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ABSTRACT

Close pairs of galaxies have been broadly studied in the literature as a way to understand galaxy interactions and mergers. In
observations, they are usually defined by setting a maximum separation in the sky and in velocity along the line of sight, and
finding galaxies within these ranges. However, when observing the sky, projection effects can affect the results, by creating
spurious pairs that are not close in physical distance. In this work, we mimic these observational techniques to find pairs in
THE THREE HUNDRED simulations of clusters of galaxies. The galaxies’ 3D coordinates are projected into 2D, with Hubble flow
included for their line-of-sight velocities. The pairs found are classified into ‘good’ or ‘bad’ depending on whether their 3D
separations are within the 2D spatial limit or not. We find that the fraction of good pairs can be between 30 and 60 per cent
depending on the thresholds used in observations. Studying the ratios of observable properties between the pair member
galaxies, we find that the likelihood of a pair being ‘good’ can be increased by around 40, 20, and 30 per cent if the given pair
has, respectively, a mass ratio below 0.2, metallicity ratio above 0.8, or colour ratio below 0.8. Moreover, shape and stellar-to-halo
mass ratios, respectively, below 0.4 and 0.2 can increase the likelihood by 50 to 100 per cent. These results suggest that these
properties can be used to increase the chance of finding good pairs in observations of galaxy clusters and their environment.
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1 INTRODUCTION

The A cold dark matter (DM) growth paradigm for the Universe
describes a hierarchical model of structure formation, where mergers
between lower mass objects yield more massive systems (White &
Rees 1978; Frenk & White 2012). In this context, interactions and
mergers between galaxies are expected and these processes can
play a very important role in galaxy formation and evolution. As
such, several efforts have been devoted to studying the effects of
galaxy interactions that can result in property changes of the involved
galaxies.

An essential quantity for studying the effects of mergers on
galaxy formation and evolution is the fraction of galaxies that are
undergoing a merger event. In observations, if high-resolution images
are available, galaxies undergoing mergers can be identified via
their morphology (Conselice et al. 2003; Lotz, Primack & Madau
2004; Lotz et al. 2008; Lopez-Sanjuan et al. 2009). Some studies
even identify the stage of the merger the galaxy is in Pawlik et al.
(2016). However, this kind of data is not always acquirable, even
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more so if we want to study higher redshifts. A common approach
taken at this point is to study galaxies that are close in the sky
— close pairs (e.g. Carlberg, Pritchet & Infante 1994; Patton et al.
2000; Kartaltepe et al. 2007; Duncan et al. 2019). Although they
do not directly trace mergers, close galaxies are more likely to
merge in the near future. Assuming a certain merger time-scale,
the close-pair fraction can also be used to estimate the merger rate
of galaxies (Kitzbichler & White 2008; Xu et al. 2012; Mundy et al.
2017).

When compared to more isolated galaxies, galaxies with close
companions have been shown to have enhanced star formation
(Barton, Geller & Kenyon 2000; Li et al. 2008a; Scudder et al.
2012; Patton et al. 2013; Pan et al. 2018) and diluted metallicities
(Kewley et al. 2010; Rupke, Kewley & Chien 2010; Bustamante
et al. 2020). Some studies also show that close companions can
induce the triggering of active galactic nuclei (AGNs; Silverman
et al. 2011; Cotini et al. 2013; Ellison et al. 2019), although this has
been a more debated topic, with some studies also failing to find
a correlation between galaxy interactions and AGN enhancement
(Li et al. 2008b; Cisternas et al. 2011; Shah et al. 2020). The
dependence of these results on the environment of the galaxies has
also received some attention in the literature, finding that, in general,
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the previous tendencies are kept even when entering in high-density
regions (Alonso et al. 2006, 2012; Perez et al. 2006).

To clarify this kind of matters and gain a better understanding
of the topic, a more theoretical approach like the one given by
numerical simulations can be very useful. Compared to observations,
simulations have the advantage that they allow us to access different
snapshots, and thus study what happens to the galaxies in a future or
past moment. Previous works have studied the boost of star formation
due to close companions (e.g. Patton et al. 2020 in IlustrisTNG or
Rodriguez Montero et al. 2019 in the Simba simulation). Bustamante
et al. (2018) show that the metallicity dilution due to galaxy interac-
tions is also seen in cosmological simulations. Idealized simulations
of galaxy mergers have also found an increased AGN activity (Di
Matteo, Springel & Hernquist 2005; Torrey et al. 2012).

When trying to unify all these studies about close pairs, one
problem that arises is regarding the selection criteria. In observations,
galaxies are defined as ‘close’ based on their separation in the sky
and their separation in velocity along the line of sight. However, no
unified threshold exists for these parameters to define a close pair.
For the separation in the sky, the values range from 5 42~! kpc up to
even 100 2~ kpc, depending on the particulars of the study. For the
velocity separation, the threshold is usually set to be between 300 and
1000 kms~! difference. Studies like Husko, Lacey & Baugh (2022)
convert from one definition to another by assuming a power-law
dependence of the close pair fraction on the maximum separation,
but the comparisons remain difficult due to differing methodology.

In simulations, the 3D separation alone can be used to find close
galaxies, although again the thresholds can differ depending on
the study. By using directly the 3D coordinates, rather than 2D
separation, simulations eliminate the problem of projection effects
that can create spurious pairs of galaxies. Simulations also allow
for checking if the two galaxies are in fact gravitationally bound,
although we will not focus on that in this particular work.

The motivation for this project is to reduce this gap between
observations and simulations, by answering the question of how
likely it is that an observed galaxy pair (or group) in the sky is
actually close in 3D. We aim to do this by using hydrodynamical
simulations of galaxy clusters to mock the observational techniques
used to find pairs in 2D. By measuring then the 3D separation
between the galaxies in these pairs, we can assess the performance
of these methods and thus the importance of the projection effects.
While the effects of spurious pairs are expected to be stronger in
high-density regions (Mamon 1986, 1987), a study by Alonso et al.
(2004) found that real pairs dominate the statistics regardless of the
environment, given the thresholds ry, < 100/ ~'kpc in distance and
Vsep < 350 km s~ in velocity. We intend to investigate this in more
detail, exploring how it depends on the definition of ‘close’ chosen,
and if there are any properties of the pairs that influence it. We will
also consider the circumstance of a galaxy having more than one
close companion, i.e. being in a group, and similarly explore these
situations.

In this work, we are going to use THE THREE HUNDRED simula-
tions,! which are 324 re-simulations of the most massive clusters
in a DM only cosmological simulation. These clusters provide a
high-density environment where the interactions between galaxies
are more frequent and can be especially important. On large scales,
clusters are dominated by DM and hence gravity. But on smaller
scales, also the interaction of the baryonic components of clusters
plays an important role (see Kravtsov & Borgani 2012 for areview on

Uhttps://the300-project.org/
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galaxy clusters). This leads to several different phenomena that drive
galaxy evolution, also making clusters very interesting environments
to study galaxy interactions (Gnedin 2003; Park & Hwang 2009;
Boselli et al. 2014). Using THE THREE HUNDRED simulations allows
us to have lots of statistics, with many pairs and groups to study,
belonging to clusters with different properties, and hence different
environments.

