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A B S T R A C T 

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. Ho we ver, 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 abo v e 0.8, or colour ratio below 0.8. Moreo v er, 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. 

Key words: methods: numerical – galaxies: clusters: general – galaxies: general – galaxies: interactions. 
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 I N T RO D U C T I O N  

he � cold dark matter (DM) growth paradigm for the Universe 
escribes a hierarchical model of structure formation, where mergers 
etween lower mass objects yield more massive systems (White & 

ees 1978 ; Frenk & White 2012 ). In this context, interactions and
ergers between galaxies are expected and these processes can 

lay a very important role in galaxy formation and evolution. As
uch, se veral ef forts have been devoted to studying the effects of
alaxy interactions that can result in property changes of the involved 
alaxies. 

An essential quantity for studying the effects of mergers on 
alaxy formation and evolution is the fraction of galaxies that are 
ndergoing a merger event. In observations, if high-resolution images 
re available, galaxies undergoing mergers can be identified via 
heir morphology (Conselice et al. 2003 ; Lotz, Primack & Madau 
004 ; Lotz et al. 2008 ; L ́opez-Sanjuan et al. 2009 ). Some studies
ven identify the stage of the merger the galaxy is in P a wlik et al.
 2016 ). Ho we ver, this kind of data is not al w ays acquirable, even
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ore so if we want to study higher redshifts. A common approach
aken at this point is to study galaxies that are close in the sky

close pairs (e.g. Carlberg, Pritchet & Infante 1994 ; Patton et al.
000 ; Kartaltepe et al. 2007 ; Duncan et al. 2019 ). Although they
o not directly trace mergers, close galaxies are more likely to
erge in the near future. Assuming a certain merger time-scale, 

he close-pair fraction can also be used to estimate the merger rate
f galaxies (Kitzbichler & White 2008 ; Xu et al. 2012 ; Mundy et al. 
017 ). 
When compared to more isolated g alaxies, g alaxies with close

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

To clarify this kind of matters and gain a better understanding
f the topic, a more theoretical approach like the one given by
umerical simulations can be very useful. Compared to observations,
imulations have the advantage that they allow us to access different
napshots, and thus study what happens to the galaxies in a future or
ast moment. Previous works have studied the boost of star formation
ue to close companions (e.g. Patton et al. 2020 in IllustrisTNG or
odr ́ıguez Montero et al. 2019 in the Simba simulation). Bustamante
t al. ( 2018 ) show that the metallicity dilution due to galaxy interac-
ions is also seen in cosmological simulations. Idealized simulations
f galaxy mergers have also found an increased AGN activity (Di
atteo, Springel & Hernquist 2005 ; Torrey et al. 2012 ). 
When trying to unify all these studies about close pairs, one

roblem that arises is regarding the selection criteria. In observations,
alaxies are defined as ‘close’ based on their separation in the sky
nd their separation in velocity along the line of sight. Ho we ver, no
nified threshold exists for these parameters to define a close pair.
or the separation in the sky, the values range from 5 h −1 kpc up to
ven 100 h −1 kpc, depending on the particulars of the study. For the
elocity separation, the threshold is usually set to be between 300 and
000 km s −1 difference. Studies like Hu ̌sko, Lacey & Baugh ( 2022 )
onvert from one definition to another by assuming a power-law
ependence of the close pair fraction on the maximum separation,
ut the comparisons remain difficult due to differing methodology. 

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

The moti v ation for this project is to reduce this gap between
bservations and simulations, by answering the question of how
ikely it is that an observed galaxy pair (or group) in the sky is
ctually close in 3D. We aim to do this by using hydrodynamical
imulations of galaxy clusters to mock the observational techniques
sed to find pairs in 2D. By measuring then the 3D separation
etween the galaxies in these pairs, we can assess the performance
f these methods and thus the importance of the projection effects.
hile the effects of spurious pairs are expected to be stronger in

igh-density regions (Mamon 1986 , 1987 ), a study by Alonso et al.
 2004 ) found that real pairs dominate the statistics regardless of the
nvironment, given the thresholds r sep < 100 h 

−1 kpc in distance and
 sep < 350 km s −1 in velocity. We intend to investigate this in more
etail, exploring how it depends on the definition of ‘close’ chosen,
nd if there are any properties of the pairs that influence it. We will
lso consider the circumstance of a galaxy having more than one
lose companion, i.e. being in a group, and similarly explore these
ituations. 

In this work, we are going to use THE THREE HUNDRED simula-
ions, 1 which are 324 re-simulations of the most massive clusters
n a DM only cosmological simulation. These clusters provide a
igh-density environment where the interactions between galaxies
re more frequent and can be especially important. On large scales,
lusters are dominated by DM and hence gravity. But on smaller
cales, also the interaction of the baryonic components of clusters
lays an important role (see Kravtsov & Borgani 2012 for a re vie w on
NRAS 515, 5375–5388 (2022) 
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alaxy clusters). This leads to several different phenomena that drive
alaxy evolution, also making clusters very interesting environments
o study galaxy interactions (Gnedin 2003 ; Park & Hwang 2009 ;
oselli et al. 2014 ). Using THE THREE HUNDRED simulations allows
s to have lots of statistics, with many pairs and groups to study,
elonging to clusters with different properties, and hence different
nvironments. 

The paper is organized as follows. In Section 2 , we present the
etails of the simulation and the halo catalogues used to identify the
aloes. In Section 3 , we present the method used to find close pairs
f galaxies. For the pairs found this way, in Section 4 we present
ome statistics regarding the number of pairs found. In Section 5 ,
e separate our projected pairs into ‘good’ and ‘bad’ by measuring

heir 3D distance compared to the 2D one. In the following section,
ection 6 , we study if there is any correlation between observational
roperties of the pairs and their ‘goodness’. Finally, in Section 7 , we
ummarize and discuss our results. 

