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Cluster Outskirts: Introduction

Most current studies focus on the region inside R500

... But a wide range of interesting phenomena take place beyond
that radius
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Cluster Outskirts: Introduction

ICM entropy generation

Lau et al. 2015
Miniati 2014

Non-thermal pressure
Turbulence, shocks, 
cosmic rays, ...

Eckert et al. 2017
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Infalling substructures
Bulk motions
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ICM entropy profiles

Gas entropy K = kTn
−2/3
e encodes the formation history of the ICM
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A universal entropy flattening?

Thanks to its low background
Suzaku measured entropy
profiles out to Rvir in a few
clusters

A deficit of entropy is often
observed beyond R500

Possible interpretations: gas
clumping, non-thermal
pressure support,
non-equilibrium electrons, ...

Walker et al. 2013
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The X-COP strategy

ϵX∼∫ne
2T 1/2dl y∼∫Pedl

X-ray Sunyaev-Zel’dovich

kT=PSZ /nX , K=PSZnX
−5/3 ,

dPSZ
dr

=−ρX
GM (<r )

r2
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The X-COP strategy

XMM has a large FOV and collecting area... but also a high and
variable background

In the [0.7-1.2] keV band we reach an accuracy of ∼ 3% on the
subtraction of the XMM background

D. Eckert Grenoble 2019



The X-COP strategy

XMM has a large FOV and collecting area... but also a high and
variable background

In the [0.7-1.2] keV band we reach an accuracy of ∼ 3% on the
subtraction of the XMM background

D. Eckert Grenoble 2019



The X-COP project

X-COP (PI: Eckert) is a very large program on XMM to follow up
Planck clusters with the highest S/N
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Gas clumping

At large radii the gas distribution is clumpy and inhomogeneous

Zhuravleva et al. 2013
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Gas clumping

At large radii the gas distribution is clumpy and inhomogeneous
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X-ray and SZ profiles
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Our profiles extend to 1.8R500 (n), 2.3R500 (P), and 0.9R500 (T)
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Mass profiles

We reconstruct MHSE by fitting jointly X-ray and SZ data

Ettori, DE et al. 2019
Our mass profiles can be used for

Self-similar scaling
Testing hydrostatic equilibrium
Mass distribution
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Entropy profiles
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Except for one cluster (A2319) all clusters are consistent with
gravitational heating once corrected for clumping

D. Eckert Grenoble 2019



Entropy profiles
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Slope beyond R500 of 1.25±0.23 fitted over > 30 data points
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Effective polytropic index

The effective polytropic index Γ = d logP
d logρ

tells us about the equation
of state
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Ghirardini et al. in press

Beyond R ∼ 0.3R500 (i.e. outside the cooling region) Γ is constant
at ∼ 1.2;
Agreement with predictions for ICM in hydrostatic equilibrium in
NFW potential (Capelo et al. 2012)
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Scatter in thermodynamic profiles

In the range [0.2− 0.8]R500 the cluster population behaves self-
similarly
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Scatter in thermodynamic profiles
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Cooling, AGN feedback and merger state have a large impact on
cluster cores
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Scatter in thermodynamic profiles

Ac
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et
ion

Beyond ∼ R500 accretion from the environment matters

D. Eckert Grenoble 2019



Testing hydrostatic equilibrium with fgas
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Median [percentiles] for the full sample:
fgas,500 = 0.141 [0.131,0.154]
fgas,200 = 0.149 [0.121,0.161]
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Universal gas fraction

Comparison between 13 codes (Sembolini et al. 2016a,b)
Non-radiative Radiative/AGN

The baryon fraction should be close to the cosmic value
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Universal gas fraction

We used a large set of ∼ 300 simulated clusters (Rasia et al. in
prep.) to determine the baryon depletion
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Non-thermal pressure support

In the presence of non-thermal
pressure the HSE equation
becomes

d

dr
(PT +PNT ) = −ρ

GM

r2

We assume a parametric form
for PNT/PT (r) and solve for
the parameters assuming
universal fgas

