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Turning N-body models into realistic images

Noyola & Baumgardt, 2011, submitted

M● =         125 M⦿ 250 M⦿ 500 M⦿ 1000 M⦿

tevol= 11 Gyr
         11.5 Gyr
         12 Gyr

tevol= 11 Gyr
         11.5 Gyr
         12 Gyr

Models without a central black hole

tevol= 1 Gyr 4 Gyr 7 Gyr 9 Gyr 10 Gyr 11 Gyr 12.5 Gyr 16 Gyr

Models containing central black holes

• Clusters placed at 5 kpc, scaled to observed average half-light radii
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FIG. 3.— Surface brightness and star count profiles for models with IMBHs of 0.5% and 2.0% MTOT at evolution times of 11.0, 11.5, and 12.0 Gyrs. The
solid line is the N-body profile, the dashed line is the star count profile, and the filled points are the measured photometric points. The vertical scale is arbitrary.
Uncorrected star counts underestimate central surface densities by a factor of 2-5, while photometric measurements are better suited to determine density profile
for crowded fields.

The density profiles are obtained in two different ways:
from integrated light and using star counts. A detailed dis-
cussion of the pros and cons for each method can be found in
section 2.3 of NG06. For the first method, we use the mag-
nitudes of detected stars to identify the brightest 2-3%, and
we then proceed to mask them by giving them a value that
excludes them from the integrated light measurement. For
most stars, we assign a masking radius of 3 pixels, which only
eliminates the central bright region of stars, not the halo. Oca-
sionally, if very bright stars are present near the center of the
cluster, we use a larger radius to mask those. The number of
detected stars is roughly 10% of the input stars, although it is
worth pointing out that about 70% of the input stars are fainter
than 20th magnitude. These stars make an important contri-
bution to background light, but they are only detected as indi-
vidual sources with low efficiency. As expected, the detection
efficiency is close to 100% for the brightest stars, while the
percentage declines for fainter stars, particularly closer to the
center where crowding problems are worse. Once we have
masked the brightest stars, we measure integrated light by cal-
culating the number of counts per pixel in various annuli us-
ing the biweight, a statistically robust estimator (Beers et al.
1990). As discussed in detail in NG06, this appears to be the
optimal way to extract a density profile for stars with mass at
or around the turnoff mass for an evolved cluster. The choice
of the sizes for the annuli is a tradeoff between obtaining the
highest spatial resolution and obtaining the least noisy profile

possible.
The second method we use to measure density profiles is

star counts. From a star list, we construct a star count profile
in the same annuli where we measure integrated light. This is
done by estimating the number of stars per unit area, where
every star has the same weight. As mentioned above, it is
well known that in crowded field photometry, fainter stars
are detected with decreased efficiency. The exact complete-
ness fraction for a given brightness at a given radius, depends
on the specific shape of each profile. Given that the surface
brightness profiles are dominated by the brightest stars, we
measure star count profiles only for the stars brighter than a
given magnitude for each cluster, since this is the only way to
make a meaningful comparison between the two methods. In
order to obtain formally correct star count profiles from im-
ages, one must calculate the correct completeness correction
factor for each brightness group in each image, which is very
time consuming and outside the scope of this work. Uncor-
rected star counts have been used to measure density profiles
for star clusters recently (e.g. Lanzoni et al., 2008), so we
feel that it is relevant to compare to such profiles. For the
models containing IMBHs, the brightness cutoff always cor-
responds to 16 magnitudes (slightly fainter than the turn-off
point, equivalent to stars with 0.8 M!); for the non IMBH
models, the limiting magnitude changes with evolution time
and is brighter than 16 magnitudes for every case except the
most evolved case at 16 Gyrs. We use these limiting mag-

• Integrated light follows input profile for stars brighter than 16 magnitudes

• Star counts from the same brightness group, require corrections due to 
crowding. Corrections vary from model to model

