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ABSTRACT

We present a statistical analysis of the properties of a large sample of dynamically hot old stellar systems, from
globular clusters (GCs) to giant ellipticals, which was performed in order to investigate the origin of ultracompact
dwarf galaxies (UCDs). The data were mostly drawn from Forbes et al. We recalculated some of the effective radii,
computed mean surface brightnesses and mass-to-light ratios, and estimated ages and metallicities. We completed
the sample with GCs of M31. We used a multivariate statistical technique (K-Means clustering), together with a
new algorithm (Gap Statistics) for finding the optimum number of homogeneous sub-groups in the sample, using
a total of six parameters (absolute magnitude, effective radius, virial mass-to-light ratio, stellar mass-to-light ratio,
and metallicity). We found six groups. FK1 and FK5 are composed of high- and low-mass elliptical galaxies,
respectively. FK3 and FK6 are composed of high-metallicity and low-metallicity objects, respectively, and both
include GCs and UCDs. Two very small groups, FK2 and FK4, are composed of Local Group dwarf spheroidals.
Our groups differ in their mean masses and virial mass-to-light ratios. The relations between these two parameters
are also different for the various groups. The probability density distributions of metallicity for the four groups of
galaxies are similar to those of the GCs and UCDs. The brightest low-metallicity GCs and UCDs tend to follow
the mass—metallicity relation like elliptical galaxies. The objects of FK3 are more metal-rich per unit effective
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luminosity density than high-mass ellipticals.
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1. INTRODUCTION

The variety of astrophysical structures in the universe, from
galaxies and galaxy clusters to stellar remnants, is well described
by essential physical principles (Padmanabhan 2000). However,
their origin, in particular that of globular clusters (hereafter
GCs), is still a matter of debate. GCs are of intermediate struc-
tures between stars and galaxies, and their formation process is a
cornerstone for our understanding of the universe (Peebles 1969;
Ashman & Zepf 1992; Harris et al. 1995; Coté et al. 1998). If we
consider star clusters as a single class of astrophysical objects,
there are many well-known and poorly understood phenomena,
which make their origin enigmatic, for example, the color bi-
modality of GC systems existing in most galaxies, the absence of
a clear mass—metallicity relation for the population of red GCs,
the correlation between color and integrated magnitude among
the brighter metal-poor GCs (Strader & Smith 2008), the dif-
ferences in luminosity functions, and surface density profiles
between young and old cluster systems (e.g., Brodie & Strader
2006; Lee et al. 2010, and references therein). Spherical stel-
lar systems, whether GCs, elliptical galaxies, or substructures
of spiral galaxies, are considered virialized (Antonov 1973).
The origin of GCs is ultimately linked to the evolution of larger
pressure-supported structures within the cosmological hierarchy
(e.g., Hwang et al. 2008, and references therein).

In the last decade a new type of astronomical object has been
discovered by a number of astrophysicists (Hilker et al. 1999;
Phillipps et al. 2001; Drinkwater et al. 2000, 2003; Mieske et al.
2006) while making a spectroscopic survey in the Fornax Clus-
ter. These objects, called ultracompact dwarf galaxies (UCDs),
dwarf globular transition objects, or sometimes intermediate

massive objects, are different from the classical GCs or dwarf
elliptical galaxies in terms of their radii, relaxation time, and
V-band mass-to-light ratios. They are more massive, more lu-
minous, and have higher mass-to-light ratio than GCs but are
fainter and more compact than dwarf elliptical galaxies.

Several formation scenarios have been proposed for under-
standing their physical properties. Kroupa (1998) and Fellhauer
& Kroupa (2002) suggested that UCDs are the result of merger
of many young star clusters formed in galaxy—galaxy encoun-
ters, whereas Mieske et al. (2002) suggested that they are the
luminous extension of massive GCs. The formation of UCDs
from the mass threshing of the envelopes of nucleated galaxies
has also been suggested (Bassino et al. 1994; Zinnecker et al.
1988; Bekki et al. 2003; Goerdt et al. 2008), while along an-
other line of thought UCDs are considered fundamental building
blocks of galaxies (Drinkwater et al. 2004). Special efforts were
made to unite old dynamically hot stellar systems, from GCs,
UCDs, and dwarf spheroidals (dSphs) to giant elliptical galaxies
(Zaritsky et al. 2006; Forbes et al. 2008; Dabringhausen et al.
2008), to reveal the nature of UCDs. Mieske & Kroupa (2008)
have studied the internal dynamics of a large sample of UCDs in
Fornax. They argue that UCDs are dynamically unrelaxed and
dynamical evolution has probably not influenced their present
dynamical M/L ratio.

All these findings originated while studying two-point corre-
lations between different projections of the fundamental plane
(FP) of galaxies defined by velocity dispersion, size (or effective
radius), and surface brightness (or mass density). For example,
relations were found between size and luminosity, mass and
metallicity, mass-to-light ratio and dynamical mass, luminosity
and velocity dispersion, etc. Considering two parameters at a


http://dx.doi.org/10.1088/0004-637X/750/2/91
mailto:tanuka@iucaa.ernet.in
mailto:sme@sao.ru
mailto:davoust@ast.obs-mip.fr
mailto:akcstat@caluniv.ac.in

THE ASTROPHYSICAL JOURNAL, 750:91 (13pp), 2012 May 10

CHATTOPADHYAY ET AL.

Table 1
Photometric and Structural Parameters
Name logR, Mg K Mi/Lg M/Ly (U-B) (B-V) (V—-1I) (B—K) [Fe/H] Age |[Fe/Hlix Ageir Ref Group
(pc)  (mag) (magarcsec™) (Mo/Lk.o) (Mo/Lvo) (mag) (mag) (mag) (mag) (Gyr) Gyr

NGC 104 0.60830 —12.19 14.41 0.851 2.70 0.33 0.84 1.09 3.63 —0.76  10.864 9,10 3
NGC 1851 0.25891 —11.01 13.86 0.931 6.36 0.15 0.74 0.98 342 —1.22 896 9,10 6
NGC 1904 0.48076 —9.90 16.07 1.074 1.85 0.05 0.64 0.90 2.68 —1.57 10.08 9,10 6
NGC 3201 0.59083 —9.51 17.01 1.973 1.80 0.12 0.73 0.91 2.85 —1.58 8.624 9,10 6
NGC 362 0.32645 —11.00 14.20 0.414 2.07 0.10 0.72 0.94 3.33 —1.16 18.512 9,10 6
NGC 4147 0.37595 —-7.95 17.49 1.266 1.85 0.09 0.57 0.76 2.37 —1.83 11.536 9,10 6
NGC 4590 0.65406 —9.20 17.64 0.705 2.40 —0.02 0.58 0.87 2.45 —2.06 10.304 9,10 6
NGC 5272 0.51294 —10.89 15.24 0.539 3.30 0.08 0.68 0.92 2.64 —1.57 896 9,10 6
NGC 5286 0.34397 —10.82 14.47 0.797 1.85 0.01 0.64 0.86 2.92 —1.67 1248 9,10 6
NGC 5694 0.52631 —10.04 16.16 1.172 2.40 —0.02 0.60 0.86 2.86 —1.86 11.76 9,11 6
NGC 5824 0.52518 —11.00 15.20 2.158 2.73 —0.03 0.62 0.87 2.81 —1.85 11.312 9,10 6
Notes.

