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6
The centralmass andM/Lprofile of

M15

ABSTRACT

Using a new method to fit dynamical models to kinematic data,

we re-analyze line-of-sight velocity data and proper motions of

stars in M15, by constructing axisymmetric dynamical models

of the cluster. Our fitting method maximizes the likelihood for individual

stars and as such prevents the loss of spatial and velocity information, which

is important especially near the center of the cluster. In this chapter, we show

that the radial variation of the mass-to-light ratio is consistent with previous

estimates and theoretical predictions, which strengthens our confidence in

the method. Our best fitting models do however include a central dark mass

of∼ 2·103M�. The presence of a intermediate-mass black hole (IMBH) inM15

is at odds with numerical simulations of core collapse in globular clusters,

however, the observed dark central mass can also be explained by a high

concentration of stellar remnants at the cluster center. This letter shows, from

a technical point of view that, with current computing power, binning of data

is no longer necessary, leading to more accurate fits with smaller error bars,

and that the loss of resolution due to binningmay give biased estimates when

measuring black hole masses, and second, that the mass concentration in

M15 is much higher than previous measurements.
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6.1 Introduction

M15 is well known as the prototypical core-collapsed globular cluster Djorgovski &

King (1986). Differently from ’normal’ globular clusters, which make up ∼ 80% of

the globular clusters in our galaxy, the light profile of a core-collapse cluster rises all

the way to the center, instead of the cored profiles of normal globulars. The core-

collapse is supposed to be a result of a gravo-thermal catastrophe, caused by the

negative heat capacity of gravitational systems (Antonov, 1962; Lynden-Bell &Wood,

1968). Mass segregation in these system is responsible for a high fraction of neutron

stars and white dwarfs near the center of the cluster, and indeed a high number of

pulsars is observed in M15 (Phinney, 1993), though almost all of them outside the

core.

Globular clusters are interesting places to search for intermediate mass black holes

(IMBHs) (Wyller, 1970). Naively one might expect that a core-collapsed globular

cluster is the most likely host of an IMBH. Quinlan & Shapiro (1990) among others

predicted the formation of an IMBH in globulars from the runaway growth of stars.

Later, it was realized that high-mass stars can undergo core-collapse independently

of the rest of the cluster, because energy equipartition does not necessarily hold.

The N-body simulations of Portegies Zwart & McMillan (2002) produce black holes

from core-collapsing high mass stars. This is supported by the models of Gürkan

et al. (2004), who however state that the initial concentration of M15 should have

been much higher for the run-away growth of a black hole from stellar mergers.

Baumgardt et al. (2005) argue that one is unlikely to find IMBHs in core-collapsed

clusters, since the black hole will make the core expand.

Located at a distance of 10.4 kpc (Durrell & Harris, 1993), M15 has been extensively

studied in the past. Several BH measurements for this cluster are reported in the

literature (Gebhardt et al., 1997; Gerssen et al., 2002). The most recent estimate

comes from van den Bosch et al. (2006), who model the cluster with axisymmetric

Schwarzschild models. The preferred black hole mass found by these authors,

although consistent with zero, was found to be slightly higher than zero.

Here we re-analyze the same data used by van den Bosch et al. (2006, henceforth

vdB06), though with a different approach. We use axisymmetric Jeans modeling to

constrain the mass distribution, but refrain from binning the data, which gives us

higher resolution, in particular in the center of the cluster. The purpose of this letter

is twofold: first, we show that the statistical method which we develop in den Brok

et al. (in prep) gives physical results, when applied to real data, and second, we

show that the mass concentration in the center of M15 is significantly higher than

obtained with binned dynamical modeling.
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Figure 6.1 — Dispersion profile for M15. Shown are the LOS velocities and proper motions.

In the right panel, the proper motions have been corrected for the offset found in the data.

6.2 Data

6.2.1 Line-of-Sight velocities

We use the measured radial velocities of Gebhardt et al. (2000, henceforth G00).

Following vdb06, we restrict ourselves to the high-quality subset of 1546 stars from

the initial sample of 1773 stars, for which the errors on the velocity are smaller than

7 km/s. We also included the 64 stars from the STIS observations by van der Marel

et al. (2002, henceforth M02). As they are close to the center of the cluster, they

provide an important constraint on the mass of a possible black hole. Most of the

stars (more than 80%) of the line-of-sight (LOS) velocity sample are located within

the central 1.5’, but the data extend as far as 15’.

6.2.2 Propermotions

McNamara et al. (2003, henceforth M03) measured proper motions of 1764 stars.

