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ABSTRACT

Context. Studies of galaxy pairs can provide valuable information to jointly understand the formation and evolution of galaxies and
galaxy groups. Consequently, taking the new high-precision photo-z surveys into account, it is important to have reliable and tested
methods that allow us to properly identify these systems and estimate their total masses and other properties.

Aims. In view of the forthcoming Physics of the Accelerating Universe Survey (PAUS), we propose and evaluate the performance
of an identification algorithm of projected close isolated galaxy pairs. We expect that the photometrically selected systems can ade-
quately reproduce the observational properties and the inferred lensing mass—luminosity relation of a pair of truly bound galaxies that
are hosted by the same dark matter halo.

Methods. We developed an identification algorithm that considers the projected distance between the galaxies, the projected velocity
difference, and an isolation criterion in order to restrict the sample to isolated systems. We applied our identification algorithm using a
mock galaxy catalog that mimics the features of PAUS. To evaluate the feasibility of our pair finder, we compared the identified pho-
tometric samples with a test sample that considers that both members are included in the same halo. Taking advantage of the lensing
properties provided by the mock catalog, we also applied a weak-lensing analysis to determine the mass of the selected systems.
Results. Photometrically selected samples tend to show high purity values, but tend to misidentify truly bounded pairs as the photo-
metric redshift errors increase. Nevertheless, overall properties such as the luminosity and mass distributions are successfully repro-

duced. We also accurately reproduce the lensing mass—luminosity relation as expected for galaxy pairs located in the same halo.
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1. Introduction

In a hierarchical formation scenario, pairs of galaxies can pro-
vide the first stages of the formation of massive systems. Close
galaxy pairs in particular can be useful to study galaxy evolution
because interactions between the pair members are common
and can leave to significant changes in their physical proper-
ties (Toomre & Toomre 1972; Patton et al. 2016; Hernandez-
Toledo et al. 2005; Woods & Geller 2007; Ellison et al. 2010;
Mesa et al. 2014). These systems can therefore be considered
as major merger progenitors because it is expected that the stel-
lar populations of the satellite galaxies are incorporated into the
most massive galaxy (e.g., Patton et al. 2000; Lin et al. 2004).
Other works have also considered central-satellite systems (e.g.,
Norberg et al. 2008). Recently, Ferreras et al. (2019) found that
satellites with similar stellar velocity dispersions have older stel-
lar population when they orbit massive primaries, supporting the
galaxy bias scenario in this regime. Although galaxy pairs are
important for studying the halo assembly scenario (Gao et al.
2005) as well as galaxy morphology transformations, there are
only few studies on the subject. A reliable sample of galaxy pairs
where both galaxies belong to the same halo is challenging to
obtain, but can provide important clues on the formation of larger
structures and galaxy evolution.

Article published by EDP Sciences

Observational galaxy pair catalogs are mainly constructed
considering a limiting velocity difference, AV, computed accord-
ing to spectroscopic redshift information, and a limiting pro-
jected distance between the member galaxies, r, (Lambas et al.
2003, 2012; Chamaraux & Nottale 2016; Ferreras et al. 2017;
Nottale & Chamaraux 2018). Therefore, they are mainly based
on spectroscopic galaxy surveys and are limited to relatively
small physical scales because these surveys typically cover
relatively small areas, but with a high galaxy density (e.g.,
Guhathakurta 2003; Lilly et al. 2007). On the other hand,
the identification of these systems based only on photomet-
ric information can be difficult given the uncertainty of red-
shift estimates. Lépez-Sanjuan et al. (2015) identified close
pairs using photometric redshifts based on the Advanced Large
Homogeneous Area Medium Band Redshift Astronomical sur-
vey (ALHAMBRA) by considering the full probability distri-
bution functions of the sources in redshift space. They selected
the pairs setting 7, = 100kpc and AV = 500kms~'. Using
this approach, they successfully reproduced merger fractions
and rates in agreement with those derived from spectroscopic
surveys. This result shows that these particular systems can be
identified using photometric data in order to recover physical
properties comparable with those obtained using on spectro-
scopic samples.
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The masses of dark matter halos contain valuable infor-
mation regarding the evolution of the systems and are key to
understanding the connection between the luminous and the dark
matter content. In particular, mass determinations of halos host-
ing galaxy pairs can contribute significantly to a better under-
standing of the joint evolution of galaxies and groups. Halo
masses for these systems can also be used in the context of the
halo occupation distribution (HOD) models to follow galaxy for-
mation and system evolution. Virial masses of galaxy pairs have
commonly been determined according to the dynamics, using
different methods (Nottale & Chamaraux 2018; Chengalur et al.
1996; Peterson 1979; Faber & Gallagher 1979). These methods
are affected by projection effects of the parameters of the virial
mass estimation, AV and r,. Moreover, it should be stressed
that this approach only gives information about the total mass
enclosed by the member galaxies.

