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within the last few million years. This is surprising, since regular
star formation processes are likely to be suppressed by the tidal
forces from the massive black hole. Many scenarios have been
suggested for the origin of these stars (see Alexander 2005,
Paumard et al. 2006, and Paumard 2008 for recent reviews).
These include in situ star formation through gravitational
fragmentation of gas in disk(s) formed from infalling molecular
cloud(s); transport of stars from far out by an infalling young
stellar cluster, or through disruption of binary stars on highly
elliptical orbits by the massive black hole; and rejuvenation
of old stars due to stellar collisions and tidal stripping. The
young stars observed in the inner R ∼ 1′′ are less massive
B-stars (the so-called “S-stars”) and are likely to originate from
a different scenario than the O and W–R stars (e.g., Perets et al.
2007, but see Levin 2007 and Löckmann et al. 2008). Here we
discuss only our observations of the O and W–R stars outside
the central 0.′′8 (other populations of young stars in the GC are
discussed elsewhere; Gillessen et al. 2009; Martins et al. 2009),
and interpret them in the context of the two leading formation
scenarios, the infalling cluster (Gerhard 2001; McMillan &
Portegies Zwart 2003; Portegies Zwart et al. 2003; Kim &
Morris 2003; Kim et al. 2004; Gürkan & Rasio 2005) and the
in situ formation (Levin & Beloborodov 2003; Genzel et al.
2003; Goodman 2003; Milosavljević & Loeb 2004; Nayakshin
& Cuadra 2005; Paumard et al. 2006) scenarios. The infalling
cluster and the in situ formation scenarios can be distinguished
by different phase space distributions of the stars (see also
Paumard et al. 2006; Lu et al. 2009). Key observables are
the number of disks, the fractions of disk and isotropic stars,
the disk orientation, thickness, eccentricity and warp as well
as the radial density of the stars and the stellar mass function
(MF).

In the following, we present the results of new observations
of the GC with the adaptive optics (AO) assisted near-infrared
imager NACO and the integral field spectrograph SINFONI
on the ESO/VLT. These include the detection of 27 new
reliably measured W–R/O stars in the central 12′′ and improved
measurements of previously detected stars, with proper motion
uncertainties reduced by a factor of 4 compared to our earlier
work. Based on a sample of 90 well measured W–R/O stars, we
develop a detailed statistical analysis of their orbital properties
and orientations. To this end, we use a Monte Carlo technique
to simulate observations of a large number of isotropic stars
with the same measurement uncertainties as present in the
data. From these simulated measurements, we determine the
probability of finding coherent dynamical structures against
isotropic stars. We find strong evidence for the existence of
a warped disk in the distribution of the clockwise rotating stars
and a nonrandom structure among the counterclockwise rotating
stars, which is possibly an additional disk. We then analyze the
properties of the stellar disks using both the three-dimensional
velocity information and the stellar positions. We discuss the
implications of our observational results for models for the
origin of the O and W–R stellar population in the GC.

This paper is structured as follows: First, we describe our
observations, the data selection criteria and present the prop-
erties of our data set in Section 2. Thereafter, in Section 3,
we describe our simulations of the observations of isotropically
distributed stars and disk stars. In Section 4 we introduce our
analysis method to search for features in the star distribution. In
Section 5 we present our results, including a thorough study of
the significance of the counterclockwise system, the determina-
tion of the orbital properties of the disk stars and a comparison

Figure 1. Sample of 90 W–R/O stars (mK < 14 and ∆(vz) ! 100 km s−1) in the
central 0.5 pc of our Galaxy: blue circles indicate clockwise orbits (61 W–R/O
stars) and red circles indicate counterclockwise orbits (29 W–R/O stars). The
black circles show projected distances of 0.′′8, 3.′′5, 7′′, and 12′′ from Sgr A*.
Squares indicate the exposed fields with SINFONI in the 25 mas pixel−1 and 100
mas pixel−1 scale. The whole inner 0.5 pc region is contained in lower resolution
(250 mas pixel−1 scale) SINFONI observations (Paumard et al. 2006).

to previous work. After a discussion of our results in Section 6
we summarize our conclusions in Section 7.