References. (1) Jerjen et al. 2004; (2) Proctor et al. 2004; (3) Li et al. 2007; (4) Sanchez-Blazquez et al. 2006; (5) Annibali et al. 2007; (6) Serra et al. 2008;
(7) Chilingarian 2009; (8) Paudel et al. 2010; (9) Harris 2003; (10) De Angeli et al. 2005; (11) Marin-Franch et al. 2009; (12) Forbes & Bridges 2010; (13) Harris
1997; (14) Caldwell et al. 2011; (15) Schweizer & Seitzer 2007; (16) Evstigneeva et al. 2007; (17) Hasegan et al. 2005; (18) Mateo 1998; (19) Durrell et al. 1996;
(20) Chilingarian & Mamon 2008; (21) Chilingarian et al. 2011; (22) Mieske et al. 2008; (23) Monachesi et al. 2011; (24) Dabringhausen et al. 2008.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

time means disregarding the combining effects of others that in
turn are responsible for losing significant information.

For a unique and robust theory of the formation of UCDs,
a multivariate approach is more appropriate. The present work
is based on a data set covering a broad spectrum of objects,
including Galactic and extragalactic GCs, UCDs, young massive
star clusters, nuclei of dwarf ellipticals, and pressure-supported
galaxies, presented in Section 2. We have used the multivariate
statistical method of K-Means cluster analysis (CA, presented
in Section 3) to classify these diverse objects with respect to
a set of physical parameters. Six homogeneous groups have
been identified by this objective method, described in Section 4,
and their properties have been studied by several two-point
correlations and regressions (Section 5). Finally, conclusions
have been drawn in Section 6.

2. THE DATA

The present sample is composed of 370 objects from the
paper of Forbes et al. (2008, hereafter FO8), to which we added
19 GCs in M31. We did not use all objects of FO8 because
we were not able to document all the values of the additional
parameters (age, metallicity, colors) used in the present study.
We took the distance, central velocity dispersion o,, effective
radius Ry, and apparent K magnitude mg from Table 1 of FOS.
We did not use the R, values of the galaxies given in Table 1
of FO8 as they did not agree with Figure 3 of F08. Instead,
we recalculated R, using R,y following the method outlined
in FO8. To that end, we needed the axis ratio of the galaxies.
We obtained R,s from the HyperLeda database.’ log Rys is the
logarithm of the axis ratio at the isophote 25 mag arcsec™2 in the
B band. It was available for all galaxies except two (NGC 1273
and PER 195), which were removed from the sample. The R,
values that we obtained agree qualitatively with those plotted in
Figure 3 of FO8 (see Figure 1). To that sample we added 19 GCs
in M31. For these additional GCs the structural parameters were
taken from Peacock et al. (2009), the velocity dispersion from
Strader et al. (2009), and the K magnitude from Galleti et al.
(2004). Hereafter we use the term IMO to designate dSphs and
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Figure 1. Effective radius R, computed by us (filled circles) and Ry from FO8
(crosses) vs. absolute K magnitude M. This figure is to be compared to Figure 3
of FO8.

what FO8 call intermediate-mass objects, which include UCDs,
young massive stellar clusters, nuclei of dEs, and M32.

We then derived the virial mass (M,;;) using the method
outlined in FOS8, the absolute K magnitude Mk, and the virial
mass-to-light ratio in the K band (M, /Lk). We derived the
effective luminosity density I, in the K band (in L o pc~?) and
the effective surface brightness 1, x (in mag arcsec™2) using
the relations

logl, = 0.4(Mg .o — Mg) —log(2m) — 2log R;, (1)

tnxk = Mg, +21.572 —2.5log I,
where Mk o = 3.28.

2
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Next we derived or collected from the literature the metallic-
ity, broadband colors, stellar mass-to-light ratio, and age. The
age is the most poorly known parameter of all, except perhaps
for the Galactic GCs, whose relative ages are well known from
studies of deep color-magnitude diagrams (CMDs, e.g., De
Angeli et al. 2005; Marin-Franch et al. 2009). The term “age”
is defined precisely only for stars and GCs, which originated in
a single star-forming burst. For galaxies different methods give
different age estimates. Integrated characteristics, like colors or
narrowband indices, are simultaneously influenced by metallic-
ity and age, resulting in a degeneracy. In this paper the term
“age” designates the age of the main star formation period, and
the metallicity of a galaxy is its mean metallicity. Table 1 lists
all the parameters considered in the present work.

2.1. Galactic GCs

Metallicities in the Zinn & West (1984) scale were extracted
from the McMaster catalog (Harris 2003). Ages in the Zinn
& West (1984) scale were computed from the corresponding
relative ages in that scale extracted from De Angeli et al. (2005),
Marin-Franch et al. (2009), and Forbes & Bridges (2010). M /Ly
were computed using the Bruzual & Charlot (2003) models with
the Padova (1994) tracks and the Chabrier initial mass function
(IMF) and GC colors, corrected for Galactic extinction.

2.2. GCs in M31

Metallicities were (1) extracted from the catalog of Galleti
et al. (2009) and (2) calculated using a full set of Lick indices
published by Puzia et al. (2005) and Beasley et al. (2004, 2005)
and the program of interpolation and chi-square minimization of
Sharina et al. (2006) and Sharina & Davoust (2009). Ages were
calculated using the full set of Lick indices published by Puzia
et al. (2005) and Beasley et al. (2004, 2005) and the program
of interpolation and chi-square minimization of Sharina et al.
(2006) and Sharina & Davoust (2009). For clusters without
Lick indices we used data from spectral energy distribution
and fitting of Wang et al. (2010). For the other clusters only
broadband colors from Galleti et al. (2004) and Mg2, Mgb,
Fe5270, and Fe5335 from Galleti et al. (2009) are available. We
obtained approximate ages using simple stellar population (SSP)
models and the color/index data. The latter ages are the least
accurate. M /Ly were estimated using the Bruzual & Charlot
(2003) model dependence between age and M /Ly at a given
age and [Fe/H]. All the derived data are in agreement with the
parameters published by Caldwell et al. (2011).

