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ABSTRACT

Compact groups (CGs) of galaxies are defined as isolated and dense galaxy systems that
appear to be a unique site of multiple galaxy interactions. Semi-analytical models (SAMs)
of galaxy formation are a prime tool to understand CGs. We investigate how the frequency
and the 3D nature of CGs depends on the SAM and its underlying cosmological parameters.
Extracting nine light-cones of galaxies from five different SAMs and selecting CGs as in
observed samples, we find that the frequency and nature of CGs depends strongly on the
cosmological parameters. Moving from the WMAPI to the WMAP7 and Planck cosmologies
(increasing density of the Universe and decreasing normalization of the power spectrum), the
space density of CGs is decreased by a factor 2.5, while the fraction of CGs that are physically
dense falls from 50 to 35 per cent. The lower og leads to fewer dense groups, while the higher
Q, causes more chance alignments. However, with increased mass and spatial resolution,
the fraction of CGs that are physically dense is pushed back up to 50 per cent. The intrinsic
differences in the SAM recipes also lead to differences in the frequency and nature of CGs,
particularly those related to how SAMs treat orphan galaxies. We find no dependence of CG
properties on the flux limit of the mock catalogues nor on the waveband in which galaxies are
selected. One should thus be cautious when interpreting a particular SAM for the frequency

and nature of CGs.

Key words: methods: numerical — galaxies: groups: general — methods: statistical.

1 INTRODUCTION

Compact groups (CGs) of galaxies represent an extreme galaxy
environment where the space density of galaxies appears to be as
high as the cores of rich clusters, yet the CGs are designed to be
isolated. The high space densities and low velocity dispersions of
CGs make them the ideal sites for galaxy mergers (Mamon 1992)
and rapid interactions.

Since the first studies of CGs by Stephan (1877), Seyfert (1948),
Shakhbazyan (1973), and Robinson & Wampler (1973), the study
of these systems became an important research field in extragalactic
astronomy. The statistical properties of galaxies in CGs have been
determined thanks to the construction of CG catalogues (e.g.
Shakhbazyan 1973; Petrosian 1974; Rose 1977), and especially
the popular Hickson Compact Group catalogue (HCG, Hickson
1982, 1993, and references therein). Several subsequent attempts
were devoted to the construction of catalogues via automatic search
algorithms (e.g. Mamon 1989 for a search within the Virgo cluster

* E-mail: eugeniadiazz@gmail.com

yielding a single group; Prandoni, Iovino & MacGillivray 1994;
Focardi & Kelm 2002; Lee et al. 2004; McConnachie et al. 2009;
Diaz-Giménez et al. 2012; Hernandez-Fernandez & Mendes de
Oliveira 2015; Sohn et al. 2015, 2016; Diaz-Giménez, Zandivarez &
Taverna 2018).

The CG environment indeed appears special given the high fre-
quency of interacting galaxies within them (Mendes de Oliveira &
Hickson 1994). However, if CGs are as dense as they appear in
projection on the sky, their fractions of spiral morphologies are
much higher (Mamon 1986) suggesting either recent formation
(Hickson & Rood 1988) or pollution of the HCG sample by
CGs caused by chance alignments of galaxies along the line of
sight (Mamon 1986). In fact, chance alignments of galaxies within
much larger typical groups of galaxies are frequent enough to
roughly predict the frequency of isolated compact configurations
satisfying HCG criteria (Mamon 1986; Walke & Mamon 1989).
Moreover, the nearest CG satisfying the HCG criteria, found in
the automated search in the Virgo cluster (Mamon 1989, around
M60), is sufficiently close that redshift-independent distances are
precise enough to infer its 3D nature, and it turns out to be a chance
alignment (Mamon 2008).
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One can resort to cosmological simulations to infer the nature
and frequency of CGs. Several teams have extracted CGs using
semi-analytic models of galaxy formation and evolution (SAMs)
to this end. SAMs employ physical recipes to describe galaxies,
usually associated with the subhaloes of the haloes of a previously
run cosmological simulation (without gas). Given the positions of
galaxies at different time-steps, one can build a light-cone to derive
a mock observational sample of galaxies in redshift space (sky
position and redshift). One can then run an algorithm to extract
CGs from this light-cone.

In recent years, numerous works have embraced the task of com-
paring results from different SAMs applied on the same simulations,
looking for similarities and/or differences. For instance, Maccio
et al. (2010) studied the radial distribution and luminosity function
(LF) of Milky Way satellites using three SAMs. Dariush et al.
(2010) and later Snaith et al. (2011) studied the difference between
first and second most luminous galaxies in groups using two or
more SAMs. Diaz-Giménez & Mamon (2010, hereafter DGM10)
analysed the properties of CGs extracted from three different SAMs,
all of them applied on the Millennium I Simulation (Springel et al.
2005). DGM10 found that the fraction of CGs that were not truly
dense in real space varied from 1/4 to 2/5 depending on the SAM.
Using the same simulation, De Lucia et al. (2010) found that
different treatments of galaxy mergers in SAMs led to different
merger time-scales, with important implications for the formation
and evolution of massive galaxies. More recently, Lu et al. (2014)
used the merger trees extracted from the Bolshoi simulation (Klypin,
Trujillo-Gomez & Primack 2011) as input of three SAMs. They
concluded that, in spite of the different parametrizations of star
formation and feedback processes, the three models yielded similar
qualitative predictions for the evolutionary history of galaxy stellar
masses and star formation. Contreras et al. (2013) analysed the
two-point correlation function of galaxies in two different SAMs,
concluding that the one-halo term [pairs in the same dark matter
(DM) halo] is sensitive to the subhalo finder, which affects the radial
distribution of galaxies. Gozaliasl et al. (2016, 2018) studied the
evolution of the brightest group galaxy stellar mass, star formation
rate, and its contribution to the total baryonic mass of the haloes
in four different SAMs run on the Millennium I simulation and
compared their predictions with observations. They found that
SAM:s predictions show difficulties to reproduce the evolution of
the brightest group galaxy stellar mass as well as the fraction of
baryonic mass for z > 0.6.

The study by Knebe et al. (2015) was the first of a series com-
paring 12 different SAMs as well as two halo occupation models.
They found that, without calibration, the 14 models show important
scatter in stellar mass functions (SMF), stellar—halo mass relations,
and specific star formation rates, which they show to originate to the
difference in cosmological parameters and the different treatments
of orphan galaxies. Asquith et al. (2018) extended this study to
higher redshifts and to a comparison with observations, to conclude
that many models require a physical recipe dissociating the growth
of low-mass galaxies from that of their DM haloes. Finally, Pujol
et al. (2017) found that the clustering of galaxies depends on the
treatment of orphan galaxies.

Several studies used SAMs to understand the nature and fre-
quency of CGs. McConnachie, Ellison & Patton (2008) found that
30 per cent of CGs selected in projection on the sky (before using
redshift information) are physically dense in 3D. As mentioned
above, DGM10 found that from 3/5 to 3/4 of CGs selected
after redshift filtering of obvious interlopers are physically dense,
depending on which of the three SAMs they analysed. This was

the first study to consider galaxies as extended instead of point
masses and consider possible blending of nearby galaxies close
aligned along the line of sight. Moreover, DGM10 found that the
frequency (space density) of CGs was roughly 10 times higher
in the simulations than observed, suggesting that the HCG sample
was 90 per cent incomplete, mainly in groups dominated by a single
galaxy (as previously noted by Prandoni et al. 1994). In subsequent
studies by our team (Dfaz-Giménez et al. 2012; Diaz-Giménez &
Zandivarez 2015; Taverna et al. 2016; Diaz-Giménez et al. 2018),
CGs were extracted from the public outputs of different SAMs based
on different physics or from those of older SAMs run on the DM
haloes extracted from cosmological simulations run with different
cosmological parameters. These studies led to different fractions of
physically dense groups.

This variation in the fractions of physically dense CGs on one
hand and of the frequency of CGs on the other has motivated
us to perform a thorough study on how the SAM and its parent
cosmological simulation affect our interpretations of CGs.

In this work, we use several publicly available SAMs that have
not been tailored to specifically reproduce physical properties of
extreme galaxy systems such as CGs. We test the performance of
the different SAMs run on different cosmological simulations when
identifying CGs. The majority of the models used here are part of the
Millennium run simulation project (Lemson & Virgo Consortium
2006). To improve our comparison, we have also included a SAM
that was implemented in a different large cosmological simulation
performed by the MultiDark project' (Knebe et al. 2018).

The layout of this work is as follows. We present the SAMs in
Section 2. In Section 3, we explain how we built the mock light-
cones and their main properties, while in Section 4 we describe the
construction of the CG samples. Finally, we discuss our results in
Section 5 and summarize our conclusions in Section 6.

2 SEMI-ANALYTICAL MODELS OF GALAXY
FORMATION

SAMs encompass the main physical processes that govern the
formation and evolution of galaxies in a set of parametrized,
self-consistent, and iterative differential equations. Some of these
processes are gas infall and cooling, reionization of the Universe,
star formation, growth of the central black hole, feedback by
active galactic nuclei (AGNs) and supernovae (SNe, chemical
enrichment), mergers of galaxies, photometric evolution, among
others. In practice, these equations describe how the baryons move
between different reservoirs of mass (haloes of DM). Through an
analytical treatment, these baryons are related to the merger trees
and are followed back in time. The parameters of the models are
tuned in order to obtain results that approximate in the best possible
way the main observational properties of the galaxy population of
the local Universe, such as colour, luminosity, and/or SMF, or even
at higher redshifts.

