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Abstract By means of identical cubic elements, we generate a partitfica volume in which a particle-
based cosmological simulation is carried out. In each cel@ment, we determine the gas particles with a
normalized density greater than an arbitrarily chosenitietiseshold. By using a proximity parameter, we
calculate the neighboring cubic elements and generatedf ligighbors. By imposing dynamic conditions
on the gas particles, we identify gas clumps and their n&ighiso that we calculate and fit some properties
of the groups so identified, including the mass, size andcitgldispersion, in terms of their multiplicity
(here defined simply as the number of member galaxies).lizima report the value of the ratio of kinetic
energy to gravitational energy of such dense gas clumpsshahill be useful as initial conditions in
simulations of gravitational collapse of gas clouds angtels of gas clouds.
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1 INTRODUCTION A remarkable example of this idea is seen in the
similarity between the core mass function (CMF) and the

The gravitational collapse of gas clouds takes place by thete||ar initial mass function (IMF), se@ffner et al.(2014.

accretion of gas from low-density to high-density regions goth functions share the same mathematical form, with the

such that the result of this process can be the formatiogp|y difference between them being that the CMF is shifted
of galaxies or stars, depending on the density and lengtfy |arger masses with respect to the IMF.
scales involved, seKlessen & Hennebell¢2010. In an

intermediate stage of the collapse process, it is possible
that these dense gas structures show a dynamic behavior |t is an observational fact that galaxies tend to
characteristic of the final systems already formed, bexgglomerate in bounded structures, which are called
they galaxies or stars. For this reason, those intermediatepending on the number of members, for instance
structures are called protogalaxies or protostars. In botblusters, with a number of galaxies varying within 30—
cases, they can be identified with very dense gas coregpo0: loose groups with 3-30 members; compact groups
which do not shine on their own. with 4—-8 and binaries with 2 members. In addition, 30
The idea about the existence of a direct relationpercent of the galaxies are observed to be isolated, 10
ship between the proto-structures and their descendansercent forming binaries; 0.1 percent in compact groups;
whether galaxies or stars, will have more support a$0 percent of the galaxies are observed in loose groups
long as the collapse of the gas cores occurs in a morehile only 10 percent forms clusters, sgkamon(1996.
or less isolated way, with each one producing one otfn addition, it is now well-known that about 50 percent
a few final products, sedadoan & Nordlund(2002, of all galaxies in the Universe are collected into low-
Hennebelle & Chabrier (2008, Hennebelle & Chabrier multiplicity groups, with four or less member galaxies.
(2009, Oey (2011 andHopkins(2012. It is in this last  ObservationallyHickson(1982 reported the properties of
point, on which the attacks of the opponents to this ideane hundred compact groups of galaxies identified in the
are based, because they argue that stochastic processesRatmar Observatory Sky Survey. Consequently, one may
inherent to the general process of formation of structuresuspect that the gas clumps, out of which galaxies form
seeBonnell et al(2007), Bate et al(2003 andClark etal. by gravitational collapse, are perhaps also grouped into
(20079). small groups with a few members. If such a relation exists,
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then maybe it can be seen in cosmological numerical We next apply our mesh-based code to generate a
simulations. partition of the simulation box in terms of identical cubic
With regard to numerical aspects, there are many‘:lements, at the scale of 0.8-1.6 Mpc. We then determine
problems associated with identifying a galaxy within the@ subset of cubic elements, whose average normalized
framework of a cosmological simulation to compare theirdensity above a threshold value is given in advance, at the
clustering properties with observations. Characterizing@rder 30-300 times the average cosmic density. We then
the clustering of matter in a cosmological simulation isconsider the densest cubic elements to identify isolated
a complicated issue that has been considered over s clumps and produce a list a neighboring gas clumps.
last 30 years. Many codes have been developed arfdext, we count the number of groups detected in terms
tested to analyze the highly irregular and filamentaryof their multiplicity (the numbers of members or richness)
clumpy structure of the simulations. A summary of theand we calculate the physical properties of these groups
development of this area has recently been presented Wy & statistical sense, including the mass, size, velocity
Knebe et al(2011), who compared the results obtained by dispersion and multiplicity function of the gas clumps.
relying on some dark-matter halo finder codes on the same The particular partition sizes and overdensities con-
test data with either a cosmological simulation or a moclsidered in this paper as free parameters can be motivated
catalog of dark-matter halos. as follows. The spherical top-hat approximation considers
In general terms, the basic objective of most ofthat overdense matter expands with the Universe up to

these codes has been to identify isolated dark-mattdp€ turnaround point, where it stops expanding and starts
halos, seeEisenstein & Hut(1999. Most of the early collapsing. Later, the surrounding regions will follow its
codes discarded the clustering of gas in their calculation$ollapse gradually. The turnaround radius of cosmological
partly (i) because they were applied to dark-matter onlystructures in the top-hat approximation varies from
simulations or (i) because of the well-established idea th 1.7 Mpc for small galaxy groups to 7 Mpc for large galaxy
dark-matter was clustered earlier and shortly after the ga@usters. In addition, cosmological N-body simulations
reached the center of these dark-matter structures to forRave confirmed the top-hat approximation since a long
dense gas clumps, s&éhite & Rees(1978. Recently, a time ago, so that the radius in which the overdensity is
new generation of more refined codes has focused on the/8 times the mean density determined the limits of the
determination of sub-halos embedded within a larger hodffalling region.
halo, which is a harder computational problem; see for It must be clarified that the computational method
instanceCafias et al(2019. It should be noted that many described above is not new to the field. Consequently,
of these codes are not publicly available. Other codes thdhere are no advantages of this algorithm over those in
are open source can be difficult to understand and ruthe literature. For this, it should be considered as a less
because a lot of parameters are involved. sophisticated version of the above mentioned methods, see
In this paper we consider the gas component of &nebe etal(2011). Dobbs & Pringle(2013 considered a
typical hydrodynamical cosmological simulation, which clump-finding algorithm based only on a surface density
tries to imitate the Illustris simulation, that was desedb threshold criterion, so that a galaxy model is divided into a
by Vogelsberger et a2014. The size of the simulation Cartesian grid; this clump-finding algorithm allowed them
box (around 106 Mpc), the values chosen for the conterf@ study the evolution of giant molecular clouds. Motivated
of matter, the expansion rate, léf the Universe and other Py these results, we apply our code at its first stage of
parameters, that were used in the lllustris simulationghavdevelopment, since there is no need to refine it any further
also been used in the lower resolution simulation presentel@ achieve the objectives of interest, which we outline as
in this paper, which was developed with the pub”dyfollows. In addition, in cosmological simulations, the rhos
available code Gadget2; s&pringel(2005. This set of commonly applied value of overdensity to define a dense
cosmological parameters has been determined utilizing tH@ump is 200 times the average cosmic density, see for
most recent observations, sBéanck Collaboration et al. instanceknebe et al(201]).
(2019, and are currently one of the most accurate. It  First, we study the dynamics of gas at sufficiently large
must be emphasized that the simulation used for thiscales, in order to characterize its grouping properties.
paper should not be compared to the Illustris one, becausgecond, we calculate the ratio of kinetic energy to
adopting the same cosmological parameters does not mageavitational energy of the gas clumps. Therefore, the
them equivalent. Important features such as star formatiophysical properties of giant gas complexes (typical radius
cooling, feedback, etc., which were included in the Illisstr mass, 3D-velocity dispersion and the level of kinetic
simulation are not included in the simulation used in thisenergy) obtained as results from the calculations reported
manuscript. in this paper are expected to be relevant as suitable sets
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of initial conditions from cosmological simulations, to In addition, inPerez et al(20063 (Perez et al(20068),
address the problem of gravitational collapse of clouds anthe authors investigated tidal interactions and theirog$fe
clusters of clouds. on star formation (on colors and chemical abundances).
Several comments are now presented to emphasijb can be seen that these studies can be extended to
some potential benefits of this paper. First, this problengialaxy groups with a higher number of members, so that
of gravitational collapse of clouds and clusters ofa statistical analysis of higher multiplicity galaxy grap
clouds cannot be studied directly by means of preseniike the one proposed in this paper, can be useful.
day cosmological simulations, because the resolution is The rest of this paper is structured as follows.
insufficient to resolve properly the scales needed. Tdn Section 2 we describe the simulation and some
alleviate this situation, the zoom-in simulations werecomputational issues are presented in Sect®risand
introduced since a long time ago. For exampleginohara 2.2 The code that will be applied in this paper is
(1994 smoothed the initial distribution of particles and Presented in SectioB.3 To characterize the code, some
obtained a smoothed density field on a 28id. Then plots are described in Sectich3 which are presented
they extracted 10 cubic regions, so that each one wd8 terms of the number of cubic cells. The results in
used as initial state for their zoom-in simulations. Interms of physically meaningful quantities are described
this paper, we report the average physica] proper[ieg’l Sections 3, which include calculation of the mass