The paper is organized as follows. In Section 2, we present the
details of the simulation and the halo catalogues used to identify the
haloes. In Section 3, we present the method used to find close pairs
of galaxies. For the pairs found this way, in Section 4 we present
some statistics regarding the number of pairs found. In Section 5,
we separate our projected pairs into ‘good’ and ‘bad’ by measuring
their 3D distance compared to the 2D one. In the following section,
Section 6, we study if there is any correlation between observational
properties of the pairs and their ‘goodness’. Finally, in Section 7, we
summarize and discuss our results.

2 THE DATA

2.1 THE THREE HUNDRED clusters

The clusters in THE THREE HUNDRED data set were created upon
the DM-only MDPL2 MultiDark Simulation? (Klypin et al. 2016).
This simulation is a periodic cube of comoving length 1 h~' Gpc
containing 3840° DM particles, each of mass 1.5 x 10° 2~ 'Mg,
with cosmological parameters based on the Planck 2015 cosmology
(Planck Collaboration XIII 2016). From this simulation, the 324
clusters with the largest halo virial mass’ at z = 0 were selected.
These clusters serve as the centre of spherical regions with radius
15 h~! Mpc, where the initial DM particles were traced back to their
initial conditions and then split into DM and gas particles according
to the cosmological baryon fraction; leading to a DM and gas
particle mass resolution of mpy = 1.27 x 10° h~'Mg, and mg,, =
2.36 x 108 h~'My, respectively. Outside these regions, DM particles
were degraded with lower mass resolution particles to reduce the
computational cost but keeping large-scale tidal effects. From these
initial conditions, each cluster region was then re-simulated including
now full hydrodynamics with the SPH (Smoothed Particle Hydro-
dynamics) code GADGET-X, using a Plummer equivalent softening of
6.5 h™! kpc for both the DM and baryonic component. The output
includes, for each of the 324 clusters, 129 snapshots between z =
16.98 and z = 0. At z = 0, the 324 central galaxy clusters have a mass
range from Mgy = 6.4 x 10'* h~! Mg to Mgy =2.65 x 10P° h™! Mg,
THE THREE HUNDRED data set was presented in an introductory paper
by Cui et al. (2018), and several other papers have been published
based on this data (see e.g. Wang et al. 2018; Mostoghiu et al. 2019;
Haggar et al. 2020), to which we refer the reader for more details
about this project.

GADGET-X, the code used for the re-simulations, is a modified
version of the non-public GADGET3 code (Murante et al. 2010; Rasia
et al. 2015; Biffi et al. 2017; Planelles et al. 2017), which evolves
DM with the GADGET3 Tree-PM gravity solver (an advanced version
of the GADGET2 code; Springel 2005). It uses an improved SPH
scheme that includes artificial thermal diffusion, time-dependent
artificial viscosity, high-order Wendland C4 interpolating kernel and

2The MultiDark simulations - incl. the MDPL2 used here - are publicly
available at https://www.cosmosim.org.

3The halo virial mass is defined as the mass enclosed inside an overdensity
of ~98 times the critical density of the universe (Bryan & Norman 1998).
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wake-up scheme (see Beck et al. 2016 and Sembolini et al. 2016
for a presentation of the performance of this SPH algorithm). Star
formation is carried out as in Tornatore et al. (2007), and follows
the star formation algorithm presented in Springel & Hernquist
(2003). Black hole (BH) growth and AGN feedback are implemented
following Steinborn et al. (2015), where super massive BHs grow via
Bondi-Hoyle like gas accretion (Eddington limited), with the model
distinguishing between a cold and a hot component.

2.2 The halo catalogues

The halo analysis was done using the open-source AHF halo finder
(Gill, Knebe & Gibson 2004; Knollmann & Knebe 2009), which
includes both gas and stars in the halo finding process. Haloes, as well
as substructures, are found by locating overdensities in an adaptively
smoothed density field (see e.g. Knebe et al. 2011 for more details on
halo finders). AHF computes the radius R, of each halo identified,
which is the radius  at which the density p(r) = M(< r)/(4r3/3)
drops below 200 times the critical density of the Universe at the
given redshift, p.ir. Rsoo 1S defined accordingly, together with the
corresponding enclosed masses Mg and Msgg. Subhaloes are defined
as haloes that lie within the Ry region of a more massive halo, the
so-called host halo. This way, the mass of this host halo includes the
masses of all the subhaloes contained within it.

AHF also allows other properties to be generated for each halo
and subhalo. The luminosity (and magnitude) in any spectral band
is calculated by applying the stellar population synthesis code
STARDUST (see Devriendt, Guiderdoni & Sadat 1999, and references
therein for more details). This code uses the given age and metallicity
of each stellar particle within a given halo and obtains from a
catalogue the full spectrum of a star with those properties. Then,
each spectrum is weighted by the mass of the particle, and the sum of
all of them yields the galaxy SED. A Kennicutt initial mass function
(Kennicutt 1998) is assumed for these calculations.

To trace the haloes through the different snapshots of the simu-
lations, merger trees are built using the tree-builder MERGERTREE,
which comes with the AHF package. However, in this work we will
only work with the z = 0 snapshots.

3 METHODOLOGY

In this section, we first present the way observers find close pairs
of galaxies in the sky. Then, we explain how we apply this same
method to THE THREE HUNDRED data set, and how we intend to
assess its limitations by using the simulations’ data.

3.1 Finding pairs in observations

In observational studies, the way of finding close pairs is based
on two quantities that relate two different galaxies: their projected
separation in the sky and the separation in velocity along the line
of sight. Defining a maximum threshold for these two quantities,
Tsep and vgep, it can be determined if two galaxies are close. After
applying some kind of selection criterion for the galaxies, e.g. based
on their luminosity, the pairs can be easily found by checking if
these parameters are below the maximum set. In the literature, the
values used as thresholds depend a lot on the specific purpose of
the study, so that works focusing more on mergers themselves use
smaller separations (e.g. Robotham et al. 2014 use 7, = 20 kpc h™!
and vy, = 500 km s~1), while works on the effects of interactions
and companions can use separations up to the order of Mpc (e.g. in
Patton et al. 2016, they use ryp, =2 Mpc and v, = 1000 km s7h.
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3.2 Application to simulations

We will now apply the same observational method to our simulations,
trying to mimic the procedure as much as possible. Before doing any
further calculation, we will first make a selection of the objects we
are going to work with from the simulations. In this work, we will
use the word ‘galaxy’ to refer to the objects in the hydrodynamical
simulations, including both their stellar and DM components. For
each of the 324 clusters in THE THREE HUNDRED data set, we first
select the region within 5R,qo of the cluster centre, to also include
the cluster outskirts. To all the galaxies within this region, we apply
a stellar mass cut similarly to observational studies, so that we work
only with the galaxies with M, > 10°° h~! Mg, (see Cui et al. 2018
for the stellar mass function of all the galaxies in our data set). This
way we end up with a total number of galaxies between ~400 and
1200 depending on the cluster, which is still statistically high enough.
Note that, throughout this work we only use the AHF catalogues at
z =0, i.e. only the last snapshot of the simulations.

