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ABSTRACT

Context. With the advent of wide-field cosmological surveys, samples of hundreds of thousands of spectroscopically confirmed galaxy
groups and clusters are becoming available. While these large datasets offer a valuable tool to trace the baryonic matter distribution,
controlling systematics in the identification of host dark-matter halos and estimating their properties remains crucial.

Aims. We intend to evaluate the predictions of retrieving the population of cluster and group of galaxies using three group-detection
methods on a simulated dataset replicating the GAMA survey selection. Our goal is to understand the systematics and selection effects
of each group finder, which will be instrumental for interpreting the unprecedented volume of spectroscopic data from SDSS, GAMA,
DESI, and WAVES, and for leveraging optical catalogues in the (X-ray) eROSITA era to quantify the baryonic mass in galaxy groups.
Methods. We simulated a spectroscopic galaxy survey in the local Universe (down to z < 0.2 and stellar mass completeness M, >
10%3 M) using a lightcone based on the cosmological hydrodynamical simulation Magneticum. We assessed the completeness and
contamination levels of the reconstructed halo catalogues and analysed the reconstructed membership. Finally, we evaluated the halo-
mass recovery rate of the group finders and explored potential improvements.

Results. All three group finders demonstrate high completeness levels (>80%) on the galaxy group and cluster scales, confirming that
optical selection is suitable for probing dense regions in the Universe. Contamination at the low-mass end (M, < 10" M) is caused
by interlopers and fragmentation. Galaxy membership is at least 70% accurate above the group-mass scale; however, inaccuracies
can lead to systematic biases in halo-mass determination using the velocity dispersion of galaxy members. We recommend using
other halo-mass proxies less affected by contamination — such as total stellar luminosity or mass — to recover accurate halo masses.
Further analysis of the cumulative luminosity function of the galaxy members has shown remarkable accuracy in the group finders’
predictions of the galaxy population.

Conclusions. These results confirm the reliability and completeness of the spectroscopic catalogues compiled by these state-of-the-
art group finders. This paves the way for studies that require large sets of spectroscopically confirmed galaxy groups and clusters or
studies of galaxy evolution in different environments.
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1. Introduction

In the standard cosmological model, galaxies (or visible mat-
ter, in general) are bound to deep dark-matter (DM) potentials,
a dense environment that favours the cooling and condensation
of baryons, in turn forming cosmological structures (Peebles
1980; Mo et al. 2010). Theoretically, DM halos are the primary
drivers of gravitational collapse shaping the evolution of the
galaxies they host and their surrounding medium. Numerous
observational studies, such as the morphology-density relation
(e.g. Dressler 1980), the star formation activity or colour-density
relations (Goémez et al. 2003), and the central galaxy-halo
mass relation (Moster et al. 2010; Behroozi et al. 2013a, 2019),
naturally align with the hierarchical paradigm of structure
formation.

Galaxy groups, which are the most common galaxy envi-
ronments (Eke et al. 2005), are often difficult to identify. For
instance, our own Milky Way, with its close companion and
dwarf satellites, forms what we would classify as a typical loose
group. Furthermore, halo-mass estimates are derived from X-
ray or spectroscopic observations. Due to the low X-ray emis-
sion and limited member counts in galaxy groups, most studies
linking galaxy and gas properties to halo mass focus on extreme
environments, such as galaxy clusters.

The intragroup medium in low-mass halos emits primar-
ily through Bremsstrahlung radiation or metal line emissions
in the X-rays. Still, detecting this gas at temperatures below
1-2keV has been a significant challenge for previous X-ray sur-
veys, which often lacked the sensitivity or coverage needed for
these lower mass ranges (Ponman et al. 1996; Mulchaey 2000;
Osmond & Ponman 2004; Sun et al. 2009; Lovisari et al. 2015).
This has led to a substantial ‘group desert’ in main scaling
relations, making it difficult to study galaxies in groups unless
they are among the brightest in X-rays. However, the launch
of eROSITA aboard SRG in 2019 promised to change this. The
first catalogue based on the eROSITA All Sky Survey (eRASS)
(Merloni et al. 2024) and future, deeper data releases covering
half the sky are expected to fill this ‘group desert’ in X-ray scal-
ing relations. Nonetheless, deeper analyses from the eROSITA
Final Equatorial-Depth Survey (eFEDS) suggest that even at its
nominal eRASS:8 depth, eROSITA only detects a small fraction
of galaxy groups below halo masses of 10'* M (Popesso et al.
2024a). Synthetic eROSITA data, derived from Magneticum
hydrodynamical simulation lightcones, indicate that eROSITA’s
selection function is biased against galaxy groups with lower
surface brightness profiles and higher core entropy (Marini et al.
2024). Consequently, future X-ray large-scale surveys may con-
tinue to provide a skewed view of the relationship between
galaxies, gas, and their host halo masses.

In parallel with the efforts of the X-ray community,
the last few decades have seen an increasing number of
large (optical) spectroscopic redshift surveys and continu-
ous development of group finder algorithms to use in these
surveys. These algorithms extract the galaxy clustering infor-
mation from highly complete samples, rather than gas dis-
tribution, to identify DM halos and infer their masses. As
a result of these large-scale surveys, numerous group cata-
logues have been constructed, including those from the CfA
redshift survey (e.g. Geller et al. 1987), the Las Campanas
Redshift Survey (e.g. Tucker et al. 2000), the 2dFGRS (e.g.
Colless et al. 2001; Yang et al. 2005a; Tago et al. 2006), the
high-redshift DEEP2 survey (Gerke et al. 2005), the Two Micron
All Sky Redshift Survey (2MASS; e.g. Crook etal. 2007,
Diaz-Giménez & Zandivarez 2015; Luetal. 2016; Lim et al.
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2017), zCOSMOS (Wang et al. 2020), and most notably the
SDSS (Yangetal. 2007; Tempel etal. 2017), and GAMA
(Driver et al. 2022; Robotham et al. 2011). Various group cat-
alogues based on SDSS observations have been developed
using the friends-of-friends (FOF) algorithm (e.g. Berlind et al.
2006; Merchan & Zandivarez 2005), the C4 algorithm (e.g.
Miller et al. 2005), and the halo-based group finder developed by
Yang et al. (2005a) (e.g. Weinmann et al. 2006; Yang et al. 2007,
2021; Duarte & Mamon 2015; Rodriguez & Merchan 2020) and
Tempel et al. (2016). While the SDSS group catalogues are lim-
ited to the local Universe, mainly at z < 0.2, the deeper GAMA
survey, which has a magnitude limit two magnitudes deeper than
the SDSS in the » band and a spectroscopic completeness level
of 95%, provides a galaxy-group sample based on the FOF algo-
rithm of Robotham et al. (2011) up to z ~ 0.5. The deeper mag-
nitude limit and the extremely high spectroscopic completeness
level enable us to capture the most common galaxy pairs, such as
our own Milky Way and the Andromeda galaxy, thus, sampling
the most common galaxy environment.

