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ABSTRACT

When measuring the observed pressure, density, or temperature profiles of the intracluster gas, and hence the mass of clusters of
galaxies, projection effects or departures from the spherical symmetry hypothesis may induce biases. To estimate how strongly the
cluster’s observed properties depend on the direction of observation, we use a constrained hydrodynamical simulation of the Virgo
cluster that replicates the actual cluster of galaxies. In this case study, we analysed Virgo properties when projected in different
directions, including along the Milky Way-Virgo axis, which mimics our observation direction. We compared the hydrostatic mass
and the hydrostatic mass bias from the projection along the different observation directions to that derived from the 3D simulation.
We show that projection effects impact the determination of Virgo mass. We particularly demonstrate that the mass and pressure
along the line of sight correlate with the 2D- and 3D-deprojected electron density and pressure profiles intensity and thus impact the
derived hydrostatic mass. We also show that the deviations to the hydrostatic equilibrium induced by pressure discontinuities within
the cluster are emphasised by the deprojection process and thus make the hydrostatic mass estimation invalid at these radii.
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1. Introduction

Galaxy clusters formed via the gravitational collapse of primor-
dial over-densities and are thus the most massive gravitationally
bound structures of the Universe. They are mainly composed
of dark matter (DM; ∼80%); they also contain a hot plasma
trapped in the DM gravitational potential well, the intraclus-
ter medium (ICM; ∼15%; see Kravtsov & Borgani 2012 for a
review). The galaxies account for about 5% of the cluster’s total
mass. Clusters of galaxies are located at the nodes of the cos-
mic web (e.g., Peebles 2020; Cautun et al. 2014) and are, there-
fore, peaks of density in the matter distribution of the Universe.
Their number count -in other words their abundance in mass and
redshift- is thus a probe for the cosmological parameters (see
Allen et al. 2011; Pratt et al. 2019 for reviews) provided their
masses are accurately estimated.

We can directly infer the total cluster mass using grav-
itational lensing of the cluster onto background galaxies
(see Hoekstra et al. 2013 for a review). Differently, any
massive cluster contains a hot ICM emitting in X-rays via
bremsstrahlung (Sarazin 1986; Böhringer & Werner 2010)
that can be observed with the ROSAT (Böhringer et al. 2004),
Chandra (Vikhlinin et al. 2006), XMM-Newton (Pacaud et al.
2007), Suzaku (Simionescu et al. 2014), and eROSITA
(Bahar et al. 2022) satellites. The ICM can also be observed
in the sub-millimetre domain through the inverse Compton
scattering of the Cosmic Microwave Background (CMB) pho-
tons passing through the ICM (see Carlstrom et al. 2002 for a
review) – the so-called thermal Sunyaev–Zel’dovich (tSZ) effect

(Sunyaev & Zeldovich 1972) – using several ground-based and
space telescopes: the South Pole Telescope (SPT; Plagge et al.
2010), the Atacama Cosmology Telescope (ACT; Marriage et al.
2011), and the Planck satellite (Planck Collaboration XXIX
2014). Assuming the hydrostatic equilibrium between the ICM
pressure and the gravitational potential well, we can estimate
the hydrostatic mass of a galaxy cluster (see Ettori et al. 2013;
Kravtsov & Borgani 2012 for reviews).

The hydrostatic equilibrium hypothesis is most often invalid
and leads to a so-called hydrostatic mass bias, which is defined
as the ratio of the hydrostatic mass over the total mass. The value
of the bias is still debated; on one hand there is a large scat-
ter around (1 − b) = 0.8 among the values proposed by sev-
eral cosmological simulations or weak lensing experiments as
shown in Salvati et al. (2018), Gianfagna et al. (2021), and in the
discussion of this work. On the other hand, the value proposed
by Salvati et al. (2018) to reconcile the CMB and tSZ number-
count constraints on the parameters σ8, namely the amplitude
of the matter power spectrum at 8 Mpc h−1 and the total matter
density Ωm, is (1−b) = 0.62±0.07. As we enter the era of preci-
sion cosmology, we need to better understand the sources of bias
in the clusters’ hydrostatic mass estimation to ensure accurate
measurements.

There are multiple possible contributions to the hydrostatic
mass bias that need to be well calibrated to reach accurate mass
estimates. First, we make the hypothesis of fully thermal pres-
sure, but magnetic fields (e.g., Dolag & Schindler 2000), cos-
mic rays (e.g., Böss et al. 2023), or turbulence (e.g., Rasia et al.
2004; Nelson et al. 2014; Pearce et al. 2020) in the ICM could
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add significant non-thermal pressure. Second, we assume that
clusters are spherical and relaxed although asphericity and unre-
laxedness of clusters (e.g., Gouin et al. 2021) could also con-
tribute to the bias. Moreover, temperature structure in the ICM
(e.g., Rasia et al. 2006, 2012), the introduction of an inertia term
in the mass estimation (e.g., Suto et al. 2013; Biffi et al. 2016),
redshift evolution of the bias (e.g., Wicker et al. 2023), or the
cluster’s local environment impact on the hydrostatic equilib-
rium (e.g., Gouin et al. 2022, 2023; Vurm et al. 2023) might also
need to be accounted for. In addition to these physical sources
of biases, using projected quantities (accessible via observa-
tions) instead of 3D ones (accessible in numerical simulation)
introduces other biases. Furthermore, since we can only observe
the ICM of clusters from our unique position in the Universe,
reconstructed thermodynamical properties of clusters can then
be affected by the presence of gas along our line of sight (LoS).

For the Virgo cluster replica case study, our work focuses
on two main aspects. We show how the physics in the clus-
ter core and the environment in the cluster outskirt impact the
hydrostatic mass and the bias. We also explore how the sig-
natures of these physical conditions, and hence the mass bias,
are affected by the projection in different directions. The impact
of projection effects on cluster mass estimates was studied
by, for instance, Ameglio et al. (2007, 2009), Meneghetti et al.
(2010), and Barnes et al. (2021) based on mock observations
of the tSZ, X-rays, or lensing signal from low-resolution sim-
ulations. In our study, we used direct simulation 3D and pro-
jected quantities to identify the main sources of biases. The
analysis of mock data and the comparison with actual obser-
vations will be presented in a forthcoming paper. Additionally,
we used a constrained cosmological simulation for the first time
to quantify the projection effects by observing a cluster replica
from multiple directions, including our observer LoS. Our high-
resolution, hydrodynamical-simulation – including supernova
(SN) and active galactic nucleus (AGN) feedback – replica of
the Virgo cluster (Sorce et al. 2021) allowed us to explore the
impact of the feedback in the cluster core and its impact on the
mass bias.

This paper is organised as follows: we describe the Virgo
cluster and its simulated replica in Sect. 2. The 3D, 2D, and
3D-deprojected radial profiles are presented in Sect. 3, and the
derived hydrostatic mass bias is discussed in Sect. 4. We discuss
the projection effects in Sect. 5. We discuss the impact of fitting
the radial profiles and the addition of non-thermal pressure on
the hydrostatic mass estimation and compare our mass biases to
the literature in Sect. 6. We draw our conclusions in Sect. 7.

2. The Virgo cluster

2.1. Observed properties of the cluster

The Virgo cluster is our closest neighbour, located more or less
16 Mpc away from us (Mei et al. 2007) at a redshift of 0.0038
(Wu et al. 1998). Table 3 shows its mass obtained from differ-
ent observations. Our proximity to this galaxy cluster permit-
ted us to study its galaxy populations (de Vaucouleurs 1961) and
their dynamics within this very dense environment in detail (e.g.,
Karachentsev et al. 2014) using the Hubble Space Telescope
(HST), the GALEX Ultraviolet Virgo Cluster Survey (GUViCS)
from Boselli et al. (2016), the Herschel Virgo cluster surveys
of Pappalardo et al. (2015), the Next Generation Virgo Cluster
Survey (NGVS) of Ferrarese et al. (2016), or the Virgo Envi-
ronmental Survey Tracing Ionised Gas Emission (VESTIGE) of
Boselli et al. (2018). The filaments connected to the Virgo clus-

ter have also been studied in detail (Kim et al. 2016; Lee et al.
2021; Castignani et al. 2022a,b). The Virgo ICM has also been
inspected using its tSZ signal (Planck Collaboration Int. XL
2016) and its X-ray emission from the core (Young et al. 2002;
Simionescu et al. 2017) to the virial radius (Urban et al. 2011;
Simionescu et al. 2015), providing information about the pres-
sure, electron density, temperature, and metallicity distribu-
tions. In addition, the Virgo cluster recently received a lot of
attention due to the observation of the black hole (BH) of its
central galaxy M 87 by the Event Horizon Telescope Collabo-
ration (Event Horizon Telescope Collaboration 2019). This BH
is an AGN expelling gas in a jet mode (Lucchini et al. 2019;
Ghizzardi et al. 2004).

Accurately determining the complex formation history of
Virgo is challenging. However, Boselli et al. (2008) estimated
that in the past few gigayears, Virgo accreted around 300 galax-
ies with M? > 107 M� per gigayear. Moreover, Lisker et al.
(2018) found that a group of about 10% of the cluster mass
would have recently fallen into the cluster. This agrees with
the large number of substructures observed within the cluster
(Huchra 1985; Binggeli et al. 1987), showing that Virgo is an
unrelaxed and dynamically young cluster.