Once we have done the galaxy selection, we can proceed to
find the pairs between them. In order to produce results that are
comparable to observations, we create different 2D projections of
the 3D coordinates. We do this by rotating the coordinates about
two orthogonal random axes after placing the cluster at the centre
of the coordinate system, and then projecting the coordinates into
a 2D plane. This way, we obtain 100 random projections for each
cluster, to which we can apply our pair-finding algorithm, based
on the two parameters 7y, and v,. The separation between two
galaxies is simply computed as their distance in the 2D plane, while
the velocity separation comes from two contributions: the peculiar
velocity of the galaxies along the remaining axis and the difference in
recession velocities due to the Hubble flow. To include both terms in
our calculations, before doing the projections we add to the peculiar
velocity (given by AHF) the contribution of the Hubble flow as H
- r, where H is the Hubble constant and r are the coordinates of
each object. Then, after the coordinates are projected, the velocity
separation is simply the difference in velocities along the line-of-
sight axis.

In order to study the dependence of the results on the values
chosen, and to have some flexibility in our pair definition, we have
decided to use several different values for the thresholds 7y, and v
that determine if two galaxies are close. Based on the literature (see
e.g. Husko et al. 2022 for a summary of different studies), we have
used three different values for each of the parameters, which can thus
be combined in nine different ways. For the separation in the sky,
we use the values: 20, 50, and 100 kpc h~!, while for the velocity
separation we use 300, 500, and 1000 km sl

Finally, to be able to assess if a galaxy has more than one close
companion, we also allow for groups to be created connecting the
galaxies. This way, if there are more than two galaxies grouped
together, we will define that as a group rather than a pair. Regarding
this, our algorithm links galaxies (or pairs) with existing pairs by
establishing friends-of-friends connections. This means that if there
is a pair of close galaxies A and B, and galaxy C is found to be close
to only one of them, the three of them will still be classified as a
group. Then, if a galaxy D is close to any of the three galaxies, it will
also be included in the group, and so on.

Fig. 1 shows an example of the pairs and groups found for one
random 2D projection for cluster 45 in THE THREE HUNDRED sample,
for two different definitions of close. In the left for ry, = 20 kpc h!
and in the right for ry, = 100 kpc h~!, while Vsep Was setat 500 km s7!
for both of them. The blue dots show the isolated galaxies, the red
pentagons are the galaxies in pairs, and the green diamonds are those
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Cluster 45
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Figure 1. Example of one random projection of the Ry region of cluster
45 in THE THREE HUNDRED data set. The blue dots are isolated galaxies,
the red pentagons are galaxies in pairs, and the green diamonds represent
those in groups (with three or more members). For comparison, the plot is
divided in half, with the definition of close used for each half indicated in
the corresponding corner. The two circles delimitate the Ryop and 0.5 - Ryoo
regions. The axes are centred so that the cluster centre is at X =0, ¥ =0
Mpch='.

in groups (with three or more members). Comparing both halves in
Fig. 1 we can see the effects of increasing the maximum separation,
finding not only more pairs but also a significant amount of groups.

Once the pairs and groups are found for all the clusters and
projections, they can be analysed in terms of their statistics and
properties, making use of all the information available in the
simulations. For that, we will stack together these results (distribution
and properties of pairs and groups) for the 100 projections for each of
the 324 clusters. This way, in our results we can distinguish between
the clusters but not between projections for the same cluster.

3.2.1 Defining 2D pairs as ‘good’

Using the previous methodology, we can order all the projected
galaxies into different pairs and groups. Then, taking advantage of
the power of simulations, the 3D coordinates of the galaxies can be
used to determine if the projected pairs are also close in real space.
For simplicity, for this part of the study we will focus only on galaxy
pairs. We will see in the following section (Section 4) that we are
not losing much information by doing this, since pairs dominate the
statistics.

In order to address the question of the ‘goodness’ of a pair, we use
the physical (3D) separation between the involved galaxies. Our idea
is to check if the 3D separation between the galaxies is within the
range allowed by the 7y, threshold in projected distance. To quantify
this in a single parameter we compute the ratio r3p/rp, Where r3p
is the physical separation between the galaxies in the simulation and
reep 18 fixed to 20, 50, or 100 kpch™', depending on the value chosen
for the pair-finding method. Using this ratio, we can simply set a
threshold at r3p/rg, = 1, so that pairs with this ratio below (or equal
to) 1 can be tagged as ‘good’ pairs, with a 3D separation within the
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allowed range; and pairs with r3p/rsp, > 1 are classified as ‘bad’ pairs.
Note that we call them ‘good’ and ‘bad’ pairs, since our criterion is
just based on the projected and physical separations between the
galaxies in the pair (rather than e.g. ‘true’ and ‘false’), and thus it
only allows us to assess the degree to which the 3D distance is within
the maximum separation allowed. Other criteria, like the one used
in Haggar et al. (2021), can be used to determine if the two galaxies
are gravitationally bound, but for this work we prefer to focus on
this simple comparison, which already gives a significant amount
of knowledge about the pairs. We will take a different approach and
investigate a separation between ‘true’ and ‘false’ pairs in a follow-up
work (Contreras-Santos et al., in preparation).

In the following sections, we will first show some statistics of the
way the galaxies are connected using the methodology described,
regarding the number of pairs and groups found and the galaxies
that belong to them. Then, for the pairs, we will separate them into
‘good’ and ‘bad’ according to the criterion we just described. We
will study the fraction of pairs that belong to each class and analyse
their properties based on this division.

4 STATISTICS OF 2D GROUPING

Using the methodology described in the previous section, we can link
the galaxies to their close projected companions in each of the 324
clusters. In this section, we will analyse the statistics of the pairs and
groups found, by computing the fraction of galaxies that are in a pair
or group, the number of members that each association of galaxies
has (i.e. if they are pairs or groups) and finally by seeing if there
is any dependence of these results on the properties of the specific
cluster.

4.1 Fraction of galaxies in pairs and groups

For each of the 324 clusters in THE THREE HUNDRED data set, we
connect the galaxies as described in Section 3 and count the fraction
of them that remain in a pair or group (in 2D), i.e. the fraction of
galaxies that have at least one close companion. We do this for the 100
random 2D projections for each cluster. This way we can obtain the
mean fraction for each cluster, together with the standard deviation.
By putting all the mean values together, we can compute the median
value of this distribution, together with its 16-84 percentiles. This is
shown in the left-hand panel of Fig. 2 (dots for the median values and
shaded regions for the percentiles). To compare the results, we show
this median value as a function of the maximum projected separation
used, ryp, and for the three different values of the velocity separation
used, vyp, as indicated in the legend.

