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Abstract

We identify 1901 galaxy clusters (Ng�2) with the VoML+G algorithm (Paper I) on the Two-Degree Field
Galaxy Redshift Survey. We present the 341 clusters with at least 10 galaxies that are within 0.009<z<0.14
(the Catalog), of which 254 (∼75%) have counterparts in the literature (NED), with the remainder (87) plausibly
“new” because of incompleteness of previous searches or unusual galaxy contents. The 207 clusters within
z = 0.04–0.09 are used to study the properties of the galaxy systems in the nearby universe, including their galaxy
contents parameterized by the late-type galaxy fractions ( fL). For this nearly complete cluster subsample, we find
the following: (i) 63% are dominated by early-type galaxies (i.e., the late-type-poor clusters, fL<0.5) with
corresponding mean multiplicity and logarithmic virial mass (in units of Me) of 22±1 and 12.91±0.04,
respectively; and (ii) 37% are dominated by late-type galaxies (i.e., the late-type-rich clusters, fL�0.5) with
corresponding mean multiplicity and logarithmic virial mass (in units of Me) of 15.7±0.9 and 12.66±0.07,
respectively. The statistical analysis of the late-type fraction distribution supports, with a 3σ confidence level, the
presence of two population components. It is suggested that the late-type-poor galaxy systems reflect and extend
the class of Abell-APM-EDCC clusters and that the late-type-rich systems (∼one-third of the total) belong to a
new, previously unappreciated class. The late-type-rich clusters, on average high mass-to-light ratio systems,
appear to be more clustered on large scales than the late-type-poor clusters. A class of late-type-rich clusters is not
predicted by current theory.
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1. Introduction

Clusters of galaxies are the largest gravitationally bound
systems known. They are detectable over a large fraction of the
age of the universe, thus providing a testing ground for
cosmology (Henry et al. 2009; Vikhlinin et al. 2009; Mantz
et al. 2010; Rozo et al. 2010; Clerc et al. 2012; Benson et al.
2013), for the history of the agglomeration of matter (Jing
et al. 1998; Peacock & Smith 2000; Seljak 2000; Scoccimarro
et al. 2001; Berlind & Weinberg 2002; Zheng et al. 2005, 2009),
and for the description of galaxy evolution (e.g., Dressler 1980;
Lewis et al. 2002; Boselli & Gavazzi 2006; Haines et al. 2015).
They also constitute one of the key probes of dark energy for
ongoing and upcoming major photometric surveys (e.g., DES;
Flaugher 2005; LSST Science Collaboration et al. 2009).

Nowadays galaxy clusters are searched by algorithms (e.g.,
Pereira et al. 2017, hereafter Paper I; Wen et al. 2018) applied
on large databases coming from optical, X-ray, or millimeter-
band observations. It is generally agreed that clusters are
gravitationally bound systems of galaxies, which, in optical

surveys, are often separated into clusters and groups of galaxies
(e.g., Bahcall 2000, for a description). On a historical vein, we
note that Abell (1962) has remarked that “clusters of galaxies
range from rich aggregates to relatively poor groups, if these
can be classed as clusters.” In fact, we adopt in this work the
practice by some algorithm-based searches of galaxy systems
(e.g., Eke et al. 2004; Cucciati et al. 2010) of considering all
the detections in a single selection procedure without an a priori
separation between clusters and groups. The latter is physically
justified given the evidence that dark matter dominates the
mass budget of clusters, the claims of systems on different
scales with extremely high mass-to-light ratios (e.g., Simon &
Geha 2007; Proctor et al. 2011), and the possibility that dark
matter clusters on various scales (Nussinov & Zhang 2018).
Moreover, it is of interest to identify a sample of galaxy
systems, without priors on richness or galaxy content and open
to mass determinations. In this work we try to build one such
cluster sample in the low-z universe.

Algorithms that minimize the number of assumptions to find
optical clusters may lead to new insights and constraints for
cluster physics. This approach was adopted by Pereira et al.
(2017), who used a two-step algorithm (VoML+G) that starts
with the identification of galaxy overdensities, unconstrained to
the presence of BCGs, by a purely geometrical method
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(Voronoi) and then proceeds with the cluster identifications
through a radial velocity isolation criterion. The algorithm,
which does not use cluster parameterization and identifies
members within R200,

8 was tested and optimized through a
mock Two-Degree Field Galaxy Redshift Survey (Colless
et al. 2001; hereafter 2dFGRS) derived from the Millennium
cosmological simulations (Springel et al. 2005). Another
important result from Paper I was that the velocity dispersions
computed for clusters with 10 or more galaxies implied masses
compatible with corresponding mock clusters.