2.2. Simulated replica

Numerical simulations are used to improve our understanding
of past and current Virgo properties. Hence, several projects
(Hoffman et al. 1980; Li & Gnedin 2014; Moran et al. 2014;
Zhu et al. 2014) have proposed numerical models of the cluster
as an isolated object, thus missing the impact of Virgo’s environ-
ment on its build up and its properties.

More recently, Sorce et al. (2019) ran 200 DM simulations of
the Virgo cluster. For the very first time, these simulations repro-
duce the cluster local environment, including filaments con-
nected to Virgo and groups of galaxies in its vicinity, using initial
conditions of the local Universe constrained with both observed
galaxy positions and peculiar velocities but no mass–luminosity
relation (Sorce et al. 2016). The masses of the cluster replicas
in the simulations thus result from the evolution of the initial
fields without any cluster mass calibration. The dynamical state
and formation history of these simulated replicas are in excel-
lent agreement with the observed properties of the Virgo cluster
(Olchanski & Sorce 2018). They show a dynamically young and
unrelaxed object with a mean offset of the centre of mass with
respect to the spherical centre of 58 ± 38 kpc and 79 ± 22 sub-
structures with a mass above 1010 M� (see Sorce et al. 2019 for
more details).

Among the 200 DM simulations, the most representative
halo (i.e., the closest to the average properties of the full sam-
ple, with a merging history in agreement with the mean history
of the total sample) was re-simulated, including baryons using
the adaptive mesh refinement code RAMSES (Teyssier 2002).
Our paper uses this unique, high-resolution, zoom-in hydrody-
namical simulation of Virgo, the Constrained LOcal and Nest-
ing Environment (CLONE) simulation, whose main properties
are briefly described hereafter (for more details, see Sorce et al.
2021 and references therein). For this run, the Planck cosmol-
ogy from Planck Collaboration XVI (2014) was adopted with
spectral index ns = 0.961, 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, and amplitude of
the matter power spectrum at 8 Mpc h−1 σ8 = 0.829. The
zoom region, contained in a 500 Mpc h−1 local Universe box
(Sorce et al. 2016), is a 30 Mpc diameter sphere with a resolution
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of 81923 effective DM particles of mass mDM = 3.107 M�. On
the baryon side, the finest cell size is 0.35 kpc. In this work, we
also used a low-resolution simulation containing 20483 effec-
tive DM particles with mDM = 2.109 M� and a finest cell size
of 1.4 kpc. The sub-grid physical models for radiative gas cool-
ing and heating, star formation, kinetic feedback from type II
SNs and AGNs follow the Horizon-AGN implementation of
Dubois et al. (2014, 2016). Moreover, the AGN feedback model
has been improved by orientating the jet according to the spin of
the BH (see Dubois et al. 2021 for details).

Overall, the simulation is in good agreement with observa-
tions on several aspects. First, the halo population of the cluster
is consistent with observations, the luminosity function derived
from the simulation matches well with that obtained from obser-
vations up to the completeness threshold of the simulation, that
is 109 M� for the low-resolution and 108.5 M� for the high-
resolution simulation (see Appendix D in Sorce et al. 2021).
Then, the dynamical galaxy distribution matches with observa-
tions, giving consistent virial and zero velocity radii1. Moreover,
the merging history, the central galaxy M 87-replica (albeit a bit
more massive than the actual M 87) or the filamentary structure
are also in good agreement with observations (see Sorce et al.
2021 for more details). Given the good agreement between the
Virgo replica and the actual cluster, we are confident that the
former can be used to study observational and physical effects
impacting the mass estimate.

We used the rdramses2 code to extract the position, velocity,
mass, level of resolution, electron density, pressure, and tem-
perature of each cell from the simulation output files. We also
used this code to extract the DM particles’ positions, veloci-
ties, and masses. To identify the Virgo cluster in the large-scale
simulation, DM halos have been identified using the halo finder
described in Tweed et al. (2009), where galactic halos are iden-
tified using the stars as tracers (Tweed et al. 2009). The Virgo
DM halo has a characteristic radius3 R500 = 1087 kpc, the total
mass contained in the sphere of this specific radius is M500 =
3.36 × 1014 M�. Its virial radius is Rvir = 2147 kpc and the mass
in this radius is Mvir = 6.31 × 1014 M�. Our study focuses on
the ICM gas, and we thus selected the cells with a temperature
above 105 K and removed the cells associated with the galaxies.
More precisely, we removed the cells within the virial radius of
the DM halo associated with the galaxies with a mass above the
completeness threshold of the simulation. We only keep the clus-
ter’s central galaxy, M 87, its DM halo being the cluster halo.

2.3. Pressure and electron density maps

In this work, rather than using mock observations of tSZ or
X-rays, we studied the cluster using direct simulation 3D outputs
of the pressure and electron density that we compared to 3D-
deprojected quantities obtained following different directions.
Thanks to the accuracy of the Virgo replica together with its local
environment up to ≈7 ∗ Rvir, and to the implementation of SN
and AGN feedback, we were able to carry out an unprecedented
study of projection effects on the hydrostatic mass estimation
of the Virgo cluster; that is to say, we investigated the com-
bined impact on the hydrostatic mass of the signature of feed-

1 The radius at which the mean radial velocity of galaxies is zero; see
Appendix C of Sorce et al. (2021) for more details.
2 https://github.com/florentrenaud/rdramses
3 The radius within which the mean matter density is 500 times the
critical density of the Universe, defined as ρc = 3c2H2

8πG . The actual critical

density is ρc,0 =
3c2H2
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Fig. 1. DM box of simulated Virgo cluster. The coloured lines repre-
sent the axis of projection. The red solid line axis is for the projection
from the centre of the box to Virgo (Cen), the blue dotted line shows the
projection along the main filament (Fil), and the green dashed and grey
dash-dotted lines show the projections perpendicular to the main fila-
ment, with a rotation around the x (Filx) and y (Fily) axis, respectively.

back processes (i.e., shocks) and the matter distribution along
the LoS. Therefore, our approach does not exclude any sub-
structure along the projection directions. Additionally, using the
Virgo constrained simulation allows us to compare the projected
quantities with the actual observing LoS directly.

Four directions are considered in our study (shown in Fig. 1)
that are associated with projected maps. The projection along the
red LoS is from the centre of the large-scale simulation box to
the Virgo cluster (Cen hereafter, solid red). The large-scale sim-
ulation is almost centred on the Milky Way (Sorce et al. 2016);
we thus assume that this projection is comparable to the real
observation of the Virgo cluster, as shown in Sorce et al. (2023)
in their study of velocity waves in the Hubble diagram. Since
we studied the impact on the hydrostatic mass estimation of the
gas distribution along the LoS, we projected along the main fil-
ament connected to Virgo, assuming it would contain a lot of
mass along the LoS (the blue dotted LoS in Fig. 1; Fil here-
after). We also projected the quantities orthogonally to the main
filament; these are two extreme cases with less mass along the
LoS represented as the green and grey LoS in Fig. 1. Both are
perpendicular to the main filament and, respectively, follow a
rotation around the x- (Filx, in green dashed) and y-axes (Fily;
dash-dotted grey).

The maps of pressure and electron density are produced by
summing the contributions of the cells along the LoS in each
pixel. The cells contribute to one or more pixels depending on
their resolution level. For the low-resolution zoom-in simulation
(20483 effective DM particles), the pixel size equals the finest
cell size (i.e., 1.4 kpc). For the high-resolution zoom-in simula-
tion (81923 effective DM particles), among the cells in highly
refined areas (i.e., within the central 100 kpc), only some cells
reach the finest resolution level (less than 15%), and about 60%
of them have a cell size of 1.4 kpc at best. Outside the cluster
core, some cells reach the highest resolution level in the galax-
ies, but they have been removed during the ICM cell selection
described above. So, we fixed the resolution level of the cells –
and so the size of the pixels – to 1.4 kpc when running rdram-
ses. We performed tests with maps with pixel sizes equal to the
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Fil 

Filx

Fily

2 Mpc 

2 Mpc 2 Mpc 

2 Mpc 

Fig. 2. Pressure maps in four directions from the high-resolution zoom-in simulation. The maps are 22.123 Mpc wide and contain 15 7282 pixels.
The central circle is the virial radius, the outer one is the zero velocity radius. The colour scale ranges from 10−8 to 10−1.5 kev cm−3. From top to
bottom and left to right, the Cen, Fil, Filx, and Fily projections associated with directions shown in Fig. 1. These maps show the matter distribution
in Virgo’s local environment. The cluster is part of a matter sheet (visible on the Fily projection) including a main filament (top of the Filx
projection) and three secondary filaments (bottom of the Filx projection and top and bottom of the Fil and Cen projections).

finest cell size (i.e., 0.35 kpc) and found very similar projected
quantities. The mean relative difference on 2D radial profiles was
6.4 × 10−5.

The pressure maps are built using the mass-weighted mean
of the cells in each pixel because the pressure is an intensive
quantity. The electron density maps are column density maps,
that is the sum of the electron density of the cells multiplied
by their size because it is an extensive quantity. We present the
pressure maps along the four directions in Fig. 2. These square
maps are 22.123 Mpc wide, centred on the cluster’s centre of
mass, and contain 15 7282 pixels. We show characteristic radii of
the cluster; the central circle is the virial radius (Rvir), the outer
one is the zero velocity radius (Rzv, from Sorce et al. 2021).

