.

Naturally, in detecting relativistic effects on S stars, data dur-
ing pericenter passage are of greatest value. With instrumen-
tation currently available, an observation program concentrated
over two months during S2’s next pericenter passage (2018) will
prove to be sufficient as a test for the EEP. Figure 2 argues that
a small handful of spectral measurements of S2 at 10 km s−1

around pericenter imply a 1σ accuracy on α of ∼0.3.
The approach we have taken above focuses on the essentials.

The degeneracy between α, I, and a for spectroscopy has been
lifted by using astrometry only to provide I. In practice, all
the parameters are fitted simultaneously to both astrometry and
spectroscopy. We have done simulations to verify that when this
is done, the degeneracy is implicitly broken by the mechanism
highlighted in this Letter.

Relativistic effects can be expected to become increasingly
important as corrections in other astrophysics relating to the S
stars. Three areas where this can be expected are the following.

1. The combination of spectroscopic and astrometric S star
data provides us with the distance to the center of the
galaxy. Astrometry is sensitive to the angular size of the
orbit, while spectroscopy on the physical size. The quotient
is the distance to the galactic center (Eisenhauer et al. 2003).

2. The position of the observed line depends on the velocity of
the BH-star system with respect to the Earth. Spectroscopy
therefore has the power to determine our velocity with
respect to the central BH (Angélil et al. 2010), thus
constraining the U component of the Galactic local standard
of rest.

3. The form of the mass distribution within the inner arcsecond
affects the S star orbits. A better understanding of the
density profile will provide insight into the region’s star
capture and formation history, and to the central dark matter
distribution (Ghez et al. 2008; Gillessen et al. 2009b).

In exploring (1) and (2), one cannot easily avoid relativity
simply by considering stars with larger orbit sizes (3), as per-
turbations due to the enclosed mass become a problem. With
the accuracy regime that spectroscopy will enter in the coming
decade, one of two types of perturbations to the redshift must
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Table 1. Angular and linear resolution versus orbital time
scales.

angular linear scale orbital
resolution scale time scale

[mas] [mpc] = 10−3 pc [years]
1000 40 440
100 4 14
60 2.4 6.5
30 1.2 2.3
15 0.6 0.8

Table 2. Expected relativistic periastron shift ∆ϕ for 100%
of the mass contained in a single BH, calculated for different
semi-major axis a and eccentricities e.

a [mas] a [mpc] ∆ϕ ∆ϕ
e = 0.5 e = 0.9

60 2.4 −5.0′ −20′

30 1.2 −10′ −39′

20 0.8 −15′ −59′

15 0.6 −20′ −1.3◦

Center one can compare it to the case of other measured
periastron advances. In the case of Mercury, the measured
relativistic shift is of the order of ≈0.1 arcsec per revolu-
tion. For the Hulse-Taylor Pulsar PSR B1913+16 the shift
is ≈13 arcsec per revolution (Taylor 1993). Therefore, the
expected relativistic shifts for stars on orbits with semi-
major axes as those listed in Table 2 could be, per rev-
olution, 10 to 102 times bigger than that of the Hulse
Taylor Pulsar, and 103 to 104 times bigger than the one
of Mercury.

As the precise shape of the orbit will depend on the
particular central mass distribution, it is most useful to
have a general framework to compute the orbits for a par-
ticular choice of central mass distribution. If one wants to
include the first order general relativistic contribution, in
particular the relativistic periastron advance, one can use
the so-called post-Newtonian approximation of General
Relativity, which is described in Appendix A.

3. Extended mass distribution

In order to study the Newtonian orbital shift we consider
the simplest case of a spherically symmetric mass distribu-
tion. We assume that a given star can enter the extended
mass distribution, and neglect any non-gravitational in-
teraction. We also neglected the influence of lensing (see
Sect. 4.4).

We assume that the total mass of the central compact
distribution amounts to 2.9 × 106 M!.

As a consequence of the spherical symmetry of the con-
sidered mass distribution, the (Newtonian) gravitational
force on a given star depends only on the enclosed mass
within the radius corresponding to the position of the star.
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Fig. 2. Example for prograde relativistic periastron ad-
vance. Units are given in gravitational length scales GM/c2.
Apoastron locations are indicated.