In the plot, we can see that the results show a strong dependence
on the chosen value of the separation. For the lowest threshold
rsep = 20 kpch™!, the fraction is below 8 percent, with very small
dependence on the velocity threshold. For the higher values of 7y
the velocity threshold starts to make a difference. The fraction of
galaxies with a close companion is between ~12 and 21 per cent for
50 kpc h~! separation, while for 100 kpc h~! the range becomes even
greater, going from ~27 for v, = 300 km s~! (in magenta) to more
than 40 per cent for vy, = 1000 km s~! (in cyan).

We also include some previous observational results in the left-
hand panel of Fig. 2. The green diamond is extracted from Lépez-
Sanjuan et al. (2012), where data from the COSMOS survey are
analysed. They use the thresholds 7, = 30 kpc h~! and Vsep =
500 km s~! to measure the close pair fraction for galaxies with M, >
10" M. In spite of this different selection criterion, we can see that,
although a bit smaller, their value is compatible with the expected
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Figure 2. Left, fraction of galaxies that are in a group or pair, i.e. that have at least one close companion, as a function of maximum separation chosen, rsp,. The
dots show the median values of the distribution for the 324 clusters in THE THREE HUNDRED data set, with the shaded regions indicating the 16-84 percentiles.
For each cluster, the value is computed as the mean percentage for 100 random projections. The colours indicate the velocity threshold v used, in magenta
300 kms~!, in green 500 km s~! and in cyan 1000 km s~!. Previous studies have also been included, as indicated in the legend. Right, same as the left-hand
panel but for the mean number of members per galaxy association (see explanation in the text).

result for our data. We also show, as stars, the results from Lin
et al. (2008), where they study the pair fraction of galaxies from the
DEEP2 Redshift Survey, applying a cut by luminosity. In this case,
they employ three different maximum separations, ry, = 30, 50, and
100 kpc h™!, with v, = 500 kms™'. We see that their results are in
general smaller than ours, even compared to our v, = 300 km 57!
results. However, we have to note here that Lin et al. (2008) results
come from a wide survey rather than a cluster environment like ours,
where the galaxy density is higher. In this same work by Lin et al.
(2008), and also in later works (Lin et al. 2010; de Ravel et al. 2011),
the pair fraction is found to be dependent on the galaxy number
density, so that our results are in fact expected to be higher, as seen
in Fig. 2.

4.2 Number of members per galaxy association

In addition to the percentage of galaxies that have at least one close
companion, i.e. are in a pair or group, it can also be of interest to know
the size of these associations of galaxies. Are the galaxies mainly
in pairs or in bigger groups? Similarly to the previous subsection,
we have computed the mean number of galaxies per association (we
use the word ‘association’ here to refer to pairs and groups at the
same time), again for each of the 324 clusters as the mean value for
the 100 projections. In the right-hand panel of Fig. 2, we show the
median and 16-84 percentiles of the distribution of this value for the
324 clusters. The format is the same as in the left-hand panel, with
the X-axis indicating the maximum separation used and the colours
indicating the velocity threshold. Looking first at the minimum value
of ryp, we see that the mean number of galaxies is very slightly above
2 (regardless of the velocity), meaning that almost all non-isolated
galaxies are in pairs, with very few groups. In fact, we find that groups
represent around 7 per cent of all the galaxy associations for this 7
value. For ry, = 50 kpc h~!, the increase is less significant than in
the left-hand panel of Fig. 2, with the number ranging between 2.2
and 2.4. This means that for this separation the galaxy associations
are still very predominantly pairs, the velocity threshold still not
being too determining. The percentage of groups is now between
15 and 20 per cent of all the associations found. Finally, for ryp, =
100 kpc h~!, the median of the mean number of galaxies is 2.5 for

Usep = 300 kms™! (in magenta), showing that galaxy pairs are still
predominant but more groups are found now. We can see that the
value increases notably with the maximum velocity allowed, the
mean number of galaxies even reaching 3.2 for vy, = 1000 km s7!,
although the scatter in this value is also becoming bigger. In this
case, the percentage of groups ranges between ~ 25 and 35 per cent
for the different velocity thresholds, showing that pairs dominate the
statistics even for the least restrictive thresholds.

In this case, we limit the plot to our own results, since this quantity
has not been that thoroughly studied in other works and thus the
comparison is more difficult. However, we believe the results in the
right-hand panel of Fig. 2 are important by themselves, to see how
the values of 7, and vy, affect the way the galaxies are ordered in
groups and pairs, and to gain a better understanding of the results
shown throughout this work.

4.3 Dependence of the 2D statistics on cluster properties

In this subsection, we study the correlation of the previous statistics,
the fraction of galaxies in a pair or group, fya and the mean number
of members per galaxy association, ng,, with two different cluster
properties: its mass and dynamical state, which can be derived in
observational studies, too. This way, we can investigate if these two
properties of clusters have an effect on the distribution of projected
galaxies in pairs and groups, an information that can be useful for
future studies and to gain a better understanding of close pairs of
galaxies in cluster environments.

4.3.1 Mass

In the top panel in Fig. 3, we show the correlation between the fraction
of galaxies that are found to be in a pair or group and the mass of the
cluster. We use the mass Mg at z = 0, given directly by AHF. For
simplicity, we only show the results using 75, = 100 kpch™! and
Usep = 500 kms™" to link the galaxies, but we will comment on the
results for different values. In the plot, we can see that there is no
correlation at all, which could be expected since to obtain this fraction
we are already normalizing by the total number of galaxies. For
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Figure 3. Top, fraction of galaxies in a group, computed for rep =
100 kpc h~! and Vsep = 500 km s~!, as a function of mass of the cluster, in
logarithmic scale. Bottom, mean number of galaxies per group as a function
of the relaxation parameter x ps, also in logarithmic scale. In both panels, the
Spearman correlation coefficient, rs, is indicated in the bottom left corner.

different definitions of proximity, i.e. different values of 7y, and vy
the results are the same, with essentially no dependence of the results
on the mass. Although in the plot we only show the results for the
fraction of galaxies with at least one close companion, the conclusion
still holds for the mean number of galaxies per association, with no
correlation with the mass found.

4.3.2 Dynamical state

To quantify the dynamical state of clusters we use the so-called
relaxation parameter, introduced by Haggar et al. (2020) as

3
XDS = X . (1
\/(0%’4)2 + (&) + (5’
This equation is based on the three parameters initially introduced
by Neto et al. (2007) as proxies for relaxation. Later studies by Cui
et al. (2018) or De Luca et al. (2021) also used these parameters
to study the relaxation of the clusters in THE THREE HUNDRED
sample. The parameters are the centre of mass offset, A,, which
is the offset between the positions of the centre of mass of the
cluster and the density peak, normalized to the halo radius; the
subhalo mass fraction, f;, which is the fraction of cluster mass
contained in subhaloes; and the virial ratio n (see Cui et al. 2017,
for an updated calculation for hydrodynamic simulations). For a
cluster to be most relaxed, A, and f; have to be minimized, and
n — 1, and so ‘dynamically relaxed’ clusters have yps 2 1. The

~

MNRAS 515, 5375-5388 (2022)

relaxation parameter x ps thus provides a continuous way to classify
the dynamical state of the clusters.

