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ABSTRACT 
At ˘16-17 Mpc from us, the Virgo cluster is a formidable source of information to study cluster 
formation and galaxy evolution in rich environments. Several observationally-driven formation sce-
narios arose within the past decade to explain the properties of galaxies that entered the cluster 
recently and the nature of the last signifcant merger that the cluster underwent. Confrming these 
scenarios requires extremely faithful numerical counterparts of the cluster. This paper presents the 
frst Clone, Constrained LOcal and Nesting Environment, simulation of the Virgo cluster within 
a ˘15 Mpc radius sphere. This cosmological hydrodynamical simulation, with feedback from su-
pernovae and active galactic nuclei, with a ˘3×107 M dark matter particle mass and a minimum 
cell size of 350 pc in the zoom region, reproduces Virgo within its large scale environment unlike 
a random cluster simulation. Overall the distribution of the simulated galaxy population matches 
the observed one including M87. The simulated cluster formation reveals exquisite agreements with 
observationally-driven scenarios: within the last Gigayear, about 300 small galaxies (M�>107 M ) 
entered the cluster, most of them within the last 500 Myr. The last signifcant merger event occurred 
about 2 Gigayears ago: a group with a tenth of the mass of today’s cluster entered from the far side as 
viewed from the Milky Way. This excellent numerical replica of Virgo will permit studying different 
galaxy type evolution (jellyfsh, backsplash, etc.) as well as feedback phenomena in the cluster core 
via unbiased comparisons between simulated and observed galaxies and hot gas phase profles to 
understand this great physics laboratory. 

Key words: methods: numerical, clusters: individual, galaxies: evolution, galaxies: formation, hy-
drodynamics 

1 INTRODUCTION bution of galaxies and the structure of the cluster (e.g. Holmberg 1961; 
de Vaucouleurs 1961) to understand its formation and the evolution 

Since 1936, no less than a thousand titles of publications posted on the of galaxies once they enter this dense environment. Nowadays, the
Astrophysics Data System (ADS) contain the words ’Virgo cluster’, 
among which more than half are refereed articles. Unconditionally, 
the Virgo cluster of galaxies, by its proximity with us, has largely been 
studied both observationally and numerically. The list of papers is long 
and citing all these papers is unconceivable even if they all deserve 
some credit. To name a few, we can mention the frst paper available 
in the archive from 1936 that already gave an estimate of the mass of 

cluster still arouses a lot of interest, explaining the wide diversity seen 
in a large number of observational projects: e.g. Binggeli & Huchra 
(2000) for a book review, e.g. Wong & Kenney (2009); Karachentsev 
et al. (2014) for Spitzer and Hubble studies, Roediger et al. (2011a,b); 
Lee et al. (2016) for multi-wavelength studies, e.g. Boselli et al. 
(2011); Vollmer et al. (2012); Boselli et al. (2014, 2016a) for the 
GUViCS survey, e.g. Fritz & Hevics Collaboration (2011); Pappalardo 

the cluster (Smith 1936). Quickly the focus turned to dwarf galaxies 
and their great importance to really understand the cluster’s contents 
(Reaves 1956). Then the interest grew towards the (dynamical) distri-

et al. (2015) for the Herschel Virgo cluster surveys, and e.g. Taylor 
et al. (2012); Ferrarese et al. (2016) for the NGVS survey. We can 
also mention the black hole of M87, its central galaxy, that became 
lately famous with the Event Horizon Telescope observations (e.g. 
Event Horizon Telescope Collaboration et al. 2019a,b). There is also a 
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Figure 1. Simulated Virgo cluster of galaxies and its central galaxy M87. The largest panel is a combination of dark matter and gas, shown separately in blue and red 
in the two top right panels. The second largest panel gathers dark matter, gas and stars as seen in blue, red, green in the bottom right three panels. The dashed white 
line delimits the virial radius while the dotted white line gives the zero velocity radius, i.e. the radius at which the mean radial velocity of galaxies starts to be zero. 
See the appendix for a more detailed explanation. 

growing number of numerical modeling to understand the cluster (e.g. 
Hoffman et al. 1980; Li & Gnedin 2014; Corbett Moran et al. 2014; 
Zhu et al. 2014, for a non-exhaustive list) but none of these studies to 
our knowledge both set the cluster within its large scale environment 
and included baryonic physics. Clearly questions are still arising and 
a complete picture of the formation and evolution of the Virgo cluster 
remains to be validated. 

Indeed, although Virgo is recognized as a dynamically young and 
unrelaxed cluster with its quite large number of substructures (e.g. 
Huchra 1985; Binggeli et al. 1987), completely understanding the full 
formation history of the cluster and the evolution of galaxies, once 
inside this dense environment, from today observations, is largely 
based on assumptions that require to be tested against modeling. 
However the diversity of clusters in terms of morphologies, formation 
history, etc (Struble & Rood 1988) makes the one-to-one comparison 
observed versus simulated clusters a daunting task. An alternative 
consists in reproducing directly the Virgo cluster rather than selecting a 
cluster among a set of random simulated clusters. Bertschinger (1987) 
proposed frst that option suggesting to constrain the initial conditions 
of cosmological simulations, namely the Gaussian feld, to reproduce 
rare objects such as massive clusters. The importance of the large scale 
environment on the formation of the cluster, later implied the necessity 
of simulating the cluster in its large scale environment. Namely, the 
necessity of being able to simulate our cosmic neighborhood, the local 
Universe, arose. 

Nowadays, several techniques have the ability to reproduce the 

local large scale structure (e.g. Kitaura & Enßlin 2008; Jasche & 
Wandelt 2013; Kitaura 2013; Wang et al. 2014; Dekel et al. 1990; 
Hoffman & Ribak 1991, 1992; Ganon & Hoffman 1993; Bistolas & 
Hoffman 1998; Zaroubi et al. 1999; Lavaux et al. 2008; Lavaux 2016). 
However, reaching a precision of a few Megaparsecs to constrain also 
the clusters, at the linear / non-linear threshold limit is not immediate 
(see e.g. Sorce 2018). Recently, Sorce et al. (2016a) proposed new 
initial conditions constrained with local observational data that 
lead to dark-matter-only cosmological simulations resembling the 
local Universe that are in addition valid down to the Virgo cluster 
scale. Further studies of these dark-matter-only simulations (Sorce 
et al. 2016a, 2019) proved the robustness of these initial conditions: 
resulting simulated Virgo clusters present the same type of merging 
history, including the preferential accretion direction predicted by 
observations (West & Blakeslee 2000), with properties like the center 
of mass offset with respect to the spherical center, restricted to a 
given range of values when compared to random simulated clusters 
in the same mass range. These counterparts of the observed Virgo 
cluster appear as exceptional tools to check the observationally-driven 
formation scenarios more thoroughly once baryons are included. 

Numerous hypotheses regarding the formation of the cluster 
and the evolution of the galaxies once they entered it indeed remain 
uncertain. For instance, Boselli et al. (2008) estimated the infall 
within the Virgo cluster to be about 300 galaxies with stellar mass 
above 107M per Gigayear within the last few Gigayears. This infall 
rate might explain the large amount of galaxies rapidly becoming 
red (Boselli & Gavazzi 2014) with galaxies that entered the inner 
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cluster within the last 500 Myr (Boselli et al. 2016b). Recently, 
Lisker et al. (2018) found indications of a recent group infall into 
the Virgo cluster, of about 10% of the mass of the cluster, within the 
last few Gigayears. This fnding is in excellent agreement with the 
predictions from the dark-matter-only simulations of the Virgo cluster 
obtained earlier on. Indeed, Olchanski & Sorce (2018) concluded 
their analysis with the last signifcant merger, about 10% the cluster 
mass, occurred within the last few Gigayears. This further strong 
agreement between our dark-matter-only constrained simulations and 
the observationally-driven formation scenarios reinforces the argument 
in favor of simulating a Virgo counterpart with full hydrodynamics 
and baryons to check that these fndings hold with baryonic matter and 
to push further the comparisons. 