These maps show several features, both at large and small
scales. At large scales, we observe the matter distribution in
the Virgo environment. The Fily map shows a large amount of
high pressure (above 10−5 keV cm−3) beyond the zero velocity
radius. In contrast, the high pressure is concentrated in filamen-
tary structures for the three other maps. The Fil map shows a
thinner vertical filament than the main one visible on the Filx
map. It shows that the matter is concentrated in a sheet crossing
the cluster, which is also visible on the Fily map. Moreover, the
maps show differences in the cluster shape within the zero veloc-
ity radius; for example, the Filx map shows an elongated clus-
ter, and the spherical symmetry hypothesis is therefore strongly
challenged in this case.
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Fig. 3. 3D radial profiles of mass-weighted mean of pressure (top, in
keV cm3), electron density (middle, in cm−3), and temperature (bot-
tom, in keV). The uncertainties are the mass-weighted standard devi-
ation. The orange dotted lines stand for the high-resolution simulation
(81923), and the blue dotted lines stand for the low-resolution simula-
tion (20483). The profiles extend from 60 to 5300 kpc. The vertical solid
line is for R500, and the dashed vertical line is for Rvir. Profiles derived
from the high- and low-resolution simulations are consistent, except in
the cluster core. The low-resolution simulation has converged outward
from at least R500.

Within the virial radius of the Filx map, there is a pres-
sure discontinuity perpendicular to the main filament connected
to the cluster. This is due to the accretion of the warm gas
falling from the filament. This gas is heated while entering the
cluster (see Gouin et al. 2022, 2023 and Vurm et al. 2023 and
references therein for recent studies) and is then shocked (see
Markevitch & Vikhlinin 2007 for a review on shocks in clus-
ters). In the cluster’s centre, we observe another pressure dis-
continuity, which is more or less elliptical depending on the pro-
jection. This is due to the AGN feedback of the cluster’s central
galaxy, M 87. In this simulation, the AGN jet direction depends
on the galaxy spin that is mainly perpendicular to the Filx direc-
tion. The AGN feedback is thus oriented mainly in the Filx
direction, so the pressure discontinuity is seen spherical in this
projection (as we observe on the top right panel of Fig. 2). Con-
sequently, in the other projections, we observe an elliptical pres-
sure discontinuity. This pressure discontinuity has been observed
in the X-rays; the associated jet power has been estimated to be
Fjet ≈ 3 × 1042 erg s−1 (Young et al. 2002).

3. Radial profiles

In this section, we first show the 3D radial profiles computed
from the simulation box. We then derive 2D radial profiles
extracted from the maps and finally estimate 3D-deprojected
profiles that we compare to the 3D ones.

3.1. 3D radial profiles

We computed the 3D radial profiles of the pressure, electron den-
sity, and temperature using the simulation cells. We computed
the mass-weighted mean of each quantity in 40 bins of 0.05
length in logarithmic scale, ranging from 56 kpc to 5.623 Mpc.
The uncertainties are given by the mass-weighted standard devi-
ation. They are shown in Fig. 3. In each figure, the orange dot-
ted lines stand for the high-resolution simulation (81923) and the
blue dotted lines stand for the low-resolution simulation (20483).
The solid grey vertical line represents R500, the dashed one is the
virial radius Rvir, and the horizontal axis is the radius in kpc rang-
ing from 60 to 5300 kpc.

3.1.1. Pressure profiles

First, the pressure profiles are shown at the top panel of Fig. 3. In
the inner cluster region within the first 150 kpc, the pressure from
the high-resolution simulation is larger than the low-resolution
one; the mean relative difference is ∼10%. It is reasonable,
given that the low-resolution simulation does not resolve the
small-scale physics in the cluster’s centre, the low-resolution
simulation has not converged in this area. Beyond 150 kpc,
the two profiles are very similar, the mean relative difference
between high and low-resolution in this range is ∼2.0%, and
both profiles agree within the error bars, particularly in the range
[900,2500] kpc. This shows that the low-resolution simulation
reaches convergence beyond 150 kpc.

In Sect. 6, we discuss the difference between the hydrostatic
mass obtained from simulation-derived and fitted profiles. To
this aim, we fit the pressure profile to the generalised Navarro–
Frenk–White (gNFW) model (Nagai et al. 2007) following the
notation from the Planck Collaboration Int. V (2013). The radial
profile is normalised at R500 as well as the pressure, we have

P(x) =
P(r)
P500

with x =
r

R500
. (1)

The gNFW model is then written as

P(x) =
P0

(c500x)γ
[
1 + (c500x)α

](β−γ)/α . (2)

This model is defined by five parameters: the normalisation, P0,
the concentration at R500, c500, and three parameters for the slope
of the profile, which are γ for the core, α for the intermediate
radii, and β for the outskirts. The best-fit parameters are given
in Table 1 for 3D and 3D-deprojected profiles. The priors are
the values from Planck Collaboration Int. V (2013; P0 = 6.41,
c500 = 1.81, α = 1.33, β = 4.13, γ = 0.31) and the bounds are,
respectively, [0,600], [0,20], [0,10], [0,50], and [−10,10].

3.1.2. Electron density profiles

In the middle panel, we show the electron density profiles. We
observe the same trend as for the pressure profiles for R <
150 kpc. The mean relative difference in this region is about
3.6%. Then, in the [200,900] kpc range, the high-resolution pro-
file decreases more sharply than its low-resolution counterpart,
but it is still within the error bars (the mean relative difference
beyond 150 kpc is ∼1.3%). Beyond 900 kpc, the two resolutions
give consistent results. We notice a flattening of the profiles at
very large radii beyond 4 Mpc. At this distance, we reach the
boundaries of the cluster; this plateau is due to the matter around
the cluster in the cosmic filaments connected to it, and they are
visible on the projected maps (see Fig. 2).
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Table 1. Best-fit parameters of the gNFW model for the 3D high- and low-resolution simulation and 3D-deprojected pressure radial profiles from
the high-resolution simulation.

Profile P0 c500 α β γ

3D 80923 600± 3781 1.82e−02± 0.11 0.52± 0.25 27.3± 59.6 −0.12± 0.59
3D 20483 600± 451 2.16± 0.11 0.95± 0.09 5.09± 0.20 −0.95± 0.24
Fil 22.9± 20.7 2.00± 0.33 2.09± 0.95 4.32± 0.32 0.59± 0.43
Filx 600± 5812 0.47± 0.96 0.69± 0.63 9.22± 8.04 −0.32± 1.71
Fily 600± 6781 0.33± 1.01 0.67± 0.70 10.5± 12.5 −0.26± 1.85
Cen 13.3± 15.38 1.83± 0.54 3.88± 5.55 4.24± 0.62 0.16± 0.68

Table 2. Best-fit parameters of the β model for the electron density
radial profiles for high- and low-resolution simulation 3D profiles and
3D-deprojected profiles from high-resolution simulations.

Profile ne(0) (×10−3) rc (×102) β (×10−1)

3D 80923 2.88± 0.09 3.01± 0.09 8.62± 0.11
3D 20483 2.46± 0.05 3.75± 0.08 9.21± 0.08
Fil 3.24± 0.17 2.69± 0.13 8.40± 0.14
Filx 2.78± 0.17 2.87± 0.16 8.59± 0.17
Fily 2.72± 0.17 2.97± 0.17 8.87± 0.19
Cen 3.13± 0.26 3.08± 0.24 9.01± 0.26

For the electron density, we fitted the radial profile to
the isothermal β model first introduced by Cavaliere &
Fusco-Femiano (1976, 1978) and written as

ne(r) = ne(0)

1 +

(
r
rc

)2−3β/2

, (3)

where ne(0) is the central electron density, rc is the core radius,
and β is the parameter of the model. The best-fit parameters are
given in Table 2.

3.1.3. Temperature profiles

We show the temperature profiles in the bottom panel of Fig. 3.
Similarly to the previous profiles, the two resolutions are con-
sistent at large radii from 400 kpc to 4 Mpc (mean relative dif-
ference of 5.6%). However, in the centre of the cluster, the dif-
ference is large mainly because, contrary to the profiles in the
upper panels, the profile is shown in linear scale, and the mean
relative difference in the inner 80 kpc is 20.5%. We observe that
the low-resolution profile flattens, whereas the high-resolution
one becomes steeper and reaches more than 10 keV in the most
central bin. The temperature being computed as the ratio of the
pressure over the electron density from the simulation, this result
is coherent with our conclusions on the pressure and electron
density profiles.

3.2. 2D profiles

We derived 2D radial profiles from the maps described in Sect. 2.
For that, we defined circular annuli centred on the cluster’s cen-
tre, which is also the map’s centre. We calculated the mean value
of the given quantity in each annulus. The deprojection method
is run 100 times (as described in the following subsection), for
this figure the 2D radial profiles are interpolated and extrapo-
lated so that they have the same binning. We compute the mean

of the 100 realisations, the error bars are the dispersion of the
sample.

In Fig. 4, we present the 2D radial profiles of electron den-
sity (left) and pressure (right). Similarly to Fig. 1, the blue dotted
profile is the Fil projection, the green dashed and grey dash-
dotted profiles are the Filx and Fily projections. The solid red
profile is the Cen projection. The vertical solid line is R500, the
vertical dashed line is the virial radius. At first order, the elec-
tron density profiles show the same trend from the outskirt to
R500. We observe the same for pressure profiles except for the
central part of the cluster where deviations arise. We discuss the
projection effects on the 2D radial profiles in Sect. 5.