 T H E  DATA  

.1 THE THREE HUNDRED clusters 

he clusters in THE THREE HUNDRED data set were created upon
he DM-only MDPL2 MultiDark Simulation 2 (Klypin et al. 2016 ).
his simulation is a periodic cube of comoving length 1 h −1 Gpc
ontaining 3840 3 DM particles, each of mass 1 . 5 × 10 9 h 

−1 M �,
ith cosmological parameters based on the Planck 2015 cosmology

Planck Collaboration XIII 2016 ). From this simulation, the 324
lusters with the largest halo virial mass 3 at z = 0 were selected.
hese clusters serve as the centre of spherical regions with radius
5 h −1 Mpc, where the initial DM particles were traced back to their
nitial conditions and then split into DM and gas particles according
o the cosmological baryon fraction; leading to a DM and gas
article mass resolution of m DM 

= 1 . 27 × 10 9 h 

−1 M � and m gas =
 . 36 × 10 8 h 

−1 M �, respectively. Outside these regions, DM particles
ere degraded with lower mass resolution particles to reduce the

omputational cost but keeping large-scale tidal effects. From these
nitial conditions, each cluster region was then re-simulated including
ow full hydrodynamics with the SPH (Smoothed Particle Hydro-
ynamics) code GADGET-X , using a Plummer equi v alent softening of
.5 h −1 kpc for both the DM and baryonic component. The output
ncludes, for each of the 324 clusters, 129 snapshots between z =
6.98 and z = 0. At z = 0, the 324 central galaxy clusters have a mass
ange from M 200 = 6.4 × 10 14 h −1 M � to M 200 = 2.65 × 10 15 h −1 M �.
HE THREE HUNDRED data set was presented in an introductory paper
y Cui et al. ( 2018 ), and several other papers have been published
ased on this data (see e.g. Wang et al. 2018 ; Mostoghiu et al. 2019 ;
aggar et al. 2020 ), to which we refer the reader for more details

bout this project. 
GADGET-X , the code used for the re-simulations, is a modified

ersion of the non-public GADGET3 code (Murante et al. 2010 ; Rasia
t al. 2015 ; Biffi et al. 2017 ; Planelles et al. 2017 ), which evolves
M with the GADGET3 Tree-PM gravity solver (an advanced version
f the GADGET2 code; Springel 2005 ). It uses an impro v ed SPH
cheme that includes artificial thermal diffusion, time-dependent
rtificial viscosity, high-order Wendland C4 interpolating kernel and
The MultiDark simulations - incl. the MDPL2 used here - are publicly 
vailable at https://www.cosmosim.org . 
 The halo virial mass is defined as the mass enclosed inside an o v erdensity 
f ∼98 times the critical density of the universe (Bryan & Norman 1998 ). 

https://the300-project.org/
https://www.cosmosim.org
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 ak e-up scheme (see Beck et al. 2016 and Sembolini et al. 2016
or a presentation of the performance of this SPH algorithm). Star 
ormation is carried out as in Tornatore et al. ( 2007 ), and follows
he star formation algorithm presented in Springel & Hernquist 
 2003 ). Black hole (BH) growth and AGN feedback are implemented
ollowing Steinborn et al. ( 2015 ), where super massive BHs grow via
ondi–Ho yle lik e gas accretion (Eddington limited), with the model 
istinguishing between a cold and a hot component. 

.2 The halo catalogues 

he halo analysis was done using the open-source AHF halo finder 
Gill, Knebe & Gibson 2004 ; Knollmann & Knebe 2009 ), which
ncludes both gas and stars in the halo finding process. Haloes, as well
s substructures, are found by locating o v erdensities in an adaptively
moothed density field (see e.g. Knebe et al. 2011 for more details on
alo finders). AHF computes the radius R 200 of each halo identified, 
hich is the radius r at which the density ρ( r ) = M ( < r )/(4 πr 3 /3)
rops below 200 times the critical density of the Universe at the
iven redshift, ρcrit . R 500 is defined accordingly, together with the 
orresponding enclosed masses M 200 and M 500 . Subhaloes are defined 
s haloes that lie within the R 200 region of a more massive halo, the
o-called host halo. This way, the mass of this host halo includes the
asses of all the subhaloes contained within it. 
AHF also allows other properties to be generated for each halo 

nd subhalo. The luminosity (and magnitude) in any spectral band 
s calculated by applying the stellar population synthesis code 
TARDUST (see Devriendt, Guiderdoni & Sadat 1999 , and references 
herein for more details). This code uses the given age and metallicity
f each stellar particle within a given halo and obtains from a
atalogue the full spectrum of a star with those properties. Then, 
ach spectrum is weighted by the mass of the particle, and the sum of
ll 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-
ations, merger trees are built using the tree-builder MERGERTREE , 
hich comes with the AHF package. Ho we ver, in this work we will
nly work with the z = 0 snapshots. 

 M E T H O D O L O G Y  

n this section, we first present the way observers find close pairs
f galaxies in the sk y. Then, we e xplain how we apply this same
ethod to THE THREE HUNDRED data set, and how we intend to

ssess its limitations by using the simulations’ data. 

.1 Finding pairs in obser v ations 

n observational studies, the way of finding close pairs is based 
n two quantities that relate two different galaxies: their projected 
eparation in the sky and the separation in velocity along the line
f sight. Defining a maximum threshold for these two quantities, 
 sep and v sep , it can be determined if two galaxies are close. After
pplying some kind of selection criterion for the galaxies, e.g. based 
n their luminosity, the pairs can be easily found by checking if
hese parameters are below the maximum set. In the literature, the 
alues used as thresholds depend a lot on the specific purpose of
he study, so that works focusing more on mergers themselves use 
maller separations (e.g. Robotham et al. 2014 use r sep = 20 kpc h −1 

nd v sep = 500 km s −1 ), while works on the effects of interactions
nd companions can use separations up to the order of Mpc (e.g. in
atton et al. 2016 , they use r sep = 2 Mpc and v sep = 1000 km s −1 ). 
.2 Application to simulations 

e will now apply the same observational method to our simulations,
rying to mimic the procedure as much as possible. Before doing any
urther calculation, we will first make a selection of the objects we
re going to work with from the simulations. In this work, we will
se the word ‘galaxy’ to refer to the objects in the hydrodynamical
imulations, including both their stellar and DM components. For 
ach of the 324 clusters in THE THREE HUNDRED data set, we first
elect the region within 5 R 200 of the cluster centre, to also include
he cluster outskirts. To all the galaxies within this region, we apply
 stellar mass cut similarly to observational studies, so that we work
nly with the galaxies with M ∗ > 10 9.5 h −1 M � (see Cui et al. 2018
or the stellar mass function of all the galaxies in our data set). This
ay we end up with a total number of galaxies between ∼400 and
200 depending on the cluster, which is still statistically high enough.
ote that, throughout this work we only use the AHF catalogues at
 = 0, i.e. only the last snapshot of the simulations. 