Indeed, if a clear link between galaxy population and the high 
density of a cluster environment has been established over the past 
few years (e.g. Avila-Reese et al. 2005; Maulbetsch et al. 2007; 
Hirschmann et al. 2014), further investigations revealed that the 
history of the cluster plays an equal role on the baryonic phase at both 
the hot gas level and the galaxy population level (Hahn et al. 2017). 
To fully understand these reservoirs of galaxies or cosmic laboratories 
to fnally use them as cosmological probes, comparisons must be 
legitimate. There is no room for biases. First and foremost, this frst 
paper of a series confrms in deeper details that the simulated Virgo 
cluster shares with its observed counterpart similar galaxy distribution 
at z=0 and formation history. 

This paper presents the frst Clone, Constrained LOcal and Nest-
ing Environment, simulation of the Virgo cluster: a full zoom hydrody-
namical simulation of the Virgo cluster counterpart, as shown in Figure 
1, obtained with initial conditions constrained only with local galaxy 
peculiar velocities, namely the Virgo cluster counterpart was not added 
as an extra density constraint in its forming region. This specifcity 
permits controlling not only the presence of the cluster in its large 
scale environment at z=0 but also its formation history. In the follow-
ing, when not specifed, Virgo will refer to the observed Virgo cluster. 
This zoom-in simulation of the Virgo cluster is the frst one of its kind 
and it was produced with the adaptive mesh refnement Ramses code 
(Teyssier 2002). The frst section describes the properties of this simu-
lation as well as the building of its initial conditions. The second part 
of the paper cross-checks the simulated galaxy population distribution 
against that of the observed Virgo cluster at z=0 and highlights M87 
and its simulated counterpart. The last section before concluding con-
fronts observationally-driven formation scenarios and numerical ones. 

2 THE SIMULATION 

Different papers described at length the construction of the constrained 
initial conditions and the hydrodynamical features used to evolve these 
initial conditions. This section thus only summarizes the main concepts 
regarding the constrained aspect to get a Virgo counterpart and the hy-
drodynamical aspect to get a realistic galaxy population. It also gives 
the run properties. 

2.1 Constrained initial conditions 

In a previous study, we built 200 realizations of the initial conditions 
of the local Universe that all form a Virgo cluster counterpart (Sorce 
et al. 2019). The details of the steps to produce these constrained 
initial conditions can be found in Sorce et al. (e.g. 2016a). The local 
observational data used to constrain the initial conditions are 3D 
peculiar velocities (Sorce et al. 2014) derived with a Wiener flter 
technique (Fisher et al. 1995) from a distance catalog of local galaxies 

(Tully et al. 2013) that are mainly grouped (e.g. Sorce et al. 2017; 
Sorce & Tempel 2017), bias minimized (Sorce 2015) and relocated to 
their progenitors position using the reverse Zel’dovich approximation 
(Doumler et al. 2013) to form the local clusters at z=0 (Sorce 2018). 

The detailed study of the 200 simulated Virgos presented in 
Sorce et al. (2019) showed that all of our counterparts share a similar 
historical behavior and properties with a smaller variance than would 
have a random set of halos within the same mass range. Additionally, 
they have clearly distinct features from any set of random halos of 
the same size. For instance, while the random haloes have an average 
velocity of 463±207 km s−1, Virgo counterparts have an average 
velocity of 646±79 km s−1 barely within the 1σ range of the random 
distribution at z=0 (see Table 1 and 2 of Sorce et al. 2019, for other 
examples and more details). As a matter of fact, we found that only 
30 per cent of the cluster-size random halos comply within 3σ with 
the mean values (radius, velocity, number of substructures, spin, 
velocity dispersion, concentration, center of mass offset with respect 
to the spherical center, all together) of our Virgo counterparts at z=0, 
while 97 per cent of simulated Virgos are in their own 3σ scatter 
simultaneously for the properties mentioned before, i.e. a simulated 
Virgo with one property value in the tail of the property distribution 
is likely to have all its other property values in the distribution tails. 
Note that the percentage of random halos in the 3σ scatter drops to 18 
per cent when adding the requirement of a similar merging history up 
to z=4, while that of simulated Virgos stays stable. A study based on 
a more than 20,000 cluster-size random halos revealed that the cluster 
environment is the main driver for such differences (Sorce et al. 2020). 
Hence the importance of using a counterpart, i.e. a cluster in a proper 
large scale environment, for such studies. 

Because they are in their proper large scale environment, our 
200 simulated Virgos thus share similar properties and histories. 
Still, among our 200 realizations, we had to select one for resim-
ulation. We chose the most representative of the full sample, i.e. 
the Virgo cluster counterpart that has the properties, mentioned 
hereabove, the closest to the average properties of the full sample of 
200 simulated Virgos and a merging history in agreement with the 
mean history of the total sample. There is no need to select on any 
other aspect, such as a particular feature during the formation his-
tory, since, by construction, they share a history with the same features. 

To avoid periodicity problems in the local Universe-like region, 
the boxsize of the selected constrained realization is set to ˘740 Mpc 
at z=0 (Sorce et al. 2016b). To decrease the computational cost of the 
run and since our interest lays solely in the study of the simulated 
Virgo cluster in this paper, the zoom-in technique, frst proposed by 
Bertschinger (2001) and implemented in Music (Hahn & Abel 2011), 
is used with an effective resolution of 81923 particles for the highest 
level (here level 13), corresponding to a dark matter particle mass of 
mDM,hr ˇ 3×107 M , within a ˘30 Mpc diameter zoom-in region cen-
tered on the Virgo cluster counterpart at z=0. Namely, there are more 
than 35 million dark matter particles within the ˘15 Mpc radius zoom-
in region at z=0 that are traced back to the initial redshift. This large 
zoom-in region is motivated by indications from observations that the 
environment infuences some galaxy properties out to several times the 
virial radius (e.g. von der Linden et al. 2010; Wetzel et al. 2012). 

2.2 Hydrodynamical features 

A full set of key physical processes are included as sub-grids models to 
form a realistic population of galaxies, following the implementation 
of the Horizon-AGN run (Dubois et al. 2014a, 2016) augmented with 
black hole (BH) spin-dependent feedback of Active Galactic Nuclei 
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Figure 2. Main: Simulated galaxies in the Virgo cluster counterpart (i.e. within its ˘2 Mpc virial radius) and up to ˘3 Mpc from its center, in a tenth of its virial 
radius (˘0.2 Mpc) thick slice. The dotted circle stands for the virial radius of the simulated dark matter halo at z=0. Colored solid circles represent galaxies. Diameters 
are proportional to the virial radius of galaxies. Galaxies represented by redder (bluer) circles entered earlier (later) in the cluster counterpart. Galaxies that are not 
within the virial radius of the cluster at z=0 are in black. Top left and bottom right insets: galaxy age and color distributions inside and outside the virial radius of the 
cluster as well as their medians. Bottom left inset: galaxy entering time in the virial radius of the cluster. Coordinates are supergalactic coordinates of the Virgo cluster 
counterpart. Galaxies within the cluster are in general older and redder. 

(AGN) with no cluster specifc calibration: 

Radiative gas cooling and heating are modeled assuming photo-
ionization equilibrium within a homogeneous UV background. The 
later is imposed from reionization redshift zreion = 10 following Haardt 
& Madau (1996). The contribution from metals released by super-
novae is included in the cooling curve (Sutherland & Dopita 1993) 
down to T = 104 K. Various synthesized chemical elements are 
accounted for but they do not contribute separately to the cooling 
curve. For simplicity, the tabulated cooling rates rely on the same 
relative abundance of elements as in the sun. The gas follows the 
equation of state of an ideal monoatomic gas with a 5/3 adiabatic index. 