3.3. 3D-deprojected profiles

In observations, we can only access projected cluster quanti-
ties and use deprojection techniques to retrieve 3D quantities. In
this work, we adapted the non-parametric geometrical iterative
deprojection method proposed by McLaughlin (1999). It was
initially developed for deprojecting stellar globular cluster den-
sity, but it has been commonly used for the study of the ICM in
galaxy clusters (e.g., Ameglio et al. 2007, 2009; Tchernin et al.
2016; Shitanishi et al. 2018; Ghizzardi et al. 2021).

The circular annuli on the map are cylinders along the LoS.
Assuming that the cluster is perfectly spherical, we can decom-
pose it in spherical shells with the same binning (see Fig. A.1
for a visualisation). Therefore, the signal in the cylinders is the
sum of the contributions of the spherical shells along the LoS.
Assuming that the background is also properly removed, the
signal in the last cylinder is equal to that in the last spherical
shell. In the second-to-last cylindrical shell, we have the con-
tribution of the last spherical shell and the second-to-last one,
knowing the signal in the former we can retrieve that in the lat-
ter by subtraction. With this approach, we can iteratively derive
the signal in each spherical shell from the outskirts to the cen-
tre of the cluster. For the electron density, we used the method
as proposed by McLaughlin (1999), except for the background.
For the pressure, given that it is an intensive quantity con-
trary to the extensive electron density, we modified the method.
The details of the deprojection technique can be found in
Appendix A.

For the present study, we also adapted the background sub-
traction for each quantity. For the ICM pressure, the background
signal is evaluated as the mean value of the pixels within an
interval ranging from 8 to 10 Mpc from the centre of the map.
This interval is chosen to remove the local environment contribu-
tion without removing signal from the cluster. The background
is evaluated far enough from the cluster, between ≈4 and 5 Rvir,
so that it does not include the filaments connected to the cluster
and is subtracted from the 2D radial profile bins. For the electron
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Fig. 4. 2D radial electron density (left) and pressure (right) profiles. The blue dotted profile is the Fil projection, the green dashed and grey dash-
dotted profiles are the Filx and Fily projections, respectively. The solid red profile is the Cen projection. The vertical solid line is R500, the vertical
dashed line is the virial radius. The electron density profiles intensity is proportional to the total matter in each direction. More mass along a given
direction outside the cluster induces a lower mean pressure.

density, the background is evaluated as the mean electron density
in the [8,10] Mpc range divided by the depth of the line of sight
(22.123 Mpc in our case). The relative volume of the sphere in
the cylinders varies at each bin, and so does the volume of the
background, we thus subtracted it at each step of the iterative
process (see Appendix A for scheme and details).

The deprojection method was run 100 times while varying
the lower and upper radial bounds of the 2D radial profile. The
lower bound is drawn from a uniform distribution in log scale in
the [50,100] kpc interval; we did the same for the upper bound in
the [4,6] Mpc interval. In the cluster’s core, the size of the cells
is approximately 0.1 in log scale, so, to avoid under-sampling at
low radii, we fixed the minimum bin width at 0.1 in log scale.
Given this constraint and the range, we determined the number
of bins for each run. After deprojection, each profile is inter-
polated and extrapolated at the extremities so they all have the
same binning. We then calculated the mean 3D-deprojected pro-
file, which is made of 21 bins with a 0.1 width in log scale in the
[63.09;6309] kpc interval. The scatter around the mean profile
is the standard deviation over the 100 realisations. The depro-
jection method was tested on toy models; the mean error of the
method is of the order of 6% for the pressure profiles and 5% for
the electron density profiles, which is well within the dispersion
of the Monte Carlo process.

We first compared the 3D-deprojected profiles of the low-
and high-resolution simulations in Fig. 5. The top panel shows
the pressure and the bottom shows the electron density. The 3D
radial profiles are represented by dotted lines for both quanti-
ties, whereas the 3D-deprojected profiles are shown with solid
lines. The shaded areas around the 3D-deprojected profiles are
the 100 realisations of the deprojection process. The high- and
low-resolution profiles are, respectively, shown in orange and
blue. The vertical solid line is R500, and the vertical dashed line
gives the virial radius. This figure presents the 3D-deprojected
profiles derived from the Fil projection. The 3D-deprojected
electron density profiles are very similar to their 3D counter-
parts for both high- and low-resolution simulations. The 3D-
deprojected profiles for the two simulations are similar above
700 kpc. From 250 kpc to 700 kpc, the high-resolution simula-
tion profile is lower, consistently with its 3D counterpart. Closer
to the cluster centre, the opposite is true, again consistently with
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Fig. 5. Radial pressure profiles: orange and blue dotted profiles are the
3D profiles made, respectively, with the high- and low-resolution sim-
ulations, and the error bars are the standard deviation. With the same
colour code, the solid lines are the 3D-deprojected profiles extracted
from the Fil projection. The pale lines are the 100 iterations of the
Monte-Carlo smoothing method, and the error bars are the dispersion
among these iterations in each bin. The vertical solid line is R500, the
vertical dashed line is Rvir. 3D-deprojected profiles are less smooth than
their 3D counterparts. The computation of the hydrostatic mass requires
the gradients of these quantities, the observed irregularities have a sig-
nificant impact on the mass estimates.

the 3D counterparts. As we discuss more below and show in
Fig. 6 (left), the 3D-deprojected electron density profiles are con-
sistent with the 3D profile.

The 3D-deprojected pressure profile exhibits differences
compared to the 3D profiles. For both resolutions, the 3D-
deprojected profile is within the error bars of its 3D counter-
part from R500 to the outskirts. For the high-resolution one, we
observe two differences from the 3D profile below R500, the first
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Fig. 6. 3D radial electron density (top-left) and pressure (top-right) profile from the high-resolution simulation, in orange, compared to
3D-deprojected radial profiles. The blue dotted profile is the Fil projection, the green dashed and grey dash-dotted profiles are the Filx and
Fily projections. The red solid profile is the Cen projection. The vertical solid line is R500, the vertical dashed line is the virial radius. The bottom
panels show the relative difference to the 3D profile for both electron density and pressure profiles. Regarding the correlation between integrated
mass in a given direction and profiles intensity, we observe the same trend as for Fig. 4. The electron density profiles are not very sensitive to
the deprojection process, contrary to the pressure profiles, where the observed features are emphasised and consequently strongly impact the
hydrostatic mass derived from these profiles.

at 250 kpc and the second at 850 kpc. For the lowest resolution,
the 3D-deprojected profile is above its 3D counterpart below
R500. We discuss the physical sources of these deviations from
the 3D profiles in Sect. 5.

For the core of the cluster, below 140 kpc the low-resolution
simulation 3D-deprojected profile differs from its 3D counter-
part, whereas the high-resolution one is higher than its 3D coun-
terpart but within its error bars. The 3D-deprojected profiles are
both higher than their 3D counterpart in the core due to the accu-
mulation of small errors during the iterative deprojection pro-
cess, the error is larger for the low-resolution simulation than
for the high one because the maps have fewer pixels. For both
the pressure and the electron density 3D-deprojected profiles, the
error bars are large in the outskirts due to the extrapolation of the
profiles there.

Figure 6 (left) shows the 3D-deprojected electron density
profiles compared to the 3D radial profiles. The bottom panel
shows the relative difference to the 3D profile. The differences
between the 3D-deprojected profiles and their 3D counterparts
are below 5% and within the error bars of the 3D profile beyond
200 kpc. Figure 6 (right) shows the 3D-deprojected pressure pro-
files compared with the 3D radial profiles. The figure is organ-
ised similarly to Fig. 6 (left). Contrary to the electron density
3D-deprojected profiles, the pressure is very sensitive to projec-
tion effects. Beyond 1 Mpc, the 3D-deprojected profiles are sim-
ilar to the 3D profile, the deviations are within the error bars. We
observe larger differences below R500, up to more than 50%. We
discuss the projection effects impacting these profiles in Sect. 5.

4. Hydrostatic mass and mass bias

From the 3D or 3D-deprojected pressure and electron den-
sity radial profiles, we can derive the hydrostatic mass and the
associated hydrostatic mass bias. In this section, we first present
the assumptions made to estimate the mass of clusters and then

present and discuss the hydrostatic mass bias estimated at several
radii.

Assuming that the pressure in the ICM balances the grav-
itational potential well generated by the cluster total mass, we
have a relation between the ICM thermodynamic properties and
the cluster mass. Assuming spherical symmetry and only ther-
mal pressure (no turbulent nor magnetic pressure), we obtain the
following hydrostatic equilibrium equation:

dPth(r)
dr

= −
GM(< r)ρ(r)

r2 , (4)

with the thermal pressure Pth at a given radius r, the density
ρ, the gravitational constant G, and the total mass M within a
sphere of radius r. We also consider a perfect gas to be

P =
ρkBT
µmp

= nekBT, ρ = neµmp, (5)

with the electron density ne, the temperature T , the Boltzmann
constant kB, the mean molecular weight µ, and the proton mass
mp. We can then derive the hydrostatic mass from the pressure
and the electron density by writing

MHE(< r) = −
r2

Gµmpne(r)
dPth(r)

dr
= −

rPth(r)
Gµmpne(r)

d ln Pth(r)
d ln r

.