On the other hand, weak gravitational lensing has proved
to be an efficient technique to derive total halo masses of
galaxy systems (e.g., Wegner & Heymans 2011; Dietrich et al.
2012; Jauzac et al. 2012; Umetsu et al. 2014; Jullo et al. 2014;
Gonzalez et al. 2018). The main shortcoming of this approach
is that the detection of weak-lensing signals is difficult because
the small shape distortions of background galaxies are substan-
tially limited by their intrinsic ellipticity dispersions (Niemi
et al. 2015). Taking into account that isolated galaxy pairs are
likely to be low-mass systems, a weak-lensing signal is expected
for individual pairs, resulting in a mass estimate with a low
signal-to-noise ratio. However, by analyzing galaxy pairs using
stacking techniques, it is possible to derive accurate mean mass
estimates. These techniques have been implemented to study
low-mass galaxy groups and to obtain average properties of the
combined systems (e.g., Leauthaud et al. 2010; Melchior 2013;
Rykoff et al. 2008; Foéx et al. 2014; Chalela et al. 2017, 2018;
Pereira et al. 2018). Recently, stacking techniques have been suc-
cessfully applied in order to derive average masses of galaxy
pairs, finding general agreement with HOD predictions and
other works that link mass to luminosity (Gonzalez et al. 2019).
Gonzalez and collaborators obtained higher lensing masses for
pairs with signatures of interaction, red members, and high
luminosity. They noted, however, that these results can also be
affected by the inclusion of interlopers alone the line of sight
for blue non-interacting members, which could bias the mass
estimates low. Testing the identification algorithms is therefore
important in order to interpret the results properly.

Here we develop and test an algorithm for the identification
of nearly equal-mass close galaxy pairs using simulated data in
order to predict observable results for the Physics of the Accel-
erating Universe Survey (PAUS, Padilla et al. 2019; Eriksen
et al. 2019) and the Canada France Hawaii Telescope Lensing
Survey (CFHT, Heymans et al. 2012; Miller et al. 2013). The
purpose of the identification algorithm is to obtain photomet-
rically selected systems that reproduce the lensing masses that
would be derived for isolated galaxy pairs that reside in the
same dark matter halo. We focus our work on the upcoming
PAUS data to select the systems, and the CFHT lensing catalog
to derive the system masses. PAUS aims to observe ~100 deg?
down to ixg < 22.5, reaching a volume of 0.3 (Gpc h)~3 with
several million redshifts (Padilla et al. 2019). The PAUS cam-
era takes images of the sky with 40 narrow bands that cover
the wavelength range from 4500 A to 8500 A at 100 A intervals.
These images are combined with existing deep broadband pho-
tometry to obtain high-precision photo-z (Eriksen et al. 2019).

Our work is organized as follows: In Sect. 2 we describe the
MICE simulation on which we base our identification algorithm,
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and the testing and lensing analysis. In Sect. 3 we introduce the
criteria for the galaxy-pair selection algorithm, and describe the
different resulting samples. In Sect. 4 we describe the lensing
analysis we implemented, first for a general sample of halos to
test our lensing techniques, and then applied to the pair samples.
Finally, in Sect. 5 we present the summary and our conclusions.

2. MICE simulation

For our analysis we used version 2 of the Marenostrum Insti-
tut de Ciéncies de 1’Espai (MICE) simulation' (Fosalba et al.
2015a,b; Carretero et al. 2015; Crocce et al. 2015). This is a
cosmological N-body dark matter only simulation containing
4096° dark matter particles of mass m, = 2.93 x 10" 4~ M,
in a box volume of 3072° (Mpch)~ run using the GADGET-2
code. Halos are resolved down to a few 10'' 4~! M, using a
hybrid HOD and halo abundance matching (HAM) technique
for galaxy modeling. This results in a total number of approxi-
mately 5x 10® galaxies. The simulation also included a sky foot-
print of 90 x 90 deg? filling an octant of sky (fiy = 0.125) up to
redshift z = 1.4 as well as several galaxy properties (following
Carretero et al. 2015). The assumed cosmology is a flat concor-
dance ACDM model with Q,, = 0.25, Qs = 0.75, Q, = 0.044,
ng = 0.95, og = 0.8, and h = 0.7, consistent with WMAP five-
year data.

This simulation has the advantage that the lensing parame-
ters, such as shear and convergence, as well as magnified mag-
nitudes and angular position, are computed for each synthetic
galaxy (Fosalba et al. 2015b). These parameters are calculated
following the “onion Universe” approach described in Fosalba
et al. (2008), which is equivalent to ray-tracing techniques in the
Born approximation. Lensing values are assigned to each galaxy
according to its 3D position and do not include shape noise.

Data acquisition was performed using the CosmoHub plat-
form? (Carretero et al. 2017). The selected fields used for the
analysis include the unique halo and galaxy ID, unique_gal_id
and unique_halo_id; the sky position of the galaxies, ra_gal
and dec_gal; the shear parameters, gammal and gamma2; the
observed galaxy redshift z_cgal; the flag that identifies the
galaxy as central or satellite, flag_central; the logarithmic
halo mass, 1mhalo, and the magnitudes corrected for evolu-
tion. We constrained our analysis to a region of four patches
of 5x 5deg? in order to have a comparable sky coverage to the
upcoming PAUS data.

