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ABSTRACT

Context. We present a study of the 3D environment for a sample of 386 galaxies in the Catalogue of Isolated Galaxies (CIG,
Karachentseva 1973) using the Ninth Data Release of the Sloan Digital Sky Survey (SDSS-DR9).
Aims. We aim to identify and quantify the effects of the satellite distribution around a sample of galaxies in the CIG, as well as the
effects of the large-scale structure (LSS).
Methods. To recover the physically bound galaxies we first focused on the satellites that are within the escape speed of each
CIG galaxy. We also propose a more conservative method using the stacked Gaussian distribution of the velocity difference of the
neighbours. The tidal strengths affecting the primary galaxy were estimated to quantify the effects of the local and LSS environments.
We also defined the projected number density parameter at the fifth nearest neighbour to characterise the LSS around the CIG galaxies.
Results. Out of the 386 CIG galaxies considered in this study, at least 340 (88% of the sample) have no physically linked satellite.
Following the more conservative Gaussian distribution of physical satellites around the CIG galaxies leads to upper limits. Out of the
386 CIG galaxies, 327 (85% of the sample) have no physical companion within a projected distance of 0.3 Mpc. The CIG galaxies are
distributed following the LSS of the local Universe, although presenting a large heterogeneity in their degree of connection with it.
When present around a CIG galaxy, the effect of physically bound galaxies largely dominates (typically by more than 90%) the tidal
strengths generated by the LSS.
Conclusions. The CIG samples a variety of environments, from galaxies with physical satellites to galaxies without neighbours
within 3 Mpc. A clear segregation appears between early-type CIG galaxies with companions and isolated late-type CIG galaxies.
Isolated galaxies are in general bluer, with probably younger stellar populations and very high star formation compared with older,
redder CIG galaxies with companions. Reciprocally, the satellites are redder and with an older stellar populations around massive
early-type CIG galaxies, while they have a younger stellar content around massive late-type CIG galaxies. This suggests that the
CIG is composed of a heterogeneous population of galaxies, sampling from old to more recent, dynamical systems of galaxies.
CIG galaxies with companions might have a mild tendency (0.3−0.4 dex) to be more massive, and may indicate a higher frequency
of having suffered a merger in the past.
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1. Introduction

Isolated galaxies are located, by definition, in low-density re-
gions of the Universe, and are thought to be not significantly
influenced by their neighbours. Does a separate population of
isolated galaxies exist, or are isolated galaxies simply the least-
clustered galaxies of the large-scale structure (LSS)? It is as-
sumed that over the past several billion years the evolution of
these objects has largely been driven by internal processes. A
significant population of isolated galaxies is of great interest for

? The full Table 1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/564/A94

testing different scenarios of the origin and evolution of galaxies.
In this sense, isolated galaxies are an ideal sample of refer-
ence for studying the effects of environment on different galaxy
properties. Such a sample would represent the most nurture-free
galaxy population.

Studies of isolated galaxies can be argued to begin with
the publication of the Catalogue of Isolated Galaxies (CIG;
Karachentseva 1973). The AMIGA (Analysis of the interstel-
lar Medium of Isolated GAlaxies1) project (Verdes-Montenegro
et al. 2005) is based upon a re-evaluation of the CIG. It is a
first step in trying to identify and better characterise isolated

1 http://amiga.iaa.es
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galaxies in the local Universe. Verdes-Montenegro et al. (2005)
argued that 50% or more galaxies in the CIG show a homo-
geneous redshift distribution. Sulentic et al. (2006), and more
recently Fernández Lorenzo et al. (2012), found that 2/3 of
the CIG are Sb-Sc late-type galaxies, and 14% are early-type.
This implies an extremely high late-type fraction and extremely
low early-type population. At intermediate redshift, Cooper
et al. (2012) found that early-type systems in higher density re-
gions tend to be more extended than their counterparts in low-
density environments. Taking into account the effect of the local
environment, Fernández Lorenzo et al. (2013) showed that the
number of satellites around a galaxy affects its size. CIG galax-
ies have larger sizes than galaxies in the Nair & Abraham
(2010) sample with zero or one satellite, which are also larger
than galaxies in Nair & Abraham (2010) with two or more
satellites.

The distribution of satellites (faint companions) around iso-
lated primary galaxies provides important information about
galaxy formation, as well as a critical test of the ΛCDM model
on small scales (Einasto & Einasto 1987; Choi et al. 2007;
Agustsson & Brainerd 2010; Ferrero et al. 2012; Anderhalden
et al. 2013; Bozek et al. 2013). This explains the growing in-
terest in studying the satellite distribution (Prada et al. 2003;
Sales & Lambas 2005; Guo et al. 2012), and in exploring
the link between galaxy properties and the satellite population
(Park et al. 2007; Guo et al. 2011; Karachentseva et al. 2011;
Edman et al. 2012; Wang & White 2012; González et al. 2013;
Cen 2014).

According to a previous study (Argudo-Fernández et al.
2013), the criteria proposed by Karachentseva (1973) to remove
fore- and background galaxies are not fully efficient. About
50% of the neighbours, considered as potential companions,
have very high recession velocities with respect to the central
CIG galaxy: the condition is too restrictive, and may consider
galaxies that are slightly affected by their environment as not iso-
lated. On the other hand, about 92% of neighbour galaxies show-
ing recession velocities similar to the corresponding CIG galaxy
are not considered as potential companions by the CIG isolation
criteria, and may have a significant influence on the evolution of
the central CIG galaxy. This motivated us to extend the study,
taking into account nearby and similar-redshift companions to
identify physical satellites that affect the evolution of the cen-
tral CIG galaxy, so as to provide a more physical estimation of
the isolation degree of the CIG. About 60% of the CIG galaxies
have no major (similar-size) companion in the SDSS, according
to the CIG (purely photometric) isolation criteria. Nevertheless,
considering the third dimension, only 1/3 of the sample has no
similar-redshift neighbours (Argudo-Fernández et al. 2013).

In this context the CIG represents an excellent sample to
study the relation of galaxy properties on both local and large-
scale environments.

In the present work, we aim to identify and quantify the ef-
fects of the satellite distribution around a sample of CIG galax-
ies, as well as the effects of the large-scale structure. This study
is organised as follows: in Sect. 2, the sample and the data
used are presented. The method to identify the potential satel-
lite galaxies is described in Sect. 3. In Sect. 4, we describe the
parameters used to quantify the environment. We present our re-
sults in Sect. 5 and the associated discussion in Sect. 6. Finally,
a summary and the main conclusions of the study are presented
in Sect. 7. Throughout the study, a cosmology with ΩΛ0 = 0.7,
Ωm0 = 0.3, and H0 = 70 km s−1 Mpc−1 is assumed.