(6)

Finally, the hydrostatic mass bias (1 − b) is defined as the ratio
of hydrostatic mass over the total mass within a given radius:

(1 − b) =
MHE(< r)
Mtot(< r)

. (7)

The hydrostatic mass bias at different radii from 200 to 4500 kpc
is presented in Fig. 7; the colours stand for the same projections
as in Figs. 4 and 6. The hydrostatic mass bias derived from the
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Fig. 7. Hydrostatic mass biases estimated at different radii. In orange,
the hydrostatic mass bias computed with the 3D radial profiles from the
high-resolution simulation. The dashed lines represent the hydrostatic
mass biases estimated with 3D-deprojected profiles from several pro-
jections. The blue dotted line is the Fil projection, the green dashed and
grey dash-dotted lines are the Filx and Fily projections, respectively.
The red solid profile is the Cen projection. For both panels, the vertical
solid line is R500, the vertical dashed line is the virial radius. At around
300 and 850 kpc, the total mass is overestimated up to a factor 6 due to
pressure discontinuities observed in Figs. 2 and 6. The large scatter in
the projections at Rvir shows the impact of the integrated matter along
each direction. The biases obtained from fitted profiles are lower at 300
and 850 kpc but consistent with those from simulation-derived profiles
at R500 and Rvir.

3D radial profiles is represented by the solid orange line. If the
hydrostatic equilibrium hypothesis were verified, the hydrostatic
mass bias would equal one. We observe that 3D hydrostatic mass
overestimates the total mass by a factor up to 1.85 at around
850 kpc. At the virial radius, the hydrostatic mass bias is closer
to one, meaning the hydrostatic equilibrium hypothesis is valid
at this radius.

Using the 3D-deprojected electron density and pressure pro-
files, the total mass at around 300 and 850 kpc is overestimated
by a factor between 2.3 and 6.1, depending on the projection.
At the virial radius, the hydrostatic mass biases obtained with
the 3D-deprojected profiles ranges between one and two and the
scatter is large. The impact of projection effects on the hydro-
static mass is discussed in the following section.

5. Projection effects

In this section, we discuss the impact of projection effects on
the 2D radial profiles, 3D-deprojected radial profiles, and the
derived hydrostatic mass bias. We distinguish between two main
effects: the role of the integrated mass along the LoS in each
chosen direction, including the presence of massive objects or
substructures that we do not remove, and the signature of small-
scale physics in the cluster’s core in these directions.

Focusing on the 2D radial profiles in Fig. 4, the Fily pro-
jection has the highest pressure in the cluster core, whereas its
electron density counterpart has the lowest profile. On the other
hand, the Cen projection shows the lowest pressure profile but
the highest electron density profile. We observe the same trend
in 3D-deprojected profiles in Fig. 6.

To explain this trend, we show the gas mass and pressure dis-
tribution in the four directions (see Fig. 8). The mass is summed
in bins of 0.5 Mpc along the LoS in a cylinder of Rvir radius cen-
tred on the Virgo cluster position in the plans of the projections.

As expected, the mass and pressure peaks are all centred on the
Virgo cluster replica. We observe differences in the foreground
and background distributions. The Fily projection has the low-
est amount of matter and pressure outside the cluster, whereas
the Cen projection has the highest. Given that the electron den-
sity maps are column densities, this is coherent with what we
observe in both Figs. 4 and 6. The pressure in the pixels of the
maps is mass-weighted means of the cells along the LoS. So, if
there is mass outside the cluster, the mean 2D radial pressure will
be lower than the cluster single mean pressure because the pres-
sure associated with this mass is orders of magnitude lower. This
is once again coherent with what we observe in Figs. 4 and 6. As
a result, we can conclude that if there is more mass outside the
cluster, the 2D and 3D-deprojected pressure profile is lower and
the electron density profile is higher.

In Fig. 7, we observe how projection effects impact the
hydrostatic mass bias estimate. At Rvir, the hydrostatic mass esti-
mated with the 3D profiles is at one, indicating that the cluster is
at the hydrostatic equilibrium at this distance from the centre. So,
the dispersion of values at Rvir probes the impact of the integrated
masses along each LoS. We would intuitively think that the less
mass in the foreground and background of the cluster, the more
accurate the hydrostatic mass estimate because there is only the
contribution of the cluster. We observed the opposite trend. From
Eq. (6), we see that the hydrostatic mass depends on the ratio of
the pressure over the electron density, so with a higher pressure
and a lower electron density the hydrostatic mass is necessarily
higher. This explains why the hydrostatic mass estimation for
the Fily projection is the highest at every radius, especially at
the virial radius. By contrast, the Cen projection has the highest
amount of mass and pressure along its LoS, particularly in the
foreground as seen in Fig. 8. Indeed, the pressure profile is the
lowest among the projections while its electron density profile
is the highest; as a result, the hydrostatic mass estimation is the
lowest almost all the way from the cluster centre to the outskirts.

Moreover, we observe an important decrease, a reduction by
a factor of almost two, on the pressure profile in the cluster’s
core on the Cen projection 2D radial profile (Fig. 4, left). This
pressure decrease is even stronger on the 3D-deprojected pro-
file (Fig. 6, left). In Fig. 8, the mass and pressure distribution
along the Cen direction show a secondary peak both in the mat-
ter and pressure distribution approximately at 10.3 Mpc from the
cluster centre. This massive (>1012 M�) sub-structure is a group
of galaxies situated along this peculiar direction. This is most
likely the simulated counterpart of the Canes Venaciti I group
that is known to be close to the LoS between the Milky Way
and the Virgo cluster (Karachentsev 1966; de Vaucouleurs 1975;
Makarov et al. 2014).

In Sect. 2, we note pressure discontinuities in the pressure
maps. There are no discernible signatures of these discontinu-
ities on either 3D pressure or density profiles. The hydrostatic
mass bias derived from 3D profiles is slightly impacted by the
pressure discontinuity at 850 kpc, and the resulting hydrostatic
mass bias is about 1.85 at this specific radius. On the 2D pres-
sure radial profiles displayed in Fig. 4 (right), we observe varia-
tions of the slope at around 250 and 850 kpc. We note an excess
pressure at the same radii on the 3D-deprojected profiles (see
Fig. 6, right). The excess pressure at around 250 kpc is due to
the AGN feedback ring visible in Fig. 2. The second excess
pressure, around 850 kpc, is due to the pressure discontinuity of
the gas flowing from the filament into the cluster, as seen in the
pressure maps in Fig. 2. The deprojection process significantly
enhances these pressure discontinuities, and the hydrostatic mass
estimated from the deprojected quantities is in turn significantly
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Fig. 8. Mass (top) and pressure (bottom) distributions along the LoSs of the four directions. The blue dotted profile is the Fil projection and the
green dashed and grey dash-dotted profiles are the Filx and Fily projections, respectively. The solid red profile is the Cen projection. The dashed
vertical lines show the virial radius. This figure validates the observed correlation (see Figs. 4 and 6) between the integrated mass in a given
direction and the intensity of electron density and pressure 2D and 3D-deprojected profiles. The pressure drop at 150 kpc in the core of the Cen
projection is explained by the presence of a 1012 M� group of galaxies, most probably Canes Venaciti I, along this LoS at 10.3 Mpc from the cluster
centre.

impacted (see Fig. 7). The derived mass is overestimated by a
factor between 2.3 and almost 6.1 at these specific radii.

6. Results and discussion

6.1. Simulation convergence

In the present study, we focused on a simulated replica of the
Virgo cluster to showcase the impact of both the integrated mass
along each LoS and small-scale physics in the core of the cluster
on 2D radial profiles, 3D-deprojected radial profiles, and, con-
sequently, the hydrostatic mass bias. To do so, we made use of
the physical quantities directly output from two zoom-in con-
strained hydrodynamical simulations of Virgo with resolutions
of 3D 81923 and 3D 20483. First, we ensured that the simula-
tions had numerically converged and that the results we derived
do not depend on the resolution.

Comparing the 3D radial profiles of gas pressure and den-
sity derived from the high- (3D 81923) and low- (3D 20483)
resolution simulations, we find that they are consistent beyond
150 kpc. In the cluster core, the low-resolution differs from its
high-resolution counterpart since it does not fully resolve the
small-scale physics. For example, the impact of AGN feedback
is smoothed (see Fig. B.1) due to numerical diffusion that is more
significant at the 3D 20483 resolution (see Fig. 11 of Teyssier
2002). To investigate the small-scale physics signatures on the
mass bias in the cluster core together with larger-scale projection
of matter, we thus based our subsequent study on the high- (3D
81923) resolution simulation of the Virgo replica. We checked

that the Virgo masses derived by the two simulations agree. In
the top part of Table 3, we compare the mass computed at R500
obtained in the high- and low-resolution simulations using 3D
radial profiles. The mass computed in the low-resolution sim-
ulation is 1.8% lower compared to that in the high-resolution
simulation. It mostly comes from the difference of pressure at
R500 (see Fig. 5) due to the numerical diffusion of the accretion
shock at 850 kpc. Nevertheless, the difference is minor, and the
two simulations are in excellent agreement. As a matter of fact,
the lower resolution simulation has fully reached convergence
beyond the core region (>150 kpc), so usual physical quantities
computed at R500 or Rvir are fully coherent with the higher reso-
lution simulations and can thus be reliably used.