Nevertheless, concerns persist regarding potential contam-
ination in optically selected group samples and uncertain-
ties in their halo-mass measurements. Indeed, while different
selection effects might be attributed to different group sam-
ples due to the varying depth and selection functions of the
spectroscopic galaxy samples on which they are based, large
discrepancies might also arise from different approaches to mea-
suring group halo mass (see Wojtak et al. 2018). Some algo-
rithms use velocity-dispersion-based halo-mass estimates (e.g.
the GAMA catalogue and the SDSS sample of Tempel et al.
2017), which heavily depend on the galaxies used to esti-
mate the velocity distribution. Others, such as the algorithms
by Yangetal. (2005b) and Tinker (2021), rely on different
calibrations of the total luminosity or stellar mass-halo mass
correlation.

While each of these group finders has been tested on dedi-
cated simulations to compare input and output consistency and
estimate uncertainties, a direct comparison of different algo-
rithms based on the same spectroscopic survey is still missing.
In the current work, we aim to benchmark the predictions of
three optical group detection algorithms (Robotham et al. 2011;
Yang et al. 2005a; Tempel et al. 2017) on the same synthetic
dataset that mimics the GAMA selection. These group finders
have been (or will be) extensively used on SDSS (Yang et al.
2007; Tempel et al. 2014, 2017), GAMA (Driver et al. 2022),
DESI (DESI Collaboration 2016), DEVILS (Davies et al. 2018),
and WAVES (Driver et al. 2016) data, providing us with an
unprecedented volume of spectroscopic data. Naturally, their
efficiency can only be calibrated and tested in controlled exper-
iments, when the properties of the associated DM halos are
known, for example in mock observations created with hydrody-
namical simulations. The goal is to understand the systematics
and selection effects for each of the optical group finders and
assess their reliability in their predictions (Popesso et al. 2024b).
In the eROSITA era (Merloni et al. 2012), the combination of
these optical catalogues will help us shed light on the bary-
onic mass in groups, which remains an ongoing topic of debate
today (see, for example, Oppenheimer et al. 2021). Recently,
optical selection has been used to stack eROSITA data on
SDSS (Zhang et al. 2024) and GAMA (Popesso et al. 2024a,c)
galaxy groups that open the doors to probe the X-ray-undetected
sources. For this particular experiment, we focused on the per-
formance of the three algorithms in a GAMA-like survey in
the local Universe at z < 0.2. However, in the future, we will
test the algorithms on a WAVES-like survey at high redshift
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Fig. 1. Distribution of galaxies in LC30. A stellar mass cut >10%% M, is applied to the galaxy sample. The survey is depicted in the redshift space

down to redshift z < 0.2.

to check the reliability of the group finders in the more distant
Universe.

The paper is structured as follows. In Sect. 2, we present
the simulation set and the optical lightcone extracted. Sect. 3
describes the optical halo finders’ run to detect the galaxy groups
and clusters. Sect. 4 illustrates the outcome of the detection pro-
cedure evaluating completeness, contamination, and halo-mass
proxies. Sect. 5 focuses on the optical selection effects and their
implications in extragalactic surveys. Finally, Sect. 6 concludes
our study, providing a summary of our findings.

2. Simulations
2.1. The Magneticum simulation

The Magneticum Pathfinder simulation' is an extensive series
of cosmological hydrodynamical simulations performed using
the TreePM/SPH code P-GADGETS3. The latter is an improved
version of the publicly available GADGET-2 code (Springel
2005), which also introduces several key advances, such as a
higher order kernel function, time-dependent artificial viscosity,
and artificial conduction schemes (Dolag et al. 2005; Beck et al.
2016).

Subgrid models account for the unresolved baryonic physics,
including radiative cooling (Wiersmaetal. 2009), a time-
evolving UV background (Haardt & Madau 2001), star forma-
tion, stellar feedback (i.e. galactic winds; Springel & Hernquist
2003), and chemical enrichment due to stellar evolution
(Tornatore et al. 2007), explicitly tracking multiple elements (i.e.
H, He, C, N, O, Ne, Mg, Si, S, Ca, Fe). They also incorporate
models for supermassive black-holes (SMBHs) and feedback
from active galactic nuclei (AGNs), based on the frame-
works developed in Springel (2005), Di Matteo et al. (2005),
Fabjan et al. (2010), Hirschmann et al. (2014).

The specific simulation run referenced in this work, known
as Box2/hr, tracks the evolution of 2 X 1584 particles in a large
cosmological volume with dimensions of (352 4~! cMpc)?. The
particle masses are set at mpy = 6.9 X 108 17! My for DM
and mgs = 1.4 x 103h™" M, for gas particles. The softening

! http://www.magneticum.org/index.html

lengths are € = 3.75 h~! kpc for DM, gas, and black-hole parti-
cles, whereas stars have € = 2 4! kpcatz = 0.

Post-processing uses a FOF algorithm followed by SubFind
(Springel et al. 2001; Dolag et al. 2009) to identify halos and
substructures (i.e. galaxies). Additional details on SubFind are
provided in Sect. 2.2.

The cosmological parameters used in the simulations follow
the WMAP7 values (Komatsu 2010): Qy = 0.272, Q, = 0.0168,
ny = 0.963, og = 0.809, and Hy = 100 hkms™ Mpc~!, with
h =0.704.

2.2. Designing the lightcone

The lightcone is extracted from the parent cosmological Box2/hr
described above. Its geometrical design is extensively out-
lined in Marini et al. (2024), where a complementary X-ray
catalogue is produced. Here, we provide only the essential
information and the differences related to mocking the optical
counterpart.

Clusters, groups, and member galaxies are all identified by
the halo finder SubFind (Springel et al. 2001; Dolag et al. 2009)
in the parent box. SubFind is a refined step in the structure
identification procedure after the FOF run (with linking length
b = 0.16times the mean inter-particle distance in the simula-
tion). The algorithm descends along the density gradient given
by the particles to find the local maxima and minima of the
gravitational potential. Each three-dimensional volume encom-
passed by local minima is a potential substructure (or subhalo)
candidate. In addition, SubFind implements an unbinding pro-
cedure, to include only particles that are gravitationally bound
to each substructure. This step eliminates particles whose inter-
nal energy is positive (unbound particles): if more than a cer-
tain minimum number of particles (50) survives the unbinding,
the substructure is identified as a genuine subhalo. Therefore,
every future reference to clusters and groups in the paper will
correspond to the identified FOFs (including the central and
satellite galaxies); the member galaxies are the sole bound sub-
structures within. The centre of each halo is identified with the
minimum gravitational potential occurring among the member
particles, other than a complete set of observables (e.g. stel-
lar mass, halo mass, star formation) computed by integrating
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the properties of the constituent particles. The lightcone is con-
structed by extracting random sub-cubes from five different sim-
ulation snapshots and arranging them in a geometrical configu-
ration of our choosing, progressing from the most recent snap-
shot to the most distant. This method can result in abrupt cuts in
structures or the absence of galaxies within a cluster or group.
However, we verify that these effects do not significantly impact
the results. The percentage of lost galaxies is minimal and does
not influence the conclusions of the study.