2. Sample and data

The CIG (Karachentseva 1973) has been assembled with the re-
quirement that no similar-size galaxy i with angular diameter Di
between 1/4 and 4 times the apparent diameter DP of the pri-
mary CIG galaxy lies within 20 Di (Eqs. (1) and (2)):

1
4

DP ≤ Di ≤ 4 DP; (1)

RiP ≥ 20 Di. (2)

Until recently, most of the identifications and evaluations of
large samples of isolated galaxies have been carried out using
photometric data. The advent of the Sloan Digital Sky Survey
(SDSS; York et al. 2000; Eisenstein et al. 2011) has opened up
the possibility to develop a detailed spectroscopic study of the
environment of galaxies in the CIG.

Our starting sample is based on the CIG galaxies found in the
ninth data release (DR9; Ahn et al. 2012) of the SDSS. We fo-
cused on CIG galaxies with recession velocities 3 ≥ 1500 km s−1

(Verley et al. 2007b) so as to avoid a forbiddingly large search
for potential neighbours (the angular size on the sky for 1 Mpc
at a distance of 1500 km s−1 is approximately 2.◦9). We then
added the requirement that more than 80% of the neighbours
within a projected radius of 1 Mpc possess a spectroscopic red-
shift in either the main galaxy sample (Strauss et al. 2002), with
magnitudes between 14.5 < mr,Petrosian < 17.77, or in the
Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al.
2013), which uses a new spectrograph (Smee et al. 2013) to ob-
tain spectra of galaxies with 0.15 < z < 0.8 and quasars with
2.15 < z < 3.5, which is useful to reject background objects
in our study. To correct for redshift incompleteness in the field,
we used the photometric redshift zp provided by the SDSS (z of
the table Photoz, for galaxies at magnitudes mr < 17.77 accord-
ing to Sabater et al. 2013). After a first rejection of neighbours
with zp > 0.1 as background galaxies, we selected as poten-
tial companions neighbour galaxies with |zCIG − zp| < 2.5 zp,Err
(Guo et al. 2011), where zCIG is the spectroscopic redshift of the
CIG galaxy and zp,Err is the photometric redshift error.

To evaluate the effects of the large-scale environment, we
followed a methodology similar to that of Argudo-Fernández
et al. (2013), searching for neighbours around 386 CIG fields
completely covered by the SDSS within a physical projected ra-
dius of 3 Mpc.

Model magnitudes in the r-band (the deepest images) were
used in our study. Sizes were estimated from r90, the Petrosian
radius containing 90% of the total flux of the galaxy in
the r-band2, as explained in Argudo-Fernández et al. (2013).
Absolute magnitudes and stellar masses (see upper panel in
Fig. 1) for both CIG galaxies and neighbours, were calculated
by fitting the spectral energy distribution using the routine kcor-
rect (Blanton & Roweis 2007).

3. Identification of physical companions

To recover the physical satellites around the CIG galaxies, we
first focused on the satellites that are within the escape speed
of each CIG galaxy (Sect. 3.1). We also propose a more con-
servative method: using the stacked Gaussian distribution of the
velocity difference of the neighbours with respect to the corre-
sponding CIG galaxy, which gives an upper limit for the influ-
ence of the local environment (Sect. 3.2).

2 http://www.sdss3.org/dr9/algorithms/magnitudes.php
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Fig. 1. Upper panel: distribution of the stellar masses of the CIG galax-
ies. Middle panel: SHM relation for central galaxies as a function of
redshift (Fig. 5 in Moster et al. 2013). Blue solid line, green dashed
line, red point-dashed line, cyan pointed line, and magenta pointed line
correspond to the SHM relation at redshift 0, 1, 2, 3, and 4, respec-
tively. Black circles correspond to the parametrisation of the SHM re-
lation for CIG galaxies. Lower panel: logarithm of the SHM ratio for
CIG galaxies.

3.1. Escape speed

To identify the physical satellites that may have had a secular
influence on the central CIG galaxy, we used the escape speed to

select the physically bound satellite galaxies. The escape speed
at a given distance reads:

3esc =

√
2GMP

RiP
, (3)

where G is the universal gravitational constant, MP is the dy-
namical mass of the central CIG galaxy, and RiP is the distance
between the neighbour i and the primary galaxy P.

In the upper panel of Fig. 1, the distribution of the stellar
masses of the CIG galaxies is presented. The logarithm of the
stellar mass spans 8.1−11.4 M�, with a peak towards 10.5 M�.
The dynamical masses of the CIG galaxies are estimated from
their stellar masses following the parametrisation in Moster
et al. (2013), including redshift evolution (see their Eq. (2)).
The result of the stellar-to-halo mass (SHM) parametrisation for
CIG galaxies is shown in the middle and lower panels in Fig. 1.

The escape separation should be computed using the 3D
space between the central CIG galaxy and its neighbours.
Unfortunately, we do not have this information and the use
of projected separations, as well as 1D line-of-sight velocities,
would lead to an overestimation of the number of physical com-
panions. To correct for this bias we first assumed an isotropic
velocity distribution (see also next section). Under this hypoth-
esis, the 1D, line-of-sight velocity is related to the 3D velocity
by a scale factor

√
3. Similarly, the projected separation should

be multiplied by a factor
√

3
√

2
to approximate 3D separation.

Although these approximations may not be entirely exact for a
given CIG galaxy, they nevertheless represent a useful first step
towards a full 3D characterisation of the galaxy environment.

Several levels of the escape speed are shown in the up-
per panel of Fig. 2 as a function of the projected distance, up
to 0.3 Mpc. The levels are calculated for a typical stellar mass of
1010.5 M�, translating into a dynamical mass of 1011.9 M�. In the
lower panel, we show the characteristic trumpet shape (caustic;
Kaiser 1987; Strauss & Willick 1995; Diaferio & Geller 1997)
under which the satellite galaxies would be captured. Above
the caustic, the neighbour galaxies possess a velocity sufficient
to evade the gravitational attraction of the primary galaxy and
are not captured, although fly-by interactions may influence the
structure and evolution of the primary galaxy.

Using the escape speed, the satellite galaxies considered
physically bound with their corresponding CIG galaxy are all

neighbours satisfying the condition |∆ 3| ≤
√

2GMP

3
√

3
√

2
RiP

km s−1 and

lying at a distance lower than 0.3 Mpc.

3.2. Gaussian distribution of physical satellites

Some galaxies may pass nearby a primary CIG galaxy, but with
a velocity so high that they interact once with the CIG galaxy
and then leave. To take into account the potential effect of fly-by
encounters, we develop a more conservative method to recover
most of the galaxies which have interacted with the CIG galax-
ies. We do so by stacking all the primaries and their satellites in
order to obtain statistically robust results.