3. Galaxy pair identification

In this section, we present the algorithm we adopted to identify
galaxy pair candidates from a mock catalogue with photomet-
ric data. The algorithm searches for pairs by selecting galaxies
within a given projected distance (7,) and a radial velocity dif-
ference (AV). We optimized the procedure using bright galaxies
as centers, taking into account the magnitude difference between
the galaxy member candidates.

We propose a simple method for galaxy pair identification,
similar to those applied to spectroscopic surveys, considering the
uncertainties of photometric redshift. We have tested the method
using expected uncertainties in high-precision photometric red-
shift surveys, as we discuss in more detail in Sect. 3.2.2.

! http://maia.ice.cat/mice/
2 https://cosmohub.pic.es/home


http://maia.ice.cat/mice/
https://cosmohub.pic.es/home

F. Rodriguez et al.: Close galaxy pairs with accurate photometric redshifts

3.1. Selection algorithm

The proposed identification algorithm follows the traditional
approach to search for galaxy pairs using r, and AV parame-
ters. We also improved the identification by taking into account
the photometric characteristics of the system: we required that
the pair has a galaxy brighter than a certain magnitude limit and
established a limiting magnitude difference between the mem-
bers (Am). Finally, we considered an isolation criterion to ensure
that the pairs are not part of a larger system.

First, we selected all the galaxies brighter than an absolute
SDSS r-band magnitude —19.5 as potential pair centers. Then,
we searched for another galaxy fainter than the center, within
rp = 50kpc and a given AV difference that depends on the pho-
tometric redshift error. The identified systems were also required
to satisfy an apparent magnitude difference of Am < 2. This
last criterion, together with the adopted luminosity threshold of
the centers, guarantees the identification of real pairs that are
neither a faint satellite nor orphan system. Limiting the appar-
ent magnitude difference also ensures that the identified mem-
bers are nearly equal-mass galaxies that are expected to merge
(Kitzbichler & White 2008; Jian et al. 2012; Moreno et al. 2013),
constituting close major-merger pairs. Finally, an isolation crite-
ria was applied so that no other galaxy was located within 5ry,.

Because the photometric redshift errors mainly affect the
determination of the pair velocity difference, we considered
three samples and analyzed the most appropriate AV values for
each case. In the following subsections, we discuss this approach
further.

3.2. Samples

To assess the efficiency of our galaxy-pair identification algo-
rithm, we selected pairs in the patches that belonged to the same
halo and met the criteria defined above. Then, we tested the reli-
ability of recovering them using photometric data. We used three
samples with different photometric redshift accuracies. Galaxy-
pair identification considering the observational characteristics
of PAUS data, and because our main goal is to determine mass
profiles using weak-lensing analysis, we restricted our identifi-
cation to the redshift range 0.2 < z < 0.6, taking into account the
redshift distribution of PAUS.

3.2.1. True pairs

We defined a control sample of galaxy pairs that satisfied the
selection criteria and also belonged to the same halo, which here-
after we call the true pairs sample. This was accomplished by
requiring r, < 50kpc, AV < 350kms~!, one member galaxy
with an absolute r-band magnitude brighter than —19.5 (central),
a relative magnitude difference Am < 2, and an isolation crite-
rion 57y, plus the restriction that both galaxies reside in the same
dark matter halo. We obtain 24 523 true pairs within the four
5% 5 deg? regions. Thus, although our identification algorithm
does not explicitly require that one of the galaxy-pair mem-
bers is a halo central galaxy (flag_central =0), all the iden-
tified pairs have a central as one of the member galaxies. This
is expected because the pairs reside in low-mass halos and one
of the members has to be a luminous galaxy. Figure 1 shows the
mass distribution of the host halos of the true pairs. The mass
range is as expected for this type of isolated system, and we do
not observe significant differences between the mass distribu-
tions of the different angular regions.

In Fig. 2 (left panel) we present the total absolute
r-band magnitude distribution for the true pairs sample,
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Fig. 1. Halo mass distribution for all halos (gray) and halos hosting
true pairs (blue). Dashed and dotted lines correspond to the mean
(103 Mpao /Mo h™") and median  (10''7° My0/Mo h™Y)  values,
respectively.

M, = -2.5logo(L1 + L2), where L1 (central) and L2 (com-
panion) are the r-band luminosity of the pair members that we
compared later to the photometrically identify samples.

The left panel of Fig. 3 shows the distribution of the true
pairs luminosity ratio, L2/L1, where a bimodality can be seen
with a maximum at 0.25, that is, pairs whose central galaxy is
four times brighter than their companion. When the L2/L1 ratios
are compared with halo mass of the pairs, we find that pairs with
members of similar luminosity tend to reside in halos with higher
masses.