2.3. GCsin NGC 5128

Metallicities were taken from Table 4 of Dabringhausen et al.
(2008). For GCs without metallicity from the literature we cal-
culated metallicities using a relation from Salaris & Cassisi
(2007): [Fe/H] = (3.87 £ 0.07)(V — I) — (5.14 £ 0.08). Ages
and M /Ly were estimated using broadband colors from Hyper-
Leda, extinction data, and the Bruzual & Charlot (2003) models.
Internal extinction in NGC 5128 was included.

2.4. IMOs

Age and metallicities of the young star clusters in the remnant
of the “wet” merger NGC 34 (W3, W30, G114) were taken
from Schweizer & Seitzer (2007). M /Ly were calculated using
SSP models and photometric results presented in that paper.
We used broadband photometry, metallicities, Lick indices, and
M/Ly for VUCD 3, 4, 5 from Evstigneeva et al. (2007) to
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calculate their approximate age. Evolutionary parameters and
photometry results of the dwarf-globular transition objects in
the Virgo Cluster (H8005, S314 to S999) were adopted from
Hasegan et al. (2005). Photometry and metallicity for the four
UCDs in the Fornax Cluster (UCD2 to 5) were provided by
Mieske et al. (2006). Ages, metallicities, and M /Ly of the
UCD:s in the Fornax Cluster (F-5 to F59) were determined by
Chilingarian et al. (2011). The evolutionary parameters of the
UCD M59cO were taken from Chilingarian & Mamon (2008).
The metallicity for the dE VCC 1254N was taken from Durrell
et al. (1996).

Colors and metallicities of dSphs in the Local Group were
taken from Mateo (1998). The peculiar dwarf galaxy M32 was
included in the list of IMOs (not Es) by FO8 with morphological
type cE (compact elliptical). We used the data from Mateo
(1998) for all its parameters, except metallicity. Since M32 is
seen through the disk of M31, its very crowded surroundings
make it a complex case for photometry and spectroscopy. We
used the results of deep CMD studies for the metallicity estimate
(Grillmair et al. 1996; Monachesi et al. 2011) ([Fe/H] =
—0.2 dex). The difference between the early (Davidge & Jones
1992) ([Fe/H] = —1.1 &£ 0.2) and later estimates is huge.
However, a large spread of metallicities and ages for stars has
recently been found in M32 (Coelho et al. 2010; Monachesi
etal. 2011). The ages were taken equal to 13 Gyr for all dSphs,
because all of them show ancient periods of star formation
according to CMD studies.

2.5. Giant and Dwarf Elliptical Galaxies

We extracted M /Ly, ages, and metallicities for 105 galaxies
from the literature (Jerjen et al. 2004; Proctor et al. 2004;
Sanchez-Blazquez et al. 2006; Li et al. 2007; Serra et al.
2008; Annibali et al. 2007; Chilingarian 2009). These all are
spectroscopic determinations, except in the first paper. For
many of the sample ellipticals we have only broadband colors
corrected for extinction from HyperLeda. We used SSP models
of Bruzual & Charlot (2003) and a Chabrier IMF to derive
M /Ly, ages, and [Fe/H] using broadband integrated colors and
magnitudes.

Integrated colors not only depend on both mean metallicity
and age of a galaxy but may also be affected by internal
extinction, possible ionized gas emission near the galactic
center, etc. There are a large number of unknown parameters.
To model the influence of age and metallicity on integrated
colors, we use the fundamental luminosity—metallicity relation
common for dwarf and giant ellipticals (Prugniel et al. 1993;
Thomas et al. 2003). We used the results of simulations of
a galaxy with exponentially declining star burst to derive the
approximate dependence of the broadband colors on M /Ly,
age, and [Fe/H] (Bell & de Jong 2001; Matkovic & Guzman
2005). We selected colors more sensitive to age or to metallicity.
I — K shows a minimal dependence on age and M/Ly. There
is a strong correlation between B — R and stellar M/L ratio
independent of metallicity or star formation rate (Bell & de
Jong 2001). U — B is very sensitive to the age of a stellar
system and its M/L ratio. The slope of the color—magnitude
relation and the color—velocity dispersion (o) relation mainly
depend on metallicity. Since mass is correlated with o for Es,
the color—velocity dispersion (o) relation is equivalent to the
mass—metallicity relation. The age difference between galaxies
contributes mainly to the scatter of the mass—metallicity relation.
Figure 2 compares our metallicity estimates for 105 ellipticals
of our sample with values from the literature.
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Figure 2. Comparison of our derived metallicities of Es with values from the
literature (see Table 1).

(A color version of this figure is available in the online journal.)

Table 1 summarizes the data described in Section 2. The
successive columns give name, logR;, (R, in pc), Mk, .k,
Mi./Lg, M/Ly, the broadband colors (U — B),(B — V),
(V. — I), and (B — K), the metallicity ([Fe/H]) and age
determined by us, the metallicity and age from the literature, the
reference to the latter two data, and finally the group. Our main
contribution to the data is to have derived ages and metallicities
for 26 GCs in M31, ages and metallicities for Es, and stellar
mass-to-light ratios for most objects of the sample.

3. THE K-MEANS CLUSTERING TECHNIQUE

CA is the art of finding groups in data. Over the last 40 years
different algorithms and softwares have been developed for CA.
The choice of a clustering algorithm depends both on the type
of data available and on the particular purpose.

In the present study, we have used the K-Means partitioning
algorithm (MacQueen 1967) for clustering. This algorithm
constructs K clusters, i.e., it classifies the data into K groups
that together satisfy the requirement of a partition such that
each group must contain at least one object and each object must
belong to exactly one group. So there are at most as many groups
as there are objects (K < n). Two different clusters cannot have
an object in common, and the K groups together add up to the
full data set. Partitioning methods are applied if one wants to
classify the objects into K clusters where K is fixed (which
should be selected optimally). The aim is usually to uncover a
structure that is already present in the data. K-Means is probably
the most widely applied partitioning clustering technique.

To perform K-Means clustering, we used the MINITAB
package. The K-means clustering technique depends on the
choice of initial cluster centers. But this effect can be minimized
if one chooses the cluster centers through group average
method (Milligan 1980). As a result, the formation of the final
groups will not depend heavily on the initial choice and hence
will remain almost the same according to physical properties
irrespective of initial centers.