In the upper panel of Fig. 3, we show the distribution of
the absolute values of the radial velocity difference between
the projected neighbour galaxies and the central CIG galaxies
(∆ 3 = 3neigh − 3CIG). Two components appear clearly in the fig-
ure. The first component is a flat continuum distribution of fore-
ground/background neighbours, extending to Mpc scales, and
related to the LSS distribution of galaxies. The second com-
ponent is the over-abundance of neighbour galaxies peaking at
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Fig. 2. Upper panel: 2D escape-speed schema in celestial coordinates
space. The physically linked associations correspond to neighbour
galaxies at distance to the central CIG galaxy and |∆ 3| lower than the
corresponding value according to circle lines. The levels are calculated
for a typical stellar mass of 1010.5 M�, translating into a dynamical mass
of 1011.9 M�. Lower panel: 3D escape velocity schema in a redshift-
space diagram (line-of-sight velocity versus projected distance). The
physically linked associations correspond to neighbour galaxies below
the “trumpet” surface. The levels are calculated for a typical stellar mass
of 1010.5 M�, translating into a dynamical mass of 1011.9 M�.

|∆ 3| = 0 km s−1; most of them would be dynamically related
to the central CIG galaxies. To estimate the standard deviation,
σ, of the distribution, we first estimated the median level of the
background between 300 and 1000 km s−1, and removed it. A
Gaussian distribution appears for velocity differences smaller
than 300 km s−1. We varied σ between 70 and 300 km s−1 and
used a χ2 fitting minimisation to obtain the standard devia-
tion of the satellite distribution: σ = 105 km s−1. Consequently,
the 3σ limit is at 315 km s−1. The neighbour galaxies with
|∆ 3| ≤ 315 km s−1 show a strong tendency to gather in the in-
ner 0.3 Mpc around the CIG galaxies (see the lower panel of
Fig. 3). This dynamical link is also confirmed by the constancy
of the standard deviation for radii lower than 0.3 Mpc (see the
upper panel of Fig. 6, and the associated analysis in Sect. 5.4). To
be very conservative and recover 99.7% of the physically linked
companions, we considered that all neighbours within |∆ 3| ≤ 3σ
may be physically bound with their corresponding CIG galaxy.

Hence, the satellite galaxies selected by the Gaussian distri-
bution are all neighbour galaxies with |∆ 3| ≤ 315 km s−1 and
lie at a distance smaller than 0.3 Mpc. This method provides

Fig. 3. Upper panel: absolute values of the line-of-sight velocity dif-
ference between neighbours and the central CIG galaxy: |∆ 3| distri-
bution obtained by stacking 411 CIG fields within 1 Mpc field radius
(black histogram), and corresponding Gaussian distribution fits for σ
between 70 and 300 km s−1 (grey curves) with the best fit (blue curve).
The Gaussian fit has been made within |∆ 3| = 300 km s−1 (vertical line)
and considering the flat continuum distribution of background neigh-
bours as a zero point (horizontal line). Lower panel: probability density
function (PDF) for neighbour galaxies peaking at |∆ 3| = 0 km s−1

over PDF for the background flat population selected in the interval
1000 < |∆ 3| < 3000 km s−1, as a function of the distance to the central
CIG galaxy. The inner 0.3 Mpc are shaded.

an upper limit on the quantification of the local environment,
since more galaxies will be considered as satellites than with the
escape-speed method.

4. Quantification of the environment

To quantify the isolation degree of the CIG galaxies, we used two
complementary parameters: the tidal strength Q that the neigh-
bours produce on the central galaxy (Verley et al. 2007a; Sabater
et al. 2013; Argudo-Fernández et al. 2013), and the projected
density ηk (Eqs. (5) and (6)) of neighbour galaxies considered in
this study.

4.1. Tidal strength parameter

The tidal strength parameter is defined as

QiP ≡
Ftidal

Fbind
∝

Mi

MP

(
DP

RiP

)3

, (4)

where Mi and MP are the stellar masses of the neighbour and the
principal galaxy, respectively, DP is the apparent diameter of the
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principal galaxy, and RiP the projected physical distance between
the neighbour and principal galaxy. We used the apparent diam-
eter DP = 2 r90 scaled by a factor 1.43 (Argudo-Fernández et al.
2013) to match the definition of diameter used in the literature
(projected major axis of a galaxy at the 25 mag arcsec−2 isopho-
tal level or D25, Verley et al. 2007a). The total tidal strength is
then defined as

Q = log

∑
i

QiP

 . (5)

The logarithm of the sum of the tidal strength created by all the
neighbours in the field is a dimensionless estimate of the gravi-
tational interaction strength (Verley et al. 2007a). The higher the
value of Q, the less isolated from external influence the galaxy,
and viceversa.

4.2. Projected number density parameter

To characterise the LSS around the CIG galaxies, we also de-
fined the projected number density parameter (Verley et al.
2007a; Argudo-Fernández et al. 2013) as follows:

ηk,LSS ∝ log
(

k − 1
V(rk)

)
, (6)

where V(rk) = 4
3 π r3

k and rk is the projected physical distance to
the kth nearest neighbour, with k equal to 5 or less if there were
not enough neighbours in the field. The farther the kth nearest
neighbour, the lower the projected number density ηk,LSS.

5. Results

5.1. Spectroscopic identification of physical satellites
around galaxies in the CIG

Out of the 386 CIG galaxies considered in this study, 340 have
no physically linked satellites, which represents 88% of the sam-
ple. Among the 46 CIG galaxies with at least one physical com-
panion within its escape-speed boundary, 36 have one satellite,
nine have two satellites, and one has three satellites (CIG 771).
There is no CIG galaxy with more than three physically linked
satellites. The values of the tidal forces exerted by these satellites
on the CIG galaxies are listed in Cols. 2−5 of Table 1.

Following the more conservative Gaussian distribution of
physical satellites around the CIG galaxies leads to upper lim-
its. Out of the 386 CIG galaxies, 327 (85% of the sample)
have no physical companion within a projected distance of
0.3 Mpc. Out of the remaining 59 CIG galaxies (15%), 46, 11,
and 2 CIG galaxies (CIG 237 and CIG 771) are in interaction
with one, two, and three physical companions, respectively.

Examples of the environment for three CIG galaxies are
shown in Fig. 4. CIG 203 has no physically bound companions.
On the other hand, CIG 401 and CIG 771 are linked locally with
companions that are caught in their gravitational influence.