3.2.2. Photometric pairs

After we obtained the true pairs sample, we applied our algo-
rithm to the selected patches of the MICE simulation considering
the galaxies with an imposed redshift error that reproduces the
photometric data. To mimic the observational catalogs, we added
to the z_cgal parameter suitable photometric errors. We defined
two samples with high-precision photometric redshift errors that
follow the values expected in PAUS, and a third sample, SP, with
lower precision standard photometric uncertainties (6, = 0.01).

Following Eriksen et al. (2019), we considered the uncertain-
ties of two samples with high-precision photometric redshift as
0; X (1 + 2), with §, = 0.002 and 6, = 0.0037, labeled PAUS 2
(a better quality sample) and PAUS 1 (which corresponds to the
typically expected photo-z precision for PAUS), respectively.
We assigned to each galaxy in the samples a photometric red-
shift, zphot, taken from a Gaussian distribution with z_cgal as
the mean and the expected uncertainties as the lo standard
deviation.

We identify pairs in the three samples with the different red-
shifts uncertainties taking into account a compromise between
purity and completeness for setting the AV parameter. In this
procedure we simply evaluate that the velocity difference of both
galaxies is smaller than the given AV value taking into account
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Fig. 2. Distribution of the total luminosity for true pairs sample (left) and for the photometrically selected samples (right). SP is the sample with
a standard photometric uncertainty (6, = 0.01), and PAUS 1 and PAUS 2 are the two samples with high-precision photometric redshift (6, = 0.002

and ¢, = 0.0037, respectively).
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Fig. 3. Luminosity ratio of the true pairs members vs. the mass of the
halo where the pairs reside. The black line shows the fit of the median
values of the L2/L1 obtained in 10 percentiles of halo mass.

the assigned photometric redshift zpno (i-€. ¢|Zphot,1 — Zphot2| <
AV).

Purity, P, quantifies the chance of pair members to reside in
the same halo:

P = N;/Ntne, ey
where N; is the number of identified pairs in which both mem-
bers reside in the same halo, and Nt is the total number of
true pairs. Thus, high values of P exclude a significant number
of spurious pairs in the photometric selected sample.

On the other hand, the halo completeness, C, quantifies if the
halos where true pairs reside are identified as pairs:

C = Ni/Nigen, (2)
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Fig. 4. Ratio between the fraction of pairs selected within L2/L1 bins
for each photometric sample, n, and for the true pairs, #ye. L2/L1 dis-
tributions are in excellent agreement with the distributions derived for
the true pairs when L2/L1 > 0.2 is considered. It is important to high-
light that pairs with L2/L1 < 0.2 constitute ~10% of all the selected
samples.

Table 1. General properties of the identified photometric pairs samples.

Sample 5. AV [kms™!'] Number P Cc
of pairs

SP 0.01 8500 20508 0.82 0.68

PAUS 1 0.0037 3500 24061 0.85 0.82

PAUS2  0.002 2500 25135 0.88 0.86

where Njge, is the total number of identified pairs. C provides
information about the total pairs that we can recovered with our
procedure.

To set the AV threshold for each photometric sample, we
tested several values in order to maximize the number of iden-
tified pairs with the highest C and P parameters. The general
properties of the obtained photometric pair samples are listed in
Table 1. With increasing photometric redshift error, complete-
ness is more affected than purity, therefore larger redshift errors
tend to lose true pairs at a higher rate rather than including galax-
ies that reside in different halos.

It is important to note that the observational properties of
the photometric samples are very similar to those of true pairs
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in total luminosity distribution and member luminosity ratio
(Figs. 2 and 4). Nevertheless, photometric samples tend to
include more pairs with higher luminosity than the true pairs,
and they have lower L2/L1.

4. Lensing analysis

In order to predict the lensing signal associated with the different
galaxy pair samples®, we used the lensing properties provided
by MICE. We first assess and validate the mass determination
for a sample of pure halos binned according to the friends-of-
friends (FOF) halo mass. Then, we apply the same analysis to
the three photometric redshift galaxy pair samples SP, PAUS 1,
and PAUS 1.

We first describe the stacking technique we used to derive
total masses. We selected source galaxies, that is, galaxies
affected by lensing, taking into account the available shear cata-
logs in MICE. Then we present the results obtained for the total
halo samples and for the galaxy pair samples.

4.1. Stacking techniques

Gravitational lensing distorts the shape of background galaxies
that lie behind galaxy systems. The induced shape distortion is
quantified by the shear parameter, y, that can be related to the
projected density distribution of the galaxy system. Shear esti-
mates are obtained in observations according to the measured
ellipticities of the galaxies. Nevertheless, because galaxies are
not intrinsically round, the observed ellipticity is a combination
of the intrinsic galaxy ellipticity and the lensing shear effect.
The dispersion of intrinsic ellipticities introduces noise in shear
estimates, known as “shape noise”, which is proportional to the
inverse square root of the number of source galaxies.

Stacking techniques are commonly used to derive the total
mass of the composite lenses that are considered (e.g., Leauthaud
et al. 2010; Melchior 2013; Rykoft et al. 2008; Foéx et al. 2014;
Chalela et al. 2017, 2018; Pereira et al. 2018; Gonzalez et al.
2019). The implementation of this method allowed us to increase
the number of source galaxies, which decreases the shape noise
and results in better estimates of the total mass. Moreover, the
resulting projected density distribution is softened, reducing the
effect of the substructures in the halos.