With this algorithm we first determine the structures of
subpopulations (clusters) for varying numbers of clusters taking
K =2, 3,4, etc. Then using the Gap Statistics (see below), we
determine the optimum number of groups.
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3.1. The Gap Statistics

In order to find the optimum number of groups, we follow
the algorithm of Gap Statistics (Tibshirani et al. 2001). Suppose
thatadatasety;,i=1,2,...,n,l=1,2,..., p, consists of p
features measured on 7 independent observations. Let d;; denote
the distance between observations i andj. The squared Euclidean
distance ), (yi; — yj/)2 is used as a most common choice for d;;.
Suppose that the data have been grouped into k groups G1, G2,
..., Gk, with Gr denoting the indices of observations in group r
and n, the number of observations in group r. Let

D, =Y d 3)

i.jeG,

be the sum of the pairwise distances for all points in cluster 7,
and let {
Wk = P D re (4)
2n
In the case that d is the squared Euclidean distance, W) will be
the pooled within-cluster sum of squares. The graph of log(W,)
is standardized by comparing it with its expectation under an
appropriate null reference distribution of the data. The estimate
of the optimal number of clusters is then the value of k for which
log(W,) falls the farthest below this reference curve. Hence, the
gap is defined by

Gap, (k) = E,log(Wy) — log(Wy), ®)

where E; denotes the expectation from the reference distribu-
tion. The estimate x will be the value maximizing Gap,,(k) on
the basis of the corresponding sampling distribution. As a mo-
tivation for the Gap Statistics, one may consider clustering n
uniform data points in p dimensions, with k centers. Then as-
suming that the centers align themselves in an equally spaced
fashion, the expectation of log(W;) is approximately

log(pn/12) — (2/p)log(k) + constant. (6)

In other words, the Gap Statistics is defined as the difference
between the log of the Residual Orthogonal Sum of Squared
Distances (denoted log(W;)) and its expected value derived
using bootstrapping under the null hypothesis that there is only
one cluster. In this implementation, the reference distribution
used for the bootstrapping is a random uniform hypercube,
transformed by the principal components of the underlying data
set. If the data actually have K well-separated clusters, then it
is expected that log(W;) will decrease faster than its expected
rate (2/p)log(k) for k < K. When k > K, a cluster center is
essentially added in the middle of an approximately uniform
cloud and simple algebra shows that log(W;) should decrease
more slowly than its expected rate. Hence, the Gap Statistics
should be largest when k = K.

3.2. The Algorithm to Find the Gap Statistics

Two common choices for the reference distribution are (1)
each reference feature is generated uniformly over the range
of the observed values for that feature and (2) the reference
features are generated from a uniform distribution over a box
aligned with the principal components of the data.

In other words, if X is an n x p data matrix, it is assumed
that the columns have mean 0 and then the singular value
decomposition X = UDV? is performed. It is transformed
through Y = XV, and then uniform features, say, 7, are drawn
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Table 2
Gap Values uy for Different Values of the Number k of Clusters

Number of Clusters Gap Uk
k=1 1.658168 —0.3570766
k=2 1.592197 —0.1841725
k=3 1.804713 —0.7284219
k=4 2.592263 0.0873069
k=5 2.529849 —0.5264599
k=6 2.43953 0.0961393
k=1 2.356531 0.08300998
k=38 2.572305 —0.4335349

over the ranges of the columns of Y, as in method (a) above.
Finally, it is back-transformed via Z = TV7 to give reference
data, say, Z. Method (a) has the advantage of simplicity. Method
(b) takes into account the shape of the data distribution and is
rotationally invariant, as long as the clustering method itself is
invariant.

Ineachcase, Elog(W;) is estimated by an average of B copies
log(W}"), each of which is computed from a Monte Carlo sample
Y[, Yy, ..., Yy drawn from the chosen reference distribution.
Finally, one needs to access the sampling distribution of the
Gap Statistics. Let s;(k) denote the standard deviation of the
B Monte Carlo replicates log(W;). Accounting additionally
for the simulation error in Elog(W;) results in the quantity
sy = /(1 + 1/B)s,(k). Using this, the estimated cluster size « is
chosen to be the smallest k such that Gap(k) > Gap(k+1) —sj1,
where s¢,; is a function of standard deviation of the bootstrapped
estimates.

The computation of the Gap Statistics proceeds as follows:

1. Step 1. The observed data are clustered by varying the total
number of clusters from k = 1, 2, ..., K, giving within-
dispersion measures Wy, k= 1,2, ..., K.

2. Step 2. B reference data sets are generated using the uniform
prescription (a) or (b) above, and each one is clustered
giving within-dispersion measures W}, b =1,2,..., B, k
=1,2,...,K. Thenthe estimated Gap Statistics is calculated
as follows: Gap(k) = (1/B) ), log(W};,)—log(Wy).

3. Step 3. Let I = (1/B) >, log(W); then the standard
deviation is computed as

sd = [(1/B) Y, log(W};) — ']
and sy, is defined as s, = sdy+/(1 + 1/B).

Finally, that number of clusters is chosen such that x =
smallest k and

Gap(k) > Gap(k + 1) — sp1. (7)

In other words, the optimum number of clusters is that & for
which the difference

u = Gap(k) — (Gap(k + 1) — s¢41) 2 0. ®)

4. RESULTS

The parameter set chosen for CA consists of Mg, log(oy),
log Ry, Myi./Lg, [Fe/H], M/Ly. Parameters like My, wp k,
and age are not used. M is very highly correlated with M,; and
Wn.k» s0 inclusion of these parameters does not influence the
clustering. Age is excluded because of the large uncertainties
associated with it. The remaining parameters are not used
because of the large number of missing values. But, once
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Figure 3. Gap curve.
(A color version of this figure is available in the online journal.)

the substructures are identified, all the parameters are used to
identify the distinctive properties of the groups.

We have calculated the Gap Statistics for the set of six
above parameters, and the output suggests that the optimum
number of clusters is either four or six because the criterion
used in Gap Statistics to find the optimal number of clusters,
ie., uy = Gap(k) — (Gap(k + 1) — sg41) = 0, is satisfied for
k=4 and k = 6. Table 2 and Figure 3 show that the value of 1
exceeds O for k = 4 and k = 6 and there is a sharp decline of the
graph after the value k£ = 6. Hence, considering all the criteria
discussed above, the optimal number of clusters for the present
sample is k = K = 6. The six clusters (hereafter named groups to
avoid confusion with star clusters) are designated FK1 to FK6,
and their average properties are given in Table 3.

The elliptical galaxies were divided into two groups by the
CA: high-mass ellipticals (gEs) in FK1 and low-mass ones (dEs)
in FKS5. Note that the labels “gE” and “dE” do not refer strictly
to the morphological types commonly used in astronomy. We
use these designations conditionally to stress the statistical
difference in mass between the objects of FK1 and FKS5.

FK3 has the high-metallicity GCs and the bright and high-
metallicity IMOs. The brightest IMOs are UCD2 (Mg =
—16.32), VUCD3 (Mg = -—16.21), and UCD3 (Mx =
—16.215) (Hilker et al. 2007; Evstigneeva et al. 2007).

FK6 is composed of IMOs, of the most massive GCs in the
Galaxy, in M31, and in NGC 5128 (these GCs are all of low
metallicity), and of dSphs of the Local Group: Leo I (Dist. =
0.25 Mpc) and Sculptor (Dist. = 0.08 Mpc).

