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ABSTRACT

Context. Biases in mass measurements of galaxy clusters are one of the major limiting systematics in constraining cosmology with
clusters.
Aims. We aim to demonstrate that the systematics associated with cluster gravitational potentials are smaller than the hydrostatic mass
bias and that cluster potentials could therefore be a good alternative to cluster masses in cosmological studies.
Methods. Using cosmological simulations of galaxy clusters, we compute the biases in the hydrostatic mass (HE mass) and those in
the gravitational potential, reconstructed from measurements at X-ray and millimeter wavelengths. In particular, we investigate the
effects of the presence of substructures and of nonthermal pressure support on both the HE mass and the reconstructed potential.
Results. We find that the bias in the reconstructed potential (6%) is less than that of the HE mass (13%) and that the scatter in the
reconstructed potential decreases by ∼35% with respect to that in the HE mass.
Conclusions. This study shows that characterizing galaxy clusters by their gravitational potential is a promising alternative to using
cluster masses in cluster cosmology.
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1. Introduction

Galaxy clusters contain rich astrophysical and cosmological
information. For instance, the statistics of the galaxy cluster
population as a function of redshift and mass is often used to
trace the evolution of large-scale structures (“cluster counts”, see
e.g., Voit 2005; Planck Collaboration XIII 2016). Large exist-
ing and upcoming missions, such as the Dark Energy Sur-
vey (DES, The Dark Energy Survey Collaboration 2005), Euclid
(Laureijs et al. 2011), and the Large Synoptic Survey Tele-
scope (LSST, Ivezic et al. 2011) aim to use galaxy clusters
to study the nature of the dark energy that is responsible for
accelerating the expansion of the Universe. However, to be
competitive, these cluster based cosmological probes require
well-constrained cluster masses. This is unfortunately difficult
to achieve because cluster masses are not directly observable.
The tension between the results from two different cosmo-
logical probes, cluster counts (Planck Collaboration XX 2013;
Planck Collaboration XIII 2016), and cosmic microwave back-
ground (CMB) cosmology (Planck Collaboration XVI 2013;
Planck Collaboration XXIV 2016) illustrates this problem well
as this discrepancy may be due to the cluster mass estimates
(e.g., Planck Collaboration XX 2013).

Nowadays we have access to high quality multiwavelength
data to study galaxy cluster components in detail. It is therefore
crucial to develop new analysis tools to explore the rich con-
tent of these datasets. We demonstrate in this paper that clus-
ter potentials can be reconstructed with higher accuracy than the
hydrostatic mass (hereafter, HE mass) from cluster observations,
regardless of the dynamical state of the cluster.

Clusters are bright diffuse X-ray sources that emit
bremsstrahlung and spectral lines. The observations of this
X-ray emission provide information on the electronic pres-
sure, temperature, density, and composition of the intracluster
medium (ICM; see e.g., Eckert et al. 2019). Due to the steep
density profile in galaxy clusters and the dependence of the
bremsstrahlung radiation on the squared electron density (e.g.,
Sarazin 1988), X-ray observations are mostly sensitive to the
central regions of the clusters (within R500 ∼ 0.6 R200). The
ICM gas can also be observed at millimeter wavelengths via its
thermal Sunyaev-Zel’dovich (tSZ) effect. This signal appears
as a distortion of the unperturbed CMB spectrum and arises
when the thermal electrons of the ICM gas interact via inverse
Compton scattering with the CMB photons. The magnitude of
this distortion is proportional to the thermal electronic pressure
integrated along the line-of-sight (e.g., Sunyaev & Zeldovich
1969; Birkinshaw 1999; Sayers et al. 2011) and provides
information on the ICM gas at large distances from the cluster
center (up to about R200, see e.g., Planck Collaboration Int. V
2013). In addition, the line-of-sight projected (2D) gravitational
potential can be inferred from gravitational lensing (GL, see
Bartelmann 2010, for a review). This is a purely geometric
effect that probes the total matter density (the baryonic matter
and the dark matter, DM) projected along the line-of-sight
without requiring any knowledge on the dynamical state of the
matter. We consider here two regimes: strong and weak lensing.
Gravitational arcs and multiple-image systems of a source are
strong lensing features that appear in the cluster core, where
the density is highest (up to ∼0.2 R500, e.g., Jauzac et al. 2019;
Mahler et al. 2019; Caminha et al. 2019; Acebron et al. 2020;
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Zalesky & Ebeling 2020). In contrast, weak lensing features
are small deformations of background galaxies that can only be
statistically analyzed (see Bartelmann & Schneider 2001, for a
review) and probe regions located farther away from the cluster
center (up to about 2 R200, e.g., von der Linden et al. 2014a;
Klein et al. 2019; Umetsu et al. 2020). The combination of these
multiwavelength observations allows us to study the galaxy
cluster thermodynamic properties over a wide spatial range (e.g.,
Tchernin et al. 2016; Shitanishi et al. 2018; Eckert et al. 2019;
Strait et al. 2018; Steinhardt et al. 2020) and to set constraints
on the cluster geometry (see e.g., Morandi et al. 2011, 2012;
Sereno et al. 2018).

The paper is organized as follows: in Sect. 2 we list the
expected advantages of cluster potential over cluster HE mass
in cosmological applications. We then outline the methods to
derive both quantities in Sect. 3. In Sect. 4 we derive these quan-
tities for the simulated clusters of the cosmological simulation
Omega500. The results are discussed in Sect. 5 and lead us to
conclude in Sect. 6. As we aim at comparing the systematics
(scatter and bias) inherent to the HE mass and to the recon-
structed potential without accounting for the additional bias due
to the projecting effect, all profiles shown in this paper are 3D
profiles.

2. Expected advantages of cluster potentials

The gravitational potential is expected to have a number of
advantages with respect to the mass in cosmological studies
(see also Lau 2011): First, the gravitational potential is directly
related to cluster observables, such as the X-ray emission of the
ICM gas and the GL signals, without requiring the integration
over an unknown volume within unknown boundaries. There-
fore, the gravitational potential provides a more direct connec-
tion to cluster observables, than the cluster mass. Second, we are
more flexible with the choice of the region on which we mea-
sure the potential, while the cluster mass needs to be computed
from the cluster center up to a given radius. For instance, bary-
onic physics is complicated in the cluster center and our simple
assumptions may not hold there. The strength in using the poten-
tial is that we can exclude this region from our analysis. This
has been shown for instance in Lau (2011), where the cluster
potential has been estimated from simple assumptions for differ-
ent regions in the cluster: once the central region excluded, the
potential estimator is a good representation of the true potential.
This is not true for mass where every mass within the cluster
boundary, including the core, is accounted for. Third, the grav-
itational potential can be derived from the mass density distri-
bution by integrating the Poisson equation. This implies that the
potential is smoother and more spherical than the mass density
distribution. Indeed, expressing this relation in Fourier space, we
can see that the small-scale fluctuations (large k) in the potential
are suppressed (Φ̂ ∝ ρ̂/k2) compared to the mass density distri-
bution. From the superposition principle, this also implies that
large-scale modes contribute more strongly to the potential than
to the density. As the potential is less affected by the assump-
tion of a simple cluster geometry, this may reduce the scatter in
scaling relations due to any non-sphericity or clumpiness in the
matter distribution. In addition, the potential is only defined up
to an additive constant and corresponds to the second derivative
of the density. This implies that our choice to set the potential to
zero at a given radius, usually chosen to be far from the cluster
center, does not influence the density distribution. The choice of
the boundary conditions, required to integrate the Poisson equa-
tion, should therefore have less impact on the potential than it as