Herewe use the same subset (704 stars) as used by vdB06, i.e. stars with Bmagnitude

brighter than 16.5. During the course of this work we discovered that there was

an offset between the positions of the stars as given in M03 and the stars in the

sample ofM02. We corrected the stars for these offsets. To convert observed angular

motions into physical velocities, we assume that the distance to the cluster is 10.4

kpc. This is the measurement of Durrell & Harris (1993), and seems to be consistent

with most other measurements. The proper motions extend only over the central

0.3’, and thus can provide an important constraint on the central mass distribution.
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6.3 Modeling

We fit the data with axisymmetric anisotropic Jeans models. We note that, although

axisymmetric, the models which are close to isotropy are almost the same as

spherical models. The code which we use for solving the Jeans equations is a

modification of the code from Cappellari (2008). We briefly summarize its working

here. The code uses a Multi-Gaussian Expansion (MGE) of both the projected mass

density and the light distribution and requires the evaluation of only one numerical

quadrature per predicted second moment. In addition to the line-of-sight velocity

distribution (LOS VD), we can also predict distribution of the proper motion second

moments in both directions (based on the calculations of Watkins et al., in prep).

Since our observations consist of velocities of individual stars, we calculate, for a

given mass distribution, the velocity distributions at the position of each individual

star. The difference with respect to earlier modeling is that we do not bin our

data, but calculate the total likelihood of the model by taking the product of the

probabilities for the velocities of individual stars. If vi ±δvi is the observed velocity

of a star, we can calculate the likelihood for this star by:

Li =
1
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�
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v2
i

v2
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+δv2
i

�

(6.1)

where v2
i ,mod

is the prediction of the second velocity moment from the Jeans

Modeling. Our modeling has advantages over previous modeling, which has always

been based on binning data to calculate the second moment of the velocity: we do

not degrade the spatial resolution by spatially binning different data points, which

gives us higher spatial resolution close to the the center of the cluster. Since the

code is much quicker than Schwarzschild modeling, we are able to evaluate many

different parameters and to do a full Bayesian analysis of different models (with and

without a central massive object). Table 6.1 gives a summary of the different models

fitted to different data sets. We can treat the LOS and proper motion data as two

independent data sets, and as such, we can use the results of one to check the results

of the other. We do not attempt to calculate the cross terms between the LOS data

and the proper motions, since the number of overlapping stars is so small that it

does not significantly add to the error bars on the final result.

6.3.1 MGE-expansion

For the prediction of the second moments of the velocity with Jeans modeling, it is

essential that one has accurate photometry of the object to be modeled. Because

the solutions of the Jeans equations simplify a lot when one uses Gaussians for the

photometry and the mass density (see e.g. Cappellari (2008)), the projected light

profile of the cluster is expanded in a series of Gaussians, each of which can have its
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Model no. Data BHmass βz Free gaussians θ Notes

(1) (2) (3) (4) (5) (6)

1 vlos 2321±1091 0. 4 60.

2 vlos 2411±1066 free 5 60.

3 proper 1315±1015 0. 5 60.

4 proper 2098±1245 0. 5 60. Fitted dynamical center

5 proper+vlos 2034±1080 free 5 free.

Table 6.1 — Summary of fitted models: (1) Model number, as used in the text. (2) Data used:

line-of-sight velocities, proper motions or both. (3) Best fit black hole mass, if fitted. (4)

Anisotropy parameter β, if not fixed to zero. (5) The number of gaussian components that

were left free during the fitting. (6) Inclination in degrees.

own orbital anisotropy. In this paper we use two MGE expansions of M15. The first

is the same as the one used by vdB06, consists of fourteen components and is based

on the fit of a King profile to photometric data of the clusters. Since the King profile

overestimates the amount of light at the outskirts of the cluster, we also use a second

MGE set, which is the same as the first MGE expansion, but with the outermost five

components removed. Although a worse fit to the King profile, this is a much better

fit to the data of Noyola & Gebhardt (2006)

6.3.2 Axisymmetric JeansModeling

To predict second moments of the velocity, Jeans modeling requires, besides a light

distribution with given anisotropy, a distribution for the mass density. As this mass

density is also a MGE expansion, we take as ansatz the stellar light MGE, and can

multiply each component with a M/L value. A black hole can be added by adding a

Gaussian with a very small FWHM to themass-density MGE. Under the assumption

that the velocity ellipsoid is aligned to the axisymmetric coordinate system, the

Jeans equations are solvable and will return a second moment of the velocity in the

line-of-sight or one of the proper motion directions.