Scatter and uncertainties in
universal fgas are propagated to
NT pressure

Nelson et al. 2014
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Non-thermal pressure support vs simulations
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With one exception (A2319) the level of NT pressure is lower than
predicted
Median PNT ,500 = 6%, PNT ,200 = 10%
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The case of A2319

A2319 is a head-on merger with 3:1 mass ratio

Ghirardini, Ettori, DE et al. 2018

A2319 is probably in a transient phase of high NT pressure (∼ 40%)
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Non-thermal pressure and hydrostatic bias

We compared our masses corrected for NT pressure with
hydrostatic masses
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Eckert et al. 2019

On average we measure MHSE/Mtot = 0.94±0.04
Planck masses are slightly biased low, MSZ/Mtot = 0.85±0.05
1−b = 0.58±0.04 would imply a very low fgas = 10.5%
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A low hydrostatic bias?

NT pressure in simulations is usually calculated as PNT = 1
3ρσ2

gas
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Figure 3. Distribution of velocities at different radii in our cluster sample, normalized to the average sound speed within each shell. The solid lines give the
distribution for the total (unfiltered) velocities, the dot-dashed line give the distribution for the turbulent (small-scale filtered) velocities.

of other morphological parameter such as the concentration param-
eter, c, or the power ratio, P3/P0, as we know that w is the pa-
rameter that best correlates with the non-thermal pressure at large
cluster radii (Angelinelli et al, in preparation). Fig. 2 shows that our
filtering approach reduces the scatter in � significantly, in particu-
lar for perturbed clusters. The filtering of velocity also reduces the
anisotropy in the 0.2 � 0.9 R200 range compared to the unfiltered
velocity field, even if an excess of radial bias even at small scale
remain in the outermost accretion regions.

At certain fixed radii (0.2, 0.5, 0.7 and 1.0 times the R100

of each cluster) we measured the distribution of total (i.e. unfil-
tered) and filtered radial (centred on the cluster) velocities. The
excision of the densest 10% cells within each radial shell is per-
formed on both total and turbulent velocities to remove the effect
of single dense clumps. Fig. 3 shows the distribution of the radial
velocity components averaged across all clusters, where we nor-
malized the velocity to the average sound speed within each radial
shell, measured within R100, in order to take account for the dif-
ferent masses across the sample. The unfiltered radial velocity field
systematically displays a large degree of asymmetry towards the
”blue-shifted” part of the distribution (vr < 0), meaning that in
most clusters there is a preference for radial motions pointing to-
wards the cluster center, which is also confirmed by the fact that we
measure dv2/dr > 0 is at most radii in our clusters (not shown).
The effective kinetic pressure component that is caused by laminar
inflows clearly reduces the pressure support over what is needed
for hydrostatic equilibrium. This kinetic pressure acts in the di-
rection of the gravitational force of the host cluster, and it effec-
tively pushes gas inwards, opposite to an isotropic pressure com-
ponent. However, the small-scale filtered velocity displays a more
marked symmetry at each radius, indicating that the velocity fields
extracted in such a way are indeed fairly symmetric in the radial
direction and thus act as a true non-thermal pressure component, at
least on the ⇠ 200� 400 kpc scales reconstructed by our analysis.

At the radii that are presently best probed by X-ray observa-
tions, e.g. R200 ⇡ 0.7R100 and R500 ⇡ 0.5R100 (e.g. Eckert et al.
2018), the ”blue-shifted”, inward component of the velocity field
shows an excess of the order of a factor ⇠ 2 compared to the sym-
metric small-scale filtered component. Even larger discrepancies
between the filtered and non-filtered distribution of velocities are
found in specific objects, with an increased departure from a Gaus-
sian distribution of radial velocity components in perturbed objects.
If we incorrectly assume instead that rms of the unfiltered velocity
at each radius stems from a symmetric Gaussian distribution, then
the associated X(R) would be overestimated. This could explain
the systematic overestimate of the non-thermal pressure support re-
ported by most cosmological simulations to date.