6.2. Radial profile choice

A notable difference in the approach followed in our study
with respect to other studies is the definition of the profiles.
More specifically, in contrast with the majority of studies using
fitted profiles for the pressure, electron density, and tempera-
ture (e.g., Kay et al. 2012; Martizzi & Agrusa 2016; Gupta et al.
2017; Henson et al. 2016; Pearce et al. 2020; Ansarifard et al.
2020; Barnes et al. 2021; Gianfagna et al. 2021), we instead esti-
mated the hydrostatic mass from the actual radial profiles of
pressure and electron density. This choice was motivated by our
interest in the detailed impact of physical effects on the mass
determination. In the following, we discuss the impact of fitting
the radial profiles on the hydrostatic mass as compared to that
derived from profiles directly obtained from the simulations.

A157, page 10 of 17



Lebeau, T., et al.: A&A, 682, A157 (2024)

Table 3. Mass of the Virgo cluster in 1014 M� at R500 (top) and at Rvir (bottom).

Virgo masses at R500 (1014 M�)

Sim.

M3D,500 = 3.36
MHE (Hydrostatic mas)

Sim-derived Fit + Pnth + Pnth+fit
3D 81923 5.76 5.48 5.95 5.59
3D 20483 5.66 5.26 5.84 5.36

Fil 9.46 7.90 – –
Filx 12.45 8.58 – –
Fily 14.76 11.79 – –
Cen 7.51 7.84 – –

Obs. 0.83 ± 0.01 (from X-rays using clmass model; Simionescu et al. 2017)

Virgo masses at Rvir (1014 M�)
Sim. M3D,vir = 6.31

Obs.

6 (de Vaucouleurs 1960)
6.3± 2.7–8.9 (Karachentsev & Nasonova 2010)

8.0± 2.3 (Karachentsev et al. 2014)
7 (Tully 2015, updated values as given in EDD database (a))

6.3± 0.9 (Kashibadze et al. 2020)

Notes. In the first row of each table, we give the total of the Virgo replica (i.e., the sum of DM and baryons in a sphere of the given radius). In the
upper table, in the simulation (Sim.) sub-panel, we present the hydrostatic mass derived from 3D profiles in the high- (3D 81923) and low- (3D
20483) resolution simulations and from projections (Fil, Filx, Fily, and Cen). We present the hydrostatic mass computed from simulation-derived
profiles (Sim-derived) and from fitted electron density and pressure profiles (Fit). For the 3D profiles, we also show the hydrostatic mass derived
when adding non-thermal pressure while fitting the profiles, including the α parameter (+Pnth+fit) or not (+Pnth). In the lower sub-panel (Obs.) of
each table, we present the observed masses of the Virgo cluster estimated from X-rays at R500 (top) and from galaxies velocity dispersion at Rvir
(bottom). (a)https://edd.ifa.hawaii.edu/

Starting with the Virgo-replica mass, we observe that the
mass derived from the 3D simulation-derived profiles is 4.9%
lower than that from fitted profiles (Table 3). In Sect. 6.3, we dis-
cuss how this small difference is significantly increased depend-
ing on the LoS.

Focusing on the hydrostatic mass bias, we discuss the impact
of fitting the radial profiles by contrast to using the 3D simulation-
derived profiles. The top panel of Fig. 9 shows the hydrostatic
mass bias, similarly to Fig. 7. The bias estimated from the 3D
profiles without fitting is the orange solid line, the bias estimated
while fitting the pressure profile to the gNFW model is the dark
green dashed line, and the bias estimated while fitting the pres-
sure and the electron density to the β model is the dark green
dotted line. By fitting the pressure profile, the dip at 480 kpc is
increased by 20%, and the peak at 950 kpc is reduced by 20%.
Within R500, the hydrostatic mass bias does not depend much on
the radius compared to the bias estimated without fitting the radial
profiles. Then, from 1.2 Mpc to 3 Mpc, the bias computed from the
fitted pressure profile is larger than that computed without fitting
any profile. Finally, the two biases, with or without fitted radial
profiles, are close to one between 2.5 and 3 Mpc.

The bias estimated from the fitted pressure and electron den-
sity profiles shows a smoother behaviour than that estimated
from 3D simulation-derived profiles. The general trend is the
same: a dip at 400 kpc and a peak at R500. The three biases have
the same value at about 2.5 Mpc. In the case of the bias estimated
from the 3D profiles, we note that fitting the profiles smooths
the small variations. Still, the estimated bias at R500 and 2.5 Mpc
are quite consistent regardless of whether a fitted profile or a
simulation-based one is used. As a matter of fact, 3D pressure
and electron density profiles are already very smooth, so fitting
those profiles did not change their shape and the derived mass
bias very much.

6.3. Virgo environment and projection effects

One of our goals is to investigate the projection effects on Virgo
properties, that is, the impact of mass integration on the mass and
mass-bias estimates in given directions. In this context, our use
of a constrained simulation, providing us with the Virgo replica,
has the unique advantage of actually mimicking the cluster’s
large-scale environment. We took advantage of this by build-
ing projected (10Rvir × 10Rvir) maps along 15Rvir following four
directions. These large maps contrast with previous studies (e.g.,
Ameglio et al. 2007 built projected 2Rvir × 2Rvir X-rays and SZ
maps along 6Rvir).

Moreover, we used simulation outputs of pressure and den-
sity rather than reconstructed profiles from mock tSZ and
X-ray (e.g., Ameglio et al. 2007, 2009; Barnes et al. 2021;
ZuHone et al. 2023) or lensing (e.g., Meneghetti et al. 2010;
Muñoz-Echeverría et al. 2023) observations. As a consequence,
we addressed the impact of all the substructures and massive
objects along the LoS that are usually subtracted from actual
data (e.g., X-rays) and in the above-cited works. In a forthcom-
ing work aimed at providing a comparison with observations, we
will use mock tSZ and X-ray emission maps and follow the usual
observational approach of excluding clumps and substructures.

In the constrained simulation of Virgo, we observe a group of
galaxies in our Cen projection, which does not affect the electron
density map much, but has an important impact on the pressure
map. Although it is massive, the group along the LoS has a much
lower pressure than that in the cluster. Thus, the mass-weighted
mean pressure appears to be lower when considering both the
group and the cluster rather than the cluster alone. Consequently,
we observe a decrease by more than 60% in the Cen projection
compared to other projections. Such matter projection along the
LoS was also observed by Ameglio et al. (2007, Fig. 12) who
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Fig. 9. Hydrostatic mass biases estimated at different radii. For both
panels, the orange line is the hydrostatic mass bias computed with the
3D radial profiles from the high-resolution simulation considering only
thermal pressure. The vertical solid line is R500 and the vertical dashed
line is the virial radius. Top: dark green dashed line is the bias, while
only fitting the pressure to gNFW model, and the dark green dotted
one is the bias while fitting both pressure and electron density profiles.
Bottom: dark red lines stand for the hydrostatic mass bias with non-
thermal pressure correction, with and without fitting the radial profiles
to universal models (pressure, electron density and the α parameter),
respectively, for the dotted and the dashed line styles. The bias deduced
from both fitted pressure and electron density profiles has a similar trend
to that obtained from simulation-derived profiles: the values are close at
R500. Virgo being unrelaxed, adding non-thermal pressure increases the
mass even more. The comparison between the bias deduced from fitted
and simulation-derived profiles leads to the same conclusions as the top
panel.

found a gas clump in their z projection. However, given that its
gas pressure is comparable to that of the main cluster and given
their use of X-ray and tSZ maps, they found different contribu-
tions with respect to ours. Therefore, the intensity of the impact
of massive objects along the LoS depends on the studied pro-
jected quantities.

Projecting along the main filament connected to Virgo and
orthogonally to it, we show that when we integrate more mass
along the main filament, the pressure maps are thus decreased,
and the electron density maps are increased. This results in a
smaller hydrostatic mass. Gouin et al. (2021) showed that clus-
ter shape and connectivity are tightly linked. Hence, projecting
given filament orientations can be related, to some extent, to pro-
jecting along semi-principal axes. Barnes et al. (2021) studied
the impact of clusters’ triaxiality on the hydrostatic mass esti-
mation for a large sample of clusters. They conclude that the
orientation does not significantly impact the average hydrostatic
mass estimation and that the scatter in individual mass estima-
tion dominates the orientation choice. However, it is worth not-
ing that a direct comparison between our results and those of
Barnes et al. (2021) is not possible given our different scales of
interest and our different methodologies. In their work, they used
mock X-ray maps of 3R500 × 3R500 generated from a sphere of
radius 5R200; they did not consider a background in the deprojec-
tion and they used the L1 regularisation method (Ameglio et al.
2007). Whereas, we used 10Rvir × 10Rvir maps of pressure and

electron density projected along 15Rvir, and we took into account
the background and used a geometrical deprojection method.

