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1. The Gravitational N-body 
problem 
•N=2: exactly solvable 
•N=3: approximately solvable 
•N>3: only numerical solvable 

2. Dynamic Equilibrium 
•No EXPANSION or 

CONTRACTION of the system 
3. Negative Heat Capacity 

•Remove energy —> hotter 
•Gain energy —> colder

LECTURE 3
4. Core Collapse 

•Very condensed core, 
steep light profile 

5. Equipartition of Energies 
•All the stars (at radius R) 

have the same kinetic 
energy 

•High-mass stars: slow, low-
mass stars: fast 

6. Mass Segregation 
•Mass gradient from center 

to the outskirts
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What is a Black Hole?
EVENT HORIZON

BLACK HOLE

LIGHT PARTICLE
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What are IMBHs?

?

SUPERMASSIVE

- Centers of Massive Galaxies
- Active Galactic Nuclei
- Quasars
- Center of the Milky Way
- ...

STELLAR

- Gravitational Collapse of 
Massive Star 

- Supernovae
- Compact X-ray Binaries
- ...

M�
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How do they form?

STELLAR REMNANTS

RUNAWAY MERGER

RUNAWAY COLLISIONS

STELLAR GAS ACCRETION

BH GAS ACCRETION

DIRECT COLLAPSE

STELLAR INTERMEDIATE SUPERMASSIVE

FURTHER 
ACCRETION?
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Where do we find them?
IN

TE
RM

ED
IA

TE
SU

PE
RM

AS
SI

VE

E/S GALAXIES

DWARF 
GALAXIES

NUCLEAR STAR CLUSTERS

GLOBULAR CLUSTERS

ULTRA COMPACT 
DWARFS

SYSTEM MASS

BH
 M

AS
S

SEEDS?

Seth et al. 2014
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Observations

10

1. Measure the LIGHT
➡ expected velocities

2. Measure the KINEMATICS

➡ true velocities
3. COMBINE the data
4. COMPARE to DYNAMICAL MODELS

➡Missing dark mass?
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Excursion: Velocity Dispersion
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Excursion: Jeans Equations
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Observations - Photometry
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Observations - Photometry

14

1. HST Image  2. Center 3. SB-Profile

Lützgendorf et al., 2013a
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Observations - Spectroscopy
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Observations - Spectroscopy
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Focal Plane Spectrograph
Input

Spectrograph
Output

Lenslets

Lenslets
+ Fibres

Slicer

Pupil
Imagery

Fibres

Mirrors

Datacube



Nora Lützgendorf, KAS16   / 50

Observations - Spectroscopy

17

OPTICAL 
FIBERS

DISPERSING 
ELEMENT
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Observations - Spectroscopy
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HST VLT/ARGUS VELOCITY
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Observations - Spectroscopy
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Observations - Spectroscopy
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Observations - Spectroscopy
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Observations - Spectroscopy
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Lützgendorf et al., 2013b Lützgendorf et al., 2013b 
Kruijssen & Lützgendorf, 2013
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Observations - Spectroscopy
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N-BODY Simulations
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N-BODY Simulations
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N-BODY Simulations
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N-BODY Simulations

1. N Stars
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N-BODY Simulations

1. N Stars

2. Masses
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N-BODY Simulations

1. N Stars

2. Masses

3. Distribution



Nora Lützgendorf, KAS16   / 5030

N-BODY Simulations

1. N Stars

2. Masses

3. Distribution

4. Velocities
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N-BODY Simulations

1. N Stars

2. Masses

3. Distribution

4. Velocities

5. GO
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N-BODY Simulations

Applications?

COMPARE TO DATA

SIMULATE DATA

FIND NEW OBSERVABLES
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N-BODY - COMPARE
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N-BODY - SIMULATE
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N-BODY - SIMULATE
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N-BODY - SIMULATE
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N-BODY - SIMULATE
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N-BODY - SIMULATE
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N-BODY - SIMULATE



Nora Lützgendorf, KAS16 / 5034

N-BODY - SIMULATE

LIGHT VELOCITY VELOCITY DISPERSION

M• = 0,M = 106 M�, d = 5kpc, s = 1.000
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N-BODY - SIMULATE

LIGHT VELOCITY VELOCITY DISPERSION

M• = 0,M = 106 M�, d = 10 kpc, s = 1.000
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N-BODY - SIMULATE

LIGHT VELOCITY VELOCITY DISPERSION

M• = 0,M = 106 M�, d = 15 kpc, s = 1.000
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N-BODY - SIMULATE

LIGHT VELOCITY VELOCITY DISPERSION

M• = 0,M = 106 M�, d = 10 kpc, s = 0.500
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N-BODY - SIMULATE

LIGHT VELOCITY VELOCITY DISPERSION

M• = 0,M = 106 M�, d = 10 kpc, s = 1.000
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N-BODY - SIMULATE

LIGHT VELOCITY VELOCITY DISPERSION

M• = 0,M = 106 M�, d = 10 kpc, s = 2.000
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N-BODY - SIMULATE

LIGHT VELOCITY VELOCITY DISPERSION

M• = 0,M = 106 M�, d = 10 kpc, s = 3.000



Nora Lützgendorf, KAS16 / 5035

N-BODY - SIMULATE
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N-BODY - SIMULATE
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MEASURED : MBH = 0.0 MSUN
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N-BODY - SIMULATE
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N-BODY - SIMULATE
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N-BODY - FIND
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Future - GRAVITY
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Figure 3. CMD of all the stars found in the automated search of the F435W and
F625W exposures of GO-9442. The level where saturation sets in for the deep
exposures is indicated, as well as the number of stars that are saturated. Most of
the stars above the deep-image saturation line were measured well in the short
exposures. Saturation in the short exposures sets in at about 4 mag brighter than
this. These particularly bright stars were measured by fitting the PSF to the
unsaturated part of the star’s profile. Note the multiple MS turnoffs, which have
been well discussed in the literature (i.e., Ferraro et al. 2004; Villanova et al.
2007).

