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ABSTRACT

Context. As our closest cluster-neighbor, the Virgo cluster of galaxies is intensely studied by observers to unravel the mysteries of
galaxy evolution within clusters. At this stage, cosmological numerical simulations of the cluster are useful to efficiently test theories
and calibrate models. However, it is not trivial to select the perfect simulacrum of the Virgo cluster to fairly compare in detail its
observed and simulated galaxy populations that are affected by the type and history of the cluster.

Aims. Determining precisely the properties of Virgo for a later selection of simulated clusters becomes essential. It is still not clear
how to access some of these properties, such as the past history of the Virgo cluster from current observations. Therefore, directly
producing effective simulacra of the Virgo cluster is inevitable.

Methods. Efficient simulacra of the Virgo cluster can be obtained via simulations that resemble the local Universe down to the cluster
scale. In such simulations, Virgo-like halos form in the proper local environment and permit assessing the most probable formation
history of the cluster. Studies based on these simulations have already revealed that the Virgo cluster has had a quiet merging history
over the last seven gigayears and that the cluster accretes matter along a preferential direction.

Results. This paper reveals that in addition such Virgo halos have had on average only one merger larger than about a tenth of their
mass at redshift zero within the last four gigayears. This second branch (by opposition to main branch) formed in a given sub-region
and merged recently (within the last gigayear). These properties are not shared with a set of random halos within the same mass range.
Conclusions. This study extends the validity of the scheme used to produce the Virgo simulacra down to the largest sub-halos of
the Virgo cluster. It opens up great prospects for detailed comparisons with observations, including substructures and markers of past

history, to be conducted with a large sample of high resolution “Virgos” and including baryons, in the near future.

Key words. techniques: radial velocities — large-scale structure of Universe — methods: numerical —

galaxies: clusters: individual: Virgo

1. Introduction

The Virgo cluster of galaxies is our closest cluster neighbor. As
such it receives much in-depth attention from observers aiming
to to understand galaxy formation and evolution within clus-
ters (e.g., Binggeli & Huchra 2000; Wong & Kenney 2009;
Roediger et al. 2011a,b; Fritz & Hevics Collaboration 2011;
Vollmer et al. 2012; Ferrarese et al. 2012, 2016; Taylor et al. 2012;
Corbett Moran et al. 2014; Karachentsev et al. 2014; Boselli
et al. 2014, 2016; Pappalardo et al. 2015; Lee et al. 2016, for
a nonextensive list). However, from the numerical side, it is a
real challenge to obtain a good simulacrum of the Virgo clus-
ter to precisely compare the simulated and observed galaxy
populations to test and calibrate galaxy formation and evolu-
tion models. The parameters that the numerical cluster should
reproduce to be considered as an efficient simulacrum of the
Virgo cluster are simply difficult to completely determine. The
formation history of the cluster is of particular importance
since optimal comparisons between observed and simulated
galaxy populations imply that observed and numerical clusters
should have formed from similar mass subhalos at the time
of merging (e.g., Grossauer et al. 2015, for the stellar-to-halo
mass ratio).

Article published by EDP Sciences

Simulations that resemble the local Universe (e.g.,
Bertschinger 1987, 2001; Gottlober et al. 2010; Lavaux
2010; Kitaura 2013) are an interesting approach to determine
the detailed formation history of the Virgo cluster and even
to obtain high quality Virgo simulacra. These simulations
stem from initial conditions that have been constrained with
observational data that are either radial peculiar velocities
(e.g., Tully et al. 2008, 2013, 2016) or redshift surveys (e.g.,
Lavaux & Hudson 2011; Huchra et al. 2012). Different tech-
niques permit reconstructing the constrained initial conditions
either forward (e.g., Jasche & Wandelt 2013; Hef et al. 2013;
Wang et al. 2014) or backward (e.g., Bertschinger & Dekel
1989; Dekel et al. 1990; Hoffman & Ribak 1991, 1992;
van de Weygaert & Bertschinger 1996; Kitaura & Enflin 2008;
Lavaux 2008, 2016). Resulting simulations reproduce the local
large-scale structure as well as smaller structures down to the
cluster scale (e.g., Sorce et al. 2016b). These simulations have
then the merit of reproducing the environment of the Virgo
cluster and the cluster itself in its entirety nowadays. In addition,
Sorce et al. (2016a) showed recently that the resulting Virgo
halos not only share a similar quiet merging history within
the last seven gigayears but also that they form along a pref-
erential direction in agreement with the theoretical formation
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history of the Virgo cluster established from observations
(West & Blakeslee 2000).