We focused on the impact of the projection effect on the esti-
mated cluster mass and show, in Table 3, the Virgo total and hydro-
static masses at R500 derived from the different projections defined
in Sect. 2.3. We observe a significant impact on the total mass
derived from deprojected profiles compared to that obtained from
the raw 3D profiles. The mass is found to be 15.5% lower for
the Fil projection, 30.3% lower for the Filx projection, 19.2%
lower for the Fily projection, and 5.5% higher for the Cen pro-
jection. Due to the smoothing of discontinuities in the fitted pro-
files4, masses estimated from these profiles are also significantly
lower for Fil, Filx, and Fily than that derived from the raw 3D
profiles. We can compare our mass estimations of the Virgo
replica to some masses derived from observations in the X-rays
(Simionescu et al. 2017, left) and in the optical (de Vaucouleurs
1960; Karachentsev & Nasonova 2010; Karachentsev et al. 2014;
Tully 2015; Kashibadze et al. 2020, right). The Virgo replica total
mass, computed at Rvir, 6.31 × 1014 M�, is in rather good agree-
ment with the observed masses that range from 6 × 1014 M�
to 8 × 1014 M�. In the bottom part of Table 3, we present
observed Virgo mass at R500 (Simionescu et al. 2017, left) esti-
mated from X-rays observations. It is important to note that
Virgo is the closest cluster to us; consequently, and unlike the
majority of galaxy clusters, estimating the mass of Virgo from
tSZ (Planck Collaboration Int. XL 2016) or X-rays (Young et al.
2002; Urban et al. 2011; Simionescu et al. 2015, 2017) observa-
tions is very challenging given that Virgo is very extended in the
sky.

6.4. Mass bias

We now turn to the discussion of the mass bias results. We first
emphasise the impact of the projection effects, combined with
specific signatures of physical process in the core at particu-
lar distances from the centre Virgo-replica, on the mass biases
derived from 3D-deprojected pressure and electron density pro-
files (see Fig. 7). We find that at 300 kpc, the biases from the raw
simulation-derived profiles can reach large values between 4.4
and 6.1 (between 0.4 and 3.3 when the profiles are smoothed).
At 850 kpc, biases range between 2.9 and 5.1 (between 2.7 and
3.8 for the smoothed profiles). For the Cen projection, the pres-
sure drop in the core implies a lower fitted pressure profile and a
smaller bias estimation inside 850 kpc. At R500 and beyond, the
detailed core physics does not impact the cluster properties and
the biases range between 1.8 and 4 (between 2.2 and 3.7 using
smoothed profiles) at R500 and between 1.1 and 1.7 (between 1
and 2.3 using smoothed profiles) at Rvir.

In Fig. 10, we display our values of the hydrostatic
mass bias at R500 for the Virgo replica obtained with the
3D and the 3D-deprojected profiles compared to the values
in the literature (e.g., Kay et al. 2012; Battaglia et al. 2013;
Biffi et al. 2016; McCarthy et al. 2016; Martizzi & Agrusa 2016;
Le Brun et al. 2017; Gupta et al. 2017; Henson et al. 2016;
Pearce et al. 2020; Ansarifard et al. 2020; Barnes et al. 2021;
Gianfagna et al. 2021). In doing so, it was important to note
and bear in mind the specificities of our study. Namely, we did
not follow the observational approach (raw simulation-driven
or deprojected profiles as compared to X-ray, tSZ or lensing-
derived ones); we used raw rather than fitted profiles; we focused

4 For the Cen projection, the 3D-deprojected pressure profile is strongly
disturbed by the presence of the group of galaxies along the LoS, induc-
ing an unreliable fitting.
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Fig. 10. Comparison of average hydrostatic mass biases at R500 from
samples of clusters in random non-constrained simulations with the
values obtained using 3D or the 3D-deprojected profiles from the con-
strained simulations of the Virgo replica. The constrained simulation
includes the same sub-grid physics as the random simulation with the
addition of the quasar mode for the AGN feedback. We used the same
colours for the biases obtained in this work. Virgo being an unrelaxed
cluster, the bias obtained from the 3D profiles is larger than the average
biases from the random simulations. The projection effects emphasise
the variations in the profiles and induce very large biases.

on a single, non-relaxed cluster of a given mass rather than
deriving average quantities for a full sample of different masses;
and, finally, we used a constrained simulation including the two
AGN-feedback processes and intended to reproduce the cluster
rather than a random initial-condition simulation.

The values of mass bias from the literature in Fig. 10 are
means (or medians for Biffi et al. 2016; Gianfagna et al. 2021)
over large samples of simulated clusters. They are distributed
around 0.8, with a mean value of 0.855 and a standard deviation
of 0.047, and differ from the value needed to reconcile tSZ clus-
ter counts with the CMB (Planck Collaboration XXIV 2016).
It is worth noting that the average/median biases are estimated
from cluster samples without distinguishing between relaxed and
unrelaxed clusters. A larger scatter around the median bias might
be expected for disturbed clusters such as Virgo. For example,
Gianfagna et al. (2021) showed that values range from 0.65 to
1 for disturbed clusters and 0.72–0.94 for relaxed ones. Simi-
larly, an increased scatter was found in Ansarifard et al. (2020),
which also found that the irregular clusters’ median bias presents
higher departure from hydrostatic equilibrium. Not all studies
reach such conclusions (e.g., Biffi et al. 2016). This can be due
to differences in the simulation used, notably the implementa-
tion of AGN/SN feedback impacting the cluster cores and thus
the hydrostatic mass estimation at R500. They could also be due
to the samples of selected clusters and their classifications in per-
turbed or unperturbed states.

In contrast with the median/average values in Fig. 10 or
those accounting for the increased scatter due to the dynami-
cal state, the biases we estimated at R500 for the Virgo replica
are significantly larger. Depending on the direction of obser-
vation, they range from 1.8 to 4 (2.2 and 3.7) when using

3D-deprojected (fitted) profiles. The important spread in Virgo’s
bias values illustrates the importance of the impact of projec-
tion along some directions on the mass bias estimate. In the
direction similar to ours, the bias is 1.8 and 2.3 depending on
whether the 3D-deprojected profiles are fitted or not. It is smaller
than the other quoted values but still ∼5−7σ away from the
median absolute deviation interval at R500 for disturbed clus-
ters in Gianfagna et al. (2021). Such large values of the hydro-
static mass bias are not uncommon for individual simulated
clusters. For instance, Kay et al. (2012) showed that the biases
of individual clusters estimated from 3D fitted radial profiles
range between 0.31 and 2.2, comparable to the value of 1.6 we
obtain from the fitted profile of Virgo replica. More recently,
Ansarifard et al. (2020) estimated the bias from direct 3D simu-
lation outputs and showed that some clusters have a bias of 1.4
at R500, similar to the bias of 1.6 estimated from 3D fitted pro-
files of the Virgo replica. Finally, following a different approach
based on scaling relations, Biffi et al. (2016) also showed that the
bias of individual clusters is widely spread around the median
bias, reaching values above 1.5. These comparisons confirm that
our Virgo replica shares the same hydrostatic mass bias value
as other random clusters, although such clusters are uncommon.
This is in agreement with the fact that the Virgo cluster is an
unlikely cluster of galaxies (Sorce et al. 2019).

6.5. Contribution from non-thermal processes

As discussed above, the Virgo cluster is not relaxed, and the
complex physics effects (AGN feedback and matter infall from
the filament) are observed in the cluster core within R500. The
hydrostatic equilibrium assumption is invalid, and we expect
that the derived hydrostatic mass and bias differ from the
expected values for relaxed clusters. When estimating the hydro-
static mass, only the pressure due to gravitational heating was
accounted for. However, magnetic fields (e.g., Pellissier et al.
2023), cosmic rays (e.g., Böss et al. 2023), or turbulence can
provide additional pressure support (e.g., Nelson et al. 2014;
Pearce et al. 2020). To estimate its specific contribution to the
case of the Virgo replica, we modelled the non-thermal pressure
following Gianfagna et al. (2021).

Figure 9 (bottom) shows the hydrostatic mass bias with the
non-thermal pressure correction in red compared to the bias
considering only thermal pressure. The red dotted and dashed
lines, respectively, show the hydrostatic mass bias with and with-
out fitting the radial profiles to the universal models. The non-
thermal correction adds pressure and eventually gives a higher
hydrostatic mass bias. As observed by Nelson et al. (2014) and
Pearce et al. (2020), the non-thermal pressure support increases
with radius and so the hydrostatic mass bias. In Gianfagna et al.
(2021), the mean bias is below one, so adding pressure reduces
the bias. For the case of the Virgo replica, the total mass con-
sidering only thermal pressure is overestimated, adding the non-
thermal contribution increases the mass further. We then fitted
the pressure, electron density, and α (defined as the ratio of
the non-thermal pressure over the total pressure in Pearce et al.
2020) profiles; the bias computed with the fitted profiles is shown
as the dark red dotted line. It has the same variations and val-
ues as the bias estimated from fitted pressure and electron den-
sity profiles shown in dark green dotted line in the top panel of
Fig. 9. Finally, the three biases presented in the bottom panel
are around 1.15 at 2.5 Mpc, which is the same as the biases
in the top panel. In Table 3, we give the Virgo replica masses
at R500 calculated while adding non-thermal pressure while fit-
ting the radial including the α parameter (+Pnth+fit) or not
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(+Pnth). In the high-resolution simulation, the mass calculated
from simulation-derived profiles while adding non-thermal pres-
sure is 3.1% higher than when considering only thermal pres-
sure. Using the fitted profiles, it is 1.9% higher. The difference is
thus not significant.

7. Conclusion

In this work, we studied the impact of projection effects on
the hydrostatic mass estimation of the simulated Virgo cluster
replica. We based our results on an 81923 effective resolution
hydrodynamical zoom-in simulation of Virgo from a larger con-
strained simulation. We computed the mass under the hydrostatic
assumption in different cases using: (i) 3D radial profiles of pres-
sure, electron density, and temperature from selected ICM cells
(simulation-derived profiles); (ii) 2D radial pressure and elec-
tron density profiles in concentric annuli from maps projected in
four different directions (Cen, Fil, Filx, and Fily); and (iii) 3D-
deprojected profiles using a model-free geometric deprojection
technique.