Therefore, as it moves towards the center of forces, the
gravitational force and hence the curvature of the orbit
is smaller as compared with the case in which the whole
mass is concentrated within a radius smaller than the peri-
astron radius of the stellar orbit. This leads to orbits with
a retrograde orbital shift – that is a shift in the opposite
direction as compared with the relativistic orbital shift.

3.1. Simple model: Uniform density sphere

Jiang & Lin (1985) present a simple analytical treatment
of the orbits of a test particle which is allowed to enter into
the inner region of a sphere with uniform matter distribu-
tion. Only the Newtonian gravitational force is considered.
In this case, the potential is given by

φ(r) =






GM
2R3 r2 − 3GM

2R r ≤ R,

−GM
r r > R,

(4)

where R is the radius of the sphere of total mass M . They
have shown, that for a given M and R the resulting orbit
precession is given by

∆ϕ = 2 arccos [Ξ1(e, a)] + arcsin [Ξ2(e, a)] − π

2
, (5)

with

Ξ1(e, a) =
1
e

[ a

R
(1 − e2) − 1

]
, (6)

Ξ2(e, a) =
2

R2 − B
√

B2 + 4A
, (7)

and

A := − 1
aR3(1 − e2)

, B :=
1

a2(1 − e2)

(
3a

R
− 1

)
. (8)

Here we have rewritten the results of Jiang & Lin (1985)
in terms of the semi-major axis a and the eccentricity e of
the outer Keplerian orbit.
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Figure 1. Recovery of α for 10 mock data sets. The ratio A2
C/AR is the slope

of the lines in the above plot and is recovered from mock spectroscopic data
of 14 data points with accuracy 10 km s−1, concentrated around pericenter.
The horizontal lines are the upper and lower confidence levels for the recovered
inclination from astrometry, taken from Gillessen et al. (2009b). The intersection
point corresponds to the value of α for which both data types agree on the
inclination.

for multiple atomic processes. If the stellar atmosphere does not
change appreciably over an orbit, an observed spectrum can be
cross-correlated on a logarithmic wavelength scale with a spec-
trum observed at some other epoch, and the cross-correlation
peak would directly give the redshift ln(ν0/ν) with ν0 an un-
known constant. If different atomic/molecular species behave
differently in a freely falling frame, the shape of the cross-
correlation curve would change. Alternatively, multiple spectral
features could be fitted simultaneously with variable redshift.
We do not, however, attempt to model the observable spectra
explicitly in this Letter.

We now simulate the recovery of α as follows. We generate
10 mock redshift data points of S2 taken over two months at
pericenter, plus four additional data points, at ±1,±2 yr around
pericenter. The data are generated with α = 2 and orbital
parameters taken from Gillessen et al. (2009b). To them we add
Gaussian random noise at a dispersion of 10 km s−1 and then fit
via the seven parameters. We then assume I has been measured
by astrometry and use Equation (8) to recover α. Figure 1 shows
an example for a few mock data realizations at a fixed accuracy
and Figure 2 shows the dependency of the recovered value of
alpha with the data accuracy.

4. DISCUSSION

Testing the equivalence principle using a combination of
spectroscopy and astrometry seems possible in the near future.
In comparing the spread in A2

C/AR from mock data to the
recovered value for I from real astrometric data (illustrated in
Figure 1), in testing the equivalence principle using S2, the
current accuracy available from astrometry sits at a comfortable
level. Spectroscopic accuracy of S2 at 10 km s−1 is not yet
available, but seems plausible with future observations. For the
late-type star S35, which has a more favorable spectrum, a fit
error of 10 km s−1 has been achieved (Gillessen et al. 2009b).
We remark that any systematic errors that do not change between
observations are harmlessly absorbed into ν0.

Figure 2. 1σ level in the recovered value of α for spectroscopic data of different
accuracy. At each data accuracy level, we have performed the same procedure
illustrated in Figure 1, except that 60,000 mock data realizations have been used.

Naturally, in detecting relativistic effects on S stars, data dur-
ing pericenter passage are of greatest value. With instrumen-
tation currently available, an observation program concentrated
over two months during S2’s next pericenter passage (2018) will
prove to be sufficient as a test for the EEP. Figure 2 argues that
a small handful of spectral measurements of S2 at 10 km s−1

around pericenter imply a 1σ accuracy on α of ∼0.3.
The approach we have taken above focuses on the essentials.