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

In order to study the dependence of the results on the values
hosen, and to have some flexibility in our pair definition, we have
ecided to use several different values for the thresholds r sep and v sep 

hat determine if two galaxies are close. Based on the literature (see
.g. Hu ̌sko et al. 2022 for a summary of different studies), we have
sed three dif ferent v alues for each of the parameters, which can thus
e combined in nine different ways. For the separation in the sky,
e use the values: 20, 50, and 100 kpc h −1 , while for the velocity

eparation we use 300, 500, and 1000 km s −1 . 
Finally, to be able to assess if a galaxy has more than one close

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

Fig. 1 shows an example of the pairs and groups found for one
andom 2D projection for cluster 45 in THE THREE HUNDRED sample,
or two different definitions of close. In the left for r sep = 20 kpc h −1 

nd in the right for r sep = 100 kpc h −1 , while v sep was set at 500 km s −1 

or both of them. The blue dots show the isolated galaxies, the red
entagons are the galaxies in pairs, and the green diamonds are those
MNRAS 515, 5375–5388 (2022) 
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M

Figure 1. Example of one random projection of the R 200 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 R 200 and 0.5 · R 200 

re gions. The ax es are centred so that the cluster centre is at X = 0, Y = 0 
Mpc h −1 . 
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n groups (with three or more members). Comparing both halves in
ig. 1 we can see the effects of increasing the maximum separation,
nding not only more pairs but also a significant amount of groups. 
Once the pairs and groups are found for all the clusters and

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

.2.1 Defining 2D pairs as ‘good’ 

sing the previous methodology, we can order all the projected
alaxies into different pairs and groups. Then, taking advantage of
he power of simulations, the 3D coordinates of the galaxies can be
sed to determine if the projected pairs are also close in real space.
or simplicity, for this part of the study we will focus only on galaxy
airs. We will see in the following section (Section 4 ) that we are
ot losing much information by doing this, since pairs dominate the
tatistics. 

In order to address the question of the ‘goodness’ of a pair, we use
he physical (3D) separation between the involved galaxies. Our idea
s to check if the 3D separation between the galaxies is within the
ange allowed by the r sep threshold in projected distance. To quantify
his in a single parameter we compute the ratio r 3D / r sep , where r 3D 

s the physical separation between the galaxies in the simulation and
 sep is fixed to 20, 50, or 100 kpc h −1 , depending on the value chosen
or the pair-finding method. Using this ratio, we can simply set a
hreshold at r 3D / r sep = 1, so that pairs with this ratio below (or equal
o) 1 can be tagged as ‘good’ pairs, with a 3D separation within the
NRAS 515, 5375–5388 (2022) 
llowed range; and pairs with r 3D / r sep > 1 are classified as ‘bad’ pairs.
ote that we call them ‘good’ and ‘bad’ pairs, since our criterion is

ust based on the projected and physical separations between the
alaxies in the pair (rather than e.g. ‘true’ and ‘false’), and thus it
nly allows us to assess the degree to which the 3D distance is within
he maximum separation allowed. Other criteria, like the one used
n Haggar et al. ( 2021 ), can be used to determine if the two galaxies
re gravitationally bound, but for this work we prefer to focus on
his simple comparison, which already gives a significant amount
f knowledge about the pairs. We will take a different approach and
nvestigate a separation between ‘true’ and ‘false’ pairs in a follow-up
ork (Contreras-Santos et al., in preparation). 
In the following sections, we will first show some statistics of the

ay the galaxies are connected using the methodology described,
egarding the number of pairs and groups found and the galaxies
hat belong to them. Then, for the pairs, we will separate them into
good’ and ‘bad’ according to the criterion we just described. We
ill study the fraction of pairs that belong to each class and analyse

heir properties based on this division. 

 STATISTICS  O F  2 D  G RO U P I N G  

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

.1 Fraction of galaxies in pairs and groups 

or each of the 324 clusters in THE THREE HUNDRED data set, we
onnect the galaxies as described in Section 3 and count the fraction
f them that remain in a pair or group (in 2D), i.e. the fraction of
alaxies that have at least one close companion. We do this for the 100
andom 2D projections for each cluster. This way we can obtain the
ean fraction for each cluster, together with the standard deviation.
y putting all the mean values together, we can compute the median
alue of this distribution, together with its 16–84 percentiles. This is
hown in the left-hand panel of Fig. 2 (dots for the median values and
haded regions for the percentiles). To compare the results, we show
his median value as a function of the maximum projected separation
sed, r sep , and for the three dif ferent v alues of the velocity separation
sed, v sep , as indicated in the legend. 
In the plot, we can see that the results show a strong dependence

n the chosen value of the separation. For the lowest threshold
 sep = 20 kpc h −1 , the fraction is below 8 per cent, with very small
ependence on the velocity threshold. For the higher values of r sep 

he velocity threshold starts to make a difference. The fraction of
alaxies with a close companion is between ∼12 and 21 per cent for
0 kpc h −1 separation, while for 100 kpc h −1 the range becomes even
reater, going from ∼27 for v sep = 300 km s −1 (in magenta) to more
han 40 per cent for v sep = 1000 km s −1 (in cyan). 

We also include some pre vious observ ational results in the left-
and panel of Fig. 2 . The green diamond is extracted from L ́opez-
anjuan et al. ( 2012 ), where data from the COSMOS surv e y are
nalysed. They use the thresholds r sep = 30 kpc h −1 and v sep =
00 km s −1 to measure the close pair fraction for galaxies with M ∗ ≥
0 11 M �. In spite of this different selection criterion, we can see that,
lthough 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, r sep . 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 sep used, in magenta 
300 km s −1 , in green 500 km s −1 , and in cyan 1000 km s −1 . 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). 
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esult for our data. We also show, as stars, the results from Lin
t al. ( 2008 ), where they study the pair fraction of galaxies from the
EEP2 Redshift Surv e y , applying a cut by luminosity . In this case,

hey employ three different maximum separations, r sep = 30, 50, and 
00 kpc h −1 , with v sep = 500 km s −1 . We see that their results are in
eneral smaller than ours, even compared to our v sep = 300 km s −1 

esults. Ho we v er, we hav e to note here that Lin et al. ( 2008 ) results
ome from a wide surv e y rather than a cluster environment like ours,
here 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 ),
he pair fraction is found to be dependent on the galaxy number
ensity, so that our results are in fact expected to be higher, as seen
n Fig. 2 . 