The galaxy properties that SAMs try to reproduce may be affected
by the physical recipes used in these models. For example, in SAMs,
feedback from AGN reduces the luminosity and stellar mass of the
brightest galaxies, while SNe are more effective in removing gas
from low mass galaxies, thus decreasing their star formation rate.
By taking into account AGN, SNe, and other physical processes,
SAMs have succeeded in reproducing many important observable
properties of galaxies. However, these physical processes were

Thttps://projects.ift.uam-csic.es/multidark/
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treated in different ways by different authors, resulting in different
solutions to the problem of galaxy formation, and the agreement
with observations may be fortuitous as the modelling of physical
recipes is probably oversimplistic in all SAMs.

We analysed four SAMs run on the Millennium simulation (MS,
Springel et al. 2005), two SAMs run on the Millennium simulation
II (MSII, Boylan-Kolchin et al. 2009), and one SAM run on the
Multidark Simulation (MDPL2, Knebe et al. 2018). These SAMs
are those of:

(i) De Lucia & Blaizot (2007) run on the original MS with its
WMAPI cosmology (Spergel et al. 2003);

(i1) Guo et al. (2011) run on the original MS;

(iii) Guo et al. (2011) run on the higher resolution (and smaller
box) MSII;

(iv) Guo et al. (2013) run on the MS with a WMAP7 cosmology
(Komatsu et al. 2011);

(v) Henriques et al. (2015, L-Galaxies), run on the MS re-scaled
to the Planck cosmology (Planck Collaboration et al. 2016);

(vi) Henriques et al. (2015) run on the MSII re-scaled to the
Planck cosmology;

(vii) Cora et al. (2018, SAG), run on the MDPL2 with Planck
cosmology.

In Appendix A, we quote the queries used to retrieve data from
the public outputs of the SAMs. Following Guo et al. (2011),
Knebe et al. (2015), and Irodotou et al. (2019), we retrieved
galaxies from the data bases with stellar masses larger than ~
10° Mg (7 x 108 h~' M) for the MS- and MDPL2-based SAMs,
and stellar masses largen than ~ 108 My (7 x 10" h=' M) for
the MSII-based SAMs. In Table 1, we list the different SAMs
with their corresponding parent simulations and cosmological
parameters.

We now illustrate the differences in outputs of the seven SAMs
according to their SMF, LF, morphological fractions versus stellar
mass, and two-point correlation functions, all measured in their last
snapshot, roughly corresponding to z = 0.

Fig. 1 shows the SMF of the seven SAMs compared to the
observations from the Sloan Digital Sky Survey (SDSS) and Galaxy
and Mass Assembly (GAMA) surveys compiled by Henriques et al.
(2015). From these comparisons, we see that DLB® overproduces
galaxies with low and high stellar masses. G11° used the SMF
s calibration of their SAM, and therefore they obtained a better
agreement, although it still overproduces galaxies at the highest
end of the SMF. G13® achieve a very good agreement with the
observations in the whole range of stellar masses, while Hrl"
shows a slightly lower density of galaxies near the characteristic
stellar mass. In the Millennium II, GII® performs really well in
the whole range of masses, while HrII’ underproduces galaxies at
the highest end of the SMF, but works well for masses lower than
~ 10'93 Moh=2. Lastly, SAG® overproduces galaxies at the highest
end of the SMF while it lacks galaxies at the knee of the SMF. All
SAM:s but DLB have used the observational SMF as calibration of
their SAMs. Hrl, Hrll, and SAG have used the observations shown
in this figure, while G11 and G13 have used some of the data that
conform the compilation of observations performed by Henriques
et al. (2015).

Fig. 2 compares the z = 0 r-band LFs for the seven SAMs to the
observational data by Blanton et al. (2005) using the SDSS Data
Release 2 (SDSS DR2, Abazajian et al. 2004). Since we have chosen
to work with samples that are complete in stellar masses, the LFs of
these galaxies in the boxes show incompleteness at low luminosities,

MNRAS 492, 2588-2605 (2020)

being complete up to M, — Slogh ~ —17 for MS-based SAMs
and SAG, and M, — Slogh ~ —15 for the two MSII-based SAMs
(GII® and HrlI®). Relative to the observations, the SAMs generally
reproduce reasonably well the LF. In particular, DLB® overpredicts
both the bright end of the LF and the range of luminosities above
the knee (M*). Meanwhile, G11°, G13> and HrI® match well the
observed LF around M* and brighter, but underpredict the LF at
low luminosities (M, ~ —18). GII® shows a good match to the
observed LF for galaxies more luminous than M, = —17, while
HrlII® underpredicts the bright end of the LF. Although these SAMs
show a lack of galaxies at the faint end of the LF, both succeeded to
mimic the steeper LF for fainter galaxies of the observational data.
Finally, SAG® overpredicts the bright end of the LF, but matches well
the observed LF for galaxies fainter than M*. Note that adopting
luminosity-limited samples instead of mass-limited samples does
not change the conclusions of this work. Indeed, the use of flux-
limited samples, presented in the next section, dramatically reduces
the effects of the lower end of the LF or SMF on our results.

Fig. 3 shows the morphological fraction of galaxies as a function
of stellar masses in each SAM compared to those obtained by
Conselice (2006) for galaxies in the Third Reference Catalogue of
Bright Galaxies (RC3, de Vaucouleurs et al. 1991). Morphological
types for synthetic galaxies have been defined according to the bulge
to total stellar mass ratio, as follows:

Elliptical galaxies: Myyige/M* = Ejim,
Spiral galaxies:Sim < Mpuige/M* < Ejim, and
Irregular galaxies: Mpyige /M*™ < Siim,

We adopted limiting values Ej;,, and Syip, to obtain the best recovery
of the observational data: Sy, = 0.03 and Ej,, = 0.7 for DLBP,
G11°, G13P, GII®, and HrII’s (Guo et al. 2011), Sjim = 0 and Eji, =
0.7 for HrI® (Bertone, De Lucia & Thomas 2007), while Sy, = 0 and
Ejim = 0.85 for SAG (Cora et al. 2018). The MS SAMs reproduce
fairly similar morphological mixes as observed. On the other hand,
GII® and HrlI® tend to overpredict the fraction of spiral galaxies
for low stellar masses (from 8 to 9 h™! M), HrII® underpredicts
the fraction of spiral galaxies at intermediate masses, while SAG®
underpredicts the fraction of spiral galaxies at the highest and lowest
ranges of stellar masses.

In our final illustration of SAMs, Fig. 4 shows the two-point
correlation functions of galaxies at z = 0 predicted by the SAMs
computed with the estimator developed by Landy & Szalay (1993)
using the tpcf function in the package Halotools (Hearin et al.
2017). We split the sample of galaxies in bins of absolute magnitude
to compare with the re-constructed real-space two-point correlation
functions computed by Shi et al. (2016) from SDSS DR7 galaxies
(Abazajian et al. 2009). This comparison shows that the SAMs of
Henriques et al. (2015, HrI® and HrlI®) provide the best recovery
of the observed correlation functions in most of the magnitude
ranges for the full range of scales. In contrast, SAG® underpredicts
the clustering of galaxies at small scales (r < 14~ Mpc) in all
the magnitude ranges, while G11° overpredicts the clustering in
those scales and beyond. G13® and DLB® perform rather well at
different scales depending on the magnitude range. Note that none
of the SAMs used in this work have used the correlation function
to calibrate their results.

Differences in the recipes to build halo merger histories, and in
the treatment of the orphan galaxies (hence the fraction of these
galaxies in each z = 0 box of the SAM) has a direct impact in
clustering, mainly at small scales (Contreras et al. 2013; Pujol et al.
2017), and thus could be the reason for the differences observed
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Table 1. SAMs studied in this work.

Author Acronym Cosmology Simulation Limits
Name Qm h og Name Box size € log my log M*
[h~'Mpe]l  [h~'kpe]  [A' Mol [hT'Mo]
)] (@3 3 “ (&) (6) ) ® ® (10) (1)
De Lucia & Blaizot (2007) DLB® WMAPI 0.25 0.73 0.90 MS 500 5 8.94 8.85
Guo et al. (2011) G11° WMAPI 0.25 0.73 0.90 MS 500 5 8.94 8.85
Guo et al. (2011) GII® WMAPI 0.25 0.73 0.90 MSII 100 1 6.84 7.85
Guo et al. (2013) G13b WMAP7 0.27 0.70 0.81 MS 500 5 8.97 8.85
Henriques et al. (2015)* Hrl® Planck 0.31 0.67 0.83 MS 480 5 8.98 8.85
Henriques et al. (2015)* HrlIP Planck 0.31 0.67 0.83 MSII 96 1 6.89 7.85
Cora et al. (2018) SAG® Planck 0.31 0.68 0.82  MDPL2 1000 13—>5 9.18 8.85

Notes: The columns are: (1): authors; (2): acronym of SAM; (3): cosmology of parent simulation; (4): density parameter of parent simulation; (5): dimensionless
z = 0 Hubble constant of parent simulation; (6): standard deviation of the (linearly extrapolated to z = 0) power spectrum on the scale of 8 2~ Mpc; (7):
name of parent simulation (MS = Millennium I, MSII = Millennium II, MDPL2 = MultiDark Planck 2); (8): periodic box size of parent simulation; (9):
force softening of parent simulation (the force softening of MDPL2 varies from 13 A~" kpc at high redshift to 5/~ ! kpc at low redshift); (10): log particle

mass of the parent simulation; and (11): lower limit of stellar mass of galaxies. The ‘b

>

superscript in the acronyms stands for ‘box’ (to distinguish from

light-cones built in Section 3). More accurate values for the simulations can be found at http://gavo.mpa-garching.mpg.de/Millennium/Help/simulation and

https://www.cosmosim.org/cms/simulations/mdpl2/.