We used the SubFind galaxy and group catalogue as a base
to construct the mock galaxy catalogue limited to the local Uni-
verse (up to z < 0.2), which covers an area of 30 x 30 deg?.
The galaxy mock catalogue stores the observer-frame abso-
lute magnitudes in the SDSS filters (i, g, 7 i, z), the observed
redshifts, the stellar mass, and the projected position on the
sky (i.e. RA, Dec) for each galaxy. Stellar magnitudes (more
details in Saro et al. 2006) are calculated assuming a single stel-
lar population model for each star particle (with its initial mass,
metallicity, and redshift of formation), an initial mass func-
tion (Chabrier 2003), and stellar evolution tracks (Girardi et al.
2000). The absolute rest-frame magnitude completeness is at
r = —21. To accurately account for observational uncertain-
ties and incorporate the K correction, the rest-frame magni-
tudes given by Magneticum have been fitted through a stan-
dard SED fitting technique with CIGALE (Yang et al. 2022 and
references therein). The best-fit template is then shifted to the
observed frame at the galaxy’s redshift, and the magnitudes in
the desired filters are recalculated from this. This approach inher-
ently includes the K correction. Furthermore, the observed red-
shift and stellar masses have errors sampled from a Gaussian dis-
tribution with o = 45kms~! and 0.2 dex Mo, respectively. Addi-
tionally, we set 5% of the galaxies to undergo catastrophic failure
in the spectroscopic survey (i.e. Av > 500 km s~!). This design is
intended to replicate the spectroscopic completeness of GAMA,
thereby providing a benchmark for our pipelines. However, fully
mimicking the GAMA catalogue would require applying a mag-
nitude cut, as in a magnitude-limited survey (Driver et al. 2022),
which would result in a sample with significant stellar-mass
incompleteness for Magneticum. By adopting our approach, we
ensure that less than 10% of halos fall below the GAMA mag-
nitude limit, bringing us very close to accurately mimicking the
GAMA selection.

The resulting distribution of galaxies in the redshift space of
LC30 is illustrated in Fig. 1. Structures such as filaments and
voids are present at all redshifts, indicating a variety of environ-
ments in which galaxy groups and clusters reside. Magneticum
has provided reliable predictions for its simulated galaxy
population (e.g. Tekluetal. 2015, 2017, 2023; Remus et al.
2017; Schulze et al. 2017, 2018, 2020; Popesso et al. 2024d;
Vladutescu-Zopp et al. 2024) and on the scale of galaxy clusters
and groups (see Angelinelli et al. 2022, 2023; Ragagnin et al.
2022; Marini et al. 2024). We limited the galaxy sample to a stel-
lar mass of >10°® M, to ensure completeness for Magneticum’s
stellar-mass resolution. However, compared to observational
data, the chosen cosmological box Box2/hr shows a significant
tension at the massive end of the galaxy stellar-mass function
(GSMF). In Fig. 2, we illustrate this comparison between the
GSMF from LC30 (with Poisson uncertainty) and Bernardi et al.
(2013). Galaxies with log(M, /M) > 11.5 are primarily the cen-
tral galaxies of the simulated galaxy clusters and groups, lead-
ing our simulations to predict more massive brightest cluster
galaxies (BCGs) and brightest group galaxies (BGGs) compared
to observed ones (see also discussion in Ragone-Figueroa et al.
2018).
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Fig. 2. GSMF of the lightcone from Magneticum and UniverseMachine
within z < 0.2. The mock catalogues are compared to the results from
the SerExp model in Bernardi et al. (2013).

The tension between observed and simulated stellar masses
at these scales has been addressed in many works (e.g.
Pillepich et al. 2018; Bassini et al. 2020). Part of the tension is
necessarily linked to how different simulations and observations
estimate the stellar mass. Frequently, the observed stellar lumi-
nosity in a given central aperture is converted with a mass-
to-light ratio and extrapolated to larger radii (e.g. Kluge et al.
2020). A less diffuse and more expensive method requires
near-infrared luminosity since the K band is a good measure
of its underlying stellar mass regardless of how that mass
assembled itself (Kauffmann & Charlot 1998). Simulations tend
to replicate these results (e.g. by measuring the mass of the
star particles within a given central aperture), alleviating such
tensions (see Kravtsov et al. 2018, for example); however, an
important role is played by the AGN feedback implementation
(Ragone-Figueroa et al. 2013) and the uncertainty on the intr-
acluster light contribution (e.g. Gonzalez et al. 2007; Montes
2022).

This effect might bias our analysis if group finders are sys-
tematically led to identify the central galaxy due to the mas-
sive end of the GSMF distribution. We assess this effect in
Appendix A by performing the same analysis on a lightcone
that has the same volume but is produced with UniverseMachine
(Behroozi et al. 2019, 2023). We created a mock galaxy cata-
logue to run one of the group finders to test the hypothesis on
the assumed GSMF in Magneticum. This is possible since the
UniverseMachine mock catalogue derives from empirical mod-
els of galaxy formation, specifically calibrated to the most recent
observational data and thus tuned to reproduce observables such
as the GSMF. Our investigation shows that the findings in Mag-
neticum are robust and are not biased by the central galaxy mod-
elling.

3. Group finders

Here, we briefly present the three group finders we used for this
experiment. Groups are identified with a geometrical criterion
derived by a FOF in all three methods; however, parameter tun-
ing and halo-mass estimation vary from one another. Although
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reconstructing halo masses is a crucial step in the parameter
exploration, connecting a given true observable with halo mass
is not trivial and many efforts have been put into improving and
understanding systematics there (e.g. Saro et al. 2013; OId et al.
2014, 2018; Wojtak et al. 2018; Vazquez-Mata et al. 2020). In
this paper, we attempt to address all crucial points in such esti-
mates, progressing into a deeper discussion of different halo-
mass proxies in Sect. 4.3.

3.1. Tempel et al. (2017)

The group finder described in Tempel et al. (2017) (T17, here-
after) was used to determine the group catalogue in the SDSS
data release 12. Here, we list the main steps of the algorithm.

1. The galaxy catalogue is run through a FOF algorithm in red-
shift space. Due to its nature, the linking lengths are required
to be different in the transversal and radial (i.e. along the line
of sight) directions. The transversal linking length depends
only on the redshift and is calibrated using the mean sep-
aration of galaxies in the plane of the sky as described in
Tempel et al. (2014). Radial linking length is taken to be ten
times the transversal linking length.

2. Next, the algorithm runs a group membership refinement to
filter nearby field galaxies or filaments from incorrect group
assignments, according to Tempel et al. (2016). The first step
involves multimodality analysis to separate multiple compo-
nents within groups into distinct systems. This is achieved
through a model-based clustering analysis using the mclust
package in the statistical computing environment R. In this
analysis, one coordinate axis is fixed with the line of sight,
while the other two are allowed free orientation in the sky
plane. This clustering analysis is applied to groups with at
least seven galaxies. For each potential number of subgroups
(ranging from one to ten), mclust determines the most prob-
able locations, sizes, and shapes of these subgroups. The
Bayesian information criterion is used to select the number
of subgroups, and each galaxy is assigned to a group based
on the highest probability calculated by mclust.

3. The second step in membership refinement involves estimat-
ing the group’s radius Rygo, assuming an NFW profile. A
galaxy is excluded from a group if its distance in the sky
plane from the group centre exceeds the virial radius, or if
its velocity relative to the group centre exceeds the escape
velocity at its projected distance from the group centre. This
exclusion process is carried out iteratively and usually con-
verges after a few iterations. The refinement process is only
applied to groups with at least five members.

4. Finally, the group detection and membership refinement pro-
cedures are reiterated for all excluded members to determine
if they form separate groups. This step is crucial for detect-
ing small groups that may have been missed during the initial
multi-modality analysis.