on the mass, as we derive the latter by integrating the density
distribution over a volume of unknown shape (see first point
above). Fourth, the gravitational potential is set early during the
formation of dark matter halos (van den Bosch et al. 2014). As
opposed to halo mass, the potential does not suffer from pseudo-
evolution, in which the mass of any given DM halo, defined as
a function of the background density of the universe, increases
artificially simply due to the change in the background density
(Diemer et al. 2013). For these reasons, we argue that the poten-
tial should be a quantity easier to handle and to link to theoretical
predictions than the cluster mass. In addition, it has been shown
in Angrick et al. (2015) that it is possible to constrain cosmology
by studying the statistics of the cluster population characterized
by their gravitational potentials. In order to advance the use of
potential over mass, we examine here how well cluster masses
and potentials can be constrained from observations. We will
now describe the methods used in this work to estimate these
quantities.

3. Methods for cluster mass and potential estimates

In this section, we describe the methods used to estimate the
cluster HE mass and the potential from the multiwavelength
observations of the ICM gas.

3.1. Methods to estimate cluster masses

Under the hydrostatic equilibrium (HE) assumption, the pressure
and gas density profiles recovered from X-ray or/and tSZ obser-
vations can be converted into the cluster gravitational potential:

∇P = −ρ∇Φ, (1)

where Φ is the 3D gravitational potential, while P and ρ are,
respectively, the thermal pressure and density of the ICM gas.
Assuming spherical symmetry, the HE mass of a cluster can then
be estimated as:

MHE(<r) = −
r2

Gρ(r)
dP(r)

dr
, (2)

where r is the 3D concentric radius. Typically HE masses are
underestimated compared to the true mass due to the presence
of nonthermal pressure in the clusters (e.g., Lau et al. 2009) and
to the steady-state assumptions (which enters the HE equation
by setting dv/dt = 0 in the Euler equation, see e.g., Suto et al.
2013; Lau et al. 2013). While the nonthermal pressure support
accounts for the turbulent and bulk motions, the steady-state
assumptions neglect the acceleration of gas that provides extra
support against gravity. In dynamically relaxed clusters, the non-
thermal pressure support is expected to reach up to 35% in the
cluster outskirts due to accretion of matter (e.g., Nagai et al.
2007; Rasia et al. 2012; Vazza et al. 2011; Nelson et al. 2014a;
Biffi et al. 2016). In contrast, the deviations due to the steady-
state assumptions are expected to be small (of the level of 3%)
for these clusters (Nelson et al. 2014b). The HE mass bias can
be quantified as:

1 −
MHE(<r)
M(<r)

, (3)

where MHE(<r) is the hydrostatic cluster mass and M(<r) the
true mass contained within a sphere of radius r. Given that the
weak lensing mass does not require knowledge on the dynamical
state of the matter, it is often used as a proxy of the true cluster
mass. This however neglects the projection effects, which bias
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low the weak lensing masses by ∼5−10% (e.g., Meneghetti et al.
2010; Rasia et al. 2012; Henson et al. 2017).

Alternatively, scaling relations can be used to estimate
cluster masses from observations of the ICM gas (using
quantities directly observable like the X-ray luminosity or tem-
perature, e.g., Giodini et al. 2013; Kaiser 1986). These rela-
tions are embedded in a substantial scatter (see also Mantz et al.
2010), which can be reduced by calibrating the HE mass with
the GL mass (as in von der Linden et al. 2014b; Applegate et al.
2016) or by excluding the emission of the cluster core from the
total luminosity (e.g., Mantz et al. 2018).

3.2. Methods to estimate cluster potentials

Here we outline the method we use in this work to reconstruct
the gravitational potential of galaxy clusters. Other approaches
exist in the literature (see e.g., Lau 2011; Gifford et al. 2013), but
our method has a higher potentiality to reach lower bias and vari-
ance in the reconstructed potential, as we will discuss in Sect. 5.
The cluster potential can be reconstructed from the X-ray emis-
sion of the ICM gas (Konrad et al. 2013; Tchernin et al. 2015)
and the tSZ signal (Majer et al. 2016) based on the following
assumptions (see also Tchernin et al. 2018):

First, the plasma pressure follows a polytropic relation, with
a constant polytropic exponent Γ:

P(r)
P0

=

(
ρ(r)
ρ0

)Γ

, (4)

where r parametrizes the distance from the cluster center (for
instance, the 3D concentric radius, in case of assumed spherical
symmetry). The suffix 0 corresponds to the value of the pres-
sure and of the gas density at an arbitrary fiducial radius r0. We
assume in this study that Γ is constant, but Γ is usually observed
to vary over the cluster range (e.g., Shaw et al. 2010) and to have
a value close to ∼1.2 (e.g., Tozzi & Norman 2001; Capelo et al.
2012; Eckert et al. 2013; Shi 2016). Whereas the origin of this
value is still unclear, numerical simulations show that at the clus-
ter center, the value of Γ tends to the adiabatic value (5/3) (due to
the formation history of the cluster, Rabold & Teyssier 2017). In
the present study, we derive the value of Γ from a fit of the sim-
ulated density and pressure profiles over a region that excludes
both the central region and the cluster outskirts. We will discuss
the effect of this assumption on the reconstruction of the poten-
tial in Sect. 4.3.3. Second, the plasma is in HE with the potential
of the cluster (Eq. (1)). As discussed in Sect. 3.1, this assump-
tion is not expected to be valid over the entire cluster range.
For instance, the contribution of the nonthermal pressure com-
ponent increases with the distance to the cluster center due to
accretion of matter in the outskirts (e.g., Vazza et al. 2011, 2018;
Reiprich et al. 2013; Nelson et al. 2014a). We will examine the
bias coming from this assumption on the HE mass and potential
in Sect. 4.3.2. Third, the cluster has a simple geometry. In the
present study, we assume spherical symmetry in order to com-
pare the bias in the reconstructed potential with the one in the HE
mass, estimated from Eq. (2). The cluster potential can however
be derived for more realistic shapes. We can for instance recon-
struct the potential of spheroidal clusters (whose axes ratios sat-
isfy 1:1:a with a> 1, as depicted in Fig. A.1; see also Majer et al.
2016). We will examine the systematics of the potential recon-
struction arising from the triaxiality of the clusters in our upcom-
ing paper (Tchernin et al., in prep.). Fourth, for the potential
reconstruction from X-rays, we assume that the X-ray emission
is dominated by thermal bremsstrahlung. This assumption is not

valid for low temperature clusters (<107K ) or for clusters with
many substructures, due to the contribution of emission lines to
the X-ray emission (see Sarazin 1988; Kaastra et al. 2008). We
will test the effects of this assumption on the potential recon-
structed from the X-ray signal in Sect. 4.3.4. To reconstruct the
3D potential from the above assumptions, we proceed as fol-
lows: Assuming that we start with observed X-ray or tSZ maps,
the first step is to deproject1 the observed 2D quantity for an
assumed cluster morphology (with for instance the Richardson-
Lucy deprojection method, Lucy 1974, 1994). Then we convert
the resulting 3D profile (which can be the pressure profile (PtSZ)
for the observations of the tSZ signal; or the X-ray emissivity
( jx)) into the 3D gravitational potential by computing