*Hrl and Hrll SAMs were run on re-scaled versions of the original MS (hence, the different box sizes and particle masses).
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Figure 1. Galaxy stellar mass functions in the simulation box at z = 0
for different SAMs (curves) compared with the observational computation
of Henriques et al. (2015) for the combined observational data from SDSS
(Baldry, Glazebrook & Driver 2008; Li and White 2009) and GAMA (Baldry
et al. 2012) catalogues (symbols).

in this figure. We examined the fraction of orphan galaxies in the
z = 0 boxes in each of the four absolute magnitude bins shown
in Fig 4. We found that, in all four magnitude bins, SAG® has a
smaller fraction of orphan galaxies than the MS-based SAMs. In
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Figure 2. Luminosity functions of galaxies in the simulation box at z = 0
in the SDSS r band for different SAMs (curves, acronyms given in Table 1)
and extracted from the SDSS DR2 observations by Blanton et al. (2005,
symbols).

Appendix B, we analyse the orphan population in each box and
show, in Fig. B1, the fraction of orphan galaxies for each SAM as
a function of absolute magnitude and stellar mass.
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Figure 3. Fractional contribution of morphological types [elliptical (red),
spiral (blue), and irregular (cyan)], as a function of stellar mass in one
simulation box at z = 0. Lines show the fractions obtained for the different
SAMs of galaxy formation (labelled according to acronyms in Table 1)
for the ellipticals (solid), spirals (dashed), and irregulars (dotted). The
observations (symbols) were computed by Conselice et al. (2006) from
the RC3.

2.1 Friends-of-friends groups

We also identified normal groups of galaxies in real space in each
output of the simulation boxes by means of a friends-of-friends
algorithm (Davis et al. 1985), which basically links galaxies whose
3D inter-particle distances are less than a given linking length D(z).
The linking length is related to the overdensity of virialized haloes
relative to the mean density of the Universe, which is a function
of the cosmology and redshift. The enclosed overdensity of haloes
was taken from Weinberg & Kamionkowski (2003):

1 0.941
1+ 0.399 —1
( Qm(Z) ) :|
with

(-1~ (&- e
Qm(2) “\Q ‘

For the different cosmologies used in this work, the enclosed
overdensity of virialized haloes at z = 0 are 377 for WMAPI, 358
for WMAP7, and 328 for Planck. The relation between the contour
overdensity and the enclosed overdensity of virialized haloes is

Avir(z) = 187
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Figure 4. Real-space galaxy two-point correlation functions in the z = 0
simulation box for the different SAMs (lines). Each SAM sample was
restricted to match the limits of the observational sample shown between
brackets in this plot (in the top left panel the sample HrIIP was not included
given the small number of galaxies in that magnitude range). The symbols
correspond to the re-constructed real-space correlation function for the
SDSS DR7 galaxies determined by Shi et al. (2016).

defined by Courtin et al. (2011) as:

Ayir(2)
178

Following Zandivarez et al. (2014b) , we adopted by = 0.14. Finally,
the linking length used to find neighbours is computed as D(z) =
b(2) lhox/ Ng'f, where [pox is the box size and Ny, is the number of
galaxies in the box. For instance, the values of the linking lengths at
z=~0are D(0) = 322, 363, 251, 372, 401, 278, and 394 h~! kpc
for DLB®, G11°, GII°, G13°, HrI, HrII> and SAGP, respectively.
The galaxy groups identified in the boxes will be used in this work
only as proxies to classify different families of CGs.

%o(z) =b7@)=by’° (0.24 + 0.68)

3 MOCK GALAXY LIGHT-CONES

For each of the galaxy catalogues listed in Table 1, we constructed
all-sky (i.e. 4 7t sr) mock light-cones, following a similar procedure
as Zandivarez et al. (2014a). The light-cones were built from the
synthetic galaxies extracted at different redshifts from different
outputs of the simulations to include the evolution of structures and
galaxy properties with time, and having into account for repeated
or missing galaxies caused by movements between different snap-
shots. Absolute magnitudes were interpolated between different
snapshots. Since the SAMs provide the galaxy absolute magnitudes,
to compute the observer-frame apparent magnitudes it is necessary
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Table 2. CGs identified in light-cones.

Sample Light-cones

Photo Mag. Number of Number of

bands limit galaxies CGs
DLB r 17.77 3757143 3387
Gl11 r 17.77 3149024 3175
GII r 17.77 3214602 2558
G13 r 17.77 2982462 1682
Hrl r 17.77 3087401 1291
Hrll r 17.77 2519119 800
HkI K 13.57 632224 251
Hrlc r 16.54 611008 276
SAG r 17.77 2941613 723
cDLB r 17.77 3757143 1812
cHrl r 17.77 3087401 684
SDSS r 17.77 557517 462
c2MASS K 13.57 408618 85

Notes: HKI: the same as Hrl but built using the K photometric band.
Hrlc is built similarly to Hrl but with a different apparent magnitude
limit. The numbers of CGs are deduced from the new CG finder of Diaz-
Giménez et al. (2018). cDLB: classic CG finder on DLB light-cone;
cHrl: classic CG finder on Hrl light-cone. SDSS: observational results
from Diaz-Giménez et al. (2018) within a solid angle of 0.66 7tsr; c2MASS:
observational results from Diaz-Giménez et al. (2012) within a solid angle
of 2.3 7tsr.

to include a k-decorrection procedure, which was done following
the recipes described in Diaz-Giménez et al. (2018).

We built nine different light-cones using different parent DM
— only simulations, resolutions, SAMs, wavebands, and depths to
understand the influence of the cosmological parameters as well as
resolution, CG algorithm etc. Most of our light-cones are limited
to an apparent observer-frame SDSS AB magnitude of r < 17.77.
But we also built a light-cone by selecting galaxies in the K, band?
with apparent magnitude limit of K, = 13.57. Another light-cone
is limited to » < 16.54, which is the equivalent limit in the r band
to the Two Micron All Sky Survey (2MASS) K, limit. The total
number of galaxies in each light-cone is quoted in Table 2. Fig. 5
shows a comparison of the normalized redshift distribution of each
of the light-cones with apparent magnitude limit of r < 17.77 and
redshift® z < 0.2 with the observational redshift distribution of the
galaxies in the SDSS DR12 compiled by Tempel et al. (2017). The
seven light-cones built from different SAMs all lead to a good match
of the redshift distribution, except that they all underestimate the
numbers of galaxies in the range 0.14 < z < 0.2.

4 THE COMPACT GROUP SAMPLES

We identified mock CGs in the galaxy light-cones following the
basic criteria defined by Hickson (1982) and Hickson et al. (1992).
We used the new CG finding algorithm of Diaz-Giménez et al.
(2018). Basically, the CG finder looks for groups that obey the
following constraints:

[membership] between 4 and 10 members within a magnitude
range of three from their brightest galaxy (4 < N(Am < 3) < 10);

2We converted the magnitudes in the SAM from the AB to Vega system to
mimic the 2MASS magnitudes.

3The redshift limit was imposed only to build this figure to perform a fair
comparison with the observational data.

DLB
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Figure 5. Normalized redshift distributions of galaxies in the light-cones
limited to observer frame apparent magnitude rji,m = 17.77. For the sake of
comparison, light-cones (curves) were also limited to redshift of zjj;m = 0.2.
Black histograms corresponds to the SDSS DR12 data compiled by Tempel
et al. (2017) using the same magnitude and redshift limits.

[flux limit] group brightest galaxy at least 3 mag brighter than
the limiting magnitude of the parent catalogue (m, < myy, — 3) to
ensure that all CGs span the my — m, = 3 range of magnitudes.

[compactness] mean surface brightness averaged over the
smallest circle that circumscribes the member galaxy centres above
threshold ug < Wiim;

[isolation] no galaxies in the same range of redshift of the galaxy
members, within the considered magnitude range or brighter, and
within three times the size of the smallest circumscribed circle
(®n > 30q);

[velocity concordance] all the galaxy members with concordant
radial velocities (less than 1000kms~' from the median radial
velocity of the group centre).

The value of wuj, (surface brightness limit) depends on the
photometric band in which the selection is made. We worked in two
different wavebands, and therefore these values vary accordingly.
For catalogues in the SDSS-r band, we adopted )i, = 26.33, while
the equivalent value for the sample identified in the K band is ptjim =
23.6 (for a full description, see Taverna et al. 2016). The limiting
magnitudes, myy,, are quoted in Table 2.