2. DATA

2.1. Observations

The data set previously analyzed by Paumard et al. (2006)
contained 63 reliably (labeled “quality 2”) measured W–R/O
stars in the innermost 12′′ and several candidates. In 2006–
2008 we carried out new observations with the integral field
spectrograph SINFONI (Eisenhauer et al. 2003a; Bonnet et al.
2004) at the ESO/VLT. We covered two regions west and north
of Sgr A* with the AO scale (25 mas pixel−1) resulting in a final
K-band full width at half-maximum (FWHM) of typically about
100 mas. In addition, we observed sixteen 4.′′2 × 4.′′2 fields with
the 100 mas pixel−1 scale resulting in typical K-band FWHMs
of about 200 mas. For some of the fields we used the laser guide
star facility (Rabien et al. 2003; Bonaccini Calia et al. 2006).
The location of the observed fields is indicated by black squares
in Figure 1. The details of the observations and the data analysis
will be presented by Martins et al. (2009). These observations
resulted in the reliable detection of 27 new W–R/O stars near
the GC. 25 out of the 27 new stars are located at projected
distances between 5′′ and 12′′. Four of the new stars were listed
by Paumard et al. (2006) as early type candidates (quality 0 and
1). We determined the radial velocities of these new stars by
fitting the observed spectra with template spectra (Martins et al.
2007). We also updated the radial velocities given by Paumard
et al. (2006) for all stars in the re-observed SINFONI fields. In
addition, for all these early-type stars we derived proper motions
from the NAOS/CONICA (Rousset et al. 2003; Hartung et al.
2003) imaging data set of the GC covering six epochs from May
2002 to March 2007 in the 27 mas pixel−1 scale (Trippe et al.
2008). Table 1 summarizes the K magnitudes, positions, proper
motions, and radial velocities of the 90 W–R/O stars used in our
analysis.
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The CW stellar disk
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Figure 17. Distributions of the orbital elements for the 30 clockwise moving W–R/O stars in the radial bin 0.′′8–12′′, which have a minimum angular distance below
10◦ from the (local) average angular momentum direction of the clockwise system. (Upper left) dNstars/da, the full line shows an a−1 power law, (upper right)
dNstars/dε, (lower left) dNstars/dω, (lower right) dNstars/dg(M(rstar), g = 2τ for vz > 0 and g = 2(1 − τ ) for vz < 0, see Beloborodov & Levin (2004).
(A color version of this figure is available in the online journal.)

In contrast the so-called S-stars have a different eccentricity
distribution: dNstars/dε ∝ ε2.6±0.9 (Gillessen et al. 2009). We
combine our result of the mean eccentricity with the mean
eccentricity of the six stars from Gillessen et al. (2009) to a
weighted average of 0.36 ± 0.06.

Figure 17 (lower left panel) shows the distribution of the
reconstructed arguments of periapsis of the orbits ω. For
uniformly populated disks and a uniform azimuthal exposure the
distribution of ω is expected to be flat. The observed distribution
is compatible with a flat distribution within errors.