In the lower panel of Fig. 3, we show a scatter plot of the mean
number of galaxies per association against the relaxation parameter
at z = 0. As with the mass, we only show the results for ry, =
100 kpc h~! and Vsep = 500 km s~!. In this case, we see that there is
a clear negative correlation, meaning that in more disturbed clusters
the associations of galaxies are more likely to be bigger. Although
not shown here, we see a very similar correlation with the fraction of
galaxies in a pair or group, fg,, meaning that galaxies are less likely
to be isolated in these disturbed clusters. These results are in line with
what could be expected, since relaxed clusters have less substructure
it is logical for them to have fewer pairs and groups. The value of
the Spearman correlation coefficient is r¢ < —0.5 in both cases,
and remains the same when changing vy, for the same separation
threshold. However, the strength of the correlation decreases if we
use lower values of g, even disappearing for the most ‘restrictive’
definition with rg, =20 kpc h~'and Vsep =300kms™ . Soin general
we can say there is a negative correlation with the dynamical state of
the cluster, so that more relaxed clusters have less galaxies connected
to other galaxies and the groups are smaller, but this does not hold
for all the possible definitions of galaxy pair.

5 FRACTION OF ‘GOOD’ 2D PAIRS

Now that we have studied in a quantitative way the projected pairs
and groups of close galaxies found following the methodology
in Section 3, we can focus the study on the pairs themselves,
concentrating on their particular properties. As a reminder, the
objective of the work presented here is the quantification of the
likelihood for a pair seen in 2D to be actually close in 3D. As it has
also been said before, we will now work only with pairs, i.e. only
with the two-member groups, since in Section 4 we showed that they
are very predominant in most of the cases, and they are also much
easier to analyse.

In order to assess the ‘goodness’ of a pair, we use the method
described in Section 3.2.1, based on r3p/rp, the ratio of the 3D
distance to the maximum 2D separation allowed. We set the threshold
for classifying the pairs at 1, so that ‘good’ pairs are those with r3p
< Typ» With ., being fixed for the given definition. Here, we will
show some of the results obtained for the given pairs.

In Fig. 4, we show the distribution of the ratio r3p/ry, for all
the pairs found for the given definition ry, = 50 kpc h~! and Vgep =
500km s~!. We stacked all the pairs together, regardless of the cluster.
We can see that the distribution shows a peak at ~1, but extends to
quite higher values of the ratio, corresponding to pairs that are much
farther away in 3D distance than allowed by the ry, criterion. For
simplicity, in this plot we only show the results for one definition, but
the conclusions hold for all of them. In the plot, we have indicated
this threshold at r3p = ryp, with a red dashed line, which separates
the distribution into ‘good’ (to the left of this value) and ‘bad’ (to the
right) pairs. This way, we can easily measure the fraction of good
pairs.

In Fig. 5, we show this fraction for all the different values of ry
and v, computed using r3p/reep, < 1 to identify good pairs. We
computed this fraction separately for each cluster, so that the dots
show the median value of the distribution for the 324 clusters, while
the shaded regions are the 16-84 percentiles. As in Fig. 2, the results
are shown as a function of 7, in the x-axis, while the different colours
of the lines indicate the maximum velocity separation allowed.

We can see in the plot that the results are dependent both on the
velocity and on the distance separation, with the good fraction de-
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indicate the velocity threshold vgep used, in magenta 300 km s~!, in green
500 kms~!, and in cyan 1000 km s

creasing notably for increasing values of vy, and 7. The difference
is more significant for ry, = 20 kpch™!, where the percentage of
good pairs goes from 49 to 64 per cent for decreasing values of vy.
When increasing the 2D separation threshold to 7y, = 50 kpc h!,
the fraction is notably reduced, ranging between 33 percent for
the highest velocity separation and 47 for the lowest one. Moving to
Tsep = 100 kpc h~!, the variation of the values is smaller, and they also
become less dependent on the velocity threshold. For 1000 km s~
the value remains almost constant at 33 per cent, while for v, =
500 and 300 kms~! the fraction decreases to 35 and 39 percent,
respectively. We also note that the scatter increases for lower values
of 7p due to the decreasing statistics.

Looking at the values of the fraction in general, we have to
highlight that they can be significantly low. For the most restrictive
criterion, with ryp, = 20 kpc h~! and Vsep = 300 km s~!, the fraction
of good pairs is 64 per cent, but increasing the separation threshold
reduces the fraction below 50 per cent, meaning that still more than
half of the close pairs observed in projections have a 3D separation
in real space that is above the limit set. We will devote the next
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section to the study of ways to improve this result, this is, to improve
the likelihood that an observed pair will be classified as good, using
observable properties of the pairs.

6 SEPARATING THE ‘GOOD’ FROM THE ‘BAD’

In the previous section, we found that, following the methodology
described in Section 3, the fraction of close pairs that are ‘good’,
according to our definition, is in general below 40 per cent. We like
to remind here that our definition is only based on the 3D separation
between the galaxies in the pair being below the 2D separation thresh-
old set. In this section, we will study some observable properties of
the given pairs. By separating them into ‘good’ and ‘bad’ pairs, we
intend to find significant differences that can be used to distinguish
them. Our aim is to provide observers with an additional test to pick
the ‘good’ pairs from their original selection, thus improving the
quality of the identified close pairs of galaxies in the sky.

6.1 Properties of galaxies in pairs

First of all, we explore some overall properties of the galaxies we
are working with. This way, we gain some general understanding of
our data set, and check that the values are within reasonable ranges.
We focus on properties that are accessible to observers as well. By
comparing their distribution for the galaxies in pairs as opposed to
that for the whole distribution of galaxies, we can also see if there
is any particular difference between them, which could be useful for
further studies.

We present in Fig. 6 the distributions of five different properties of
the galaxies in pairs (solid line), together with the distributions for
all the galaxies in the simulations (dashed line) that have been used
throughout this work (see Section 3 for the initial galaxy selection
criteria). The first three panels in Fig. 6 show, from top to bottom, the
stellar mass of the galaxies (given by AHF), their stellar metallicity
(also given in the AHF catalogues), and the g — r colour (derived
from the SDSS magnitudes of the galaxies that are computed using
the STARDUST code, see Section 2). Although there are some very
slight differences between the distributions, in general we see in this
plot that the galaxies in pairs show no particular distribution for these
properties. As before, we only show the results for one definition of
proximity, with ry, = 50 kpch™' and v, = 500 kms™', because
the results are very similar for all of them.

The fourth panel in Fig. 6 shows the value of ¢, defined as the
ratio of the minor to major axis of the moment of inertia tensor as
calculated only for the star particles. This parameter is an indicator of
the shape of the galaxy, with a value of ¢, equal to 1 indicating perfect
sphericity. The bottom panel of Fig. 6 shows the stellar-to-halo mass
ratio of the galaxies in our study, which can give relevant information
about the DM haloes of galaxies in pairs, and is computed as M./Mgo
using the (sub-)halo masses M, and M,y as given by AHF. We
can see in these plots that, although galaxies in pairs seem more
likely to be less spherical and with more relevance of the stellar
component than the general population, the differences between the
two distributions remain minor.