3.5. Artificial-star Tests

The GO-9442 images are not terribly crowded. There are
about 1.2 million stars in 14K × 14K pixels, thus the typical
separation is about 10 pixels. Nevertheless, the fact that there
are quite a few extremely bright stars makes it impossible to
find all the faint stars. And even though the density changes
by less than a factor of 4 from the center to the corners of the
field, it is still important to have an idea of the completeness

for each brightness level of star at different places within the
field. Therefore, we decided to run AS tests in order to gauge
the incompleteness and measurement quality.

The mechanism for AS tests is described thoroughly in A08.
Briefly, since our finding software operates on one small patch
of the field at a time, we can afford to do AS tests in serial, one
at a time, rather than doing them in parallel in many batches.
One great benefit of this is that artificial stars never interfere
with each other, so by throwing many stars in successively we
can simulate throwing in a high density of them. This makes it
easy to do a detailed study of the completeness in the vicinity
of the center.

We performed 500,000 individual AS tests. For each, we
chose a random F435W instrumental magnitude between −14
(saturation) and −5, and chose the F625W magnitude that
placed the star along the fiducial MS. The artificial stars were
inserted with a flat distribution in radius, so that we would probe
the central regions more than the outer regions. For example, we
ended up inserting over 700 stars within the central arcsecond
in radius, and over 51,000 stars within the central 10 arcsec.

As a demonstration of how the AS tests worked, in Figure 4
we show the same central field as in Figure 2, and the locations
where the artificial stars were and were not recovered. In this
region, we observed 261 real stars between −10.5 and −11.5
in F435W instrumental magnitudes. We ran 3847 AS tests in
this magnitude range over this 225 square arcsecond region, and
recovered 3402 of them, resulting in a completeness of 88%.

Figure 5 shows the results of the AS tests for different radial
bins as a function of instrumental magnitude. It is clear that the
completeness at the center is well over 90% for the brightest
stars, and is over 75% throughout the cluster for stars with
instrumental magnitudes brighter than −10, which corresponds
to stars about 4 mag below the upper sub-giant branch (SGB).

3.6. Measuring the Proper Motions

Figure 1 shows that proper motions can be measured in two
fields: one field that is largely centered on the cluster and another
that is east SE of the center by about 4 arcmin. Table 1 lists the
observations we have available for each field.

Figure 4. Central swath of the stacked image (15′′ × 15′′ in each panel). On the left, the yellow circles indicate stars that were found between −10.5 and −11.5 (in
F435W instrumental magnitudes). On the right, we show where stars in the same brightness range were successfully recovered from our AS tests (green), and where
they were not recovered (red). The center (determined in Section 4) is shown in both panels with a blue 1′′ radius circle around it.
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Future - Simulations

How much accretion would we expect from 
an IMBH in a Globular Cluster??
Simulate accretion from stellar winds onto 
the IMBH!
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Future - Simulations

Simulate the Gravity N-body Simulations

Simulate the Gas Smoothed Particle 
Hydrodynamics

Simulate Stellar Evolution Stellar Evolution Codes
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Future - Simulations

Simulate Stellar Evolution Stellar Evolution Codes

Simulate the Gas Smoothed Particle 
Hydrodynamics

Simulate the Gravity N-body Simulations
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Future - Simulations
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Future - Simulations

Simulate Stellar Evolution Stellar Evolution Codes

Simulate the Gas Smoothed Particle 
Hydrodynamics

Simulate the Gravity N-body Simulations
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Future - Simulations

< 0.8 M

~ 1 M

10 - 100 M

BLACK DWARF

PLANETARY 
NEBULAR

NEUTRON STAR

BLACK HOLE
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Future - Simulations

Simulate the Gas Smoothed Particle 
Hydrodynamics

Simulate the Gravity N-body Simulations

Simulate Stellar Evolution Stellar Evolution Codes
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Future - Simulations

Smoothing Length h
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Future - Simulations
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Summary

1. Intermediate-mass black holes 
•102 - 104 MSUN  
•could explain how SMBH grow 

2. Observations 
•Photometry: —> get surface brightness profile 
•Spectroscopy: Integral Field Units (IFU) —> get velocities 
•Compare to Jeans models 

3. N-body Simulations 
•compare to data, simulate data, find new observables 

4. Future 
•GRAVITY - Interferometer to measure accelerations
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1. Star Clusters 
•OB associations, Embedded Clusters, Open 

Clusters, Globular Clusters, Nuclear Clusters 
2. Multiple Stellar Populations (MSP) 

•Spectroscopic and photometric evidence for MSP 
•Explanations still flawed 

3. Kinematics 
•Gravitational systems have negative heat capacity 
•Consequences: core collapse, mass segregation 

4. Intermediate-mass black holes 
•Black hole hunt: Photometry and Spectroscopy 
•Simulations to understand observations

FINAL SUMMARY