5.2. Correction for the redshift incompleteness

As mentioned in Sect. 2, the sample used in this study was se-
lected for CIG fields with at least 80% redshift completeness
(the mean completeness of the sample is 92.5%). Therefore, we
considered photometric redshifts to compensate the estimation
of the local environment to correct for this incompleteness. The

upper limit on the local tidal strength was then calculated con-
sidering the potential companions at the same distance as their
corresponding CIG galaxy, that is, the least favourable case for
the isolation degree.

This correction was applied to the already conservative
Gaussian distribution selection of physical satellites, introduc-
ing no change for 356 CIG galaxies (92% of the sample). Out of
the remaining 30 CIG galaxies, 22 CIG galaxies without satel-
lite acquire one, six CIG galaxies pass from one to two satellites,
and one CIG galaxy passes from two to three satellites. Only
one CIG galaxy, CIG 626, gains more than one possible satel-
lite, passing from none to three possible satellites.

The inclusion of one missing redshift galaxy as a potential
companion increases the tidal strength by a mean value of 13%
with respect to the tidal strength generated by the spectroscopic
satellites. The most unfavourable cases occur for CIG 278 and
CIG 495 where the effect of the missing galaxy amounts to 64%
and 83%, respectively.

5.3. Large-scale structure

To quantify the large-scale environment around the CIG galax-
ies, we used the two isolation parameters defined in Sect. 4.
The parameter QLSS was calculated taking into account all com-
panions within 3 Mpc and |∆ 3| < 315 km s−1 to provide the
sum of the tidal strengths exerted on the CIG galaxies. The
parameter ηk,LSS accounts for the number density of compan-
ions within |∆ 3| < 315 km s−1 and projected at the distance
of the fifth nearest neighbour with respect to the CIG galaxy.
Only 10 CIG galaxies (less than 3% of the sample) are farther
away than 3 Mpc from any other galaxy with an SDSS measured
spectrum.

In Fig. 5, the projected number density is shown versus the
tidal strength parameter. Due to the logarithmic definition of the
parameters, the figures appear to span several orders in mag-
nitude (3 dex for ηk,LSS and 7 dex for QLSS), showing the large
scatter in the environments found around the CIG galaxies. The
results of the quantifications of the environment are listed in
Cols. 6−8 of Table 1. CIG galaxies with physically bound satel-
lites tend to show higher values of QLSS but not ηk,LSS.

The large-scale environment is graphically exemplified
around three CIG galaxies in the right column of Fig. 4. There
is a sparse population of galaxies in the LSS around CIG 203,
while CIG 401 and CIG 771 show a much more crowded LSS
within 3 Mpc.

5.4. Local environment versus large-scale environment

To evaluate the role of the physically bound satellites with re-
spect to the large-scale environment, we compared the magni-
tudes of the sum of the tidal forces produced by the physical
companions to the sum of the tidal forces engendered by all the
galaxies in the LSS. When at least one physical companion is
present near a CIG galaxy, its effect largely dominates (typically
more than 90%) the tidal forces generated by the LSS. This effect
is clearly visible in Fig. 5. The ratios Qsat/QLSS and Qsat,sup/QLSS
are tabulated in Cols. 9 and 10 of Table 1, respectively.

It seems that there is a natural distinction between the phys-
ically bound satellites and the LSS. This dichotomy appears for
instance if we plot the standard deviation of a Gaussian fitting
as a function of the projected distance (see the upper panel of
Fig. 6). Up to ∼ 0.3 Mpc, most of the galaxies are linked to
their host. If the systems have been in interaction long enough,
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Fig. 4. SDSS three-colour images (left, with a field of view of 3′3, north is up, east is to the left), representation in 2D (centre, with a field of
view of 0.6 Mpc, north is up, east is to the left), and representation in 3D (right, with a field of view of 6 Mpc) of the environment of the galaxies
CIG 203 (upper panel), CIG 401 (middle panel), and CIG 771 (lower panel). The central green pluses correspond to the locations of the primary
CIG galaxies. Grey disks at 0.3 and 3 Mpc boundaries represent the areas in which we studied the local environment and the LSS, respectively.
The sizes of the symbols are proportional to the diameters of the neighbours (not at scale), in red or blue according to blueshift or redshift of the
neighbours. Vertical lines indicate the projection of the neighbours in the 2D plane. Solid green lines indicate the scale relations between the three
different representations.

they are relaxed and the velocity differences are virialised. This
appears as a plateau in the inner ∼0.3 Mpc, with a constant stan-
dard deviation σ ≈ 105 km s−1. At larger distances, the standard
deviation monotonically increases due to the rising fraction of
the LSS galaxies enclosed.

The physically captured satellite galaxies are typically
1.5 dex fainter than the magnitude of galaxies lying farther away
(see the middle panel of Fig. 6). On average, the galaxies in the

inner ∼0.3 Mpc are also smaller (about 0.4 × DP) than galaxies
that are not satellites (∼0.7 × DP).

The connection between the CIG and the LSS is revealed
by comparing the apparent magnitudes and sizes of the galax-
ies with |∆ 3| < 315 km s−1 with those of the galaxies out-
side this limit (see middle and lower panels of Fig. 6, respec-
tively). Galaxies with similar velocities have magnitudes and
sizes closer to those of CIG galaxies compared with background
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Table 1. Quantification of the environment.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
CIG Qsat Qsat,sup ksat ksat,sup QLSS ηk,LSS kLSS

Qsat
QLSS

Qsat,sup
QLSS

11 NULL NULL 0 0 −6.62 −1.43 5 NULL NULL
33 NULL NULL 0 0 −4.80 −0.21 18 NULL NULL
56 −4.72 −4.72 1 1 −4.22 0.04 37 0.32 0.32
60 NULL NULL 0 0 −4.76 0.78 31 NULL NULL
198 −3.31 −3.31 1 1 −3.14 −0.81 11 0.67 0.67
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Notes. The full version of the table is available at the CDS. The columns correspond to (1) galaxy identification according to the CIG; (2) Qsat,
tidal strength estimate for satellites using the escape-speed method; (3) Qsat,sup, tidal strength estimate for satellites using the Gaussian-distribution
method; (4) ksat, number of satellites selected following the escape-speed method; (5) ksat,sup, number of satellites selected following the Gaussian-
distribution method; (6) QLSS, tidal strength estimate of the LSS; (7) ηk,LSS, local number density estimate of the LSS; (8) kLSS, number of
LSS associations; (9) Qsat

QLSS
, relation between Qsat and QLSS, from 0 to 1 if the considered satellites amount from 0% to 100% of the total tidal

strength; (10) Qsat,sup
QLSS

, relation between Qsat,sup and QLSS, from 0 to 1 if the considered satellites amount from 0% to 100% of the total tidal strength.

