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ABSTRACT

The survival time of initially compact associations of galaxy-size dark matter
halos, obtained at the present epoch from a series of ΛCDM cosmological simula-
tions, is studied by means of dynamical N -body simulations. The time evolution of
such systems from the present epoch up to 5 Gyr into the future is followed. We find
that out of 14 initial compact associations only 1 (≈ 10%) suffers a full merger, and
the others still have at least two discernible members in such a time span, although
they have suffered multiple mergers. Our results support the hypothesis that the
majority of current compact galaxy groups will not suffer a complete merger within
the next few gigayears, and that some of them (≈ 10%) may even evolve without a
single merger. We conclude that no overmerging problem exists in compact groups.

RESUMEN

Se estudia el tiempo de supervivencia de asociaciones compactas de halos
galácticos de materia oscura, obtenidas de simulaciones cosmológicas en un esce-
nario ΛCDM, mediante simulaciones dinámicas de N -cuerpos. La evolución de
tales sistemas se sigue por 5 Gyr a partir de la época actual. Encontramos que
de las 14 configuraciones compactas iniciales solamente 1 (≈ 10%) sufre una fusión
total de sus 4 miembros, y el resto aún conservan al menos 2 miembros, aunque
hayan sufrido fusiones múltiples. Nuestros resultados apoyan la hipótesis de que
la mayoŕıa de los grupos compactos actuales no sufrirán una fusión completa en
los próximos giga-años, y que varios (≈ 10%) incluso podŕıan vivir sin sufrir una
fusión en 5 Gyr. Conclúımos que no existe un problema de sobrefusión en grupos
compactos en la cosmoloǵıa ΛCDM.

Key Words: dark matter — galaxies: clusters: general — galaxies: halos — large-
scale structure of universe — methods: numerical

1. INTRODUCTION

The majority of observed galaxies live in rather
small groups containing from a few to tens of
galaxies (e.g. Tully 1987, Nolthenius & White
1987, Eke et al. 2004, Berlind et al. 2006, Tem-
pel et al. 2014). A particular subset of these systems
are known as compact groups (e.g. Hickson 1997,
Tovmassian et al. 1999, Lee et al. 2004, de Car-
valho et al. 2005, Niemi et al. 2007, McConnachie
et al. 2008, Dı́az-Giménez et al. 2012), with sizes in
projection (∼< 100kpc) a few times the optical di-
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ameters of their member galaxies and relatively well
isolated from other normal galaxies and structures.

Of the best known compact groups (CGs) are
those first identified by Hickson (1982). Although
some CGs in Hickson’s initial catalog are not con-
sidered any longer physical groups (e.g. Sulen-
tic 1997, Hickson 1997), there is ample evidence,
ranging from HI observations (e.g. Borthakur, Yun
& Verdes-Montenegro 2010) to X-rays (e.g. Ponman
et. al. 1996, Desjardins et al. 2014), and morpholog-
ical signs of interactions (e.g. Mendes de Oliveira &
Hickson 1994, Coziol & Plauchu-Frayn 2007), that
lends support to the physical reality of many ob-
served CGs in the sky. Observational determinations
of redshifts of other compact group configurations in
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the sky, like the Shakhbazian-type having crossing
times ∼ 0.1Gyr (Tovmassian & Tiersch 2008), show
that these compact structures are a definite feature
of the large-scale structure of the universe.

Ever since the discovery of Hickson’s compact
groups it was noticed that their dynamical time
scales, many with td ∼ 0.01 tH (tH ≡ H−1

0 ), im-
plied that they should have merged by the present
epoch and led to the formation of a bright giant el-
liptical galaxy; further, an appreciable amount of
group remnants should be detectable (e.g. Carnevali,
Cavaliere & Santangelo 1981, Ishizawa et al. 1983,
Barnes 1985, Barnes 1989, Hickson 1997). Different
solutions to the so-called overmerging problem have
been proposed in the literature, ranging from CGs
being transient projections of galaxies within loose
groups (e.g. Mamon 1986), projections along the
line-of-sight of large-scale structure filaments (e.g.
Hernquist, Katz & Weinberg 1995), the continu-
ous ongoing formation of new compact groups ei-
ther from the collapse of loose groups or through
secondary infall onto an initially overdense region
(e.g. Barnes 1989, Diaferio et al. 1994, Gover-
nato et al. 1996), to their galaxies being immersed in
large homogeneous and virialized common dark ha-
los, so as to increase significantly the merging time
(e.g. Barnes 1985, Athanassoula, Makino & Bosma
1997, AMB97), or in a collapsing scenario out of
loose groups without any initial common dark halo
(Aceves & Velázquez 2002).