Star formation is allowed wherever the gas density is greater than 
0.1 H cm−3 with a random Poisson process spawning stellar particles 
of mass ms,res = 1.4 × 105 M (Rasera & Teyssier 2006) according 
to a Schmidt law with a constant star formation efficiency of 0.02 
(Krumholz & Tan 2007). 

Kinetic feedback from type II supernovae is modeled via a modif-
cation of the gas mass, momentum and energy in the surrounding cells 
(Dubois & Teyssier 2008) assuming a Salpeter-like initial mass func-
tion: release of 1051 erg per 10 M type II supernova with a fraction 
of the interstellar medium turning into supernovae of ηSN = 0.2. Each 
individual stellar particle deposits ms,resηSN1050 erg M−1 at once after 
20 Myr with a 0.1 metal yield with respect to its own content. 

Active Galactic Nucleus (AGN) feedback is modeled assuming that a 
fraction of the rest-mass accreted energy, prescribed by the capped-at-
Eddington Bondy-Hoyle-Littleton accretion rate, onto black hole par-
ticles, is returned back into the surrounding gas. 

A bi-modal1 AGN feedback model is assumed to mimic the 
quasar-like wind release of i) a radiatively efficient Shakura & Sun-
yaev (1973) accretion disc - when the accretion rate is larger than 1 per 
cent Eddington - or ii) a radiatively inefficient accretion disc, powering 

1 thermal or kinetic depending on the accretion efficiency. 
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collimated jets into their surroundings - when the accretion rate is be-
low 1 per cent Eddington (see Dubois et al. 2012, for technical details 
of the accretion-ejection scheme). 

This BH model tracks not only the mass, but also the spin of the 
BH that can be modifed by binary BH coalescence and gas accretion 
as detailed in Dubois et al. (2014b) and Dubois et al. (2014c) for the 
quasar regime and following the magnetically chocked accretion disc 
solution from McKinney et al. (2012). 

Quasar mode feedback efficiency is set up to 0.15�r, with �r the 
Eddington rate, in order to reproduce the BH-to-galaxy mass rela-
tion (Dubois et al. 2012). The efficiency of the jet mode feedback is 
a function of the spin of the BH according to the solution of McKinney 
et al. (2012) (see Dubois et al. 2020, for more details). Note that the 
radiative efficiency �r that intervenes in both the Eddington limit and 
the quasar mode overall efficiency is a function of the BH spin as well. 

BH seeds of 105 M are formed when the gas density is larger than 
0.1 H cm−3, the local star density is greater than a third of the local gas 
density and there are no existing black hole within 50 ckpc (Dubois 
et al. 2012). 

2.3 Run properties 

The simulation ran on 5040 cores using about 10 TB of memory from 
the starting redshift 120 to redshift 0 during 6 million CPU hours 
with the adaptive mesh refnement Ramses code (Teyssier 2002) within 
the Planck cosmology framework with total matter density Ωm =0.307, 
dark energy density ΩΛ=0.693, baryonic density Ωb=0.048, Hubble 
constant H0=67.77 km s−1 Mpc−1, spectral index ns =0.961 and ampli-
tude of the matter power spectrum at 8 h−1 Mpc σ8 = 0.829 (Planck 
Collaboration et al. 2014). 

The Euler equations are solved with the MUSCL-Hancock 
method: a second order Godunov scheme linearly interpolates, with 
MinMod total variation diminishing scheme, hydrodynamical quanti-
ties at cell interface to solve the Euler equations with the approximate 
Harten-Lax-van Leer-Contact Riemann solver (Toro et al. 1994). 

The initial coarse grid is adaptively refned down to a best-
achieved cell size of 0.35 kpc roughly constant in proper length. That 
is, a new level is added at expansion factors a = 0.1, 0.2, 0.4, 0.8, 
hence, up to level 21 beyond a = 0.8. The mesh in the zoomed-in re-
gion is allowed to be dynamically refned (or de-refned) from level 13 
down to level 21 according to a pseudo-Lagrangian criterion: whenever 
the total density in a cell is larger (smaller) than ρDM + (ΩDM/Ωb)ρb > 

8mDM,hr/Δx3, where ρDM, ρb are respectively the DM and baryonic 
mass densities in the cell of size Δx, ΩDM = Ωm − Ωb and mDM,hr is 
the dark matter particle mass for the highest level. The Particle-in-Cell 
technique permits deriving the gravitational potential. 

A companion simulation with dark matter only using exactly the 
same features but for the hydrodynamical part was run. Comparisons 
between this run and the hydrodynamical run are presented in Ap-
pendix A. It shows that the hydrodynamical component did not perturb 
beyond its normal effect the dark matter halo. 

3 SIMULATED VS. OBSERVED GALAXY POPULATION 

We apply the halo fnder algorithm described in Aubert et al. (2004) 
and Tweed et al. (2009) to identify galaxies and dark matter halos in the 
zoom-in region. In this algorithm halos (galaxies) are detected in real 
space using the local maxima of the density feld obtained with dark 
matter (star) particles. More precisely halos (galaxies) are detected in 
real space using the local maxima of the density feld obtained with 
dark matter (star) particles. Their edge is defned as the point where 
the overdensity of dark matter (stellar) mass drops below 80 times 
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Figure 3. Galaxy distributions around the most massive galaxy (MG) of the in-
falling group when the Universe was about 10 Gyrs (blue solid histogram) and 
11 Gyrs (red dashed histogram) old. Galaxies within the Virgo cluster counter-
part radius at these given times are excluded. The virial radius of the dark matter 
halo host of the group main galaxy is about 250 kpc (dotted black lines). The 
number of galaxies within this main halo (dMG < rvir) increased during that 
time period. Galaxies are split between those behind this halo with respect to 
the Virgo cluster counterpart and those between the halo and Virgo counterpart. 
Clearly, during that time period, galaxies tend to accumulate around MG. The 
infalling group thus congested during that time period the flament preventing 
galaxies from falling onto the Virgo cluster counterpart until it fnally fell itself. 

the background density. We further apply a lower threshold of a mini-
mum of 100 dark matter (50 star) particles. The particle content of our 
objects is further ‘exclusive’, i.e. particles belonging to substructures 
have been removed. That approach allows us to unambiguously inves-
tigate the intracluster stellar component. Merger trees permit following 
galaxies and their evolution across cosmic time, in particular when they 
cross paths with the cluster. We analyzed 110 snapshots between z=0 
and z=7. Then, for each galaxy, we derive the following properties: 

• We defne the entering time in the cluster as the time when a 
galaxy crosses the cluster virial radius at time t for the frst time. The 
later is found via the virial theorem. The later must be verifed at a 20% 
precision. The specifc study of backsplash galaxies at z=0, namely 
galaxies that entered the cluster recently but exited and did not enter 
again at z=0, is postponed to a future paper. For information, they rep-
resent 5% of our total galaxy sample, i.e. in a ̆ 12 Mpc radius spherical 
volume. If they were to be in the cluster virial radius at z=0, the actual 
number of galaxy within the cluster would be increased by 26%. 
• Magnitudes and rest-frame colors of galaxies are derived using 

single stellar population models from Bruzual & Charlot (2003) and 
a Salpeter initial mass function in agreement with the hydrodynami-
cal model we use in the simulation: each star particle contributes to a 
fux per frequency that depends on its mass, metallicity and age. The 
contribution of all stars is then summed and fltered to obtain the fux 
in different bands. Then total luminosities or magnitudes are derived. 
Since the Virgo cluster is nearby, rest-frame quantities are valid. In this 
work, attenuation by dust is not included. This implies that observed 
galaxies have to be corrected for dust extinction before any compar-
isons with the simulated galaxies. Future work will look in more detail 
at the dust extinction effect. 
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Figure 4. Observed data from Tully et al. (2008) (left) and simulated, without (middle) and with (right) error on distances, galaxy velocities with respect to the center 
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while the dashed black line is a ft to the running median shown with a orange solid line. The small insets are zooms on the zero velocity radius. Only a fraction of the 
simulated galaxies have been randomly selected to reproduce the same number of galaxies as in the observed sample to properly draw comparisons and estimates of 
the zero-velocity radius. The dynamical distributions of galaxies in the observed and simulated clusters are extremely similar. 