Application of the stacking method consists of the combi-
nation of many lenses by averaging the measured distortions of
source galaxies. In the case of spherical symmetry, the average of
the tangential shear component, ¥1(r), in an annulus of physical
radius, r is related to the projected density contrast, A%, defined
as
Y1(r) X erie = 2(<r) = X(r), 3)
where Z(<r) and Z(r) are the average projected mass distribution
within a disk and in a ring of radius r, respectively. X is the
critical density, defined as

6'2 DOS

Tt = —=
ent 4nG DOLDLS

“

which considers the geometrical configuration of the observer-
lens-source system through the angular diameter distances
between the observer to the source, Dgg, the observer to the lens

3 We call a galaxy pair the lens system, not a lens-source pair, as is
commonly used in other analyses.

DoL, and the lens to the source Dy s. On the other hand, the aver-
age of the shear component tilted by /4, called the cross com-
ponent, ¥(r), should be zero and is used to test for systematic
effects.

We combined the lensing signal for a number of lenses,
Niensess and derived the projected density contrast profile by
averaging the tangential component of the shear,

Nienses O VSources, j
. firh Yt i X Zerivij
(AX(r)) =

N, total sources ' (5)
where Ngources,j and Nioal sources are the total number of sources
located at a distance r = or for the jth lens and for the whole
sample of lenses. Xy ;; is the critical density for the ith source
of the jth lens.

Density contrast profiles were obtained by considering log-
arithmic equally spaced radial bins, from r;, = 350kpc,
taking into account the lensing resolution of MICE v2.0
(pixel_size = 0.43 arcmin), up to r,y. The value of rqy was com-
puted according to the average halo mass of the lenses in order
to avoid the region where the two-halo term becomes significant.
For this, we used the relation presented by Simet et al. (2017)
between the richness and the upper limit radius combined with
their mass-richness relation, taking into account the halo mass
provided by MICE. In the case of the galaxy pair samples, we
estimated this radius according to this relation and fixed its value
to oy = 1.0 Mpc.

4.2. Source galaxy selection

We selected MICE source galaxies taking into account the
characteristics of the CFHTLenS survey, which provides
weak-lensing catalogs in regions that overlap the PAUS data
(CFHTLenS is the reference catalog for PAUS forced-aperture
narrow-band photometry that is used to measure accurate pho-
tometric redshifts). This survey is based on deep multicolor
data, and it spans 154 square degrees distributed in four patches
W1, W2, W3, and W4 (63.8, 22.6, 44.2, and 23.3 deg2 respec-
tively). Lensing catalogs include photometric redshift estimates,
Zp, computed by Hildebrandt et al. (2012) using the Bayesian
photometric redshift software BPZ (Benitez 2000; Coe et al.
2006), which is used for the source galaxy selection. We also
applied a cut in the ODDS parameter, a measure of the quality
of the redshift estimate. This parameter varies between O and 1;
galaxy samples with higher ODDS values have a lower fraction
of outliers (see, e.g., Eriksen et al. 2019).

We computed the surface density of background galaxies that
would be expected based on these lensing catalogs by selecting
the galaxies from the CFHTLenS catalog with 0.2 < Zg < 1.3
and with oDDS > 0.5. With these requirements, the source den-
sity is ~7 galaxies arcmin~2 considering the masking regions.
Taking these estimates into account, we first selected from the
MICE catalog the galaxies with 7, < 24.7, which is the
CFHTLenS limiting magnitude (Heymans et al. 2012). Then
source galaxies were randomly selected in order to obtain the
same density as is expected from CFHTLens data at the same
redshift range. Each halo at redshift zy was considered as a lens,
and we selected the sources as galaxies with z_cgal >z +0.1.
This last criterion is usually applied in a stacking lensing anal-
ysis (Leauthaud et al. 2017; Pereira et al. 2018; Chalela et al.
2018; Gonzalez et al. 2019).

In our analysis, we considered two source galaxy sam-
ples, one noisy and the other noise free. For the noisy sample,
we simulate the observational noise by adding to the shear a
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Fig. 5. Average density contrast profiles for three halo mass bins, from left to right, lmhalo € [12.10,12.30), [12.90,13.10), and [13.70,13.90)
log(M/M,). The density contrast derived from the noise-free source sample is shown in blue, the best-fit NFW obtained fitting c,90 (solid orange
line), and fixing it using the relation of Dufty et al. (2008) (dashed green line). Gray points correspond to profiles obtained according to the noisy
source sample, and the corresponding best-fit NFW is plotted as the solid gray line. /7 corresponds to & = 0.7.

Gaussian random value with zero average ellipticity and disper-
sion o, = 0.28. This value corresponds to the measured ellip-
ticity dispersion of the CFHTLenS survey, and includes both
intrinsic ellipticity dispersion and measurement noise (Simon
et al. 2015). On the other hand, the noise-free sample considers
the original shear parameters provided by MICE.