This conclusion is confirmed by Fig. 5, which shows the cen-
tral result of this work: there we present the average profile of the
X(R) ratio for the entire sample and for the filtered or unfiltered
velocities. We plot, both, the radial pressure support from the rms
velocity values at each radii, assuming isotropy (↵r = 3 in Eq.1) as

Figure 4. Velocity distributions at different radial locations for cluster
IT90 3 (merging), IT90 4 (relaxed) and IT62 (post-merger).

well as only considering the radial velocity component (↵r = 1).
These results are contrasted with the recent observational estimates
by Eckert et al. (2018) at ⇡ R500 and ⇡ R200 (symbols). For com-
parison with previous numerical work, we also show the best-fit
profile for the non-thermal pressure from turbulent motions sug-
gested by Nelson et al. (2014). The profile of PNT/Ptot for turbu-
lent velocities is much flatter compared to the unfiltered case, and
falls within the the ⇠ 5 � 15% level hinted by observations. With
the exception of one observed system that clearly stands out of the
rest of the distribution (A2319, Ghirardini et al. 2018) and within
the fairly limited statistics of the two sample (neither of which is a
mass complete one), the observed and simulated estimates of non-
thermal pressure support are in the same range. A steeper trend with
radius, as well as a ⇠ 2�3 times higher non-thermal pressure sup-
port would be instead inferred using the more standard unfiltered
velocity field. While this work indeed confirms that this is the typi-
cal level of gas kinetic energy at this radius in average clusters, only
⇠ 1/2 � 1/3 of this energy is associated to isotropic and volume
filling motions and acts as a source of pressure, and would thus be
deduced from hydrostatic mass reconstructions.

4 DISCUSSION AND CONCLUSIONS

We investigated the distribution of kinetic (turbulent) pressure in
the ICM, using a sample of recent high resolution simulations of
(non-radiative) galaxy clusters (Vazza et al. 2017; Wittor et al.
2017). In particular, motivated by recent measurements on the hy-
drostatic mass bias of XMM-Newton analysis (Eckert et al. 2018),
we quantified the kinetic pressure support by residual gas motions
in the ICM. When properly analysed, the turbulent kinetic energy

c� 0000 RAS, MNRAS 000, 000–000
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Figure 3. Distribution of velocities at different radii in our cluster sample, normalized to the average sound speed within each shell. The solid lines give the
distribution for the total (unfiltered) velocities, the dot-dashed line give the distribution for the turbulent (small-scale filtered) velocities.

of other morphological parameter such as the concentration param-
eter, c, or the power ratio, P3/P0, as we know that w is the pa-
rameter that best correlates with the non-thermal pressure at large
cluster radii (Angelinelli et al, in preparation). Fig. 2 shows that our
filtering approach reduces the scatter in � significantly, in particu-
lar for perturbed clusters. The filtering of velocity also reduces the
anisotropy in the 0.2 � 0.9 R200 range compared to the unfiltered
velocity field, even if an excess of radial bias even at small scale
remain in the outermost accretion regions.

At certain fixed radii (0.2, 0.5, 0.7 and 1.0 times the R100

of each cluster) we measured the distribution of total (i.e. unfil-
tered) and filtered radial (centred on the cluster) velocities. The
excision of the densest 10% cells within each radial shell is per-
formed on both total and turbulent velocities to remove the effect
of single dense clumps. Fig. 3 shows the distribution of the radial
velocity components averaged across all clusters, where we nor-
malized the velocity to the average sound speed within each radial
shell, measured within R100, in order to take account for the dif-
ferent masses across the sample. The unfiltered radial velocity field
systematically displays a large degree of asymmetry towards the
”blue-shifted” part of the distribution (vr < 0), meaning that in
most clusters there is a preference for radial motions pointing to-
wards the cluster center, which is also confirmed by the fact that we
measure dv2/dr > 0 is at most radii in our clusters (not shown).
The effective kinetic pressure component that is caused by laminar
inflows clearly reduces the pressure support over what is needed
for hydrostatic equilibrium. This kinetic pressure acts in the di-
rection of the gravitational force of the host cluster, and it effec-
tively pushes gas inwards, opposite to an isotropic pressure com-
ponent. However, the small-scale filtered velocity displays a more
marked symmetry at each radius, indicating that the velocity fields
extracted in such a way are indeed fairly symmetric in the radial
direction and thus act as a true non-thermal pressure component, at
least on the ⇠ 200� 400 kpc scales reconstructed by our analysis.