6.4 TheM/L profile of M15

As a first test, wemeasure themass-to-light ratio (M/L) for the LOSdata. Wehave left

the global anisotropy as a free parameter during the fit, but the anisotropy quickly

converges to zero anyway (meaning that the velocity ellipsoid is circular). For a

variety of reasons, one expects the M/L to change as a function of radius. As the

light profile is parametrized as a sum of gaussians with different widths, we can

give some gaussians a different M/L, instead of forcing a global M/L. As there are 14

gaussians, we leave the first central 3 gaussians free (M/L between 0 and 10) together

with the 6th and 10th gaussian. The outer gaussians are fixed to the value of the 10th

gaussian, and the other gaussians are interpolated (linearly in log(r )-space). Fig 6.2
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Figure 6.2 — The M/L profile of M15, left for LOS velocities only, right for proper motions,

before recentering the coordinates. The deprojected profile is given by stars. The 68%

confidence intervals for the deprojected profile are given by the blue area. The projected

profile is shown with pluses. The measurements from Pasquali et al. (2004) are shown with a

dashed line (see the text for more explanation.)

shows the dynamical V-band M/L profile of the cluster. The outer profile is almost

the same as the one found by vdB06, and is consistent with the previous estimate

from Pasquali et al. It confirms the idea that the center of the cluster is dominated

by relatively dark objects (white dwarfs, neutron stars and/or black holes). The M/L

profile of the proper motions shows a somewhat higher M/L near the outskirts of

the cluster, but this is not unexpected, since the proper motion data are muchmore

concentrated than the LOS velocity data.

6.5 The central darkmass of M15

Our best fitting model contains a black hole with a mass of ≈ 2600 M�. However,

the difference in evidence between the different fits is not enormously high: there is

only a slight preference for a model with a black hole. In order to really prove that

there is a black hole inM15, we should show that the mass in the center of M15 is so

concentrated that there is no other solution possible. If we calculate the sphere of

influence of the black hole,

rbh =
GM

σ2
≈ 0.07pc (6.2)

we see that we only barely resolve the sphere of influence (which corresponds to

0.023 arcminutes), but that both fits give a more or less equal mass within 0.015

arcminutes (0.046 pc). The errorbars on the enclosed mass are quite small, which

tells us that we are able to constrain the enclosedmass under the assumption that a

black hole is present. Apparently there is a radial range, at whichwe canmeasure the
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Figure 6.3 — The enclosed mass profile of M15 (for proper motions only, the LOS velocity

data look the same, except on the outside). The left panel shows the enclosed mass (in solar

mass) as a function of radius (in arcminutes) for the best model fit without a black hole. The

right panel shows the same, but for the model with a black hole. Note that the mass within

0.015 arcminutes is more or less independent on the assumption of a central black hole.

slope of the potential accurate enough to constrain a high central density, though

we can not resolve far enough inside to distinguish between a point-like mass and a

smoothed out mass distribution.

6.6 On the inclination and orbital structure

So far we have assumed that the potential of M15 is axisymmetric, the reason

being that previous studies (vdB06 and references therein) have found evidence for

rotating or flattened structures. In principle, rotating components could show up

in our modeling. We have seen in the previous sections that, when left free, the

anisotropy parameter βz goes almost exactly to zero, meaning that the motions are

perfectly isotropic. However, a large contribution to this parameter is coming from

stars in the inner parts, and itmay be that the inner collapsed part is decoupled from

the outer parts. To test this, we fitted the cluster again (with a black hole), and left the

anisotropy of the inner Gaussians semi-free: we parametrize the orbital anisotropy

by an Osipkov-Merritt profile (Osipkov, 1979; Merritt, 1985):

βz (R)=β0+
β∞−β0

1+
�

Rβ
R

�2 (6.3)

where β0,β∞ and Rβ are the central anisotropy, anisotropy at infinity, and turn-over

radius. This parametrization thus requires only three free parameters for the whole

MGE expansion.

In figure 6.4 we show the anisotropy of the cluster as a function of radius for
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Figure 6.4 — The projected βz profile of M15. In the center of the cluster, the stars move

isotropically, whereas at the outskirts βz becomes negative (radial motions are stronger than

motions in the z-direction).

combined proper motions and LOS velocities. The isotropy seen earlier in the

inner parts, seems to continue well outside the core, but becomes more negative

outside 1’ (negative meaning in this case that the orbits are more tangential). This

is not what is predicted from theoretical models of core collapse, for which one

finds radial motions at large radii and isotropy throughout the inner parts of the

cluster(Takahashi, 1995). Interestingly, when fitting only the LOS velocities, and

leaving the anisotropy, gives a different picture. The anisotropy is negative on the

inside of the cluster, but becomes isotropic towards the outskirts (Model 2). This also

changes the M/L profile slightly: the profile rises more steeply towards smaller radii

and then stays flat. The mass contained in the central gaussian increases slightly.