Φ ∝ [ jx]η, with η =
2Γ − 1
3 + Γ

, (5)

for a reconstruction from X-rays, and

Φ ∝ [PtSZ]η, with η =
Γ − 1

Γ
, (6)

for a reconstruction from the tSZ effect. We invite the inter-
ested reader to look at the papers by Konrad et al. (2013) and
Majer et al. (2016) for details on the intermediate steps.

This 3D reconstructed potential can then be projected into
2D and combined with lensing constraints (as performed in
Huber et al. 2019). The resulting joint 2D potential is tightly
constrained on a wide radial range and could ultimately be used
in cosmological studies as a good alternative to the cluster mass
(see e.g., Angrick et al. 2015, and Sect. 2). We will next compare
the systematics of the reconstructed cluster potential with those
of the cluster mass, both estimated from ICM observations.

4. Systematics of the potential and HE mass
reconstructions

We compare here the systematics of the reconstructed potentials
with the ones of the HE masses for the clusters of the Omega500
simulation. We assume spherical symmetry and present our
results as 3D profiles.

This section is structured as follows: in Sect. 4.1, we start by
describing the Omega500 cosmological simulation. In Sect. 4.2
we then illustrate the method to reconstruct clusters potential
through a detailed study of two simulated clusters in extreme
dynamical states: a relaxed (CL135) and a merging (CL77) clus-
ter. In Sect. 4.3 we carry out a statistical analysis of the 85
simulated clusters of the Omega500 simulation: we investigate
how the systematics of the HE mass and the potential compare
for clusters in different dynamical states (in Sect. 4.3.1) and we
study how each individual assumption listed in Sect. 3 affects
the reconstructed potentials and HE masses. In particular, we
test the effect of the HE assumption in Sect. 4.3.2, the effect
of the assumed polytropic stratification relation on the recon-
structed potential in Sect. 4.3.3, and the effect of the assumed
bremsstrahlung dominated X-ray emissivity in Sect. 4.3.4.

In addition, we examine the effect of the presence of sub-
structures. The latter should be removed before proceeding to
the analysis because their thermodynamic properties are not rep-
resentative of the ones of the ICM gas. However, this technical
step should be performed carefully because it can modify the

1 In the present study, we only consider simulated quantities that are
already in 3D, so this deprojection step is not required to recover the 3D
potential.
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morphology of clusters and introduce additional bias. We con-
sider here two different substructure removal techniques that are
widely used both in the domain of observations and simulations.
We will investigate their effects on the HE mass and potential
reconstruction in Sect. 4.3.5. These two approaches are:

Method 1. In spherical shells, we report the median rather
than the mean value of a density distribution. As shown in
Zhuravleva et al. (2013), the mean value is biased high in the
presence of density inhomogeneities while the median value
can be used as a proxy for the ICM bulk density. This method
has been used in many analyses (such as Eckert et al. 2019;
Tchernin et al. 2016). We note however, that while this substruc-
ture removal approach can be successfully applied to systems
that are close to spherical, removing substructures in spheri-
cal shells for an ellipsoidal cluster could actually bias low the
resulting profiles. This is illustrated in Fig. A.2a, which shows
the relative residuals between the “mean” and “median” values
of density distributions extracted in spherical shells, for cluster
shapes of increasing ellipticity (we consider here ε = 0, 0.3 and
0.6). As there are no substructures in these clusters, the mean and
the median values in each shell should be similar. However, as
we can see the median profile steepens with respect to the mean
profile for the cluster with the largest ellipticity2. This illustrates
that the median approach needs to be applied carefully to non-
spherical clusters. We will return to this point in Sect. 5.

Method 2. In spherical shells, we exclude the pixels with
density values larger than the threshold ρthr = m + 3.5σ, where
m is the median density value and σ, the standard deviation
in the shell. This approach is being used in Lau et al. (2015)
for instance. This threshold value has the property to clean the
cluster from its substructures without forcing it to be artificially
spherical (as a stronger cut would remove structures that are
actually belonging to the clusters body). We illustrate this effect
in Fig. A.2b, where we can see how this threshold affects the
shape of a relaxed cluster (CL135), projected along the x-axis.
We test here two different values for the threshold Xσ: X = 2
and X = 3.5. As we can see, the stronger cut (X = 2) artifi-
cially makes the inner part of the cluster CL135 more spherical,
which is not a wanted feature. For completeness, we also show
in Fig. A.2c the relative residuals between these two methods,
applied to the cluster CL135, for different values of the thresh-
old X = 1, 2, 3.5, and 4. For this cluster, the median method
(Method 1) seems to be similar to using Method 2 with a cut of
2σ, which as we saw in Fig. A.2b, makes the cluster more spher-
ical. It is not an easy task to remove substructures without modi-
fying the shape of the cluster and affecting the resulting profiles.
In the present study, we assume spherical symmetry, so the effect
produced by the substructure removal technique is expected to
be small with respect to the strong assumption we are making.
However, the choice of the substructure removal technique needs
to be carefully studied once we include the triaxiality of the clus-
ters in our reconstructions. This effect and the resulting system-
atics will be analyzed in detail in our upcoming paper (Tchernin
et al., in prep.). To illustrate that these two methods can both be
applied to any datasets, we will use each of them in the next sec-
tions: namely Method 1 in Sect. 4.2 and Method 2, in Sect. 4.3.
While this particular order is arbitrary, the advantages of a spe-
cific method over the other will be investigated in our next paper.

2 The small amplitude (<1%) wiggles around the 0 value are due
to numerical artifacts introduced by the software used to create these
clusters.