The derivation of the group masses is only estimated for groups
with three or more members. The group finder uses the virial
relation Mooy 0'2R200, which connects the mass M2 to the
member’s velocity dispersion o~ and extension Rpoy. The group
extent in the sky and velocity dispersion are not clearly defined
for galaxy pairs. However, the estimated group mass is also
largely uncertain for other poor groups. By iteratively estimat-
ing the velocity dispersion and extension, one can determine the
group’s mass.

2 We define M, as the mass encompassed by a mean overdensity equal
to A times the critical density of the universe p.(z).

3.2. Yang et al. (2005)

The group finder described in Yang et al. (2005a) (YOS5, here-
after) has been successfully applied to numerous galaxy sam-
ples with both spectroscopic and photometric redshifts (e.g.
Yang et al. 2005b, 2007, 2021). Its strengths lie in its iterative
nature and adaptive filter modelled after the general properties
of DM halos. Here, we outline the procedure, while the inter-
ested reader can find a more detailed description in Yang et al.
(2005a, 2007, 2021).

1. The group finder starts by assuming that all galaxies are ten-
tative groups. Then, abundance matching between the total
group luminosity and the halo mass is used to obtain the
mass-to-light ratios iteratively.

2. To reduce the influence of the survey magnitude limit on
the halo-mass estimation, different redshift bins are used
to divide galaxy samples, and their mass-to-light ratios are
determined individually. By interpolating in both redshift
and group luminosity, the halo mass for each group is
derived. Based on the halo mass, the size and velocity dis-
persion of the underlying DM halo are computed.

3. Based on the DM halo properties, the group finder assigns
galaxies assuming that the phase-space distribution of galaxy
members follows the DM particles, where the luminosity-
weighted centre is used to trace the group centre. There-
fore, the number density contrast of galaxies in redshift space
around the group centre at redshift zyroup can be written as

Py(R,Az) = % ?p(Az).

ey
Here, Az = 7 — Zgroup, ¢ is the speed of light, p is the average
density of the Universe, and X(R) is the projected surface
density of a spherical NFW halo. The function p(Az)dAz
describes the redshift distribution of galaxies, which are
assumed to be Gaussian.

4. Galaxies with Py, > B, where B = 10 is the background
level, are assumed to be the member galaxies of this group.
If a galaxy fulfils this criterion for more than one group, it is
only assigned to the group with the highest P,. If all mem-
bers of two groups can be assigned to one group according to
the above criterion, the two groups are merged into a single
group.

5. Once all the galaxies are assigned to groups, the group cen-
tres are recomputed and iterated to step 2 until group mem-
berships are stable.

Within the above framework, Yang et al. (2021) extended this
algorithm so that it can simultaneously deal with galaxies with
either spectroscopic or photometric redshifts. The halo masses
estimated via this procedure are calculated within the virial defi-
nition described in Bryan & Norman (1998), which uses an over-
density equal to A = 180. Therefore, we estimate a correction
factor to translate Mgo into My, assuming a model for the con-
centration (Diemer 2018).

3.3. Robotham et al. (2011)

The group finder outlined in Robotham et al. (2011) (R11, here-
after) processed the galaxies in the GAMA survey to extract a
galaxy-group catalogue. The algorithm also relies on a (single-
step) FOF procedure to identify groups, with the base choice of
radial and projected maximum linking lengths (two free param-
eters) being scaled on a per-galaxy basis as a function of both
local-density contrast (five free parameters) and galaxy bright-
ness (one free parameter).
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Table 1. Groups in Magneticum and FOF catalogues.

Magneticum  T17 YO05 R11

N groups: MEMB > 0 251349 46722 231516 44568
N groups: MEMB > 1 31687 46722 29681 44568
N groups: MEMB > 2 13074 19217 12704 18863
N groups: MEMB >4 5195 6788 5246 7026
N matched groups: MEMB > 1 31687 39633 28727 41537
N matched groups: MEMB > 1 & log(Mypo/Mg) > 12.5 17157 17128 13644 15394
N matched groups: MEMB > 1 & log(Mp0/Mg) > 12.5

& no FRAG_2 17157 14185 14241 15614
N matched groups: MEMB > 1 & log(Mp0/Mg) > 12.5

& no FRAG_2 & no SPUR_2 17157 14194 13404 14247

Notes. We report all groups in the input halo catalogue (Magneticum) and the detected ones in the FOF catalogues. The following rows record the
numbers for the matched groups with a Magneticum group of at least two galaxies, same with a minimum halo mass, excluding FRAG_2 sources

and SPUR_2.

The free parameters were calibrated against a set of simu-
lated lightcones that reproduced the observed GAMA luminos-
ity function, with only groups with five or more members used
to determine the appropriate combination of parameters: five or
more members are required for a meaningful estimate of the
dynamical velocity dispersion and 50" percentile radius Rad50.
In this work, we used the same values adopted for the latest ver-
sion of the GAMA galaxy group catalogue, except for the param-
eter controlling the link scaling with galaxy brightness, which
we set to zero (i.e. no scaling)3.

The halo properties — such as mass, total luminosity, cen-
tre, and velocity dispersion — are estimated from the galaxy
members. The centre is iteratively computed within the brightest
galaxies in the group (i.e. IterCen in the catalogue). The veloc-
ity dispersion is derived with the gapper estimator, (Beers et al.
1990) which underweights the outliers. The halo radius consid-
ered is Rad50 containing 50% of the galaxies in the group. These
two quantities are used to estimate the halo mass from a dynam-
ical argument, since, in the first order for a virialised system, we
expect its dynamical mass to scale as M o o> R. Robotham et al.
(2011) determined the proportionality constant using a semi-
empirical estimation from the mock catalogue used to calibrate
the fitting parameters, as a function of richness and redshift. The
total luminosity needs to account for the missing faint galaxies
in the groups; thus, the group finder measures the r band lumi-
nosity contained within the survey’s limit and then integrates the
global galaxy luminosity function to a nominal faint limit used
to correct for the missing flux.

Interestingly, the authors find the group dynamical masses
more intrinsically stable (require smaller corrections) as a func-
tion of redshift, whilst group luminosities are more stable as
a function of multiplicity. Furthermore, the scatter in extrapo-
lated group luminosity is much smaller than seen for dynamical
masses (Robotham et al. 2011). Similarly, Vdzquez-Mata et al.
(2020) found that using the luminosity estimator as a halo-mass
proxy returns a better correlation with the true halo mass than
the dynamical estimator. We further investigate this issue in
Sect. 4.3.

3 The value adopted in GAMA increases the linking lengths for bright
galaxies. With the over-prediction on the number of massive (bright)
galaxies in LC30 (shown in Figure 2), the group finder merged multiple
haloes, leading to a significant over-estimation of the high-mass end of
the HMF.
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4. Detecting optical groups and clusters

Each group finder is tested on LC30 to assess its reliability in
recovering the underlying halo population in a blind study. We
provide the spectroscopic catalogue containing the five bands’
magnitudes, the stellar mass, the observed redshift, and the posi-
tion in the sky as derived in Sect. 2.2.

In Table 1, we report the group numbers from Magneticum
and the FOF catalogues, before and after the matching (see next
section). The FOF catalogues are based on different definitions
of FOF groups: Y05 includes isolated galaxies, whereas R11 and
T17 yield groups with a minimum of two members. To ensure
equality, we applied a richness cut of >2 galaxies in the FOF
catalogue before the matching.