Integrated light vs. star counts



BH diagnostics

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

• Models with IMBHs show 
cusps steeper than -0.12

•There are models 
containing IMBHs very flat 
central profiles

8 Noyola & Baumgardt

as compared to a core of neutron stars and white dwarfs. Ta-
ble 2 shows that the derived photometric parameters are nev-
ertheless still within the range seen for those of clusters with-
out stellar-mass black holes, in particular the central surface
brightness slopes are still all below -0.12.
Once we have central surface brightness slopes and rc/rh

measurements for every modeled cluster we proceed to plot
each point on a slope versus rc/rh plane. We create a plane
for each of the three measured radii. We find that using r ck
or rb gives very similar results, while using rrh does not give
meaningful constraints, so we exclude this quantity from fur-
ther analysis. In Figures 6 and 7 we show the location of our
models on the slope versus rb/rh and rck/rh planes respec-
tively. The models span a range of central slopes from 0.18 to
-1.00, but the only models that have slopes steeper than -0.5
are those that have achieved core collapse, while the steepest
slope for a model containing an IMBH is -0.45. As shown in
Figs 7 and 7, there are two models containing an IMBH that
present a flat central core (model mb4t9.0 and mb4t11.5), oth-
erwise, only the models containing intermediate-mass black
holes show shallow central cusps. Models without IMBHs
show either a flat central slope, or steep central cusps. Re-
garding the rb/rh ratio, the cases that haven’t reached core-
collapse and started from a King model withW0 = 7 lie within
a narrow range between 0.15 and 0.35 and there is no clear
distinction between these cases and those containing IMBHs
in this respect. The cases that clearly separate towards large
rc/rh are those that started fromKingmodels withW0 = 5. The
models containing stellar-mass black holes lie close to the first
group, but have larger rb/rh values. The two core-collapsed
cases are placed at rb/rh = 0, since we cannot formally mea-
sure a break radius for them. For the rck/rh case, the actual
values change, but the behavior is similar. The only group
of models that clearly separates from the rest in both plots
are those with very steep central slopes and non-detectable
turnover radius, which correspond to clusters that do not con-
tain IMBHs and have undergone core-collapse.
We overlay on both planes all the Galactic clusters in NG06,

plus omega Centauri and G1. For G1 we measure the central
slope using the profile in Gebhardt et al. (2005), while r c and
rh values come from the analysis of Ma et al. (2007). The first
thing to notice is that the Galactic clusters occupy a larger
area in the plane than the modeled ones. The two clusters for
which there are kinematical indications of hosting an IMBH,
G1 and omega Centauri have central density slopes shallower
than -0.1, and their rc/rh values are different. Omega Centauri
and G1 sit near the locus of our models, but both of them have
more extreme values of rc/rh than the models with IMBHs.
Very concentrated clusters, like M15, which are assumed to
have undergone core-collapse, do lie very close to the mod-
els without IMBHs and long evolutionary times. It should be
noticed that some individual Galactic clusters change location
from one plane to the other

6. DISCUSSION AND CONCLUSIONS
M15 was the first cluster for which the presence of a central

massive black hole was kinematically investigated, mainly
due to its concentrated central profile. It was only later when
it became clear that a projected steep central cusp is not the
expected behavior for a star cluster containing a black hole.
This stresses the need to develop better diagnostics to dis-
criminate suitable candidates for detailed kinematical mea-
surements when looking for IMBHs. In this paper we have
created realistic synthetic images from N-body models of star
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FIG. 6.— Central surface brightness slope versus the ratio of rb/rh. The full
circles mark the location of models containing IMBHs, the full squares are for
models without an IMBH, and the full pentagons are for models containing
stellar-mass black holes. The full triangles mark the location of 38 Galactic
globular clusters, while the open triangles are for G1 and omega Cen. Some
individual globular clusters are labeled.
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FIG. 7.— Central surface brightness slope versus the ratio of rck/rh. The
filled circles mark the location of models containing IMBHs, the filled
squares are for the models without an IMBH, and the full pentagons are for
models containing stellar-mass black hole. As in the previous figure, the full
triangles mark the location of 38 Galactic globular clusters, while the open
triangles are for G1 and omega Cen. Some individual globular clusters are
labeled

clusters with and without intermediate-mass black holes. We
have analyzed these images in the same way we analyze HST

models with central 
IMBH

models without 
central IMBH

models with stellar 
mass BHs
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• For rich clusters, 
incompleteness is a 
huge problem inside 
the core, even at 
intermediate 
magnitudes