In this paper, the merger trees of the Virgo-like halos are
studied in more details. Namely, while in the previous study the
main focus was onto the Virgo cluster in its entirety (i.e., all the
particles that constitute the cluster at z=0), in this paper we have
extended the work to the merger trees and their branches to deter-
mine how deeply the simulations are indeed constrained. In other
words, we seek to quantify up to what level the merger tree scat-
ter expected from random halos within the same mass range as
the Virgo cluster is reduced for the Virgo halos, but also how effi-
cient simulacra they can be for further studies of substructures
and galaxy populations. The paper opens with a short description
of the 15 constrained simulations used for the study proposed in
this paper and of the unique Virgo candidate identified in each
one. In a third section, the merger trees and in particular the main
and second (second after the main) branches are studied in detail.
Finally, we conclude that the constrained scheme proves to be
efficient to some extent also at the merger tree level and provides
some further indications regarding the mergers that formed the
Virgo cluster within the last few gigayears.

2. Virgo halos
2.1. Constrained simulations

Sorce et al. (2016b) described in detail the scheme used to
build the constrained initial conditions and to run the simula-
tions. Furthermore the introduction of this paper summarises the
various existing techniques. Thus, we summarise in this sec-
tion only the main steps required to produce the simulations
constrained with observational radial peculiar velocity cata-
logs we use here. We also give a brief description of their
purpose with the latest references in the literature of the algo-
rithms used: grouping (e.g., Tully 2015a,b) of the radial peculiar
velocity catalog to remove nonlinear virial motions that would
affect the linear reconstruction obtained with the linear method
(e.g., Sorce et al. 2017; Sorce & Tempel 2017); minimizing the
biases (Sorce 2015) inherent to any observational radial pecu-
liar velocity catalog; reconstructing the cosmic displacement
field with the Wiener-Filter technique (linear minimum variance
estimator, WF, Zaroubi et al. 1995, 1999) applied to the pecu-
liar velocity constraints; relocating constraints to the positions
of their progenitors using the reverse Zel’dovich approxima-
tion and the reconstructed cosmic displacement field (Doumler
et al. 2013) and replacing noisy radial peculiar velocities by
their WF 3D reconstructions (Sorce et al. 2014). This ensures
that, after evolving the structures with an N-body code from
an early redshift until today, structures are at the same posi-
tion (within the 2 h™! Mpc limit of the linear-threshold) to that
observed. Keeping constraints at their current position to build
initial conditions would indeed result in a shift of >10 h™! Mpc
between observed and simulated structures after a complete evo-
lution of the initial conditions until today; producing density
fields constrained by the modified observational peculiar veloci-
ties combined with a random realization to restore statistically
the missing structures using the constrained realization tech-
nique (CR, Hoffman & Ribak 1991, 1992); rescaling the density
fields to build constrained initial conditions and increasing the
resolPtion by adding small-scale features (e.g., GINNUNGAGAP
code').

! https://github.com/ginnungagapgroup/ginnungagap
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Fig. 1. Cumulative distribution function of the number of constraints as
a function of the distance to the Virgo cluster.

Tully et al. (2013) supplied the observational catalog used
as constraints. Since the Virgo cluster is the object of study
here, Fig. 1 permits us to grasp the distribution of the con-
straints from the grouped catalog around the Virgo cluster. It
presents the cumulative distribution function of the number of
constraints as a function of the distance to the Virgo clus-
ter. Initial conditions are evolved within the Planck cosmology
framework (Q,, = 0.307, Qx = 0.693, Hy = 67.77, og = 0.829,
Planck Collaboration XVI 2014) in 500 h™' Mpc boxes with
5123 particles (particle mass: 8 x 10! h™! M) with the N-body
code GADGET (Springel 2005).

2.2. Virgo and random halos

Subsequently, following Sorce et al. (2016a), the Virgo dark mat-
ter halo in each constrained simulation is identified using the
Amiga’s Halo Finder (AHF, Knollmann & Knebe 2009). By def-
inition of a constrained simulation, the resulting “Virgos” are at
the proper location with respect to the observer (assumed to be
at the center of the box, the box being oriented in the same direc-
tion as the local Universe in supergalactic coordinates) and more
importantly in the proper local (large scale) environment.

