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ABSTRACT
We present an observational estimate of the fraction and distribution of dark mass in the
innermost region of the two Galactic globular clusters NGC 6218 (M12) and NGC 288.
Such an assessment has been made by comparing the dynamical and luminous mass pro�les
derived from an accurate analysis of the most extensive spectroscopic and photometric surveys
performed on these stellar systems. We �nd that non-luminous matter constitutes more than
60 per cent of the total mass in the region probed by our data (R < 1.6 arcmin � rh) in both
clusters. We have carefully analysed the effects of binaries and tidal heating on our estimate
and ruled out the possibility that our result is a spurious consequence of these effects. The
dark component appears to be more concentrated than the most massive stars suggesting that
it is likely composed of dark remnants segregated in the cluster core.

Key words: methods: data analysis � techniques: radial velocities � stars: kinematics and dy-
namics � stars: luminosity function, mass function � stars: Population II � globular clusters:
individual: NGC6218, NGC288.

1 INTRODUCTION

The relative contribution of luminous and dark matter (DM) to the
overall mass budget of stellar systems contains crucial informa-
tion on their nature, origin and evolution. According to the � cold
dark matter cosmological paradigm, the structures in the Universe
formed at high redshift through a hierarchical assembly of small
fragments of non-baryonic matter (White & Rees 1978). Galax-
ies of all morphological types are expected to form within these
fragments being nowdays embedded in DM haloes. This evidence
comes from the discrepancy between the mass estimated for these
stellar systems using the kinematics of their stars and their luminosi-
ties as tracers. In particular, the mass-to-light (M/L) ratios measured
for these stellar systems range from 5 (for dwarf elliptical galaxies)
to >1000 (for ultrafaint dwarf spheroidals; Tollerud et al. 2011) i.e.
several times larger than those predicted by population synthesis
models (1.5 < M/L < 2.5; Bruzual & Charlot 2003).

Globular clusters (GCs) appears to stand-out from this scenario.
Indeed, at odds with other DM dominated stellar systems popu-
lating contiguous regions of the luminosity-effective radius plane
(Tolstoy, Hill & Tosi 2009), they have low M/L ratios consistent
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with the hypothesis they are deprived of DM (McLaughlin & van
der Marel 2005; Strader, Caldwell & Seth 2011). This difference
might suggest a different formation scenario for these stellar sys-
tems which could form in collapsing DM-free gas clouds (see e.g.
Kruijssen 2015). For this reason, the M/L ratios of GCs are often
used as a reference for stellar population studies and to validate the
prediction of population synthesis models. On the other hand, low-
mass DM haloes surrounding GCs progenitors are hypothesized by
some model of GC formation (Peebles 1984). These haloes could
be later stripped by the tidal interaction with the host galaxy leaving
only minimal imprints in the structural and kinematical properties of
present-day GCs (Mashchenko & Sills 2005). Observational claims
of the possible existence of DM dominated GCs in the giant el-
liptical NGC 5128 have been recently put forward by Taylor et al.
(2015).

Non-baryonic DM is not the only invisible matter contained in
stellar systems. Indeed, the �nal outcome of the stellar evolution
process of stars with different masses is represented by remnants
(white dwarfs � WFs, neutron stars � NSs � and black holes �
BHs) whose luminosities are comparable or even several orders of
magnitude smaller than those of the least luminous main-sequence
(MS) stars. The estimate of the mass enclosed in dark remnants in a
GC is complicated by the interplay between stellar and dynamical
evolution in these stellar systems and by the uncertainties in their
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formation process (for a comprehensive discussion see Heggie &
Hut 1996).

Indeed, both NSs and BHs are the compact remnants of massive
(M > 8 M�) stars after their explosion as SNe II. The off-centre
onset of the explosive mechanism can transmit to the remnant a
velocity kick often exceeding the cluster escape speed thus lead-
ing to its ejection outside the cluster (Drukier 1996; Moody &
Sigurdsson 2009). Moreover, the large mass contrast of BHs with
respect to the mean cluster mass lead to a quick collapse of the
BH population forming a dynamically decoupled subsystem in the
central part of the cluster (Spitzer 1969). Scattering between multi-
ple BHs leads to a prompt ejection of these objects. For the above
mentioned reasons, it was initially suggested that GCs should be
deprived of BHs (Kulkarni, Hut & McMillan 1993; Sigurdsson &
Hernquist 1993). However recent observational studies (see e.g.
Strader et al. 2012; Chomiuk et al. 2013; Miller-Jones et al. 2015)
have provided evidence of the possible presence of stellar mass
BHs in a number of GCs and several theoretical studies (see e.g.
Banerjee & Kroupa 2011; Breen & Heggie 2013; Morscher et al.
2013, 2015; Sippel & Hurley 2013; Heggie & Giersz 2014) have
found that GCs might indeed still host a non-negligible fraction of
these compact objects. On the other hand, the large fraction of X-ray
binaries and pulsars per unit mass in GCs (up to a factor 100 larger
than that estimated in the Galactic �eld; Clark 1975; Grindlay &
Bailyn 1988) indicates that a certain number of these objects must
be present in these stellar systems.