• The problem is worse 
for younger and 
concentrated clusters

• How problematic is 
this for finding 
centers?



The many centers of omega Centauri

Noyola et al., 2010

photometric centers

kinematic center

Δpos/rc~ 1/20
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Kinematic center from proper motion velocities

• Accounting for rotation is key



Lützgendorf et al., 2011 (submitted)

NGC 6388

N. Lützgendorf et al.: Kinematic signature of an intermediate mass black hole in the globular cluster NGC 6388. 7
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Fig. 6. The ARGUS field of view: the field of view of the combined ARGUS pointings reconstructed on the HST image [left]. The red circle marks
the center, the green one the template star which was used. The same image but convolved with a Gaussian and resampled to the 0.3 pixel scale of
the ARGUS array [center]. Compared to the actual reconstructed ARGUS pointing [right], it is clear that they are pointing to the same region.
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Fig. 7. The velocity map of NGC 6388. As shown on the velocity scale, the blue spaxels indicate approaching velocities and the red ones receding.
The white stars mark the spaxels which we excluded from the velocity dispersion measurement as they might suffer from shot noise. Also shown
are the first three velocity dispersion bins to help visualize the binning method.

log, a tow dimensional Gaussian was modeled with a standard
deviation σ set to the seeing of the ground based observations
(FWHM = 0.9′′) and scaled to the total flux of the star. The
next step was to measure the absolute amount and fraction of
light that each star contributes to the surrounding spaxels. After
computing these values for every star in the pointing, we had
the following information for each spaxel: a) how many stars
contribute to the light of that spaxel, and b) which fraction of the
total light is contributed by each star, i.e. we determined whether
the spectrum in a given spaxel was dominated by one or a few

stars. The test showed that most of the spaxels contained mean-
ingful contributions by more than 10 stars. Some spaxels, how-
ever, were dominated by a single star contributing more than 50
% to the spaxel’s light. For this reason, the contribution in per-
cent of the brightest star was also derived by the program. We
found out that the blue area in the upper left side of the velocity
map of Figure 7 is not due to a single star. In fact this area in the
velocity map corresponds to a group of at least 10 stars moving
with 10 - 40 km s−1 with respect to the cluster systemic velocity.
That is, the center of NGC 6388 shows a signature resembling
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Fig. 10. The velocity dispersion profile for the kinematic center together with the different Jeans models with the values of the best fit: β =
0.0, MBH = 30.38× 103M", M/LV = 1.52, χ2min = 2.05. The steep rise of the profile results in a black hole three times as massive as obtained with
the photometric center. The χ2 values, plotted in the right panel, show a strong level of confidence for the detection of a black hole.

5. Discussion and conclusions

We derived the mass of a potential intermediate mass black hole
at the center of the globular cluster NGC 6388 by analyzing
spectroscopic and photometric data. With a set of HST images,
the photometric center of the cluster was redetermined and the
result of NG06 confirmed. Furthermore, a color magnitude dia-
gram as well as a surface brightness profile, built from a com-
bination of star counts and integrated light, were produced. The
spectra from the ground-based integral-field unit ARGUS were
reduced and analyzed in order to create a velocity map and a
velocity dispersion profile. In the velocity map, we found sig-
natures of rotation or at least complex dynamics in the inner
three arcseconds (0.15 pc) of the cluster. We derive a veloc-
ity dispersion profile by summing all spectra into radial bins
and applying a penalized pixel fitting method. Using the sur-
face brightness profile as an input for spherical Jeans equations,
a model velocity dispersion profile was obtained. We ran sev-
eral models with different black hole masses and scaled them
to the height of the observed data to measure the mass-to-
light ratio. Using χ2 statistics, we were able to find the model
which fits the observed data best. We applied this method to
all three of our velocity dispersion profiles and derived a final
black hole mas of (12 ± 4) × 103M" and a mass-to-light ratio of
M/LV = (2.0 ± 0.2) M"/L".