6.2 Properties of galaxy pairs

In Fig. 6, we showed the properties of all the galaxies in pairs together
with those for all the galaxies in our data set. Now, we are going to
work instead with the properties of the galaxy pairs themselves. This
is, we are going to compute, for each property, the ratio between the
values of this property for both galaxies in the pair: P,/P;, where
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P, and P, are simply the specific properties of the two galaxies in
the pair, chosen so that this ratio is always <1. For instance, by
comparing the stellar masses of the galaxies that constitute a pair, we
compute their stellar mass ratio, M,,/M,;, which gives us information
about how similar they are in mass. We compute this ratio for each
pair for the five properties presented in the previous subsection.

The distributions of this ratio for all the close pairs found are shown
in the upper row of Fig. 7. The properties are the same as in the upper
row of Fig. 6, from left to right, stellar mass ratio, stellar metallicity,
and colour, although in this case we are showing the ratio between
the property for the two galaxies that constitute a pair. Note again
that this ratio is computed so that the value is always <1. The values
are computed for all the close pairs found for one definition (ry, =
50 kpch™" and vy, = 500 kms™! as before), for the 324 clusters and
100 projections, stacking them all together as previously.

In order to analyse how the probability of a pair being ‘good’ is
affected by either of these properties, in the left column of Fig. 7
we have separated the galaxies according to our definition of good
presented in Section 3, with the results shown in Section 5. The blue
lines are the normalized distributions of the ratios for the good pairs,
while the orange ones are for the bad pairs. The green dashed line
is for all the pairs together. Each row in this figure represents the
results for each of the properties in Fig. 6.

Starting with the first row in Fig. 7, in the left-hand panel we see
that there is a clear difference between the distributions for good and
bad pairs, with the former showing a more prominent peak at low
values of the mass ratio. This means that good pairs tend to have a
lower value than bad ones, i.e. the masses of the galaxies in good
pairs are more different between each other. This is quantified in the
plot in the right, which shows the fraction of good pairs for each mass
ratio bin, this is, the likelihood of a pair being good given a certain
value of its stellar mass ratio. The grey bars show the likelihood for
the ratio being within each bin, while the black line is for a mass
ratio above the given x-value, and the grey line for a ratio below it.
The horizontal dashed line shows the overall fraction of good pairs,
as shown in Fig. 5, so that whenever the bars or lines are above this
line, this means the probability of finding a good pair is increased
in that range. In the case of the stellar mass ratio, we see that for
the first bin, M,,/M,; < 0.2, the likelihood increases by 46 per cent
(from 41 to 60 per cent), while for ratios above this the probability
decreases to 10 per cent for 0.6 < M,,/M,; < 0.8.

For the second row in Fig. 7, for the metallicity ratio Z,,/Z,,, we
see the opposite difference than for the mass. Pairs that we defined
as good are more likely to have a stellar metallicity ratio that is close
to 1, this is, these galaxies tend to have more similar metallicities.
Looking at the plot to the right to quantify this we see that, for
ZwlZ, > 0.8 the likelihood is increased by ~23 percent (from 41
to 50 per cent).

For the colour, we refer to the third row in Fig. 7. The inset in
the left plot shows a zoom-in for the interesting region, for ratios
below 0.8. We see that the distribution here seems to be dominated
by good pairs, meaning that pairs with a colour ratio below this value
are more likely to be good than bad. This is confirmed in the plot
beside, where we see that a colour ratio below 0.8 increases the good
fraction from 41 to 54 percent (an increase of around 30 per cent,
see grey line). This likelihood increases even more when going to
lower colour ratios, reaching more than 60 per cent for a ratio below
0.2, although we see in the upper panel that very few pairs are found
within this range.

Regarding the two final properties, the fourth row in Fig. 7 shows
the same distributions for c,. Here, we can see that, while bad pairs
dominate at ratios around 1, for lower values the fraction of good pairs
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Figure 7. Left column, distribution of the ratio of the given property (from top to bottom: stellar mass, metallicity, g — r colour, c,, and stellar-to-halo mass
ratio) between the two galaxies in the pair, computed for all the pairs found and separating into ‘good” and ‘bad’ pairs, depending on their r3p/rsep quotient. For
the colour, the inset shows a zoom-in to better show the differences between the distributions. Right column, for the same five properties, fraction of good pairs
within each bin (grey bars). The lines indicate the fraction of good pairs for the ratios being above (black) and below (grey) the given x-value, while the dashed

horizontal line is the total good pair fraction.

is increased, reaching more than 70 percent for c,,/c,; < 0.4 (see
right-hand panel). This means that good pairs tend to have galaxies
with different shapes, i.e. one spherical and the other one more discy,
presumably due to the interaction between them. In the final row of

Fig. 7, we study the situation for the ratio of the stellar-to-halo mass
ratio between the two galaxies in the pair. We see an even clearer
situation here, where good pairs prominently dominate the region of
lower values in the x-axis, with the good pair fraction growing to
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Table 1. For each rgep and vgep combination, fraction of good pairs (‘All pairs’ column) and amount by which this fraction is increased when considering only
the pairs within the given range for each property (see second column in Fig. 7 for the values for 50 kpch~! and 500 kms~'). Note that the values in the first
column, fgood, are not exactly the same as in Fig. 5, since for this table they are computed as the fraction of good pairs for all the projections for all the clusters
stacked together; while in Fig. 5 the value for each cluster was computed and then the median values (and 16-84 percentiles) for the 324 clusters are shown.

Jeood Increase in fgo0d
rsep (Kpe h‘l) Vsep (km s‘l) All pairs M, ratio <0.2 Z, ratio >0.8 g — rratio <0.8 ¢, ratio <0.4 SMHM ratio <0.2
20 300 0.642 0.214 0.076 —0.086 —0.094 0.279
500 0.576 0.281 0.105 —0.035 —-0.019 0.374
1000 0.484 0.400 0.153 0.047 0.121 0.548
50 300 0.481 0.366 0.188 0.220 0.332 0.622
500 0.410 0.458 0.230 0.305 0.520 0.791
1000 0.336 0.572 0.285 0.404 0.787 1.023
100 300 0.392 0.437 0.244 0.366 0.883 0.817
500 0.352 0.492 0.276 0.379 1.068 0.967
1000 0.318 0.538 0.317 0.346 1.248 1.126

almost 70 per cent for the first x-bin (ratios below 0.2). This can also
be interpreted as an effect of the interactions between the galaxies in
the pair, where one of the DM haloes is stripped by the other one,
creating this difference in the stellar-to-halo mass ratio of the two
involved galaxies.