Until recently, Hickson-like CGs have been usually identified in
two steps: first, groups were identified in projection in the plane of
sky; and second, a velocity filter was applied to the projected groups.
This method has the drawback that CGs with distant background
or foreground galaxies lying just outside are rejected, leading to
highly incomplete samples. Our new CG finder (Diaz-Giménez
et al. 2018, DGZT18) identifies CGs directly in 2 4 1D redshift
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Figure 6. Distributions of properties of CGs identified in different light-cones. Left, top to bottom: heliocentric velocity, median projected intergalactic
separation, angular diameter, and magnitude gap between the two brightest galaxies. Right, top to bottom: line-of-sight velocity dispersion estimated via the
gapper estimator (Beers, Flynn & Gebhardt 1990), crossing time, projected radius, mean surface brightness (for samples identified in the K band, the surface
brightness has been increased by 2.73 mag to compare the r band of the other SAMs). The waists, tops, and bottoms of the coloured boxes indicate the median
values, and the 75th and 25th percentiles, respectively, the widths of the boxes are proportional to the numbers of CGs, while notches show the 95 per cent
confidence interval. For comparison, we also show the CGs properties for two observational samples: the SDSS (identified by Diaz-Giménez et al. (2018)
with the new CG finder) and the 2MASS (identified by Diaz-Giménez et al. (2012) with the classic CG finder). In Table C1, we show how SAMs compare to

observational catalogues.

space, thus avoiding losing such CGs, which more than doubles the
completeness (see DGZT18). In the present study, we focus on the
new CG finder, but also show results using the so-called classic
algorithm, using a ‘c’ prefix to name the samples obtained with that
algorithm.

While galaxies in the mock light-cones are just point-sized par-
ticles, observed galaxies are extended objects. Following DGM 10,
we have therefore included the blending of galaxies in projection
on the plane of the sky, which modifies the number of detectable
galaxies and changes the population of CGs. We computed their
half-light radii in the r and K bands as a function of the stellar mass
of each mock galaxy following the prescriptions of Lange et al.
(2015) for different morphological types. Finally, we considered
that two galaxies are blended if their angular separation is smaller
than the sum of their angular half-light radii (DGM10). The number
of CGs identified in each light-cone is quoted in Table 2.

Fig. 6 shows the distribution of different properties of CGs in
all the light-cones in form of boxplot diagrams (McGill, Tukey &
Larsen 1978; Krzywinski & Altman 2014). We also included the
properties for CGs extracted in the K band from the 2MASS

MNRAS 492, 2588-2605 (2020)

catalogue by Diaz-Giménez et al. (2012) using the classic algorithm
(labelled as c2MASS), and the sample of CGs identified by Diaz-
Giménez et al. (2018) using the newest version of the finder
algorithm in the » band in the SDSS DR12 (labelled as SDSS). Two
of the properties shown in this figure are explicitly dependent on the
distance (v, ®¢), therefore, the samples extracted from HkI, Hrlc,
and c2MASS show differences in these properties by construction.

For all the other properties with no dependence on the distance,
from this figure, we observe that there is not a large spread
between the physical properties computed from different SAMs and
observations. A detailed statistical analysis (using the Kolmogorov—
Smirnov two-sample test and the 95 per cent confidence intervals for
the medians) allow us to perform a more quantitative comparison
between in CG properties between SAM and observed samples
(see Table C1). From this analysis we can highlight the following
results: when using the classic algorithm, both SAMs (DLB and HrI)
reproduce the observational CG properties quite well; when using
the modified algorithm Hrl, HkI, and Hrlc CG samples reproduce
fairly well several observational properties (djj, M, — M, rp, and 1),
but not others (o, Hy f., and ). Also, some different behaviours
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can be observed when comparing SAMs versus SAMs. For instance,
samples identified with the classic algorithm show lower surface
brightnesses, projected radii, and crossing times as a consequence
of the incompleteness of the identification as has been previously
discussed in Diaz-Giménez et al. (2018). CGs extracted from the
Henriques et al. (2015) SAM (cHrl, Hrl, Hrll, HkI, and Hrlc)
present the lowest median of the magnitude difference between
the two brightest galaxies (i.e. avoid CGs dominated by a single
galaxy), while SAG and G11 CGs show the largest magnitude
gaps. Also, Hrll shows the typical lowest magnitude difference,
projected separation, projected radius, and crossing time among all
the samples, while the SAG CGs behaves the opposite in those
properties.

5 FREQUENCY AND NATURE OF COMPACT
GROUPS

We measured the space density of CGs in each mock light-cone up
to the median distance of the shallowest samples. We defined

_ 3Ncg(r < reo)
Neo = ok

)

with a solid angle Q = 47 and a distance r¢y = 60 h~'Mpc, which is
close to the median of the comoving distances of the group centres
in the HkI and Hrlc light-cones which have the most restrictive flux
limit (see top left panel of Fig. 6).

Top panels of Fig. 7 show the space density of CGs in each
light-cone as a function of the cosmological parameters: matter
density, 2, (left), and the primordial density fluctuation amplitude
at 827! Mpc, og (middle), and as a function of the fraction of
orphan galaxies in the light-cones (right). In the top panels, we
have also included the space density of the two observational CG
samples previously described: c2MASS (dotted lines) and SDSS
(dashed lines). Given the limitations inherent to the observational
catalogues (redshift incompleteness, fibre collisions, and brightness
saturation), the completeness of those samples is compromised,
therefore, the values of space density found in observations should
be taken as lower limits. The top panels of Fig. 7 indicate that
the space density of the samples found with the classic CG finder
(cDLB and cHrl) are above the values of the space density of the
2MASS CG sample identified with the same algorithm. However,
the values of the space densities obtained from all the samples based
on Henriques et al. (2015), G13 and SAG using the new CG finder
are below the threshold given by SDSS CGs, therefore these SAMs
seem to be missing CGs compared to observations.

We split the samples of CGs into physically dense (Reals) and
chance alignments (CAs) following the classification performed by
DGM10. We classified a CG as Real if at least four of its galaxies
form a physically dense group. To achieve this goal, DGM10 defined
aclassification based on the 3D interparticle separation and the ratio
between the projected and line-of-sight sizes of the four closest
galaxies in the CG. Therefore, we classify a CG as Real when the
3D comoving maximum interparticle separation between the four
closest galaxies is less than 100 /2~! kpc, or less than 200 2! kpc
while the ratio of line-of-sight to transverse sizes in real space is
not higher than 2. Hence, all CGs that not fulfil this criterion are
classified as CAs.

5.1 Effects of the cosmological parameters

The variation of the space density of Real CGs and the fraction of
Real CGs as a function of the cosmological parameters are shown

in the middle and bottom panels of Fig. 7. The trends of space
density of the Real CGs follow the same behaviour as the space
density of the total sample of CGs. Considering the samples built
from the same simulation (MS), the fraction of Reals decreases as
Q. increases, while there is not obvious trend with og.

The main aspects of Fig. 7 are seen by comparing G11 and G13
(see arrows), which use very similar SAMs on the same MS, but
run with WMAP7 cosmology for the latter. Assuming power-law
trends, we find that

Neo X Qﬁl (D
Mo o o 6
SReat & SZK] (3)
where
—93+14 (Gl1 - GI3)

¢ —274+08 (all MS) : @
85+1.5 (Gll — GI3)

B=19 o98+19 (all MS) : )
—27+08 (Gl1 — GI3)

V=) -14£02 (all MS) ©®

These statistically significant trends can be interpreted as

(i) an increased contamination of CG annuli with increasing 2y,
(equations [1] and [4]),

(i1) anincreased space density of physically dense CGs within in-
creasing normalization of the matter power spectrum (equations [2]
and [5]),

(iii) an increased fraction of CGs by chance alignments with
increasing 2y, (equations [3] and [6]).

This assumes that the physical recipes in the G11 and G13 SAMs
are identical, which is not entirely true. Indeed, according to table 2
of Guo et al. (2013), relative to G11, the star formation efficiency
in G13 is half of what it is in G11, the feedback mechanisms are
half in G13 for SN mechanical feedback and AGN feedback, while
the thermal feedback of SNe is roughly the same between the two
SAMs. However, our trends with increasing €2, of both decreased
CG space densities and decreased fractions of physically dense
CGs, as well as the increase of the space density of physically
dense CGs with increasing og are seen for the SAMs displayed in
Fig. 7, and particularly, among those from the MS with the same
DM resolution which are displayed in equations (4)—(6) with ‘(all
MS)’. We analysed the strength of these correlations obtained from
the MS samples using the Spearman rank correlation coefficient
and their p-value, which are quoted in Fig. 7. We found a strong
anti-correlation between the total density, the density of Real CGs
and the fraction of Real CGs with Q.,, and a strong correlation
between the total density and density of Real CGs with o, but no
significant correlation of the fraction of Real CGs with 0.

CAs can occur in two ways: chance alignments of galaxies within
larger (looser) groups (CALGs) and CAs within the field (CAFs),
i.e. filaments viewed end-on, where the peculiar velocities roughly
cancel by chance the differences in the velocities caused by the
Hubble flow to allow the CG to meet the velocity concordance
criterion. This classification is performed by using the identification
(by friends-of-friends on the 3D galaxy distribution) of normal
(‘FoF’) groups in the simulation boxes described at the end of
Section 2:

MNRAS 492, 2588-2605 (2020)
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Figure 7. Space densities of CGs (upper panels) and of Real CGs (middle panels), and fraction of Real CGs (lower panels) as a function of the cosmological
matter density parameter (S, left-hand panels), the amplitude of the mass fluctuations in a sphere of 8 2~! Mpc (o'g, middle panels), and the fraction of orphan
galaxies in the light-cones (right-hand panels). Each SAM is labelled with their corresponding acronyms defined in Table 2. In the upper panels, the horizontal
dashed lines correspond to the space density of the observational sample obtained from SDSS DR12 by Diaz-Giménez et al. (2018), while the dotted lines
correspond to the sample identified with the classic finder from 2MASSXCG by Diaz-Giménez et al. (2012). The arrows in the left- and right-hand panels
indicate the transition in cosmological parameters keeping most other things the same (i.e. from G11 to G13). The arrows in the right-hand panels indicate
the transition in resolution (G11 to GII and Hrl to HrlIl). In each panel, numbers indicate (rs, p), i.e. the Spearman rank correlation coefficient (rs) and the
corresponding p-value, computed only from the light-cones derived from SAMs built on the Millennium I simulation.