4.1. The simulation

We use the Omega500 simulation (Nelson et al. 2014b) which
is a cosmological hydrodynamic simulation of galaxy clusters
that assumes a ΛCDM cosmology (H0 = 70 km s−1 Mpc−1,
ΩM = 0.27, ΩΛ = 0.73). The Omega500 simulations are
performed using the Adaptive Refinement Tree (ART) N-
body+gas-dynamics code (Kravtsov 1999; Rudd et al. 2008).
The box size of the simulation is 500 h−1 Mpc on the side, with
dark matter particle masses of 1.1 × 109 h−1 M� within 5 × R500c
for the 85 resolved DM halos with M500c ≥ 2.9 × 1014 h−1 M�.
The highest spatial resolution is 3.8 h−1 kpc. For this paper, we
only consider the non-radiative run of the simulation which does
not contain cooling and feedback physics that dominates the
cluster cores.

4.2. Test cases of a relaxed and a dynamically active cluster

We illustrate here the potential and HE mass reconstruction
methods on two clusters in extreme dynamical states: the relaxed
cluster CL135 and the dynamically active cluster CL77. These
clusters have been selected based on their mass accretion his-
tories and their X-ray morphologies. The growth of CL135 is
mainly driven by smooth accretion, having no recent major
merger (defined as mass ratio between merging halos >1:6) in
the past Gyr, while CL77 has experienced one in the past Gyr.
The morphological classification is based on the observation-
motivated values of the symmetry, peakiness, and alignment
(SPA) measurements of the X-ray isophotes of the clusters
(Mantz et al. 2015). We generated mock Chandra maps of these
clusters and apply the SPA criterion to them (see Shi et al. 2016).
A view of diverse components of these two clusters is given in
Fig. 1.

4.2.1. Method and results

We use the method outlined in Sect. 3.2 to reconstruct the clus-
ter potential from the X-ray and tSZ observations (hereafter the
X-ray and tSZ potential), and we recover the HE mass by solving
the HE equation (Eq. (2)). We start by removing substructures in
these clusters with the technique of the median (see the above
description of Method 1). To reconstruct the potential, we then
fit the polytropic relation on the pressure and density profiles.
The result of this fit is shown in Fig. 2a, for the relaxed cluster
and in Fig. 2b, for the merging cluster. We show both the result
of the fit of the median and mean profiles to illustrate the effects
of the substructures (for this substructure removal technique).
Assuming spherical symmetry and hydrostatic equilibrium, we
then reconstruct the X-ray and tSZ potential, as well as the HE
mass of these two clusters.

The reconstructed potentials are shown in Figs. 3a,b, for the
clusters CL135 and CL77, respectively. In each figure, the recon-
structed X-ray and tSZ potentials (for both mean and median
profiles) are shown in the top panel, while the bottom panel dis-
plays the relative residuals between the true and reconstructed
potentials. The HE mass estimates of these two clusters are rep-
resented in the top panel of Figs. 4a,b. The relative residuals,
shown in the bottom panel, highlight the effects of substructures
and the HE mass bias. We will next discuss these results.

4.2.2. Effects of substructures

Effects of substructures on the potential reconstruction.
To more clearly distinguish this effect from those of the other
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(a)

(b)

Fig. 1. Component decomposition and ICM gas emission of: (a) the
relaxed cluster CL135, and (b) the merging cluster CL77 (see Sect. 4.2).
Top panels, from left to right: projected dark matter mass; the projected
gas mass; and the projected cluster gravitational potential. Bottom pan-
els, from left to right: projected X-ray emission; the projected tSZ effect;
and the mass-weighted temperature. The two circles represent R500 (in
green) and R200 (in white).

assumptions, we consider here the relaxed cluster. By comparing
the potential reconstructed from the median and the mean pro-
file in Fig. 3a, we can conclude that the removal of substructures
is crucial to reconstruct the potential from the X-ray emissiv-
ity. This is due to the fact the bremsstrahlung radiation depends
on the squared density and therefore is very sensitive to den-
sity inhomogeneities. We can also notice that the tSZ potential
reconstructed with the mean pressure profile provides a better
result than the one reconstructed with the median pressure pro-
file (see Eq. (6)). This is surprising because the pressure is not
expected to be significantly affected by the presence of substruc-
tures, and therefore both mean and median profiles should be
similar. However, as shown in Fig. A.5, the mean and median
pressure profiles of this cluster differ (this can be also derived
from the relative residuals shown in black in the bottom panel
of Fig. 2a: Both pressure models are similar in the radial range
between R500 and R200, while the relative residuals of the mean
(in blue) and median profiles (in green) differ). This may be due
to the substructure removal technique, which biases the profile
low if the cluster is triaxial, as we discussed in the first para-
graphs of Sect. 4 and in Fig. A.2a. This is an interesting aspect
that we will discuss further in Sect. 5.
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Fig. 2. Fit of the polytropic stratification relation on the pressure
[kev cm−3] and gas density [cm−3] profiles extracted in spherical shells.
Top panel: pressure profile (solid line) and its fitted model (dashed line)
are shown in blue, for the mean profiles and in green, for the median
profiles. Bottom panel: relative residuals between the pressure profile
and its fitted model are shown in blue, for the mean profiles and in
green, for the median profiles. The relative residuals between the two
models for the pressure profile, computed as ((ngas,median(r))Γmedian −

(ngas,mean(r))Γmean)/(ngas,median(r))Γmedian are displayed in black. The verti-
cal lines represent R500 and R200; (a) for CL135: fit performed over radii
larger than 200 kpc; (b) for CL77: fit performed over radii larger than
350 kpc for the median profiles and over radii larger than 200 kpc for
the mean profiles.

Effects of substructures on the HE mass estimate. As
shown in Fig. 4a, the effect of the substructures on the HE mass
is smaller than 10% between R500 and R200, which is larger than
for the tSZ potential, but smaller than for the X-ray potential.
This indicates that the combined effects of substructures on the
pressure gradient and the density profile are relatively small for
this relaxed cluster.

4.2.3. Potential versus HE mass reconstruction

We consider here the X-ray potential and the HE mass recon-
structed with the median profiles, while for the tSZ potential, we
report the averaged value of the mean and median tSZ potential
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Fig. 3. Reconstructed 3D gravitational potential profiles obtained as
outlined in Sect. 3.2 assuming spherical symmetry. Top panel: true
potential (black curve); X-ray potential (using Eq. (5)) mean (green)
and median (red); tSZ potential (using Eq. (6)) mean (blue) and
median (cyan). Bottom panel: corresponding relative residuals. The ver-
tical lines represent R500 and R200: (a) for the relaxed cluster CL135;
(b) for the merging cluster CL77.

profiles. Table 1 summarizes the results of these reconstructions.
For these clusters, we observe that the overall bias is smaller for
the potentials than for the HE mass. Indeed, the relative resid-
uals of the tSZ and X-ray potentials (∼3−5%) are smaller than
the ones of the HE mass (∼10%) at R500. For the dynamically
active cluster, we found that the tSZ and X-ray potentials have
residuals that reach ∼25% at R500 and a corresponding HE mass
bias of about 42%. We study next the recovered profiles in more
detail:

For the relaxed cluster. As we can see in Fig. 3a, the X-ray
(median) and the tSZ (mean) potentials reproduce the true grav-
itational potential with a relative deviation of .5% from 300 kpc
up to R200. The discrepancy at radii smaller than 300 kpc and
larger than R200 can be understood from Fig. 2a, which shows the
result of the fit of the pressure and gas density profiles assuming
a polytropic stratification relation: the polytropic index is dif-
ferent from the fitted value in these regions (as expected from
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Fig. 4. Reconstructed HE mass (MHE) obtained assuming spherical
symmetry. Top panel: total mass (Mtot, black curve), MHE median
(green) and MHE mean (blue). Bottom panel: relative residuals:
the hydrostatic bias (computed as (Mtot(r) − MHEmedian (r))/Mtot(r)),
is shown in black; and the effect of substructures ((MHEmedian (r) −
MHEmean (r))/MHEmedian (r)), in cyan. The vertical lines represent R500 and
R200: (a) for the relaxed cluster CL135; (b) for the dynamically active
cluster CL77.

simulations Shaw et al. 2010; Rabold & Teyssier 2017). From
the mass profiles displayed in Fig. 4a, we can also see that the HE
mass bias is about three times larger than the bias in the recon-
structed potential. We observe that the HE mass bias increases
with the distance from the cluster center for radii larger than
R500 and reaches the predicted value of ∼30−35% at R200 due
to accretion of matter in the outskirts (e.g., Rasia et al. 2012;
Vazza et al. 2018, see also Sect. 3.1 and the second point in
Sect. 3.2).

For the merging cluster. The assumptions being far from
valid for this cluster, we expect that both the HE mass and poten-
tial reconstructions perform less well than for a relaxed cluster.
This is indeed what we observe in Fig. 3b: the relative residu-
als for the reconstructed potential reach up to 30% within R200
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Table 1. Relative residuals for the reconstructed potential (Φ, Figs. 3a,b)
and HE mass (MHE, Figs. 4a,b) at R500, R200, and in the radial range
delimited by these two radii, for the relaxed (with R500 = 1250 kpc
and R200 = 1865 kpc) and the unrelaxed (with R500 = 1739 kpc and
R200 = 2564 kpc) clusters.

At R500 In between At R200

MHE, relaxed 10% .35% 30%
ΦHE, relaxed ∼3−5% .10% .8%
MHE, unrelaxed 42% .54% 50%
ΦHE, unrelaxed 25% .32% 30%

(rather than 8% at the same radius for the relaxed cluster). The
results of the HE mass estimate of the cluster CL77 are shown in
Fig. 4b: the hydrostatic bias amounts to 50% within R200. This
illustrates that even for this extreme case, the potential can be
better reconstructed than the HE mass. Interestingly, as for the
cluster CL135 (Fig. 4a) the effects due to the presence of sub-
structures seem to be small between R500 and R200.

4.3. Statistical analysis

The aim of this section is to compare the systematics of the
reconstructed tSZ and X-ray potentials with the ones of the
reconstructed HE mass for the 85 clusters of the Omega500 sim-
ulation. We proceed as follows: we compute the relative residu-
als between the true and reconstructed quantities, evaluate them
at R500, and display the results in histograms. The key results are
shown in the body of the paper, while the additional figures can
be found in the appendix. We report the mean and root mean
square values as a measure of the bias and spread of these distri-
butions in Table 2 and in the corresponding captions. Except if
stated differently, we here use only quantities that have been cor-
rected for the presence of substructures using the 3.5σ approach
(see Method 2 in the introduction of Sect. 4). This analysis is
performed assuming spherical symmetry.

4.3.1. Effect of the dynamical state

We start by comparing the systematics of the HE mass with
the ones of the tSZ potential3 for clusters in different dynam-
ical states (classified using the SPA criterion from Mantz et al.
2015). We compute the relative residuals for the tSZ potential
and the HE mass, reconstructed using the thermal pressure. The
resulting histograms are shown in Fig. 5a for the entire clus-
ter sample (85 clusters) and in Fig. 5b for the relaxed cluster
sample (32 clusters). As we can see, the reconstructed potential
has a smaller bias and scatter than the reconstructed HE mass,
both for the relaxed clusters and for the entire cluster sample.
Indeed, our results for the relaxed cluster sample return a bias
of 14% (8%) and a scatter of 19% (16%) for the HE mass (for
the tSZ potential). The trend is similar for the entire cluster sam-
ple: with a bias of 13% (6%) and a scatter of 24% (15%) for
the HE mass (tSZ potential). We will return to these results in
Sect. 5.

3 Given that the X-ray potential relies on an additional assumption
(fourth point in Sect. 3.2), we show here only the results for the tSZ
potential. We will study separately the systematics of the X-ray poten-
tial in Sect. 4.3.4 (see also Table 2).

4.3.2. Effect of the HE assumption

In this section, we are interested in quantifying the effect of the
HE assumption on the reconstructed potentials and on the HE
mass. We therefore reconstruct these quantities using both the
total and the thermal pressure, and compare their respective rel-
ative residuals. Given that all the other quantities are held fixed,
any difference between these two reconstructions should be due
to deviations from the HE assumption. In the Omega500 sim-
ulation, the bulk and turbulent motions of the gas are the main
source of nonthermal pressure support. However, the contribu-
tion of the nonsteady state terms (due to gas accelerations) is not
accounted for. We consider here a sample of relaxed clusters as
the deviations from the HE assumptions due to these nonsteady
state terms are small for relaxed clusters, and are therefore not
affecting our analysis.

The three figures displayed in Fig. 6 illustrate the effect of the
HE assumption on the HE mass, the X-ray and the tSZ potential.
By using the total pressure instead of the thermal pressure, we
observe a similar trend for the HE mass (with a bias that reduces
from 14% to 3%) and for the X-ray potential (with a bias that
reduces from 15% to 2%). But the tSZ potential is already recon-
structed quite well with the thermal pressure (with a bias of only
8%). It is interesting to see that the HE assumption seems to
affect the tSZ and the X-ray potentials differently. This discrep-
ancy could be a hint that these two probes explore ICM compo-
nents of different origin. To investigate this hypothesis, we need
to account for the other effects that also enter in these recon-
structions and which affect these two potential reconstructions
differently (such as the substructure removal method, and the
additional assumption on the X-ray emissivity4). We will return
to this point in Sect. 5.

