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The Galactic center
SMBH  M = 4x106M⊙

Stellar cusp d ≲ 3 pc

CW stellar disk                              
scale 0.05 - 0.5 pc, mass 103-104 M⊙, 

OB stars, age ~ 5 Myr 

? CCW inclined disk

S-cluster   N ~ 20  B-type stars  
5-50 mpc, random orientations
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Simulating the Galactic center
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)
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Evolution of the S-stars

19 S-stars 
MSMBH = 4x106 M☉

ms-stars = 10 M☉

Simulations performed 
with AR-CHAIN
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Evolution of the S-stars
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Hopman & Alexander (2006) multi-mass model      
N=75000 r < 0.01 pc

SMBH  MSMBH = 3x106 M☉

MS stars m = 1 M☉, WD m = 0.6 M☉,              

NS m = 1.4 M☉, BH m = 10 M☉   

S-stars: S0-2, S0-16, S0-19, S0-20, S0-1         
m = 15 M☉

Evolution of the S-stars in 
the stellar cusp
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Harfst, Gualandris, Merritt, Mikkola (2008)

Newtonian precession

Δω∝ M∗(<r)/MBH

retrograde

N=7.5x104  stellar cusp 

Resonant relaxation

Evolution of the S-stars in 
the stellar cusp

Simulations performed with 
ϕGRAPEch 
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Deviations of the 
potential from 

spherical symmetry
⇩

– 22 –

to the Cartesian components of the angular momentum via

Lx = L sin i sin Ω, (15a)

Ly = −L sin i cos Ω, (15b)

Lz = L cos i. (15c)

Simple arguments (Rauch and Tremaine 1996) suggest that orbital inclinations should

evolve in this regime approximately as

∆ (i, Ω) ≈ A
m
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≈ A
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GN

M•a3

)1/2

t (16b)

where m is a typical perturber mass, N is the number of stars within a sphere of radius a, the

semi-major axis of the test star, and P (a) is the (Keplerian) orbital period. The coefficient
A is thought to be of order ∼ a few but is otherwise not well known (Rauch and Tremaine

1996). We evaluated equation (16b) numerically for the N = 75K model and found that
the dominant contribution to the torques is predicted to come from the BH particles; the

predicted change in orientation of a test star over 104 yr, for A = 1, is ∼ 0.5◦ for a = 10 mpc

increasing to ∼ 1◦ for a = 2 mpc. This is quite consistent with Figure 8 if 2 <∼ A <∼ 3. The
dependence of the evolution on N in Figure 8 is also consistent with the N1/2 prediction of

equation (16).

These examples suggest that the hybrid code will be an effective tool for studying so-

called “resonant relaxation” of orbits near a supermassive black hole (e.g. Hopman and

Alexander 2006a).

4.2. Inspiral of an IMBH into the Galactic Center

As a second test problem, we used ϕGRAPECH to follow the inspiral of an intermediate-

mass black hole (IMBH) into the Galactic SMBH. The multi-mass stellar cusp model de-
scribed in the previous sub-section was again used, with N = 75K. The second black hole

was given a mass of 10−3 times that of the SMBH, or 3× 103M#; its initial orbit around the

SMBH had semi-major axis 0.1 mpc and its eccentricity was 0.9. This initial separation is of
the same order as the so-called hard-binary separation ah at which inspiral due to dynamical

friction alone would be expected to stall (e.g. Gualandris and Merritt 2007, eq. 4.1). The
large eccentricity was chosen primarily to accelerate the inspiral. For constant e, the time

for A  = 1   t = 104 yr

Δ(i,Ω) = 0.5∘  a = 10 mpc

Δ(i,Ω) = 1∘  a = 2 mpc
2 < A < 3

Rauch & Tremaine (1996)

Evolution of the S-stars in 
the stellar cusp

Simulations performed with 
ϕGRAPEch 
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Evolution of S-stars + IMBH

Gualandris & Merritt (in prep.)

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
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M_IMBH = 4000M☉ 

a = 30 mpc
perturbations

Simulations performed 
with AR-CHAIN

Evolution of S-stars + IMBH
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M_IMBH = 2000M☉ 

a = 10 mpc
ejection

Simulations performed 
with AR-CHAIN

Evolution of S-stars + IMBH
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Evolution of S-stars + IMBH

aIMBH = 30 mpc

S0-2

aIMBH = 10 mpc aIMBH = 3 mpc

Gualandris & Merritt (in prep.)
Simulations performed 

with AR-CHAIN
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Evolution of S-stars + IMBH

Kozai integral

h = (1− e2) cos2(j)

j = 86∘ j = 83∘
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Evolution of S-stars + IMBH
Rate of stellar captures

(13/100) x (104/19) ~ 70 captures/10 Myr
R ~7x10-6 yr-1
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Origin of the S-stars

captured during a 3-body encounter 
stellar binary + SMBH                             
⇒ high eccentricity

formed in a gaseous disk and migrated 
to current location ⇒ low eccentricity
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Isotropic cusp N = 1200

N1 = 1000 N2 = 200

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-stars
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Simulations: 20 Myrs

Observations
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Simulations: 20 Myrs

Simulations: 5 Myrs

Observations

Perets, Gualandris, Merritt, Alexander (in prep.)

high initial eccentricities  
(e>0.96) binary disruption

low initial eccentricities 
(e<0.3) disk origin

Simulations performed with ϕGRAPE

Eccentricity distribution 

Origin of the S-stars
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Stars in the CW disk have significant 
eccentricities: e > 0.2 (Paumard et al. 2006), 
e> 0.4 (Lu et al. 2006)

Stars in the CCW disk e > 0.8 (Paumard et 

al. 2006)

Origin of disk stars: in situ formation 
from an accretion disk

Evolution of the stellar disk
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Single stellar disk M = 5000 M☉

N = 5000 equal mass stars

N = 2500 stars with Salpeter mass function

thin disk  (H/R ~ 0.01), all stars ~ circular (e ≾ 0.01), 

surface density ~ r-2

MBH = 3.6x106 M☉

with/without stellar cusp  (1.6x104 black holes m = 10 M☉, 

r-2 power-law distribution between 0.01-0.8 pc)

Evolution of the stellar disk
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Evolution of the stellar disk
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disk+cusp: low mass stars

disk+cusp: high mass stars

disk: low mass stars

disk: high mass stars

Perets, Gualandris, Merritt, Alexander (in prep.)
Simulations performed with 

ϕGRAPE
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Evolution of the stellar disk

with black hole cuspwithout black hole cusp
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