Two groups, FK2 and FK4, have a negligibly small number
of members compared to the other groups: they contain three
members each. These are Local Group dSphs, listed according
to their distances from the Sun in Mpc: UMi (FK2, 0.066),
Draco (FK2, 0.086), Sextans (FK2, 0.086), Carina (FK4, 0.1),
Fornax (FK4, 0.14), and Leo II (FK4, 0.21). We unfortunately
do not have the full set of parameters for the other dSphs
in the Local Group and nearby groups to include them in
the analysis. A probable reason why these six objects were
classified in such a way is their M/L ratio, which is higher than
for the other galaxies. These two groups are considered only
briefly, as their study is the subject of a separate and elaborate
study. So there are essentially four groups found as a result of
our CA.
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Table 3
Average Properties with Standard Errors of the Four Main Groups
Groups FK1 FK3 FKS5 FK6
Number of members 210 57 39 77
log op(km s~1) 2.3385 £ 0.0076 1.3134 £ 0.0329 1.6088 + 0.0214 0.9679 + 0.0346
log Ry, (pc) 3.8646 £ 0.0228 0.7363 4 0.0537 3.013 £ 0.0333 0.6397 4 0.0454
Mk (mag) —24.691 £ 0.058 —13.305 £ 0.214 —19.776 + 0.143 —11.229 £ 0.198
.k (mag arcsec™2) 18.199 £ 0.059 13.944 £ 0.169 18.857 £ 0.176 15.537 £ 0.177
Myir/Lg (Myir,o/Lk ) 3.171 £ 0.116 1.772 £ 0.239 2.489 £ 0.421 1.750 £+ 0.147
M/Ly (Mg/Lv o) 1.9073 £ 0.049 3.173 £ 0.290 1.182 £ 0.170 2.716 £ 0.230
log(Myir)(Mg) 11.625 £+ 0.034 6.753 £ 0.106 9.6175 £ 0.0957 5.9656 £ 0.0945
U — B (mag) 0.466 £ 0.00541 0.3205 4 0.0419 0.3575 + 0.0378 0.0671 £+ 0.0150
B — V (mag) 0.893 £ 0.003 0.793 £ 0.032 0.870 £ 0.034 0.689 £+ 0.01
V — I (mag) 1.0001 £ 0.0034 1.0527 £+ 0.027 0.9375 4+ 0.022 0.889 4 0.0078
B — K (mag) 3.818 £ 0.017 3.732 £ 0.270 2.903 £ 0.066 3.299 £ 0.100
[Fe/H] (dex) 0.04495 £ 0.0087 —0.5472 £ 0.038 —0.6069 + 0.021 —1.5030 £ 0.380
Age (Gyr) 5.904 £ 0.159 10.637 £ 0.468 4.817 + 0.646 10.217 £ 0.226
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Figure 4. Absolute K magnitude vs. logarithm of effective radius. The elliptical
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circles are for FK1, pluses are for FK2, crosses are for FK3, asterisks are for
FK4, triangles are for FK5, and open squares are for FK6.

(A color version of this figure is available in the online journal.)

We show in Figure 4 how the various types of objects are
distributed among the different groups in Mg — logR), space. The
six groups are indicated by different symbols, colored according
to the morphological type of the objects: GCs in black, IMOs in
green, and ellipticals in red.

To justify our choice of sample, and to show that it is repre-
sentative of stellar systems in the local universe, we compare
it to that of Misgeld & Hilker (2011, hereafter MH2011), who,
like us and FO8, studied a sample of stellar systems covering a
large range in masses, sizes, and luminosities.

The sample of MH2011 is larger than ours, but the associated
data do not include velocity dispersions, metallicities, or ages,
so we could not perform a similar analysis with their data.
Nevertheless, our sample covers basically the same space in
absolute magnitudes and effective radii, as shown in Figure 4,

which can be compared to Figure 1 of MH2011. The main
difference is that the sample of MH2011 has many more dEs (in
the Hydra I and Centaurus clusters of galaxies) and extragalactic
GCs (mostly GC candidates in Virgo) and they included much
fainter dwarf galaxies of the Local Group, for which velocity
dispersions would be very difficult to measure. In short, our
sample does not appear to be biased against any particular type
of object.

We also computed the probability density distribution (PDF)
of Mk in our sample and compared it to the same distribution
for the MH2011 sample (see Figure 5). The method of non-
parametric density estimates is described in a previous paper
(Chattopadhyay et al. 2009). The bin width for computing the
density estimates is the same as for the histograms shown in
Figure 5. Since MH2011 gives My rather than Mg, we simply
shifted their V magnitudes by 2.90, which is the average value
of (V — K) in our sample. There are three main populations in
both samples, the faintest one being much more important in
MH2011. Anticipating our results, we expect the distribution of
metallicities for the FO8 and MH2011 samples to be similar due
to the fact that Es follow the fundamental luminosity—metallicity
relation (Prugniel et al. 1993; Thomas et al. 2003).
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Table 4
Average Properties with Standard Errors of Three Subsamples Taken from
Forbes et al. (2008) and from Our Smaller Sample

Samples Mg (FO8) oo (FO8)

1(GCs) —11.3274+1.87 —11.339+0.156 12.4 4+ 0.841 12.077 £ 0.686
2 (IMOs) —13.98 +0.291 —14.145 +0.246 28.58 =2.45 29.13 £2.44
3 (Es) —23.67 £0.084 —23.943 £0.124 185.5 £3.84 196.81 £+ 5.31

Mk (ours) op (Ours)

The successive peaks are at Mg = —24.8, —19.7, —13.3, —11
in our sample and at Mg = —25, —19.4, —14.8 in the sample of
MH2011. The first peak in both samples corresponds to bulges
and the brightest elliptical galaxies. The next peak appears at the
location where the linear size—luminosity relation, common for
ellipticals and UCDs (MH2011), splits into two: one relation
for dwarf galaxies and one for compact ellipticals and GCs.
This occurs at about R, = 1.3 kpc and Mass = 10'° M. So,
galaxies in this group have roughly constant effective radii.
The faintest objects in this group have luminosities similar to
M32, Mg ~ 18.5, but their stellar densities are two orders of
magnitude lower (see Figure 5 in MH2011). The highest stellar
density for this group may be a characteristic scale, dividing
stellar systems into two systems. The internal acceleration for
one group is within the limits postulated in MONDian dynamics,
while for the other groups it is outside those limits. See also
the caption of Figure 7 of MH2011. The faintest broad PDF
peaks (—13.3 and —11 in our sample and —14.8 in MH2011)
are different for both samples. However, this is just a selection
effect: as mentioned above, our sample contains fewer dEs.

So, again, our sample does not differ significantly from
another large sample of stellar systems. Our sample does not
reflect the local luminosity function for individual types of
objects, and neither does the sample of MH2011. We suggest
that the relative intensity of the PDF peaks in both samples
reflects the way in which the samples were selected.