(1) if the four closest galaxies in a CA CG belong to only one
FoF group, the group is classified as CALG;

(ii) if the four closest CG members belong to more than one FoF
group or none, then the group is classified as CAF.

The top panel of Fig. 8 displays, for the different SAM light-
cones, the percentages of CGs that have been classified as Reals,
CALGs, and CAFs. The percentage of CGs classified as Reals
ranges from 16 per cent to 56 per cent depending on the sample
that is being analysed, the samples built from the simulation with
the highest resolution (GII and Hrll) present the highest fractions
of Reals, while the sample extracted from SAG, which has the
poorest early spatial resolution (by 0.4 dex) as well as poorest mass

MNRAS 492, 2588-2605 (2020)

resolution (by 0.2 dex) presents the lowest fraction of Real CGs.
Among the chance alignments, in all the light-cones the percentage
of CALGs is higher than the percentage of CAFs. The chance
alignments in the field increase with increase cosmological density
parameter as

Jfear & an s 7
with
4117 (Gl11 - G13)
§= , (3)
1.1£0.3 (all MS)
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Figure 8. Top panel: percentages of different classes of CGs for the nine SAM light-cones: physically dense (REAL), chance alignments within looser groups
(CALG), and within the field (CAF). Bottom panel: percentages of galaxies in CGs that are classified as central galaxy of an FoF group (type 0), central galaxy

of a subhalo (type 1), or a satellite or orphan galaxy (type 2).

i.e. a stronger dependence than the fraction of physically dense
groups with Qp, (equation [3]), highlighting how the increased
density of the Universe lead to more frequent chance alignments
of galaxies in the field. The fit using all MS-based samples yields a
slightly weaker dependence with €2y, of fcar in comparison to freal-

5.2 Effects of different frequency of orphan galaxies

As discussed in Section 2, differences in the treatment of orphan
galaxies in the SAMs impact on the clustering of galaxies at small
scales, which are actually the scales of interest for CGs. Therefore,
we examined how the fraction of orphan galaxies in the light-cones
affects the occurrence of CGs. The right-hand panels in Fig. 7
show the space density of CGs (top), the space density of Real
CGs (middle), and the fraction of Real CGs (bottom) as a function
of the fraction of orphan galaxies in their parent light-cones. The
percentage of orphans in the light-cones varies from ~2 per cent
to ~ 9 per cent. The top panel of Fig 7 indicates that the higher
the fraction of orphan galaxies, the higher the space density of
CGs. However, it could be tricky to mix all the samples since the
frequency of orphan galaxies in the SAMs is not only determined

by the particular recipes, but also linked to the resolution of the
DM simulation they used to follow the merger trees. Considering
only those samples extracted from the MS-based light-cones, the
Spearman rank correlation coefficients (inserted in Fig. 7) indicate
strong correlations between the three properties analysed and the
fraction of orphans in the light-cones: higher fractions of orphans
lead to higher space densities of CGs and of Real CGs, and,
especially, a higher fraction of Real CGs.

Regarding the constitution of the CGs, in the bottom panel of
Fig. 8, we show the percentages of galaxies of different types that
populate the CGs. Central galaxies (type 0) are almost a quarter of
the galaxies in CGs in all the light-cones. The percentage of orphan
galaxies (type 2) varies from 13 per cent to 52 per cent depending
on the SAM and on the resolution of the parent simulation. Even
more, if we only consider galaxies in Real CGs, the fraction of
orphan galaxies is higher than in the total samples (ranging from 19
per cent to 61 percent), which indicates the importance of orphan
galaxies in very dense environments. The excess of Real CGs will
lead to an excess of total number of CGs with a smaller correlation
(as shown in Fig. 7) and also to an excess of the fraction of Real
CGs (as seen in Fig. 7).

MNRAS 492, 2588-2605 (2020)
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What causes the correlations with the fractions of orphans
(Fig. 7)? Orphans have uncertain positions, since they lost their
subhaloes and their positions are guessed using crude recipes for
their orbital evolution including dynamical friction. Some SAMs
will make the orphans live too long, while others will make them
disappear too quickly. In the first case, we should see a surplus
of galaxies in the central regions where the subhaloes should be
more affected by tidal forces and tidal heating and destroyed or
reduced to less than the allowed minimum number of particles. This
surplus of galaxies in the inner regions of haloes would lead to more
CGs (when isolated), which may explain the positive correlations
between CG space density and fraction of orphans. Pujol et al.
(2017) show that SAG orphans tend to lie in the outskirts of clusters,
while Hrl orphans shows no trend with radius.

It is instructive to compare the orphan fractions in similar SAMs
at different resolutions. Fig. 7 shows that the fractions of orphans
in the light-cone decreases by typically 40 per cent when moving
from low (G11 and Hrl) to high resolution (respectively GII and
Hrll) SAMs, while the corresponding fraction of Real CGs increases
slightly (G11 to GII) or by a factor 1.5 (Hrl to HrII). This leads to
a shift of these two high-resolution SAMs from the tight relation
between fraction of Reals and orphan fraction seen for the MS-I
based SAMs (see arrows in the bottom right panel of Fig. 7). The
fraction of Real CGs appears less dependent of the orphan fraction
at higher resolution. This may be due to the fact that the relative
flux limits of CGs prevents them from containing the lowest mass
galaxies (hence lowest-mass subhaloes) in the MS-II-based SAMs,
thus these CGs have fewer orphans and the fraction of Reals depends
less on the fraction of orphans.

5.3 Effects of the other parameters

Given that the samples differ in a number of features, in Fig. 9, we
show the comparison of the percentage of CGs classified into Reals,
CALGs, and CAFs between pairs of samples that share common
features but differ in one at a time, which could be cosmology, SAM,
DM resolution, wavebands, depth, or identification algorithm. A
detailed comparison yielded the following results:

(1) to compare the effects of the cosmological parameters on
the formation of CGs, we compare G11 and G13 (= SAM, #
cosmology, = mass resolution, = depth, = waveband, = finder
algorithm): the smaller the matter density (£2,), the higher the
fraction of Reals, and the smaller the fraction of CAFs, while the
fraction of CALGs remains almost unchanged.

(i) to compare the effects of the SAMs, we use G11 and DLB (#
SAM, = cosmology, = mass resolution, = depth, = waveband, =
finder algorithm): G11 model is more efficient to find Real CGs
than DLB. This decrement in the fraction of Real systems in DLB
is translated in an increment of the fraction of CAF systems.

(iii) to understand the effects of space and mass resolution on the
CG frequency, we compare G11 and GII, or Hrl and Hrll (= SAM, =
cosmology, # mass resolution, = depth, = waveband, = finder
algorithm): the higher the mass resolution of the simulation, the
higher the fraction of Real CGs and the lower the fraction of CALGs.
However, as we noted in the previous section, this correlation might
depend strongly on the treatment of orphan galaxies performed
in each SAM (for instance, the difference between the fraction of
Reals in MS versus MSII is smaller in the Guo et al. SAM than in
Henriques et al.).

(iv) to evaluate the effects of the photometric waveband, we
analyse Hrl and HkI (= SAM, = cosmology, = mass resolution, =
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depth, # waveband, = finder algorithm): there are not significant
differences in the fraction of Real, CALG or CAF CGs identified in
different bands.

(v) to understand the effects of the catalogue depths, we use Hrl
and Hrlc (= SAM, = cosmology, = mass resolution, # depth, =
waveband, = finder algorithm): there are no significant differences
in the fraction of CGs of any type when using light-cones restricted
to different flux limits.

(vi) to compare different N-body simulation and galaxy forma-
tion recipes with an unique cosmology, we compare Hrl with SAG
(# SAM, # DM simulation, = cosmology, = depth, = waveband, =
finder algorithm): SAG produces a smaller fraction of Real CGs
(less than half than in Hrl), while it has higher fraction of CAFs.

(vii) to understand the effect of using different CG finder, we
analyse cDLB and DLB, or cHrl and HrI (= SAM, = cosmology, =
mass resolution, = depth, = waveband, # finder algorithm): the
fraction of Real CGs when using the classic or the modified
algorithm is dependent on the SAM. For DLB, the fraction of Reals
is higher when using the classic algorithm instead of the modified;
however, this difference is not significant when comparing cHrl and
Hrl (it was also demonstrated in Diaz-Giménez et al. (2018)).