At the radii that are presently best probed by X-ray observa-
tions, e.g. R200 ⇡ 0.7R100 and R500 ⇡ 0.5R100 (e.g. Eckert et al.
2018), the ”blue-shifted”, inward component of the velocity field
shows an excess of the order of a factor ⇠ 2 compared to the sym-
metric small-scale filtered component. Even larger discrepancies
between the filtered and non-filtered distribution of velocities are
found in specific objects, with an increased departure from a Gaus-
sian distribution of radial velocity components in perturbed objects.
If we incorrectly assume instead that rms of the unfiltered velocity
at each radius stems from a symmetric Gaussian distribution, then
the associated X(R) would be overestimated. This could explain
the systematic overestimate of the non-thermal pressure support re-
ported by most cosmological simulations to date.

This conclusion is confirmed by Fig. 5, which shows the cen-
tral result of this work: there we present the average profile of the
X(R) ratio for the entire sample and for the filtered or unfiltered
velocities. We plot, both, the radial pressure support from the rms
velocity values at each radii, assuming isotropy (↵r = 3 in Eq.1) as
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well as only considering the radial velocity component (↵r = 1).
These results are contrasted with the recent observational estimates
by Eckert et al. (2018) at ⇡ R500 and ⇡ R200 (symbols). For com-
parison with previous numerical work, we also show the best-fit
profile for the non-thermal pressure from turbulent motions sug-
gested by Nelson et al. (2014). The profile of PNT/Ptot for turbu-
lent velocities is much flatter compared to the unfiltered case, and
falls within the the ⇠ 5 � 15% level hinted by observations. With
the exception of one observed system that clearly stands out of the
rest of the distribution (A2319, Ghirardini et al. 2018) and within
the fairly limited statistics of the two sample (neither of which is a
mass complete one), the observed and simulated estimates of non-
thermal pressure support are in the same range. A steeper trend with
radius, as well as a ⇠ 2�3 times higher non-thermal pressure sup-
port would be instead inferred using the more standard unfiltered
velocity field. While this work indeed confirms that this is the typi-
cal level of gas kinetic energy at this radius in average clusters, only
⇠ 1/2 � 1/3 of this energy is associated to isotropic and volume
filling motions and acts as a source of pressure, and would thus be
deduced from hydrostatic mass reconstructions.

4 DISCUSSION AND CONCLUSIONS

We investigated the distribution of kinetic (turbulent) pressure in
the ICM, using a sample of recent high resolution simulations of
(non-radiative) galaxy clusters (Vazza et al. 2017; Wittor et al.
2017). In particular, motivated by recent measurements on the hy-
drostatic mass bias of XMM-Newton analysis (Eckert et al. 2018),
we quantified the kinetic pressure support by residual gas motions
in the ICM. When properly analysed, the turbulent kinetic energy
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Vazza, DE et al. 2018

The velocity distribution in spherical shells has a tail extending
towards negative values
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A low hydrostatic bias?

NT pressure in simulations is usually calculated as PNT = 1
3ρσ2
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of other morphological parameter such as the concentration param-
eter, c, or the power ratio, P3/P0, as we know that w is the pa-
rameter that best correlates with the non-thermal pressure at large
cluster radii (Angelinelli et al, in preparation). Fig. 2 shows that our
filtering approach reduces the scatter in � significantly, in particu-
lar for perturbed clusters. The filtering of velocity also reduces the
anisotropy in the 0.2 � 0.9 R200 range compared to the unfiltered
velocity field, even if an excess of radial bias even at small scale
remain in the outermost accretion regions.