4.3.3. Effect of the polytropic stratification relation

We saw in Sect. 3.2 that our approach to reconstruct the X-ray
and tSZ potentials relies on the assumption that the density and
pressure follow a polytropic relation of constant polytropic index
Γ (see Eqs. (5) and (6)). To evaluate how uncertainties on Γ (∆Γ)
affect the spread of the distributions of reconstructed potentials,
we derive them for different values of ∆Γ. We consider first
the value of ∆Γ returned by the fit, which averaged over the
entire cluster sample, returned the value of Γaverage = 1.175 and
∆Γaverage = 0.003. We reconstruct the tSZ potential and observe
that the spread in the distribution increases from 15% to 16%.
As we can attest, the reconstructed potential is almost inde-
pendent from these variations in Γ. This however is not sur-
prising given that for these simulated clusters, the error on Γ
is on the order of a few per-mille. However, typical observa-
tions return percent level errors for Γ (e.g., Eckert et al. 2013,
1.21± 0.03), (Ghirardini et al. 2020, 1.17± 0.01). To illustrate
how such uncertainties would propagate through the reconstruc-
tion and affect the spread of the distribution of reconstructed
potentials, we repeat this exercise for a ∆Γ 10 times larger
(corresponding to ∆Γaverage = 0.03). This time, the spread of the
distribution becomes more significant and reaches 19%, which is
still smaller than the scatter in the HE mass (24%, see Table 2).
Increasing the error on ∆Γaverage to 0.06, we observe that the scat-
ter in the reconstructed tSZ potential (23%) becomes comparable
to that in the HE mass.

4 These two effects will be investigated in Sects. 4.3.4 and 4.3.5,
respectively.
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Table 2. Mean and root mean square (rms) of the distributions of relative residuals as a measure of their bias and scatter.

MHE ΦtSZ ΦXR Section and Figures

All clusters in (0.13, 0.24) (0.06, 0.15) (0.15, 0.17)true, thermal Sect. 4.3.1
any dyn. state Figs. 5a and 7a
HE effect (0.03, 0.17)total (−0.03, 0.13)total (−0.06, 0.14)total, bolo Sect. 4.3.2

(0.14, 0.19)thermal (0.08, 0.15)thermal (0.02, 0.11)thermal, bolo Figs. 6a,c, and 7b
Polytropic (0.06, 0.19)∆Γ=0.03 Sect. 4.3.3
stratification (0.06, 0.23)∆Γ=0.06

Presence of (−0.06, 0.14)bolo, total Sect. 4.3.4
emission lines (0.02, 0.07)true, total Fig. 7b
Presence of (0.15, 0.25)with sub (0.11, 0.19)with sub (0.31, 0.38)with sub Sect. 4.3.5
substructures (0.13, 0.24)no sub (0.06, 0.15)no sub (0.15, 0.17)no sub Fig. 8

Notes. These values have been obtained for the entire cluster sample, except for the effects due to the HE and to the presence of emission lines, for
which we used the relaxed cluster sample. To single out how the X-ray potential is affected by the HE assumption we use here emissivity corrected
potentials (indicated with the subscript bolo, to be distinguished from the true X-ray emissivity). Likewise, to discriminate the effect due to the
presence of emission lines from the HE effect, the results reported here are derived for the total pressure (indicated with the subscript total, to be
distinguished from the thermal pressure). For the effect due to the polytropic stratification relation, we report the bias obtained with the fitted value
of Γ and the scatter obtained from the increased uncertainty on Γ: ∆Γ = 0.03 and 0.06.

(a)

(b)

Fig. 5. Relative residuals – comparison of the tSZ potential and HE mass
for clusters in different dynamical states, expressed as (bias, scatter)
and evaluated at R500 for: (a) the entire sample (85 clusters), M = (0.13,
0.24); Φ = (0.06, 0.15); (b) the relaxed clusters sample (32 clusters),
M = (0.14, 0.19); Φ = (0.08, 0.16).

4.3.4. Effect of the presence of emission lines in the X-ray
emissivity

The assumption that the X-ray emission is dominated by bolo-
metric bremsstrahlung (see the fourth point in Sect.3.2) allows
us to reconstruct the potential using the formula given in Eq. (5).
However, this assumption is justified only if the contribution
of emission lines to the total emissivity is negligible. This is
the case if the plasma is very hot (T > 107 K) and if there are
no substructures. Indeed, these density inhomogenieties have
typically different metallicity and a lower temperature than the
ICM gas. To investigate how any deviation from the bolometric
bremsstrahlung emissivity affects the potential reconstruction,
we reconstruct the X-ray potentials of our cluster sample, for
both their true emissivity (which contains emission lines and is
not bolometric) and for an assumed bolometric bremsstrahlung
emissivity (hereafter “emissivity corrected”). We use for both
reconstructions only quantities obtained after substructure
removal.

The results are shown in Fig. 7a. For clusters in any dynam-
ical state, we find that the emissivity corrected potentials are
distributed with a bias of 9%, while the potentials recon-
structed from their true X-ray emissivity, have a bias of 15%
(see Table 2). The spread of both distributions are, however,
comparable.

We can also note that the bias and scatter of the distribution
of emissivity corrected X-ray potentials (0.09, 0.14) are becom-
ing similar to those of the distribution of tSZ potentials (0.06,
0.15). The remaining difference between these two reconstruc-
tions could be due to their different sensitivity to the presence
of substructures (and therefore to the substructure removal tech-
nique); but it could also be caused by their different sensitiv-
ity to deviation from the HE assumption. In the latter case, this
would mean that X-ray and tSZ observations are probing ICM
components that are from different origin or in different physical
states. We study next how the presence of emission lines affects
the X-ray potentials corrected for the HE assumption. To this
end, we reconstruct the X-ray potentials of the relaxed clusters
sample using the total pressure instead of the thermal pressure.
The results are shown in Fig. 7b: as we also saw in Fig. 6b, the
bias using the true emissivity vanishes almost completely once
the total pressure is taken into account (with a bias of 2%). In
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(a)

(b)

(c)

Fig. 6. Relative residuals – effect of the HE assumption, expressed as
(bias, scatter) and evaluated at R500 for: (a) the HE mass, Mtotal = (0.03,
0.17); Mthermal = (0.14, 0.19): (b) the X-ray potential, Φtotal = (0.02,
0.07); Φthermal = (0.15, 0.17); (c) the tSZ potential, Φtotal = (−0.03, 0.13);
Φthermal = (0.08, 0.15).

contrast, the distribution of emissivity corrected potentials,
reconstructed for the total pressure, overestimates the true poten-
tial with a bias of 6%. This may be due to the spherical symmetry

(a)

(b)

Fig. 7. Relative residuals – effect of the assumed X-ray bolomet-
ric bremsstrahlung radiation, expressed as (bias, scatter) and evalu-
ated at R500 for: (a) the entire cluster sample, using the thermal pres-
sure: Φtrue = (0.15, 0.17), Φbolo = (0.09, 0.14); (b) for the relaxed
clusters sample, using the total pressure: Φtrue = (0.02, 0.07), Φbolo =
(−0.06, 0.14).

assumption, as we will discuss in Sect. 5. Nevertheless, the fact
that a bias of about 2% is reached once we correct for deviations
from the HE assumption shows that the effect due to the assumed
bolometric bremsstrahlung emissivity should not be significant
for this sample of relaxed clusters.