Regarding the black hole mass estimate of 5.7 × 103 M"
by ?, which they derived from photometry alone, our derived
black hole mass appears in very good agreement. Similarly, in-
serting our black hole mass in equation 5 of ? and using their
assumptions as well as their observed X-ray luminosity, results
in minimal but possible accretion rates and conversion efficiency
(εη ∼ 10−7). However, considering the fact that supermassive
black holes have masses not much higher than 0.2 % of the
mass of their host systems (??), our mass with 0.9% seems to be
higher than the predictions for larger systems. Globular clusters
in contrast lose much of their mass during their evolution. This
could naturally result in higher values of black hole mass - host
system mass ratios. Due to the complicated dynamics, the uncer-
tainties are 30 % for our black hole mass and 10 % for the de-
rived M/LV (not considering the large discrepancy of the values
within the two different centers). Figure 11 shows the position of

NGC 6388 in the black hole mass velocity dispersion relation.
With the adopted central velocity dispersion of ∼ 19 km s−1 the
results for NGC 6388 seem to coincide with the prediction made
by the M• − σ relation. However, we cannot definitely rule out
other explanations for the rise in the velocity dispersion profile
such as a dark remnant cluster at the center. Such scenarios are
especially expected in core collapse clusters which display sur-
face brightness profiles with logarithmic slopes of -0.8 or higher
(?). With a slope of α = −0.28 ± 0.08, NGC 6388 falls below
that limit and is consistent with predictions of models for clus-
ters hosting an IMBH (??).

In addition, we discovered that a shift in the position of the
center by 0.9′′ to the south results in a smoother and steeper ve-
locity dispersion profile but also in a decreasing surface bright-
ness profile. This raises the question whether the kinematic cen-
ter differs from the photometric one, such as already suggested
for ω Centauri (?). In the case of NGC 6388, however, this sce-
nario seems rather unlikely due to a shorter relaxation time than
for ω Centauri. A relaxed cluster is unlikely to show a differ-
ence between photometric and kinematic center. Furthermore,
the profile from the kinematic center predicts a black hole with a
mass of M• = (30 ± 5) × 103M". We conclude that with the cur-
rent data it is difficult to constrain the location of the kinematic
center.

The mass-to-light ratio of M/LV = (2.0 ± 0.2)M"/L" de-
rived in this work is consistent within the errorbars with the dy-
namical results of ?, M/LV ∼ 1.8 but slightly lower than the
value predicted by stellar population models. According also to
?, we would expect a value of M/LV = (2.55 ± 0.28)M"/L"
for [Fe/H] = −0.6 dex and (13 ± 2) Gyr. ? have shown that
dynamical evolution of star clusters causes a depletion of low-
mass stars from the cluster. Since these contribute little light, the
M/LV value drops as the cluster evolves. Dynamical evolution
could therefore explain part of the discrepancy between theoret-
ical and observed M/LV values.

Furthermore, we used a simple assumption of a constant
M/LV for the whole cluster. In reality, this ratio can vary with
radius and it may not be well described with a single value if the
cluster is mass segregated. Nevertheless, the absolute values of
the surface brightness profile do not influence the results of the
black hole mass but only the mass-to-light ratio. For this reason,

Δpos/rc~ 1/8

photometric center

kinematic center



M54

photometric centers kinematic centers

No. 2, 2009 A CENTRAL BLACK HOLE IN SAGITTARIUS/M54 L171

Figure 2. (a) Center of the ACS I-band image. The density center is marked with cross-hairs, while the pixel with highest σ is marked with a red circle. (b) Map of
σ over the same region, derived from the two deep ARGUS fields. The circles and “star” markers indicate the positions, respectively, of M54 and Sgr stars that are
brighter than I = 16 (triangles mark foreground sources). Bright stars tend to lower the measured σ in the pixels whose light they dominate. Although the density
center (0,0) has a high σ , a large region with coherently high dispersion is detected to the SW.