Fig. 5. Projected number density ηk,LSS versus tidal strength QLSS dia-
gram for the LSS. CIG galaxies with one, two, and three dynamically
linked satellites are depicted by green circles, blue crosses, and magenta
triangles, respectively.

and foreground galaxies (defined by galaxies with recession ve-
locities in the range 315 < |∆ 3| < 3000 km s−1), disclosing
the association between the CIG galaxies and their surrounding
LSS.

6. Discussion

6.1. Construction of the CIG

In a previous work (Argudo-Fernández et al. 2013) we revised
the CIG isolation criterion using both photometry and spec-
troscopy from the SDSS-DR9. We found that the 16% of the
CIG galaxies considered in the spectroscopic study do not meet
the CIG isolation criterion. There may be a population of very
close physical satellites that may have a considerable influence
on the evolution of the central CIG galaxy. Therefore, one of the
aims of the present study is to characterise this population of
satellites.

As shown in Sect. 5.1, about 12% (and up to 15%) of the
CIG galaxies have physically bound satellites. To determine why
these systems are included in the CIG, one needs to recall that
the CIG has been constructed visually, on photographic material

Fig. 6. Upper panel: standard deviation σ of the Gaussian distribu-
tion fitting for |∆ 3| as a function of the distance to the central galaxy.
Middle panel: magnitude difference (∆ mr = mP

r − mi
r between neigh-

bour i and its corresponding primary CIG galaxy P) for satellites
(|∆ 3| ≤ 315 km s−1, red dashed line) and for background galaxies
(315 < |∆ 3| < 3000 km s−1, red solid line) as a function of the dis-
tance to the central CIG galaxy. Lower panel: size ratio ( Di

DP
between

neighbour i and its corresponding primary CIG galaxy P) for satellites
(|∆ 3| ≤ 315 km s−1, blue dashed line) and for the background popula-
tion (315 < |∆ 3| < 3000 km s−1, blue solid line) as a function of the
distance to the central CIG galaxy. The inner 0.3 Mpc are shaded in the
three panels.

(Karachentseva 1973). Unfortunately, the sample of neighbour
galaxies inspected originally is not available. Nevertheless, a re-
vision has been carried out by Verley et al. (2007b) on the same
original material (Palomar Observatory Sky Survey, POSS), pro-
viding a catalogue of approximately 54 000 neighbours. By com-
paring the physically bound satellites found in the SDSS with
this POSS-based catalogue, we should be able to point out some
drawbacks due to the use of photographic plates and the nearly
total lack of redshift availability forty years ago.
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Fig. 7. Distribution of apparent magnitude (left panel), apparent mag-
nitude difference (central panel), and size ratio (right panel) for physi-
cally linked satellites. Distributions for satellites that were not identified
in the POSS (Verley et al. 2007b) are represented by blue histograms.

In the left panel of Fig. 7, we show that the SDSS identifica-
tion of satellites goes, in general, deeper than the POSS. Indeed,
Verley et al. (2007b) recovered neighbour galaxies brighter than
B = 17.5. The slight overlap of magnitudes between the two
distributions is due to the non-linearity of the photographic ma-
terial, as well as to the varying zero-point from field to field in
the POSS calibration (Verley et al. 2007b). Likewise, we see in
the central panel of Fig. 7 that the POSS search for companions
misses the faintest galaxies, with respect to the magnitudes of
the primary CIG galaxies.

Nonetheless, Karachentseva (1973) did not use a magnitude
criterion to search for companions, and instead used only the
apparent diameters of galaxies. The right panel of Fig. 7 shows
that about half of the physical companions missed by the POSS
have diameters smaller than one fourth of the diameter of their
corresponding CIG galaxy, and were therefore not considered by
the CIG isolation criteria. In fact, 23% of the missing physical
companions are dwarf galaxies discarded by the original study.
For instance, in the case of CIG 771, none of its three physi-
cally linked galaxies would violate the CIG isolation criterion.
Nevertheless, its closest satellite, at 12 kpc and with a veloc-
ity difference of 230 km s−1, which is included in the present
study, may have a considerable influence on the evolution of
CIG 771. Redshift surveys are mandatory to distinguish small,
faint, physically bound satellites from a background-projected
galaxy population.

6.2. Identification of satellites

Owing to the spectroscopic redshift limit of the SDSS, analysing
the satellite population around isolated galaxies is a challenge.
We have some limitations to take into account. We are only able
to detect bright neighbours (M 31 or M 33-like galaxies) and
the brightest dwarfs (satellites similar to the Large Magellanic
Cloud and Small Magellanic Cloud) around most central galax-
ies. Nevertheless, the spectroscopic catalogue of the SDSS is
complete to mr < 17.77 mag, so we are always able to de-
tect neighbours within ∆ mr ≤ 2 mag, even for the faintest
CIG galaxy.

The spatial location of satellites with respect to their pri-
mary galaxies is uncertain due to redshift space distortions and
projection effects. We followed a very conservative approach
and used the projected separation between the neighbour and
the CIG galaxy, providing a lower limit on the 3D distance

between the two galaxies, which increases the number of po-
tentially linked satellites taken into account by the escape speed
and Gaussian distribution selections. This translates into conser-
vative higher limits for the isolation parameters.

In addition, the redshifts only account for the radial (line
of sight) component of the peculiar velocities of the galaxies.
Consequently, the velocity difference ∆ 3 also supplies a lower
limit and exaggerates the number of physically related com-
panions, in particular for the escape-speed selection method.
Nevertheless, the escape velocity method selects satellites that
minimise the effect of background objects, although there is
an uncertainty about the total dynamical mass of the primary
galaxy.

On the other hand, the Gaussian-distribution method selects
as satellites all neighbours within |∆ 3| ≤ 3σ and at projected
physical distances to the central galaxy d ≤ 0.3 Mpc. The 3σ
cut ensures that we recover more than 99.7% of the physically
associated satellites. This method also includes a fraction of fly-
by encounters that may have an influence on the evolution of
the primary galaxies. However, this is a compromise because, at
the same time, it incorporates galaxies that are more likely lo-
cated at 4.5 Mpc from the primary galaxy and not at the same
distance and with a velocity difference ∆ 3 = 315 km s−1 (fol-
lowing the linear approximation of the Hubble law v = H0D).
This explains why the Gaussian distribution provides an upper
limit to the escape-speed selection.

6.3. Local and large-scale environments
around CIG galaxies

Although only up to 15% of the CIG galaxies in the sample have
physically bound satellites, almost all galaxies (97%) can be di-
rectly related to an LSS. The very large scatter in the quantifi-
cation of the LSS (see the values spanned by ηk,LSS and QLSS in
Fig. 5) shows that the CIG includes both galaxies dominated by
their immediate environment and galaxies almost free from any
external influence. In particular, ten CIG galaxies are not associ-
ated to an LSS, at least within 3 Mpc: CIG 229, 245, 284, 318,
331, 541, 542, 546, 674, and 702 (see their three-colour images
in Fig. 8).