• Three star formation rates are derived: the amount of stars formed 
over 10, 100 and 1,000 million years. Depending on the study at in 
question they will be used alternatively to compare with observations. 
The specifc star formation rate (sSFR) is the ratio of the star formation 
rate to the current galaxy stellar mass. Note that there is no distinction 
between stars formed in-situ and those formed ex-situ that have been 
accreted. The ratio of in-situ / ex-situ stars is a vast topic of research in 
itself and thus is postponed to future studies. 
• Galaxy metallicity and age are obtained with a sum over all the 

star particles belonging to the galaxy weighted by their mass. 

On a qualitative aspect, Figure 1 shows the simulated Virgo 
cluster as well as its central galaxy M87, today. Their dark matter is 
in blue while the red color stands for their gas. The stellar density 
of M87 counterpart is in green. On a more quantitative aspect, 
Figure 2 shows a static view of the galaxies in the cluster today in 
a slice of a tenth of its virial radius. The dashed black line stands 
for its virial radius and the circles represent galaxies with sizes 
proportional to their virial radii. The gradient of color from blue to 
red gives the entering time in the cluster with galaxies that entered 
earlier in red. The black color stands for galaxies up to 3 Mpc 
from the cluster center but not within the virial radius of the cluster at 
z=0. As expected galaxies that entered earlier on are in the cluster core. 

Three small insets give the galaxy age, entering time and color 
distributions with medians for galaxies inside and outside of the 
cluster. As expected galaxies in the cluster virial radius are on average 
redder and older than those outside. There is a signifcant gap in 
galaxy accretion about 3 Gyrs ago spanning over 1 Gyr. Interestingly 
it appears just before the beginning of the last signifcant merger 
mentioned in the introduction and discussed hereafter. It seems like the 
infalling group congested during a while the main flament channeling 
matter into the cluster, hence preventing the accretion onto Virgo 
counterpart of any other small isolated galaxies for a while. Note that 
such a preferred direction of infall into the cluster alongside a main 
flament is observationally confrmed (West & Blakeslee 2000). More 
precisely, Figure 3 shows that the group grew over that period of time, 
accreting around its most massive galaxy the smaller galaxies that 
were channeled to the flament. Filaments are indeed known to be the 
main drivers of matter into the clusters (Umehata et al. 2019). On this 
fgure, the galaxy distribution around the main galaxy (MG) of the 

group varies within that time period. Note that galaxies already within 
the Virgo cluster counterpart at the given time are excluded. First, the 
number of galaxies within the virial radius of the dark matter halo host 
of the main galaxy (dMG < 250 kpc) grows (solid blue vs. dashed 
red line histograms in between the two dotted black lines). Second, 
always within that time period, galaxies that are behind the group 
with respect to the Virgo cluster counterpart tend to accumulate at the 
edge of the dark matter halo virial radius. Third, galaxies between 
the group and the Virgo cluster counterpart either are accreted onto 
the simulated cluster or retained by the small group creating a small 
dip in the galaxy distribution. Hence, fewer galaxies entered within 
the simulated cluster until the small group itself went in. There is 
another, although less signifcant, decrease in galaxy accretion about 
7 Gyrs ago. It corresponds to the typical transition for a Virgo-like 
simulated cluster between an active period of mass accretion, relative 
to an average random halo, and a quiet history (see Sorce et al. 2020, 
for a detailed explanation). 

3.1 Simulated vs. observed general distributions 

Velocities and distances in the observed and numerical cluster-centric 
systems are derived with the formula and geometric considerations 
given by Karachentsev & Kashibadze (2006) (see Appendix B for 
details). Figure 4 shows the distribution of the velocities as a function 
of the distance to the cluster center for the observed cluster and for 
the simulated cluster without and with errors on distances. Because 
the observed galaxy sample does not fulfll any specifc completeness, 
i.e. the only requirement is to have both a direct distance measurement 
of the galaxy and its redshift, simulated galaxies are simply randomly 
selected to match the number of galaxies in the observational sample 
and facilitate the comparisons with the observed cluster. Additionally, 
in the third panel of the fgure, errors up to 20% have been added to 
distances to mimic direct distance measurement uncertainties (e.g. 
Tully et al. 2016). Redshift uncertainties are negligible in this case. 
Running medians, derived with a window of 1.5 Mpc, are plotted on 
top of the Hubble diagrams as solid orange lines. The dot-dashed blue 
line is the Hubble law with H0 = 67.77 km s−1 Mpc−1. The dotted 
violet and orange lines indicate the virial and zero velocity radii (see 
Appendix C for the defnition of the latter radius). The similarities 
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Figure 5. Mean magnitudes (left) and stellar masses (right) of simulated and observed from Peng et al. (2008) galaxies as a function of the distance from the cluster 
center. The flled circles stand for the observed (blue) and simulated (red) M87. Open symbols stand for stellar mass estimates of the observed (blue) and simulated 
(red) M87 in different aperture radii as follows: the open circle is a measure within a ˘148 kpc radius from Gebhardt & Thomas (2009) and the open square gives 
the measurements within a ˘80.4 kpc radius from Forte et al. (2012) against a ˘5.4 kpc radius for that of Peng et al. (2008). The dotted black lines represent the full 
sample of simulated galaxies while the dashed red lines are obtained with the sample restricted according to the same requirements as the observed one. The error 
bars are standard deviations around the mean. Note that there is no statistics in the observed inner core, most probably because galaxies therein are in the shadow of 
M87 thus were not selected by the observers. The magnitude and mass distributions of galaxies within the observed and simulated clusters present the same trend. The 
counterpart of M87 is slightly brighter, thus slightly more massive than the observed M87 by a factor ˘3 when compared in the same aperture radius (open circles). 

between the observed and simulated Virgo clusters are remarkable. 
Actually, the only clear difference between the left and middle panels 
is in the intrinsic scatter around the Hubble law at large cluster centric 
distances. This scatter appears larger in the observational case than 
in the simulation case. It is exclusively due to distance estimate 
uncertainties in observations that propagate to velocities and that are 
absent in the simulation as shown by the right panel. 

Peng et al. (2008) derived the V band magnitude, the distance to 
the cluster center and the stellar mass of a subsample of galaxies in the 
Virgo cluster. Stellar masses are obtained combining the (g-z) and (J-
Ks) colors to simple stellar populations modeling with a Chabrier IMF 
to get mean mass-to-light ratios in z band. Figure 5 left shows as a solid 
blue line the average magnitude by distance bin for this subsample of 
early galaxies (g-z>1.2, Ferrarese et al. 2006) with SDSS B band mag-
nitudes smaller than -15.11. In addition, their sample is only complete 
at the brightest end (-19.1 in SDSS B band). Ultimately, they reach only 
44% completeness in the sample probed here (Côté et al. 2004). The er-
ror bars are the standard deviations. The blue circle is M87. The dotted 
black line stands for the simulated galaxies. To legitimize the compari-
son, the simulated sample is cut to match the observational restriction: 
g-z>1.2, magnitude larger smaller than -15.11 in the B band and 44% 
completeness above -19.1 B band magnitude. Since they claim to have 
a homogeneous representative subsample, we select randomly 44% of 
the galaxies for B band magnitude above -19.1. The dashed red line 
shows the result. The flled red circle is the counterpart of M87 that 
happens to be brighter than the observed one. In the latter case, it is 
important to note however that luminosity asymptotes are not reached 
before 100-300 kpc for massive central galaxies like M87 (Kravtsov 
et al. 2018). As a consequence, its total magnitude is underestimated. 
Subsequently, the simulated M87 appears too massive (right panel of 
the fgure). A small aperture indeed leads to an underestimated stel-
lar mass by at least a factor 2 to 4 (Kravtsov et al. 2018). In the fol-
lowing a more detailed comparison between M87 and its counterpart 
investigates more closely the difference. Open blue symbols that give 
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Figure 6. NUV-luminosity (cold colors) and stellar mass (warm colors) func-
tions of the observed (blue and orange respectively, from Boselli et al. 2016a; 
Ferrarese et al. 2016) and simulated (black and red respectively) Virgo clusters. 
Different search radii are used in the simulation: flled circles, dashed and dot-
ted lines. Schechter fts are shown as solid lines. The red arrow indicates the 
stellar mass resolution limit of the simulation. In both cases the simulated func-
tion matches relatively well the observational estimates at the brightness / most 
massive end. The agreement is excellent all the way down to the resolution limit 
for the stellar mass function. 