.2 Number of members per galaxy association 

n addition to the percentage of galaxies that have at least one close
ompanion, i.e. are in a pair or group, it can also be of interest to know
he size of these associations of galaxies. Are the galaxies mainly 
n pairs or in bigger groups? Similarly to the previous subsection, 
e have computed the mean number of galaxies per association (we 
se the word ‘association’ here to refer to pairs and groups at the
ame time), again for each of the 324 clusters as the mean value for
he 100 projections. In the right-hand panel of Fig. 2 , we show the
edian and 16–84 percentiles of the distribution of this value for the

24 clusters. The format is the same as in the left-hand panel, with
he X -axis indicating the maximum separation used and the colours 
ndicating the velocity threshold. Looking first at the minimum value 
f r sep , we see that the mean number of galaxies is very slightly above
 (regardless of the velocity), meaning that almost all non-isolated 
alaxies are in pairs, with very few groups. In fact, we find that groups
epresent around 7 per cent of all the galaxy associations for this r sep 

alue. For r sep = 50 kpc h −1 , the increase is less significant than in
he left-hand panel of Fig. 2 , with the number ranging between 2.2
nd 2.4. This means that for this separation the galaxy associations
re still very predominantly pairs, the velocity threshold still not 
eing too determining. The percentage of groups is now between 
5 and 20 per cent of all the associations found. Finally, for r sep =
00 kpc h −1 , the median of the mean number of galaxies is 2.5 for
 sep = 300 km s −1 (in magenta), showing that galaxy pairs are still
redominant but more groups are found now. We can see that the
alue increases notably with the maximum velocity allowed, the 
ean number of galaxies even reaching 3.2 for v sep = 1000 km s −1 ,

lthough the scatter in this value is also becoming bigger. In this
ase, the percentage of groups ranges between ∼ 25 and 35 per cent
or the different velocity thresholds, showing that pairs dominate the 
tatistics even for the least restrictive thresholds. 

In this case, we limit the plot to our own results, since this quantity
as not been that thoroughly studied in other works and thus the
omparison is more dif ficult. Ho we ver, we belie ve the results in the
ight-hand panel of Fig. 2 are important by themselves, to see how
he values of r sep and v sep affect the way the galaxies are ordered in
roups and pairs, and to gain a better understanding of the results
hown throughout this work. 

.3 Dependence of the 2D statistics on cluster properties 

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

.3.1 Mass 

n the top panel in Fig. 3 , we show the correlation between the fraction
f galaxies that are found to be in a pair or group and the mass of the
luster. We use the mass M 200 at z = 0, given directly by AHF. For
implicity, we only show the results using r sep = 100 kpc h −1 and
 sep = 500 km s −1 to link the galaxies, but we will comment on the
esults for different values. In the plot, we can see that there is no
orrelation at all, which could be expected since to obtain this fraction 
e are already normalizing by the total number of galaxies. For
MNRAS 515, 5375–5388 (2022) 
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Figure 3. Top, fraction of galaxies in a group, computed for r sep = 

100 kpc h −1 and v sep = 500 km s −1 , 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 χDS , also in logarithmic scale. In both panels, the 
Spearman correlation coefficient, r S , is indicated in the bottom left corner. 
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ifferent definitions of proximity, i.e. different values of r sep and v sep 

he results are the same, with essentially no dependence of the results
n the mass. Although in the plot we only show the results for the
raction of galaxies with at least one close companion, the conclusion
till holds for the mean number of galaxies per association, with no
orrelation with the mass found. 

.3.2 Dynamical state 

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

DS = 

√ 

3 (
� r 

0 . 04 

)2 + 

(
f s 
0 . 1 

)2 + 

( | 1 −η| 
0 . 15 

)2 . (1) 

his equation is based on the three parameters initially introduced
y Neto et al. ( 2007 ) as proxies for relaxation. Later studies by Cui
t al. ( 2018 ) or De Luca et al. ( 2021 ) also used these parameters
o study the relaxation of the clusters in THE THREE HUNDRED

ample. The parameters are the centre of mass offset, � r , which
s the offset between the positions of the centre of mass of the
luster and the density peak, normalized to the halo radius; the
ubhalo mass fraction , f s , which is the fraction of cluster mass
ontained in subhaloes; and the virial ratio η (see Cui et al. 2017 ,
or an updated calculation for hydrodynamic simulations). For a
luster to be most relaxed, � r and f s have to be minimized, and
→ 1, and so ‘dynamically relaxed’ clusters have χDS � 1. The
NRAS 515, 5375–5388 (2022) 
elaxation parameter χDS thus provides a continuous way to classify
he dynamical state of the clusters. 

In the lower panel of Fig. 3 , we show a scatter plot of the mean
umber of galaxies per association against the relaxation parameter
t z = 0. As with the mass, we only show the results for r sep =
00 kpc h −1 and v sep = 500 km s −1 . In this case, we see that there is
 clear ne gativ e correlation, meaning that in more disturbed clusters
he associations of galaxies are more likely to be bigger. Although
ot shown here, we see a very similar correlation with the fraction of
alaxies in a pair or group, f gal , meaning that galaxies are less likely
o be isolated in these disturbed clusters. These results are in line with
hat could be e xpected, since relax ed clusters have less substructure

t is logical for them to have fewer pairs and groups. The value of
he Spearman correlation coefficient is r S � −0.5 in both cases,
nd remains the same when changing v sep for the same separation
hreshold. Ho we ver, the strength of the correlation decreases if we
se lo wer v alues of r sep , e ven disappearing for the most ‘restrictive’
efinition with r sep = 20 kpc h −1 and v sep = 300 km s −1 . So in general
e can say there is a ne gativ e correlation with the dynamical state of

he cluster, so that more relaxed clusters have less galaxies connected
o other galaxies and the groups are smaller, but this does not hold
or all the possible definitions of galaxy pair. 

 FRAC TI ON  O F  ‘ G O O D ’  2 D  PA IR S  

ow that we have studied in a quantitative way the projected pairs
nd groups of close galaxies found following the methodology
n Section 3 , we can focus the study on the pairs themselves,
oncentrating on their particular properties. As a reminder, the
bjective of the work presented here is the quantification of the
ikelihood for a pair seen in 2D to be actually close in 3D. As it has
lso been said before, we will now work only with pairs, i.e. only
ith the two-member groups, since in Section 4 we showed that they

re very predominant in most of the cases, and they are also much
asier to analyse. 

In order to assess the ‘goodness’ of a pair, we use the method
escribed in Section 3.2.1 , based on r 3D / r sep , the ratio of the 3D
istance to the maximum 2D separation allowed. We set the threshold
or classifying the pairs at 1, so that ‘good’ pairs are those with r 3D 

r sep , with r sep being fixed for the given definition. Here, we will
how some of the results obtained for the given pairs. 