The continuous distributions of the ηk,LSS and QLSS isolation
parameters show that the CIG spans the entirely variety of en-
vironments between these two extreme cases. The connection
of the CIG galaxies with the LSS is obvious from the excess
of similar-redshift galaxies between 0.3 and 3 Mpc, as can be
seen in the lower panel of Fig. 3. According to the middle and
lower panels of Fig. 6, the large-scale association is also no-
ticeable from the higher number of brighter and bigger galax-
ies at redshift similar to those of the CIG galaxies, with respect
to fainter, smaller background objects. Hence, the CIG galaxies
are distributed following the LSS of the local Universe, although
they present a large heterogeneity in their degree of connection
with it.

Some illustrations of the different environments around the
CIG galaxies are shown in Fig. 4. Due to the large and roughly
equivalent number of blue- and redshifted neighbour galaxies
within the projected 3 Mpc, the galaxy CIG 771 may reside in
the outskirts of a poor cluster. The galaxy CIG 401 seems to
be located towards the edge of an LSS, such as a filament or
a wall. On the other hand, the galaxy CIG 203 appears only
mildly related with an LSS since only two LSS neighbours can
be found in its environment. Its isolation parameters are very low
(ηk,LSS = −1.94 and QLSS = −5.65) and its spatial location could
be towards a void part of the local Universe. This environment is
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Fig. 8. SDSS three-colour images (field of view of 1.′7, north is up, east is to the left) of the ten most isolated CIG galaxies in the SDSS-DR9
footprint. From upper left to lower right: CIG 229, 245, 284, 318, 331, 541, 542, 546, 674, and 702.

closer to that of the ten galaxies for which we found no relation
with the LSS within the first 3 Mpc. It is interesting to note that
out of the ten most isolated galaxies studied here, nine are clearly
late-type spirals showing symmetric morphologies, without visi-
ble signs of interaction (see Fig. 8). Some of these galaxies might
represent the closest remains of a fossil spiral population.

6.4. Influence of the environment on the evolution
of the primary galaxies

To delimit the role of the environment on the physical proper-
ties of the galaxies we compared, within the CIG, the most iso-
lated galaxies with the galaxies with companions. For this com-
parison, we used median values since they are less sensitive to
outliers. Uncertainties are given by the 95% confidence inter-
val of the median. The subsample of galaxies with companions
encloses galaxies with at least one physically bound satellite in
their vicinity (ksat or ksat,sup strictly positive). The subsample con-
taining the most isolated CIG galaxies incorporates the galax-
ies presenting the lowest values of the projected number density
(ηk,LSS < −1.5) and tidal strength (QLSS < −6), along with the
ten galaxies isolated from both their local and LSS environments
(CIG 229, 245, 284, 318, 331, 541, 542, 546, 674, and 702).

In the upper left panel of Fig. 9, the distribution of the log-
arithm of the stellar masses of the galaxies with companions
(with median 10.70 ± 0.10) and isolated galaxies (with me-
dian 10.35 ± 0.17) are shown. Both subsamples extend from
109 to 1011.5 M�, although the galaxies with companions might
have a mild tendency (1σ) to be more massive, which may indi-
cate a higher frequency of having suffered a merger in the past.
Regarding the absolute magnitudes, the median for galaxies with
companions is −21.48 ± 0.22, while for isolated galaxies these
values are −20.98 ± 0.27. There is no significant difference in the
distributions of the absolute magnitudes between the two sub-
samples (upper central panel of Fig. 9).

Rest-frame colours (g − r) and (u − r) were derived from
the absolute magnitudes in u-, g- and r-band, where u = Mu,
g = Mg, and r = Mr magnitudes were corrected for Galactic
extinction (following the extinction maps from Schlegel et al.
1998) and k-correction. The median (g−r) value for the galaxies
with physically bound satellites is 0.76 ± 0.02, while the median

value for the galaxies least affected by external tidal forces drops
to 0.62 ± 0.05 (upper right panel of Fig. 9). This suggests that
CIG galaxies with companions are in general redder and with
older stellar populations with respect to the most isolated galax-
ies in the CIG, which are bluer due to younger stellar populations
(at a ∼2σ confidence level).

In the lower left panel of Fig. 9, the morphological T -types
(Fernández Lorenzo et al. 2012) of the galaxies with companions
and most isolated galaxies are shown. The fraction of early-type
galaxies (T < 0) is dominated by galaxies with companions. On
the other hand, the most isolated galaxies concentrate around the
Sc type (T = 5), meaning that they are mainly late-type spiral
galaxies. This trend is confirmed by the 10 most isolated galax-
ies: only one is early-type, while the remaining nine are evenly
distributed around the Sc type. The inverse concentration index
(ICI) defined as the ratio of the radii containing 50% and 90%
of the Petrosian fluxes in the SDSS r-band, C ≡ rp,50/rp,90, is
also an indicator of the morphological type. Early-type galax-
ies with a de Vaucouleurs profile will display values of the ICI
around 0.3 while morphologies dominated by an exponential
disk will show typical ICI values towards 0.43 (Strateva et al.
2001). The ICI histograms in the lower central panel of Fig. 9
confirm the trends based on the visual (optical) morphology:
a marginal (1σ) segregation between early-type galaxies with
companions (median 0.36 ± 0.02) and isolated late-type galaxies
(median 0.42 ± 0.03). The intrinsic dispersion due to the use of
the ICI as an estimation of the morphological type may also mix
the two populations, which may be genuinely more separated.
These tendencies can be related to the well-known morphology-
density relation for field and cluster galaxies (Dressler 1980;
Dressler et al. 1997), but it is necessary to appreciate it even
when the local environment is defined by only one, two, or three
faint satellites.