This paper reports the detection of 1901 galaxy clusters (the
full catalog) resulting from the application of the VoML+G
algorithm to the real 2dFGRS but focuses on the analyses of
clusters with at least 10 galaxies that are thus open to mass
estimates. Because of its depth (z∼0.2) and width, blue
magnitude limit, known selection functions, and database
containing a proxy for galaxy type, the 2dFGRS is well fitted to
the application of the VoML+G algorithm and allows detailed
comparisons between the resulting clusters and previous
identifications done by several teams using a similar or
identical database. The expected completeness and purity rates
for our cluster catalog are ∼75% and ∼90%, respectively
(Paper I).

The three main achievements of this work are (i) the
identification of a volume-limited subsample of clusters with
10 or more member galaxies, and thus with mass estimates,
uniformly detected over redshift; (ii) the realization of a census
of cluster properties, including the late-type fraction, over this
volume; and (iii) the finding that the cluster population of the
subsample can be described by two components, one with
galaxy membership dominated by early-type galaxies (about
2/3 of the total), and one with membership dominated by late-
type galaxies (about 1/3 of the total). Existing major studies on
the galaxy content of clusters have used samples consisting of
several dozen cD or regular clusters (De Propris et al. 2004;
Fasano et al. 2012), which are known to be dominated by early-
type galaxies. Therefore, their measurements are related to the
cluster population component dominated by early-type galaxies
that we find. As for the second component, there have been
previous indications of a cluster population dominated by late-
type galaxies, notably by Oemler (1974); however, it is in this
paper that we establish their abundant presence in the relatively
local universe.

An exhaustive comparison between our cluster detections
and previous systematic searches in the related region, which
includes the recovery of Abell-like clusters, was conducted to
reassess the population of clusters to z∼0.10. For the
application of the VoML+G cluster finder we chose an
identical 2dFGRS database to the one used by Eke et al. (2004)
for their automatic search for 2PIGG groups. This allowed both
a general comparison of the 2PIGG groups with our clusters
and the comparison of individual clusters in a few regions of
the sky. We show that almost all of the VoML+G clusters have
counterparts in the 2PIGG catalog, albeit with quite different
characterization.

De Propris et al. (2002, hereafter DP02) were the first to
search for the Abell-type clusters within the 2dFGRS galaxy
database. They used a collation of clusters from the following
catalogs: Abell and ACO clusters (Abell et al. 1989), the
Automated Plate Measuring (Dalton et al. 1997; APM), and the

Edinburgh-Durham Cluster Catalogue (Lumsden et al. 1992;
EDCC). Based on catalog entries, they identified cluster
members within 1 Abell radius (RA)9 using a “double-gapping
filter” technique, with a velocity gap of 1000 km s−1. Many of
these Abell-like clusters, discovered through visual inspection,
have been found to be nearly virialized structures. VoML+G
rediscovers a large fraction of the DP02 clusters, whose
characterization agrees closely when compared with expanded
versions of the VoML+G clusters, from R200 to 1 RA.

Later, Robotham et al. (2010) reviewed the existing 2dF-
based catalogs of galaxy groups. They considered the 2PIGG
catalog of Eke et al. (2004), which is the largest sample of
groups within the 2dFGRS automatically generated through a
friends-of-friends (FoF) algorithm, together with the group
catalogs by Yang et al. (2005), Merchán & Zandivarez (2002),
and Tago et al. (2006). Although Robotham et al. (2010) found
differences between catalogs, as there is not a single correct
determination of the boundary of a galaxy group, they
concluded that both the 2PIGG and Yang et al. (2005) catalogs
describe the same galaxy base population for a given dark
matter halo, but with the 2PIGG including a more tenuously
associated population.