5.4 Comparison with previous work

Table 3 compares our results on fraction of CGs that are Real with
the fractions we produced in previous works. The results are all
consistent, given the differences in the light-cones, blending, wave-
bands and limiting magnitude, and the algorithm. Diaz-Giménez &
Mamon (2010, DGM10) and Diaz-Giménez et al. (2012, DG + 12)
used the DLB SAM (and other SAMs not considered in the present
work) to predict slightly higher fractions of Real CGs than found
here. The slight differences are caused by the wavebands, light-
cones, and galaxy blending method. Similarly, the fraction of Real
CGs found by Diaz-Giménez & Zandivarez (2015, DGZ15) and
Taverna et al. (2016, TDGZ16) were slightly higher than what we
find here, but this is because we only compare here to our modified
algorithm, which produces a lower fraction of Real CGs. Also, the
fraction of Real CGs found with the GII SAM was higher in Diaz-
Giménez et al. (2012, DG + 12), but again we are comparing the
classic algorithm to the modified one. Finally, the Real CG fractions
given by Diaz-Giménez et al. (2018, DGZT18) are the same as here.
The only difference between the two studies for the GII SAM is the
higher stellar mass limit in the simulation boxes used in the present
work. However, this does not introduce any modification in the
sample of CGs.

6 SUMMARY

We analysed samples of CGs of galaxies extracted from light-cones
built from the outputs of three different cosmological simulations
combined with five SAMs of galaxy formation, and using different
observational selection functions. A total of 11 samples of CGs has
been analysed. We performed a comparative study of frequency and
nature of the CGs between the different samples. A summary of the
main results is as follows:

(1) All SAMs are able to produce samples of CGs that in general
reproduce well the range of properties of observational CGs.

(i1) The space density of CGs varies from SAM to SAM, with a
variation of well over four between the SAM with the most frequent
CGs (DLB) and the least frequent (SAG).
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Figure 9. Fraction of CGs classified as Real, CALG, or CAF. Each panel shows a different comparison as a function of cosmology, SAM, simulation
resolution, apparent magnitude selection (waveband), or apparent magnitude limit (depth). We also show a total comparison for all the samples obtained from
the Millennium I simulation in the » band with rjj, = 17.77. Error bars show the 95 per cent binomial confidence interval for each percentage computed as
+1.96/f(1 — f)/Nca, where f is the fraction. Percentage values in boldface indicate statistically different results taking into account confidence intervals
(for all the panels except for the Total Millennium comparison — bottom right panel).
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Table 3. Description of the samples and percentage of Real CGs in previous works.

DGM10 DG + 12 DGZ15 TDGZ16 DGZT18 This work
Catalogue Box Light-cone Light-coneH + 12 Light-coneH + 12 Light-cone Light-cone
blending Shen + 03 Shen + 03 1.5 xLangel5 Lange + 15 Lange + 15 Lange + 15
algorithm classic classic classic classic classic ~ modified classic modified
mag. lim 17.44(R) 16.3(r) 17.77(r) 13.57(K5) 16.54(r) 13.57(Ks) 17.77(r) 17.77(r) 17.77(r)  16.54(r) 13.57(K;)
DLB 59 53 58 - - - 51 44 - -
Gl1 - - 54 52 56 - - 50 - -
GlI - 66 69 - - - - 56 - -
Hrl - - - - 38 35 38 35 35 32

Notes: the acronyms are DGM10 (Diaz-Giménez & Mamon 2010), DG + 12 (Diaz-Giménez et al. 2012), DGZ15 (Diaz-Giménez & Zandivarez 2015),
TDGZ16 (Taverna et al. 2016), and DGZT18 (Diaz-Giménez et al. 2018). Light-coneH + 12 stands for the all-sky light-cone built by Henriques et al. (2012)
using the G11 SAM; and galaxy sizes for estimating blending of galaxies along the line of sight were computed following the relations of Shen et al. (2003) or

Lange et al. (2015).

(iii) The space density of CGs decreases strongly with increasing
density of the Universe, because a higher density Universe will lead
to more contamination of the CG isolation criterion.

(iv) The space density of physically dense CGs strongly increases
with the normalization of the power spectrum, o, as expected.

(v) The space density of CGs predicted in the SAMs of Guo et al.
(2013), Henriques et al. (2015), and Cora et al. (2018) is lower than
the expected from observations.

(vi) The space density of CGs is strongly correlated to the fraction
of orphan galaxies in the SAMs since they have an important impact
in the clustering at small scales (see Fig. 4).

(vii) The frequency and nature of CGs does not depend on the
waveband nor on the flux limit of the samples.

(viii) The fraction of CGs that are physically dense (not caused
by chance alignments along the line of sight) vary from 16 per cent
to 56 per cent, depending on the SAM.

(ix) The fraction of CGs caused by chance alignments of galaxies
along the line of sight increases with higher cosmological density
parameter (producing more galaxies along the line of sight).
The initial studies performed with the low 2, MS thus tend to
underestimate the importance of chance alignments.

(x) The fraction of CGs that are physically dense correlates with
the fraction of orphan galaxies in the mock light-cones. Different
treatments of orphan galaxies in the models has a direct impact on
CG studies.

(xi) The fraction of CGs caused by chance alignments decreases
with increasing resolution of the simulation, because physically
dense groups will suffer less from overmerging of their galaxy
subhaloes in a better resolved simulation.

(xii) Our study is the first one based on SAMs to show that
physically dense groups might account for less than half of observed
CGs (as originally proposed by Mamon 1986, 1987; Walke &
Mamon 1989, although this idea may not survive with better
resolved simulations).

Therefore, the results obtained from SAMs on the nature and
frequency of CGs of galaxies must be taken with some caution,
as they depend on the cosmological parameters and resolution of
the parent simulation on which the models were run, and on the
galaxy formation model recipes themselves, particularly regarding
the treatment of orphan galaxies.

ACKNOWLEDGEMENTS

We thank the anonymous referee for constructive comments (in
particular for considering the different treatment of orphan galaxies

MNRAS 492, 2588-2605 (2020)

in the different SAMs). Dr. Sofia Cora for useful discussions about
the SAG SAM. We thank the authors of the SAMs for making
their models publicly available. The MS data bases used in this
paper and the web application providing online access to them were
constructed as part of the activities of the German Astrophysical
Virtual Observatory (GAVO). The CosmoSim data base used in
this paper is a service by the Leibniz-Institute for Astrophysics
Potsdam (AIP). The authors gratefully acknowledge the Gauss
Centre for Supercomputing e.V. (www.gauss-centre.eu) and the
Partnership for Advanced Supercomputing in Europe (PRACE, http:
/Iwww.prace-ri.eu) for funding the MDPL2 project by providing
computing time on the GCS Supercomputer SuperMUC at Leibniz
Supercomputing Centre (LRZ, http://www.Irz.de). This work has
been partially supported by Consejo Nacional de Investigaciones
Cientificas y Técnicas de la Reptiblica Argentina (CONICET) and
the Secretaria de Ciencia y Tecnologia de la Universidad de Cérdoba
(SeCyT).

REFERENCES

Abazajian K. et al., 2004, AJ, 128, 502

Abazajian K. N. et al., 2009, ApJS, 182, 543

Asquith R. et al., 2018, MNRAS, 480, 1197

Baldry 1. K., Glazebrook K., Driver S. P., 2008, MNRAS, 388, 945

Baldry I. K. et al., 2012, MNRAS, 421, 621

Beers T. C., Flynn K., Gebhardt K., 1990, AJ, 100, 32

Bertone S., De Lucia G., Thomas P. A., 2007, MNRAS, 379, 1143

Blanton M. R., Lupton R. H., Schlegel D. J., Strauss M. A., Brinkmann J.,
Fukugita M., Loveday J., 2005, ApJ, 631, 208

Boylan-Kolchin M., Springel V., White S. D. M., Jenkins A., Lemson G.,
2009, MNRAS, 398, 1150

Conselice C. J., 2006, MNRAS, 373, 1389

Contreras S., Baugh C. M., Norberg P., Padilla N., 2013, MNRAS, 432,
2717

Cora S. A. etal., 2018, MNRAS, 479, 2

Courtin J., Rasera Y., Alimi J.-M., Corasaniti P.-S., Boucher V., Fiizfa A.,
2011, MNRAS, 410, 1911

Dariush A. A., Raychaudhury S., Ponman T. J., Khosroshahi H. G., Benson
A.J., Bower R. G, Pearce F., 2010, MNRAS, 405, 1873

Davis M., Efstathiou G., Frenk C. S., White S. D. M., 1985, ApJ, 292, 371

De Lucia G., Blaizot J., 2007, MNRAS, 375, 2

De Lucia G., Boylan-Kolchin M., Benson A. J., Fontanot F., Monaco P.,
2010, MNRAS, 406, 1533

de Vaucouleurs G., de Vaucouleurs A., Corwin H. G., Jr., Buta R. J., Paturel
G., Fouqué P., 1991, Third Reference Catalogue of Bright Galaxies.
Volume I: Explanations and References. Volume II: Data for Galaxies
between 0" and 12”. Volume III: Data for Galaxies between 12" and
24, Springer Science + Business Media, New York, NY (USA)