Figure 17 (lower right panel) shows the distribution of the
time separating the stars from their nearest passage of their
pericenter normalized to their half-periods g(M(rstar)). For the
true enclosed mass and a random snapshot time, the expected
g obeys Poisson statistics: it has a flat probability distribution
between 0 and 1 with the mean expectation value g = 0.5
and the standard deviation ∆g = 12−1/2 ≈ 0.29. g → 0
for small assumed masses and g → 1 for too large assumed
masses (Beloborodov & Levin 2004; Beloborodov et al. 2006).
In our data we determine g(M(rstar)) = 0.52 ± 0.05 and
∆g(M(rstar)) = 0.27 ± 0.04. In case we adopt R0 = 7.5 kpc
and MSgrA∗ = 3.5 × 106 M) we get g = 0.48 ± 0.05 and for
the parameters R0 = 8.5 kpc and MSgrA∗ = 4.5 × 106 M) we
get g = 0.53 ± 0.05.
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Figure 18. Reconstructed eccentricity as a function of projected distance for the
30 clockwise moving W–R/O stars (blue points), which have a minimum angular
distance below 10◦ from the (local) average angular momentum direction of the
clockwise system. Red circles show the six early-type stars (S66, S67, S83,
S87, S96, and S97) with 0.′′8 ! R ! 1.′′4 for which Gillessen et al. (2009)
were able to derive individual orbital solutions. Error bars denote the rms of the
reconstructed eccentricities.
(A color version of this figure is available in the online journal.)

Clockwise disk
 O/WR stars
0.8” < r < 12”

1 arcsec ~ 0.04 pc
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Fig. 16.— The 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.

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 or-
bits 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 un-
bound to the MBH, a result of its large radial velocity
(−740 km/s) 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 ac-
celerations (2.1σ and 3.9σ respectively). These stars are
of special interest, since they were proposed to mem-
ber 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/yr2, while we can place a safe upper limit

of a < 30 µas/yr2.
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Fig. 17.— Examples from the Markov-Chain Monte Carlo sim-
ulations. Each panel shows a 2D cut through the six dimensional
phase space of the orbital elements for the respective star. Left:
Example of two well constrained and nearly uncorrelated param-
eters. Middle: Example for two correlated parameters, which are
nonetheless well constrained. Right: Example of badly constrained
parameters, showing a non-compact configuration in parameter
space.

7. DISCUSSION

Gillessen et al. (2009)

2009
N = 20 stars

15 early-type stars
5 late-type stars

The S-star cluster

1 arcsec ~ 0.04 pc
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NO Standard star formation!

In-situ NON standard star formation
Outside formation + migration

⇓

ncrit = 107cm−3

�
1.6 pc

R

�1.8
critical  density:

while observed densities: 104 - 105 cm-3

Origin of the young stars
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Common formation scenario for disk stars and S-stars?

Origin of the young stars

DISK         
0.8” < r < 12”                     
O/WR stars
disk
<e> ~ 0.3-0.4
top-heavy MF                    

S-STARS         
0.1” < r < 0.8”                    
B-type MS stars
isotropic
<e> ~ 0.7
standard MF                    

Different properties argue for different scenario

Alessia Gualandris, ESO Garching, 22/06/2010

Sunday, June 27, 2010



Bonnell & Rice (2008)

encodes the relative numbers of stars as a func-
tion of the stars’masses]. The higher-mass cloud
(Fig. 4) produced a bimodal mass function: a
population of very massive stars with masses
between ~10 and ~100 M⊙, and a population of
lower-mass stars. The higher-mass stars formed
in the inner ring (a ~ 0.02 pc) while the lower-
mass stars formed farther out (a ~ 0.05 to 0.1 pc)
because of the different gas temperatures produced
(20). As additional gas remained bound at larger
radii, it is possible that more lower-mass stars
would eventually form if the simulation were fol-
lowed further in time.

In addition to forming the stars, 10 to 30% of
the infalling gas clouds were accreted onto the
black hole. This accretion implies only that the
material is bound within the size of the sink-
particles’ accretion radius of 4000 AU, and in fact
this material had sufficient angular momentum to
form a disk at radii of 1000 to 4000AU around the
black hole.