At certain fixed radii (0.2, 0.5, 0.7 and 1.0 times the R100

of each cluster) we measured the distribution of total (i.e. unfil-
tered) and filtered radial (centred on the cluster) velocities. The
excision of the densest 10% cells within each radial shell is per-
formed on both total and turbulent velocities to remove the effect
of single dense clumps. Fig. 3 shows the distribution of the radial
velocity components averaged across all clusters, where we nor-
malized the velocity to the average sound speed within each radial
shell, measured within R100, in order to take account for the dif-
ferent masses across the sample. The unfiltered radial velocity field
systematically displays a large degree of asymmetry towards the
”blue-shifted” part of the distribution (vr < 0), meaning that in
most clusters there is a preference for radial motions pointing to-
wards the cluster center, which is also confirmed by the fact that we
measure dv2/dr > 0 is at most radii in our clusters (not shown).
The effective kinetic pressure component that is caused by laminar
inflows clearly reduces the pressure support over what is needed
for hydrostatic equilibrium. This kinetic pressure acts in the di-
rection of the gravitational force of the host cluster, and it effec-
tively pushes gas inwards, opposite to an isotropic pressure com-
ponent. However, the small-scale filtered velocity displays a more
marked symmetry at each radius, indicating that the velocity fields
extracted in such a way are indeed fairly symmetric in the radial
direction and thus act as a true non-thermal pressure component, at
least on the ⇠ 200� 400 kpc scales reconstructed by our analysis.

At the radii that are presently best probed by X-ray observa-
tions, e.g. R200 ⇡ 0.7R100 and R500 ⇡ 0.5R100 (e.g. Eckert et al.
2018), the ”blue-shifted”, inward component of the velocity field
shows an excess of the order of a factor ⇠ 2 compared to the sym-
metric small-scale filtered component. Even larger discrepancies
between the filtered and non-filtered distribution of velocities are
found in specific objects, with an increased departure from a Gaus-
sian distribution of radial velocity components in perturbed objects.
If we incorrectly assume instead that rms of the unfiltered velocity
at each radius stems from a symmetric Gaussian distribution, then
the associated X(R) would be overestimated. This could explain
the systematic overestimate of the non-thermal pressure support re-
ported by most cosmological simulations to date.

This conclusion is confirmed by Fig. 5, which shows the cen-
tral result of this work: there we present the average profile of the
X(R) ratio for the entire sample and for the filtered or unfiltered
velocities. We plot, both, the radial pressure support from the rms
velocity values at each radii, assuming isotropy (↵r = 3 in Eq.1) as

Figure 4. Velocity distributions at different radial locations for cluster
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well as only considering the radial velocity component (↵r = 1).
These results are contrasted with the recent observational estimates
by Eckert et al. (2018) at ⇡ R500 and ⇡ R200 (symbols). For com-
parison with previous numerical work, we also show the best-fit
profile for the non-thermal pressure from turbulent motions sug-
gested by Nelson et al. (2014). The profile of PNT/Ptot for turbu-
lent velocities is much flatter compared to the unfiltered case, and
falls within the the ⇠ 5 � 15% level hinted by observations. With
the exception of one observed system that clearly stands out of the
rest of the distribution (A2319, Ghirardini et al. 2018) and within
the fairly limited statistics of the two sample (neither of which is a
mass complete one), the observed and simulated estimates of non-
thermal pressure support are in the same range. A steeper trend with
radius, as well as a ⇠ 2�3 times higher non-thermal pressure sup-
port would be instead inferred using the more standard unfiltered
velocity field. While this work indeed confirms that this is the typi-
cal level of gas kinetic energy at this radius in average clusters, only
⇠ 1/2 � 1/3 of this energy is associated to isotropic and volume
filling motions and acts as a source of pressure, and would thus be
deduced from hydrostatic mass reconstructions.