In Fig. 4 , we show the distribution of the ratio r 3D / r sep for all
he pairs found for the given definition r sep = 50 kpc h −1 and v sep =
00 km s −1 . We stacked all the pairs together, regardless of the cluster.
e can see that the distribution shows a peak at ∼1, but extends to

uite higher values of the ratio, corresponding to pairs that are much
 arther aw ay in 3D distance than allowed by the r sep criterion. For
implicity, in this plot we only show the results for one definition, but
he conclusions hold for all of them. In the plot, we have indicated
his threshold at r 3D = r sep with a red dashed line, which separates
he distribution into ‘good’ (to the left of this value) and ‘bad’ (to the
ight) pairs. This way, we can easily measure the fraction of good
airs. 
In Fig. 5 , we show this fraction for all the different values of r sep 

nd v sep , computed using r 3D / r sep ≤ 1 to identify good pairs. We
omputed this fraction separately for each cluster, so that the dots
how the median value of the distribution for the 324 clusters, while
he shaded regions are the 16–84 percentiles. As in Fig. 2 , the results
re shown as a function of r sep in the x -axis, while the different colours
f the lines indicate the maximum velocity separation allowed. 
We can see in the plot that the results are dependent both on the

elocity and on the distance separation, with the good fraction de-
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Figure 4. Distribution of the r 3D / r sep ratio for all the pairs found with r sep = 

50 kpc h −1 and v sep = 500 km s −1 , stacking all the 324 clusters together. 
The red dashed line indicates the threshold used to separate good and pairs, 
r 3D / r sep = 1. 

Figure 5. Same as Fig. 2 but for the fraction of 2D pairs that are ‘good’ in 
3D, as a function of maximum separation chosen, r sep . 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. The colours 
indicate the velocity threshold v sep used, in magenta 300 km s −1 , in green 
500 km s −1 , and in cyan 1000 km s −1 . 
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reasing notably for increasing values of v sep and r sep . The difference
s more significant for r sep = 20 kpc h −1 , where the percentage of
ood pairs goes from 49 to 64 per cent for decreasing values of v sep .
hen increasing the 2D separation threshold to r sep = 50 kpc h −1 ,

he fraction is notably reduced, ranging between 33 per cent for
he highest velocity separation and 47 for the lowest one. Moving to
 sep = 100 kpc h −1 , the variation of the values is smaller, and they also
ecome less dependent on the v elocity threshold. F or 1000 km s −1 ,
he value remains almost constant at 33 per cent, while for v sep =
00 and 300 km s −1 the fraction decreases to 35 and 39 per cent,
espectively. We also note that the scatter increases for lo wer v alues
f r sep due to the decreasing statistics. 
Looking at the values of the fraction in general, we have to

ighlight that they can be significantly low. For the most restrictive 
riterion, with r sep = 20 kpc h −1 and v sep = 300 km s −1 , the fraction
f good pairs is 64 per cent, but increasing the separation threshold
educes the fraction below 50 per cent, meaning that still more than
alf of the close pairs observed in projections have a 3D separation
n real space that is abo v e the limit set. We will devote the next
ection to the study of ways to impro v e this result, this is, to impro v e
he likelihood that an observed pair will be classified as good, using
bservable properties of the pairs. 

 SEPA RATING  T H E  ‘ G O O D ’  F RO M  T H E  ‘BAD’  

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

.1 Properties of galaxies in pairs 

irst of all, we explore some o v erall properties of the galaxies we
re working with. This way, we gain some general understanding of
ur data set, and check that the values are within reasonable ranges.
e focus on properties that are accessible to observers as well. By

omparing their distribution for the galaxies in pairs as opposed to
hat for the whole distribution of galaxies, we can also see if there
s any particular difference between them, which could be useful for
urther studies. 

We present in Fig. 6 the distributions of five different properties of
he galaxies in pairs (solid line), together with the distributions for
ll the galaxies in the simulations (dashed line) that have been used
hroughout this work (see Section 3 for the initial galaxy selection
riteria). The first three panels in Fig. 6 show, from top to bottom, the
tellar mass of the galaxies (given by AHF), their stellar metallicity
also given in the AHF catalogues), and the g − r colour (derived
rom the SDSS magnitudes of the galaxies that are computed using
he STARDUST code, see Section 2 ). Although there are some very
light differences between the distributions, in general we see in this
lot that the galaxies in pairs show no particular distribution for these
roperties. As before, we only show the results for one definition of
roximity, with r sep = 50 kpc h −1 and v sep = 500 km s −1 , because
he results are very similar for all of them. 

The fourth panel in Fig. 6 shows the value of c ∗ defined as the
atio of the minor to major axis of the moment of inertia tensor as
alculated only for the star particles. This parameter is an indicator of
he shape of the galaxy, with a value of c ∗ equal to 1 indicating perfect
phericity. The bottom panel of Fig. 6 shows the stellar-to-halo mass
atio of the galaxies in our study, which can give relevant information
bout the DM haloes of galaxies in pairs, and is computed as M ∗/ M 200 

sing the (sub-)halo masses M ∗ and M 200 as given by AHF . We
an see in these plots that, although galaxies in pairs seem more
ikely to be less spherical and with more rele v ance of the stellar
omponent than the general population, the differences between the 
wo distributions remain minor. 

.2 Properties of galaxy pairs 

n Fig. 6 , we showed the properties of all the galaxies in pairs together
ith those for all the galaxies in our data set. Now, we are going to
ork instead with the properties of the galaxy pairs themselves. This

s, we are going to compute, for each property, the ratio between the
alues of this property for both galaxies in the pair: P 2 / P 1 , where
MNRAS 515, 5375–5388 (2022) 

art/stac2127_f4.eps
art/stac2127_f5.eps


5382 A. Contreras-Santos et al. 

MNRAS 515, 5375–5388 (2022) 

Figure 6. Comparison of the properties of galaxies in pairs (solid lines) to 
all the galaxies in general (dashed lines). From top to bottom: stellar mass, 
stellar metallicity, g − r colour, c ∗ parameter, and stellar-to-halo mass ratio. 
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 2 and P 1 are simply the specific properties of the two galaxies in
he pair, chosen so that this ratio is al w ays ≤1. For instance, by
omparing the stellar masses of the galaxies that constitute a pair, we
ompute their stellar mass ratio, M ∗2 / M ∗1 , which gives us information
bout how similar they are in mass. We compute this ratio for each
air for the five properties presented in the previous subsection. 
The distributions of this ratio for all the close pairs found are shown

n the upper row of Fig. 7 . The properties are the same as in the upper
ow of Fig. 6 , from left to right, stellar mass ratio, stellar metallicity,
nd colour, although in this case we are showing the ratio between
he property for the two galaxies that constitute a pair. Note again
hat this ratio is computed so that the value is al w ays ≤1. The values
re computed for all the close pairs found for one definition ( r sep =
0 kpc h −1 and v sep = 500 km s −1 as before), for the 324 clusters and
00 projections, stacking them all together as previously. 
In order to analyse how the probability of a pair being ‘good’ is

ffected by either of these properties, in the left column of Fig. 7
e have separated the galaxies according to our definition of good
resented in Section 3 , with the results shown in Section 5 . The blue
ines are the normalized distributions of the ratios for the good pairs,
hile the orange ones are for the bad pairs. The green dashed line

s for all the pairs together. Each row in this figure represents the
esults for each of the properties in Fig. 6 . 