To quantify the efficiency of the constraining scheme used
to produce the local Universe-like simulations, we select a set of
random halos that are within the same mass range as the Virgo
halos. These random halos are extracted from the constrained
simulations. To ensure that these halos are not constrained halos
or at least that the constrained nature of the simulation does not
impact the results, halos are selected successively randomly in
the entire simulations and then outside and in the constrained
zone of the simulations. Conclusions are identical in the three
cases. The observational catalog extends indeed up to about
150 h~! Mpc with 50% of the data within 60 h~' Mpc. It is
thus completely reasonable to assume that beyond 200 h™! Mpc,
halos are not affected by the constraints while within they are
(Sorce et al. 2016b).

For further studies, 15 Virgo halos and several sets of 15
random halos are thus at our disposal. There are two ways to
determine whether a property is constrained by the constrain-
ing scheme: 1) the mean value of the property differs between
random and Virgo halos, 2) the range of possible values for the
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Fig. 2. Particles belonging to the Virgo simulacra (fop) and to random halos (bottom) at redshift zero are shown at different redshifts: 5, 2, 0.5, 0.25,
and 0 from dark blue to red. While the position of the Virgo halos is constrained that of random halos is not thus the latter are relocated at (0, 0, 0)
while for the former a cross indicates the center of the box. The gathering of particles forming the Virgo halos at redshift zero is extremely similar
for every halo. On the opposite, although they have similar masses, the random halos present aggregation histories along various orientations.

Masses are given in h™! M, for each halo.

property is smaller for Virgos than for random halos. In other
words, the standard deviation of the property is smaller for the
former than for the latter. A property can fulfill both conditions,
that is, not only the mean but also the standard deviation dif-
fer significantly between Virgo and random halos with a smaller
standard deviation in the former case that in the latter case.
Figure 2 acts as a summary of previous studies of the Virgo
simulacra (Sorce et al. 2016a) and as an illustration of the study
in the rest of this paper. Its upper panel shows the gathering of
particles that belong to five Virgo halos from redshift 5 to red-
shift O through redshifts 2, 0.5, and 0.25 (from dark blue to red).
This same gathering is represented in the bottom panel for five
random halos with similar masses as the Virgo halos. Since the
position of the random halos in the box is arbitrary, the latter are
relocated at (0, 0, 0) while Virgo halos are left at their positions
in the box. Virgo halos are extremely similar in terms of posi-
tions. Moreover, particles that constitute them at redshift zero
gather in the same way and come from the same location in
the box. On the contrary, random halos present various forma-
tion history at every redshift presented here. Inspecting the YZ
and XZ planes reveals the same behavior. These observations to
be cumulated with those made by Sorce et al. (2016a) clearly
state that choosing random halos within the same mass range as
the Virgo cluster are a necessary but not sufficient condition to
obtain proper simulacra of the Virgo cluster for further study of
its substructure and galaxy population. In the next section, these
qualitative observations are quantified using merger trees.

3. Progenitors

In this paper, the merger trees of the Virgo halos are under
scrutiny. Firstly, we saught to understand whether their merger

trees are constrained and differ from those of random halos. Sec-
ondly, assuming that the random and constrained merger trees
differ, we studied the properties of their different branches sep-
arately to draw additional and specific information regarding
the formation of the Virgo cluster of galaxies at the sub-halo
level. This knowledge is of extreme importance for future stud-
ies that will include baryons to compare observed and simulated
galaxy populations to finally test and calibrate galaxy formation
and evolution models. Galaxy populations are indeed not only
sensitive to the large-scale environment of the cluster (Einasto
et al. 2014) but also to its formation history, in particular its past
mergers (Deshev et al. 2017). A similar formation history at the
subhalo level is a requisite to legitimate comparisons between
observed and simulated galaxy populations down to the details
(Grossauer et al. 2015).