4.3.5. Effect of the presence of substructures

We now study the effect of the presence of substructures on the
potential and HE mass reconstructions. We investigate this effect
on the entire cluster sample. The results are shown in Fig. 8 for
the effects on the HE mass, the X-ray and the tSZ potentials. As
expected from our investigations on two clusters in Sect. 4.2 (see
Sect. 4.2.2), we observe that: (i) The presence of substructures
affects the HE mass estimate only slightly (see Fig. 8a), with a
difference in the bias of a few percent. (ii) This effect is large on
the X-ray potential (see Fig. 8b): the 31% bias reduces to 15%
once the substructures are removed. A similar trend is observed
for the spread of the distribution, with a reduction from 38% to
17%. This shows the importance of removing substructures prior
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to reconstructing X-ray potentials. (iii) The effect due to the pres-
ence of substructures is small on the tSZ potential (as expected
due to the linear dependence of the pressure on the gas density,
see Fig. 8c). We will further discuss these results in Sect. 5.

5. Discussion

We will review in this section the systematics of the recon-
structed potentials and HE mass, derived in Sect. 4.3 and
reported in Table 2. As outlined in Sect. 3.2, the method to recon-
struct the X-ray and tSZ potentials relies on the assumption that
the clusters are in hydrostatic equilibrium (Eq. (1)), that their
pressure and gas density profiles follow a polytropic relation of
constant polytropic index (Eq. (4)), and that clusters are spher-
ical systems. For the reconstruction from the X-ray emissivity,
we also assume that the X-ray signal is dominated by the bolo-
metric bremsstrahlung emissivity. We will now discuss the effect
of each of these assumptions on the potential reconstruction, and
compare them, when appropriate, with the systematics on the HE
mass.

Effect of the cluster dynamical state (Sect. 4.3.1). We
investigated the reconstruction of the tSZ potential and HE mass
on the entire cluster sample (85 clusters) and on the relaxed clus-
ters (32 clusters). We observed that the tSZ potential is recon-
structed with a smaller bias and scatter than the HE mass for
clusters in any dynamical state (see Fig. 5a). This implies that
the cluster potential is less affected by the overall reconstruc-
tion method than the HE mass. This is a promising result, which
demonstrates that cluster potentials could indeed be a good alter-
native to cluster masses in cosmological studies. We will inves-
tigate the cosmological implications resulting from this low bias
and variance in an upcoming paper.

Effect of the HE assumption (Sect. 4.3.2). Using the
relaxed cluster sample, we studied how the HE assumption
affects the HE mass, as well as the X-ray, and tSZ potentials
(see Fig. 6). As the deviations from the steady-state assump-
tions are expected to be small for these clusters, their HE masses
and reconstructed potentials are not expected to be significantly
affected by the HE assumption, once the contribution of non-
thermal pressure support is accounted for in the HE equation
(Eq. (1)). We observed that: (i) Once the contribution from non-
thermal pressure is taken into account, the bias in the HE mass
reduces from 14% to 3% (see Fig. 6a). It is interesting that a pos-
itive bias of a few percent remains even when we use the total
pressure. This may be due to the assumption of spherical sym-
metry or alternatively, to the steady-state assumptions. We will
elaborate further on this result in our upcoming paper, which
is dedicated to the effects due to the cluster triaxiality. (ii) For
the X-ray potentials, the bias reduces from 15% to 2% once
the contribution of nonthermal pressure support is accounted
for in the reconstructions. These results have been obtained
using the true X-ray emissivity of the clusters. For completeness,
we also considered the HE effect on the emissivity corrected
X-ray potentials (as defined in Sect. 4.3.4) and reported the
bias and scatter of these distributions in Table 2. Interestingly,
we found that the emissivity corrected X-ray potentials recon-
structed with the thermal pressure (not shown in a figure) has a
low bias of 2%, and that this bias becomes negative (by about
6%) once we take the contribution of the nonthermal support
into account (see Fig. 7b). This could be due to the substructure
removal technique, which may be too strict and exclude pixels
which belong to the cluster (as discussed in the point 6 below).
Nevertheless, this relaxed cluster sample does not seem to be

(a)

(b)

(c)

Fig. 8. Relative residuals – effect of substructures, expressed as (bias,
scatter) and evaluated at R500 for: (a) the HE mass, Msub = (0.15,
0.25); Mno sub = (0.13, 0.24); (b) the X-ray potential, Φsub = (0.31,
0.38); Φno sub = (0.15, 0.17); (c) the tSZ potential, Φsub = (0.11, 0.19);
Φno sub = (0.06, 0.15).

significantly affected by the HE assumption once we corrected
for the assumption on the X-ray emissivity. (iii) With a bias of
8%, the tSZ potentials reconstructed for the thermal pressure
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perform already quite well (see Fig. 6c). Interestingly, the
potentials reconstructed using the total pressure overestimates
the true potential by 3%. This could be due to the substructure
removal technique (as we also noticed for the emissivity cor-
rected X-ray potentials).

Effect of the polytropic stratification assumption
(Sect. 4.3.3). Cluster potentials are reconstructed in this
work assuming a polytropic stratification. This assumption is
only required to express the potential in a simple form (see
Eqs. (5) and (6)). We found that the potentials reconstructed
for uncertainties on Γ of a few percent (∆Γaverage = 0.03) have
a smaller scatter (19%) than the HE mass (24%). In the study
presented here we fit the value of Γ on an optimized radial range
(within 0.2 R500 and R500). Such an optimization is possible on
real data and is expected to yield results similar to the ones
presented here (see e.g., Eckert et al. 2013, 1.21± 0.03). For
completeness, we also compare our potentials to potentials
reconstructed without assuming a polytropic stratification
relation (HE potential, as in Lau 2011). This HE potential only
relies on the HE and spherical symmetry assumptions, and is
reconstructed directly from pressure and density profiles. We
show in Fig. A.3 the relative residuals for the HE potentials,
the tSZ and X-ray potentials, and the HE mass. As we can see,
all these potentials have been reconstructed with a bias smaller
than that of the HE mass. In addition, if we are able to set tight
constraints on the value of Γ, our method has the ability to yield
more accurate cluster potentials reconstructions than a method
that does not assume a polytropic stratification relation.

Effect of the contribution of emission lines to the X-ray
emissivity (Sect. 4.3.4). We examined the effect of the assumed
bolometric bremsstrahlung emissivity on the X-ray potential.
This assumption is required to express the X-ray potential in
the simple form given in Eq. (5). Our results show that this
effect increases the bias from 9% to 15% for the clusters in
any dynamical state. Considering the relaxed cluster sample, we
also found that the reconstruction using the thermal pressure
returns a bias of only 2%. It implies that the assumed bolomet-
ric bremsstrahlung emissivity does not affect significantly the
X-ray reconstructed potentials of this relaxed cluster sample (see
Fig. 7b).