We summarize our main results, as discussed in the text and
extracted from Fig. 7, in Table 1. Since Fig. 7 shows the results
only for ry, = 50 kpch™! and vy, = 500 kms™!, we include in
this table the results for all the different definitions of proximity
used throughout the paper, for the three different values for the
parameters 7y, and v,. The first column in this table simply shows
the fraction of good pairs, although, unlike in Fig. 5, it is computed
by stacking all the pairs for all the clusters together, rather than
computing fyooq for each cluster and then getting the median value for
the 324 clusters. The following columns indicate by which amount
is this fraction increased when only the pairs within certain ranges
of the studied properties are considered. As an example, for the
first row, the fraction of good pairs increases by 21.4 per cent when
limiting the pairs to those with M,,/M,; < 0.2. This means that it
goes from fyo0q = 0.642 (see first column) t0 foooa X (1 + 0.214) =
0.780. In this table, we see that the overall situation is similar for the
different values of ry, and vy, the main difference being for ry, =
20 kpch™!, where the colour and c, ratios (fourth and fifth columns)
do not separate good and bad pairs for the given range, especially
for the two lower vy, value, where the negative sign means the
probability decreases. We like to note here that, although selecting a
lower threshold in the colour ratio would mean a greater increase in
the likelihood (see Fig. 7), it can also be seen in this figure that the
number of pairs is very low for these bins, and so we prefer to use
0.8 as the threshold for the table. For the shape parameter, c,, we can
see in the table that the results are very dependent on the maximum
2D separation allowed and, while in the given range the likelihood
slightly decreases for 7y, = 20 kpch~!, it can be increased by more
than 100 per cent for r, = 100 kpch™".

We conclude from this subsection that, using these five observable
properties and computing the ratio for an observed pair, its value can
be used as an indicator of the probability of that pair being good
according to our definition. To further increase the likelihoods, the
criteria for the different properties can be combined. For instance, for
rsep =50 kpch™" and vy, = 500 kms™', if a pair has both mass ratio
below 0.2 and metallicity ratio above 0.8, the likelihood of it being
good increases from the initial 41 to more than 75 per cent (higher
than for each of them individually). For simplicity, we do not include
these numbers in the table, but we note that every combination of
them results in an ever increased percentage of good pairs.
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Figure 8. Same as Fig. 7 but for the 2D distance from the pair to the cluster
centre, in units of Rogp. Top, distribution for all the pairs separated into
‘good” and ‘bad’ pairs, depending on the quotient rg,/3D distance ratio.
Bottom, fraction of good pairs within each bin (grey bars), and above (black
line) and below (grey line) the given x-value. The dashed horizontal line is
the total good pair fraction.

6.3 Dependence of the separation on distance to cluster centre

Apart from the properties previously discussed, there is another
property of the pairs that is easy to check observationally, and that
can give interesting information about the pair. This is the projected
distance to the cluster centre. We measure this distance for all the
pairs, and represent it in units of the cluster radius Ry in Fig. 8.
In this figure, we basically repeat the plot in Fig. 7 but only for this
distance to centre.
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Figure 9. Same as left-hand panel in Fig. 7 but separating into the region inside the cluster (left) and outside the cluster (right).

In the upper panel of Fig. 8, we see that there is a very clear
difference between good and bad pairs. While the good ones are
almost uniformly distributed along the SR, zone, the bad ones are
preferentially located inside the cluster. This is something that could
be expected, the higher density of galaxies towards the centre makes
it harder to identify real pairs. However, it is still an interesting
result, which already warns that galaxy pairs close to the cluster
centre are much more likely to be farther away in physical distance.
In fact, looking at the lower panel in this figure, we can see that the
likelihood of finding a good pair inside Ry decreases to 25 per cent,
while it grows to 57 per cent for distances above this radius.

Now, given this difference in the number of good pairs depending
on the region we are in, we ask ourselves whether the results obtained
in the previous subsection are just an effect of this result regarding the
distance to the cluster centre. This is, we question if the differences
in mass ratio, colour, and metallicity between good and bad pairs are
just a consequence of these pairs being located in different regions
of the cluster environment. To answer this question, in Fig. 9 we
present the same plot as the first column in Fig. 7 but separating for
the region inside the cluster, R < Ry (left), and outside the cluster,
R > Ry (rlght)

We see that, although the results weaken, the differences still hold
outside the cluster, with good pairs having in general lower values
of the stellar mass ratio. In the bottom left panel we see that, in the
M,»/M,, < 0.2 bin, the probability increases from 25 to 46 per cent,
while in the right one the increase is from 57 to 71 per cent in this
same bin. Although not shown here, we repeated these plots for the
other four different properties analysed throughout the paper, finding
that the trends seen always hold in both regions inside at outside the
cluster. For the metallicity and the colour ratios, a similar situation
to the mass is found, with the results weakening a bit outside the
cluster, while for the shape and the stellar-to-halo mass ratio, the
results remain the same regardless of the region.

We note that, when talking about the cluster centre, we refer to
the maximum density peak of the main halo, identified by our halo
finder, rather than taking a more observational approach like using
the position of the brightest cluster galaxy (BCG). Nevertheless,
several works have already shown that the offset between these two
positions is small, especially in relaxed clusters, so the same results
are expected if using the BCG position or the centroid of X-ray
emission (see Cui et al. 2016 for an in-depth study on how the centre
position is affected by the method chosen to identify it; or De Luca
et al. 2021, where the offset is computed for THE THREE HUNDRED
clusters).

6.4 Dependence of the separation on cluster properties

In the previous subsection, we tried to analyse the probability of
correctly identifying a galaxy pair in a 2D observation as a function
of the properties of the pairs themselves. Now, we also want to study
if there is a correlation between this probability of success and the
properties of the whole cluster.

In order to do this, we tried to find a correlation between the
fraction of pairs that were correctly identified for each cluster,
feood» as shown in Fig. 5, and any cluster property. We show this
in Fig. 10, for the total halo mass of the cluster, M,qy, and for the
cluster’s dynamical state, quantified by the relaxation parameter x ps,
as explained in Section 4.3. In both cases, we could not find any
significant correlation, meaning that the probability of an observed
pair being good does not depend on properties of the cluster as a
whole but rather of those of the pair itself. In Section 4.3, we found
a significant correlation between the fraction of galaxies in a pair or
group and the dynamical state of the cluster, with disturbed clusters
having more pairs and groups. Now we see that the fraction of good
pairs is not dependent on the dynamical state of the cluster, so for
unrelaxed clusters we find more good pairs but also more bad pairs,
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Figure 10. Top, fraction of good pairs of galaxies, computed for ry, =
50 kpe h~! and Vsep = 500 km s~!, with the selection criterion Fgood = 0.8
for good pairs, as a function of mass of the cluster, Mpqo, in logarithmic scale.
Bottom, same good fraction as top panel, but as a function of the relaxation
parameter xps. In both panels, the Spearman correlation coefficient, rg, is
indicated in the bottom left corner.

meaning that projection effects affect relaxed and unrelaxed clusters
equally.