obtained considering all the cubic elements that cover &Inction, the size function and the multiplicity function
cosmological hydrodynamical simulation. of the gas clumps of the simulatiinin Section3.5 we

Second, the value of the ratio of kinetic energy toPresent the determination of the dimensionless ratio of

gravitational energy has proved to be very importamthe gravitational energy to the potential energy of the gas
in numerical simulations for modeling the gravitational ¢lUMPS- The statistical properties of gas clump groups is
collapse of gas cores, because it measures the relatif#§scribed in Sectio8.4. Section4 discusses the results
importance of the kinetic energy provided initially, see©Ptained and Sectioh makes a comparison with other
for instance Miyama et al. (1984, Hachisu & Eriguchi PaPers to h|g_h||ght the cqn5|steﬁcy of the reSL_JIts obtained
(1984, Hachisu & Eriguchi (1989, Tsuribe & Inutsuka and alsg their shortcommgs_. Finally, in Secti6rsome
(19993 and Tsuribe & Inutsuka (19998. In the best concludingremarks are provided.

case, the initial conditions for the studies of 935, THE SIMULATION

core collapse are motivated from observations, see for

instanceBergin & Tafalla(2007) (and references therein) we consider a small part of the observable Universe, which
which reported the physical properties of cloud coresis defined by a cubic box, whose side lengthlis= 106
Particularly, the virial parameter, which is directly i@ld ~ Mpc. The initial content of matter is characterized by
to the ratio of kinetic energy to gravitational energy, hasg,, = 0.2726 and the content of dark energyls =
recently been measured {auffmann etal(2013 who  0.7274. The sum of these quantities, + Qy = 1.0
recently compiled a catalog of 1325 molecular gas cloudsgorresponds to a flat model of the Universe, expanding
Observational values of the ratﬁ% for prestellar cores  with a Hubble parameter H= 100k km s~! Mpc~L. h
have been found to be within the range 1Go 0.07, see is an indetermination factor, given by = 0.704. These
Caselli et al.(2002 andJijina et al.(1999. As far as we values that we have chosen for the content of matter and
are aware, no observational estimates of this ratio foelargthe expansion rate Hare the most accurate that have
gas structures, such as the ones considered in this papbgen determined via the most recent observations, see
have been reported elsewhere. It can also be expected thianck Collaboration et a[2014 and Vogelsberger et al.
the value of this ratio may be relevant in the collapse 0f2014. The average mass density in this region of the
clouds and clusters of clouds, sAereaga-Garcig201§  Universe to be simulated is given by = 2.92x 10730 g
andArreaga-Garci§2017). cm~3 and the initial and final redshifts are fixedzat= 127

Third, the usefulness of the calculations on theandz = 0, respectively.
statistical properties of groups of gas clumps mentioned To generate a set of density perturbations consistent
above can be illustrated byerez etal.(20063 and With this cosmological model, we utilized the publicly
Perez et al(20061). These authors constructed 2D andavailable code provided By The simulation particles were
3D cat_alogs_ of gz_ilaxy pairs from cosmological hyd_ro- 1 The term multiplicity must be understood in this paper as the
dynamical simulations, so that the 3D catalog containedumber of members collected into a group. The term gas cluemp h
88 galaxies in pairs, whose statistical properties werddicates a large collection of gas, which will likely form denser

. " . . . structure by means of the gravitational collapse.

compared with galaxies in pairs found in the Two- http://ww h-its.org/tap- sof t war e- en/

degree-Field Galaxy Redshift Survey (2dFGRS) catalogngeni c- code/
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Fig.1 The fraction of the number of cubic elementsFig.2 The distribution function of the number of gas
having a ratio of the normalized density with a value lesgarticles §hown on the horizontal ajigiside each chosen
than the value of the horizontal axis. The vertical lines atubic elementfgatured on the vertical axis

1.5 and 2 determine the density threshold of the chosen

cubic elements, as defined in the text, see Seat.

initially placed in the center of 1024 partition elements
of a uniform mesh, so that an initial power spectrum
P(k) can be constructed by moving the simulation
particles according to the linear spectrum defined by
Eisenstein & Hu(1999, and the expected minimum and
maximum wave numbers armg,;, = 1.0 x 107% and
Emax = 100 h Mpc™!, respectively. The normalization of
the power spectrum was fixed at a valuerg£0.809.