Starting with the first row in Fig. 7 , in the left-hand panel we see
hat there is a clear difference between the distributions for good and
ad pairs, with the former showing a more prominent peak at low
alues of the mass ratio. This means that good pairs tend to have a
o wer v alue than bad ones, i.e. the masses of the galaxies in good
airs are more different between each other. This is quantified in the
lot in the right, which shows the fraction of good pairs for each mass
atio bin, this is, the likelihood of a pair being good given a certain
alue of its stellar mass ratio. The grey bars show the likelihood for
he ratio being within each bin, while the black line is for a mass
atio abo v e the giv en x -value, and the gre y line for a ratio below it.
he horizontal dashed line shows the o v erall fraction of good pairs,
s shown in Fig. 5 , so that whenever the bars or lines are above this
ine, this means the probability of finding a good pair is increased
n that range. In the case of the stellar mass ratio, we see that for
he first bin, M ∗2 / M ∗1 ≤ 0.2, the likelihood increases by 46 per cent
from 41 to 60 per cent), while for ratios abo v e this the probability
ecreases to 10 per cent for 0.6 < M ∗2 / M ∗1 ≤ 0.8. 
For the second row in Fig. 7 , for the metallicity ratio Z ∗2 / Z ∗1 , we

ee the opposite difference than for the mass. Pairs that we defined
s good are more likely to have a stellar metallicity ratio that is close
o 1, this is, these galaxies tend to have more similar metallicities.
ooking at the plot to the right to quantify this we see that, for
 ∗2 / Z ∗1 > 0.8 the likelihood is increased by ∼23 per cent (from 41

o 50 per cent). 
For the colour, we refer to the third row in Fig. 7 . The inset in

he left plot shows a zoom-in for the interesting region, for ratios
elow 0.8. We see that the distribution here seems to be dominated
y good pairs, meaning that pairs with a colour ratio below this value
re more likely to be good than bad. This is confirmed in the plot
eside, where we see that a colour ratio below 0.8 increases the good
raction from 41 to 54 per cent (an increase of around 30 per cent,
ee grey line). This likelihood increases even more when going to
ower colour ratios, reaching more than 60 per cent for a ratio below
.2, although we see in the upper panel that very few pairs are found
ithin this range. 
Regarding the two final properties, the fourth row in Fig. 7 shows

he same distributions for c ∗. Here, we can see that, while bad pairs
ominate at ratios around 1, for lo wer v alues 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 r 3D / r sep 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. 
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s increased, reaching more than 70 per cent for c ∗2 / c ∗1 < 0.4 (see
ight-hand panel). This means that good pairs tend to have galaxies 
ith different shapes, i.e. one spherical and the other one more discy,
resumably due to the interaction between them. In the final row of
ig. 7 , we study the situation for the ratio of the stellar-to-halo mass
atio between the two galaxies in the pair. We see an even clearer
ituation here, where good pairs prominently dominate the region of 
o wer v alues in the x -axis, with the good pair fraction growing to
MNRAS 515, 5375–5388 (2022) 
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Table 1. For each r sep and v sep 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 kpc h −1 and 500 km s −1 ). Note that the values in the first 
column, f good , 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. 

f good Increase in f good 

r sep (kpc h −1 ) v sep (km s −1 ) All pairs M ∗ ratio ≤0.2 Z ∗ ratio ≥0.8 g − r ratio ≤0.8 c ∗ 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 

a  

b  

t  

c  

i
 

e  

o  

t  

u  

p  

t  

b  

c  

t  

i  

o  

fi  

l  

g  

0  

d  

2  

d  

f  

p  

l  

t  

n  

0  

s  

2  

s  

t
 

p  

b  

a  

c  

r  

b  

g  

t  

t  

t

Figure 8. Same as Fig. 7 but for the 2D distance from the pair to the cluster 
centre, in units of R 200 . Top, distribution for all the pairs separated into 
‘good’ and ‘bad’ pairs, depending on the quotient r sep /3D distance ratio. 
Bottom, fraction of good pairs within each bin (grey bars), and abo v e (black 
line) and below (grey line) the given x -value. The dashed horizontal line is 
the total good pair fraction. 

6

A  

p  

c  

d  

p  

I  

d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/4/5375/6652114 by U
niversity of N

ottingham
 user on 12 January 2023
lmost 70 per cent for the first x -bin (ratios below 0.2). This can also
e interpreted as an effect of the interactions between the galaxies in
he pair, where one of the DM haloes is stripped by the other one,
reating this difference in the stellar-to-halo mass ratio of the two
nvolved galaxies. 

We summarize our main results, as discussed in the text and
xtracted from Fig. 7 , in Table 1 . Since Fig. 7 shows the results
nly for r sep = 50 kpc h −1 and v sep = 500 km s −1 , we include in
his table the results for all the different definitions of proximity
sed throughout the paper, for the three dif ferent v alues for the
arameters r sep and v sep . The first column in this table simply shows
he fraction of good pairs, although, unlike in Fig. 5 , it is computed
y stacking all the pairs for all the clusters together, rather than
omputing f good for each cluster and then getting the median value for
he 324 clusters. The following columns indicate by which amount
s this fraction increased when only the pairs within certain ranges
f the studied properties are considered. As an example, for the
rst row, the fraction of good pairs increases by 21.4 per cent when

imiting the pairs to those with M ∗2 / M ∗1 ≤ 0.2. This means that it
oes from f good = 0.642 (see first column) to f good × (1 + 0.214) =
.780. In this table, we see that the o v erall situation is similar for the
if ferent v alues of r sep and v sep , the main dif ference being for r sep =
0 kpc h −1 , where the colour and c ∗ ratios (fourth and fifth columns)
o not separate good and bad pairs for the given range, especially
or the two lo wer v sep v alue, where the negati ve sign means the
robability decreases. We like to note here that, although selecting a
ower threshold in the colour ratio would mean a greater increase in
he likelihood (see Fig. 7 ), it can also be seen in this figure that the
umber of pairs is very low for these bins, and so we prefer to use
.8 as the threshold for the table. For the shape parameter, c ∗, we can
ee in the table that the results are very dependent on the maximum
D separation allowed and, while in the given range the likelihood
lightly decreases for r sep = 20 kpc h −1 , it can be increased by more
han 100 per cent for r sep = 100 kpc h −1 . 