The structure of the paper is as follows. We specify in
Section 2 the adopted data set. Section 3 describes the basics of
the VoML+G cluster finder. In Section 4 we discuss the full
catalog of VoML+G clusters and show their consistency with
the 2PIGG groups. Section 5 describes the cluster catalog
(subset of Ng�10 and z<0.14 clusters) and considers the
recovery of REFLEX and DP02 Abell-like clusters together
with the correspondences with NED. In Section 6 the properties
of the catalog clusters are analyzed. Section 7 presents the
determination method of the fraction of late-type galaxies and
defines the statistical subsample of clusters. Section 8 analyzes
the properties of the clusters in the statistical subsample and
shows that they can be described by two population
components. In Section 9 we discuss the results and possible
interpretations. Section 10 contains our conclusions.

A cosmology with H0=70 km s−1 Mpc−1, � M=0.3, and
� � =0.7 is adopted throughout this paper.

2. The 2dFGRS Data

We use a subset of the final data release of the 2dFGRS. The
main survey covers about 1800 deg2 and is made out of two
continuous decl. strips, one in the southern Galactic hemisphere
spanning 90°×15°crossing the south Galactic pole (the SGP
section), and the other in the northern Galactic hemisphere
spanning 75°×10°along the celestial equator (the north
Galactic pole [NGP] section), having a median depth of
z=0.11 (Colless et al. 2001, 2003). Hereafter, unless explicit,
we refer indistinctly to clusters or groups to represent physical
associations of any number of galaxies.

We adopted the data set used by Eke et al. (2004) in their
2PIGG search of galaxy groups, containing 191,440 galaxies.
Their galaxy data set comes from the final 2dFGRS release after
removal of all the 2dFs having a redshift completeness less than
70% and then of all sectors (areas by the overlap of 2dFGRS
fields) with completeness inferior to 50%. Figure 1 shows wedge
diagrams corresponding to the selected galaxy sample and where
the particularities of the large-scale structure (LSS) for the north
and south strips of the survey can be appreciated.

8 R200=radius of a sphere whose mean density is 200 times the mean
density of the universe.

9 RA=1.7 arcmin/z∼2.14 ��h70
1 Mpc.
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Colless et al. (2001, 2003) provide a quality parameter Q in
the integer range of 1–5 for all the 2dFGRS survey redshift
identifications; Q�3 redshifts are 98.4% reliable and have an
rms uncertainty of 85 km s−1.

Galaxies included in the 2dFGRS have their nominal
extinction-corrected magnitude bJ

10 within the 13.5–19.45
interval. The faint magnitude limit actually fluctuates from field
to field, the effective median limit over the area of the survey
being estimated at bj∼19.3 (Colless et al. 2001). Our input
database contains only galaxies with Q�3, and we adopt a
lower limit of z=0.009 for the selected data set since at
smaller redshifts the 2dF contains mostly galaxies belonging to
the Local Supercluster. The magnitudes we use from the
database are the final bJ magnitudes with extinction correction.

The redshift completeness (Cz) is the ratio between the
number of galaxies with redshifts of quality Q�3, within an
area of interest, and the respective number of galaxies in the
parent catalog. The overall redshift completeness for galaxies
with Q�3 is 91.8%, but this varies with bJ magnitude from
99% for the brightest galaxies to 90% for objects at the survey
magnitude limit. The cluster’s Cz are determined using
information from the 2dF database within areas 1°in radius
centered on the cluster’s centroids. Valid statistical comparison
of Cz values requires the definition of a common sampling area,
and we have followed the choice by the 2dF team (Colless et al.
2003).

The default 2dFGRS spectral classification parameter η was
introduced by Madgwick et al. (2002), which identifies the
average emission- and absorption-line strength in the galaxy
rest-frame spectrum. Madgwick (2003) showed that the early-
type (elliptical, S0) and late-type (spiral, irregular) galaxy
populations can be separated through a particular η threshold.
The η parameter is listed in the 2dFGRS database for nearly all
(∼99%) of the galaxies.

3. The Algorithm

The VoML+G (Pereira et al. 2017) algorithm consists of two
highly decoupled stages and does not parameterize the galaxy
systems. In its first stage VoML+G finds the density peaks in
the 2dFGRS galaxy database using a Voronoi Tessellation (VT),

and then through a maximum likelihood method (MLE),
adopted from a 2D version (Allard & Fraley 1997), it identifies
structures consisting of at least two galaxies. The VT-MLE is
locally adaptive, as the local density used for the generation of
structures is computed within spheres 35 ��h70