There have been many works on the evolution
of compact group-like associations of galaxies, using
both dynamical (e.g. Barnes 1985, AMB97, Gómez-
Flechoso & Domı́nguez-Tenreriro 2001, Aceves &
Velázquez 2002, Taranu, Dubinski & Yee 2013) and
cosmological models (e.g. Diaferio et al. 1994, Gover-
nato et al. 1996, Sommer-Larsen 2006, McConnachie
et al. 2008, Dı́az-Giménez &Mamon 2010, Mendel et
al. 2011, Aceves et al. 2015). Earlier N -body simula-
tions (e.g. Barnes 1985; Bode, Cohn & Lugger 1993)
showed that a common massive dark halo delayed
the merging time of small groups, and later AMB97
reported on a large set of collision-less simulations,
where they found that massive, non-concentrated
common dark halos slowed the merging time; in
particular if such a halo is in virial equilibrium,the
groups can survive without merging for times longer
than the Hubble time.

Several of the cosmological studies mentioned
have shown that the observed number density of CGs
is consistent with the statistics of compact group-
like associations in the current standard cosmolog-
ical scenario (e.g. McConnachie et al. 2008, Dı́az-

Giménez & Mamon 2010, Aceves et al. 2015). Hence
the overmerging problem of CGs, inferred from their
small crossing times, does not seem to pose a big
problem for our current understanding of structure
formation in the universe, even though they obser-
vationally have very small crossing times. For exam-
ple, from the results of Aceves et al. (2015) it fol-
lows that compact group-like associations can arrive
at the current epoch, in a natural way in a ΛCDM
cosmology avoiding overmerging. In such a study it
was found that compact associations of galaxy-size
dark halos are in a stage of gravitational collapse,
and that a non-cuspy and non-massive (∼< 20% of
the total mass) common dark halo exists. This is a
likely situation that can represent what is actually
happening in observed CGs at present.

Several works have addressed the topic of the fu-
ture evolution of large-scale structures in the uni-
verse and of the Local Group of galaxies (e.g. Loeb
2002, Busha et al. 2003, Hoffman et al. 2007, Cox
& Loeb 2008, Araya-Melo et al. 2009). At the
moment, to our knowledge, the future fate of cur-
rent compact configurations obtained directly from
cosmological simulations has not been investigated.
This would provide, among other things, an assess-
ment of wheter an overmerging problem is expected
to be happening just after the present epoch (and to
what extent) or if a longer longevity of these systems
is likely.

The purpose of the present work is to use the
systems of galaxies, modeled as pure dark halos,
that form a compact association (similar to the ob-
served CGs) obtained from several cosmological sim-
ulations, and to follow their future dynamical evo-
lution for the next 5 Gyr to study their longevity.
For completeness, we provide some examples of the
behavior of kinematical quantities of three represen-
tative CGs over their dynamical evolution.

The outline of the paper is as follows. In § 2 we
describe the method used in this work, and provide
some details of the simulations used, as well as crite-
ria used to determine when a merger occurs. In § 3
we present our results and some discussion. In § 4
we provide some final comments and conclusions.

2. METHOD

2.1. CGs from Cosmological Simulations

To investigate the longevity of compact group-
like associations (CAs) we use a previously reported
set of cosmological simulations (Aceves et al. 2015),
where several CAs were identified in a ΛCDM cos-
mology. Their CAs are defined to be those systems
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with 3D group radius Rg ≤ 250 h−1 kpc. The posi-
tions and velocities of the members identified in such
groups will, along with the dark intragroup matter,
determine the initial conditions for the dynamical
simulations described below. Here we briefly review
such simulations.

