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• SMBH  M = 4x106M⊙

• Stellar cusp d ≲ 3 pc

• CW stellar disk        
scale 0.04 - 0.4 pc    
mass ~104 M⊙                  
age ~ 6 Myr 

• S-cluster N ~ 20          
B-type stars                  
a = 5-50 mpc    
random orientations

The Galactic Center
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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)

2008
N = 20 stars

15 early-type stars
5 late-type stars
m ~ 10-15 M☉

T ~ 10 Myr
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N(e) ~ e2
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Gillessen et al. (2009)

26 Gillessen et al.
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Fig. 19.— Orientation of the orbital planes of those S-stars for which we were able to determine orbits. The orientation of the orbits in
space is described by the orbital angular momentum vector, corresponding to a position in this all sky plot, in which the vertical dimension
corresponds to the inclination i of the orbit and the horizontal dimension to the longitude of the ascending node Ω. A star in a face-on,
clockwise orbit relative to the line of sight, for instance, would be located at the top of the graph, while a star with an edge-on seen
orbit would be located on the equator of the plot. The error ellipses correspond to the statistical 1σ fit errors only, thus the area covered
by each is 39% of the probability density function. Stars with an ambiguous inclination have been plotted at their more likely position.
The stars S66, S67, S83, S87, S96 and S97 which were suspected to be part of the clockwise stellar disk by Paumard et al. (2006) at
(Ω = 99◦, i = 127◦) actually are found very close to the position of the disk. The latter is marked by the thick black dot and the dashed
lines, indicating a disk thickness of 14◦±4◦, the value found by Paumard et al. (2006). The orbits of the other stars are oriented randomly.

a random distribution. We found a probability of ran-
domness of p = 0.74; meaning that the non-disk stars do
not show a preferred orbit orientation. Using the projec-
tion method from Cuesta-Albertos, Cuevas & Fraiman
(2007) we obtained p = 1.0. The same statement also
holds when testing for randomness of the subset of early-
type stars.

7.3.2. Distribution of semi major axes

Figure 20 shows the cumulative probability distribu-
tion function (pdf) for the semi major axes of stars which
have semi major axis smaller than 0.5”, thus excluding
the stars that are identified to be members of the clock-
wise disk. The statistic is limited still (15 stars make
up this sample), but nevertheless the distribution allows
us to estimate the functional behavior of the pdf n(a).
Due to the small number of data points we did not bin
the data but used a log-likelihood fit for n(a). We found
n(a) ∼ a0.9±0.3. This can be converted to a number
density profile as a function of radius (Alexander 2005).
We obtain n(r) ∼ r−1.1±0.3, consistent with the mass
profile in Genzel et al. (2003b) who found ρ(r) ∼ r−1.4

and with the newer work in Schödel et al. (2007) who
found ρ(r) ∼ r−1.2 for the innermost region of the cusp.

7.3.3. Distribution of eccentricities

The distribution of eccentricities allows us to estimate
the velocity distribution. Figure 21 shows the cumu-
lative pdf for the eccentricities of those young (early-
type) stars which are not associated with the clockwise
stellar disk. Using again a log-likelihood fit, we find
n(e) ∼ e2.6±0.9. The profile still is barely consistent with
n(e) ∼ e, corresponding to an isotropic, thermal veloc-
ity distribution (Schödel et al. 2003; Alexander 2005).

Fig. 20.— The cumulative pdf for the semi major axis of the
early-type stars with a < 0.5′′. The two curves correspond to the
two ways to plot a cumulative pdf, with values ranging either from
0 to (N-1)/N or from 1/N to 1. The distribution can be represented
by n(a) ∼ a0.9±0.3.