The actual size and evolution of this inner disk
were not determined by our simulations and could

Fig. 1. The evolution of a
104 M☉molecular cloud falling
toward a 106 M☉ supermassive
black hole. (A) The region within
1.5 pc of the black hole, ~32,000
years after start of evolution;
colors denote the column den-
sity on a logarithmic scale from
0.01 g cm−2 to 100 g cm−2. (B)
Image at 42,000 years, show-
ing the region within 1 pc of
the black hole; color scale is
from 0.025 g cm−2 to 250 g
cm−2. (C and D) Images at
47,000 and 51,000 years, show-
ing the region within 0.5 pc of
the black hole; color scale is
from 0.1 g cm−2 to 1000 g cm−2.
Although the cloud is tidally
disrupted by the black hole,
some of the material is cap-
tured by the black hole to form
an eccentric disk that quickly
fragments to form stars. These
are illustrated by the white dots
and have eccentricities between
e = 0.6 and e = 0.76 and
semimajor axes between a =
0.11 pc and a = 0.19 pc. A
small population of stars also
forms quite early, becoming
visible in (B) and being ejected
from the system in (D).

A B

C D

Fig. 2. The final state of the
simulation of a 105M⊙molecular
cloud falling toward a 3 × 106M⊙
supermassive black hole. The
image shows the region within
0.25 pc of the black hole located
at the center; colors denote
column densities from 0.75 g
cm−2 to 7500 g cm−2. A portion
of the cloud has formed a disk
around the black hole, while—at
the stage shown here—most of
the mass is still outside the
region shown. The disk fragments
very quickly, producing 198 stars
with semimajor axes between a=
0.04 pc and a = 0.13 pc and
eccentricities between e = 0 and
e = 0.53.
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(1) In-situ formation from 
infalling and/or colliding gas 
clumps 
Star formation from 
fragmenting gas disks/streams 
=> production of disk 
structures in the range 
0.01-0.1 pc.

Origin of the young stars
Proposed models:

Alessia Gualandris, ESO Garching, 22/06/2010
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Pros:  Can reproduce 
properties of the disk 
stars: radial 
distribution, 
eccentricity and top-
heavy mass function.  

Cons: Can not 
produce stars closer 
than ~ 0.1 pc. Can 
not explain isotropic 
B-stars population.

Origin of the young stars

✔ Disk(s) 
X B-stars

(1) In-situ formation from infalling 
and/or colliding gas clumps 

Alessia Gualandris, ESO Garching, 22/06/2010
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Gualandris, Portegies Zwart, 
Sipior (2005)

(2) Binary capture
Binary formation at large 
distance + scatter to radial 
orbits (need massive 
perturbers) + interaction 
with MBH => capture of 
one star and ejection of 
companion + resonant 
relaxation 

Origin of the young stars
Proposed models:

Alessia Gualandris, ESO Garching, 22/06/2010
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Pros: Can reproduce 
properties of observed 
B-stars.

Cons: Many steps 
scenario. Requires large 
reservoir of binaries, 
efficient scattering by 
massive perturbers, tidal 
interaction with MBH, 
randomization of 
eccentricities by 
resonant relaxation.

Origin of the young stars
(2) Binary capture

✔ B-stars
X Disks

Alessia Gualandris, ESO Garching, 22/06/2010
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Fujii et al. (2008)

(3) Cluster infall 
(+IMBH)
Cluster formation 
outside central pc with 
runaway merger => 
IMBH + inspiral 
+ tidal disruption => 
deposition of a disk

Fig. 2.— Snapshots of the star clusters projected onto x − y plane. The upper six panels are for the run
with the circular initial orbit (model C), and the lower six panels are for the run with the eccentric orbit
(model E). Times are 0.122, 0.239, 0.356, 0.473, 0.591, and 0.708 Myrs.7

Origin of the young stars
Proposed models:

Alessia Gualandris, ESO Garching, 22/06/2010
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(3) Cluster infall (+IMBH)

Origin of the young stars

Pros: IMBH quickly 
randomizes orbital planes 
and thermalizes 
eccentricities.
Explains bias towards 
massive stars.
IMBH ejects stars and 
produces a core.