It should be noted that the codegenerates the initial
set of particles in pairs; that is, for each dark-matteriplart
there is a gas patrticle, so that the numbégy,; of dark-
matter particles and the numh¥g, of gas (&) particles are
both equal t®3 887 872. Hence, the particles have masses
given bympy = 3.18x10% M, andmg = 6.4x10% M,
respectively. The time evolution of the simulation up to 1.93
z = O required a little more than 5000 CPU hours, runningFig.3  Spatial distribution of all the cubic elements
on 250 processors in the cluster Intel Xeon E5-2680 v3atisfying the density condition defined in Se&&8 using
at 2.5Ghz of LNS-BUAP. The computational method, toPartition P6. The length of a side is 100 Mpc.
be described in Sectiof.3 and whose results will be

described ir8, will be applied only to the last output, that
is, the snapshot at redshift= 0. The values of density and speed of sound must be

updated according to the ideal equation of sjate c?p.

The average gas temperaturezat= 127 is 7' = 245

K, so the ideal speed of sound can be obtained by the
The resolution of a simulation can be characterized byelationc = /vy kpT/m, wherey = 5/3, kg is the

the Jeans wavelength, — 72 \where ¢ is the Boltzmannconstantand, isthe proton mass. Fromthese

instantaneous speed of sound Gd% the local densit relations we obtaim\; = 0.16/~" Mpc and the Jeans
b an y massM; = 3 x 10® M. The smallest mass particle that

and G is the Newtonian gravitational constant. A more ) . S
G 9 an SPH calculation must resolve to be reliable is given

2.1 Resolution and Equation of State

useful f-orm. for a partlcle-bised c;)de3 is t:f J;ans masBy my A~ My/(2Noeign), Where Nyeign is the number
M, which is given byM; = g7 p (%) = T NGCTS of neighboring particles included in the SPH kernel; see
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Bate & Burkert(1997. The ratio of the simulation mass a non-negligible number of particles is around 130000
m¢ calculated above to this resolution mass is then and 1000000, respectively. Let us define the normalized

given bymg/m,. = 569 for the simulation. density of the cubic element byhoO = log,, (p/p0),
where py is the average mass density of the Universe,
2.2 The Evolution Code as described in SectioR. Then, the average density of

_ _ _ ~ this set of cubic elements is. Irho0 >= 0.23 and
The simulations of this paper are generated by the particle> ;1,50 ~— 0.026, respectively. The standard deviation of
based code Gadget2, whichis based on the SPH method fgfe normalized density 81,00 = 0.89 andopeo = 1.05,

evolving the particles according with the Euler equationgegpectively.

of hydr;]) dynarrics; fS e(Sp;ringe!f(Z_O(l)E)_. Gadge;alhas a To start our study, we arbitrarily chose the initial
Monaghan-Balsara form for art cla V'SC_OS'_ty’ Sard v ajues for the minimum normalized density, denoted by
(1995, so that the strength of the viscosity is regulated bylrhoomin, so that in this paper, only the two values of

Set"”g the parameter, - 0'7_5 andp, = 5 x a,, see Irho0,,;,=1.5 and 2 will be considered. We will focus only
equations (11) a_nd (14) iBpringel(2003. The Courant on those cubic elements of the partition whose normalized
factor has been fixed at1. s ) density is greater than this value 10fi00,,;,,. In Figurel,

The SPH sums are evaluated utilizing the sphericallyy,q 4 es ofrho0,,;, are shown on the horizontal axis, so
symmetric M4 kernel oMonaghan & Lattanziq1989, 51 4l the cubic elements of the partitions located to the

and so gravity is spline-softened with this same kerneljgn hang side of those vertical lines will be defined as the
The smoothing length establishes the compact support .pogen cubic elementthat is, they satisfy the condition
so that only a finite number of neighbors to each particlelOglo (p/po) > IthoOpin. These values oftho0y,=1.5
cqntripute to the SPH sums. The smoothing length c_hanged%d 2 respectively correspond to an overdenditpf 31

with time for each particle so that the mass contained iny 4 316 times the average matter density of the Universe,
the kernel volume is a constant for the estimated densi% — A po. It must be emphasized that this overdensity

Particles also have gr_aV|ty 50“9”'”9 lengthswhich 2 1ue A is determined such that the matter with a density
chang(_e step by step W'th_ the smoothlng_ lengifso that p greater thanA p, is virialized in a given cosmology.
the ra'que/h is of order unity. In Gadgetz,is set equal to The most commonly utilized value in simulations for the
the minimum smoothing length,,;,,, calculated over all overdensity is\ —200, se&knebe et al(2019).

particles at the end of each time step. It must be noted that Some of the properties of these sets of chosen cubic
the upper bound of the softening length implemented inelements of the partitions are displayed in Tableas
Gadget2 code to run the simulations of this manuscript i?ollows: column one shows the label of each partition:
0.02 Mpe. column two features the partition level defined above and
the number of identical cubic elements; column three lists

the minimum density value used to define the set of chosen

Our code makes a partition of the simulation box by mean§ubic elements; column four shows the number of chosen
of a set of identical cubic elements. Let us define the levepubic elements per each partition; column five displays the
I of the partition, so that the number of partition elementd?Umber of cubic elements that are linked as neighbors, see
per side of the simulation box is given by, 1 this paper, Section3.3below and column six lists the peak number of
only partition levels 6 and 7 will be considered, so that thedaS particle_s found in only one cubic element of this set of
numbers of length elements per simulation side are 64 ang'0Sen cubic elements.
128, respectively. For these partitions, the total numbers It should be mentioned that the number of particles
of identical cubic elements in which the entire simulationinside each cubic element can also be regarded as the
volume is divided are therefore!(®> = 262144 and selection criterion to define the chosen cubic elements.
2097 152, respectively. Let us label these partitions as P& this case, there would be a minimum particle number
and P7, respectively. It should be noted that the side lengt@iven before-hand, so that only those cubic elements with
of each cubic element of the partitions P6 and P7 is 1.6@ greater number of particles would be considered in the
Mpc and 0.83 Mpc, respectively. calculation of properties. However, the results are more
We next determine the average gas density inside eadhteresting when the criterion is based on density. In
cubic element of the partitions, by applying a methodFigure2 we plot the distribution function of the number of
often found in particle simulations, which is the nearestcubic elements against the number of gas particles inside
grid point (NGP) method, seBirdsall & Fuss(1997. It ~ each cubic element.
deposits the entire mass of the particle to the NGP. For the The spatial distribution of the identical cubic elements
partitions P6 and P7, the number of cubic elements witldefined in this section is displayed Figur@sand 4, in

2.3 The Cubic Partitions
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Table 1 The Partitions and Some Properties

Partition label | Partition level (nct) | Trhoy,in | nce [ ncevuie | NYPmax
P6 6 (64°) 2.0 6795 5060 24801
P7 7 (128) 2.0 50537 32891 17017
P6t 6 (68°) 15 14408 11874 24801
P7t 7 (128) 15 85810 64192 17107
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Fig.4  Spatial distribution of all the cubic elements
satisfying the density condition defined in SezB using 1000 P6
the partition P7. The length of the side is 100 Mpc.

o 800 P6t
g P7
600 P7t
which the normalized density value appears in the right-
400

hand column of each plot &sho0.