1 Mpc in radius
centered on the density peaks. The structures cannot share
galaxies, thus biasing the selection toward more isolated
systems, or exceed 2RA in size. The centroids of the identified
galaxy structures are the input for the second stage (GapperR200)
of the algorithm, which is the one that identifies the
gravitationally bound systems that are called clusters indepen-
dently of their membership. The upper limit to the number of
clusters is set by the first stage. At the start, GapperR200 selects
the galaxies within 0.5 h−1 Mpc and 4500 km s−1 of the
centroids of the structures and that are separated from each
other by less than an initial velocity gap, which are filtered by an
iterative process designed to compute R200. The aforementioned
parameters were determined in Paper I through an optimization
process that involved running the VoML+G code multiple times
over a mock 2dFGRS and comparing the resulting clusters
against the “mock clusters” whose dark matter halo masses
ranged across the � q � q��

�:… M h1.0 10 1.0 1012 15 1 interval. Inter-
estingly, their adopted optimal velocity gap (1000 km s−1),
crucial for the determination of gravitational bound systens, is
coincident with the one used by DP02 to recover semiautoma-
tically Abell-APM-EDCC clusters within the 2dFGRS.

The GapperR200 iterative process ends in either of two
cluster detection cases. A case a, —or “R200”—detection
occurs when the process converges to a system with at least
two member galaxies confined within an R200. The case a
clusters are likely virialized systems. When the iterative process
ends with a single galaxy, the candidate cluster is discarded
unless at the start of the iteration the cylinder 0.5 h−1 Mpc in
radius contained at least five member galaxies. The latter is a
case b —or “0.5 h−1 Mpc”—detection. The case b clusters are
likely to be unvirialized systems. So, case a solutions of the
GapperR200 stage of the algorithm occur when consistent
centroids, velocity dispersions, and virial radii are found, while
the case b solutions occur when the iteration fails to converge
into a single centroid, suggesting that these clusters may
present substructure. In Sections 5.1 and 8.5 we analyze the
observational properties of the case a and case b clusters.

Figure 1. Wedge diagrams representing the projected spatial distribution for the north section (left panel) and the south section (right panel) of the 2dFGRS galaxies
used in this work. The magnitude-limited character of the survey causes the decrease in galaxy density above z∼0.12.

10 Based on a IIIa-J photographic emulsion exposed through a GG395 filter.
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4. The Full VoML+G Cluster Catalog

The application of VoML+G to the selected 2dFGRS
database detected 1901 clusters with Ng�2 and z� 0.22.
They include a total of 15,652 galaxies, that is, 8.2% of the
galaxies in the data set. “Clusters” is the denomination used for
all the bound galaxy systems identified by the algorithm. They
may correspond, completely or partially, to entries in existing
catalogs of groups and/or clusters of galaxies.

The number of case a clusters is 581 and of case b clusters
is 1320.

The histogram of the number of galaxies (multiplicity) of the
VoML+G clusters is shown in Figure 2. It can be seen that
the majority of the clusters have between 2 and 25 galaxies.
The histogram of velocity dispersions of the VoML+G output
is shown in Figure 3. It can be seen that the bulk of σcz

spans from a few tens to 1000 km s−1 and that the distribution
peaks at ∼250 km s−1. There are two outlier clusters with
�T �� ��1000 km scz

1, possibly due to the presence of important
substructure.

The projected spatial distribution to zlim=0.14 of the
VoML+G clusters is displayed in Figure 4 through wedge
diagrams separately for the NGP and SGP sections of the 2dF
survey. The information on the cluster’s multiplicity and
velocity dispersion is coded in Figure 4 through the sizes and
color of the symbols representing the clusters, with the ranges
involved being specified in the figure itself. Walls, super-
clusters of galaxies, filamentary structure, and voids are
apparent in the figure. As a consequence of the brightness
limit of the 2dF survey, few clusters are detected beyond
z∼0.12, all of which have small multiplicities. The two rare
superclusters noted by Baugh et al. (2004), one in NGP at
z∼0.08 and especially the other in the SGP at z∼0.11, stand
out because of their large cluster space density and the high

multiplicity and velocity dispersion of the member clusters.
The Pisces–Cetus is another SGP supercluster, at z∼0.06,
easily recognized. Also in the SGP, we note an extended region
devoid of clusters at z∼0.05, possibly related to a reported
underdensity in the southern Galactic cap (De Propris et al.
2002; Whitbourn & Shanks 2014).