3.1. Merger trees

The halo finder detects halos constituted of 20 particles or more.
However, approximately 100 particles ensures a better stability
of the halos under study. Nevertheless, since 1) varying the num-
ber of particles required in a progenitor halo to be considered as
such or 2) changing the resolution of the simulation obviously
affects the number of branches in a merger tree, the key point
is that whatever selection criterion is applied, the conclusions
must be identical. Figure 3 shows that this is the case: whether
all the halos detected by AHF (top panel, first row) or only those
with more than 100 particles (bottom panel, first row) are consid-
ered, Virgo candidates (blue) have on average less branches than
random candidates (red) within the last few gigayears (z <3).
More precisely, they have about 10% fewer branches in the first
case and up to 40% fewer branches in the second case for red-
shifts between 0.4 and 1.6: removing the halos with less than
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Fig. 3. First row of both panels (solid and dashed lines): number of
branches and the associated standard deviation (filled areas) for the 15
Virgo (blue) and 15 random (red) candidates. While in the top panel,
every halo detected by the halo finder at each redshift is included in
the count, in the bottom panel, only halos with more than 100 particles
are retained. Results are identical: virgo candidates have on average a
merger tree with less branches than the random ones. Second row of
both panels: ratio (solid black line) of the standard deviations of the
constrained to the random samples. Last row of both panels: standard
deviation of the means (solid light blue line) and standard deviations
(solid pink line) obtained for different sets of 15 random candidates. The
low values demonstrate that the results do not depend (small variation
of the mean and standard deviation from one sample to the other) on the
set of 15 random halos used for the comparison.

100 particles strengthens the signal by smoothing out the noise.
It suggests that Virgo halos have mostly tiny members in their
secondary branches while random halos have more massive pro-
genitors. The smallest members can be studied using higher
resolution simulations. In a first step, we are interested in the
most massive members. Indeed if the latter do not exhibit signs
of being constrained, there is a priori no reason for the smaller
members to be constrained. Thus, no further information will be
available regarding the Virgo cluster. The resolution of the simu-
lations used here allows us to study the most massive progenitors
of the Virgo halos.

Interestingly, considering only the 100 or more particles
halos, not only do Virgo halos have on average fewer branches
than the random halos but also the standard deviation of this
number of branches is smaller for the former case than for the
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latter. The second row of the second panel of Fig. 3 shows
indeed that the constrained to random standard deviation ratio of
the number of branches is smaller than one for redshifts higher
than 0.4. Specifically, the range of possible number of branches
is narrower by up to 50% for Virgo halos than for random halos.
The constraining scheme used to build the look-alike of Virgo
affects both the mean and the standard deviation of the number
of branches in the merger trees.

Given the fact that only 15 random candidates are used in the
two first rows of each panel in Fig. 3, one might wonder whether
these conclusions are due to this specific set of 15 random halos.
The last row of each panel in Fig. 3 ensures that this is not the
case: the standard deviation of the means and standard devia-
tions obtained for different sets of 15 random halos have low
values. Specifically, the mean (standard deviation) of the number
of branches changes by less than about 0.6 (0.25) from one set of
15 random halos to another at the 1o level. In other words, the
difference between the constrained and random mean numbers
of branches stays significant whatever random set of 15 random
halos is used.

In the rest of this paper, only halos with more than 100 par-
ticles are considered and values (mean and standard deviation of
the parameter under study) are given up to the redshift where a
minimum of three halos out of the fifteen (constrained or ran-
dom) are still available to derive statistics. 35 random sets of
15 random halos are used to study the impact of the 15 ran-
dom halos used for comparisons. This number has been selected
after checking that increasing it further does not affect anymore
the values obtained for the standard deviation of the means and
standard deviations.

3.2. Main and second branches

An additional individual study of the Virgo halos’ merger trees
shows that they are overall constituted of one prominent main
branch and only one smaller — but larger than about a tenth of
the average mass of the Virgo halos at redshift zero — second
branch within the last four gigayears. In addition, all these sec-
ond branches merge with the main progenitor within the last
gigayear. On the contrary, at the current resolution within the
same recent gigayears, random halos can not only have relevant
second branches but also third or more branches with more than
a few hundred particles. This indicates a first suggestion that the
constraining scheme does not only constrain the merging his-
tory of the Virgo halos in general (Sorce et al. 2016a) but also
their merger tree. This low rate of mergers within the last few
gigayears is in agreement with observations of the Virgo clus-
ter. More precisely, observations shows that the substructures of
the cluster are mostly dominated by massive early-type galaxies.
The most massive of these galaxies can only have been formed
through major merging events that occurred far in the past. The
other galaxies are clearly located in the core of the cluster and
their properties indicate that they are completely virialized and
thus members since early epochs. As for blue star-forming sys-
tems, they are mainly dispersed at the periphery of the cluster
suggesting that they started falling recently but independently.
They are not part of a major merging event (Boselli et al. 2014).
Within the last few gigayears, the merger trees of Virgo halos
seem to be left with only two prominent branches, the main one
and the smaller second one, while they can have many more
prominent branches for random halos. Hereafter, we study in
more detail the two branches of the Virgo halos. For the sake
of comparisons, the main branch and the most prominent sec-
ond branch of random halos are also studied. The case of the
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Fig. 4. First row: average merging history of the main progenitor of
Virgo (solid blue line) and random (dashed orange line) candidates.
Solid green and dashed violet lines stand for the merging history of the
second progenitor of Virgo and random candidates respectively before
they merge with the main progenitor. With the same color code, the
filled areas denote the standard deviations. Second row: ratio of the con-
strained to random standard deviations for the main (solid black line)
and second (dashed red line) progenitors. Third row: standard devia-
tion of the means (main: solid gray line and second: solid light green
line) and standard deviations (main: dashed light blue line and second:
dashed pink line) of several sets of 15 random candidates.