This would be the expectation for a relaxed stellar sys-
tem. However, given that the maximal lifespan for B
stars (! 108 yr) is much shorter than the local two body
relaxation (TBR) time (≈ 109 yr, Alexander (2005)) one
does not expect a thermal distribution. In this light, it is
interesting to notice that the distribution appears to be
a bit steeper (i.e. peaked towards higher eccentricities)
than a thermal distribution. This might be a first hint
towards the formation scenario for the S-stars. For exam-
ple, it is exactly what one expects in the binary capture
scenario (Perets, Hopman & Alexander 2007), in which
the S-stars are initially captured on very eccentric or-
bits (e " 0.98), and then subsequent relaxation gradu-
ally smears out the distribution of eccentricities towards
a thermal distribution. From the time scales involved,
one expects that the latter is not reached completely,

The S-star cluster
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Bonnell & Rice (2008) Gualandris, Portegies Zwart, 
Sipior (2005)

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

Fujii et al. (2008)

Proposed models:

in-situ 
formation

binary 
capture

cluster 
infall

Origin of the S-star cluster

Alessia Gualandris, Weizmann Institute, 13/12/09

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 ~100M⊙, 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 betweena=
0.04 pc and a = 0.13 pc and
eccentricities between e = 0 and
e = 0.53.
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Properties of IMBH infall:
 stalling 
 eccentric orbit

Baumgardt, Gualandris, Portegies Zwart (2006)

Cluster infall model

Alessia Gualandris, Weizmann Institute, 13/12/09

astall ∼ 0.2
q

1 + q
rh Merritt (2006)
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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

t = 0

N-body simulations

Alessia Gualandris, Weizmann Institute, 13/12/09
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• ϕGRAPE: parallel direct summation N-body code, 

4th order Hermite integrator, predictor-corrector 
scheme, GRAPE support

• AR-CHAIN: algorithmic regularization code with 
PN terms up to order 2.5

• ϕGRAPEch: hybrid N-body ϕGRAPE + chain 

regularization 

Harfst, Gualandris, Merritt, 
Portegies Zwart, Berczik (2007 )

Mikkola & Merritt (2008)

Harfst, Gualandris, Merritt, Mikkola (2008)

Simulating the Galactic Center

Alessia Gualandris, Weizmann Institute, 13/12/09
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Alessia Gualandris, Northwestern University, 12/01/09
Gravity Simulator @ RIT

Simulating the Galactic Center
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stars  N=20

BBH
q = 0.001 

a = 15 mpc
e = 0.5

AR-CHAIN
algorithmic 

regularization code

N-body simulationsN-body simulations

Alessia Gualandris, Weizmann Institute, 13/12/09

Merritt, Gualandris, Mikkola (2009)
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t = 1 Myr

stars
N=20

BBH
q = 0.001 

a = 15 mpc
e = 0.5

N-body simulationsN-body simulations
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aIMBH = 30 mpc

q = 1.0x10-3

q = 5.0x10-4

q = 2.5x10-4

q = 1.0x10-4

Rayleigh parameter

Merritt, Gualandris, Mikkola (2009)
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Orbital inclinations
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Merritt, Gualandris, Mikkola (2009)

efficient
thermalization of 

eccentricities

MIMBH = 4000 M⊙  
a = 15 mpc

e = 0.5

Eccentricities

Alessia Gualandris, Weizmann Institute, 13/12/09
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Semi-major axes

MIMBH = 2250 M⊙  
e = 0.5

a = 15 mpc a = 20 mpc

a = 30 mpc a = 40 mpc
Alessia Gualandris, Weizmann Institute, 13/12/09

Tuesday, December 22, 2009



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

Evolution of S-stars + IMBH

Alessia Gualandris, Weizmann Institute, 13/12/09
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Alessia Gualandris, Weizmann Institute, 13/12/09Gualandris & Merritt (2009)

Randomization of inclinations

star S9
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MIMBH = 4000M☉ 
a = 30 mpc

perturbations

Alessia Gualandris, Weizmann Institute, 13/12/09
Gualandris & Merritt (2009)

Long-term perturbations
 on the S-stars
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MIMBH = 2000M☉ 
a = 10 mpc

ejection

Perturbations on S-stars

Alessia Gualandris, Weizmann Institute, 13/12/09
Gualandris & Merritt (2009)