mass estimates in larger aperture radii (Forte et al. 2012; Gebhardt & 
Thomas 2009) already give a hint of a comparison. The open red circle 
gives the simulated stellar mass in a similar aperture radius as that of 
Gebhardt & Thomas (2009) (open blue circle). 

Coming back to the curves in Figure 5, the agreement between 
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observationally and numerically obtained curves and their standard 
deviations is quite remarkable especially because of the approximate 
match between the observational and simulated samples. The main 
difference between the observation and the simulation can be found 
in the cluster core and at the edges of the sampled volume. Close 
to the center, there are a few small simulated galaxies while in the 
observational sample as is, there is no statistics. It could be that the 
bright M87 makes it challenging to observe small galaxies close to 
the cluster core. Consequently, in their selection, Peng et al. (2008) 
did not retain them. Note that the agreement is as impressive between 
the V band magnitude curves as for the stellar mass curves although 
they used a Chabrier IMF to derive stellar masses while we used a 
Salpeter IMF to reversely derive magnitudes. At the observational 
sample edges, the completeness is most probably affected by distance 
uncertainties that are about 0.5 Mpc. Still overall the agreement is 
quite good. 

To push deeper the comparison, it is necessary to refer to the lumi-
nosity and stellar mass functions of the Virgo cluster that are obtained 
with complete (or corrected for completeness) samples. Figure 6 re-
ports two of these most recent functions (Ferrarese et al. 2016; Boselli 
et al. 2016a) within different radii: about 0.15 Mpc and 2.88 Mpc 
(1.8×rvir observed) . The agreement with their simulated counterparts is 
remarkable. For the stellar mass function, the observational Schechter 
ft shown as a solid orange line matches perfectly the simulation (red 
flled circles) down to the mass resolution limit (red arrow and see 
Appendix D). As for the luminosity function, identical Schechter func-
tions but for the α slope characterizing the faint end can be used: 

φ(M) = (0.4ln10)φ�[100.4(M�−M)](1+α)exp[−100.4(M�−M)] (1) 

where M is the absolute magnitude, α, φ� and M� are the ftting pa-
rameters. α is slightly larger (-1.4 against -1.19) in the simulation than 
in the observations. Two parameters might come into play: 1) we used 
a Salpeter IMF to derive retroactively the NUV band magnitude that 
could give lower (in absolute value) magnitude, shifting galaxies from 
higher magnitude bins to lower ones, 2) the feedback is not efficient 
enough at suppressing star formation in the intermediate mass galax-
ies. An on-going run with a Kroupa IMF based feedback will permit 
evaluating both of these effects. 

In future studies of Virgo counterpart substructures, we will go 
into more detailed comparisons between their observed and simulated 
luminosity functions as proposed by Boselli et al. (2016a). Before 
moving to the next subsection, we stress again the excellent agreement 
between the simulated and observed functions. 

3.2 Simulated vs. observed M87 

The simulated cluster reproduces overall the spatial and luminosity 
distribution of observed galaxies within the Virgo cluster. It is worth 
pushing further the comparison for M87, its central galaxy. 

Figure 7 gives the formation and evolution of M87 counter-
part’s properties (lines) as well as observational estimates nowadays 
(flled circles and dotted blue line). Color estimates are from SDSS 
(Adelman-McCarthy & et al. 2009) and GUViCS (Gil de Paz et al. 
2007), the stellar mass is from Gebhardt & Thomas (2009) and the 
average metallicity and age are from Liu et al. (2005): 

• Stellar mass: as mentioned in the previous subsection, bright 
cluster galaxies usually have stellar masses underestimated by a factor 
2 to 4 because their cumulative stellar mass continues growing at 
the last measured aperture radius. Figure 8 left shows the cumulative 
stellar mass profle for M87 (Gebhardt & Thomas 2009) and its 
counterpart as well as stellar masses from Peng et al. (2008); Forte 

et al. (2012). Clearly, the latter are lower limits. It confrms that the 
discrepancy observed between flled red and blue circles in Fig. 5 is 
due mostly to the aperture. The estimate from Gebhardt & Thomas 
(2009) is closer to the total stellar mass of M87 but is still on the low 
side. The asymptotic value is not yet completely reached. This effect 
combined with residual extinction in the observation and a lack of 
feedback mitigating star formation in the simulation could explain the 
residual difference. The black hole in the simulated M87 might start 
growing too late thus its feedback happens too late. 

• Age: the SFR peak (both in-situ and ex-situ stars) of the simu-
lated M87 and the mean age of stars in the observed M87 are a close 
match. The second panel in Figure 8 confrms that simulated and 
observational ages are similar especially since observational estimates 
are measured within less than 40 kpc. 

• Metallicity: observed and simulated metallicities of M87 are 
really close. However, Figure 8 shows that, because of the same small 
aperture radius (40 kpc) used to measure the metallicity, there is in fact 
a discrepancy and they cannot be considered identical. In a third paper, 
we will show that the simulated hot gas has a too low metallicity with 
respect to the observed one, an explanation can be partly found here: 
metals are insufficiently released by stars. 

• Colors: the discrepancy is the most import for the (u-i) color. 
However, the SDSS u band might not be the best at measuring luminos-
ity of BCGs. Indeed it has a higher systematic uncertainty (Padman-
abhan et al. 2008), it is more susceptible to dust extinction, and it is 
nearer to the unexplained UV upturn which appears in elliptical galax-
ies (Loubser & Sánchez-Blázquez 2011). The discrepancy is somehow 
of a lesser extent for other colors such as (g-i) and (B-V). In these 
cases, a small residual extinction in observations might explain part 
of the difference. A lack of feedback dampening star formation in the 
simulation could also perhaps explain the bluer color for the simulated 
M87 than the observed one. However, removing the youngest stars in 
the simulated galaxy does not drastically change its color (by +0.01 
at most with the minimum age at 10 Gyr). In addition, the simulated 
color profle shown in Figure 8 shows that there is no drastic change 
with the aperture radius either and in any case it makes the simulated 
galaxy even slightly bluer (by about -0.01). 

Besides M87 associated to the cluster A (Boselli et al. 2014), the 
Virgo cluster hosts other old massive galaxies like M60 (cluster C) 
and M49 (cluster B) with respective mass estimates of roughly about 
1012M and 5×1011M at distances of 0.4 and 0.6 Mpc from M87 
with (g-i) color of 1.34 and 1.30 mag (values obtained with SIMBAD 
queries at CDS). A quick look in the simulation reveals two old galax-
ies (11.1 and 11.3 Gyrs) of masses 6×1011M and 3.5×1011M at 0.3 
and 0.4 Mpc from M87 counterpart with (g-i) color of 1.06 and 1.05 
mag. Without being close matches to M60 and M49, their presence is 
interesting and further studies with their associated large substructures 
(Boselli et al. 2014) within the simulated Virgo cluster will be the sub-
ject of a future paper. Note that the shift in colors is found again and 
seems systematic. Simulated old massive galaxies appear defnitively 
bluer than their counterparts, comforting the too low AGN feedback 
hypothesis. 
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Figure 7. Evolution history of the properties of M87 counterpart. Filled blue, orange and violet circles stand for the observational estimates of M87 today: stellar mass 
from Gebhardt & Thomas (2009), average metallicity and age from Liu et al. (2005), colors from SDSS (Adelman-McCarthy & et al. 2009) and GUViCS (Gil de Paz 
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match observational estimates, M87 is redder and less massive than the simulated one. 