The degeneracy between α, I, and a for spectroscopy has been
lifted by using astrometry only to provide I. In practice, all
the parameters are fitted simultaneously to both astrometry and
spectroscopy. We have done simulations to verify that when this
is done, the degeneracy is implicitly broken by the mechanism
highlighted in this Letter.

Relativistic effects can be expected to become increasingly
important as corrections in other astrophysics relating to the S
stars. Three areas where this can be expected are the following.

1. The combination of spectroscopic and astrometric S star
data provides us with the distance to the center of the
galaxy. Astrometry is sensitive to the angular size of the
orbit, while spectroscopy on the physical size. The quotient
is the distance to the galactic center (Eisenhauer et al. 2003).

2. The position of the observed line depends on the velocity of
the BH-star system with respect to the Earth. Spectroscopy
therefore has the power to determine our velocity with
respect to the central BH (Angélil et al. 2010), thus
constraining the U component of the Galactic local standard
of rest.

3. The form of the mass distribution within the inner arcsecond
affects the S star orbits. A better understanding of the
density profile will provide insight into the region’s star
capture and formation history, and to the central dark matter
distribution (Ghez et al. 2008; Gillessen et al. 2009b).

In exploring (1) and (2), one cannot easily avoid relativity
simply by considering stars with larger orbit sizes (3), as per-
turbations due to the enclosed mass become a problem. With
the accuracy regime that spectroscopy will enter in the coming
decade, one of two types of perturbations to the redshift must
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Table 1. Angular and linear resolution versus orbital time
scales.

angular linear scale orbital
resolution scale time scale

[mas] [mpc] = 10−3 pc [years]
1000 40 440
100 4 14
60 2.4 6.5
30 1.2 2.3
15 0.6 0.8

Table 2. Expected relativistic periastron shift ∆ϕ for 100%
of the mass contained in a single BH, calculated for different
semi-major axis a and eccentricities e.

a [mas] a [mpc] ∆ϕ ∆ϕ
e = 0.5 e = 0.9

60 2.4 −5.0′ −20′

30 1.2 −10′ −39′

20 0.8 −15′ −59′

15 0.6 −20′ −1.3◦

Center one can compare it to the case of other measured
periastron advances. In the case of Mercury, the measured
relativistic shift is of the order of ≈0.1 arcsec per revolu-
tion. For the Hulse-Taylor Pulsar PSR B1913+16 the shift
is ≈13 arcsec per revolution (Taylor 1993). Therefore, the
expected relativistic shifts for stars on orbits with semi-
major axes as those listed in Table 2 could be, per rev-
olution, 10 to 102 times bigger than that of the Hulse
Taylor Pulsar, and 103 to 104 times bigger than the one
of Mercury.

As the precise shape of the orbit will depend on the
particular central mass distribution, it is most useful to
have a general framework to compute the orbits for a par-
ticular choice of central mass distribution. If one wants to
include the first order general relativistic contribution, in
particular the relativistic periastron advance, one can use
the so-called post-Newtonian approximation of General
Relativity, which is described in Appendix A.

3. Extended mass distribution

In order to study the Newtonian orbital shift we consider
the simplest case of a spherically symmetric mass distribu-
tion. We assume that a given star can enter the extended
mass distribution, and neglect any non-gravitational in-
teraction. We also neglected the influence of lensing (see
Sect. 4.4).

We assume that the total mass of the central compact
distribution amounts to 2.9 × 106 M!.

As a consequence of the spherical symmetry of the con-
sidered mass distribution, the (Newtonian) gravitational
force on a given star depends only on the enclosed mass
within the radius corresponding to the position of the star.
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Fig. 2. Example for prograde relativistic periastron ad-
vance. Units are given in gravitational length scales GM/c2.
Apoastron locations are indicated.

Therefore, as it moves towards the center of forces, the
gravitational force and hence the curvature of the orbit
is smaller as compared with the case in which the whole
mass is concentrated within a radius smaller than the peri-
astron radius of the stellar orbit. This leads to orbits with
a retrograde orbital shift – that is a shift in the opposite
direction as compared with the relativistic orbital shift.