4.1. Correspondence with 2PIGG Groups

In this section it is shown that there are correspondences
between the VoML+G clusters and the 2PIGG groups, albeit
with characterizations that may differ considerably. Although the
VoML+G algorithm was validated already (Paper I) through a
mock 2dFGRS, such verification is a consistency check.

4.1.1. Statistics and Spatial Distribution

VoML+G was applied to exactly the same 2dF galaxy
database as the one used for the 2PIGG search for galaxy groups
(Eke et al. 2004). Eke et al. (2004) generated the 2PIGG catalog
that contains ∼29,000 groups (to zlim=0.25), which compose
about 55% of the galaxy database; however, they estimate that
∼40% of these groups may be interlopers. The VoML+G full
sample is about 15 times smaller than the 2PIGG catalog and
contains only 1/7 as many galaxies. Comparisons between the
2PIGG with other 2dF-based automatically generated catalogs,
performed by Tago et al. (2006) and Robotham et al. (2010),
have shown that 2PIGG contains a larger number of groups, an
effect that Robotham et al. (2010) interpreted to be due to
differences in the way group substructure was dealt and to the
biasing in some algorithms toward more compact and
gravitationally bound groups.

We searched for VoML+G clusters with correspondence
with at least one 2PIGG cluster. The adopted matching
criterion was an angular separation smaller than 2RA, and a

Figure 2. Histograms showing the distribution of multiplicities for clusters in
the VoML+G full catalog (Ng�2, z<0.14) by detection case; case a in red
and case b in blue. Nearly all the bound systems with 20 or more members are
case a.

Figure 3. Histogram showing the distribution of cluster velocity dispersions for
clusters in the VoML+G full catalog (Ng�2, z<0.14) by detection case,
case a in red and case b in blue. The distributions are similar, although clusters
with velocity dispersions beyond ∼900 km s−1 are all case a detections.
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radial velocity separation less than twice the largest cluster
velocity dispersion of the pair under comparison. We find that
∼90% (1706 out of 1901 clusters) of the VoML+G clusters
have a correspondence in the 2PIGG catalog, a fraction that
increases to 100% when only clusters with 10 or more member
galaxies are taken into account.

We then considered the statistics for clusters with at least five
galaxies and with redshifts in a range where the 2dF galaxy
density is large (z = 0.05–0.10). It is found that there are
872 VoML+G clusters that include 8109 galaxies (9.3 galaxies
per cluster), while 2PIGG has been reported by Robotham et al.
(2010) to contain 1535 groups with z = 0.05–0.10 that include

17,805 galaxies (11.6 galaxies per cluster). That is, for this
redshift range, 2PIGG finds twice as many groups as the VoML
+G algorithm, and they contain on average ∼25% more galaxies.

The spatial distribution of the VoML+G clusters is shown
through wedge diagrams in Figure 4, where we code the
cluster’s properties with the same symbols and ranges used by
Eke et al. (2004, their Figure 5) to display the space distribution
of the 2PIGG groups. In spite of the differences between the
VoML+G and 2PIGG algorithms, we find that the space
distributions of the respective clusters/groups are qualitatively
compatible, as they should be because they reflect the same
galaxy LSS.

4.1.2. Graphical Comparison of Detections

We have established that all the VoML+G clusters with
Ng�10 have at least one correspondence in the 2PIGG
catalog (Section 4.1). In order to get some insight on the
differences/similarities between the structures that these two
algorithms find in a given region of space, we explore the
groups found by 2PIGG in a region where a VoML+G cluster
lies. We address this question by graphically considering sky
regions centered on a few VoML+G clusters, with extent
several times (4×) the cluster size. For each cluster, represented
by its components and convex hull, the surrounding 2dF
galaxies within the redshift interval of the member galaxies are
displayed. Shown separately are the 2PIGG groups detected in
the same sky areas. Six clusters with Ng>45 (case a
detections) were selected from the VoML+G catalog (see
Section 5), four of which have correspondences with Abell
clusters and one with a galaxy group. The clusters are listed in
Table 1, ordered by increasing multiplicity, with the following
information: catalog number, angular coordinate of centroid,
mean redshift, number of members, velocity dispersion,
absolute magnitude of the brightest cluster galaxy, and
associated correspondence in the literature, if any.