4.1. Matching with the input catalogue

We evaluate the completeness and contamination of the FOF cat-
alogue by matching it with the input-halo catalogue. In the fol-
lowing, we refer to quantities with the following subscripts:

— DET: referencing the subsample of true detections

— HALQS: for all the Magneticum groups and clusters

— SPUR_I: for the spurious sources (i.e. unmatched detec-
tions)

— FOF: for all the group finders’ detections.

The matching procedure is as follows.

1. For all the candidate groups in the FOF catalogue (i.e. groups
with a minimum of two galaxies and thus no isolated galax-
ies), we search for a halo counterpart in LC30. We do not
apply any richness cut to the Magneticum catalogue; there-
fore isolated galaxies are included in the matching since a
FOF group could be mistakenly associated with them. We
emphasise that this matching would lead to significantly
incorrect halo masses; hence, we treat them as incorrect asso-
ciations in the contaminants. If a detection is within a maxi-
mum offset of Ry from the centre, we match it. It is unlikely
that the peak stellar emission will be farther away than the
virial radius. Additionally, we assess that the estimated red-
shift is within 3 x 1073 of the input redshift of the candi-
date group. This is comparable to the velocity dispersion of
a massive cluster. Thus, it is unlikely that groups identified at
greater redshift distances are associated with the given halo.

2. If more than one halo falls within the cylindrical volume,
we check whether there is one whose mass dominates (i.e.
at least six times the second most massive group). If this
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is the case, we match it; otherwise, we list the primary
in the matched catalogue (i.e. the most massive detection),
adding the flag FRAG_1. Many of the later ‘undetected’
halos will be among these secondary detections (with the flag
FRAG_2) and are lost.

3. In the end, we check whether, according to these criteria, any
halo in the input catalogue has been matched more than once
to a FOF detection, and, if so, we define the matching as
fragmented.

Using this matching procedure, we classify the detected groups
into three categories: primary, secondary, and tertiary detections.
These are categorised as follows.

— Primary detections: These are either the unique matches or
the most massive halos within the detection’s Rgo radius.
When fragmentation occurs, the detection with the highest
mass is labelled as the primary fragment (FRAG_1).

— Secondary detections: These are fragments of a larger halo
split into smaller detections and are labelled as FRAG_2.

— Tertiary detections: These are clearly incorrect matches. For
example, we often find two (or more) members of FOF
groups associated with isolated Magneticum galaxies. This
incorrect matching would lead to very biased halo masses.
We flag these matches as SPUR_2.

Halos that remain undetected fall into two categories:

— Halos obscured by a more massive detection within their
R>00.

— Halos without any corresponding FOF detection.

These undetected halos are compiled into a single undetected
halo catalogue. This categorisation allows us to evaluate the
completeness and contamination of our group catalogue by com-
paring it against the input-halo catalogue.

4.2. Completeness and contamination

Here, we discuss the performance of the group finders in detect-
ing groups and clusters of galaxies in our mock observation. We
cross-match the detections with Magneticum’s halo catalogue;
nevertheless, we only comment the detections corresponding to
halos with a mass of My > 10'2° My (i.e. due to the halo
completeness limit of our simulation) and a minimum of two
members in the Magneticum catalogue. Therefore, we define
completeness as the ratio between the number of detected halos
over the total (per input halo-mass bin), namely

Nper

2

Compleleness NHALOS
It is important to note that this definition does not con-
sider the consistency of galaxy membership in the matching
process. Therefore, we redefine completeness as the ratio of
detected halos (whose corresponding match includes at least
50% of the member galaxies) to the total. This is referred to as
DET + MEMB.

Similarly, we define contamination as the fraction of spuri-
ous detections in the FOF catalogue per bin of FOF halo-mass

proxy:

Nspur

3

Contamlnatlon NFOF
Spurious sources can be SPUR_1 (i.e. unmatched FOF groups),
SPUR_2 (i.e. incorrect matching), and FRAG_2 (i.e. fragments
of larger halos). Often in the literature (e.g. in Yang et al. 2005b)
we speak of purity (as opposed to contamination), which is sim-
ply defined as # = 1 — Contamination-

Completeness and contamination are complementary in
describing the detection process: completeness defines the accu-
racy of recovering the input catalogue, whereas contamination
clarifies to what extent the FOF catalogue is susceptible to false
detections. The optimal case would be completeness equal to one
and contamination zero; however, there might be cases where
both completeness and contamination are high (e.g. a group
finder detects almost all halos at the cost of detecting extra false
halos) or low (equivalently, a group finder cannot find any halo,
but it does not overpredict halos when there are none). A good
group finder should overlook false detections due to improper
member classification caused by projection effects or the split-
ting of large groups and clusters. On the other hand, contamina-
tion is derived as a function of the recovered halo mass using the
estimates from our best halo-mass proxy (see Sect. 4.3).

Fig. 3 reports our results. In the left panel, we illustrate the
completeness of all the primary detections as a function of the
true halo mass. For masses above 10'3 M, the completeness
(solid lines) is at least 80% in all group finders. Alternatively,
if completeness is determined solely by the identified halos that
have at least 50% of their member galaxies in common with
their match (i.e. most of the members overlap), we observe that
for masses exceeding 10'3 M, the completeness (represented by
the dashed lines) is approximately 70%. Galaxy membership is
an important step in the group finder; it is also responsible for
correctly estimating halo properties — such as halo mass — as dis-
cussed in Sect. 4.3, for example. The scatter is mass-dependently
increasing for larger masses, which is due to the limited number
of halos with May > 10'* M,,. This seems to be especially true
for YO05.

In the right panel, we plot the contamination (solid lines)
defined in Eq. (3) as a function of the halo mass of the FOF
catalogue. This ranges below 10% for all group finders in the
regime >10'3 M. These false detections correspond to groups
of a few galaxies, aligned in projection, but not necessarily
belonging to a DM halo. Furthermore, a fraction of true detec-
tions is fragmented and fragmentation can lead to systematic
biases in halo properties. If we include FRAG_2 as a contribut-
ing spurious source in the definition of contamination (dashed
lines), the increase is negligible. In the high-mass end, contam-
ination is mostly due to SPUR_2 sources, namely FOF groups
that have been associated with Magneticum halos whose mass is
1 dex larger than the true match. These are examples of incorrect
matching, and a true match is beyond the virial radius used to
match. Contamination is higher at the low- and high-mass end,
especially for T17, reaching an optimal range in the group’s mass
regime.

In Fig. 4, we investigate which primary detections are mostly
fragmented. In the left panel, we illustrate the halo-mass distri-
bution for the three group finders. Not surprisingly, most of the
fragmented sources are the largest ones. From a more quantita-
tive point of view, the average number of fragments as a func-
tion of halo mass is a monotonically increasing distribution for
all group finders, reaching four to six fragments at the highest
masses. Fragmentation will be almost redshift-independent for
the group finders. Since fragmentation occurs in all samples and
no direct method can shed light on its nature in a FOF catalogue,
we advise taking care when considering low-mass FOF groups
within the projected Rygo of a large group.