1 10 100 1000
d (kpc)

1010

1011

1012

1013

M
* 

(M
O •
)

Peng+2008
Forte+2012
Gebhardt+2009
Simulation

1 10 100 1000
d (kpc)

11.2
11.4
11.6
11.8
12.0
12.2

A
g

e 
(G

y
r)

Liu+2005
Simulation

1 10 100 1000
d (kpc)

0.6

0.8

1.0

1.2

1.4
Z

 (
Z

O •
)

Liu+2005
Simulation

10 100 1000
d (kpc)

0.994

0.996

0.998

1.000

1.002

co
lo

r 
/

 (
co

lo
r R

v
ir

)

Simulation
B-V
u-i
g-i

Figure 8. From left to right: Solid black lines are stellar mass, age and metallicity cumulative profles of M87 counterpart. Lines in the last panel stand for the ratio of 
colors within a given aperture radius (d) to that within the virial radius of the simulated galaxy. Blue lines (but in the last panel) are observational estimates for a given 
aperture radius marked as a blue cross: stellar mass from Peng et al. (2008); Forte et al. (2012); Gebhardt & Thomas (2009) with respective aperture radii of 5.4 kpc, 
80.4 kpc and 148 kpc, average metallicity and age from Liu et al. (2005) using a 40 kpc aperture radius. The violet line in the left panel is the cumulative stellar mass 
estimate profle of M87. Straight red lines stand for global simulated values for M87 counterpart within its virial radius. Filled red circles give estimates per bin of 
galactocentric distances. Aperture radii explain part of the discrepancy between the observational and simulated mass and age estimates of M87 but not that between 
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4 FORMATION HISTORY: FROM 
OBSERVATIONALLY-DRIVEN TO 
NUMERICALLY-CONFIRMED FORMATION SCENARIOS 

4.1 Accretion rate of galaxies 

The overall good agreement between observations of the Virgo cluster 
and the simulated one allows us to further compare the observationally-
derived formation scenarios and the numerical fndings. 

Boselli et al. (2008) deduced from observations that about 300 
galaxies with stellar mass above 107M should have entered the cluster 
each Gigayear within the last few Gigayears. From observing that a 
large amount of small galaxies are quickly turning red in the inner 
cluster, Boselli & Gavazzi (2014) even concluded that most of them 
should have entered within the last 500 Myr (Boselli et al. 2016b). 
According to Figure 9, 279 galaxies with stellar masses between 107 

and 1011 M entered the cluster within the last Gigayear. Correcting 
for completeness (see Appendix D), it means that between 280-330 
simulated galaxies with masses ranging from 107 to 1011 M entered 
the cluster within the past Gigayear (depending on when the galaxies 
– missing within the virial radius of the simulated cluster because of 
the lack of completeness at these masses – entered the cluster). It is 
also clear that lately, the simulated Virgo cluster did not accrete major 
galaxy groups but mostly isolated small galaxies as already shown in 
our previous studies but based on dark-matter-only simulations (e.g. 
Olchanski & Sorce 2018). Additionally, the fgure confrms that a lot 

of these small galaxies entered the cluster recently with a maximum 
within the last 500 Myr just like observationally-deduced. 

To summarize, this paper confrms that results obtained within 
a series of paper based on dark-matter-only simulations of the Virgo 
cluster are not affected by the inclusion of baryons and it also goes 
further. In agreement with observations: 

• the simulated Virgo cluster has had a quiet merging history within 
the last few Gigayears while it used to grow faster (see Sorce et al. 
2019, for the DM study), 
• about 300 small isolated galaxies entered recently in the cluster, 

most of them within the last 500 Myr. 
• Virgo counterpart accretes along a preferential direction: the line-

of-sight flament (see Sorce et al. 2016a, for the DM study), 
• it underwent its last signifcant merger within the last 4 Gyrs, 
• this merging event fnished a bit more than a Gigayear ago , 
• it was about 10% the mass of the cluster today (for these last three 

points see Olchanski & Sorce 2018, for the DM study). 

It is interesting to further look at this last merging event. 

4.2 The last signifcant merger 

Recently, Lisker et al. (2018) found evidence in their observations of 
the Virgo cluster that, indeed, a group of about 10% the mass of the 
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Figure 9. Number of galaxies per today mass bin and per 250 Myr that en-
tered the cluster. Sizes of flled black circles are proportional to that number. 
The dashed area stands for the period of time within the last few Gyrs when 
there should be a maximum number of small galaxies entering the cluster ac-
cording to observations (Boselli et al. 2008). About 300 small galaxies entered 
the simulated cluster lately mostly within the last 500 Myr in agreement with 
observationally-driven scenarios. 

cluster probably fell onto it within the last 2 to 3 Gyrs. If it did fall, 
this group did so along the line-of-sight, namely it entered the cluster 
directly on the opposite side from ours. Such a scenario would explain 
the clustering of quenched galaxies, with high velocities with respect 
to the cluster center velocity, that are not within the inner core of the 
cluster in a phase-space diagram. Figure 2 shows the supergalactic XZ 
plane that permits making visible the simulated last signifcant merger 
of about 10% the mass of the cluster today at about (-3,-1.5) Mpc 
and Figure 3 shows the gathering of this group. This group happens 
to have fallen into the cluster through the flament opposite to the 
center of the box with respect to the simulated Virgo cluster, namely 
quasi in the line-of-sight of an observer close to the center of the box 
(where the Milky Way would be), in excellent agreement with the 
observationally-deduced merging history of this group. 

More precisely, Figure 10 left reproduces with the simulated 
galaxies the study conducted by Lisker et al. (2018) with observa-
tional data. Positioning an observer directly in the line-of-sight of the 
fallen-in group with respect to the cluster, radial velocity in the helio-
centric frame of reference (see equation 2 for a conversion from the 
CMB frame of reference) relative to the mean velocity of the cluster 
in the heliocentric frame of reference as a function of the distance to 
the center are derived for the galaxies. Circles represent red galaxies 
(g-z>1.2). Galaxies are selected in a r band magnitude range [-19,-18]. 
Fully flled circles indicate galaxies that belong to the group of ˘10% 
the cluster mass that fell into the cluster within the last few Gigayears 
in perfect alignment with the cluster and the observer. 
Conversion from the CMB frame of the reference to the heliocentric 
one: 

vcmb = vhelio + vapex(sin(b)sin(bapex) + cos(b)cos(bapex)cos(l − lapex)) (2) 
where vapex =371 km s−1, bapex =48.26 deg and lapex =264.14 deg 

from Fixsen et al. (1996), l and b are galactic coordinates. 
Comparisons with the phase-space diagram in Fig. 4, second row, 

of Lisker et al. (2018) and reproduced in the right panel of Figure 
10 lead to exceptional similarities. The group members are found at 
about the same position as the proposed fallen-in galaxy group in 

the observational data. Note that the magnitude bin is lower by one 
unit in the simulated case because of the opposite trend in the red 
than in the blue case of the Salpeter IMF choice to derive reversely r 
band magnitudes from stellar masses. In our case, it gives higher (in 
absolute value) magnitudes for the same given stellar mass. 