The simulations we done using Wmap7 param-
eters (Larson et al. 2011, Table 3), with a Hubble
parameter h = 0.70, in boxes of comoving length
L = 100 h−1Mpc with a total number Np = 5123

of dark matter particles; each particle has then a
mass mp ≈ 6 × 108h−1M⊙. The N -body cosmo-
logical simulations were run using the code Gad-

get2 (Springel 2005), with a softening length ε =
20h−1 kpc. A set of galaxy-type dark halos with
masses M ∈ [1011, 5 × 1012]h−1M⊙ were identified
in five cosmological simulations, and well isolated
groups of such halos up to a radius of ≈ 1Mpc from
the center-of-mass were identified. Inside this range
of halo masses, normal galaxies can presumably re-
side, mimicking an observational setting similar to
that of compact groups.

Fourteen small physical and bound associations
were found at z = 0, with a mean group radius
≈200h−1 kpc, a three-dimensional velocity disper-
sion σ ≈ 300 km/s, a dimensionless crossing time
tc/tH ≈ 0.04, (with tc = Rg/σ), and a mean mass
≈ 9 × 1012h−1 M⊙. The CAs found in these sim-
ulations had on average ∼< 20% of its total gravi-
tational mass in the form of a common dark halo
with a rather homogeneous distribution, definitely
non-cuspy, and all CAs were a state of gravitational
collapse. The current epoch CAs identified here had
all a mean group radius of ≈ 1 h−1Mpc at z = 1, as
shown in Figure 8 of Aceves et al. (2015).

2.2. Dynamical Modeling

Out of these 14 CAs we isolate all matter up to
a radius of 1Mpc from the center of mass, includ-
ing the member galaxy-size dark halos and their in-
tragroup dark matter. This radius corresponds to
about the turn-around radius for a system of mass
≈ 1013h−1M⊙, and is about 5 times the radius of
the CGs at z = 0; hence it is well isolated from the
rest of the large-scale structure. We study the future
dynamics of these CAs by isolating them from the
Hubble flow. This appears to be well justified, given
the compactness of the CAs. All comoving quantities
are converted to physical ones using h = 0.70 . Such
decoupling will allow us also to increase the number
of dark matter particles in the galaxy-size halos of
such CAs, to have a better resolution.

Dark halos in the cosmological simulations were
identified using the Amiga code (Gill et al. 2004,
Knollmann & Knebe 2009). This code provides in-
formation about their virial radius and mass, as
well as their concentrations, assuming a NFW profile
(Navarro et al. 1997). Using this information we ap-
proximated each member halo by one modeled with
a NFW spherical density profile:

ρ(r) = ρ0
sech(r/rt)

(r/rs)(1 + r/rs)2
, (1)

where rt is the truncation radius, that we take to be
equal to the cosmological virial radius of the halo, rs
is the scale radius, and ρ0 the normalizing constant
of the profile such that the total mass is equal to
the virial mass. N -body realizations of the NFW
profile were done using the algorithm described by
McMillan & Dehnen (2007) and implemented in the
Nemo numerical library (Teuben 1995).

Numerical models for the dynamical halos were
run in isolation for 1 Gyr to ensure that they were
constructed in equilibrium, a condition that was sat-
isfied. Also, the particle closest to the center-of-
mass among the 100 most bound particles was moved
artificially to this center and made 10 times more
massive than the rest of the halo particles. The
latter allowed us to use this central particle as a
tracer of the bulk motion of each halo, as has been
done sometimes in simulations of galaxy interactions
(e.g. Aguilar & White 1985).

The particles of the intragroup dark matter,
those outside the cosmological virial radius of the
individual galaxy-like halos but bound physically to
the whole system, were kept with the same mass
each (mig ≈ 6 × 108h−1M⊙). In order to mini-
mize two-body relaxation effects between the halo
particles and the intragroup particles we chose soft-
ening parameters so as to satisfy the following equal
acceleration-relation:

mh

ǫ2h
=

mig

ǫ2ig
, (2)

where mh is the mass of each particle in the dark
halo, and ǫh and ǫig are the softening parameters for
the halo and intragroup particles, respectively. An
ǫh = 500 pc was chosen for the halo particles. This
determined, given the total mass of the halo, the ǫig
for each simulation, after having set toNh = 500, 000
the number of particles for the largest mass halo in
each CA.