Long-term perturbations
 on the S-stars
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h = (1− e2) cos2(j)TK = κ
P 2

out

Pin

MBH + m

Mp

�
1− e2

out

�3/2

κ = κ (j, einn,ω)

emax = emax (j, einn,ω)

Kozai oscillations

Alessia Gualandris, Weizmann Institute, 13/12/09
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circular binary

Eccentricity distribution

Effects on 
eccentricity distribution 
and number of escapers

⇓

Exclude parameters:
a = 3-10 mpc

MBH = 2000-4000M☉

Alessia Gualandris, Weizmann Institute, 13/12/09
Gualandris & Merritt (2009)
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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

Gualandris & Merritt (2009)

Constraints on IMBH parameters

Alessia Gualandris, Weizmann Institute, 13/12/09
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In-situ 
formation

Binary 
capture

Origin of the S-star cluster

formation in a gas disk (either 
current CW disk or older disk) 
+ migration
➥ low eccentricities

formation in a binary 
+ scattering off massive perturbers 
+ tidal disruption 
+ resonant relaxation
➥ high eccentricities

Alessia Gualandris, Weizmann Institute, 13/12/09

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 ~100M⊙, 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 betweena=
0.04 pc and a = 0.13 pc and
eccentricities between e = 0 and
e = 0.53.
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• 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,  0.001 < r < 0.05 pc                      
α = 2 for bhs , α= 1.5 for S-stars	 

Origin of the S-star cluster

Alessia Gualandris, Weizmann Institute, 13/12/09
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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

Eccentricity distribution 

Origin of the S-star cluster

Dynamical evolution of the S-stars 5
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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

FIG. 2.— Cumulative distribution of observed and simulated S-stars eccen-
tricities, for various models (see legend).

(consistent with random at the ∼ 65% and ∼ 20% level, af-
ter evolution of 20 and 6Myr, respectively). This is expected
from the RR process, as discussed in the previous section (see
also fig. 1). We conclude that the observed isotropic distribu-
tion of the S-stars angular momentum direction is consistent
with all the S-stars production models studied here, and can
not be used to discriminate between them, although it con-
strains the lifetime of the S-stars system to be at least ∼ 4
Myr at the 95% level, assuming all S-stars were initially put
on the same plane.

4.3. Survival of the S-stars: tidal disruption, ejection and
hypervelocity stars

As already discussed above, the S-stars can change their
orbits due to their dynamical evolution. A star could there-
fore be scattered very close to the MBH and be disrupted by
it, if its pericenter distance from the MBH becomes smaller
than the tidal radius of the star rt = r!(M•/m!)1/3. Many
of the S-stars could therefore not survive for long close to
the MBH. We followed the orbits of stars in our simulations
and calculated the fraction of stars that have been disrupted.
For the tidal disruption calculations all stars were assumed
to have the typical main sequence radius according to their
mass. We consider a star as being disrupted if its pericenter
became smaller than twice the tidal radius during the simula-
tion (i.e., when it is strongly affected by the MBH tidal forces
or even totally disrupted in one pericenter passage). We find
that most of the S-stars survived to current times in all the
models (see survival fractions in 1). The S-stars population in
the GC therefore gives a good representation of all the S-stars
formed/captured in this region. The production rate of the S-
stars required to explain current observations is therefore only
slightly higher (1.2−1.3 times higher) than that deduced from
current number of S-stars observed.
In principle the S-stars could be ejected by strong

encounters to orbits with larger semi-major axes,
putting them outside the 0.05 pc region near the MBH
(Miralda-Escudé & Gould 2000), or even ejecting them as
unbound hypervelocity stars (O’Leary & Loeb 2007). The
softening radius used in our simulation was rsoft = 4R!,
comparable to the radius of observed S-stars, allowing us to