Cons: Formation of 
massive IMBHs may be 
difficult. Inspiral time-
scale may be too long.
Expected number of B-
stars deposited outside 
S-cluster much larger 
than observed.

? B-stars
Alessia Gualandris, ESO Garching, 22/06/2010
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BBH initial conditions:
 MSMBH = 4.5x106 M⊙

 IMBH q = 10-4 - 10-3

 a = 10 - 80 mpc
 e = 0.2 - 0.5

Stars initial conditions:
 orbits similar to those of 

tidally stripped stars,               
with a small thickness

Numerical method:
 Regularized direct summation 

method (AR-CHAIN)

t = 0

Origin of the S-star cluster:
cluster infall with IMBH

Alessia Gualandris, ESO Garching, 22/06/2010
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stars  N=20

BBH
q = 0.001 

a = 15 mpc
e = 0.5

Stellar disk + IMBH evolution

Merritt, Gualandris, Mikkola 
(2009)

Alessia Gualandris, ESO Garching, 22/06/2010
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t = 1 Myr

stars
N=20

BBH
q = 0.001 

a = 15 mpc
e = 0.5

Merritt, Gualandris, Mikkola 
(2009)

Alessia Gualandris, ESO Garching, 22/06/2010

Stellar disk + IMBH evolution

Sunday, June 27, 2010



Merritt, Gualandris, Mikkola 
(2009)

efficient
thermalization of 

eccentricities

MIMBH = 4000 M⊙  
a = 15 mpc

e = 0.5

t=0

t=1Myr

S-stars

Alessia Gualandris, ESO Garching, 22/06/2010

Stellar disk + IMBH evolution
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SMBH  MSMBH = 4x106 M☉

19 S-stars m = 10M☉

 IMBH  MIMBH = 400, 1000, 
2000, 4000 M☉

a = 0.3, 1, 3, 10, 30 mpc

12 positions on the sky

eIMBH = 0, 0.7

S-stars + IMBH evolution

Alessia Gualandris, ESO Garching, 22/06/2010

Gualandris & Merritt (2009)
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S-stars + IMBH evolution

Gualandris & Merritt (2009)

Alessia Gualandris, ESO Garching, 22/06/2010

MIMBH = 2000 M☉ 
a = 10 mpc

ejection
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 BBH com ~ peak 
stellar distribution within 
uncertainties (YT03)

 lifetime TGW > 107 yr
 mass enclosed within 

orbit of S2 < 0.02 MBH 
 motion of SgrA* 

(HM03, RB04)
 stability of S-cluster

S2

YT03

P > 5 yr

RB04
HM03

S-stars

MGM09

Constraints on IMBHs

Gualandris & Merritt (2009)
Alessia Gualandris, ESO Garching, 22/06/2010
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SMBH M=4.3x106 M⊙

IMBH: q = 10-4 - 10-3

a = 0.3,1,3,10,30 mpc
e = 0,0.5,0.7,0.9

21 S-stars

S2: a = 5mpc
e= 0.883

rp = 0.6 mpc
ra = 9.4mpc

IMBH effect on S2

Alessia Gualandris, ESO Garching, 22/06/2010

Gualandris, Gillessen, Merritt 
astro-ph/1006.3563
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IMBH effect on S2

Alessia Gualandris, ESO Garching, 22/06/2010

periapse apoapse

GR

Gualandris, Gillessen, Merritt 
astro-ph/1006.3563
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IMBH effect on S2

Alessia Gualandris, ESO Garching, 22/06/2010

inclination nodal angle

Gualandris, Gillessen, Merritt 
astro-ph/1006.3563
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IMBH effect on S2

Alessia Gualandris, ESO Garching, 22/06/2010
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IMBH effect on S2

Alessia Gualandris, ESO Garching, 22/06/2010
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IMBH effect on S2

Alessia Gualandris, ESO Garching, 22/06/2010
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IMBH effect on S2