The mass, radius, concentration, initial positions
and velocities, as well as the number of particles used
to represent each halo, are listed in Table 1 (see the
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Fig. 1. Projected spatial dynamical evolution of the only
CA (group G4) that forms a single massive remnant after
about 5 Gyrs. The system is shown, from left to right
and top to bottom, at t = {0.0, 1.5, 3.5, 4.5}Gyr after
the current epoch. The box dimension is 1 Mpc×1 Mpc.
The bar scale on the lower left of each panel corresponds
to 50 kpc in length.

Appendix) for each group. The simulations were run
for 5 Gyr using theGadget numerical code. Energy
conservation in all cases was ∼< 0.5% for the entire
time span. The initial and final virial ratios, 2T/|U |,
of the group systems are also indicated in Table 1.

Mergers were identified using a criterion similar
to the typical ones used for binary mergers of galax-
ies (e.g. Binney & Tremaine 2010). In particular,
if any two halos have their relative distance d and
relative bulk velocity V satisfying:

d = ‖r1 − r2‖ < min (rs1, rs2) , (3)

V = ‖v1 − v2‖ < min (σs1, σs2) , (4)

a merger is signaled, where r and v correspond to the
3-dimensional position and velocity vectors of each
halo, and rs and σs correspond to the scale radius
and the internal velocity dispersion, respectively, of
each halo. In addition to fulfilling these criteria, we
checked by visual inspection that the actual halos
were merging.

3. RESULTS AND DISCUSSION

In this section we show the results of the dynam-
ical simulations described above. In Figures 1-3 we
show the evolution of the particle configuration for
three representative cases (G4, G7, G9) out of the
fourteen ones obtained in the simulations at different
times. The figures are meant to schematically show
of the evolution; no special weighting of the particles
was used when plotting.

Fig. 2. Projection position of halos and intragroup mat-
ter similar to Figure 1, but here the end stage configu-
ration results in a large dark halo and another halo in
orbit around the first (group G7).

Fig. 3. Projected spatial configuration evolution, as in
Figure 1, but in this case (group G9) no merger develops
over 5 Gyr of evolution from the present.

Figure 1 shows the projected evolution of the
only group (G4, 1 out of 14) that suffers a com-
plete merger in the 5 Gyr after the current epoch.
At 1.5 Gyr there are only two halos noticeable, and
at 3.5 Gyr a single object appears. A gravitational
collapse of all material, both from individual halos
or from intragroup matter, is present at 5 Gyr.

Figure 2 shows a sample of the evolution of
a group (G7) where 2 objects are discernible at
≈ 5Gyr, and in Figure 3 we show a group (G9) where
none of the halos merge in the time span of the dy-
namical evolution. Notice that even after 5 Gyr of
dynamical evolution, in the groups of Figures 2 and
3 an appreciable amount of intragroup matter exists,
contrary to the situation displayed in Figure 1.

In Figure 4 we show the merging history of our
14 CAs during 5 Gyr of dynamical evolution after the
current epoch. Noticed that only one CA suffered
a complete merger and in only one case no merger
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Fig. 4. Merger history of our 14 CAs. Only one CA
had initially 5 galaxy-size dark halos, the rest all had
4 such members; a full merger is indicated when only
N=1 object remains in the system. A single group (G4)
coalesced into a single object and only other group (G9)
survived without any merger in 5 Gyr.

occurred in the time span of these simulations. Also,
only one group had 5 members initially (G1). This
group ended having 4 halos after suffering a binary
merger. From this figure it follows that some CAs,
even after 5 Gyr of evolution, might survive for a
longer time and show still discernible halos.

The relatively small number of CAs studied in
this work precludes us from making any statistically
significant estimate of the number of currently ob-
served compact groups (at z ≈ 0) that could resist
total merging in the next five giga-years. Nonethe-
less, it seems from the results presented here that
such a number might not be very different from 10%
of the total number of observed compact groups.

On other hand, from Figure 4 it follows that it is
highly probable that none of the true compact groups
observed (at z = 0) will suffer a complete merger
within the next ≈ 1Gyr, even if they are in the pro-
cess of gravitational collapse. Only four of the four-
teen initial CAs (≈ 30%) suffer a binary merger in
approximately the next giga-year. Probably half of
them will survive at least for another 3 Gyrs without
a complete merger.

The results obtained here indicate that there is
no risk of an overmerging problem to occur in the
near future in observed CGs, in so far as the model

used here resembles the actual situation of observa-
tional counterparts.