The stellar populations of primary galaxies can be charac-
terised in terms of (u − r) rest-frame colours. In the lower right
panel of Fig. 9, the well-known SDSS-discovered bimodality ap-
pears, with the clearest separation at (u − r) = 2.22 (Strateva
et al. 2001). Isolated galaxies are mainly distributed in the range
(u − r) < 2.22 (median 1.95 ± 0.16), while galaxies with com-
panions spread over the area defined by (u − r) > 2.22 (me-
dian 2.48 ± 0.11). This segregation (with a level of confidence
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Fig. 9. Distributions of the stellar mass (upper left panel), r-band absolute magnitude (upper central panel), (g − r) rest-frame colour (upper right
panel), morphological Hubble type (T ) according to Fernández Lorenzo et al. (2012) (lower left panel), inverse concentration index (lower central
panel), and (u − r) rest-frame colour (lower right panel) for CIG galaxies. The distributions for the 10 most isolated CIG galaxies are represented
by green histograms, and the most isolated CIG galaxies in terms of projected density ηk,LSS and tidal strength QLSS are represented by magenta and
blue histograms, respectively. In contrast, distributions for CIG galaxies with satellites are represented by white histograms (hatched histograms
for the escape-speed selection and plain white histograms for upper-limit selection of satellites).

higher than 68%) means that isolated galaxies are in general
bluer, with a younger stellar population and very high star for-
mation with respect to older, redder galaxies with companions.
These colours, in combination with morphological trends pre-
viously noted and the (g − r) colours, lead to a coherent view
where isolated star-forming galaxies are separated from older
early-type galaxies with companions.

In Fig. 10, we show some mean properties of the phys-
ically linked satellites as a function of the stellar masses of
the primary CIG galaxies for two subsamples: physical satel-
lites around early- and late-type CIG galaxies. The distribution
of the absolute magnitudes of the satellites is similar for both
subsamples, although the most massive early-type CIG galaxies
(M? > 1010.5 M�) may very marginally attract brighter satel-
lites (see upper panel of Fig. 10). A clearer tendency appears
for the distribution of the ICI: massive early-type CIG galaxies
will preferentially be surrounded by more early-type compan-
ions than late-type CIG galaxies, which will present a higher
fraction of late-type satellites (see central panel of Fig. 10). This

dichotomy is also seen in the (g − r) colours of the satellites:
the satellites are redder, probably have older stellar populations,
and are located around massive early-type CIG galaxies while
they may present a younger stellar population around massive
late-type CIG galaxies, as seen in the lower panel of Fig. 10.

This means that if the local environment has an influence
on the evolution of the CIG galaxies, reciprocally, the satellites
around the CIG galaxies may also be affected by the nature of
the primary galaxy. This suggests that the CIG is composed by a
heterogeneous population of galaxies, sampling old systems of
galaxies, but also including more recent, dynamical systems of
galaxies.

7. Summary and conclusions

We presented a study of the 3D environment for a sample
of 386 galaxies in the Catalogue of Isolated Galaxies (CIG;
Karachentseva 1973), using the Ninth Data Release of the Sloan
Digital Sky Survey (SDSS-DR9).
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Fig. 10. Mean r-band absolute magnitude (upper panel), ICI (middle
panel), and (g − r) rest-frame colour (lower panel) for bound physical
satellites as a function of CIG galaxy stellar mass. Mean satellite prop-
erties for early-type (T ≤ 0, red solid line) and late-type (T > 0, blue
dashed line) CIG galaxies are represented. Error bars are given by the
standard deviation.

We identified and quantified the effects of the satellite distri-
bution around a sample of galaxies in the CIG. To recover the
physical satellites around the CIG galaxies, we first focused on
the satellites that are within the escape speed of each CIG galaxy.
We also proposed a more conservative method based on the
stacked Gaussian distribution of the velocity difference of the
neighbours, which gives an upper limit to the influence of the lo-
cal environment.

By comparing our results with a previous study (Argudo-
Fernández et al. 2013), we estimated the effect of the physical
associations that were not taken into account by the CIG isola-
tion criteria, which could also have a significant influence on the
evolution of the central CIG galaxy. The tidal strengths that af-
fect the primary galaxy were estimated to quantify the effects of
the local and large-sale structure (LSS) environments. To charac-
terise the LSS around the CIG galaxies, we defined the projected
number density parameter at the fifth nearest neighbour.

Our main conclusions are the following:

1. Out of the 386 CIG galaxies considered in this study, at least
340 (88% of the sample) have no physically linked satel-
lite. Following the more conservative Gaussian distribution
method to identify physical satellites around the CIG galax-
ies leads to upper limits: out of the 386 CIG galaxies,
327 galaxies (85% of the sample) would have no physical
companion within a projected distance of 0.3 Mpc.

2. Consequently, about 12% (and up to 15%) of the CIG galax-
ies have physically bound satellites. CIG galaxies with com-
panions might have a mild tendency (0.3−0.4 dex) to be
more massive, which suggests a higher frequency of having
suffered a merger in the past. Satellites are in general redder,
brighter, and bigger for more massive central CIG galaxies.
In addition, massive elliptical and lenticular CIG galaxies
tend to have satellites with earlier types than similar-mass
spiral CIG galaxies.

3. Although 15% at most of the CIG galaxies in the sample
have physically bound satellites, almost all galaxies (97%)
can be directly related to an LSS. The very large scatter in
the quantification of the LSS shows that the CIG includes
both galaxies dominated by their immediate environment
and galaxies almost free from any external influence.

4. The continuous distributions of the ηk,LSS and QLSS isolation
parameters show that the CIG spans a variety of environ-
ments. The connection of the CIG galaxies with the LSS is
obvious from the excess of similar-redshift galaxies between

0.3 and 3 Mpc. The CIG galaxies are distributed following
the LSS of the local Universe, although they present a large
heterogeneity in their degrees of connection with it.

5. To evaluate the role of the physically bound satellites with re-
spect to the large-scale environment, we compared the mag-
nitudes of the sum of the tidal strengths produced by the
physical companions with the sum of the tidal strengths cre-
ated by all the galaxies in the LSS. When at least one physi-
cal companion is present near a CIG galaxy, its effect largely
dominates (typically by more than 90%) the tidal strengths
generated by the LSS.

6. To delimit the role of the environment on the physical prop-
erties of the galaxies we compared, within the CIG, the most
isolated galaxies with the galaxies with companions. We
found a clear segregation between CIG galaxies with com-
panions and isolated CIG galaxies. Isolated galaxies are in
general bluer, with a younger stellar population and very
high star formation with respect to the older, redder galax-
ies with companions. These (u − r) colours, in combina-
tion with the morphological trends and the (g − r) colours,
lead to a coherent view according to which isolated star-
forming galaxies are separated from older elliptical galaxies
with companions.

7. Conjointly, we found that the satellites are redder and
with older stellar populations around massive early-type
CIG galaxies while they have a younger stellar population
around massive late-type CIG galaxies. This means that if
the local environment has an influence on the evolution
of the CIG galaxies, reciprocally, the satellites around the
CIG galaxies may also be affected by the nature of the pri-
mary galaxy. This suggests that the CIG is composed of a
heterogeneous population of galaxies, sampling old systems
of galaxies, but also including more recent, dynamical sys-
tems of galaxies.