7 CONCLUSIONS

In this work, we studied close pairs of galaxies, which are used in
observations as an indicator of galaxy mergers and interactions. We
worked with a set of cosmological simulations of galaxy clusters
and their surroundings, allowing us to additionally investigate any
correlation with environment. By taking advantage of the power
of simulations, we evaluated the performance of the observational
techniques used to identify these pairs, and proposed ways, using
observable properties of the galaxies, to improve this performance.
The simulations used in this work are provided by THE THREE
HUNDRED project, and consist of a set of 324 numerically modelled
spherical regions centred on the most massive clusters found in the
DM-only MDPL2 MultiDark Simulation. For each of these simu-
lations, we limit our study to the region within SR, of the cluster
halo centre, and select all the galaxies with M, > 10°° h~! My. To
mimic observational studies, we randomly rotate the 3D coordinates
and then project them into a 2D plane, so that we can get numerous
projections of the same cluster. We applied the same techniques used
by observers to find close pairs of galaxies. This way, we identified
close pairs as those that lie within a separation in the sky smaller than
Tsep and a separation in velocity along the line of sight below vy,
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(where we included the Hubble flow). The values used for 7y, (20,
50, and 100 kpc h™") and for vy, (300, 500, and 1000 kms™") were
based on previous studies in the literature, and combined for a broad
research of close pairs and the dependence on these parameters. We
also allowed galaxies to have more than one close companion, and
hence being in groups.

After grouping the galaxies for the different clusters and projec-
tions, in Fig. 2 we analysed the statistics of the results. We showed
first the fraction of galaxies having at least one close companion,
which depends a lot on the ry, threshold used. We saw that our
results are overall in line with previous observational results. We also
showed in Fig. 2 that the great majority of the connected galaxies are
in pairs rather than groups, with the latter becoming more relevant for
rsep = 100 kpc h™". For this reason, the following parts of our work
were only focused on galaxy pairs, which also allow for a simpler
analysis.

The next step in this study was to use the physical coordinates
available in the simulations to obtain the 3D separations between
the galaxies in pairs. We computed the ratio r3p/r, for all the pairs
found, where ry;, is the fixed threshold set for the projected separation
in the sky for each definition of proximity. This way, we could divide
the pairs into ‘good’ pairs: those with r3p/ry, < 1, i.e. with a 3D
separation within the allowed ry, range; and ‘bad’ pairs, which do
not satisfy this condition. Using this threshold, in Fig. 5 we depicted
the fraction of good pairs for all the different definitions. This fraction
is shown to be between 50 and 65 per cent for the smallest 7, value
used, while it drops significantly as this parameter increases. For
maximum separations of 50 and 100 kpch™!, the fraction of good
pairs ranges between 30 and less than 50 per cent depending on the
velocity separation limit.

For a better understanding of this separation between good and bad
pairs, we devoted Section 6 to studying observable properties of these
pairs and the galaxies within them, trying to find differences that can
be used to distinguish them. We worked with the stellar mass, stellar
metallicity, and colour. We also studied the shape, quantified by c,,
and stellar-to-halo mass ratio. In Fig. 7, we analysed the ratio of each
property between the two galaxies in every pair, distinguishing the
values for good and bad pairs. Regarding the stellar mass ratio, we
found that good pairs tend to have a lower value, i.e. the galaxies
are more different in mass in these pairs. The situation is reversed
for metallicity, where a ratio close to 1 indicates that the pair is
more likely to be a good one. Concerning the colours, Fig. 7 shows
that for ratios below ~0.8 the pairs are also more likely to be
good. These results are quantified, and summarized for each rg
— VUygep combination, in Table 1. We saw in this table that, generally
speaking, the fraction of good pairs is increased by 30-50 per cent
if the given galaxy pair has M.,/M,; < 0.2, Z,,/Z,;, > 0.8 ora g
— r colour ratio below 0.8, although these results weaken if the 2D
separation threshold to find the pairs is set at 20 kpch~!. For the
shape and stellar-to-halo mass ratio, we found in both cases that
good pairs tend to have lower values, again meaning that, regarding
these properties, the situation for the two galaxies involved in the pair
is significantly different. This can be interpreted as a consequence
of the interaction between the galaxies. Table 1 shows that, specially
for 50 and 100 kpch™! separations, selecting lower values within
these properties can increase the fraction of good pairs by 50-100
per cent.

Apart from these properties, we also studied the projected distance
from the pair to the cluster centre. We found that separating the good
from the bad pairs also gives a clear difference in the distributions,
with the bad pairs more clearly found near the cluster centre, within
Ry (see Fig. 8). However, we found that the results for the previous
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properties, although weakened in some cases (for the stellar mass,
metallicity, and colour ratios), still hold if we separate for the regions
inside and outside Ry (see Fig. 9 for the mass), so they are not
just a consequence of bad pairs being more predominant in the
inner region. In this regard, Ellison et al. (2010) investigated galaxy
pairs as a function of the environment, finding that, although galaxy
interactions seem to be ubiquitous in the Universe, their observational
manifestations show a dependence on the environment. Here, we
like to note again that our study has been done for galaxy pairs in
cluster environments, reaching up to SR, of the main cluster centre
(additional massive objects can also be found here), so that our results
are only valid for these regions and they may not hold for randomly
selected pairs. Future works repeating this study on a different
environment could provide with more information regarding how
the results are affected by this.

Previous works have already used simulations to similarly analyse
observational results. For instance, McConnachie, Ellison & Patton
(2008) used mock galaxy catalogues based on the Millennium
simulation to investigate the spatial properties of groups of galaxies,
finding that only ~30 per cent of the groups were truly compact in
three dimensions. In a later work by the same authors, McConnachie
et al. (2009) showed that selecting groups by surface brightness
reduces this effect significantly, increasing the fraction of physically
compact groups. Regarding the properties of the involved galaxies,
several works have studied how they are affected by close compan-
ions and interactions. Scudder et al. (2012) studied galaxy pairs in
the Sloan Digital Sky Survey, tracing the changes induced in star
formation rates and metallicities. Alonso et al. (2006) also studied
star formation and colour of the galaxies in observed pairs, and how
they are affected by interactions. In this work, we take a different
approach, based on observational properties of the pairs rather than
the galaxies, i.e. using the ratio P»/P;, where P, and P, are the
values of the given property for the two galaxies. We propose the
use of these ratios to increase the likelihood of a pair being close in
physical distance too, and thus reduce these effects that deteriorate
close-pair catalogues.

In conclusion, our results show that, computing the two galaxies’
ratio for the projected pairs, the stellar mass, metallicity, g — r
colour, shape, and stellar-to-halo mass ratio can be used as indicators
of the probability of the pairs being good according to our definition.
This is simply based on the 2D distance threshold used, rgp, and
the 3D separation between the galaxies, r;p. We note again that
this definition of ‘good’ is only a measure of 3D proximity, rather
than physically testing if the galaxies are bound. Previous works
like Haggar et al. (2021) or Choque-Challapa et al. (2019) associate
galaxies with a host galaxy based on their relative velocity and the
host gravitational potential. In future works following this study we
aim at using a more theoretical approach to distinguish between these
physical pairs and galaxies that are just passing by. Besides, although
in this paper we mainly focused on pairs of galaxies, a more in-depth
study could be done regarding groups of galaxies and observational
techniques to find them. A similar work has also been performed
recently by Taverna et al. (2022), analysing the completeness and
reliability of compact group catalogues using semi-analytical models
of galaxy formation.
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