200 |

3 RESULTS

To highlight the spatial scale of the simulation and the code 02 04 06 08 !

presented in this paper, let us now summarize, very briefly, R (Mpc)

the well-established current scenario about the formation

of structure in cosmological simulations. At the scale ofFig.5 (Top The mass distribution function for the
100 Mpc and redshift = 0, our simulations will produce chosen cubic elements of the partitions. The vertical axis

a cosmic network of dense filaments. At a scale of 10 Mpcfsr:];s"’;s f;g?u rrélémot;]ef[h‘;f hC:r(i)ZSOeI’?[a(I;lj';lt))(iiCE. oe(lt%rr?)e'rll'tr?e hs?;/ieng a
the most massive dark-matter halos will be formed malnlydistribution function for the chosen cubic elements of the

at the intersection of those filaments. At a scale of a fevpartitions. The vertical axis features the number of chosen

Mpc, the gas will condense and start forming virializedcubic elements having a radius displayed on the horizontal

regions in the center of the collapsed dark-matter halosixis.

so that galaxy clusters will appear. At a scale of a few kpc,

the dense gas will form galaxies, so that at the nucleus of

some of the galaxies, at the scale of a few pc, the gas will

collapse gravitationally to start forming stars. Sections3.4 and 3.5. It will be seen that an approximate
In Sections3.1-3.3 we will characterize the set of size of these gas clumps is of the order of 1 Mpc or less,

chosen cubic elements defined in SectihB The gas while the groups formed by these gas clumps are of the

particles contained in these chosen cubic elements afrder of afew Mpc, and can therefore be identified with the

the partitions will be considered as an approximation ofstructures forming virialized regions of gas (as mentioned

the distribution of the gas clumps, as is explained inin the previous paragraph).
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3.1 TheDistribution Function of the Mass for the grids P6 and P6t are located to the right side of the curves
Chosen Cubic Elements for the grids P7 and P7t.
We fi h o] ithi h ch It should be noted that the partitions P6 have, in
c Irst _count the gas parnc es W't_m each ¢ Oserbeneral, a core radius that is larger than those of the
cubic element of the partition and thus immediately hav%artitions P7, so that the average radius is around 0.3 and
the .mass contamec:. r\]{Ve detefrmme thg Im|n|mdum zn .1 Mpc, respectively. The fixed size of the cubic element
maximum masses of this set of gas particles and ma €& each partition, as explained in Secti2r8, determines

mass partition in terms Obyi, = 50 bins, so that we an upper limit for the distribution function of the radius.

count all the chosen cubic elements with a mass W'th'rhowever, the radii detected by this procedure are quite

each mass bin. The resulting distribution function of theSmaller than this upper limit.

mass of the chosen cubic elements is displayed in the to . -
Pay P It appears that the pair of curves for the partitions P6-

anel of Figures. . S
P g . . P6t and P7-P7t is closer to each other. This indicates that
The behaviors of these curves are all similar, asf . o .
) . or the size determination, the density threshold paramete

expected: they are quite separated for the smallest mas . )

L . . . of the partitions seems to be more important than the
scale, indicating that there is a large difference in the .

. ﬁesolutlon parameter.

number of low-mass chosen elements found in eac
partition. The smallest mass scale identified for all the S ) o
partitions is aroundog,, (M/Mg) ~ 11.2, whereas the 3.3 The D|str|but|0r? Function of the Multiplicity for
largest mass scale, according to column six of Tablis the Chosen Cubic Elements

around 13, although the number of chosen cubic eIemenélso take further advantage of the partitions described in
e

decreases significantly in the plot around a mass scale ction2.3 we now determine the chosen cubic elements

12.2. Jocated in the same neighborhood. To do this, we first

It appears that the pair of curves for partitions I:)G'I:Wdefine a proximity parameter, which must be a distance.

and P6t-P7tis clolser.to each other. ThIS indicates that fc\V\Ie start this calculation by arbitrarily using the hypotsau
the mass determination, the resolution parameter of th8f the cubic element of the partitions, as defined in

partitions seems to be more important than the denSi%ectionZ.a so that in the case of the partitions P6, this
threshold parameter. proximity parameter is fixed at 1.44; for the partitions P7
it is fixed at 2.88 Mpc.
We next determine all of the chosen cubic elements
whose geometric centers are separated by a distance

Let us now estimate a distribution function of the size forsmaller than or equal to this proximity parameter. Let
the dense gas contained in each chosen cubic elemei define the multiplicity as the total number of cubic
We again re-consider the gas particles determined iglements that are all linked to each other in this way; the
Section3.1to calculate the center of mass and then locatéesult of this procedure is displayed in Fig@e-ollowing
the particle that is furthest from this center of mass buthis procedure, we have a list of neighbors for each chosen
still inside the chosen cubic element, so that half of thiscubic element, which will be used again in Secti®A
distance is defined as a geometrical measure of the set The case of groups with multiplicity 10 is remarkable,
of gas particles contained in the cubic element. We nexpecause many of these groups have been detected
make a radial partition of the radii thus obtained in termssimultaneously with the same partition. For instance, the
of ny,;, = 50 radial bins, so that a distribution function can partition P6 detects five groups of multiplicity 10; 38 were
be obtained by this procedure, as depicted in the bottorfletected with the partition P6t; only two were detected
panel of Figureb. with the P7 and 13 were detected with the P7t. An example
Let us emphasize that the radius of the horizontal axi®f such a highest multiplicity group is featured in Figure
in both panels of Figure5 is just a label to identify the Where it can be noted that the gas clumps follow a filament.
shells of the radial partition. Letmax be the maximum In addition, it should also be noted that the group shown in
distance of the furthest particle from the center of mass, akigure7 has been detected with both partitions P7 and P7t.
mentioned in the paragraph above. Then, for the grids P7 Column five of Tablel expresses the total number
and P7t we havemaxz p7 and for the grids P6 and P6t we of chosen cubic elements that are grouped in the some
havermaxpg. As expected, we always haverarpy <  multiplicity level detected by this procedure. These
rmaxpg. This indicates that the grids P6 and P6t havenumbers indicate that about 74 percent of the chosen cubic
radial shells with a width larger than the radial shells ofelements for partition P6 are placed into groups while 82
the grids P7 and P7t. For this reason, the curves for thpercent are placed in partition P6t. In the case of parstion

3.2 TheDistribution Function of the Radius for the
Chosen Cubic Elements
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Fig.7 The group of chosen cubic elements with maximum multiplicit 10 members, detected with both partitions
P7 and P7t. Gas particles with a lower normalized densityaboged to enter this plot to increase the total number of
particles and improve the view.