In the case where a complete merger occurs, as
shown in Figure 1, a large concentration of dark mat-
ter is present, with a minimal large envelope, but the
subsequent dynamical evolution of that system was
not explored. The other cases where an incomplete
full merger is achieved, the amount of intragroup
matter is more noticeable. No clear physical bound-
ary for a halo can be established in these dynamical
simulations, since its gravitational potential does not
tend to zero away from the center of each dark halo
inside the group, before encompassing another halo;
this is a necessary condition to compute a gravita-
tional radius.

Some kinematical quantities of the CAs shown
in Figures 1–3, such as the crossing time (τc), pro-
jected harmonic radii (RH), one-dimensional veloc-
ity dispersions (σ) and total inferred “virial masses”
(Mvir) are displayed in Figure 5. The definitions
used to compute these quantities are those in Aceves
& Velázquez (2002), following common observational
estimators:

RH = 4
∑

i

∑

i<j

R−1
ij

πNg(Ng − 1)
, (5)

τc =
2RH√
3σ

, tc =
4R

π
√
3σ

, (6)

σ =

√

4GMg

5Rmax

, (7)

where R,Rij and Ng are the average projected sep-
aration, the projected separation between galaxy
pairs and the number of galaxies, respectively. The
virial mass was calculated following Heisler et al.
(1985):

Mvir =
3πN

2G

∑

i V
2
i

∑

i<j 1/Rij

. (8)

Here, Vi is the velocity along the line of sight with
respect to the velocity centroid. To compute such
quantities, the bulk motions of the dark halos inside
the physical group were used. The values shown
for these CAs are representative of the observed
CGs, and two things are worth mentioning here.
On the one hand, the average mass of a CG is
probably underestimated since (assuming this evo-
lutionary scenario is correct) since the Mv estima-
tor is about 50% of the total mass of the bound
group mass. This has repercussions on the mass esti-
mates obtained for such systems using typical virial
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Fig. 5. Kinematical quantities for CAs in Figures 1–3 (groups G4, G7 and G9) from top to bottom row, respectively,
are shown. The projected harmonic radius, RH, the one-dimensional velocity dispersion along each “line-of-sight” σ, the
crossing time tc = 4R/(π

√
3σ) (R being the mean projected separation), and the virial mass estimator Mv normalized to

the total actual mass of the gravitational system; this mass is not to be confused with the one shown in Table 1. Different
line styles indicate different line-of-sights. For group G4 the computation of the observationally related quantities end
when a full group merger is signaled.

mass estimators, as suggested in an early studies
(e.g. Barnes 1985, Aceves & Velázquez 2002), This
needs to be taken into consideration when address-
ing such problems.On the other hand, the small val-
ues of the crossing times obtained for our models of
CGs (∼< 0.1H−1

0 ) support earlier work (Barnes 1985,
Aceves & Velázquez 2002) in that one can hardly as-
sure that a small group of galaxies is in virial equi-
librium, or that it is close to having a full merger
of its members if a small crossing time is calculated.
Hence, the problem of determining which actual ob-
served CGs might suffer a complete merger (or even
a binary merger) in the near future does not seem to
be straightforward. Some peaks of large values of the
crossing time tc are noticed in Figure 5, which cor-
respond to cases where some mergers are occurring,
leading to very small σ values.

4. FINAL COMMENTS

The longevity of present CAs formed by galaxy-
like size dark halos immersed in common dark halos

obtained from cosmological simulations, was studied
using dynamical N -body simulations.

The initial conditions for the CAs used in this
work were obtained from previously reported ΛCDM
cosmological simulations (Aceves et al. 2015) where,
in particular, it was found that a non-massive
(∼< 20%), collapsing and non-cuspy distribution en-
compasses a set of galaxy-like objects resembling
compact groups.