€20z AINr Lz uo 1asn SUND Aq 6250595/8852/2/261/9101HE/SBIUW/WOD dNO"DlWSpEedE//:Sd)Y W4 PapeOjUMO(


http://www.gauss-centre.eu
http://www.prace-ri.eu
http://www.lrz.de
http://dx.doi.org/10.1086/421365
http://dx.doi.org/10.1088/0067-0049/182/2/543
http://dx.doi.org/10.1093/mnras/sty1870
http://dx.doi.org/10.1111/j.1365-2966.2008.13348.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20340.x
http://dx.doi.org/10.1086/115487
http://dx.doi.org/10.1111/j.1365-2966.2007.11997.x
http://dx.doi.org/10.1086/431416
http://dx.doi.org/10.1111/j.1365-2966.2009.15191.x
http://dx.doi.org/10.1111/j.1365-2966.2006.11114.x
http://dx.doi.org/10.1093/mnras/stt629
http://dx.doi.org/10.1093/mnras/sty1131
http://dx.doi.org/10.1111/j.1365-2966.2010.17573.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16569.x
http://dx.doi.org/10.1086/163168
http://dx.doi.org/10.1111/j.1365-2966.2006.11287.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16806.x

Frequency and nature of compact groups from SAMs 2601

Diaz-Giménez E., Mamon G. A., 2010, MNRAS, 409, 1227

Diaz-Giménez E., Zandivarez A., 2015, A&A, 578, A61

Diaz-Giménez E., Mamon G. A., Pacheco M., Mendes de Oliveira C.,
Alonso M. V., 2012, MNRAS, 426, 296

Diaz-Giménez E., Zandivarez A., Taverna A., 2018, A&A, 618, A157

Focardi P.,, Kelm B., 2002, A&A, 391, 35

Gozaliasl G., Finoguenov A., Khosroshahi H. G., Mirkazemi M., Erfanianfar
G., Tanaka M., 2016, MNRAS, 458, 2762

Gozaliasl G. et al., 2018, MNRAS, 475, 2787

Guo Q. et al., 2011, MNRAS, 413, 101

Guo Q., White S., Angulo R. E., Henriques B., Lemson G., Boylan-Kolchin
M., Thomas P., Short C., 2013, MNRAS, 428, 1351

Hearin A. P. et al.,, 2017, AJ, 154, 190

Henriques B. M. B., White S. D. M., Lemson G., Thomas P. A., Guo Q.,
Marleau G.-D., Overzier R. A., 2012, MNRAS, 421, 2904

Henriques B. M. B., White S. D. M., Thomas P. A., Angulo R., Guo Q.,
Lemson G., Springel V., Overzier R., 2015, MNRAS, 451, 2663

Hernandez-Fernandez J. D., Mendes de Oliveira C., 2015, MNRAS, 453,
1965

Hickson P., 1982, ApJ, 255, 382

Hickson P., 1993, Astrophys. Lett. Commun., 29, 1

Hickson P., Rood H. J., 1988, ApJ, 331, L69

Hickson P., Mendes de Oliveira C., Huchra J. P., Palumbo G. G., 1992, ApJ,
399, 353

Trodotou D., Thomas P. A., Henriques B. M., Sargent M. T., Hislop J. M.,
2019, MNRAS, 489, 3609

Klypin A. A., Trujillo-Gomez S., Primack J., 2011, ApJ, 740, 102

Knebe A. et al., 2015, MNRAS, 451, 4029

Knebe A. et al., 2018, MNRAS, 474, 5206

Komatsu E. et al., 2011, ApJS, 192, 18

Krzywinski M., Altman N., 2014, Nat. Methods, 11, 119

Landy S. D., Szalay A. S., 1993, ApJ, 412, 64

Lange R. et al., 2015, MNRAS, 447, 2603

Lee B. C. et al., 2004, AJ, 127, 1811

Lemson G., Virgo Consortium t., 2006, preprint (astro—ph/0608019)

Li C., White S. D. M., 2009, MNRAS, 398, 2177

LuY.etal., 2014, ApJ, 795, 123

Maccio A. V., Kang X., Fontanot F., Somerville R. S., Koposov S., Monaco
P, 2010, MNRAS, 402, 1995

Mamon G. A., 1986, ApJ, 307, 426

Mamon G. A., 1987, ApJ, 321, 622

Mamon G. A., 1989, A&A, 219, 98

Mamon G. A., 1992, ApJ, 401, L3

Mamon G. A., 2008, A&A, 486, 113

McConnachie A. W., Ellison S. L., Patton D. R., 2008, MNRAS, 387, 1281

McConnachie A. W., Patton D. R., Ellison S. L., Simard L., 2009, MNRAS,
395, 255

McGill R., Tukey J. W., Larsen W. A., 1978, Am. Stat., 32, 12

Mendes de Oliveira C., Hickson P., 1994, AplJ, 427, 684

Petrosian M. B., 1974, Astrofizika, 10, 471

Planck Collaboration et al., 2016, A&A, 594, A13

Prandoni I, Iovino A., MacGillivray H. T., 1994, AJ, 107, 1235

Pujol A. et al., 2017, MNRAS, 469, 749

Robinson L. B., Wampler E. J., 1973, ApJ, 179, L135

Rose J. A., 1977, ApJ, 211, 311

Seyfert C. K., 1948, AJ, 53, 203

Shakhbazyan R. K., 1973, Astrofizika, 9, 495

Shen S., Mo H. J., White S. D. M., Blanton M. R., Kauffmann G., Voges
W., Brinkmann J., Csabai 1., 2003, MNRAS, 343, 978

Shi F et al., 2016, ApJ, 833, 241

Snaith O. N., Gibson B. K., Brook C. B., Courty S., Sanchez-Blazquez P.,
Kawata D., Knebe A., Sales L. V., 2011, MNRAS, 415, 2798

SohnJ., Hwang H. S., Geller M. J., Diaferio A., Rines K. J., Lee M. G., Lee
G.-H., 2015, J.Korean Astron. Soc., 48, 381

Sohn J., Geller M. J., Hwang H. S., Zahid H. J., Lee M. G., 2016, ApJS,
225,23

Spergel D. N. et al., 2003, ApJS, 148, 175

Springel V. et al., 2005, Nature, 435, 629

Stephan M., 1877, MNRAS, 37, 334

Taverna A., Diaz-Giménez E., Zandivarez A., Joray F., Kanagusuku M. J.,
2016, MNRAS, 461, 1539

Tempel E., Tuvikene T., Kipper R., Libeskind N. I., 2017, A&A, 602, A100

Walke D. G., Mamon G. A., 1989, A&A, 225, 291

Weinberg N. N., Kamionkowski M., 2003, MNRAS, 341, 251

Zandivarez A., Diaz-Giménez E., Mendes de Oliveira C., Ascaso B., Benitez
N., Dupke R., Sodré L., Irwin J., 2014a, A&A, 561, A71

Zandivarez A., Diaz-Giménez E., Mendes de Oliveira C., Gubolin H., 2014b,
A&A, 572, A68

MNRAS 492, 2588-2605 (2020)

€20z AInr L uo Jasn SUND Ad 6250595/8852/2/261/oI01HEe/SEIUW/WOD dNo"OlWwapede//:SdRY Wwoly papeojumoq


http://dx.doi.org/10.1111/j.1365-2966.2012.21705.x
http://dx.doi.org/10.1051/0004-6361/201833329
http://dx.doi.org/10.1051/0004-6361:20020377
http://dx.doi.org/10.1093/mnras/stw448
http://dx.doi.org/10.1093/mnras/sty003
http://dx.doi.org/10.1111/j.1365-2966.2010.18114.x
http://dx.doi.org/10.1093/mnras/sts115
http://dx.doi.org/10.3847/1538-3881/aa859f
http://dx.doi.org/10.1111/j.1365-2966.2012.20521.x
http://dx.doi.org/10.1093/mnras/stv705
http://dx.doi.org/10.1093/mnras/stv1693
http://dx.doi.org/10.1086/159838
http://dx.doi.org/10.1086/185237
http://dx.doi.org/10.1086/171932
http://dx.doi.org/10.1093/mnras/stz2365
http://dx.doi.org/10.1088/0004-637X/740/2/102
http://dx.doi.org/10.1093/mnras/stv1149
http://dx.doi.org/10.1093/mnras/stx2662
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://dx.doi.org/10.1086/172900
http://dx.doi.org/10.1093/mnras/stu2467
http://dx.doi.org/10.1086/382236
https://arxiv.org/abs/astro-ph/0608019
http://dx.doi.org/10.1111/j.1365-2966.2009.15268.x
http://dx.doi.org/10.1088/0004-637X/795/2/123
http://dx.doi.org/10.1111/j.1365-2966.2009.16031.x
http://dx.doi.org/10.1086/164431
http://dx.doi.org/10.1086/165658
http://dx.doi.org/10.1086/186656
http://dx.doi.org/10.1051/0004-6361:200809827
http://dx.doi.org/10.1111/j.1365-2966.2008.13328.x
http://dx.doi.org/10.1111/j.1365-2966.2008.14340.x
http://dx.doi.org/10.1086/174175
http://dx.doi.org/10.1051/0004-6361/201525830
http://dx.doi.org/10.1086/116936
http://dx.doi.org/10.1093/mnras/stx913
http://dx.doi.org/10.1086/181134
http://dx.doi.org/10.1086/154936
http://dx.doi.org/10.1086/106138
http://dx.doi.org/10.1046/j.1365-8711.2003.06740.x
http://dx.doi.org/10.3847/1538-4357/833/2/241
http://dx.doi.org/10.1111/j.1365-2966.2011.18907.x
http://dx.doi.org/10.5303/JKAS.2015.48.6.381
http://dx.doi.org/10.3847/0067-0049/225/2/23
http://dx.doi.org/10.1086/377226
http://dx.doi.org/10.1038/nature03597
http://dx.doi.org/10.1093/mnras/37.6.334
http://dx.doi.org/10.1093/mnras/stw1383
http://dx.doi.org/10.1051/0004-6361/201730499
http://dx.doi.org/10.1046/j.1365-8711.2003.06421.x
http://dx.doi.org/10.1051/0004-6361/201322793
http://dx.doi.org/10.1051/0004-6361/201424677

2602  E. Diaz-Giménez et al.

APPENDIX A: QUERIES TO DOWNLOAD SAM DATA

The Millennium Database* has timeouts of seven minutes to download data. To work around this, one has to work with multiple queries.
We followed the suggestions given in their data base,’ and ran a script with multiple queries for each of the Millennium-based SAMs. In all
cases, we included a safe cut in absolute magnitude limit to speed up the downloads.