WDs are the natural outcome of the evolution of low-
/intermediate-mass (M < 8 M�) stars after the expulsion of their
envelopes occurring at the end of their asymptotic giant branch
phase. As a consequence of the long lifetimes of WD progenitors
and the typical negative slope of the initial mass function (MF;
Kroupa 2001; Bastian, Covey & Meyer 2010) the fraction of WDs
steadily increases during the cluster lifetime making them a sig-
ni�cant contributor to the mass budget of a GC in the last stages
of its evolution (Vesperini & Heggie 1997; Baumgardt & Makino
2003). Because of the particular form of the initial��nal mass re-
lation of low-mass stars (Kalirai et al. 2008), the mass spectrum
of these objects is expected to be peaked at M � 0.5 M� i.e. only
slightly larger than the present-day mean stellar mass (�0.4 M�)
and signi�cantly smaller than the typical turn-off mass in a GC
(�0.8 M�). So, at odds with NSs and BHs occupying always the
high tail of the mass distribution of stellar objects, stars evolving
into WDs change their ranking in mass within the whole GC stellar
population during their lifetimes. Consequently, two-body relax-
ation is expected to produce a progressive migration of WDs from
the centre, where their massive progenitors sunk, towards the outer
regions where stars with smaller masses are preferentially located.
Observational evidence of this phenomenon seems to be provided
by the analysis of the radial distribution of WDs in different re-
gions of the cooling sequence in 47 Tucanae (Heyl et al. 2015).
The interaction of a GC with the tidal �eld of its host galaxy further
complicate the prediction of the retention fraction of dark remnants.
Indeed, the ever continuing injections of kinetic energy favours the
evaporation of the kinematically hottest (mainly low-mass) stars,
while massive objects (like NSs, BHs and massive WD progeni-
tors) are preferentially retained. N-body simulations indicate that
the actual fraction of retained remnants has deep implications in the
dynamical evolution of GCs (Contenta, Varri & Heggie 2015) and in
their present-day M/L ratios (L¤utzgendorf, Baumgardt & Kruijssen
2013).

In this context, many observational analyses aimed at investigat-
ing the dark content in GCs have been conducted in the past years

by comparing the M/L ratios estimated from stars kinematics and
those predicted by stellar population synthesis models (Richer &
Fahlman 1989; Meylan & Mayor 1991; Leonard, Richer & Fahlman
1992; Piatek et al. 1994; Dirsch & Richtler 1995; Ibata et al. 2013;
L¤utzgendorf et al. 2013; Kamann et al. 2014). One of the main
drawbacks of this approach resides in the choice of the uncertain
parameters affecting the M/L like the present-day MF and the re-
tention fraction of dark remnants (Shanahan & Gieles 2015).

In Sollima, Bellazzini & Lee (2012), we determined the dy-
namical and luminous masses of a sample of six Galactic GCs by
�tting simultaneously their luminosity functions and their line-of-
sight (LOS) velocity dispersion pro�les with multimass analytical
models leaving the present-day MF as a free parameter and mak-
ing an assumption on the dark remnants retention fraction. From
this study, we found that the derived stellar masses were systemat-
ically smaller than the dynamical ones by �40 per cent. Although
many hypotheses were put forward, the most favoured interpretation
linked such a discrepancy to a fraction of retained dark remnants
larger than expected. Unfortunately, the robustness of the obtained
result relies on the ability of the adopted speci�c model in reproduc-
ing the actual degree of mass segregation of the analysed clusters.
In particular, both the luminous and the dynamical masses of the
best-�tting model were constrained by observables measured in the
cluster core, a region where mass segregation effects are maximized
and where only a small fraction of the cluster mass is contained,
and then extrapolated to the whole cluster (see Sollima et al. 2015).
Moreover, the approach adopted in that work did not allow us to
obtain information on the radial distribution of the dark mass across
the cluster, therefore complicating any interpretation on its nature.

In this paper, we present the result of a model-independent anal-
ysis of the most extensive photometric and spectroscopic data sets
available in the literature for two Galactic GCs, namely NGC 288
and NGC 6218 (M12) with the aim of deriving their dark mass con-
tent and radial distribution. These objects are two well-studied GCs
located in the Southern hemisphere which are particularly suited for
this kind of studies. Both clusters are indeed relatively close (d <
9 kpc) and characterized by a small central projected density (�V >
18 mag arcsec�2; Harris 1996, 2010 edition) and for this reason it is
possible to sample their luminosity function and velocity dispersion
pro�les through photometric and spectroscopic surveys even within
their cores with no signi�cant crowding problems. In Section 2, we
describe the observational data set used in the analysis and the data
reduction techniques. In Section 3, the methods to derive luminous
and dynamical mass pro�les for the two target clusters are described.
The fractions of dark mass as a function of the projected distance
from the clusters� centres are shown in Section 4. The comparison
with the prediction of N-body simulations and analytical models is
performed in Section 5 to quantify the expected effect of a sizable
population of dark remnants. We summarize and discuss our results
in Section 6.

2 OBSERVATIONAL DATA

The analysis performed here is based on both photometric and spec-
troscopic data sets. The main photometric data base is constituted
by the set of publicly available deep photometric catalogues of the
�globular cluster treasury project� (Sarajedini et al. 2007). It consists
of high-resolution Hubble Space Telescope (HST) images secured
with the Advanced Camera for Surveys (ACS) Wide Field Channel
through the F606W and F814W �lters. The �eld of view of the
camera (202 arcsec × 202 arcsec) is centred on the cluster�s centre
with a dithering pattern to cover the gap between the two chips,
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