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History and motivation

• X-ray sources (Silk & Arons, 1975)

• Analytical models from Bahcall & Wolf (1976)

• Small sphere of influence, only resolved until recently

• Seeds necessary to form SMBHs

• Possible extension of MBH-sigma relation

• Possible sources for gravitational wave detectors
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Fig. 8.— Histograms for surface brightness (top) and luminosity density (bottom) central
logarithmic slopes for the LMC+SMC+Fornax sample (left panel) and the Galactic sample

(right panel).

SB slopes distributions

~20% of HST-based SB profiles have central 
slopes matching N-body models with central BHs

Baumgardt et al (2005) 

N-body simulations of star 
clusters containing central 
black holes predict a central 
shallow cusp of slope ~-0.2 in 
surface density.

Noyola & Gebhardt, 2006, 2007



M15

• Evidence  for central black hole is inconclusive
• 3400 M⦿ inside 0.05 pc

• Possible central rotation
• SB fits models for post core-collapse bounce

van den Bosch et al., 2006; McNamara et al., 2003; Gerssen et al., 2002
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G1

• 20,000 M⦿ central black hole from 

orbit-based models
• Alternative model fits kinematics. 
Requires two merging clusters

• Central rotation detected 

• Flat central core in SB

• Central X-ray and radio emission 
detected
Gebhardt et al., 2005; Baumgardt et al., 2003 Pooley & Rappaport, 2006; Ulvestad et al., 2007
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Fig. 1.—Radial velocity and velocity dispersion profile of G1 from the STIS
observations. The filled circles and the uncertainties come from the unsym-
metrized measurements. The solid lines come from the symmetrized estimates
that are used in the dynamical modeling. There is a single ground-based es-
timate of the dispersion that is not shown here; Djorgovski et al. (1997) measure

km s!1 in a aperture.j p 25.1! 1.7 1!.2# 3!.0

making this map involves iterations whereby we make an initial
two-dimensional galaxy image that we subtract from the indi-
vidual images, which then are used to make a new hot-pixel
map. Five iterations are adequate to produce an accurate map.
Pinkney et al. (2002) describe this procedure in more detail.
We use contemporaneous flat images taken during each orbit

to correct for the pixel-to-pixel gain variation and fringing at
these red wavelengths. The flat images are stable over many
months and provide flat-field correction to better than a percent.

2.2. Kinematics

We are able to obtain kinematics out to!1!.1. The modeling
described below utilizes the velocity profile directly. However,
for comparison with other work, Figure 1 plots the first two
moments of a Gauss-Hermite polynomial expansion. The es-
timate of the velocity profiles relies on a nonparametric pe-
nalized maximum likelihood technique, which is described in
Gebhardt et al. (2000c) and Pinkney et al. (2002). For the
modeling, we use a symmetrized version of the kinematics
(solid lines in Fig. 1), which increases the signal-to-noise ratio
for the estimate of the velocity profile. Sampling noise in the
dispersion estimate—which can hamper measurements in Ga-
lactic clusters (Dubath, Meylan, & Mayor 1997)—is not sig-
nificant for G1. The central STIS pixel ( ) contains0!.05# 0!.1
about 104 M, in stars projected into it, or 3000 . If onlyL,

giant stars contributed light, which provides the extreme sit-
uation, the central pixel would contain 30–100 stars, which is
adequate to overcome sampling noise.

2.3. Photometry

We use the images as described in Rich et al. (1996). The
surface brightness profile at large radii ( ) is well mea-r 1 0!.3
sured using the data from either Rich et al. (1996) or Meylan
et al. (2001). However, in the central regions of G1, many of
the exposures were saturated, and we have to rely on the shorter
exposures from Rich et al. (1996). These exposures consist of
two 40 s exposures in both the F555W and F814W filter. In
both of these, the center is well below the saturation limit.
Unfortunately, these images were not dithered, and so we can-
not reconstruct higher spatially sampled data directly. We do
not use deconvolved images for this analysis. Deconvolution
techniques accurately recover the intrinsic surface brightness
profile (Lauer et al. 1998), but the lumpiness of the G1 image,
due to bright giant stars, may add significant noise to the de-
convolution. Such artifacts can be understood using simula-
tions, but for this initial analysis we rely on the observed im-
ages, using only the profile from Meylan et al. (2001). Since
the deconvolution will tend to make the observed profile
steeper, models using a deconvolved profile will likely not
change the best-fit BH mass but will make the uncertainties
smaller. Thus, we conservatively use the observed profile.
We deproject the surface brightness profile to obtain the

luminosity density using a direct inversion of the Abel integral
(Gebhardt et al. 1996). We assume a minor-to-major axis ratio
of 0.75 that is constant as a function of radius. This spheroidal
distribution adequately represents the configuration of G1 as
measured by Meylan et al. (2001). Changes in the assumed
flattening have little effect on the results below.