random halos is a bit more difficult to deal with than that of
Virgo halos. While the selection of the second branch is clear for
Virgo halos — the only branch within the last 4 gigayears with
a mass about a tenth of the average mass of the Virgo halos at
redshift zero — in the case of the random halos the second branch
to be compared with that of the Virgo halos is harder to define.
We select the random second branch as the most massive progen-
itor after the main one that merged within the last gigayear with
the latter. This selection is justified by the fact that it makes more
sense to compare structures at the same age, namely structures
that had the same time to form and grow.

Sorce et al. (2016a) showed that the Virgo cluster has had
a quiet merging history within the last seven gigayears. The
main progenitors of the Virgo halos accrete mass at a similar
quiet pace and in that respect the main branch of their merger
tree is constrained. It is not immediately obvious that once the
main branch of the merger tree is somewhat constrained, the
second branch is. It is solely because, in addition, the second
branch is the only other prominent branch left or in other words,
because the whole merger tree (in particular the number of
branches) is somewhat constrained. Subsequently, Fig. 4 shows
that the mass of the second progenitors is also constrained: the
constrained second progenitor (green solid line) is on average
smaller than the random one (violet dashed line) by about 20
(2% 10" h™!'M,). The last row of the same figure confirms again
that this result is independent of the 15 random halos used for
the comparison. We note that the second branch does not go
down to redshift zero by definition but stops at the latest red-
shift recorded before z=0 where it still exists. Since the merging
happens within the last gigayear, this redshift is very close to
zero (about 0.06). Hence the impression that the second branch
goes down to redshift zero.

The second row of Fig. 4 shows that the ratios of the con-
strained to random standard deviations for both the main (solid
black line) and second (red dashed line) progenitors are for
most, if not all, redshifts under study here below one (down
to 0.5). While for the main progenitor, this result was part of
the study of Sorce et al. (2016a), for the second progenitor,
this is a new result: the constraining scheme constrained both
the mass of the second progenitor and its range of possible
masses ((2+ 1)x 10'3 h™'M,). We note that this result is only
partially due to the quiet merging history of the Virgo cluster
within recent gigayears (Sorce et al. 2016a). Indeed, instead of
one prominent second progenitor, there could have been lots of
small ones merging with the main progenitor in the last gigayear.
This is not observed overall for the 15 Virgo halos studied here
meaning that the constrained scheme efficiently regulates also
the second progenitor of Virgo.

West & Blakeslee (2000) predicted with observations that
the Virgo cluster must have formed along a preferential direc-
tion. Sorce et al. (2016a) reinforced this claim since the simulacra
of the Virgo cluster formed along a given direction: an auto-
correlation function, defined as the distribution of angles formed
by two particles infalling onto the cluster and its center of mass
divided by the distribution of angles formed by one random point
(from an isotropical distribution), one infalling particle and the
center of mass, shows clearly a preferential direction of infall.
However, this does not necessarily imply that the main and sec-
ond branches considered separately also “travel” according to
their own respective constrained scheme within this region of
the box. Consequently, it is interesting to enquire whether within
this region of the box, sub-regions can be defined for the differ-
ent progenitors. To this end, we looked at other parameters such
as the velocity components and the displacement or traveled dis-
tance of the center of the mass of the progenitor under study
(main or second).