4 DISCUSSION AND CONCLUSIONS

We investigated the distribution of kinetic (turbulent) pressure in
the ICM, using a sample of recent high resolution simulations of
(non-radiative) galaxy clusters (Vazza et al. 2017; Wittor et al.
2017). In particular, motivated by recent measurements on the hy-
drostatic mass bias of XMM-Newton analysis (Eckert et al. 2018),
we quantified the kinetic pressure support by residual gas motions
in the ICM. When properly analysed, the turbulent kinetic energy
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Figure 3. Distribution of velocities at different radii in our cluster sample, normalized to the average sound speed within each shell. The solid lines give the
distribution for the total (unfiltered) velocities, the dot-dashed line give the distribution for the turbulent (small-scale filtered) velocities.

of other morphological parameter such as the concentration param-
eter, c, or the power ratio, P3/P0, as we know that w is the pa-
rameter that best correlates with the non-thermal pressure at large
cluster radii (Angelinelli et al, in preparation). Fig. 2 shows that our
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anisotropy in the 0.2 � 0.9 R200 range compared to the unfiltered
velocity field, even if an excess of radial bias even at small scale
remain in the outermost accretion regions.
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This conclusion is confirmed by Fig. 5, which shows the cen-
tral result of this work: there we present the average profile of the
X(R) ratio for the entire sample and for the filtered or unfiltered
velocities. We plot, both, the radial pressure support from the rms
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Figure 4. Velocity distributions at different radial locations for cluster
IT90 3 (merging), IT90 4 (relaxed) and IT62 (post-merger).

well as only considering the radial velocity component (↵r = 1).
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rest of the distribution (A2319, Ghirardini et al. 2018) and within
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mass complete one), the observed and simulated estimates of non-
thermal pressure support are in the same range. A steeper trend with
radius, as well as a ⇠ 2�3 times higher non-thermal pressure sup-
port would be instead inferred using the more standard unfiltered
velocity field. While this work indeed confirms that this is the typi-
cal level of gas kinetic energy at this radius in average clusters, only
⇠ 1/2 � 1/3 of this energy is associated to isotropic and volume
filling motions and acts as a source of pressure, and would thus be
deduced from hydrostatic mass reconstructions.

4 DISCUSSION AND CONCLUSIONS

We investigated the distribution of kinetic (turbulent) pressure in
the ICM, using a sample of recent high resolution simulations of
(non-radiative) galaxy clusters (Vazza et al. 2017; Wittor et al.
2017). In particular, motivated by recent measurements on the hy-
drostatic mass bias of XMM-Newton analysis (Eckert et al. 2018),
we quantified the kinetic pressure support by residual gas motions
in the ICM. When properly analysed, the turbulent kinetic energy
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The velocity distribution in spherical shells has a tail extending
towards negative values
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Prospects for NIKA-2

Combining Chandra/XMM data with NIKA-2 we can use the X/SZ
method out to high redshift

Ruppin et al. 2018 Adam et al. 2018
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The future: the eROSITA all-sky survey

eROSITA is the next-generation X-ray survey instrument

eROSITA will detect 100,000 clusters out to z ∼ 1.5! Synergies
with SZ instruments are obvious
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Take home message

Regular outskirts when 
clumping is taken into account 

The gas fraction of X-COP 
clusters implies a mild HSE bias 

M
HSE

/M
tot

=0.94

Tchernin et al. 2016

Eckert et al. X-COP3

Ghirardini et al. X-COP1

All X-COP clusters but one follow 
gravitational collapse predictions

Ghirardini et al. X-COP1

The scatter in density and 
temperature is positively correlated 

Eckert et al. X-COP3

The level of NT pressure is just
6% at R

500
 

Ettori et al. X-COP2

NFW is the best-fit mass model
in 9/13 cases ; cores disfavored
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