40000 To begin with the characterization of the gas clumps
and their grouping properties, we first re-consider the list
35000 P6 of neighbors obtained in Sectio®.3 In addition, the
30000 & P6t proximity parameters for all the partitions are the same as
25000 P7 x those that were utilized in Sectii3
S oo 1 P7t © ~The application of these conditions on the list of
c i neighbors has the immediate result that the number of
15000 groups per multiplicity decreases significantly, as can be
10000 o] seen in FigureB, which must be compared to Figuée
* In addition, the groups with multiplicity 10 are no longer
5000 | e detected for any of the partitions. Consequently, oruthe
0 B Lw_g_@ axis of FigureB, a multiplicity number is shown if and only
2 3 4 5 6 7 8 9 10 if a non-zero number of groups is detected.
Multiplicity By only taking into account the groups of gas

Fig.6  The multiplicity distribution function of the clumps detected afFer these co_ndit_ions, we now calcula_te

number of chosen cubic elemenshéwn on the vertical their average physical properties in terms of both their

axis) having the number of neighbordigplayed on the multiplicity and the partition in which they were found.

horizontal axig. The average mass resulting from the groups is displayed
in Figure 9. According to Sectior®, the gas particles of
the simulation have all the same mass, as givempy~

P7 and P7t, these fractions decrease to 65 percent and 94“ X 10_8 Mo, so that the plots in Figur@ also conta|n

percent, respectively. information _about the_ average number of gas particles per

group of a given multiplicity.

The panels of Figur® seem to indicate that the mass
of a middle multiplicity group is always larger than the

To relate the gas particles contained in a chosen cubi@ass of the highest multiplicity group detected.

element with a gas clump, in this section we impose two  The average radius per group is displayed in Fidixe
conditions on these gas patrticles so that they belong to gdis should be emphasized that this radius makes sense
clumps if and only if: (i) the number of gas particles is only in geometrical terms. To obtain this radius, we first
greater than 10 and (ii) only gas particles wdth < 0 will calculate the center of mass of the set of gas particles per
be considered to be in a gas clump. each group. Then, we determine the gas particle furthest

3.4 Statistical Propertiesof Gas Clump Groups
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away from this point and take half of this distance as theTable 3 Confidence interval of the best value of the fitting
radius per each group. Next, we calculate the average @farameter. The order of the fitting formulae expressed in
all these radii and we express the result in terms of th@able2 is still followed here.

group multiplicity. The panels of Figurg0 indicate that Symbol Bestvalue | Leftside | Right side
the radius of a lower multiplicity group is larger than the I 012%5437 17263;1 18703-4
. . T ms . —. .
radius of the highest multiplicity group detected. T 1712 93 549
Finally, the average velocity dispersion of the groups n2 3.2 4.7 11.0
detected is depicted in Figudel. We emphasize that this 17:182 g'gg __03'187 (1)17'2
velocity dispersion is calculated in the usual statistical lma; 12.16 11.67 12.62
sense: we calculate the magnitude of the velocity vector ms 1.79 1.32 2.26
for all the gas particles of a given group, we then ot_)tair_1 :Zzll(l) 8:(33;2 —8:236 8:4118
the average velocity of all the groups and the dispersion is ms 1.63 1.53 1.74
determined as the standard deviation, so that it is the squar o1 12-26 —8617-804 %‘5769
root of the variance; seeress et af1992. The results are ;:LO 0.0437996 833 83.3

shown in terms of the multiplicity number.

It should be emphasized that use of the symbol;,  case, which are plotted on the vertical axis of each of the
(in the vertical axis of all of the figures described up to thistop right panels in Figure8-11, a confidence interval of
point) indicates that the physical properties are caledlat the physical properties can be determined by the equation
using all of the gas particles associated with all of they, ; = 7., — ¢S x SD/\/n_pfor the left side and by the
detected groups. However, to complement Tabige now equationzyignt = Taye + t9 * SD/\/@ for the right side,
consider all the gas particles of a given multiplicity butso that these values are reported in columns 4 and 5 of
this time irrespective of the particular group to which theyTaplea4.
belong. The total number of gas particles detected interms  |n order to quantify the influence that the use of the
of their multiplicity is plotted in Figure.2. grid P6 can have on the results, in Talflewe repeat

To take advantage of these results, we now summarizenly the calculation described in the paragraph above, by
in Table2 the fitting curves for all of the physical properties considering the physical properties plotted in the veltica
of the galaxy groups, that is, those indicated previously byaxis of each of the top left panels of Figui@g 1.
the symbok:> .

A measure of the variation of the fitted data can be3.5 The Distribution Function of the Ratio é&i
obtained by calculating the sum of squares of residuals, theGasClumps
denoted here b S, so that a standard error can be defined . o
by SE — fSS/dF, wheredF is the number of degrees We now contlnug the. characterization pf the dense
of freedom, which is defined as the number of fitted point@as clumps cgntalped n thg chosen cubic elemepts by
minus the number of fitting parameters. The goodness oqalculatmg their rayo ‘?f the kinetic energy to gravitakid
a fit can be established by introducing the variance of NErgy: The energies involved are:

|of

n
rav

residuals (or reduceg?), which is given bySE?. These Biher = 23, m &
values are reported in the last column of Tallefor B = lezm_vé’q’ 1)
each fitting formula. In principle, a value around 1 R =

g p p Qﬁ Egrav == %Zz mz(I)

indicates a good fit; a value of? > 1 indicates a poor
model fit; finally, a value of¢2 < 1 indicates that there is where the summations include all of the gas particles inside
noise in the model fit, which is usually called “over-fitting” each chosen cubic element, so thatis the gravitational
the data. potential,v; is the velocity,m; is the mass and’; is the
The goodness of the fitting parameters can bgdressure.
established by a confidence interval, which is determined  In simulations of the gravitational collapse of clouds,
by the best value of a fitting parametert.S+SE, wheretS the dynamic behavior is mainly determined by the values
is the value from the-distribution for the specified number of the ratio of the thermal energy to the potential
of degrees of freedom and with 95 percent confidencegnergy, %5;7 and the ratio of the kinetic energy
In Table 3 we report these confidence intervals, so thato the gravitational energyéﬁiﬁ see Miyama et all.
the order of the fitting formulae listed in Tabkis still (1984. In addition, these ratios are very important to
followed in Table3. determine the stability of a gas structure against gravita-
Finally, by calculating the meanm,,. and standard tional collapse, so that collapse and even fragmentation
deviationS D of the data array, withn,, = 6 pointsinthis  criteria can be constructed in terms of these ratios; see
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Fig.8 The number of groups (ng) detected are shown omythris (using the symbot) in terms of the multiplicity {(n)
shown on thec-axis. Two lines are included in the top-right panel to fit tfe¢a with the following formulaeigl(m) =
I x exp(—m/ms) (fit 1) andng2(x) = Iz * (x/ms2) "2 (fit 2). The values of the fitting parameters dre= 1802.23,
ms = 0.841847, I = 17.1243, no = 3.18728 andm, = 4.09685.