Before this study, Fig. 5 gives a first visual impression of the
formation of five Virgo halos within the last seven gigayears.
Blue dots represent particles belonging to the most massive
progenitor at z=0.06 and the red ones those of the second
progenitor that still exists at z=0.06 (it has merged at z=0).
Clearly for all the Virgo halos, some mergers greater than a
tenth of the mass at redshift zero happen between four and seven
gigayears ago (z=0.95 to 0.4) as clumps of blue dots merge onto
the main progenitor. However after z=0.4, i.e., within the last
four gigayears, the last merger with a mass about a tenth of the
mass of the Virgo halos at z=0 that still needs to happen is that
with the second progenitor (that is still forming). In addition,
for each one of the Virgo halo, blue, red and black dots have a
similar motional behavior.

Figure 6 allows us to investigate these motions more quan-
titatively for the x component of the velocity and displacement
of the main (blue particles) and second (red particles) progen-
itors. The same color code as in Fig. 4 is used. Appendix A
gives similar results for the y and z components. The sim-
ulations are oriented in the same way as the observed local
Universe and the same supergalactic coordinate system is used.
The left (right) panel of Fig. 6 shows the x component of the
displacement (velocity) of the progenitors with respect to their
last recorded redshift of existence (z=0 for the main progen-
itor, earlier redshift — about 0.06 — for the second progenitor or
equivalently the main progenitor at redshift zero in both cases
since results are insignificantly different). Results are indis-
putable: at late times (low redshifts, z <0.8) main and second
progenitors gather according to their own given way (velocity,
displacement) for all the Virgos under study to finally merge and
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Fig. 5. Particles belonging to the main (blue dots) and second (red dots) progenitors at redshift 0.06 are shown at different redshifts (given in the
top left of each panel). Black dots indicate the other particles that belong to the halos at z=0. Masses are given in h™' M,, for each halo. In the last
four gigayears (after z=0.4), there are no mergers between the most massive progenitor and a progenitor with a mass larger than about a tenth of

the mass of the halos apart from that with the second progenitor.

form the Virgo cluster at redshift zero. The effect is the clearest
in the x direction as shown in Fig. 6 when compared to the y
and z directions in Appendix A: the second progenitor travels on
average along a given x direction (decrease of the x coordinate
in the box oriented to correspond to the x supergalactic coor-
dinate) faster than the main progenitor, probably following the
latter and thus being accelerated by it before they both merge at
redshift zero. Although the trend is less obvious along the y and
z directions as shown in Appendix A, it is not completely inex-
istent. We note that replacing the reference “main progenitor at
redshift zero” by “main progenitor at each redshift” to compute
the displacement does not change the conclusions.

A102, page 6 of 9

By comparison, Fig. 6 shows that the random main and
second progenitors display as expected no typical features on
average in the x direction (the mean values are close to zero).
This assertion is true also for the y and z directions as shown
in Appendix A. Again this result does not depend on the set of
15 random halos selected for the comparison: the last row of
the panels of Fig. 6 shows that the mean and standard devia-
tion vary little from one random set to the other. Additionally,
the second row of the panels shows that the possible range of
values for the x component of the velocity and displacement of
the main progenitor is considerably narrower for the Virgo halos
than for the random halos. This is in agreement with the fact that
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same color code. Second row: ratio of the constrained to random standard deviations for the main (solid black line) and second (dashed red line)
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Fig. 7. Top row: average relative velocity of the second constrained (blue
solid line) and random (red dashed line) progenitors with respect to the
main halo at each redshift. Middle row: ratio of the constrained to ran-
dom standard deviations of the relative velocity. Bottom row: standard
deviation of the means (solid light blue line) and standard deviations
(solid pink line) of several sets of 15 random candidates.

the Virgo halos all accrete matter along a similar direction. The
trend is similar when comparing the velocity components of the
constrained and random second progenitors. Appendix A shows
again that although the signal exists in both the y and z directions,
it is clearer in the x direction. The negative x direction being the
leading one for the formation of the Virgo cluster and its pro-
genitors considered individually is in complete agreement with
the observations that show that the very local Universe (about
15 h™! Mpc) goes toward the “Great Attractor” region located
at “lower x values” than Virgo (e.g., see Waldrop 1987; Kaiser
1989, for the earliest references).