We conclude from this subsection that, using these five observable
roperties and computing the ratio for an observed pair, its value can
e used as an indicator of the probability of that pair being good
ccording to our definition. To further increase the likelihoods, the
riteria for the different properties can be combined. For instance, for
 sep = 50 kpc h −1 and v sep = 500 km s −1 , if a pair has both mass ratio
elow 0.2 and metallicity ratio abo v e 0.8, the likelihood of it being
ood increases from the initial 41 to more than 75 per cent (higher
han for each of them individually). For simplicity, we do not include
hese numbers in the table, but we note that every combination of
hem results in an ever increased percentage of good pairs. 
NRAS 515, 5375–5388 (2022) 
.3 Dependence of the separation on distance to cluster centre 

part from the properties previously discussed, there is another
roperty of the pairs that is easy to check observationally, and that
an give interesting information about the pair. This is the projected
istance to the cluster centre. We measure this distance for all the
airs, and represent it in units of the cluster radius R 200 in Fig. 8 .
n this figure, we basically repeat the plot in Fig. 7 but only for this
istance 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). 
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In the upper panel of Fig. 8 , we see that there is a very clear
ifference between good and bad pairs. While the good ones are 
lmost uniformly distributed along the 5 R 200 zone, the bad ones are
referentially located inside the cluster. This is something that could 
e expected, the higher density of galaxies towards the centre makes 
t harder to identify real pairs. Ho we ver, it is still an interesting
esult, which already warns that galaxy pairs close to the cluster 
entre are much more likely to be farther away in physical distance.
n fact, looking at the lower panel in this figure, we can see that the
ikelihood of finding a good pair inside R 200 decreases to 25 per cent,
hile it grows to 57 per cent for distances abo v e this radius. 
No w, gi ven this difference in the number of good pairs depending

n the region we are in, we ask ourselves whether the results obtained
n the previous subsection are just an effect of this result regarding the
istance to the cluster centre. This is, we question if the differences
n mass ratio, colour, and metallicity between good and bad pairs are
ust a consequence of these pairs being located in different regions 
f the cluster environment. To answer this question, in Fig. 9 we
resent the same plot as the first column in Fig. 7 but separating for
he region inside the cluster, R ≤ R 200 (left), and outside the cluster,
 > R 200 (right). 
We see that, although the results weaken, the differences still hold 

utside the cluster, with good pairs having in general lo wer v alues
f the stellar mass ratio. In the bottom left panel we see that, in the
 ∗2 / M ∗1 ≤ 0.2 bin, the probability increases from 25 to 46 per cent,
hile in the right one the increase is from 57 to 71 per cent in this

ame bin. Although not shown here, we repeated these plots for the
ther four different properties analysed throughout the paper, finding 
hat the trends seen al w ays hold in both regions inside at outside the
luster. For the metallicity and the colour ratios, a similar situation 
o the mass is found, with the results weakening a bit outside the
luster, while for the shape and the stellar-to-halo mass ratio, the 
esults remain the same regardless of the region. 
u  
We note that, when talking about the cluster centre, we refer to
he maximum density peak of the main halo, identified by our halo
nder, rather than taking a more observational approach like using 

he position of the brightest cluster galaxy (BCG). Nevertheless, 
ev eral works hav e already shown that the offset between these two
ositions is small, especially in relaxed clusters, so the same results
re expected if using the BCG position or the centroid of X-ray
mission (see Cui et al. 2016 for an in-depth study on how the centre
osition is affected by the method chosen to identify it; or De Luca
t al. 2021 , where the offset is computed for THE THREE HUNDRED

lusters). 

.4 Dependence of the separation on cluster properties 

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

raction of pairs that were correctly identified for each cluster, 
 good , as shown in Fig. 5 , and any cluster property. We show this
n Fig. 10 , for the total halo mass of the cluster, M 200 , and for the
luster’s dynamical state, quantified by the relaxation parameter χDS , 
s explained in Section 4.3 . In both cases, we could not find any
ignificant correlation, meaning that the probability of an observed 
air being good does not depend on properties of the cluster as a
hole but rather of those of the pair itself. In Section 4.3 , we found
 significant correlation between the fraction of galaxies in a pair or
roup and the dynamical state of the cluster, with disturbed clusters
aving more pairs and groups. Now we see that the fraction of good
airs is not dependent on the dynamical state of the cluster, so for
nrelaxed clusters we find more good pairs but also more bad pairs,
MNRAS 515, 5375–5388 (2022) 
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M

Figure 10. Top, fraction of good pairs of galaxies, computed for r sep = 

50 kpc h −1 and v sep = 500 km s −1 , with the selection criterion r good = 0.8 
for good pairs, as a function of mass of the cluster, M 200 , in logarithmic scale. 
Bottom, same good fraction as top panel, but as a function of the relaxation 
parameter χDS . In both panels, the Spearman correlation coefficient, r S , is 
indicated in the bottom left corner. 
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eaning that projection effects affect relaxed and unrelaxed clusters
qually. 

 C O N C L U S I O N S  

n this work, we studied close pairs of galaxies, which are used in
bservations as an indicator of galaxy mergers and interactions. We
 ork ed with a set of cosmological simulations of galaxy clusters

nd their surroundings, allowing us to additionally investigate any
orrelation with environment. By taking advantage of the power
f simulations, we e v aluated the performance of the observational
echniques used to identify these pairs, and proposed ways, using
bservable properties of the galaxies, to impro v e this performance. 
The simulations used in this work are provided by THE THREE

UNDRED project, and consist of a set of 324 numerically modelled
pherical regions centred on the most massive clusters found in the
M-only MDPL2 MultiDark Simulation. For each of these simu-

ations, we limit our study to the region within 5 R 200 of the cluster
alo centre, and select all the galaxies with M ∗ > 10 9.5 h −1 M �. To
imic observational studies, we randomly rotate the 3D coordinates

nd then project them into a 2D plane, so that we can get numerous
rojections of the same cluster. We applied the same techniques used
y observers to find close pairs of galaxies. This way, we identified
lose pairs as those that lie within a separation in the sky smaller than
 sep and a separation in velocity along the line of sight below v sep 
NRAS 515, 5375–5388 (2022) 

R  
where we included the Hubble flow). The values used for r sep (20,
0, and 100 kpc h −1 ) and for v sep (300, 500, and 1000 km s −1 ) were
ased on previous studies in the literature, and combined for a broad
esearch of close pairs and the dependence on these parameters. We
lso allowed galaxies to have more than one close companion, and
ence being in groups. 