(i) DLB galaxies were downloaded from the Millennium Database using the following query:

(1) SELECT c.galaxyID,c.type,c.X,C.y,C.Z,C.
velX,c.velY,c.velZ,c.stellarMass, c.
bulgeMass,g.u.sdss,g.g.sdss,g.r_sdss, g
.1.sdss,g.z_sdss,g.K2mass,g.J.-2mass

(2) FROM MPAGalaxies..DeLucia2006a c,
MPAGalaxies..DeLucia2006a_SDSS2MASS g

(3) WHERE g.galaxyID = c.galaxyID AND
c.galaxyID between :START*8"1lel2 and
(:START + :BIN)*®leI2-1AND
c.snapnum = S$sp AND g. r._sdss<-16
AND c.stellarMass>0.07

In this SAM, : START ranges from 0-63 and : BIN = 1 returns 64 separate queries; and $sp moves from 63 (z = 0) to 48 (z ~ 0.5).
(ii) The query to download G11 galaxies was:

(I) SELECT galaxyID, type,x,vy,z,velX,velY,
velZ,stellarMass,bulgeMass,uDust,
gDust, rDust, iDust, zDust

(2) FROM Guo2010a..MR

(3) WHERE galaxyID between :START*lel2 and
(:START + :BIN)*1lel2-1 AND
snapnum = S$sp and
rDust<-16 AND stellarMass>0.07

where : START ranges from 0-511 and :BIN = 1; and $sp moves from 63 (z = 0) to 48 (z ~ 0.5).
(iii) The query to download GII galaxies was:

(I) SELECT galaxyID, type,x,v,z,velX,velY,
velZ,stellarMass,bulgeMass,uDust,
gDust, rDust, iDust, zDust

(2) FROM Guo2010a..MRII

(3) WHERE galaxyID between :START*16*1el5
and (:START 4+ :BIN)*16*lel5-1 AND
snapnum = $sp AND rDust<-11 AND
stellarMass >0.007

where : START ranges from 0 to 31 and : BIN = 1; and $sp moves from 67 (z = 0) to 52 (z ~ 0.5).
(iv) The query to download G13 galaxies was:

(1) SELECT galaxyID, type,x,v,z,velX,velY,
velZ,stellarMass,bulgeMass,uDust,
gDust, rDust, iDust, zDust

(2) FROM Guo2013a..MR7

(3) WHERE galaxyID between :START*lel2 and
(:START+:BIN)*lel2-1 AND snapnum=ssp
AND rDust<-16 AND stellarMass>0.07

where : START ranges from 0 to 511 and :BIN = 1;and $sp moves from 61 (z = 0) to 46 (z ~ 0.5).
(v) Hrl galaxies are retrieved via the following query:

(1) SELECT galaxyID, type,x,y,z,velX,velY,
velZ,stellarMass,bulgeMass, SDSSu_Dust
,SDSSg_Dust, SDSSr Dust, SDSSi Dust,
SDSSz Dust, Ks_Dust,J_Dust

(2) FROM Henriques20l5a..MRscPlanckl

“https://wwwmpa.mpa-garching. mpg.de/millennium/
Shttp://gavo.mpa-garching. mpg.de/Millennium/Help/fagmillennium
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(3) WHERE galaxyID between
START*16%*1lel2 and (:START + BIN)
*16*1lel2-1 AND snapnum = S$Sp
AND SDSSr. Dust<-16 AND stellarMass
>0.07

where : START ranges from 0 to 31 and :BIN = 1;and $sp moves from 58 (z ~ 0) to 45 (z ~ 0.51).
(vi) The query to download HII galaxies was:

(1) SELECT galaxyID, type,x,Vy,z,velX,velY,
velZ,stellarMass,bulgeMass, SDSSu_Dust
,SDSSg_Dust, SDSSr Dust, SDSSi_Dust,
SDSSz_Dust,Ks_Dust,J_Dust

(2) FROM Henriques201l5a..MRIIscPlanckl

(3) WHERE galaxyID between
START*16*1el5 and (:START + BIN)
*16*1el5-1 AND snapnum = $Sp

AND SDSSr Dust<-11 AND stellarMass
>0.007

where : START ranges from O to 31 and :BIN = 1;and $sp moves from 62 (z = 0) to 49 (z ~ 0.51).

The Multidark data base does not have timeouts and it can be accessed via a Query form in the web browser.® We retrieved data using the
following query:

(1) SELECT GalaxyStaticID,GalaxyType,
X,Y¥,2,vX,Vvy,vz,MstarSpheroid, MstarDisk,
MagStarSDSSu,MagStarSDSSg,MagStarSDSSr
,MagStarSDSSi,MagStarSDSSz

(2) FROM AMDPL2A.ASAGA

(3) WHERE snapnum=S$sp AND MagStarSDSSr <=
-16 AND (MstarSpheroid 4 MstarDisk) >
=700000000

where $sp moves from 125 (z = 0) to 106 (z ~ 0.51).

APPENDIX B: ORPHAN GALAXIES

In each SAM, galaxies are classified as central galaxies of a main halo (type 0), central galaxy of a non-dominant halo, which are satellite
galaxies around the central galaxy of the dominant halo (type 1) and orphan galaxies whose subhalo is no longer resolved by the simulation
(type 2). In general, all galaxies are born as type 0, they usually became type 1 when they fall into a group or cluster and they may became
later type 2, which in time merge into the central galaxy of their halo. Each SAM adopts a different treatment of the orphan galaxies (see
Pujol et al. 2017 for comparisons of the treatment of orphans in 9 SAMs).

Considering galaxies in the z = 0 boxes with stellar masses larger than 7 x 108 h~! M, and absolute magnitude M, < —16, the fraction of
orphan galaxies is 0.26, 0.25, 0.25, 0.14, and 0.12 for DLB®, G11°, G13®, HrI®, and SAG®. For the two samples from the MSII (7 x 10" A~! Mg
and absolute magnitude M, < —11), the fractions of orphans in the boxes are lower: they are 0.16 for GII® and 0.09 for HrII". Fig. B1 shows
the contributional fraction of galaxies in the simulation boxes as a function of their absolute magnitude (top panels) and stellar masses (bottom
panels). Orphan galaxies up to the absolute magnitude where the samples are complete (~—17) are fewer than 20 per cent in all the SAMs,
and they increase towards fainter magnitudes and lower stellar masses.

Ohttps://www.cosmosim.org/
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Figure B1. Contributional fraction of galaxies of different types as a function of absolute magnitude (top panels) and stellar mass (bottom panels). Red dotted
lines are central galaxies (type 0), blue dashed lines are satellites (type 1), while green solid lines are orphans (type 2). Vertical lines in the top panels indicate
the approximate magnitudes where the samples are quite complete according to Fig. 2.
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APPENDIX C: COMPARISON BETWEEN CG PROPERTIES FROM SAMS AND OBSERVATIONS

In this section, we present a table comparing the physical properties for different CG samples using the well-known Kolmogorov—Smirnov
p-values and their medians confidence intervals.

Table C1. Comparison of physical properties for CGs extracted from SAMs and observations. The comparison is made using Kolmogorov—Smirnov p-values,
and the 95 per cent confidence intervals for the medians.

dj M,y — M, oy Hy ter Tp n
KSp MCI  KSp MCl KSp MCI KSp MCI  KSp  MCI  KSp  MCI
c2MASS-cDLB 0.02 v 0.04 v 0.61 v 0.07 v 0.16 v 0.07 v
c2MASS-cHrl 0.19 v 0.51 v 0.30 v 0.14 v 0.35 v 0.66 v
SDSS-DLB <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X 0.10 v
SDSS-G11 <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X 0.09 v
SDSS-GII <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X
SDSS-G13 <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X 0.77 v
SDSS-Hrl 0.89 v 0.89 v <0.01 X <0.01 X 0.03 v 0.08 v
SDSS-HrlII <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X 0.95 v
SDSS-HkI 0.07 v 0.70 v <0.01 X <0.01 X 0.03 v 0.51 v
SDSS-Hrlc 0.12 v 0.90 v <0.01 X <0.01 X 0.15 v 0.51 v
SDSS-SAG <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X <0.01 X

Notes: First column indicates the selected CG samples to be compared, while the remaining columns shown the selected physical properties that were shown
in Fig. 6. For each property, KS-p column indicates the Kolmogorov—Smirnov p-value for the given sample comparison, while the M-CI column indicates
whether the confidence intervals for the medians of a given property overlaps (v') or not (X) when comparing the CG samples.

This paper has been typeset from a TX/IATgX file prepared by the author.
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