The comparison between VoML+G clusters and 2PIGG
detections in the same regions reveals how similar/different the
solutions found by different algorithms can be. It has been
remarked already that the 2PIGG algorithm uses an FoF
method (Press & Schechter 1974) that is known to have a
tendency to overestimate the cluster’s multiplicities (see More
et al. 2011).

The graphical comparisons are shown in Figures 5 and 6,
where the right column displays the VoML+G clusters, whose
member galaxies are represented by blue dots and the circles
correspond to the R200 radii, and the left column displays the
detected 2PIGG groups in the same regions of the sky. The
galaxies not belonging to the VoML+G cluster are represented
by small black dots, and the bars in the lower right corner of the
panels representing the VoML+G clusters correspond to the

Figure 4. Projected spatial distribution of the clusters detected by the VoML
+G algorithm with two or more galaxies, for the NGP (top) and SGP sections
(bottom) of the 2dF survey. Cluster multiplicities and velocity dispersions are
coded in the display and their ranges specified in the boxes next to the cones.
Beyond z∼0.12, there are fewer clusters and with smaller multiplicities.
Three rare superclusters are apparent, two in the SGP and one in the NGP.

Table 1
Clusters for Comparison between 2PIGG and VoML+G Detections

VoML+G R.A. Decl. z Ng σcz Brightest Galaxy Close Cluster(s)
Catalog No. (deg) (deg) (km s−1) MbJ (mag) (NED Search)

82 37.68 −33.05 0.077 47 657 −21.8 A3027
129 155.09 −2.55 0.061 47 590 −21.3 LCLG-03 018
135 157.46 −1.75 0.035 57 1276 −21.3 None
33 10.58 −28.55 0.108 60 735 −21.98 A2811
213 194.99 −4.18 0.084 69 797 −21.99 A1651
123 153.46 −0.91 0.045 74 706 −22.24 A0957
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Figure 5. Right panels display the sky projection of the VoML+G cluster detections (all case a) listed in Table 1; large blue dots represent the identified member
galaxies, and black dots represent the surrounding galaxies. The circles have R200 radii, and the yellow-filled polygons are the convex hulls of member galaxies
corresponding to each cluster. Left panels display the same sky fields and galaxies as the right panels, but the orange-filled polygons represent the galaxy groups
detected therein by Eke et al. (2004) (2PIGG). The two algorithms detect overdensities in these example fields, although they are characterized differently. The bars in
the lower right corner of the right panels correspond to the cluster’s Abell radii.
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Out of the 207 clusters in the statistical subset, 74% (154)
are represented in NED as either galaxy clusters or groups. This
percentage coincides with the corresponding one for the Cluster
Catalog.

8. The Galaxy Content of Clusters in the Statistical Sample

8.1. Late-type Fraction Distribution

Figure 24 shows the distribution of late-type fraction for the
statistical subset. The curves displayed are the histogram
(normalized) and the kernel density estimate of the data. The
distribution strongly decays toward the extreme values of the
late-type fraction, an expected behavior as they represent limits
of the galaxy content in clusters. The distribution of late-type
fraction hints at a bimodality, with peaks close to 0.3 and 0.6.
The kernel density estimate shows this as a flattened peak
induced by the bandwidth selected (Silverman’s rule was used).
In order to test the bimodality, we used a Gaussian mixture
model (GMM; see Feigelson & Babu 2012; Ivezi� et al. 2014),
a model widely used in the search for underlying populations.

We perform fits to the data using a single-Gaussian
component model and a double-Gaussian component model.

We exclude in the fit clusters with fL equal to zero or one,
because the finite range of fL produces an excess of these
objects that cannot be accurately modeled using Gaussians, and
also they are more likely to be due to incomplete sampling.
We use AIC (Akaike Information Criterion; Akaike 1973;
Feigelson & Babu 2012) to choose the best model, where the
model with a lower AIC value is closer to the true distribution.
The AIC for the one-component model is −92, whereas the one
for the two-component model is −95, and therefore the two-
component model is the most likely. The parameters of the
two-component fit are given in Table 5, and Figure 24 displays
the fitted Gaussian components. We also apply a likelihood
ratio test for the null hypothesis of a single-Gaussian that gives
a p-value of 0.002, and therefore the null hypothesis is rejected
with a confidence level of 3σ. We conclude that the data
corresponding to the statistical subset support the notion of two
cluster populations in the late-type fraction distribution. One
with a peak fraction at ∼0.25, with few clusters with fL�0.4
but none attaining fL�0.6, is akin to the results found by
De Propris et al. (2004) for the fraction of blue galaxies in
Abell-like clusters. A second one implies a population with a