In conclusion, we argue that optical group finders best
recover the underlying halo population in the mass range
1013-104 M. The most consistent finder seems to be RI11,
which has high completeness and low contamination for masses
larger than 1013 M. However, for scenarios where minimising
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fragmentation is critical, YOS5 may be a better choice across a
broader range of halo masses, though potentially at the cost of
completeness.

4.3. Halo-mass proxies

A non-trivial task all group finders are required to perform is to
recover a reliable halo mass associated with a group of galaxies.

R11 and T17 exploit the virial theorem to connect the veloc-
ity dispersion of the member galaxies with Myy. Using the
velocity dispersion as a proxy might lead to inaccurate results
for poor groups since a robust velocity dispersion can only be
attained with a minimum number of members. In this regard,
Y05 argued that a more reliable estimate can be provided by
modelling the mass-to-light ratio from the total luminosity of
the member galaxies: such a method seems to be only mildly
dependent on the assumed mass-to-light ratio.

Therefore, we compare the scatter of the distribution when
using the halo masses included in the FOF catalogue and, when
possible, attempt to improve such estimates with other assump-
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tions. Here, we list the different methods used to reconstruct the
halo mass.

— STELLAR MASS OF THE BCG. Locating the BCG of a galaxy
cluster or group is a relatively easy task since it is the bright-
est (often most massive) galaxy in a virialised system. Its
properties are tightly connected to the host DM halo proper-
ties, given their co-evolution is predicted to be present since
at least z < 2 (Ragone-Figueroa et al. 2018). Therefore, cor-
rectly identifying the central galaxy can help us infer several
host-halo properties with reasonable uncertainty. The intrin-
sic scatter in the M, gcg — Moo relation has been exten-
sively studied (e.g. Behroozi et al. 2010; Moster et al. 2013;
Kravtsov et al. 2018). From this, one can conclude that if
the algorithms are accurate enough in recovering at least the
central galaxy in a group, we can estimate a roughly consis-
tent host halo mass. Fig. 5 reassures us that the consistency
of each group finder in recovering the BCG is high, once
the matching is done. We report, with the shaded band, the
95th binomial confidence interval for each sample. The lat-
ter is defined as +1.96(f(1 — f)/N)'/2. Above 10" M, all
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Fig. 5. Percentage of BCG correctly identified for each detected halo in
the input catalogue. The shaded band marks the dispersion given by the
95th binomial confidence interval.

algorithms recover at least 90% of all central galaxies,

although T17 has a sharp decline at the massive end. In the

simulation, the BCG is the most massive galaxy in a halo,
generally sitting at the bottom of the gravitational potential.

However, the group finders identified the BCG based on its

luminosity, with it being the brightest galaxy in the group.

These two definitions coincide in most cases; however, incor-

rect galaxy membership and/or equally bright galaxies in a

halo might affect the recovery process. We observe that the

recovery rate is high in the group regime for all finders over-
all, decreasing at the low-mass end (<1013 M, halos formed

by one or two galaxies) or the very high-mass end (>10'* M,

where most fragmentation happens).

— STELLAR MASS OF MEMBER GALAXIES. Another optical
halo-mass proxy often used in the literature is the total stellar
mass, often estimated by applying a light-to-mass conversion
to the galaxy candidate members of a cluster or group (e.g.
Andreon et al. 2022). Although robust, this method might
suffer from incorrect galaxy member assignments due to pro-
jection effects. We extract from Magneticum the scaling rela-
tion between total stellar mass and M,y and calibrate the
halo-mass proxy.

— STELLAR LUMINOSITY OF MEMBER GALAXIES. Similarly
to the stellar mass, the optical luminosity can be a good
tracer of the stellar content of galaxy groups and clusters to
derive the host halo mass. In observations, such a scaling
relation is particularly useful given that the optical luminos-
ity is directly observable. We use the best-fit relation for the
SDSS r band listed in the Appendix Table of Popesso et al.
(2007) with a scatter ~0.20 dex.

Each scaling relation carries an intrinsic scatter o-(log M»p|Y),
which is the scatter in recovering the logarithmic halo mass at a
given proxy Y, generally as a function of the halo mass. Table 2
illustrates the result for the sample of groups in LC30.

Fig. 6 illustrates the scatter around the 1:1 relation (dashed
black line) between the input halo mass and the matched halo
mass estimated using different methods (reported at the top of
each panel) and for each group finder (going from top to bottom
R11, T17, and Y05). Considering that the group finders by R11

Table 2. Scatter in the halo-mass proxies.

Y log M>oo Olog Mago.y

IOg M*,BCG 12.5 0.197
13.0 0.200

13.5 0.200

14.0 0.180

10g M*,TOT 12.5 0.170
13.0 0.145

13.5 0.126

14.0 0.117

Tog L, 125 0.182
13.0 0.193

13.5 0.212

14.0 0.189

Notes. Logarithmic scatter of the scaling relations in Magneticum used
as halo-mass proxies in the group regime. The proxies Y are reported in
the left column and they are the BCG stellar mass, the total stellar mass,
and the total luminosity in the r-band, respectively. All the masses are
in units of M, while the luminosity is expressed in L.

and T17 use the velocity dispersion of member galaxies to esti-
mate the halo mass, we mark the data points with richness below
five in grey in their leftmost panels. These estimates cannot be
considered reliable with this mass proxy. Using the other meth-
ods gives us the advantage of keeping these halos since the other
mass proxies are less affected.

Each panel reports the relative scatter (mean and standard
deviation) of the primary detections as a function of the Mag-
neticum’s true halo masses in the lower section, whereas the
number enclosed within the parentheses in the text above reports
the mean scatter (in dex). Both metrics show that the stellar lumi-
nosity is the mass proxy with the smallest scatter, followed by
the total stellar mass.

We can derive two important results from the outcome of
this experiment. Firstly, the stellar luminosity of the brightest
member galaxies in a cluster or group scales fairly well with the
host halo mass. This mass proxy is the best for our catalogue,
closely followed by the total stellar mass. Secondly, using either
one of these two proxies allows us to keep halos with multiplicity
lower than five.

4.4. Consistency of galaxy membership

Another way to quantify the accuracy of the group finders is
to investigate the consistency rate in recovering the underly-
ing galaxy member population. In other words, after matching
the halo catalogues, we cross-match their galaxy population and
assess the impact of interlopers in the catalogue. Interlopers are
the main contaminant in optical surveys — affecting the purity of
the galaxy members — and they might cause significant damage
when assessing the halo mass. Methods to recover the halo mass
based on the purity of the galaxy-member sample (e.g. velocity
dispersion) will tend to under- or overestimate the mass based
on an incorrect assignment.