We performed another test to the cluster. Since we assume that the potential is

axisymmetric, we can in principle try to constrain the inclination and the position

angle. Fig 6.5 shows the probability distribution function for the inclination, after

marginalizing over all other variables (all valid M/L ratios, anisotropies and black

hole masses.) The found inclination is consistent with the determination of vdB06

(60±15◦) and coincides with the determination of the inclination which we found

by symmetrizing the velocity field. Since the determined inclination is close to

the previously assumed one, the central dark mass is not affected by letting the

inclination vary freely.
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Figure 6.5 — The probability density distribution of the inclination of the cluster after

marginalization over all other parameters (M/L, beta, black hole mass). This is slightly lower,

though still consistent with the inclination found by vdB06 (60±15◦).

6.7 Discussion and Conclusions

We have fitted dynamical models to the kinematic data of M15. Models which were

fit independently to both proper motions and to the LOS velocity data suggest a

very high density at the center of the cluster. The independence of the different

data sets suggest that this high density is real. However, a high central density is

not unexpected: mass-segregation will transport high-mass stars to the center. It

is therefore not unlikely that the center contains a large conglomeration of stellar

remnants, small black holes, neutron stars and white dwarfs. We have however

seen that the M/L profile is relatively constant throughout the core - except in the

very center extra mass is required. Does the fact that the M/L profile has a central

plateau, butmay require the addition of a compact gaussian, suggest that theremay

really be a intermediate-mass black hole in M15? So far, all evidence goes against

a black hole: radio observations of M15 have not shown evidence for the presence

of a black hole – there is a large dependence on the assumptions for the presence

of interstellar matter (ISM) and the accretion rates, but upper limits on the mass of

the IMBH have been set as low as 440M�(Maccarone, 2004) and 1000M�(Bash et al.,

2008). But even with conservative assumptions for the accretion rate and ISM, it

is possible that there is a low mass black hole – if it is in a binary system, though

this possibility is not very likely. From theoretical considerations, an IMBH is not

expected.Baumgardt et al. (2003) predict the slope of the mass density from stellar

remnants. There potential is close to the one of Dull et al. (2003). In Fig. 6.6, we show

the mass density of the cluster, inferred from combined proper motions and LOS-
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Figure 6.6 — The inferred mass-density profile of M15 as a function of radius. The 1-σ error

bars are too small to be visible. The dashed line shows the expected mass-density profile for

dark remnants (white dwarfs and neutron stars) from Baumgardt et al. (2003) (scaled by eye

to our profile).

velocities. The dashed line is the result from the N-body simulations of Baumgardt

et al. (2003), though with an arbitrary normalization. The dashed line follows the

density profile quite well. However, in the very center (and in the outskirts where

mainly main sequence stars contribute to the mass), the profiles diverge. Since the

black hole is assumed to be a point source, it does not show up in the density plot.

It may be the case that the inferred black hole is just a consequence of too coarse

sampling of the density profile in the center. To test this, we carry out a simple

test.To see how much mass in our modeling there still is left for a black hole, we

assume that the theoretical density is parametrized by:

ρ(r )= 8754
� r

arcmin

�−2.22 M�

arcmin3
(6.4)

which is the mass density of dark remnants as predicted by N-body simulations,

scaled (by eye) to our inferred density profile, as in Fig 6.6. The mass inside 0.01

arcmin under the assumption of this density profile is ∼ 4000M�. Comparing this

quantity with the total mass within 0.01 arcmin in Fig. 6.3, we see that the enclosed

mass with a black hole is not much higher. Although the resolution in the center

is too low to make a definitive statement, it suggest that the inferred black hole

mass is probably a consequence of poorly sampling the density in the central parts.
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This means that, even though we find a higher mass density in the center than with

previous dynamical modeling, the central mass density is in perfect agreement with

theoretical predictions and shows no evidence for a massive black hole. The excellent

comparison between the derived M/L profile without binning and previously de-

termined M/L profiles suggests that dynamical modeling of discrete stellar systems

does not require any binning. Although consistent with theoretical modeling, we

find amuch highermass concentration in the center ofM15 than found before. This

may have important consequences for the determination of black hole masses in

nearby discrete stellar system.
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