The present work used normal galaxy-like size
dark halos to model galaxies in environments that
mimic observed CGs. The use of pure N -body sim-
ulations as well as the use of only spherical ha-
los to represent galaxies in such environments has
been studied in the past (e.g. Carnevali et al. 1981,
Ishizawa et al. 1983, Barnes 1985, Gover-
nato et al. 1991, Bode et al. 1993, AMB97, Aceves &
Veázquez 2002, Taranu et al. 2013), and has led to
important insights in the evolution of CGs. Concern-
ing the purpose of this work, the use of such a halo
model to represent galaxies appears well justified.
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The main result of this work indicates that the
currently observed compact groups of galaxies, in
general, will not suffer a complete merger within
roughly the next 5 Gyr, roughly half the age of the
universe. In particular, our results suggest that most
current observed CGs will undergo 1-2 mergers, and
nearly half of them will end up with 2 members.
Hence, present compact groups probably have a long
time to further evolve despite indications to the con-
trary, as their present small crossing times.

The near future overmerging of present CAs does
not seem to be a problem for these systems. It may
be that the dynamical friction timescales are much
larger than the crossing times. However, no reli-
able estimation of the former timescale can be done
because “galaxies” are not point particles and the
intragroup medium is not homogeneous; in practice
one would need to do an N-body simulation calibra-
tion of the Chandrasekhar formula for the dynamical
friction timescale (e.g. Inoue 2011).

A limitation of our work is the small number of
CGs considered, that precludes us to obtain statis-
tically significant results. Another one is the reso-
lution in mass of our simulations, in particular, for
the IG particles. Clearly a larger number of cosmo-
logical simulations, including some re-zooming tech-
niques and a disk component in some dark halos,
would alleviate some of these limitations. An orbital
analysis of those current compact associations that
will not suffer a full merger in the near future could
provide more insight into the dynamical conditions
for avoiding overmerging. Unfortunately, such anal-
ysis is beyond the scope of this paper, as are topics

such as the structure of the merger remnants of
spiral-like galaxies or the effects of gas on star for-
mation, but future studies are planned.

This research was funded by UNAM-PAPIIT and
CONACyT Research Projects IN108914 and 179662,
respectively. We appreciate the helpful comments
received from an anonymous referee which improved
this paper.

APPENDIX

A. INITIAL CONDITIONS

We present, in Table 1, some of the properties
and initial conditions of the dark halos used, as well
as the number of intra-group particles in each simu-
lated group.

Listed in Table 1 are the mass of each component,
the virial radius of each group, the concentration of
each dark halo as obtained from the cosmological
simulations of Aceves et al. (2015), the positions and
velocities; Nh, the number of particles in each of
the galaxy-size dark halos, and Nig, the number of
particles in the intra-group medium.

Also indicated in Table 1, in the last two rows of
the column labeled Nig, are the virial ratio (2T/|U |)
at the initial time and its final value at the end of
the dynamical simulation. As can be seen, all groups
start in a out-of-equilibrium condition and by the
end of the dynamical simulation they reach a state
close to virial equilibrium.
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TABLE 1