Given our best mass proxy, we wish to know how significant
the latent scatter is in the recovered mass versus input mass as
a function of galaxy membership. In other words, provided that
FOF detection is matched to a true halo in Magneticum — follow-
ing the method in Sect. 4.1 — we can find out how comparable
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Fig. 6. Comparison of estimated halo mass in the FOF catalogues as function of true input mass from Magneticum. Each row represents the results
from the different group finders: R11, T17, and YOS5 from top to bottom. Each panel reports a different halo-mass proxy. The algorithm developed
by R11 and T17 estimates the halo mass based on the members’ velocity dispersion; thus we show the distribution of points based on their richness
(i.e. at least four members are the coloured points) in their panels. Points are the primary detections. YOS uses the total stellar luminosity to probe
the halo mass; therefore, there is no richness limit. We note that in YOS5 the first panel and last thus display the same data. For each distribution,
we include a bottom rectangular panel with the scatter (mean and standard deviation) in bins of the true Magneticum’s halo mass. In the text at the
top, we report the total mean scatter (in dex). The dashed black line marks the 1:1 relation.

their two galaxy member populations are. We define ¥y as

2
N gal

Niai (HALOS) Ny (FOF)’

(HALOS NFOF)

“

gal =

where Ng,(HALOSNFOF) is the number of true galaxy members,
and Ng,(HALOS) and Ny, (FOF) refer to the number of members
in the Magneticum and FOF catalogues, respectively. This quan-
tity will be one if all the galaxy members are recovered in the
matched catalogue and it will decrease otherwise. In Fig. 7 we
show the halo-mass distribution estimated via the scaling rela-
tion with the stellar luminosity for all group finders, and we
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colour-code the data according to g, . Overall, smaller ¥, cor-
responds to an equivalently smaller deviation from the 1:1 rela-
tion. Low-mass halos (<10'* M) generally have a high consis-
tency level, since only a few galaxies form them; however, the
scatter in the mass in this range is quite large. On the groups and
cluster scale, g decreases, not necessarily hindering the capa-
bility of recovering the true halo mass. We find that correctly
assigning the most massive satellites (i.e. contributing mostly to
the stellar luminosity and mass budget) to the halo is far more
important.

Given that the total stellar luminosity is the most accurate
halo-mass proxy, we might ask how comparable the member
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Fig. 7. Scatter plot of luminosity-based mass (best proxy) and true mass colour-coded for the accuracy of the membership F, for the three group

finders. We define ¥, in Eq. (4).

galaxy luminosity functions are: this is a good diagnostic of the
distribution of galaxy properties within their DM halos between
input and the FOF datasets. To address the issue, we study
the conditional luminosity function (CLF, hereafter; Yang et al.
2003; van den Bosch et al. 2003), which describes the average
number of galaxies with luminosity within L and L + dL that
reside in a halo of mass M. This formalism allows us to simul-
taneously address galaxies’ clustering and abundance properties
as a function of their luminosity.

We report the results in Fig. 8, expressing the CLF in terms
of the rest-frame magnitude in the SDSS r-band M,. The bright
end of the CLF extends to very low values of M,, which is con-
sistent with a broad GSMF (as discussed in Fig. 2) and no dust
attenuation in the stellar luminosity. Such a CLF is not compara-
ble with observational data; however, it provides us with insights
into the recovery rate of the group finders, since we only need
them to be self-consistent with the simulations. Furthermore, it
is useful to disentangle the role played by the central galaxies
(central panel) and the satellites (right panel) in the total CLF
(left panel), since by definition the central galaxy is the brightest
galaxy in each DM halo. We split the groups into five halo-mass
bins and report the median halo mass in the legend. The solid
lines represent the results from the Magneticum halo catalogue,
whereas the dotted lines mark the different FOF catalogues,
according to the various symbols. We check that including
FRAG_2 has a negligible effect on the plots, and only at the
low-luminosity end, and therefore we do not include them in the
count.

We do not observe any significant difference between the
input and FOF distributions, except in the highest mass bin,
where we see that YOS5 tends to overestimate the intermedi-
ate luminous satellite population (i.e. in the magnitude range
between —24 and —26) as opposed to the other CLFs. This result
agrees with the decrease in the completeness at high masses
seen in Fig. 3 when accounting for the galaxy membership. Fur-
thermore, splitting the sample between the central and satellite
galaxies allows us to disentangle the two peaks in the total CLF
in most mass bins. Overall, the group finders provide a reliable
distribution of the galaxy properties, which are self-consistent
within the simulation. This result demonstrates that the group

finders can also offer reliable catalogues of galaxies within dif-
ferent environments.

5. Discussion: Halo-mass distribution

Having discussed the completeness and contamination of each
optical catalogue and deriving the best halo-mass proxy, we
can now investigate how representative the recovered group and
cluster catalogues are of the underlying (true) halo population in
LC30.

To further expand the discussion, we include the recovered
halo-mass distribution extracted in Marini et al. (2024) from the
same simulated lightcone. Marini et al. (2024) created a full
mock X-ray observation of the extended ROentgen Survey with
an Imaging Telescope Array (€ROSITA) in LC30. The real sur-
vey will scan the entire X-ray sky both in the soft band (i.e.
0.2-2.0keV) and hard one (i.e. 2.0-10keV), allowing us to
probe galaxy clusters and groups at these wavelengths in an
unprecedented volume. The mock observation is performed with
an exposure time similar to that of the four-year eROSITA All-
Sky Survey (eRASS:4). The authors self-consistently modelled
the X-ray photons of the hot gas, AGNs, and XRB using PHOX
(Biffi et al. 2012, 2013, 2018; Vladutescu-Zopp et al. 2023),
which are post-processed by SIXTE (Dauser et al. 2019), the
official end-to-end eROSITA simulator, to account for the tele-
scope’s technical features and scanning strategy. Following the
spectral decomposition of the eFEDS background emission in
Liu et al. (2022), foreground and background components are
added. Extended and point-source detections are derived by run-
ning the eROSITA Science Analysis Software System (eSASS)
on the event files. Each extended detection is cross-matched to
the input halo catalogue in a similar manner to what is described
in Sect. 4.1. From the X-ray catalogue, the authors derived the
expected completeness and contamination of the sample, and
the luminosity function and discuss the intrinsic systematics
included in such observation.

The comparison between X-ray and optical catalogues
allows one to examine different selection effects on a group
and cluster scale. With this approach in mind, in Fig. 9 we
present the complete halo-mass distribution in LC30 (dashed

A207, page 11 of 15



Marini, L, et al.: A&A, 694, A207 (2025)

A+ YOS5
@ RI11

log M200
12.7
13.2
13.7
14.2
14.7

=
o
~

=
o
9

1071

o
S
s

dN(M;,|log M2o0)/d M,

Satellites

Centrals {

1073

Fig. 8. CLF of all member galaxies (left panel), only central galaxies (central panel), and only satellites (right panel) as function of halo mass.
The halo masses are split into five equally spaced logarithmic bins, whose median is reported in the legend. The samples of each group finder
are marked with symbols whose legend is listed in the central panel, and the solid lines represent the input distribution from the SubFind halo

catalogue.

black line) from the optical surveys (i.e. Y05, R11, and T17)
and the X-ray catalogue. Marini et al. (2024) thoroughly discuss
the selection effects in the X-ray sample related to the amount
of X-ray-emitting hot gas in the halos. Such a bias leads to a
higher likelihood detection of gas-rich and low-entropy systems
within a fixed halo-mass bin. These represent the vast major-
ity for My > 10'* My and diminish for smaller masses. This
effect is evident in our catalogues and causes a drastic decrease
in detected halos for Mgy < 10'* M. On the other hand, the
optical catalogues (using the halo mass derived from the stellar
luminosity, and thus allowing us to include objects with low mul-
tiplicity) tend to be more complete for lower masses. Overall, the
T17 catalogue provides the most accurate halo-mass distribution.