We also examined whether our choice of objects in the FO8
sample (370 out of 499) could bias the results in some way.
We have computed the mean =+ standard error values of Mg
and log(oyp) in the subsamples 1, 2, and 3 considered by FO8,
as well as for our corresponding subsamples. The number of
objects is of course different in the present sample and in the
FO8 sample. But from Table 4 it is quite clear that this feature
does not introduce any significant bias as the mean values are
very similar.

We now present the distinctive properties of the groups
and look for possible physical reasons for the differences and
similarities between the groups.

5. PROPERTIES OF THE GROUPS
5.1. Mass-to-luminosity Ratios and Binding Energies

We will discuss the virial M/L ratio, and it is important for
what follows to keep in mind that the stellar M /Ly derived us-
ing photometric data and SSP models is not necessarily identical
to the true baryonic M/L. This is due to the difficulty of cor-
rectly taking into account the star formation history (SFH) and
IMF of stellar populations (e.g., Trager et al. 2008, MH2011).
Furthermore, a disagreement between virial and baryonic
M/L may be due to the presence of dark matter, if the stel-
lar population model including SFH and IMF is correct.

The difference between virial and stellar M/L for our sample
can be seen from Table 1. It is seen that both the virial (My;./Lg)
and the baryonic (M /Ly) mass-to-light ratios differ at a high
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Table 5
Robust Multivariate Regression on the Four Main Groups in k1-k3 Space
Group a b rms
FK1 —0.567413 0.314669 0.06823
FK3 0.238372 0.244655 0.09654
FKS5 0.133827 0.141191 0.17752
FK6 0.378629 0.155797 0.11949

level of significance among the four main groups. Hereafter
we will concentrate on M,;;/Lg and simply call it M/L. It
is well known that UCDs tend to have higher M/L than GCs
(Dabringhausen et al. 2008, FO8), and that dSph galaxies have
very high M/L from direct radial velocity measurements of their
brightest stars (e.g., Simon & Geha 2007). Additionally, UCDs,
like galaxies, have relaxation times greater than the Hubble time
(Kroupa 1998). This is usually demonstrated by plotting the data
in the k1—k; space introduced by Bender et al. (1992), and this
is well discussed in the aforementioned papers.
For the present data, these parameters are

ky = (10g002 +log Rh)/\/i

ky = (logog +2log I, — log Rh)/\/g

and
k3 = (logao2 —log I, — log Rh)/\/g,

where [, is given by Equation (1). These coordinates are simply
related to physical quantities: k; is proportional to the logarithm
of mass, k; is proportional to the effective surface brightness
times M/L, and k3 is proportional to the logarithm of M/L.

The differences in mass (represented by k) and M/L (repre-
sented by k3) between the groups are shown in Figure 6. The
groups occupy different locations in this projection of the FP,
except FK3 and FK6. For these two groups there is no continuity
break in the k;, k3 parameter distributions as for other groups.
Both FK3 and FK6 contain objects with high M/L. FK3 includes
IMOs, and FK6 contains dSphs (Sculptor and Leo I) and IMOs.
We also note that the four main groups show wide and differ-
ent ranges in both mass and M/L. In each group, more massive
objects show higher M/L, but the slope of the correlation is
different for each group.

To quantify this, we performed robust multilinear regressions
of the form k3 = a + bk; on the four main groups. The resulting
fits are listed in Table 5. The regression lines for the groups
FK3, FKS5, and FK6 correspond to the relation M/L o< M%?
within the errors. M/L is proportional to M%3! for the group
FK1. The position of the different objects within the groups on
the FP reflects not only differences in M/L but also in surface
density, luminosity, and kinematical structure (Djorgovski &
Davis 1987). According to the slopes of the relations, the objects
in FK1 are much more influenced by the above three factors than
the objects in FK3, FKS, and FK6.

‘We now move on to discuss the edge-on projection of the FP
(Djorgovski & Davis 1987; Faber & Jackson 1976; Kormendy
1977; Djorgovski 1995) shown in Figure 7. This figure is a
representation of the Virial Theorem: r, o odl; '(M/L)™!,
usually applied to galaxies (Faber et al. 1989; Djorgovski et al.
1989). This figure also serves to compare the binding energies
of GCs (McLaughlin 2000). The most compact and luminous
GCs have larger binding energies.
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The groups FK3, FKS, and FK6 (i.e., GCs, IMOs, and dEs)
follow roughly the same relation in the edge-on projection of
the FP (Figure 7). We obtained a bivariate least-squares solution
fitted through wuy x:

log R, — 2logog = 0.4(1.07(£0.03) ey, ¢ + 19.1(£0.1)),
which corresponds to r, o ogl;"!. The gEs of FKI are

concentrated in a parallel sequence, shifted toward lower surface
brightnesses (5, x ). The bivariate correlation for FK1 gives

log Ry, — 21og o = 0.4(1.04(£0.06) 1. ¢ + 20.0(£0.13)).

These two solutions are close to the one that satisfies the
Virial Theorem. The different slope (1.07 in the first case,
1.04 in the second) is referred to as the tilt in the FP, whose
cause is still under debate (see Fraix-Burnet et al. 2010, and

references therein). The tilt of the virial mass—total stellar
mass relation common for gEs, cEs, and UCDs/GCs has been
discussed in FO8. The difference in the zero points includes three
components (e.g., Kormendy 1989, and references therein). The
first one reflects the density, luminosity, and kinematic structure
of objects. The second factor indicates whether the system is
gravitationally bound or virialized. If the deviation from the FP
is due to mass-to-light ratio, this implies the scaling relation
M/L o< M%?. The systematic shift between gEs and the groups
of GCs, IMOs, and dEs is mainly due to the approximately
10 times larger M/L for gEs (Dabringhausen et al. 2008).

The objects of FK3 and FK6 are well mixed together in
Figure 7, with a tendency for FK3, which contains IMOs, to
have higher binding energy. The objects with the strongest
deviation from the relation are IMOs: e.g., BOO1, M59cO,
UCD3; the GC NGC 2419, and some dEs, like IC 3779, with
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wn.x > 20 mag arcsec™2. M32 has a very high binding energy,
similar to that of IMOs. Some gEs also fall in the same region of
the diagram, as M32, but no other dE does. Bekki et al. (2001)
and Graham (2002) argued that M32 is the stripped core of a
larger galaxy. NCG 2419 shows a lower binding energy than
other GCs. Dabringhausen et al. (2008) considered it as the
most likely candidate to host dark matter.

The py x versus log R, diagram (Figure 8) illustrates the
difference in stellar densities between the GCs of FK3 and FK6.
It shows that the GCs in FK3 have higher u; x than those
in FK6 at a given R;. In other words, FK6 has statistically
shallower surface brightness profiles than FK3. On the other
hand, the IMOs and GCs in FK3 are more massive/luminous
and compact in general than those in FK6. Jordan et al. (2005)
found a significant correlation between half-light radius and
color for early-type galaxies in the Virgo Cluster in the sense
that the red GCs are smaller than the blue ones.