3. MODELS

The models are similar to those presented in Gebhardt et al.
(2002). They are axisymmetric, orbit-based models and there-

fore do not rely on a specified form for the distribution function.
Thus, for an axisymmetric system, these models provide the
most general solution. The models require an input potential,
in which we run a set of stellar orbits covering the available
phase space. We find a nonnegative set of orbital weights that
best matches both the photometry and the kinematics to provide
an overall fit. We vary the central BH hole mass and refit.2x
The orbit-based models store the kinematic and photometric

results in both spatial and velocity bins. For G1, we use 12
radial, 4 angular, and 13 velocity bins. The data consist of the
seven different STIS positions along a position angle 25" up
from the major axis and one ground-based observation centered
on the cluster. The point-spread function for both HST and
ground-based observations are included directly into the mod-
els. The program matches the luminosity density everywhere
throughout the cluster to better than 0.5%. The quality of the
fit is determined from the match to the velocity profiles. The
data points consist of STIS velocity bins plus the one7# 13
ground-based dispersion, making 92 total points. However,
many of these points are correlated since the smoothing used
for the velocity profile extraction tends to correlate adjacent
bins. The reduction in the number of independent parameters
is hard to estimate but is generally around a factor of 2–4
(Gebhardt et al. 2002).
Figure 2 plots a two-dimensional map of the different models

and the corresponding contours for . The smallest value of2x
is 17; given the 92 parameters, the reduction of the inde-2x

pendent parameters is about a factor of 5, higher than typical,

Radius



NGC 6752

• Unusual millisecond pulsar population

• Measured central M/L implies 1000-2000 M⦿ inside 0.08 pc

• Configuration could come from single or double black hole of 200-500 M⦿

D’Amico et al., 2002; Colpi et al., 2003;



Omega Centauri

Noyola, Gebhardt & Bergmann., 2008

• Presents a shallow central cusp with -0.08 
logarithmic slope
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• Spherical models consistent with a 
black hole of 4±1×104 M⦿



Alternatives to a BH
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•  If kinematics are due to dark 
remnants, then they have a very 
concentrated configuration, with a 
logarithmic slope of -2.0
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• Large central radial anisotropy 
required to match kinematics if no 
central black hole is present

Both alternative models appear to be unstable in timescales shorter 
than the age of the cluster



Turning N-body models into 
realistic images

18

16

14

12
1 Gyr 9 Gyr 10 Gyr

0.5 1 1.5 2 2.5

18

16

14

12 11 Gyr

0.5 1 1.5 2 2.5

log r    

12.5 Gyr

0.5 1 1.5 2 2.5

16 Gyr

• rc from FWHM only 
makes sense for flat central 
profiles

• rb cannot be reliably 
measured for very steep 
central profiles

rc measured as FWHM of 
profile

rc measured from a single 
mass King model fit

rb measured as turnover 
radius

Noyola & Baumgardt, 2009, in prep
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BH diagnostics

• Very concentrated 
clusters (such as M15) 
appear not to have central 
BHs

• Crucial to check cases 
with flat central slopes 
and large cores

models with 
central BH

models without 
central BH



GNIRS and GMOS data for M54

Noyola, Gebhardt & Bergmann., 2009, in prep

GMOS

H-alpha filter; ~700 velocities



GNIRS and GMOS data for M54

Noyola, Gebhardt & Bergmann., 2009, in prep

GMOS

H-alpha filter; ~700 velocities

WFPC2 V-band Conv V-band

IFU K-bandAcq H-band

WFPC2 V-band

GNIRS
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Velocity map

• Use CO bandhead to measure kinematics 

• Detect rotation pattern with 13 km/s amplitude,  σ = 15 km/s
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• Use CO bandhead to measure kinematics 

• Detect rotation pattern with 13 km/s amplitude,  σ = 15 km/s



Models

• Density and velocity inputs completed 
with other data

Bellazzini et al., 2008; Monaco et al., 2005

• Best fit model has BH mass of 104 M⦿

• No BH model requires some radial 
anisotropy



Conclusions

• G1 and omega Cen have good indications of hosting 

central black holes of ~ 104 M⦿

• M15 and other very concentrated clusters are not good 

candidates for hosting IMBHs

• Best fit model for M54 requires a 104 M⦿ central BH

• Stability tests are crucial to evaluate alternative 

scenarios