We argue that the higher number of statistics offered by the
optical selection allow one to study halos at the galaxy group
scales with far fewer biases than in X-ray selection. In this
context, stacking X-ray observations on optically selected halos
will allow the mapping of the distribution of baryonic mass on
smaller scales and potentially infer the average properties of the
hot gas in galaxy groups. A number of studies have exploited this
in the group’s regime and, without the aim of being complete,
we name a few here: Crossett et al. (2022), Ota et al. (2023),
Popesso et al. (2024a).

6. Summary

The results presented in this study are based on predictions from
the Magneticum Pathfinder, a suite of cosmological hydrody-
namical simulations. The parent Box2/hr simulation serves to
extract a mock spectroscopic catalogue of optical galaxy groups
and clusters down to z < 0.2, complete for stellar masses
>108 M. Galaxies in the lightcone LC30 (with a field of view
of 30 x 30 deg?) are simulated with observed magnitudes in the
SDSS bandpass (i.e. u, v, g, r, and i) and an additional K correc-
tion. The corresponding group catalogues are constructed using
three widely employed group finders (i.e. Robotham et al. 2011;
Yang et al. 2005a; Tempel et al. 2017) on the mock galaxy cat-
alogues. We compare the results in terms of completeness, con-
tamination, and recovery of the halo mass.
Our main findings are summarised as follows:
— The optical catalogues show that at least 80% of the halos
with My > 10'> My are recovered (Fig. 3) when mem-
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bership is not taken into account. Above Mayy > 10'3 My,
the FOF catalogue is ~70% accurate in assigning the galaxy
members to their respective groups, as shown in Fig. 3.

— Contamination at the low-mass end (i.e. Moy < 103 M) is
due to projection effects and fragmentation, since many FOF
groups correspond to FRAG_2 of massive halos in all group
finders. Primary fragments (i.e. FRAG_1) have no redshift
dependence, albeit there is a significant halo-mass depen-
dence (see Fig. 4).

— Fragmentation and incorrect galaxy membership might sys-
tematically bias the halo-mass estimates by the group finders.
This is crucial for group finders that use the velocity disper-
sion of the galaxy members as a mass proxy via dynami-
cal modelling. Fig. 6 analyses the total stellar mass, central
galaxy stellar mass, and r band luminosity to determine the
best halo-mass proxy. Stellar luminosity shows the smallest
scatter for all three group finders (0.24-0.40 dex), followed
by the total stellar mass (0.37-0.49 dex).

— The recovery rate of the BCG in all groups is also very high
(refer to Fig. 5), allowing the calibration of halo masses on
the BCG stellar mass with a small scatter.

— Using stellar luminosity (or total stellar mass) as a halo-
mass proxy allows us to estimate halo masses with sufficient
accuracy, even when not all member galaxies are correctly
associated. This holds if at least some of the most luminous
(or most massive) member galaxies are included, which is a
common scenario for all group finders.

— The true and recovered CLFs for centrals and satellites (see
Fig. 8) are broadly consistent at all masses, allowing us to
further confirm that these group finders are also robust for
studies of galaxies as a function of the environment.

— The halo-mass distribution in Fig. 9 highlights the selection
effect in X-ray surveys of galaxy groups. While optical group
finders may require tuning for halo-mass calibration, they are
powerful tools for discovering and detecting galaxy groups,
even in the local Universe.

Our study highlights the suitability of optical (spectroscopic)
surveys for detecting galaxy clusters and groups in the local Uni-
verse. Interlopers and fragmentation, primarily affecting high-
mass halos, can impact our ability to use galaxy members to
probe halo masses. However, different mass proxies can miti-
gate this negative impact and yield complete halo catalogues.
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Ultimately, the error budget for determining accurate halo
masses should account for all possible systematics that cannot
be further improved through simulation tuning. A clear under-
standing of both selection effects in optical data and irreducible
systematics in group finders is essential for highly complete,
optically selected samples of galaxy groups.
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Appendix A: Testing the GSMF with
UniverseMachine

Some concerns may be raised regarding the limitations of these
tests being based on a single simulation. For example, the shape
of the GSMF in Fig. 2 — particularly the presence of very massive
central galaxies within their host halo mass — might influence the
mass proxy derived from the central galaxy.

Here, we benchmark our predictions by re-running the detec-
tion and matching procedure outlined in Sect. 3 in a lightcone
generated with UniverseMachine (Behroozi et al. 2019). The
geometrical configuration is the same (i.e. 30 x 30 deg? down to
7 < 0.2 and complete down to M, > 10°3 M), however, the par-
ent simulation Bolshoi-Planck (Klypin et al. 2016) is a DM-only
cosmological box 250 A~! Mpc on a side with 20483 particles
which uniquely integrates empirical data to create a detailed and
comprehensive representation of galaxy population. The subha-
los are identified using ROCKSTAR (Behroozi et al. 2013b)

UniverseMachine models individual galaxies’ star formation
rates (SFRs) within their DM halos, by parametrising the max-
imum circular velocity at peak historic halo mass, the assem-
bly history, and redshift. Parameters describing the SFR and the
fraction of quenched galaxies based on these variables are con-
strained using a variety of observations spanning a wide red-
shift range (up to z < 10). These observations include galaxy
abundances, the cosmic SFR, the fraction of quenched galax-
ies as a function of galaxy observables, and the auto- and cross-
correlation of star-forming and quenched galaxies. As a result,
the UniverseMachine produces numerous predictions, including
the stellar-to-halo mass relation as a function of redshift, the star
formation histories of galaxies, their correlation functions, and
statistics on infall and quenching for satellites (Behroozi et al.
2023).

A mock galaxy catalogue generated with this method is con-
strained by galaxies’ observed stellar mass functions, SFRs (spe-
cific and cosmic), quenched fractions, UV luminosity functions,
UV-stellar mass relations, IRXUVrelations, auto- and cross-
correlation functions (including quenched and star-forming sub-
samples), and quenching dependence on environment. Although
this simulation lacks modelling of the optical emission, the
group finders can rely on the 3D spatial properties and masses of
galaxies to reconstruct the halo catalogue. Therefore, we test our
second-best halo-mass proxy (i.e. the stellar mass of the member
galaxies) against the group finder results and discuss the cata-
logue’s completeness and contamination.

Fig. A.1 illustrates the recovery of the halo mass when using
the velocity dispersion (left panel) or the stellar mass of the
member galaxies (right panel) for the halo catalogue derived
with R11. We use the same legend as in Fig. 6 to provide an
easy comparison between the two. The scatter is larger (i.e. 0.71)
than when using the group finder with Magneticum (0.35), nev-
ertheless when using the stellar mass as a mass proxy, it becomes
comparable. We argue that the systematically higher stellar mass
function observed in Magneticum does not imply a better recov-
ery of the halo mass when using the stellar mass as a proxy.

Fig. A.2 displays the completeness and contamination lev-
els found for the halo catalogue (in the DET case, see the main
text in Sect. 4.2). Completeness and contamination confirm our
previous results for galaxy groups and clusters.
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Fig. A.1. Scatter plot of halo-mass distribution when using the group
finder’s method in R11 (i.e. the member galaxies’ velocity dispersion;
left panel) and the stellar mass (right panel). The legend is the same as
in Fig. 6.
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Fig. A.2. Completeness and contamination for the input halo mass from
the UniverseMachine mock catalogue run with R11. The completeness
and contamination are calculated using only the halo matching, with no
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dispersion given by the Poissonian error.
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