Having studied how mass is related to luminosity in our
different groups, we now examine how mass is related to
metallicity.

5.2. Mass—Metallicity Relation

It is now well established that more massive galaxies are
also more metal-rich; this is a consequence of the hierarchical
formation of galaxies in the universe. But does such a relation
hold for all types of stellar systems?

5.2.1. A Boundary Line

The mass—metallicity relation (hereafter MMR) for our sam-
ple objects is shown in Figure 9(a), where k;, which is equivalent
to mass, is plotted versus [Fe/H].

This figure shows that, except for a few objects, all types
of stellar systems lie above a boundary line. It was plotted
to stress the tendency, but its slope is surprisingly close to an
MMR of the form Z o< Mass®*. The correlation is very weak
for the objects in FK3 (r(Mk, [Fe/H]) = —0.382) and FK6
(r(Mg, [Fe/H]) = —0.177), if we consider them globally. Only
the brightest low-metallicity GCs (FK6) and IMOs at a given
metallicity are close to the MMR. The picture is almost the same
if we plot absolute K magnitude versus [Fe/H] (Figure 9(b)).
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(A color version of this figure is available in the online journal.)

However, here the slope of the boundary line is slightly different
from that of the MMR: [Z/H] ~ —3.5-0.14 M.

What could be the origin of the boundary line? It is unlikely
to be caused by an observational selection effect. We would
presumably not see it if we included in the sample only high-
metallicity GCs and galaxies of other morphological types.
Many of the GCs are the brightest GCs of our Galaxy, and their
metallicities are very accurate. Extragalactic GCs and IMOs
are also bright. Their metallicities were obtained mainly via
spectroscopy and are not very much influenced by observational
errors and the age-metallicity degeneracy. The only really
uncertain metallicities are those of ellipticals, because of the
age—metallicity degeneracy and uncertainties due to possible
internal extinction, light-element abundance variations, and
large age and metallicity spreads within individual galaxies.
But, in spite of these uncertainties, the ellipticals do follow the
relation.

The slope of the boundary line is similar to that of
the luminosity—metallicity relation found in the literature. A
luminosity—metallicity relation, [Z/H] = —3.6-0.19 Mp, was
found for dwarf and giant ellipticals in nearby galaxy clus-
ters by Thomas et al. (2003). It is equivalent to the equation
Z o L%, found for dwarf galaxies in the Local Group by
Dekel & Silk (1986), since [Z/H] = [Fe/H] + 0.94[«/Fe]
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(Thomas et al. 2003), log(Lp/Ls) = 0.4(5.48 — Mp), and
log Z ~ 0.977[Fe/H] — 1.699 (Bertelli et al. 1994). We used
here the solar value [«/Fe] = 0. However, the deviations from
this relation for massive ellipticals may be large due to strong
variations in [«/Fe] for Es: ~0.2 +— 0.5 dex (Thomas et al.
2003; Puzia et al. 2006, and references therein). The median
of the metallicity distribution for elliptical galaxies and galactic
bulges from the Sloan Digital Sky Survey obtained by Gallazzi
et al. (2005) as a function of stellar mass is also close to the
relation Z o« M%* (see also Dabringhausen et al. 2008).

The origin of the luminosity—metallicity and mass—metallicity
relations for different morphological types of galaxies is still an
openissue (e.g., Grebel et al. 2003; Finlator & Dave 2008; Kunth
& Ostlin 2000). Does star formation define the shape of the
MMR? Does the boundary line mean a lower fraction of matter
capable of being transformed into stars under special physical
conditions? It might result from the interplay between internal
and environmental factors: mergers and interactions, inflows and
outflows of gas, star formation histories of individual galaxies
in hierarchical galaxy formation.

The luminosity—metallicity relation for brightest GCs has
been extensively studied (Harris et al. 2006; Mieske et al. 2006;
Peng et al. 2009). Using linear color—metallicity relations for
blue GCs, these studies derive scaling relations between GC
luminosity L and metallicity Z consistent with Z o L% (e.g.,
Strader & Smith 2008). The slope depends on the SSP models
and on the light-element abundances. According to Carney
(1996), the mean [« /Fe] for Galactic GCs is 0.3 dex. The same
value was used by Dabringhausen et al. (2008) to calculate
[Z/H] for IMOs.

The metallicity of the faintest GCs close to the MMR is
intriguing. It corresponds approximately to extreme abundances
of Population II stars, i.e., stars formed immediately after the
initial pollution of interstellar medium by massive Population
I stars: Z ~ 0.01 Z, (Silk 1985).

The CMD and chemical composition of some GCs located
near the border line (i.e.,  Cen, NGC 2419, NGC 6341) are
unusual. For example, NGC 2419 is considered a remnant
of a dwarf galaxy due to its peculiar chemical composition
(Cohen et al. 2010). The CMDs of most of these GCs show
the existence of multiple stellar populations, a fact that is still
not fully understood (see, e.g., Bedin et al. 2008; Marin-Franch
et al. 2009; Renzini 2008, and references therein). Since these
GCs and IMOs are close to the MMR, they were probably
the brightest parts (nuclei) of tidally destructed host galaxies
(Zinnecker et al. 1988; Bekki et al. 2003). They may also be
genuine compact dwarf galaxies originating from small-scale
peaks in the primordial dark matter power spectrum (Drinkwater
et al. 2004). GCs may have formed in dark matter minihalos
(Mashchenko et al. 2005). However, it has not been established
whether they actually contain dark matter halos (Jordi et al.
2009; Baumgardt et al. 2009).

The Local Group dSphs and some GCs definitely fall below
the border line in the k1 versus [Fe/H] diagram. The reason
has been studied extensively for dSphs. Dwarf galaxies with
luminosities below some limit lose gas effectively because of
their low gravitational potentials, too shallow to prevent stellar
outflows following star formation episodes (e.g., Dekel & Silk
1986; Grebel et al. 2003).

5.2.2. Metallicity Bimodality

There is a gap between the groups FK6 and FK3 in
Figures 9(a) and (b). It is located near [Fe/H] = —1.0 and
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is not horizontal. The low-metallicity peak is near [Fe/H]
—1.6 £ 0.4 dex; the high-metallicity one is near [Fe/H]
—0.6 £ 0.04 dex. Similar metallicity peaks and the divid-
ing line were identified for the GC system of our Galaxy by
Harris (1989). GC systems of massive Es and many spirals fol-
low a bimodal color distribution (Harris et al. 1996; Gebhardt &
Kissler-Patig 1999; Larsen et al. 2001; Peng et al. 2006). A new
feature shown in Figure 9 is that the metallicity distributions
of IMOs and extragalactic GCs fall in the same range as the
GCs of our Galaxy. Extragalactic objects are gathered in two
homogeneous groups together with Galactic GCs.