Table 2 Fitting Formulae of the Mean Physical Properties of GrompBarms of Their Multiplicity ()

Symbol Fitting formula Figure Variance of residualg?
N, (m) 1802.23 X exp (—m,/0.841847) Figure8 8.37
Ny(m) 17.1243 x (m/4.09685) ~> 18728 Figure8 10.94
< log (M/Mg) > (m) 0.29483 x (m/1.78779) + 12.1551 Figure9 0.04
<r > (m) 0.0795668 x (m/1.63) + 0.37783 Figure10 0.001
<oy > (m) 1.47406 x (m/0.0437996) + 16.326 Figure1l 1253.93

Hachisu & Eriguchi (1984, Hachisu & Eriguchi(1985  these particles are selected in each chosen cubic element,
and the references therein. These ratios also characterize then calculate the ratios defined in this section. It
very well the gravitational collapse by capturing theis important to emphasize that only those chosen cubic
most representative events, including fragmentationglvhi elements with a number of particles greater than 200 are
may leave an imprint on the value of these ratios; seeonsidered in this calculation.

Arreaga-Garcia & Saucedo Moralg12). _ . _ .
We consider it to be more illustrative to present the

~ Itmust be mentioned that most of the COO!GS consideregbgylts of this calculation in terms of the number of cubic
in Knebe et al(2011) apply a procedure to improve the glementsjice found within a given interval of the ratio

list of particles that potentially belong to a halo. We did _Eun_ a5 has been done in previous sections. The result is
not implement a complete procedure to remove unboungbatured in Figurd. 3.

gas particles. However, only gas particles with < 0
have been considered in the calculation of SecBdy The curves thus obtained indicate that most of the
because these particles are gravitationally linked. Oncehosen cubic elements have low-values of the r}ﬁ%?



G. Arreaga-GarciaEmpirical Formulae of Protogalaxies with Multiplicity 8911

13.5 13.4
13.4 % 132
=2} X
A 133 c’
% P6 X @ 13
=
g 13.2 =
S = 1238
- 13.1 VS
— (@]
[o)) O 128
o 3 Y
v P7
12.4
12.9 .
X X fit ——
128 122
2 3 4 5 6 2 3 4 5 6 7
Multiplicity Multiplicity
132 13.4
X
X X
13.1 132
o 13 o 13
A A
= =
© 129 © 128
= = .
< 128 % < 126
% % .
o 127 o 124
o o
S o
V 126 V 122 P7t
125 P6t 12
X X
12.4 11.8
2 3 4 5 6 7 2 3 4 5 6 7 8 9
Multiplicity Multiplicity

Fig.9 The average mass of the groups detected in terms of the tmit$igghown on thez-axis. A line is included in
the top-right panel to fit the data with the following formulan ¢ (z) = lmg, * (x/ms) + lmg,. The values of the fitting
parameters aren,, = 0.29483, Im,, = 12.1551 andm, = 1.78779.

so that most of the gas inside each chosen cubic elementis A high fraction of the chosen cubic elements contained

clustered such that its average valuggsinj < 1. more than 500 particles, as can be seen in Fi@,rgo
rav
that the gas clumps are expected to be well represented in
4 DISCUSSION this low-resolution simulation. However, the edges of the

chosen cubic elements of partition P6 and P6t were visible

In this paper we applied a mesh-based code to generat§ Figure 3. This indicates that the size of their typical
uniform cubic partition to characterize the clustering andzg|| element was too big, and there can be more than one
grouping properties of gas clumps at galaxy cluster scalegas clump contained in each cell element. Fortunately, the
utilizing a typical cosmological simulation. edges were less visible in the partitions P7 and P7t, as can

It must be first emphasized that the results reporteghe seen in Figurd. This indicates that only the core of
in Sections3 depend strongly on the parameters of thethe |argest gas clumps was captured by each cell element.
partition, as expected. This is a common situation, evefrhese features can be seen as shortcomings of this method.
in_highly-refined codes presented elsewhere, in whiclon, the other hand, a positive feature of this method is that
the main parameters of the code must be given beforgt can certainly identify filamentary distributions of ciabi
hand. Here, we will consider other features to clarify theglements. Nevertheless, by comparing the distributions of
results obtained and their dependence on the partitiopypic elements seen in Figur&sand 4, one then can
used. The basic partition depends on two parametergscertain the critical role played by the normalized dgnsit
namely: the level of resolution and the density thresholdiyreshold: the higher its value, the better its represiemtat

P6t, corresponding to a density threshold of 2 and 1.5,

respectively; analogously, the high-resolution pantitio A large number of chosen cubic elements were linked
were labeled as P7 and P7t, respectively. in lower-multiplicity groups. Specifically, in the case
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Fig.10 The average radius of the groups detected with the multiplshiown on ther-axis. A line is included in the
top-right panel to fit the data with the following formuteud s (x) = rad; * (z/ms) + radag. The values of the fitting
parameters arend; = 0.0795668, rady = 0.37783 andmg = 1.63.

of multiplicity 2, the ratio of these numbers betweencubic elements, the number of groups detected in terms of
partitions P7 to P6 is around 8. This means that there aretBeir multiplicity decreased significantly. Let us conside
times more binary systems of the chosen cubic elements imgain the case of multiplicity 2 that was discussed above,
partitions P7 than those detected in partition P6. A similathen the ratio between the numbers of groups detected in
ratio was observed in the case of partitions P7t to P6tthe partitions P7 to P6 and P7tto P6tis now of order 4. This
see Figures. This behavior indicates that a change in themeans that now there are 4 times more binary systems of
resolution has a significant impact. Meanwhile, a smallgas clumps in the partitions of level 7 than those detected
change in the density threshold does not strongly affean the partitions of level 6. Surprisingly, a comparison of
the larger number of the chosen cubic elements detectete analogous ratios between the partitions P7t to P7 and
in partitions P7 and P7t as compared with those obtaineB6t to P6 indicates that they are of the same order 4.

for partitions P6 and P6t.