Alessia Gualandris, ESO Garching, 22/06/2010
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Origin of the S-star cluster:
in-situ vs binary disruption

Alessia Gualandris, ESO Garching, 22/06/2010

• Isotropic cusp N = 1200   r < 0.3 pc

• N1 = 200 N2 = 1000

• m1 = 3 M⊙ S-stars,  m2 = 10 M⊙ bhs

• MBH = 3.6x106 M⊙

• Power-law distribution r-α                                
α= 2 for bhs , α= 1.5 for stars 
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Perets, Gualandris, Merritt, 
Alexander (2009)

high initial eccentricities  
(e>0.96) binary disruption

low initial eccentricities 
(e<0.5) disk origin
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Observed S stars (Gillessen et al. 2008)
Simulated S stars (einit<0.5) after 6 Myrs
Simulated S stars (einit<0.5) after 20 Myrs

Simulated S stars (0.94<e<0.99) after 6 Myrs
Simulated S stars (0.94<einit<0.99) after 20 Myrs

Thermal eccentricity distribution

Binary disruption t = 20 Myr

is the favored model

Alessia Gualandris, ESO Garching, 22/06/2010

Origin of the S-star cluster:
in-situ vs binary disruption
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The B-stars population

Detection of 
early-type stars 
out to ~0.8 pc

=>
Continuous 

population of     
B-stars

Bucholz et al (2009)

494 R. M. Buchholz et al.: Composition of the galactic center star cluster

Fig. 10. Map of the stars in the GC. Red: late type stars. Green: early type candidates. Blue: sources not classified. Light blue: foreground sources.
Magenta: extremely red objects. The radii of the circles are linearly dependent on the extinction corrected magnitudes of the sources.

Fig. 11. Azimuthally averaged stellar surface density plotted against the
distance to Sgr A* for Ks magnitudes magKs < 15.5. The green points
describe the distribution of early type stars, while red stands for late
type quality 1 stars and dark blue for all detected stars. This also in-
cludes stars rated as noisy and bright enough late type quality 2 sources.
The early type stars given in Paumard et al. (2006) are shown in light
blue for comparison. The solid lines indicate the power laws fitted to
the data.

3.4. Evidence for giant depletion in the center

Figer et al. (2003) examined the radial velocities of 85 cool
stars in the GC (mostly M and K giants) and found dynamical

Fig. 12. Stellar surface density of all stars brighter than 15.5 mag (linear
scale, contours trace density in steps of 20, 30 ... 90 percent of maxi-
mum density). The density is given in units of sources per arcsec2.

evidence for a flattened distribution of late type stars within
0.4 pc (∼10′′). As Figer et al. (2003) and Zhu et al. (2008) point
out, the flat projected surface density profile of the late-type stars
implies in fact a hole/dip in the 3-dimensional distribution of the
late-type stars.

1 arcsec ~ 0.04 pc
Alessia Gualandris, ESO Garching, 22/06/2010

Sunday, June 27, 2010



The B-stars population

• MBH = 3.6x106 M☉

• Isotropic cusp N = 16000   m = 10 M☉ stars

• Power-law distribution r-2,   0.04 < r < 0.8 pc

follow stars with initial eccentricity 0.94 ≤ e ≤ 0.99 
representative of binary disruption stars

Alessia Gualandris, ESO Garching, 22/06/2010
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The B-stars population
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Models for origin of the young stars in the Galactic center :
 In-situ formation consistent with stellar disk(s),           

not the B-stars.
 Binary disruption scenario consistent with the 

properties of the B-stars population, but requires chain of 
events. It predicts dependency of eccentricity on distance.

 Cluster infall scenario with IMBH consistent with all 
observed properties of the B-stars, but difficulties in the 
IMBH formation and inspiral and predicted number of B-
stars outside central arcsecond.

 Short-term effects from an IMBH potentially detectable 
for star S2 at next pericenter passage.

Conclusions
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