In addition, we compared our work to other projection-
effect studies. We also discuss the impact of using fitted, hence
smoother, radial profiles rather than the simulation-derived ones.
Moreover, we compared the total and hydrostatic mass of the
Virgo replica estimated either from 3D and 3D-deprojected
radial profiles to estimations of the real observed Virgo mass.
We then compared our values of the hydrostatic mass bias,
at R500, for the Virgo replica obtained with the 3D and the
3D-deprojected profiles to the values obtained for samples of
clusters of different masses extracted from random, that is non-
constrained, cosmological simulations. Finally, we considered
the addition of a non-thermal pressure term and its impact on
the Virgo replica mass determination.

We found that the mass distributed along the LoS, in the
foreground or background, impacts the 2D radial and 3D-
deprojected profiles. For the electron density, the more mass,
the higher the overall profile. For the pressure, the more mass,
the lower the profile. This result might seem counter-intuitive
given that we expect higher pressure intensity with more pres-
sure along the LoS. This would be the case for SZ maps because
the pressure is integrated along the LoS. However, since we used
mass–weighted pressure maps, pressure clumps outside the clus-
ter, that are indeed orders of magnitude lower, will lower the
mass-weighted mean pressure. The constrained simulation of
Virgo shows a group of galaxies, most likely the Canes Venaciti
I replica along the Cen direction, which is close to our real line
of sight. Its presence along the LoS induces an important pres-
sure decrease in the core of the 3D-deprojected pressure profile.
The Fil projection, that is that along the main filament, contains
the largest mass distribution in the foreground and background,
whereas the Fily projection, that is that perpendicular to the main
filament with a rotation around the y-axis, contains the least. At
Rvir, the bias derived from 3D profiles is one, indicating that the
hydrostatic equilibrium is reached at this radius. The scatter of
the hydrostatic mass bias values estimated from the different pro-
jections, at this distance, shows the impact of the integrated mass
along the different LoSs. The Fily projection has the least inte-
grated mass along its LoS, leading to the highest pressure and
lowest electron density, it thus has the highest hydrostatic mass
estimation among the projections. It is the opposite for the Fil
projection. Those two projection effects, namely the presence
of a group of galaxies along the LoS of a given projection and
the impact of the local environment around clusters on projected
quantities, can affect any cluster mass estimation.

Virgo is known to be an unrelaxed cluster. For this Virgo
replica, we find that the hydrostatic equilibrium assumption is
invalid within R500. We indeed observe two significant pres-
sure discontinuities in the inner part of the cluster. The first, at
300 kpc, is due to AGN feedback of central galaxy M 87. The
second, at 850 kpc, is due to mass infall from a filament con-
nected to Virgo. As a result, the hydrostatic masses estimated
from the 3D profiles at these specific radii are overestimated by
factors of 1.4 and 1.85. Once again, projection effects impact the
mass determination. The pressure discontinuities are even more
emphasised by the deprojection method, leading to a very signif-
icant overestimation of the cluster mass, up to a factor of 6.1, in
the Fil projection at 300 kpc.

This study of the Virgo cluster replica reveals the complex
physics at play in this object and shows the different types of
projection effects. It is a case study of a very specific unrelaxed
cluster considered as a first step of a larger project within the
LOCALIZATION5 collaboration, in which we will study the
contributions of different sources of bias on the mass determina-
tion for a large sample of galaxy clusters extracted from a con-
strained hydrodynamical simulation of the local Universe. We
will then be able to compare the results to those of random sim-
ulations and actual observations.
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Appendix A: Deprojection algorithm

Fig. A.1. Illustration of a geometrical deprojection algorithm. The plane of the sky is perpendicular to the page. Radii r0, r1, and r2 are 3D quantities
and define spherical shells. Radii R0, R1, and R2 are projected quantities referring to cylindrical shells along the LoS; these correspond to circular
annuli on the plane of the sky. The figure is extracted from McLaughlin (1999).

The deprojection algorithm detailed in this appendix is inspired mainly by the method described in the appendix of McLaughlin
(1999). To describe the method, we take a simple example, as shown in Fig. A.1 (from McLaughlin 1999). We assume that the
cluster is a perfect sphere, we divide the sphere into a central core and two spherical shells; the radii of the sphere and the two shells
are, respectively, r0, r1, and r2. This sphere is intersected by cylindrical annuli of radii R0,R1 and R2; for simplicity we have ri = Ri
for all i. The volume made of the intersection of a cylindrical annulus and a spherical shell is the following:

Vint

(
r j−1, r j; Ri−1,Ri

)
=

4π
3

[(
r2

j − R2
i−1

)3/2
−

(
r2

j − R2
i

)3/2
+

(
r2

j−1 − R2
i

)3/2
−

(
r2

j−1 − R2
i−1

)3/2
]
. (A.1)

For the pressure maps, we estimated the noise as the mean pressure in the range [8,10] Mpc. We subtracted this noise from 2D
radial profiles. We then assumed that the background has been appropriately taken into account. The pressure in the outer cylinder
times its volume is then equal to the pressure in the external spherical shell times its own volume, so we have

P(R1,R2) ∗ π(R2
2 − R2

1)D = P′(r1, r2) ∗ Vint(r1, r2,R1,R2). (A.2)

With P(R1,R2) being the 2D radial pressure in the cylinder extending from R1 to R2 and P′(r1, r2) the 3D-deprojected pressure
in the volume Vint(r1, r2,R1,R2). D is the diameter of the cluster, it is defined during the random selection of the external limit of the
cluster used for the deprojection. We then have the expression for P′(r1, r2):

P′(r1, r2) = P(R1,R2) ∗
π(R2

2 − R2
1)D

Vint(r1, r2,R1,R2)
. (A.3)

Following this reasoning, in the second to last interval we have the equality below, with Vint(r0, r1,R0,R1) being the black area and
Vint(r1, r2,R0,R1) the dashed area in the [R0,R1] range in Fig. A.1:

P(R0,R1) ∗ π(R2
1 − R2

0)D = P′(r0, r1) ∗ Vint(r0, r1,R0,R1) + P′(r1, r2) ∗ Vint(r1, r2,R0,R1). (A.4)

This leads to

P′(r0, r1) =
P(R0,R1) ∗ π(R2

1 − R2
0)D − P′(r1, r2) ∗ Vint(r1, r2,R0,R1)
∗Vint(r0, r1,R0,R1)

. (A.5)

So we can iteratively go from the outskirt of the cluster to its core, the general equation for any interval is

P′ (ri−1, ri) =
P(Ri−1,Ri)π(R2

i − R2
i−1)D −

∑m
j=i+1

[
P′(r j−1, r j)Vint

(
r j−1, r j; Ri−1,Ri

)]
Vint (ri−1, ri; Ri−1,Ri)

. (A.6)
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Given that for the electron density we have column densities (in m−2), we need to adapt the method to obtain an electron density
(in m−3). First, the noise is calculated as the mean of the column density in the range [8,10] Mpc divided by the depth of the
projection Llos=22,123 Mpc. We have this equation:

nback
e [m−3] =

ne(8Mpc < R < 10Mpc)[m−2]
Llos

. (A.7)

In the outer and the second to last intervals, we have the equations below, respectively, with n′e being the 3D-deprojected electron
density in m−3 and ne the electron density in column density in m−2:

ne(R1,R2) ∗ π(R2
2 − R2

1) = n′e(r1, r2) ∗ Vint(r1, r2,R1,R2) + nback
e ∗ (π(R2

2 − R2
1) ∗ Llos − Vint(r1,Rcluster,R1,R2)), (A.8)

ne(R0,R1)∗π(R2
1−R2

0) = n′e(r0, r1)∗Vint(r0, r1,R0,R1)+n′e(r1, r2)∗Vint(r1, r2,R0,R1)+nback
e ∗(π(R2

1−R2
0)∗Llos−Vint(r0,Rcluster,R0,R1)),

(A.9)

where Rcluster is the cluster radius (Rcluster = R2 = r2 in this case). Finally, the general equation is

n′e (ri−1, ri) =
ne (Ri−1,Ri) π(R2

i − R2
i−1) − nback

e (π(R2
i − R2

i−1)Llos − Vint(ri−1,Rcluster,Ri−1,Ri)) −
∑m

j=i+1

[
n′e

(
r j−1, r j

)
Vint

(
r j−1, r j; Ri−1,Ri

)]
Vint (ri−1, ri; Ri−1,Ri)

. (A.10)

Appendix B: High- and low-resolution pressure projections comparison

Fig. B.1 presents pressure maps from the Fil direction in the high- (left) and low-resolution (right) simulations. The maps are ∼
12 Mpc wide and centred on the Virgo cluster centre. The circle is the virial radius. It shows that the pressure discontinuity due to
the AGN feedback in the cluster’s core is more extended in the low-resolution simulation due to numerical diffusion, as discussed
in Section 6.

2 Mpc2 Mpc

Fig. B.1. Pressure maps from Fil direction in high- (left) and low-resolution (right) simulations. The maps are ∼ 12 Mpc wide and centred on the
Virgo cluster centre. The circle is the virial radius.
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