One may notice that relative velocities obtained by Lisker et al. 
(2018) are somewhat smaller than simulation-based relative velocities. 
Tests changing the line-of-sight in the simulation show that this shift 
is probably due to the non-perfect observer – M87 – MG alignment in 
the observation. For instance, a simulated alignment observer – M87 
– 2/3 of the MG-M60 vector as shown in the middle panel permits 
recovering velocities of the same order as that of Lisker et al. (2018). 

In both cases (perfect and non exact alignments), two simulated 
galaxies appear close to those belonging to the group in the phase 
space diagram (flled diamond and square). The galaxy represented 
by a flled square fell just before the group. The other galaxy, 
shown as a flled diamond, followed the group’s footsteps but in 
complete isolation from the latter. Interestingly, it appears to be 
a backsplash galaxy. This is not at odds with observations since 
galaxies within this region in the phase space diagram are only 
plausible, but not guaranteed, members of the fallen-in group. Note 
that this latter galaxy is one of the galaxies that are represented at 
700 kpc behind the main galaxy of the group in the histogram of Fig. 3. 

Finally, Figure 11 summarizes the accretion history of the Virgo 
cluster as would be seen by an observer at the center of the box (where 
the Milky Way would be). Similarly to what we observe today, lately 
the accretion happens to be along a preferential direction of infall (fla-
ment in the line-of-sight: galaxies that fell in lately appear to be mostly 
localized behind the Virgo cluster counterpart represented by a dashed 
line), quieter than it used to be, with the last signifcant merger of about 
10% the mass of the cluster that started about 2 Gigayears ago while 
very recently only about 300 galaxies per Gigayear entered the clus-
ter. Each small inset shows the galaxies that are in the cluster today 
at an anterior time, namely before they enter the cluster. They are not 
displayed after they entered the cluster. The thick dashed black line 
stands for the virial radius at a given time in angular coordinates. The 
factor used to derive the angular diameter of the cluster given its dis-
tance today is also used for earlier redshifts, in other words the angular 
size is always computed from the same distance that at z=0. The violet 
color stands for isolated galaxies before entering the cluster while the 
light blue color means that a galaxy is a satellite within a group before 
entering the cluster. The red color highlights the galaxies that belong 
to the last signifcant merging group. 

5 CONCLUSION 

The Virgo cluster of galaxies is our closest cluster-neighbor. As such, 
it is a formidable object of study to understand cluster formation and 
the evolution of galaxies once they enter this rich environment. To that 
end simulations of galaxy clusters are compared to observations of the 
Virgo cluster. The difficulty rises when observational probes depend on 
the formation history of the observed cluster. The diversity of clusters 
makes the one-to-one comparison with numerical simulations a daunt-
ing task to disentangle nurture versus nature. To remove the nurture 
from the study and focus only on the nature, it is necessary to produce 
a numerical cluster within the proper environment. Only then the tool 
is optimal to study the great physics laboratory that is the Virgo cluster. 

The goal of this frst paper of a series is to present the frst 
full zoom-in hydrodynamical simulation of a counterpart of the 
Virgo cluster of galaxies, a Clone– Constrained LOcal & Nesting 
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Figure 10. Galaxy velocity with respect to the cluster center velocity as a function of the distance to the center for the simulated (left and middle) and observed (right, 
from Lisker et al. 2018) clusters derived in the heliocentric frame of reference. Left: Circles are simulated galaxies with (g-z) > 1.2. Fully flled black circles denote 
galaxies that belonged to the group of about 10% the mass of the cluster that merged within the last few Gigayears. The main galaxy (MG) of the group is taken to be 
exactly aligned with respect to M87 counterpart and the observer to derive relative velocities. Middle: same as left panel but the observer is taken to be aligned with 
M87 and 2/3 of the MG-M60 vector. In these two left panels, the flled diamond stands for a galaxy that fell into the cluster after the group, the flled square represents 
a galaxy that fell into the cluster before the group. Right: datapoints from the right panel of Fig. 4 in Lisker et al. 2018. Circles are early type galaxies in the observed 
Virgo cluster. Filled black circles are potential galaxy candidates that used to belong to a group that merged within the cluster a few Gigayears ago. The observational 
scenario of the merged group somewhat quasi along the line-of-sight seems confrmed. 

Environment – simulation of Virgo, that has been obtained by 
constraining initial conditions with only local galaxy radial peculiar 
velocities. The large scale environment of the cluster resembles our 
local neighborhood. The zoom-in region has a ˘15 Mpc radius with 
an effective number of 81923 particles for the highest level (particle 
mass of ˘3×107 M ) and a refnement down to 0.35 kpc. AGN and 
supernova feedbacks are included. This paper confrms that overall 
the simulated cluster reproduces the observed cluster well enough for 
future deeper comparisons of galaxy population and hot gas phase in 
the inner core. 

First, general comparisons between the observed galaxy pop-
ulation of the Virgo cluster and the simulated one reveal excellent 
agreements in terms of luminosity and mass distribution as a function 
of the cluster center. A focused comparison between M87 and its 
simulated counterpart confrms the similarities. M87 counterpart is 
perhaps a bit too massive but some of this mass might be due to 
residual extinction in the observation and most probably a slightly too 
weak feedback in the simulation. 

Observationally-driven formation and evolution scenarios are 
then confronted with the theory down to the details. Our study 
confrms the number of small galaxies that entered the cluster within 
the last few Gigayears and the last signifcant merger. About 300 small 
galaxies (M�>107M ) entered the cluster recently, mostly within the 
last 500 Myr. In our previous dark-matter-only studies, we showed that 
the simulated Virgo cluster accreted matter along a preferential direc-
tion, a flament, and that the last signifcant merger occurred during the 
last 3-4 Gyrs. The group that fnished merging within the last Gigayear 
or so was about 10% the mass of the cluster today. Recently, Lisker 
et al. (2018) proposed an observationally-driven merging scenario 
according to which a group of about 10% Virgo counterpart mass 
entered the cluster along the line-of-sight preventing us from seeing it 
directly today. They found it identifying in a phase-space diagram a 
clump of red galaxies with high velocities relative to the cluster center 
but not in the inner core of the cluster. We identify the same group 
of galaxies in our simulation confrming both the result obtained in 
the dark-matter-only regime and the observational fndings. The group 
entered the cluster via the flament diametrically opposed to the center 
of the box where the Milky Way counterpart is. The phase-space 
diagram produced with the simulated galaxies reveals an identical 

clump when positioning an observer in the line-of-sight of the infall 
direction of the group. 

Overall, fndings regarding the Virgo cluster, observational and 
numerical matches and residual discrepancies between the observed 
cluster and its counterpart can be summarized as follows: 

(i) Galaxies in the cluster core are in general redder and older. 
(ii) The simulated Virgo cluster has an overall dynamical galaxy 

distributions matching the observed one with a virial radius of about 
2.2 Mpc and a zero velocity radius of about 4.4 Mpc. 

(iii) The galaxy luminosity and stellar mass distributions in the sim-
ulated Virgo cluster are in quite good agreement with the observed 
ones. The only exception being the inner core and the edges. However, 
edges might be affected by distance estimate uncertainties in the obser-
vational sample and the brightness of M87 might impact the observed 
inner core, observers deciding against observing them upon selection. 

(iv) NUV-luminosity and stellar mass functions within respectively 
0.15 Mpc and ˘3 Mpc obtained with the simulation match remarkably 
well the observations but at the faintest end in the frst case. The mass 
resolution limit in the second case seems to be the only point of depar-
ture from the observational relation in the second case. 

(v) The counterpart of M87 is quite a good match to the observed 
one. Still small discrepancies are visible and cannot be entirely ac-
counted for by aperture radii: M87 clone appears slightly too massive 
(bright) and not enough red with respect to the real M87. Its stars are 
also too metal rich although of quite the proper age. Explorations will 
be made later regarding for instance the growth of the black hole in 
M87 clone. Although more than big enough (M>1011M ), the black 
hole indeed grew recently because of a merger. However, since a de-
tailed comparison between the observed and the simulated black holes 
will have to be conducted carefully, in particular because of the physics 
used for the AGN feedback, for instance the cosmic rays physics is not 
included, it will be the subject of a future study. 