SOME PROPERTIES AND INITIAL CONDITIONS OF HALOS

Group Mv Rv c x y z vx vy vz Nh Nig

M⊙ kpc kpc kpc kpc km/s km/s km/s

1a 3.47× 1012 246.17 8.98 -20.15 -10.12 20.46 30.16 -15.39 -6.94 500000 10134

1b 5.71× 1011 102.98 10.28 0.01 100.29 -150.32 -58.98 -51.73 86.26 82276

1c 4.34× 1011 108.94 10.49 120.41 30.07 190.30 -70.00 66.82 101.26 62536

1d 1.58× 1011 88.84 11.32 190.34 -100.36 -30.12 -83.01 194.93 -247.21 22766 0.6

1e 2.25× 1011 70.66 11.02 -66.21 36.18 -15.23 -158.61 -123.33 45.56 32420 0.9

2a 3.44× 1012 245.57 8.98 30.42 -10.12 90.36 -22.27 -2.05 -22.71 500000 5345

2b 2.74× 1011 31.68 10.88 30.13 10.45 30.55 22.52 -32.31 92.91 39825

2c 1.92× 1011 51.31 11.17 -30.21 -10.09 -110.44 60.94 -52.65 137.19 27906 0.7

2d 1.48× 1012 153.56 9.56 -80.05 10.48 -200.63 39.69 17.59 17.78 215116 1.0

3a 2.25× 1012 213.13 9.27 -20.23 -20.17 20.01 13.42 -36.05 -8.12 500000 5042

3b 2.62× 1011 80.28 10.90 -50.14 140.23 10.14 52.35 16.83 -25.12 58222

3c 2.78× 1011 95.28 10.85 -120.18 -180.61 -10.32 103.30 4.10 48.43 61777 0.5

3d 5.10× 1011 130.05 10.37 160.44 110.06 -120.11 -142.38 148.18 22.33 113333 1.0

4a 1.90× 1012 201.28 9.39 -70.43 -30.04 -50.06 45.78 -62.20 50.02 500000 8167

4b 2.71× 1011 105.28 10.87 170.71 40.18 -100.02 -131.86 47.76 -145.09 71315

4c 3.30× 1011 112.40 10.71 60.21 -70.65 230.21 -93.93 205.38 -113.68 86842 0.8

4d 4.37× 1011 123.53 10.49 170.43 170.23 80.32 -46.31 85.72 -41.66 115000 1.0

5a 1.34× 1012 179.45 9.64 50.03 70.47 0.11 5.24 -4.14 -3.26 500000 4399

5b 1.52× 1011 33.64 11.35 -10.09 30.71 -10.32 -24.20 -10.52 37.80 56716

5c 3.20× 1011 80.59 10.73 -80.21 -60.36 -90.18 182.47 9.09 -132.94 119402 0.6

5d 6.25× 1011 106.66 10.21 -50.65 -110.09 60.16 -98.76 6.77 65.85 233208 0.9

6a 5.20× 1011 109.49 10.35 -120.19 10.66 40.03 78.60 6.60 -40.92 500000 3173

6b 2.79× 1011 106.25 10.85 70.15 -20.21 40.39 -50.48 76.29 -31.76 268269

6c 2.55× 1011 65.74 10.92 120.29 60.76 -50.41 -29.64 -85.69 130.66 245192 0.2

6d 1.27× 1011 78.50 11.51 80.07 -80.12 -110.20 -151.42 -22.57 -25.00 122115 0.9

7a 2.78× 1012 228.78 9.13 0.04 -60.03 -10.10 11.18 29.31 -38.95 500000 7031

7b 7.56× 1011 94.51 10.06 20.50 120.40 60.54 -19.99 -59.99 6.27 135971

7c 2.12× 1011 59.34 11.07 60.27 180.18 -30.29 -220.17 3.44 302.64 38129 0.5

7d 2.26× 1011 99.21 11.02 -190.66 150.12 -110.71 135.92 -163.01 174.3 40647 1.0

8a 1.06× 1012 150.88 9.81 20.16 -110.17 80.36 -21.15 60.99 -70.02 500000 3398

8b 1.26× 1011 81.59 11.51 180.45 -110.82 70.53 19.43 67.54 -82.47 59433

8c 1.22× 1011 81.38 11.54 -120.33 40.04 90.08 56.63 -159.07 17.19 57547 0.6

8d 9.64× 1011 160.85 9.88 -30.12 120.45 -100.44 13.54 -55.77 85.60 454717 0.9

9a 3.28× 1012 241.66 9.01 -10.17 0.20 -10.18 0.25 4.63 -7.41 500000 5752

9b 2.68× 1011 28.12 10.88 30.21 0.41 30.10 32.51 58.29 124.35 40853

9c 1.77× 1011 60.30 11.22 -60.12 -60.17 90.12 -107.13 -263.13 -149.67 26981 0.4

9d 2.39× 1011 89.53 10.97 130.56 120.69 -20.21 39.40 65.98 73.05 36432 1.0

The initial and final virial ratios, 2T/|U |, are shown for each group at the bottom of the last column, labeled
Nig .
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TABLE 1 (CONTINUED)