Figure 7 pushes further the comparisons with the relative
velocity of the second progenitors with respect to the main
branch at each redshift. Here again, the relative velocity is clearly
constrained: the ratio of the constrained to random standard devi-
ations is smaller than one. Additionally, the relative velocity of

the constrained second progenitors is on average larger than that
of the random second progenitors at redshifts smaller than 0.2.

4. Conclusion

This paper aims to investigate the constraining power of the
scheme — used here to build simulations that look like the local
Universe — at the sub-cluster level. It focuses on our closest
cluster-neighbor, the Virgo cluster of galaxies. Such a study is
important in two linked aspects: 1) it allows us to gather infor-
mation regarding the formation of the Virgo cluster, an essential
pre-requisite for later selection of numerical clusters to be able to
compare legitimately observed and simulated galaxy populations
down to the details; or alternatively 2) it allows us to determine
the scale down to which the constrained simulated clusters can
be used to test and calibrate galaxy formation and evolution mod-
els without biases due to variation in the formation history of the
simulated clusters with respect to the observed one.

The constrained simulations have already been proven to
be excellent reproduction of the local large-scale structure
(Sorce et al. 2016b) as well as of the Virgo cluster as a whole,
including its formation history in general (Sorce et al. 2016a). In
this paper, we thus further studied the formation histories of the
Virgo halos and focused on their merger trees and in particular
on their main and second branches defined hereafter. Comparing
the latter to those of random halos within the same mass range,
we show that the constraining scheme is still very efficient at
these scales, namely at the largest sub-halo scales:

— For redshifts between 0.4 and 1.6, the merger trees of
Virgo halos have on average 40% less branches than ran-
dom ones considering branches with halos more massive
than 8 x 10'> h™' M. This is in agreement with their quiet
merging history within recent gigayears.

— Within the last four gigayears, Virgo halos had overall, apart
from their main progenitor, only one other prominent pro-
genitor in contrast with the random halos that could have
several other prominent progenitors. On average, this other
prominent progenitor is about a tenth of the mean mass of
the Virgo halos at redshift zero and it merged within the last
gigayear with the main progenitor. In addition the random
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second progenitor, defined as the most massive progenitor
after the main one that merged within the last gigayear, is
20" more massive than the constrained one. This is in agree-
ment with the quiet history of the Virgo cluster within the
last gigayears with the additional information that there was
one merger more prominent (although moderately) than the
others that happened within the last gigayear. This numer-
ical statement is in agreement with observations of the
galaxy population of the Virgo cluster that imply early major
mergers (Boselli et al. 2014).

— At late times, main and second progenitors of Virgo candi-
dates follow their own accretion scheme that appears to be
constrained with respect to that of main and second progeni-
tors of random candidates. In particular, Virgo’s progenitors
exhibit a clear peculiar trend of motion in the negative x
supergalactic direction in agreement with our knowledge
regarding the motion of the Virgo cluster. The second pro-
genitor moves faster than the main one probably because it
is in the wake of the latter. This highlights that the main
and second progenitors follow their own accretion scheme
in similars way in the different constrained simulations.

This paper extends the efficiency of the constraining scheme
down to the largest sub-halo level. Besides providing more prop-
erties of the Virgo cluster to select optimal simulacra in typical
cosmological simulations, it opens great perspectives regarding
1) detailed comparisons with observations, including substruc-
tures and markers of the past history visible in the galaxy
population, to be conducted in a near future with a large sample
of high resolution “Virgos”, 2) simulations including baryons to
test and calibrate galaxy formation and evolution models down
to the details.
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Appendix A: y and z components of the velocity
and the displacement

Figure A.1 shows the average y and z components of the dis-
placement and velocity of the main and second progenitors of

Virgo and random candidates. The same conclusions as for the
x component can be drawn. There exist both a privileged direc-
tion of displacement and a privileged velocity value for the main
and second branches of Virgo halos that are not found for the
branches of random halos as expected.
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Fig. A.1. From left to right, top to bottom: average y and z displacement and velocity (first row of each panel) components of the main and second
progenitors of Virgo (solid blue and green lines) and random (dashed orange and violet lines) candidates. The standard deviations are shown with
the transparent areas using the same color code. Second row of all the panels: ratio of the constrained to random standard deviations for the main
(solid black line) and second (dashed red line) progenitors. Last row of all the panels: standard deviation of the means (main: solid gray line and
second: solid light green line) and standard deviations (main: dashed light blue line and second: dashed pink line) of several sets of 15 random

candidates.
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