Figure 3. σ profile measured from ARGUS spectra co-added in annuli (black
triangles and squares) rises rapidly toward the cluster center. Beyond ∼ 20′′,
the MEDUSA and ARGUS spectra can be used to measure the velocities of
individual stars, uncontaminated by neighbors. The blue and red points show
the corresponding σ profiles for the M54 and Sgr samples, respectively. For
comparison, we show the earlier B08 results. The line shows the kinematic
behavior of the King+BH model shown previously in Figure 1(c).

re-measuring σ in 100 random simulations at each radial bin.
ARGUS pixels within 0.′′7 of a star of magnitude I = 15 were
rejected. The line shows the prediction of the King+BH model
presented in Figure 1, and gives a close representation of the
measured σ profile.

The σ profile of the Sgr population is also shown in Figure 3.
The isothermal behavior of this population seen by B08 at larger
radii clearly continues inward to R ∼ 20′′.

2.4. Anisotropy of Sgr,N

The data presented above allow us to address a conundrum
raised in B08: how is it possible for M54 (with a rising σ
profile toward the center) to coexist in equilibrium with the
Sgr,N population, that exhibits an isothermal projected profile,
almost constant at σ = 9.2 km s−1? To answer this question,
we turn to the Jeans equation for a spherically symmetric system
(Binney & Tremaine 1987, Eqn 4-55):

GM(r)
r

= −σ 2
r

[
d ln ρ

d ln r
+

d ln σ 2
r

d ln r
+ 2

(
1 − σ 2

θ

σ 2
r

)]

, (1)

where M(r) is the cumulative mass inside radius r, ρ is the
density, and σr and σθ are the radial and tangential velocity
dispersions, respectively. Interestingly, given the Sgr density
profile shown in Figure 1(b), if we assume that the Sgr,N
population is isotropic, the total mass profile resulting from
the Jeans equation in the radial range 1–30′′ turns out to be
substantially lower (by a factor up to ∼ 10) than that of the King
model (Figures 1(c) and (a)) that best fits the M54 population
alone. Since this is physically absurd, we conclude that the Sgr,N
population cannot have isotropic orbits.

We can now turn this argument around, to ask what level
of anisotropy is consistent with the M54 mass model, since the
cluster likely represents the dominant component in the center of
the M54/Sgr system at R ! 100′′ (Sgr stars and accompanying
dark matter should be relatively unimportant in this region).
Hence, by assuming the M54 King model for M(r), and the
Hernquist model fit to the Sgr population for ρ, σr and σθ

remain as the only unknowns in the Jeans equation. However,
σr and σθ are constrained by the observed (projected) dispersion
σ . A trial profile for σr (r), defined by a bi-cubic spline at
five logarithmically spaced points (the red line in Figure 4),
was improved upon iteratively using a Markov–Chain Monte
Carlo (MCMC) scheme with “parallel-tempering” chains (see
Gregory 2005); the set target was to produce a flat projected
σ (R) = 9.2 km s−1.

Figure 4(a) shows that the nested system can be constructed,
but it requires a high degree of anisotropy for Sgr,N, with orbits

Ibata et al., 2009

Δposb/rc~ 1/1.2

Δposa/rc~ 1/6



Conclusions

• It is worth turning models into images when comparing them 
to observations

• Photometric corrections due to crowding are heavily 
dependent on the detailed structure of each star cluster, they 
also affect bright stars

• Can the center discrepancies be blamed on photometric 
errors?

• Are kinematic centers systematically different than 
photometric centers?