Figure 20. 1 arcmin postage stamp images from SDSS DR9 g-band images showing member galaxies belonging to the cluster VoML+G No. 129 (at z=0.061). The
number at the bottom of each stamp is the galaxy η value, and the predicted galaxy type is in its upper right corner. A visual inspection allows the verification that the
galaxy morphologies are in this case largely consistent with galaxy types predicted from the corresponding 2dFGRS spectroscopic indexes and separation cut at
η=−1.4 (see the text).
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peak fraction at ∼0.6, a result that is not reminiscent of
previous reports.

There is a possibility that clusters with lower multiplicity and
therefore with corresponding larger errors in the estimated late-
type fraction could affect the statistics of our previous analysis.

Figure 21. Scatter plot representing the VoML+G catalog clusters (Ng�10)
in the raw late-type fraction ( fL

o)–redshift plane. The symbol codes are the
same as in the previous figures. The known clusters span the � _ � � f0 0.7 L

o range
and intermix well with the new ones, while the new clusters span the whole fL

o

range (0–1). There are two regions devoid of clusters, indicated in gray, which
are understood to arise from selection effects (see the text).

Figure 22. Scatter plot in the absolute magnitude–redshift plane representing
all the member galaxies that belong to clusters in the VoML+G catalog
(Ng�10). Early-type galaxies are represented by red dots, and the late-type
galaxies are represented by blue dots. The region between the curves is where
galaxies may lie because of the flux limits of the 2dFGRS, and the thick
horizontal line marks the luminosity limit � � � �M 18.5bJ . Only galaxies within
0.04–0.09 (dashed vertical lines) and luminosities above the limit are used in
the analysis of the cluster’s late-type fractions.

Figure 23. Histogram of the differences between raw and proper (see the text)
late-type fractions for clusters in the VoML+G catalog (Ng�10). A cluster
proper fraction is computed considering only galaxy members with MbJ�−18.5.

Figure 24. Probability density of the late-type fraction for the VoML+G
statistical subset of clusters (Ng�10 within z = 0.04–009). We estimate
probability density using a normalized histogram (blue filled steps) and a kernel
density estimator (blue line). The observed distribution hints at the presence of
two modes. The fitted Gaussian mixture model (see the text) is shown using a
black solid line (full mixture). Each Gaussian component is shown using
dashed lines.
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matter halo assembly bias based on galaxy clusters in a z-range
of 0.1–0.33; in their study they defined two classes of clusters
through a structural parameter (packed and loose). Our finding
is reminiscent of the one by Miyatake et al. (2016), to the
extent that the two cluster classes identified in the present study
(late-type-rich and late-type-poor) are confirmed to be
embedded in different large-scale environments.

The recent observational result by Ricciardelli et al. (2017)
on the existence of correlations between a particular large-scale
environment, cosmic voids, and morphological segregation of
galaxies may be complementary for the interpretation of our
findings.

9.2. Future Work

Future detailed studies of the morphology of member
galaxies for a few representative VoML+G clusters through
deep imaging over extended areas could be used to check our
late-type fraction estimates and to characterize their large-scale
environments. Of considerable importance would be the
confirmation of the masses of the late-type-rich clusters
through gravitational lensing studies (e.g., Cypriano et al.
2004; Saez et al. 2016), independent of the cluster’s dynamical
states, over extended areas. Other desirable future work
includes (1) the improvement of the analysis of the selection
effects in the estimation of the correlation function per cluster
class, (2) the determination of limits on the X-ray emission
from the late-type-rich clusters, (3) the production of versions
of the VoML+G algorithm optimized to more recent redshift
surveys such as the SDSS (York et al. 2000) and GAMA
(Driver et al. 2011) galaxy redshift surveys, and (4) the
determination of the compatibility of these cluster classes with
� CDM cosmological numerical simulations.

10. Conclusions

The application of the VoML+G cluster finder (Paper I
Pereira et al. 2017) to the 2dFGRS galaxy sample (Colless et al.
2001) detected 1901 clusters with two or more galaxies (the
cluster full sample). Eighty-two percent of the Abell-APM-
EDCC clusters with 10 or more galaxies as reproduced
semiautomatically from the 2dFGRS by De Propris et al.
(2002, DP02) have matches in the VoML+G full sample.