follow even very close encounters. Nevertheless, we find that
only ∼ 10% of the stars were ejected outside of the central
0.05 pc, and even those had maximal semi-major axis in
the end of the simulation not extending beyond 0.1 pc. We
therefore conclude that such ejected S-stars can not explain
recent observations of many B-type stars outside the central
0.05 pc (H Bartko, private communication). Moreover, none
of the 3 M! stars in our simulations have been ejected as a
hypervelocity star, suggesting that ejection of hypervelocity
stars through encounters with SBHs is not an efficient
mechanism (see also Perets 2009 for the related constraints
on this mechanism). We note that since our simulations
can be rescaled, we can probe much higher stellar densities
and smaller softening radius (see next section). When such
rescaling is used, in which all the 1200 stars are distributed
between 3×10−4 pc to 0.1 pc (rescaling the radii by half), we
find 5 stars ejected beyond 0.1 pc (to have final semi-major
axis of 0.1, 0.16, 0.16, 0.21 and 0.37 pc), but none ejected
as hypervelocity stars or even as slow unbound stars.
5. DEPENDENCE OF THE RESULTS ON THE ASSUMED DENSITY

OF SBHS

As discussed above, the density of the SBHs that are re-
sponsible for the evolution in our N -body models is not well
determined. Scaling the N -body results to different assumed
values ofN is complicated by the fact that scalar resonant re-
laxation has two regimes, coherent and random walk. In our
models, the transition occurs at

tM $ QP/N ∼ 3 × 104

(

NSBH

103

)−1 (

P

100 yr

)

yr , (5)

where the N−1
SBH scaling is for scattering by SBHs of a given

mass.
In the coherent regime,∆t ! tM , orbital angular momenta

grow as

∆J

Jc
∼ 10−4

(

NSBH

103

)1/2 ∆t

P
. (6)

In the diffusive regime,∆t " tM ,
∣

∣

∣

∣

∆J

Jc

∣

∣

∣

∣

∼
√

τ

τsRR
≈ 2 × 10−3

√

∆t

P
, (7)

independent of NSBH.
We are interested in the orbital evolution of the S-stars

over timescales of ∆t ∼ O(107) yr. In our simulations and
those with larger N , ∆t & tM . In this large-N regime,
changes in eccentricity are dominated by the diffusive rela-
tion and are therefore expected to be nearly independent ofN
for time scales of interest, at least up to N -values of ∼ 105

where the distributed mass begins to approach the mass of the
MBH and resonant relaxation is no longer effective. Only for
NSBH ! 10 does tM approach 107 yr and our results start de-
pending significantly on NSBH. However, such a small num-
ber of SBHs in the volume of interest is highly unlikely, and
therefore our results are robust to the details of the SBH cusp
model.
TheN -body simulations can also trivially be rescaled by

r → Ar, t → A3/2t (8)
at fixed mass. This corresponds to placing the same number
of SBHs into a smaller (larger) region and integrating for a
shorter (longer) time. For instance, if we rescale our simula-
tions to three times smaller distances (in which case the stars
are distributed between 3×10−4 and 0.05 pc), the integration
time becomes∼ 5Myr.

Binary disruption t = 20 Myr

is the favored model

Alessia Gualandris, Weizmann Institute, 13/12/09
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Origin of early-type stars 
beyond 0.5 pc

Bucholz et al. (2009)

New identification of 35 early-type stars 
beyond 0.5 pc (~13 as)

isotropically distributed

Alessia Gualandris, Weizmann Institute, 13/12/09

• Isotropic cusp of stellar black holes: N1=16000, m1 = 10 M☉

• Power-law distribution r-2,  0.03 pc < r < 0.8 pc                    

• Stellar disk with Salpeter MF: N2=2500

• MBH = 3.6x106 M☉
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Perets et al. (in prep)

Origin of early-type stars 
beyond 0.5 pc

Alessia Gualandris, Weizmann Institute, 13/12/09

t=0

t=50 
Myr

time

disk

disruption
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Conclusions

Models for origin of S-stars in the Galactic center:
 In-situ formation can be excluded
 Binary disruption scenario explains all the 

properties but requires chain of events
 Cluster infall scenario with IMBH naturally 

explains all properties and time-scales
 Long-term perturbations from an IMBH allow 

to constrain orbital parameters

Alessia Gualandris, Weizmann Institute, 13/12/09
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