However, analogous ratios constructed with the The numbers of interest detected for partitions P6t

nhumber Of chosen cubic elements of multi.plic.:ity 2 bEtWeenand P7t almost doubled when compared to those detected
the partition P7t to P7 and P6t to P6 indicate that thefor the original partitions P6 and P7 (e.g., the number

change is smaller than that observed in the previouaf chosen cubic elements, the number of groups, etc.)
paragraph, so that it is now about 1.6. This means that thﬁleanwhile, the physical properties of the groups are
number of binary systems of chosen cubic elements doecsomparable' for instance, the mass scale in terms of

not duplicate when we change the density threshold fronPOg (M/M,) for partition P6 ranges within 12.9-13.4;
2 to 1.5 in partitions with the same level of resolution. whill(é for partition P6t, it ranges within 12.4-13.1; fo;

As noted in Section3.4, after imposing the two partitions P7 and P7t we observed the normalized mass
conditions on the gas particles contained in the choserange within 12.3-13.3 and 11.8-13.4, respectively.
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Table4 Confidence Interval of the Physical Properties by Using thd Bartition P7

Label Mean Standard deviation Left side Right side
Ny 40.8 59.11 -6.47 88.13
< log (M/Mg) > 12.9 0.31 12.65 13.15
<r > (Mpc) 0.56 0.07 0.50 0.62
<oy > (Km/s) 167.78 62.69 117.60 217.94

Table5 Confidence Interval of the Physical Properties by Using thid Bartition P6

Label Mean Standard deviation Left side Right side
Ny 11.4 14.61 -1.77 24.57
< log (M/Mg) > 13.11 0.19 12.9 13.23
<r > (Mpc) 1.03 0.14 0.90 1.16
<oy > (Km/s) 1815 42.26 143.42 219.58

Apparently, it will be easier to lose the gas clumps o-were successfully identified as a star cluster progenitor,
riginally detected when the multiplicity of the associatio then this cloud must be dominated by extreme turbulence.
of chosen cubic elements is higher. It is very likely thatlt has been shown elsewhere that this kind of highly
the gas clumps associated with higher-multiplicity groupgurbulent cloud can still collapse and form protostars, see
are too small and do not meet the conditions imposed idrreaga-Garci§2018.

Section3.4. It is also possible that the highest-multiplicity
groups still detected in Sectidh4 are incomplete in their 5 COMPARISON WITH OTHER PAPERS AND
number of members in view of this behavior. OBSERVATIONS

While it is true that only gravitationally bounded gas
particles were used to identify gas clumps and determin@ natural way to assess the results reported in this paper
group properties in Sectiod.4, it must be noted that no is by means of a comparison with other simulations. In
test was made to check whether the gas clumps that wegpite of the fact that our gas structures are just a crude
placed in groups are gravitationally bound to each other. Imepresentation of the real distribution of galaxies, wd wil
addition, the proximity parameter introduced in Sec8o®  also try to make a comparison with observations. In order
was motivated by the size of the cubic element of theo keep these comparisons tractable, in this section we will
partitions, which means that it can be changed and thébcus only on the results obtained by relying on partition
results are going to be changed accordingly. P7t, which has given us the best results.

However, a proximity parameter can in principle be  With regard to the numerical simulations side, there
found, so that its cubic partition is the better choice foris a rich literature on multiplicity functions in cosmology
a given simulation. In fact, N-body simulations and thethat can be mentioned. For instance, employing early dark-
friends-of-friends algorithm have been applied to caliera matter only simulationsGott & Turner (1977 described
these kind of codes to obtain values of linking lengththe clustering of galaxies in terms of a multiplicity
parameter, so that it makes the best identification of galaxfunction, defined as the fraction of galaxies in single,
groups in catalogs; see for instarderberg et al(2003, double, triple systems, et@havsar et al.(198]) deter-
Padilla et al(2004 andNorberg et al(2002). mined the number of groups in terms of the number of

In Section3.5we calculated the ratio of kinetic energy galaxy membersEfstathiou et al.(198§ compared the
to gravitational energy of all the gas clumps contained irmultiplicity function obtained from N-body simulations
the chosen cubic elements. These values can be usefulth the Press and Schechter formalism, which presented
as initial conditions for simulations of the formation of an approximate theory for the form of the multiplicity
star clusters, like the ones simulatedkdgssen & Burkert  function, seePress & Schechtef1974. A mathematical
(2000 and Klessen & Burkert (2000). However, the definition of multiplicity is given by Efstathiou et al.
physical properties of the gas cloud progenitors thaf1988, which is “the multiplicity of each particle is if it
will produce the star clusters by gravitational collapseis part of a group with more thar2* but no more than
are difficult to obtain, mostly because these cluste2™ members.”
precursors are very difficult to be observed. Nevertheless, The ratio of the number of galaxy forming groups with
Jackson et a2018 have recently observed “a high mass2 or 3 members to the number of galaxies in groups of 4
molecular cloud with unusually large linewidths,” which or 5 members is 4 according Bhavsar et al(1981) and
indicate that its level of kinetic energy is so high that this8 according toEfstathiou et al(1988. According to our
cloud was difficult to be considered as a gravitationallyplots featured in the right column of Figu8g our ratio is
bound system. These authors claimed that if this systeraround 8.
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Fig.11 The average velocity dispersion of the groups detectedingef the multiplicity shown on the-axis. A line is
included in the top-right panel to fit the data with the follog formula:o(z) = o1 * (x/ms) + oo. The values of the
fitting parameters are; = 1.47406, og = 16.326 andm, = 0.0437996.

Thomas & Couchmar(1992 presented simulations catalog and conducted a statistical analysis. This method
on the formation of a rich cluster of galaxies, in which goes beyond the capabilities of the code presented in this
many small galaxies are detected in the region aroungaper, which does not allow capturing gas substructures,
the central galaxy by using a minimum density cut ofso that a comparison is difficult to make. However, their
180 times the mean density of the simulation, so thahumber of galaxies in pairs seems to be quite small as
12 gas clumps are located in the outer region beyond &¢ompared with the more than 700 binary systems we found
Mpc and 20 gas clumps within this radius. Figure 11 ofby using the partition P7t.

Thomas & Couchma(!1993.pr(.aser.1ted a projection to the Sales et al.(2007 found an average of about 10
X-Y plane of the particle distribution. It displays a galaxy satellite galaxies within the virial radius by using a frisa

distribution very similar to that shown here in Figute of-friends algorithm on a hydrodynamical simulation of
In addition, in Perez etal. (20063, the authors a small region, which was taken from a cosmological

located the gravitationally bounded gas structures of g'mﬁlat'on bhox f"md t?}gnhre-3|mlJIIaFed t\)N'th the zqom—r:
cosmological hydrodynamical simulation by relying on the!®CNNique, that is, at higher resolution but preserving the

friends-of-friends algorithm, seavis et al(1985. Then, tidal fields from the whole box. It is interesting to mention

they continued by looking for condensed gas substructuretg1at in this paper, groups of gas clumps up to 10 members

within regions of 0.5 Mpc, centered on each bounded"®"® studied, because groups with a larger number of
system localized, so that they identified a galaxy-likemembers were not found.

object with those gas concentrations found as substructure  With regard to the observational side, it must be
They found 364 systems in pairs. After applying aemphasized that catalogs of galaxies and clusters of
proximity criterion, they finally obtained 88 galaxy-like galaxies have been generated from the data published by
objects in pairs. From these samples they constructed a 3fbe 2dFGRS, see for exampleago et al. 2006 The final
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Fig.12 The total number of gas particles found in any group with thetiplicity shown on ther-axis.