Errors in the density contrast profiles based on the noise-free
source sample were obtained for each radial bin according to
the standard error, considering the dispersion of the individual
profiles obtained for all the Ny ¢pses halos included in the stacking.
In the case of the profiles derived using the noisy source sample,
we estimated the error as o/ VN, where N is the total number
of source galaxies considered in the radial bin.

4.3. Modeling the lensing signal

Halo masses were obtained by fitting the computed contrast den-
sity profiles using an NFW density distribution model (Navarro
et al. 1997). This profile depends on two parameters, Ryo9, which
is the radius that encloses a mean density equal to 200 times the
critical density of the Universe, and a dimensionless concentra-
tion parameter, cpo9. This density profile is given by

Perit 60
(r/r)(1 +r/re)?’
where p.; 1s the critical density of the Universe at the average

redshift of the lenses, r is the scale radius, r; = Ragy/c200, and
0. is the characteristic overdensity of the halo,

3
c
5. = 200 200 ) 7)
3 In(1 + c200) — c200/(1 + c200)

The mass within Rygo can be obtained as M»yy = 200 p¢i1(4/3)
"Rgoo' Lensing formulae for the NFW density profile were taken
from Wright & Brainerd (2000).

There is a well-known degeneracy between Ry and cago
that can only be broken when we consider information about
the density distribution in the inner radius. For the profiles based
on the noise-free source sample we fit both parameters. We also
computed the masses using a fixed mass-concentration relation

c200(M>go, 2), derived from simulations by Duffy et al. (2008),

p(r) = (6)

)—0.084 (1 + Z)70'47, (8)

ca00 = 5.71(Mapo/2 x 10" h™" My,

where we took z as the mean redshift value of the lens sample.
In the case of the noisy sample, we only fit R and considered
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the previous Duffy et al. (2008) relation because Ry and cago
cannot be simultaneously constrained given the observed profile
uncertainty.

4.4. Lensing results for halos

We applied the described lensing analysis considering as
lenses all the halos satisfying the same redshift range as
the identified galaxy pairs, 0.2<z_cgal <0.6, and with an
Imhalo > 11.5log(M/My). With these criteria the total sample
of lenses includes 231 970 halos. We split the sample according
to the 1lmhalo parameter into 15 evenly spaced bins of 0.2 dex
width. The profiles we derived for three halo mass bins are
shown in Fig. 5.

We evaluated the derived halo concentrations by compar-
ing the fitted cyoo parameter for the profiles obtained by using
the noise-free source sample. In Fig. 6 we show the fitted
concentration parameters together with those predicted accord-
ing to the Duffy et al. (2008) relation as a function of halo
mass. Concentration values cannot be accurately determined
for 1mhalo < 12.5log(M/M;). Poorly constrained concentra-
tions can be due to the lack of information in the inner regions
of the density profiles. This is more important for low-mass
halos because changes in the profile slope corresponding to
different concentrations are significant at smaller radii. For
lmhalo > 12.5log(M/M,), fitted concentrations tend to be lower
than the predicted values. This can be seen from the highest
mass bin shown in Fig. 5, where the derived profile from the
noise-free source sample flattens at small radius compared to
the best-fit NFW model using the Duffy et al. (2008) relation.
This result is in agreement with that obtained by Lépez-Arenillas
(2014). By analyzing the stacked 3D density profiles of halos
in MICE, he derived best-fitting concentrations that are lower
than predicted from other literature relations. In spite of the sim-
ilarity of the cosmological parameters of the MICE and Duffy
et al. (2008) simulations, for 1mhalo > 13log(M/M,) the fit-
ted concentrations are roughly half of those predicted using the
Duffy et al. (2008) relation. These observed differences could
be due to a greater softening length of the MICE simulation
(Iott = 50h~'kpc, which is 100 times longer than the soften-
ing used by Dufty et al. 2008). This can lead to less concentrated
halos.

According to the derived reduced chi-square values (Fig. 7),
lensing profiles are well constrained by an NFW model, except
for masses 1mhalo > 13.5log(M/My) computed by fixing the
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the noise-free source sample (dashed gray line) vs. halo masses com-
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Imhalo > 12.5log(M/M,), but predicted concentrations using the rela-

tion by Duffy et al. (2008) are about twice the values obtained by fitting
this parameter.
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Fig. 7. Reduced chi-square values, )(fed, vs. halo mass associated with
the best-fitting NFW profiles computed considering the noise-free
source sample by fitting the concentration parameter (dashed green line)
and using the relation reported by Duffy et al. (2008) to fit the pro-
file (dashed orange line) and for profiles derived considering the noisy

source sample (dashed purple line). The gray region correspond to x>
values from 0.5 to 1.5.

concentration parameters using the relation by Duffy et al.
(2008).