Figure 10 shows the PDF of [Fe/H] for all galaxies (FK1 +
FK5 + FK4 + FK2) and for GCs and UCDs (FK6 + FK3).
The distribution is computed in the same way as the PDF
shown in Figure 5. Although the groups are not plotted with
different colors, they are clearly distinguishable from the PDF
peaks. The local maximum in the distribution for group FK3
at [Fe/H] ~ —0.6 is close to that of FK5 (“dEs”), which
is composed of galaxies having a roughly constant effective
radius and departing from the size—mass relation common for
gEs and UCDs (MH2011). The corresponding PDF peak is
also present in the PDF of luminosities (see discussion at
the end of Section 4). The PDF for group FK6 corresponds
to that of groups FK2+4, i.e., galaxies less massive than 103
stellar masses. Interestingly, there is another gap at the level
of [Fe/H] ~ —0.3, between six IMOs (M59cO, W3, W30,
G114, VUCD 3, S490) and the other objects in FK3. M32
with a central velocity dispersion of oy ~ 79 km s~! also falls
in this metallicity range. However, since the luminosity and
metallicity distributions of galaxies are influenced by sample
selection effect, the correlation is not sufficient to establish the
tidal origin of nuclear GCs and UCDs.

The nature of the bimodality in the metallicity distribution
is a complex, still unanswered question. Due to the stochastic
nature of galaxy formation and star formation, hierarchical sce-
narios do not reproduce the metallicity bimodality well. The
dependence of the galactic SFH on stellar mass is not straight-
forward (Thomas et al. 2005; Renzini 2009). Additionally,
there is a strong morphology—density relation, the environmen-
tal dependence between stellar mass, structure, star formation,
and nuclear activity in galaxies (e.g., Kauffmann et al. 2004;
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Figure 11. [Fe/H] vs. metallicity per unit effective luminosity density. The symbols and colors are the same as in Figure 9. Bold symbols indicate that GCs and IMOs

tend to follow the mass—metallicity relation.

(A color version of this figure is available in the online journal.)

Renzini 2006). Recent spectroscopic studies have revealed
strong age and metallicity gradients of different slopes and val-
ues between the nuclear and outer regions of elliptical galaxies
(Koleva et al. 2011, and references therein). Nuclear activity in
galaxies often continues longer than in the outer regions, be-
cause the fuel for star formation falls toward the gravitational
center. So, nuclei may contain multiple stellar populations and
be on average younger and more metal-rich than the rest of
the galaxy. There are anomalous objects in both FK3 and FK6.
In the low-metallicity group GCs like 2 Cen, NGC 2419 and
NGC 6341 show evidence of multiple stellar populations. The
metal-rich GCs NGC 6441 and NGC 6338 have prominent blue
extensions in the horizontal branch (Rich et al. 1997), which
are not typically associated with a GC of this metallicity, like
47 Tuc.

It has been proposed that the outer-halo GCs of the
Galaxy were accreted from the satellite galaxies (e.g., Mackey
& Gilmore 2004; Chattopadhyay & Chattopadhyay 2007;
Chattopadhyay et al. 2007; Mondal et al. 2008). Shapiro et al.
(2010) suggest that high-metallicity old GCs were formed from
super star-forming clumps with radii 1-3 kpc and masses 10® to
10° M, which are known as a key component of star-forming
galaxies at z ~ 2.

5.2.3. Efficiency of Metal Production

Is there a similar physical quantity for dynamically hot stellar
systems lying close to the MMR? For young stellar systems, for
example, the star formation rate is known to be an important
factor influencing the MMR (Lara-Lépez et al. 2010; Mannucci
et al. 2010, and references therein). In Figure 11, we plot
the dependence of [Fe/H] on the metallicity per unit effective
luminosity density in the K band. We call the last term “metal
production efficiency” (MPE) by analogy with the star formation
efficiency (SFE), which is the fraction of gas converted into stars
at a particular evolutionary stage of galaxies (Kennicutt 1998).
MPE also reflects the stellar density and the size of dynamically
hot stellar systems. Figure 11 shows that GCs and UCDs in
FK6 have MPE in the same range as Es: gEs (FK1) (MPE
= 2.7 £0.25) and dEs (FK5) (MPE = 1.7 £ 0.4). Galaxies
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with stellar masses M < 10'° M, including dSphs and GCs +
UCDs (FK3+FK6), are in two separate sequences, both showing
a tendency for metallicity to increase linearly with MPE. The
two sequences intersect at the location of the brightest UCDs
and M32-like objects. Figure 11 also shows that the objects
of FK3 are the most metal-rich per unit effective luminosity
density. So, at least for these GCs and UCDs in our sample, it is
reasonable to assume that they are the densest parts of galaxies
accumulating fuel for star formation.

6. CONCLUSION

A multivariate statistical technique, K-Means clustering, has
been carried out on a data set taken from the paper of Forbes
et al. (2008). It consists of elliptical galaxies, intermediate-
mass objects, Local Group dSphs, nuclei of dwarf ellipticals,
young massive objects, and GCs. The sample properties were
completed by data from the literature or derived by us. Our aim
was to investigate the existence of interconnectedness, if any,
among the six groups found by our multivariate analysis.

In order to inquire into the physical origin of IMOs, we
considered different projections of the FP using the results of
the statistical analysis along with observational data on velocity
dispersion, effective radii, and effective surface brightness
calculated from the total absolute magnitude in the K band.
We found that our groups are different in terms of virial M/L
ratios and dependences between virial M/L ratios and mass.

The value of our study is that we include metallicities along
with other data in addition to the list of parameters of F08,
which definitely helps us to provide an objective classification
into groups. We consider a unified mass—metallicity dependence
for all the sample objects. It shows that (1) there are GCs
and UCDs in the low-metallicity group sharing MMR with
galaxies; (2) there are signatures of bimodality /multimodality
in the metallicity distribution that are common for GCs and
IMOs on one hand, and for low- and high-mass Es on the other
hand. We speculate that the rate of SF at the epoch when the
objects were young is the probable reason for the above two
features. It appears that the mean metallicities per effective
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K-band luminosity density (MPE) for GCs and UCDs in FK6 lie
in the same range as for elliptical galaxies, suggesting similar
physical processes and SFE. However, MPE is much higher
for GCs and UCDs in FK3. This confirms that these objects
originated as the densest parts of the present-day Es.

According to our findings, IMOs may be divided into two
physical groups: (1) dwarf-galaxy—GC transition objects formed
in the same way and from the same material as old galaxies
and (2) nuclei stripped from dwarf and normal ellipticals
during their dynamical evolution in groups and clusters. Note
that since UCDs were found only in dense environments, the
last suggestion is highly probable. Extensive theoretical and
observational studies are needed to establish the reasons for the
described features and the exact nature of UCDs.
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