release of the 2dFGRS contained 245591 galaxies out gfanel of their fig. 4). In this paper, we obtained an average
which all groups of galaxies cataloged were constructedispersion of velocity within the range of 80 to 200 ks
using selection criteria and a cluster-finding methodas can be seen in the right bottom panel of Fidgiike

n the well-known friends-of-frien Igorithm . .
based on the we ° ends-of-friends algorithm, see The mass of the groups of galaxies can be estimated

Davis et al.(1985. Tago et al.(2006 identified 7657 and by applying the virial theorem and a typical size and

10 058 groups of galaxies in the Northern (N) and Southerr\1/el0cit dispersion. For aroups with three or a ver
(S) parts of the 2dFGRS, respectively. y P ) group y

few more member galaxies, this dynamical mass is
These numbers are quite large compared with thevithin the range 185 to 10'* M, seeGeller & Huchra
numbers reported in this paper, because we obtained 1368983, Nolthenius & White (1987, Eke etal. (2009,
groups of gas clumps in the P7t cubic partition, seeBerlind et al. (2006, Yang et al. (2005 and Yang et al.
the right bottom panel of Figur8. Nevertheless, some (2007. In addition, by considering a large set of galaxies
physical properties obtained here are similar to thoseontained in the Sloan Digital Sky Survey (SDSS)
reported byTago et al.(2009. For instance, the size of Data Release 4 (DR4), seAdelman-McCarthy et al.
most of the groups of galaxies detected Bggoetal. (2009, Zandivarez etal.(200§ cataloged groups of
(2009 is within 0.1-0.5h~! Mpc (see the left panel of galaxies, whose relationship between environment and
their fig. 3). Meanwhile, the average effective radius ofphysical properties was studied byartinez & Muriel
groups of galaxies found byago et al.(2009 is 0.61 (20069. In the bottom right-hand panel of Figurg,
h~'Mpc. In this paper, we obtained an average grougMartinez & Muriel (2009 reported the log of the mass
radius in the range of 0.5-0.8 Mpc, as can be seen idlistribution of the sample of groups against the number
the right bottom panel of Figur&0. The dispersion of of groups with more than four members. They found that
velocity found byTago et al.(2009 is similar for both  most of the groups have a lafy() around 13, so thatitisin
the N and S parts of the 2dFGRS, around 200 kifer  good agreement with the mass reported in the right-hand
groups of galaxies with less than 10 members (see the leftanels of our Figur8 for gas groups with multiplicity 4.
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6 CONCLUDING REMARKS It is therefore possible that the dynamics of the well-
observed small groups of galaxies at kpc scale have been
Some galaxy surveys, like the Euclid Spacepartially inherited from groups formed at a larger spatial
Mission (see Laureijsetal. (2011), the SDSS gcale of Mpc. The most important prediction of this work
(see Yorketal. (2000), the Plank Survey (see consists of the fitted curves that indicate how the physical
Planck 2005 Planck Collaborationetal. 2014and  properties of the groups will change in terms of the number
Planck Collaboration etal. 20},6 among others, will of members or multiplicity, see Tabg
deliver new data shortly, so that the properties of galaxy  1q estaplish the goodness of the fitting models xthe
clustering and galaxy groups will continue to be probes tQatistical test has been applied to the data. In principée,
study the growth of large scale structure in the Universey,q fits for the number of groupd, and for the velocity
For this reason, the development of algorithms to detec&lspersmmv would qualify as poor fitting models; the fit
groups and clusters of galaxies is always needed. for the log of the mass and the radius seem to be “over-
With this purpose in mind, in this paper severalfitted.” For this reason, new fitting models need to be
uniform cubic partitions of the simulation volume were proposed.
implemented to detect isolated dense gas clumps and To continue with the inspection of the certainty
calculate their clustering and grouping properties abgala of the parameters of the fitting models, the confidence
cluster scales in a typical cosmological simulation. interval has been calculated and is shown in Tahle
Throughout Section$.1 to 3.4, and particularly in  The confidence intervals are very wide in general, except
the first paragraphs of Sectioh we demonstrated that for the fitting parameters of the log of the mass
the low-resolution partitions P6 and P6t do not havelog (M /M) > and the radius r >.
enough resolution to describe the clustering and grouping To take advantage of all the physical information
properties considered, but the higher-resolution part#ti  displayed on the vertical axis of Figur8sll and at the
P7 and P7t do a better representation. A higher levedame time, to compare the results with the two sets of grids
partition applied to a more resolved simulation will give p7 and P8, to assess the influence of the grid on the study
better results at a much higher computational cost. undertaken in this paper, in Tabldsand5 we listed the
It is less conclusive is if there is any advantage whemmean, the standard deviation and the confidence interval
changing the normalized density threshold for a couple 0bf each physical property.
partitions of the same resolution, such as P6 to P6t or P7 By using the grid P6, a smaller number of low-
to P7t. We remark that partition P7t detected the largeshultiplicity groups are detected, with a similar mass
multiplicity group of the simulation, even when comparedbut with a slightly larger size and velocity dispersion
to partition P7. in comparison with the properties obtained by using the
In addition, we note that the highest multiplicity grid P7. Being the log of the mass and radius, the only
groups presented in Secti@ do not generally have the physical properties which seem to be grid-independent,
largest size, mass and velocity dispersion when compargtiese results would allow us to speak about the average
with lower multiplicity groups detected with the same physical properties expected for low-multiplicity grougds
partition. It can be expected that these physical proertigprotogalaxies.
of a group increase with respect to their multiplicity Thus, one can set forth the second prediction of
because more gas cloud members will need more spacthjs paper, which is that for low-multiplicity groups of
will accumulate more mass and their more distant particleprotogalaxies, the average log of the mass is within the
will go faster. interval 12.65-13.23 and the average radius is within the
Therefore, we conclude that our description of theinterval 0.5-1.16 Mpc.
grouping properties based on cubic partitions is partially ~ The third prediction in this paper is based on the
acceptable because the low-multiplicity groups detectedalculation of the distribution of the chosen cubic elersent
in this paper are in better agreement with these physicah terms of their ratio values gfz~, which was depicted
expectations. in Figure 13. It should be emphaS|zed that we found that
In the simulation presented in this paper, the structure§10st of the gas clumps have a low- valueg“—‘ This
detected in small groups have a geometrical size withiesult i |s in agreement with observational estimates of the
the range of 0.45-1.25 Mpc as discussed in Sedidn  ratio ‘ - in pre-stellar gas cores which are within the
It is likely that most of the dense gas clumps formingrange 104—0.07, seeCaselli et al.(2002 andJijina et al.
these small groups will continue to collapse gravitatibnal (1999.
so that their size will diminish while their density will Among the advantages of our method, the program-
increase up to the point where galaxies will be formedming is easy and it leads in a natural way to the zoom-in
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