After grouping the galaxies for the different clusters and projec-
ions, in Fig. 2 we analysed the statistics of the results. We showed
rst the fraction of galaxies having at least one close companion,
hich depends a lot on the r sep threshold used. We saw that our

esults are o v erall in line with previous observational results. We also
howed in Fig. 2 that the great majority of the connected galaxies are
n pairs rather than groups, with the latter becoming more rele v ant for
 sep = 100 kpc h −1 . For this reason, the following parts of our work
ere only focused on galaxy pairs, which also allow for a simpler

nalysis. 
The next step in this study was to use the physical coordinates

vailable in the simulations to obtain the 3D separations between
he galaxies in pairs. We computed the ratio r 3D / r sep for all the pairs
ound, where r sep is the fixed threshold set for the projected separation
n the sky for each definition of proximity. This way, we could divide
he pairs into ‘good’ pairs: those with r 3D / r sep ≤ 1, i.e. with a 3D
eparation within the allowed r sep range; and ‘bad’ pairs, which do
ot satisfy this condition. Using this threshold, in Fig. 5 we depicted
he fraction of good pairs for all the different definitions. This fraction
s shown to be between 50 and 65 per cent for the smallest r sep value
sed, while it drops significantly as this parameter increases. For
aximum separations of 50 and 100 kpc h −1 , the fraction of good

airs ranges between 30 and less than 50 per cent depending on the
elocity separation limit. 

For a better understanding of this separation between good and bad
airs, we devoted Section 6 to studying observable properties of these
airs and the galaxies within them, trying to find differences that can
e used to distinguish them. We w ork ed with the stellar mass, stellar
etallicity, and colour. We also studied the shape, quantified by c ∗,

nd stellar-to-halo mass ratio. In Fig. 7 , we analysed the ratio of each
roperty between the two galaxies in every pair, distinguishing the
alues for good and bad pairs. Regarding the stellar mass ratio, we
ound that good pairs tend to have a lower value, i.e. the galaxies
re more different in mass in these pairs. The situation is reversed
or metallicity, where a ratio close to 1 indicates that the pair is
ore likely to be a good one. Concerning the colours, Fig. 7 shows

hat for ratios below ∼0.8 the pairs are also more likely to be
ood. These results are quantified, and summarized for each r sep 

v sep combination, in Table 1 . We saw in this table that, generally
peaking, the fraction of good pairs is increased by 30–50 per cent
f the given galaxy pair has M ∗2 / M ∗1 ≤ 0.2, Z ∗2 / Z ∗1 ≥ 0.8 or a g

r colour ratio below 0.8, although these results weaken if the 2D
eparation threshold to find the pairs is set at 20 kpc h −1 . For the
hape and stellar-to-halo mass ratio, we found in both cases that
ood pairs tend to have lower values, again meaning that, regarding
hese properties, the situation for the two galaxies involved in the pair
s significantly different. This can be interpreted as a consequence
f the interaction between the galaxies. Table 1 shows that, specially
or 50 and 100 kpc h −1 separations, selecting lower values within
hese properties can increase the fraction of good pairs by 50–100
er cent. 

Apart from these properties, we also studied the projected distance
rom the pair to the cluster centre. We found that separating the good
rom the bad pairs also gives a clear difference in the distributions,
ith the bad pairs more clearly found near the cluster centre, within
 200 (see Fig. 8 ). Ho we ver, we found that the results for the previous
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roperties, although weakened in some cases (for the stellar mass, 
etallicity, and colour ratios), still hold if we separate for the regions

nside and outside R 200 (see Fig. 9 for the mass), so they are not
ust a consequence of bad pairs being more predominant in the 
nner region. In this regard, Ellison et al. ( 2010 ) investigated galaxy
airs as a function of the environment, finding that, although galaxy 
nteractions seem to be ubiquitous in the Universe, their observational 

anifestations show a dependence on the environment. Here, we 
ike to note again that our study has been done for galaxy pairs in
luster environments, reaching up to 5 R 200 of the main cluster centre
additional massive objects can also be found here), so that our results
re only valid for these regions and they may not hold for randomly
elected pairs. Future works repeating this study on a different 
nvironment could provide with more information regarding how 

he results are affected by this. 
Previous works have already used simulations to similarly analyse 

bservational results. For instance, McConnachie, Ellison & Patton 
 2008 ) used mock galaxy catalogues based on the Millennium 

imulation to investigate the spatial properties of groups of galaxies, 
nding that only ∼30 per cent of the groups were truly compact in

hree dimensions. In a later work by the same authors, McConnachie 
t al. ( 2009 ) showed that selecting groups by surface brightness
educes this effect significantly, increasing the fraction of physically 
ompact groups. Regarding the properties of the involved galaxies, 
ev eral works hav e studied how the y are affected by close compan-
ons and interactions. Scudder et al. ( 2012 ) studied galaxy pairs in
he Sloan Digital Sky Survey, tracing the changes induced in star
ormation rates and metallicities. Alonso et al. ( 2006 ) also studied
tar formation and colour of the galaxies in observed pairs, and how
hey are affected by interactions. In this work, we take a different
pproach, based on observational properties of the pairs rather than 
he galaxies, i.e. using the ratio P 2 / P 1 , where P 2 and P 1 are the
alues of the given property for the two galaxies. We propose the
se of these ratios to increase the likelihood of a pair being close in
hysical distance too, and thus reduce these effects that deteriorate 
lose-pair catalogues. 

In conclusion, our results show that, computing the two galaxies’ 
atio for the projected pairs, the stellar mass, metallicity, g − r
olour, shape, and stellar-to-halo mass ratio can be used as indicators 
f the probability of the pairs being good according to our definition.
his is simply based on the 2D distance threshold used, r sep , and

he 3D separation between the galaxies, r 3D . We note again that
his definition of ‘good’ is only a measure of 3D proximity, rather
han physically testing if the galaxies are bound. Previous works 
ike Haggar et al. ( 2021 ) or Choque-Challapa et al. ( 2019 ) associate
alaxies with a host galaxy based on their relative velocity and the
ost gravitational potential. In future works following this study we 
im at using a more theoretical approach to distinguish between these 
hysical pairs and galaxies that are just passing by. Besides, although 
n this paper we mainly focused on pairs of galaxies, a more in-depth
tudy could be done regarding groups of galaxies and observational 
echniques to find them. A similar work has also been performed 
ecently by Taverna et al. ( 2022 ), analysing the completeness and
eliability of compact group catalogues using semi-analytical models 
f galaxy formation. 
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