Derived M, values based on the profiles using the noise-
free sample source correlate well with the FOF halo masses,
Imhalo, see Fig. 8. We do not expect a one-to-one rela-
tion between FoF mass and M,y (White 2001; Jiang et al.
2014). In particular, we find that the estimated lensing mass
to 1lmhalo ratio accurately follows a constant value ~0.7 in
the mass range 11.5-13.51log(M/M;). For higher halo masses
(1mhalo > 13.51log(M/M,)), lensing masses derived by fitting
the concentration parameter are higher than those obtained when
this parameter is fixed considering the relation by Duffy et al.
(2008). On the other hand, for lower halo masses (where the
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Fig. 8. Ratio between the derived Myy lensing masses and the FOF
halo masses derived from profiles obtained considering the noise-free
source sample, fitting the concentration parameter (dashed green line)

and considering the Duffy et al. (2008) relation to fit the profile (dashed
orange line).
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Fig. 9. Ratio between derived lensing masses considering the noisy and
the noise-free source samples, taking the relation by Dufty et al. (2008)
into account. The shaded region corresponds to the fitted errors in the
masses derived according to the noisy source sample.

concentration parameter is poorly constrained), lensing masses
have larger uncertainties and are lower than expected when the
concentration is fixed.

As shown in Fig. 9, M, values derived for the noise-free
source sample are consistent with those of the noisy sample,
(Mygy” [MBoise-freey = 1,00 + 0.22. Nevertheless, the observed
signal-to-noise ratio for the noisy source sample drops signif-
icantly when halos with masses <12.5log(M/Myh™') are con-
sidered. Figure 10 shows the relative mass uncertainty as a
function of Myyy for the noise-free sample. Halos with masses
>12.51og(M/Myh™") can be detected with high significance.
On the other hand, inferred lensing masses for low-mass halos
<12.0log(M/Mgy h™") have a large uncertainty (relative error
>30%). This can also be seen by inspecting the density contrast
profiles (Fig. 5). The lensing signal drops significantly below the
detection level for low-mass halos, which turns into underesti-
mated masses. Given that the galaxy pairs reside in low-mass
halos, (Fig. 1), this effect can hamper the detection of these
galaxy systems. This problem is discussed in the next section.
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4.5. Lensing analysis of galaxy pairs

We computed lensing masses for both the photometric pair and
the true pairs samples. By considering the noise-free sources to
compute the profiles, we split the pairs according to their total
r-band luminosity, M,, considering bins with an absolute mag-
nitude width of 0.7.

The relation between the derived lensing mass and mean
luminosity in each bin is shown in Fig. 11. The correlation
between the estimated masses for the true pairs sample and the
photometric pairs is good. This result underlines the good per-
formance of our identification algorithm, which can properly
recover the observational properties of galaxy pairs located in
isolated halos. However, we note that masses are systematically
underestimated when larger errors in the photometric redshift
are considered for galaxy pairs with total absolute magnitudes
M, > -21.5.

Reliable lensing masses from the noisy source sample can
only be obtained when galaxy pairs with high luminosity, M, <
—21, are considered. When the relation between the total abso-
lute magnitude and halo mass 1lmhalo (Fig. 11) is taken into
account, this threshold ensures that the masses are well con-
strained considering the results presented in Fig. 10. Therefore
only high-luminosity pairs can be detected with sufficient sensi-
tivity when the observational limitations are taken into account.
For these high-luminosity pairs we can recover the slope of the
Myp0—M, relation when the photometric samples are taken into
account.

For the highest luminosity bin of the true pairs sample, we
obtain a larger uncertainty due to the low number of pairs in this
bin. Because it uses a low number of sources, the stacking pro-
cedure lacks effectiveness in providing suitable mass estimates.
We note, however, that the general trend of the mass-luminosity
relation is well recovered.

We have also explored the dependence of the mass-
luminosity relation by adopting different selection criteria for
the pair samples taking the redshift, color, and luminosity ratio of
member galaxies into account, see Fig. 12. We find no difference
in the mass-luminosity relation for samples selected according to
the median redshift of the sample pairs (z = 0.41), as shown in
the left panel of Fig. 12. We classified the pairs into red and blue
based on the redshift and absolute magnitude bins of the mem-
ber galaxies. We found no significant differences between the red
and blue populations (see Fig. 12 middle panel). This result con-
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trasts with the finding of Gonzalez et al. (2019), who obtained
that red pairs have higher lensing masses. Further analysis needs
to be performed in order to determine whether these discrepan-
cies can be explained by a color-density dependence difference
between the simulation and the observations. Galaxy luminosi-
ties and colors are assigned in the MICE mock catalog in order to
match observed galaxy properties and the clustering dependence
on these parameters (Carretero et al. 2015). In particular, galaxy
colors are assigned to fit the observed (g — r) versus M, SDSS
observed relation (Blanton et al. 2003) and the clustering prop-
erties as a function of color (Zehavi et al. 2011). The procedure
is similar to the model presented in Skibba & Sheth (2009), in
which colors depend on galaxy type (whether it is a central or a
satellite galaxy), and on its color sequence (red, blue, and green),
but not on the parent halo mass. First, colors are assigned to the
satellite galaxies considering their absolute magnitudes to set the
fraction of satellite galaxies that belongs to the red and green
sequences. Because the systems analyzed in this work reside in
low-mass halos, the number of expected satellites is small and
a high uncertainty is therefore expected in its color assignment,
leading to possible discrepancies with observed colors for these
particular systems.