3.1. Simple model: Uniform density sphere

Jiang & Lin (1985) present a simple analytical treatment
of the orbits of a test particle which is allowed to enter into
the inner region of a sphere with uniform matter distribu-
tion. Only the Newtonian gravitational force is considered.
In this case, the potential is given by

φ(r) =






GM
2R3 r2 − 3GM

2R r ≤ R,

−GM
r r > R,

(4)

where R is the radius of the sphere of total mass M . They
have shown, that for a given M and R the resulting orbit
precession is given by

∆ϕ = 2 arccos [Ξ1(e, a)] + arcsin [Ξ2(e, a)] − π

2
, (5)

with

Ξ1(e, a) =
1
e

[ a
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(1 − e2) − 1

]
, (6)

Ξ2(e, a) =
2

R2 − B
√

B2 + 4A
, (7)

and

A := − 1
aR3(1 − e2)

, B :=
1

a2(1 − e2)

(
3a

R
− 1

)
. (8)

Here we have rewritten the results of Jiang & Lin (1985)
in terms of the semi-major axis a and the eccentricity e of
the outer Keplerian orbit.
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We need additional 
(short-period) stars 

to break the 
degeneracies.



 

The meaning of a short period

27

• Only stars with short periods can have a significant fraction of their orbits 
covered. This is key in determining a reliable orbit, especially in the 
Galactic center since confusion events can mimic orbital curvature! 

The various relativistic effects scale 
with period (from Angelil et al. 2010)



The Shortest-
Known Period Star



 

We need more stars with short orbital 
periods…
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..and we found one!!
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Meyer, Ghez, Schoedel et al. 2012, Science



 

S0-102’s magnitude (K=17.3) makes it 
prone to source confusion

31



 

S0-102 has an orbital period of 11.5 yrs
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Kmag = 17.3

P = 11.5 ± 0.3

e = 0.68 ± 0.02

i = 151 ± 3 deg

Periapse dist = 
1.3 ± 0.1 mpc

Future AO 
measurements will 
allow us to obtain a 
more accurate orbital 
solution for S0-102. 



Digging for Gold in 
Old Data



Speckle imaging
1) take short exposures with texp ~ τ0

2) reconstruct images off-line

Simple Shift-and-Add (SAA) algorithm:
1. choose a reference star and reference pixel
2. shift each image in stack so that brightest speckle of 
reference star comes to rest on reference pixel
3. average stack
(see, e.g., Christou, 1991; Eckart & Genzel 1996; Ghez et 
al., 1998)

Selection of best frames
⇒ Strehl ratios 10%-30% in K-band
(4-10m telescopes, Ks-band, e.g. Schoedel et al., 2003; 
Ghez et al. 2005)
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Adaptive Optics

Closing the loop on TTau with 
NAOS/CONICA (ESO VLT)



Speckle imaging+SSA
Keck/NIRC, 1995-2005

AO + LGS
Keck/NIRC2, since 2005

Holographic image reconstruction maximizes the 
scientific return of  historic speckle data.

Schödel et al.  2013, MNRAS



Speckle imaging+SSA
Keck/NIRC, 1995-2005

AO + LGS
Keck/NIRC2, since 2005

Speckle imaging+Holography
Keck/NIRC, 1995-2005

Holographic image reconstruction maximizes the 
scientific return of  historic speckle data.

Schödel et al.  2013, MNRAS



Speckle imaging+SSA
Keck/NIRC, 1995-2005

AO + LGS
Keck/NIRC2, since 2005

Speckle imaging+Holography
Keck/NIRC, 1995-2005

Holographic image reconstruction maximizes the 
scientific return of  historic speckle data.

Holographic image reconstruction:
• 1 magnitude deeper
• Strehl ratio ~10% ➔ ~50%: less confusion!

More (×2) and fainter stars: better astrometry, discovery 
of faint stars near Sgr A*.

Application to NIRC/Keck speckle data was fundamental 
to the discovery of S0-102.

