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Galactic Centre

Credit: ESO/S. Gillessen et al. 2009
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2. Disk: 
     O/WR stars

     Mdisk= 104 M⊙ 

     0.05 < a < 0.5 pc
     Levin & Beloborodov (2003)

1. SgrA* Black Hole

     M● = 4 x 106 M⊙ 

Galactic Centre

3. S-stars:
     B stars
     0.003 < a < 0.03 pc



2 Puzzles...

(1) Bimodal eccentricity 
distribution of disk stars

Age of disk ~ 6 Myr 

Relaxation time ~ 1 Gyr

eccentricity

Bartko et al. (2009)

(2) Origin of S-stars 

- In-situ formation ☓
- Youth: Did not travel far 
   from place of birth



Setup

Assumptions:

Mcusp
Mdisk

M●

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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Bonnell & Rice 2008

1) Mdisk  << Mcusp

2) Eccentricity vectors (ē) aligned, similar in magnitude

      ↪ vector which points to periapse



Fastest for low e orbits
Slowest for high e orbits

Precession

tprec(a,e) ~ [M●/Mcusp(<a)] torb(a) f(e)

ρcusp ∝ a-ᵞ, Mcusp(<a) ∝ a3-ᵞ
torb(a) ∝ a3/2 

tprec ~ aᵞ-3/2 f(e)

Retrograde Precession due to 
cusp:



Instability (3)

L ∝ (1 - e2)1/2

1. Higher e orbit precesses slower than other orbits

3. L is decreased, e is increased

2. Feels strong, coherent torque from other stars in disk
     in opposite direction of angular momentum L

L = r × v

τ = r × F

v 
r

L

F

τ



Instability (4)

L ∝ (1 - e2)1/2

1. Lower e orbit precesses faster than other orbits

3. L is increased, e is decreased

2. Feels strong, coherent torque from other stars in disk
     in direction of angular momentum L

L = r × v

τ = r × F



Simulations

Relaxation time ~ 1 Gyr

e = 0.9

e = 0.999

e = 0.99



Evolution of ē 

0    Myr
0.5 Myr
1.0 Myr
1.5 Myr
2.0 Myr



Evolution of ē 

0    Myr
0.5 Myr
1.0 Myr
1.5 Myr
2.0 Myr



Observed vs Simulated 
Eccentricity Distribution

eccentricity

Bartko et al.
 (2009)

Madigan et al. 
(2009)

Bimodal distribution: 
direct consequence of instability



Origin of S-stars

Binary system is disrupted (Hills’ [1988] Mechanism) forming:
(1) hyper-velocity star
(2) bound high-eccentricity star = S-star ?

Instability in disk pushes binary 
system to high eccentricity 
orbit. 



Summary

1) New Instability in Eccentric 
Stellar Discs

Time-scale: Myr

Robust

2) Application to Galactic Centre:

 Bimodal eccentricity distribution 

 Origin of S-star population?

Ann-Marie Madigan
Leiden University



γ = 1.25 Evolution of ē 



Evolution of ē γ = 1.5



Evolution of ē γ = 1.75