8. As mentioned, the CIG samples a variety of environments,
from galaxies in interaction with physical satellites to galax-
ies without neighbours in the first 3 Mpc around them.
Hence, in the construction of catalogues of galaxies in re-
lation to their environments (isolated, pairs, triplets, groups
of galaxies), redshift surveys are required to distinguish
small, faint, physically bound satellites from a background-
projected galaxy population and reach a more comprehen-
sive 3D picture of the surroundings.

Acknowledgements. The authors acknowledge the referee for his/her very de-
tailed and useful report, which helped to clarify and improve the quality of
this work. The authors thank J. Jiménez-Vicente for useful discussions. This
work has been supported by Grant AYA2011-30491-C02-01, co-financed by
MICINN and FEDER funds, and the Junta de Andalucía (Spain) grants P08-
FQM-4205 and TIC-114, as well as under the EU 7th Framework Programme in
the area of Digital Libraries and Digital Preservation. (ICT-2009.4.1) Project ref-
erence: 270192. This work was partially supported by a Junta de Andaluca Grant
FQM108 and a Spanish MEC Grant AYA-2007-67625-C02-02. Funding for
SDSS-III has been provided by the Alfred P. Sloan Foundation, the Participating
Institutions, the National Science Foundation, and the US Department of
Energy Office of Science. The SDSS-III web site is http://www.sdss3.
org/. SDSS-III is managed by the Astrophysical Research Consortium for the
Participating Institutions of the SDSS-III Collaboration including the University
of Arizona, the Brazilian Participation Group, Brookhaven National Laboratory,
University of Cambridge, University of Florida, the French Participation Group,
the German Participation Group, the Instituto de Astrofisica de Canarias,
the Michigan State/Notre Dame/JINA Participation Group, Johns Hopkins
University, Lawrence Berkeley National Laboratory, Max Planck Institute for
Astrophysics, New Mexico State University, New York University, Ohio State
University, Pennsylvania State University, University of Portsmouth, Princeton
University, the Spanish Participation Group, University of Tokyo, University of
Utah, Vanderbilt University, University of Virginia, University of Washington,
and Yale University. This research has made use of data obtained using, or
software provided by, the UK’s AstroGrid Virtual Observatory Project, which

A94, page 11 of 12

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322498&pdf_id=10
http://www.sdss3.org/
http://www.sdss3.org/


A&A 564, A94 (2014)

is funded by the Science and Technology Facilities Council and through the
EU’s Framework 6 programme. We also acknowledge the use of STILTS and
TOPCAT tools Taylor (2005). This research made use of python (http://www.
python.org), of Matplotlib (Hunter 2007), a suite of open-source python mod-
ules that provides a framework for creating scientific plots. This research has
made use of the NASA/IPAC Extragalactic Database (NED) which is operated
by the Jet Propulsion Laboratory, California Institute of Technology, under con-
tract with the National Aeronautics and Space Administration. We acknowledge
the usage of the HyperLeda database (http://leda.univ-lyon1.fr) (Paturel
et al. 2003). We thank the SAO/NASA Astrophysics Data System (ADS) that is
always so useful.

References
Agustsson, I., & Brainerd, T. G. 2010, ApJ, 709, 1321
Ahn, C. P., Alexandroff, R., Allende Prieto, C., et al. 2012, ApJS, 203, 21
Anderhalden, D., Schneider, A., Macciò, A. V., Diemand, J., & Bertone, G. 2013,

J. Cosmology Astropart. Phys., 3, 14
Argudo-Fernández, M., Verley, S., Bergond, G., et al. 2013, A&A, 560, A9
Blanton, M. R., & Roweis, S. 2007, AJ, 133, 734
Bozek, B., Wyse, R. F. G., & Gilmore, G. 2013, ApJ, 772, 109
Cen, R. 2014, ApJ, 781, 38
Choi, J.-H., Weinberg, M. D., & Katz, N. 2007, in Am. Astron. Soc. Meet. Abstr.,

BAAS, 39, 955, 126.02
Cooper, M. C., Griffith, R. L., Newman, J. A., et al. 2012, MNRAS, 419, 3018
Dawson, K. S., Schlegel, D. J., Ahn, C. P., et al. 2013, AJ, 145, 10
Diaferio, A., & Geller, M. J. 1997, ApJ, 481, 633
Dressler, A. 1980, ApJ, 236, 351
Dressler, A., Oemler, Jr., A., Couch, W. J., et al. 1997, ApJ, 490, 577
Edman, J. P., Barton, E. J., & Bullock, J. S. 2012, MNRAS, 424, 1454
Einasto, M., & Einasto, J. 1987, MNRAS, 226, 543
Eisenstein, D. J., Weinberg, D. H., Agol, E., et al. 2011, AJ, 142, 72
Fernández Lorenzo, M., Sulentic, J., Verdes-Montenegro, L., et al. 2012, A&A,

540, A47

Fernández Lorenzo, M., Sulentic, J., Verdes-Montenegro, L., &
Argudo-Fernández, M. 2013, MNRAS, 434, 325

Ferrero, I., Abadi, M. G., Navarro, J. F., Sales, L. V., & Gurovich, S. 2012,
MNRAS, 425, 2817

González, R. E., Kravtsov, A. V., & Gnedin, N. Y. 2013, ApJ, 770, 96
Guo, Q., Cole, S., Eke, V., & Frenk, C. 2011, MNRAS, 417, 370
Guo, Q., Cole, S., Eke, V., & Frenk, C. 2012, MNRAS, 427, 428
Hunter, J. D. 2007, Compu. Sci. Eng., 9, 90
Kaiser, N. 1987, MNRAS, 227, 1
Karachentseva, V. E. 1973, Astrofizicheskie Issledovaniia Izvestiya Spetsial’noj

Astrofizicheskoj Observatorii, 8, 3
Karachentseva, V. E., Karachentsev, I. D., & Melnyk, O. V. 2011, Astrophys.

Bull., 66, 389
Moster, B. P., Naab, T., & White, S. D. M. 2013, MNRAS, 428, 3121
Nair, P. B., & Abraham, R. G. 2010, ApJS, 186, 427
Park, C., Choi, Y., Vogeley, M. S., Gott, I. J. R., & Blanton, M. R. 2007, ApJ,

658, 898
Paturel, G., Petit, C., Prugniel, P., et al. 2003, A&A, 412, 45
Prada, F., Vitvitska, M., Klypin, A., et al. 2003, ApJ, 598, 260
Sabater, J., Best, P. N., & Argudo-Fernández, M. 2013, MNRAS, 430, 638
Sales, L., & Lambas, D. G. 2005, MNRAS, 356, 1045
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525
Smee, S., Gunn, J. E., Uomoto, A., et al. 2013, AJ, 146, 32
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