Schödel et al.  2013, MNRAS
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Conclusions
• Stars are ideal probes of the spacetime around a supermassive black 

hole

• We will be able to test Einstein’s equivalence principle when S0-2 
passes periapse in 2018 with Keck observations

• Detection of further short-period stars and increasing accuracy for 
orbits of known S-stars will allow us to break the degeneracy between 
orbital parameters and GR effects

• We have discovered a star with the shortest known orbital period to 
date (P=11.5 yrs)

• This star is necessary to break the degeneracy between GR and 
Newtonian periapse shifts

• With improved image processing and data analysis techniques as well 
as the continued acquisition of new data we will be able to identify 
more short-period stars in the near future
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TMT/E-ELT

see Gillessen et al. (2010)

credit: UCLA Galactic Center Group
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3. KEY SCIENCE CASES 
3.1 Stellar orbits around Sgr A* 

The combination of adaptive optics (AO) and large (8 m – 10 m) telescopes made it possible to observe a multitude of 
stellar orbits moving in the gravitational potential of the MBH Sgr A* in the Galactic Center. Up to now the system can 
be described perfectly by a single point mass and Newtonian gravity [5]. Nevertheless, deviations from these simple 
assumptions are expected to exist: A cluster of dark objects with stellar masses (e.g. neutron stars or stellar mass black 
holes) might well be present around Sgr A* [16] yielding deviations from the single point mass hypothesis. Furthermore, 
the effects of general relativity will break the assumption of a Newtonian system. In order to detect such deviations, NIR  
interferometry is a suitable tool. 

We have examined the feasibility of detecting the Schwarzschild precession around Sgr A*. Given the density profile 
and luminosity function of the Galactic Center star cluster [17], we estimate that a few (three to eight) stars with 
17 < mK < 19 at any point in time should reside in the central 100 mas, thus being essentially unresolved with current 
NIR instrumentation, but being accessible with the VLTI. Simulating observations using all four UTs for 9 hours, we 
were able to show that it is possible to recover the assumed star fields from the simulated data. Such stars will have 
orbital periods of ~ 1 year and their orbits should precess by a few degrees per revolution. 

 
Figure 4: Simulated observation of a star field with 6 stars placed in orbit around Sgr A* in a 100 mas square field. Left: The 

PSF for one night of VLTI observations. Middle-left: The reconstructed image. Middle-right: The recovered image 
from the middle panel, using a simple CLEAN algorithm. Right: Simulated orbit figures (in mas) for the stars using 
images from several epochs. The strong precession due to the Schwarzschild metric is evident after even only two 
revolutions, each lasting no more than a year. 

We have investigated the precision by which stellar positions can be retrieved from the reconstructed images. The 
astrometric precision thus obtained is of the order of the Schwarzschild radius for all sources in the field of view. These 
imaging based results can be used to bootstrap a fit on the complex visibilities. They allow fixing the number of stars and 
provide an initial guess for their position and brightness. Such a fit yields precisions below 1 µas for an mK = 12 source, 
or 5 µas for an mK = 17 source. At this level, unaccounted for systematic effects will be predominating. The astrometric 
precision is very dependent on the number of sources in the field. The statistical properties of the stars at the centre of the 
Galaxy make it plausible that three stars could be observable at any time in GRAVITY's field of view, which still yields 
a precision of 10 µas. 

3.2 Flares from Sgr A* 

Genzel et al. 2003 [18] observed for the first time sporadic NIR emission from Sgr A* (figure 5). Since then, many such 
flares occurring at a rate of 1/night and lasting each for ~ 2 hours have been observed. Most of the flares show a 
quasiperiodic substructure with a typical time scale of ~20 minutes [19] This can be understood in an orbiting hot spot 
model, where a heated gas blob close to the innermost circular orbit revolves around the MBH, yielding the light curve 
modulations due to the orbiting motion (figure 5). The emission arises probably due to a magnetic reconnection event in 
the accretion flow, during which the energy from the magnetic field is heating electrons locally [20]. The size of the flare 
region is actually very small, given the typical rise times of few minutes only. 

Since the apparent diameter for the event horizon a MBH of 4 million solar masses at a distance of 8 kpc is 10 µas, the 
motion of a bright, compact source at the last stable orbit with a diameter of 60 µas might be detectable with NIR 
interferometric means. The flares will not be resolved, however the astrometric wobble of the centroid can be detected. 

GRAVITY/VLTI

see Gillessen et al. (2010)

credit: UCLA Galactic Center Group
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