(vi) There are two good candidates for being M49 and M60 clones 
though they also are slightly too blue. 

(vii) The Virgo cluster counterpart has had a quiet merging history 
within the last few Gigayears while it used to grow faster. 

(viii) More precisely, Virgo counterpart underwent too major de-
pressions in terms of galaxy accretions: frst, about 7 Gyrs ago, when it 
transitioned from an active agglomerator to a quieter one in agreement 
with its cluster-size and close by environment; second, about 3 Gyrs 
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Figure 11. Merging history of the simulated Virgo cluster. Small insets show the position of the galaxies that will end up inside the virial radius of the cluster at 
redshift zero. The gradient of color gives the status of the galaxy before entering the cluster: violet means that the galaxy was isolated, light blue stands for a satellite 
galaxy within a group. The red color is used to highlight galaxies from the last signifcant merging group. The dashed black lines stand for the virial radius of the dark 
matter halo of the cluster at different epochs in angular coordinates. The factor derived at z=0 to estimate the angular diameter given the distance of the cluster today is 
also used for earlier redshifts, in other words the simulated cluster is always seen by the fctive observer from the same distance that at z=0. Galaxies within the cluster 
virial radius at a given time are not shown. The reconstruction of the Virgo cluster formation from observations is matched with good accuracy by the simulation: last 
signifcant merger quasi along the line-of-sight, quiet accretion lately and more active earlier on. 

ago, when a small group congested the flament located directly on the 
opposite side from ours, thus preventing it from channeling matter onto 
the cluster. 

(ix) Virgo counterpart accretes matter along that flament, a prefer-
ential direction. 

(x) The last signifcant merging event was with the small congesting 
group. This group fnished entering a bit more than a Gigayear ago. It 
was about 10% the mass of the cluster today. 

This excellent numerical replica of the Virgo cluster of galaxies 
will permit studying more thoroughly the galaxy population of the 

cluster as well as the different galaxy types (jellyfsh, backsplash, the 
fall-in small group, M87, etc) in the cluster and comparing them di-
rectly with their observed counterparts to test different hydrodynamical 
modelings. Future studies will address the hot gas phase of the simu-
lated cluster. Virgo is known to be a cool-core cluster and this property 
is most probably due to its history. It will be an excellent way of test-
ing baryonic physics in the intracluster medium. Several properties like 
metallicity, temperature obtained in our simulated cluster are precious 
probes to investigate. The simulation of the Virgo cluster opens great 
prospectives and let us foresee multiple interesting projects. Moreover, 
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a companion simulation to tackle residual differences highlighted in 
this paper is already currently running using the same kinetic stellar 
feedback but with metal yield curves and mass return times based on a 
Kroupa IMF. 
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APPENDIX 

A DM vs. Hydro run 

This appendix intends to demonstrate that the hydrodynamic compo-
nent of the simulation did not perturb beyond its normal effect the dark 
matter result. Figure 12 top confrms that the fnal virial mass of the 
cluster is similar with and without gas after rescaling to account for 
the baryonic content and that there are only moderate changes in the 
assembly history especially recently. The bottom of the same fgure 
shows that indeed hydrodynamics suppresses the small mass halos but 
does not affect the high mass end of the dark matter halo mass function. 

B Cluster-centric velocities 

To compute cluster-centric velocity with the help of Figure 13 and 
Karachentsev & Kashibadze (2006), let C be the center of a system 
of galaxies located at the distance D and receding with a velocity V 
from us. Consider a galaxy N at the distance DN and receding at VN 

from us. We call the angular separation, between the center of the sys-
tem and the galaxy N, θ. Then, the distance between the galaxy N and 
the center of the system Rc can be expressed as follows: q 

Rc = R = D2 + D2 
N − 2DDNcosθ (3) 
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Figure 12. Comparisons between two runs with the same parameters and same 
initial conditions but one with gas (Hydro), the other without (DM). Top: Ratio 
of the total virial mass of the halos in both runs as a function of time (after 
accounting for the baryonic content in the hydrodynamical run). The dashed line 
is obtained considering each snapshot while the solid line is a mean across fve 
snapshots. Bottom: Halo mass functions in both runs. Adding gas suppresses 
small mass halos but does not impact the high mass end of the function as 
expected. 

The galaxy N is going away from C at the velocity: 

Vc = VNcosλ − Vcosµ (4) 

Dsinθwhere µ = λ + θ and tan λ = assuming that random peculiar DN −Dcosθ 
velocities are low compared to expansion velocities. 

C Zero velocity radius 

The zero velocity radius is a priori the intersection of the running me-
dian with the X-axis. However, because of a high velocity dispersion in 
cluster cores, running medians are noisier close to the cores than in the 
far outskirts where the Hubble fow is reached. Consequently, we ft 
the running median with a theoretical velocity profle derived from the 
spherical model by Peirani & de Freitas Pacheco (2008). This profle 
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Figure 13. Diagram representing the different parameters required to compute 
the distance and the velocity of a galaxy with respect to the center of a system. 

assumes a spherical collapse model, Λ included, in the outskirts of the 
clusters. In the core, assumed to contain most of the mass where shell 
crossing has already happened, the orbits are mainly radial. Then: ! n+1 

H0 GM 3 

V(Rc) = 1.377H0 × Rc − 0.976 × × (5)
Rn

c H0
2 

with M the core cluster mass, Rc the distance of the galaxy to the 
cluster center, V(Rc)=Vc the radial velocity of the galaxy with respect 
to the cluster center and n=0.627 at z=0. By defnition, the velocity 
at the zero velocity radius is null. Because the model is valid only up 
to the point where the Hubble Flow is reached, fts are based on the 
left end of the running median where cores and outskirts are in close 
contact with each other. We proceed iteratively until the portion of the 
running median to ft is delimited such that the model converges to the 
data. 

D Completeness of the simulation 

Figure 14 top shows the completeness of the simulation at M� = 
108.5M . This sets the limit of validity of the close comparisons be-
tween observations and simulations in this paper without correction 
for completeness. To evaluate the correction, we ft a double Schechter 
function to the galaxy stellar mass function within the 12 Mpc radius 
spherical volume of the simulation using only points above the com-
pleteness limit (e.g. McLeod et al. 2020): 

Φ(M) = ln(10)exp[−10(M−M� )]10(M−M�)[Φ� 110(M−M�)α1 + Φ� 210(M−M�)α2 ] 
(6) 

We use as a frst proxy the parameters from Baldry et al. (2012) 
who derived galaxy stellar mass functions in the local Universe. We 
increase M� following Calvi et al. (2013) who found that M� evolves 
with the environment density and Φ� 2 following Baldry et al. (2008) 
who observed steeper slopes at the low mass end in clusters than in 
the feld. These parameters are adjusted to ft only the points above 
the completeness limit as shown in Figure 14 bottom. Finally, M� =11, 
log(Φ� 1)=-2.4, log(Φ� 2)=-2.1, α1=-0.35, α2=-1.5. 

Typically about 10,000-12,000 (50-60) small galaxies of 
M� > 107M are missed in the 12 Mpc radius spherical volume (sim-
ulated Virgo cluster) given the parameters used for the halo fnder run 
and the resolution of the simulation. 
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Figure 14. Top: Stellar mass as a function of dark matter halo mass for central 
(red crosses) and satellite (black crosses) galaxies in the 12 Mpc radius spherical 
volume. Bottom: Galaxy stellar mass function of the 12 Mpc radius spherical 
volume (flled circles) ftted with a double Schechter function (dot-dashed line). 
The completeness is visible at M� = 108.5M . 
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