The VoML+G full sample contains 341 clusters with 10 or
more member galaxies, which constitute the cluster catalog
presented in Table 2. Ninety-nine percent of them have one or
more correspondences in a well-studied catalog of galaxy
groups (2PIGG catalog; Eke et al. 2004) detected automatically
in the same 2dFGRS database. Approximately 25% of the
catalog clusters are “new” in the sense that they have not been
reported previously in the literature either as groups or as
clusters (NED).

From the comparison performed for six sky regions containing
VoML+G clusters with high multiplicity (Ng>45), we found
that the 2PIGG algorithm generates nearly the same galaxy
configuration when the cluster has a dense central region and is
surrounded by relatively few galaxies. When the overdensities are
not quite isolated, the 2PIGG algorithm merges in connecting
filaments with the cluster core, an effect that highlights a
difficulty of 2PIGG, and of FoF methods in general. We conclude
that the focus of the VoML+G algorithm on the cluster core
(R200) is the main reason why our detections largely avoid this
difficulty.

Nearly 50% of the clusters (166) in the VoML+G cluster
catalog have correspondences with the Abell-APM-EDCC
clusters in the list by DP02. The mean-z matching has an rms of
0.001 (3% relative rms). The comparison of multiplicities of
the expanded versions of the VoML+G clusters, from R200 to
1RA, with the DP02 determinations reveals a linear relation
with an rms scatter of 21 km s−1. The determined VoML+G
radial velocity dispersions (σcz) are considerably smaller than
the DP02 values by an average percentage difference of 93%.
Although DP02 used the same 1000 km s−1 velocity gap as us,
the explanation of the discrepancy resides in that they applied it
over the Abell radius, resulting in a larger probability of
including interlopers at large radii. We conclude that our focus
on the cluster core (R200) is the reason why we are not affected
by such interlopers when estimating the velocity dispersion.

Using the statistical subset consisting of 207 clusters, we
found that (i) 63% of the systems are dominated by early-type
galaxies (i.e., the late-type-poor clusters, fL<0.5) with a
corresponding mean multiplicity and logarithmic virial mass (in
units of Me) of 22±1 and 12.91±0.04, respectively; and
(ii) 37% of the systems are dominated by late-type galaxies
(i.e., the late-type-rich clusters, fL�0.5) with a corresponding
mean multiplicity and logarithmic virial mass (in units of Me)
of 15.7±0.9 and 12.66±0.07, respectively. The late-type-
rich clusters have less conspicuous brightest member galaxies
(by about 1 mag) and fewer and less spatially concentrated
galaxies. The statistical analysis of the data corresponding to
the statistical subset supports, with a 3σ confidence level, the
notion of two cluster populations in the late-type fraction
distribution, a conclusion that is reinforced when only clusters
with more than 20 galaxies are retained for the analysis. We
found mild evidence indicating that late-type-poor clusters tend
to have larger multiplicities in comparison with the late-type-
rich clusters and strong evidence that their brightest cluster
galaxies tend to be more luminous. The velocity dispersion
distributions for late-type-rich and late-type-poor clusters span
the same range of values, while the statistical tests provide mild
evidence that these distributions are different.

We used a counts-in-cells analysis (Peebles 1980) to
estimate the average two-point correlation function within the
volume of spherical cells for the statistical subset and
separately by cluster class. We found that late-type-rich
clusters have a higher mean correlation function than the full
statistical subset and than the late-type-poor clusters, thus
tentatively conclude that they are more clustered.

The identification of a late-type-rich cluster class plausibly
provides the remaining argument as to why the “new” clusters
had escaped detection before. In addition to the role of
incompleteness of catalogs and of the low multiplicity of the
“new” clusters, the fact that ∼1/2 of them are late-type-rich
clusters may be the clue to this riddle, the reason being that the
latter contain less packed, less luminous galaxies and have
galaxy contents closer to the � eld, which make them hard to
detect by the traditional methods.

The presence of an abundant (∼1/3 of the total), previously
unnoticed population of massive clusters in the local universe
can be further tested through deep imaging of a subset of the
late-type-rich clusters. Such observations over extended areas
could be used to determine late-type fractions, to characterize
their LSS environments, and to deduce mass distributions by
gravitational lensing studies of these areas. Furthermore, of
considerable interest would be studies to establish limits on the
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