Group Mv Rv c x y z vx vy vz Nh Nig

M⊙ kpc kpc kpc kpc km/s km/s km/s

10a 4.01× 1012 258.37 8.88 10.09 -10.23 -60.34 -9.35 -19.36 -10.94 500000 7389

10b 1.24× 1012 103.31 9.70 -50.88 40.19 130.19 -37.93 -13.60 11.61 154613

10c 5.40× 1011 61.17 10.32 -60.16 -80.52 140.02 68.60 91.95 17.29 67331 0.6

10d 3.25× 1011 111.886 10.72 240.29 50.03 -10.62 146.01 138.01 62.02 40523 1.0

11a 2.89× 1012 231.55 9.10 30.53 10.03 -20.20 1.57 1.52 -19.64 500000 3912

11b 4.84× 1011 70.70 10.41 -110.57 -10.55 -30.14 -58.68 -70.90 37.14 83737

11c 4.12× 1011 93.59 10.53 -50.32 -10.61 150.10 69.43 83.17 -5.48 71280 0.5

1da 1.52× 1011 76.38 11.34 -150.28 -120.60 60.29 -30.85 -28.20 266.42 26643 1.0

12a 2.18× 1012 210.92 9.30 30.11 -30.60 -70.42 -26.79 31.54 28.21 500000 5224

12b 1.46× 1011 56.01 11.39 -20.13 50.22 -10.13 39.94 -57.99 -99.71 33486

12c 1.58× 1011 88.04 11.32 120.09 120.37 70.11 -70.23 112.17 192.37 36238 0.4

12d 7.25× 1011 146.08 10.10 -130.14 50.40 180.17 87.82 -107.60 -106.66 166284 0.9

13a 3.52× 1012 247.59 8.97 0.03 0.02 -10.51 -8.70 -8.13 -14.60 500000 6605

13b 1.20× 1011 41.98 11.56 40.20 0.08 60.28 294.27 131.66 267.22 17045

13c 1.28× 1011 74.42 11.52 80.26 -30.05 120.01 -16.61 -22.81 -50.74 18181 0.7

13d 1.30× 1011 79.31 11.49 -130.33 0.01 90.30 -19.82 120.94 198.47 18465 1.0

14a 2.85× 1012 230.55 9.11 20.22 20.35 -40.04 -11.23 7.13 27.32 500000 9003

14b 7.64× 1011 85.03 10.06 -110.43 -40.19 50.87 -43.44 -76.70 29.96 134035

14c 3.53× 1011 115.04 10.66 150.68 40.10 160.68 135.55 -18.35 -264.04 61929 0.6

14d 1.63× 1011 65.88 11.29 -140.16 -150.14 130.40 106.44 274.65 -46.34 28596 1.0

The initial and final virial ratios, 2T/|U |, are shown for each group at the bottom of the last column, labeled
Nig.
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Dı́az-Giménez, E., Mamon, G. A., Pacheco, M., Mendes

de Oliveira, C., & Alonso, M. V. 2012, MNRAS, 426,
296

Eke, V. R., Baugh, C. M., Cole, S., et al. 2004, MNRAS,
348, 866

Gill, S. P. D., Knebe, A., & Gibson, B. K. 2004, MNRAS,
351, 399

Governato, F., Tozzi, P., & Cavaliere, A. 1996, ApJ, 458,
18

Hernquist, L., Katz, N., & Weinberg, D. H. 1995, ApJ,
442, 57

Heisler, J., Tremaine, S., & Bahcall, J. N. 1985, ApJ, 298,
8



10 TAMAYO & ACEVES

Hickson, P. 1982, ApJ, 255, 382
. 1997, ARAA, 35, 357

Hoffman, Y., Lahav, O., Yepes, G., & Dover, Y. 2007,
JCAP, 10, 016

Inoue, S. 2011, MNRAS, 416, 1181

Ishizawa, T., Matsumoto, R., Tajima, T., Kageyama, H.,
& Sakai, H. 1983, PASJ, 35, 61

Knollmann, S. R. & Knebe, A. 2009, ApJS, 182, 608

Larson, D., Dunkley, J., Hinshaw, G., et al. 2011, ApJS,
192, 16

Lee, B. C., Allam, S. S., Tucker, D. L., et al. 2004, AJ,
127, 1811

Loeb, A. 2002, Phys. Rev. D, 65, 047301

Mamon, G. A. 1986, ApJ, 307, 426

. 2008, A&Ap, 486, 113

McConnachie, A. W., Ellison, S. L., & Patton, D. R.
2008, MNRAS, 387, 1281

McMillan, P. J. & Dehnen, W. 2007, MNRAS, 378, 541
Mendel, J. T., Ellison, S. L., Simard, L., Patton, D. R.,

& McConnachie, A. W. 2011, MNRAS, 418, 1409

F. J. Tamayo and H. Aceves: Instituto de Astronomı́a, Universidad Nacional Autónoma de México. Apdo.
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