We note, however, that the results of Gonzalez et al. (2019)
may be explained by the inclusion of unbound systems in the
blue sample of pairs, resulting in lower derived lensing masses.
In the right panel of Fig. 12, we explore the dependence of the
total mass-luminosity relation of the pairs selected according to
the pair member luminosity ratio, L2/L1. The estimated lensing
masses are about twice lower for pairs with similar luminosity
members. Although this result cannot be tested with the present
observational data because the masses are poorly estimated when
noise is considered, this result could be addressed with better
quality data in future surveys.

5. Summary and conclusions

We presented an algorithm for the identification of galaxy pairs
based on photometric information. The identification algorithm
successfully reproduces the distribution of total luminosity and
mass of truly bound galaxy pairs residing in the same dark mat-
ter halo. Pairs were identified through a commonly used proce-
dure: adopted fixed values of projected separation r;, and relative
velocities AV, plus the requirement that all systems have at least
one bright member (M, < —19.5) and that the pair members have
an apparent magnitude difference Am < 2. Finally, we applied
an isolation criterion that allowed us to exclude pairs in mas-
sive systems. The algorithm was applied to three galaxy samples
from the MICE simulation that consider different photometric
redshift uncertainties, and derive three catalogs of photometric
pairs in the redshift range 0.2—0.6.

In order to test our identification algorithm, we selected
galaxy pairs that met all the criteria described above. Addition-
ally, both galaxy members resided in the same halo. This was
called the true pairs sample. This restriction provides a novel
approach to testing galaxy pair identification techniques. Then,
we compared the recovered photometric pairs with the true pairs.
As expected, we find that the identification reliability improves
as the photometric redshift error decreases. Nevertheless, all
the pair samples identified based on photometric data properly
recover the distribution of observational properties of the true
pairs: total luminosity and pair member luminosity ratio. The
derived luminosity ratio of the photometric pair members shows
a bimodal behavior. We also find that pairs with similar lumi-
nosity members (higher luminosity ratios) tend to reside in more
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massive halos at a given total pair luminosity. As the accuracy
in the photometric redshift error improves, galaxy pair samples
tend to recover more systems that are classified as true pairs.
This ensures that PAUS will provide a valuable contribution to
the identification of galaxy systems.

We have also studied the different pair samples using weak-
lensing techniques. In order to test the performance of our lens-
ing analysis and its ability to recover total halo masses, we first
analyzed a sample of halos within the same redshift range as
the pairs, and with halo masses higher than >11.5log(M/M).
Source galaxies were selected considering the CFHTLenS data
properties in order to mimic observational conditions. Lens-
ing masses were obtained by applying stacking techniques by
splitting the total halo sample into different halo mass bins.
We find that the derived density contrast profiles of higher
mass halos are less concentrated than predicted by Duffy et al.
(2008). For lower mass halos, the lensing analysis cannot prop-
erly constrain the halo concentration parameter. Nevertheless,
the derived My strongly correlates with the total halo FOF
masses provided by MICE. When source samples are considered
to which lensing properties have added observational noise, the
concentration parameter cannot be accurately determined, but
the derived Mg agrees excellently well with the values obtained
without observational noise. However, the signal-to-noise ratio

drops significantly when halos with masses <12 log(M/M,,) are
considered.

Although lensing masses tend to be systematically underes-
timated for the samples with larger photo-z errors, in general,
masses for all the identified samples are successfully recov-
ered with our analysis. Even when observational noise is con-
sidered for the lensing analysis, we can successfully recover the
slope of the lensing mass versus total luminosity relation. How-
ever, masses can be determined only for galaxy pairs with total
absolute r-band magnitudes brigther than —21. This luminos-
ity threshold roughly corresponds to galaxy pairs in halos with
masses >12.5log(M/My). When galaxy pairs are considered
that are identified using standard photometric redshift uncertain-
ties (i.e., a factor 2.7 higher than the typical error predicted for
PAUS), the lensing signal is lowered because fewer galaxy pairs
are identified. For this photometrically selected sample, lensing
masses can only be recovered for the most luminous pairs. It is
important to highlight that although the selection criteria for the
galaxy pair identification can be relaxed by considering larger
limits for AV or Am, this would result in a decrease in the purity
of the selected sample but would not improve the lensing signal.

The results we obtained show that the upcoming PAUS data
with high-quality photometric redshift information will enable
the construction of large and reliable samples of galaxy systems.
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Identifying isolated galaxy pairs is a challenging task because
these low-mass systems can only be detected based on a few
photometric parameters. It is therefore important to apply accu-
rate tests that ensure the recovery of truly bound systems. Our
algorithm allows us to collect suitable samples that can be used
to obtain physical properties that lead to a deeper understanding
of their formation and evolution in a cosmological context.
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