Effect of the presence of substructures (Sect. 4.3.5). We
investigated how the presence of substructures affects the HE
mass and the reconstructed potentials. We observed that the
effect is of a few percent for the HE mass and the tSZ potential,
but that it becomes larger for the X-ray potential (see Fig. 8).
While we expect the tSZ potential to be less affected than the
X-ray potential, due to their different dependency on the gas den-
sity, the effect on the HE mass is interesting and similar to the
result we obtained from the analysis of the two clusters CL77
and CL135 (in Sect. 4.2).

Notes on the effect due to the spherical symmetry
assumption. Apart from the uncertainties in neglecting triaxial-
ity, we also found that, for nonspherical clusters, the procedures
used to remove substructures are expected to introduce addi-
tional uncertainties in the reconstructions (see the introduction
of Sect. 4 and Fig. A.2). We summarize below different exam-
ples we encountered and that may be caused, at least partially,
by the triaxiality of the simulated clusters. The detailed inves-
tigation of this effect will be reported in our upcoming study
(Tchernin et al., in prep.):
(i) We reconstructed the HE mass and the potentials of the
relaxed clusters sample using the total pressure, and found out

that a nonzeros bias of few percent is still remaining (see Figs. 6
and 7b). (ii) Studying the effect of the HE assumption, we
observed a difference in bias and scatter between the recon-
structed tSZ and X-ray potentials (Fig. 6). This could be due
to the assumed bolometric emissivity (as seen in Fig. 7b), com-
bined to the different sensitivity of these two probes to the sub-
structure removal technique. However, it could also highlight the
different origin of these two signals. We will be able to further
investigate the source of this discrepancy once we take the triax-
iality of the clusters into account in our potential reconstructions
(as reported in Tchernin et al., in prep.). (iii) For the relaxed clus-
ter CL135, we observed that the median tSZ potential is perform-
ing worse than the mean tSZ potential (see Fig. 3). Typically,
pressure profiles are expected to be only slightly affected by the
presence of substructures due to their linear dependence in the
density (see e.g., Tchernin et al. 2016). However, we observed
that for this cluster, the structure removed (median) and original
(mean) pressure profiles differ (see Fig. A.5). The relative resid-
uals, shown in the bottom panel of this figure, even point out
that the discrepancy between these two profiles monotonically
increases with the concentric radius. This hints toward an effect
of the assumption of spherical symmetry. Indeed, while sub-
structures have a local effect on profiles, the triaxiality of clus-
ters is expected to affect the entire cluster range. This result is
also consistent with our findings shown in Fig. A.2a: the median
profiles extracted in spherical shells are biased low for clusters
with triaxial shapes. (iv) In the analysis presented in Sect. 4.3,
we used the 3.5σ criterion. In Fig. A.4 we show the recon-
struction of the X-ray potential and HE mass derived for the
two techniques: the median (Method 1) and the 3.5-σ criterion
(Method 2). Interestingly, these two approaches affect the HE
mass and X-ray potential in opposite ways. This result can be
due to their different sensitivity to the presence of substructures
(see Sect. 4.3.5) combined to the spherical symmetry assump-
tion. We also note that the scatter in the median X-ray potential
is noticeable and raises the question if the median technique is
adequate to reconstruct the X-ray potential of triaxial clusters.

6. Conclusion

Assuming spherical symmetry, we studied the systematics of the
X-ray and tSZ reconstructed potential, and compared them to
that of the HE mass estimates. We based our analysis on the
85 clusters of the Omega500 simulations, which are in various
dynamical state. Our results show that the recovery of the poten-
tial performs better than that of the HE mass.

In particular, our results show that
– The bias and scatter in the distribution of HE mass (13%,

24%) are larger than those in the distribution of tSZ potential
(6%, 15%) for clusters in different dynamical states;

– Considering the relaxed clusters sample, the hydrostatic
equilibrium assumption increases the bias in the HE mass
from 3% to 14%, the bias in the tSZ potential from −3%
to 8%, and the bias in the X-ray potential from 2% to 15%.
However, it does not seem to affect significantly the spread of
these distributions. The different level of systematics in the
tSZ and X-ray potential reconstructions could suggest that
these two probes are sensitive to ICM components that are
from different origin or in different physical states;

– Uncertainties on the polytropic index value comparable to
the ones obtained in the real observations (∆Γaverage = 0.03)
generate a spread in the reconstructed tSZ potentials of 19%.
This is still smaller than the spread in the HE mass (24%);
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– The assumed bolometric bremsstrahlung emissivity affects
the bias of the distribution of X-ray reconstructed potentials
from 9% to 15% (considering clusters in various dynamical
state), but leaves its spread almost unchanged;

– The presence of substructures affects the HE mass and the
reconstructed potentials differently. We observed that remov-
ing these density inhomogeneities is crucial for the recon-
struction of X-ray potentials (the bias and scatter (31%, 38%)
reduce to (15%, 17%) once the substructures are removed).
This effect is, however, less significant for the HE mass and
the tSZ potential.

Assuming spherical symmetry, we investigated two different
substructure removal techniques: the median and the X-σ
approaches (as introduced in Sect. 4). We observed that by
applying a too strict density threshold for the X-σ criterion, we
exclude fluctuations of matter which actually belong to the clus-
ter (as in Fig. A.2b). We also noticed that taking the median
value of the density distribution of a triaxial cluster, biases low
the resulting profiles (Fig. A.2a). These results hint at the effects
of the spherical symmetry assumption. We will investigate them
in more detail in our upcoming paper (Tchernin et al., in prep.).
Based on the low variance and bias we were able to achieve with
our reconstructed potentials and on the large number of expected
advantages of the gravitational potential with respect to the clus-
ter mass (see Sect. 2), we argue here that the cluster potential
offers a promising way to characterize galaxy clusters in cosmo-
logical studies. We are currently investigating the final impact
on cosmological studies. We will report our results and the scat-
ter in the underlying observable-mass and observable-potential
scaling relations in an upcoming, dedicated study.
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Appendix A: Additional figures

Spherical                         Spheroidal = circular +         

Fig. A.1. Sketch of the spherical (left panel) and the spheroidal (for a
3D body with: c = b < a, middle panel) cluster morphologies. The
right panel shows the gas and DM distribution of the cluster relaxed
CL135 (see Sect. 4.2) overlaid to the spheroidal case (the axes show the
eigenvectors of the gas distributions).

(a)

1.35e+11 2.63e+11 7.73e+11 2.79e+12 1.09e+13

(b)

(c)

Fig. A.2. Illustration of the two substructure removal methods intro-
duced in Sect. 4: (a) Method 1: median technique applied to spheroidal
clusters of increasing ellipticity (ε = 0, 0.3 and 0.6). With no substruc-
tures and assuming spherical symmetry. The relative residuals are com-
puted as: (median–mean)/median. (b) Method 2: effect of the threshold
value Xσ on the projected gas density of the cluster CL135: the iso-
contours are shown in red for X = 3.5 and in white for X = 2. The
black circles indicate 0.2 R500, R500 and R200. The units are expressed
in [M�Mpc−3]; (c) relative residuals between the profiles obtained with
these two methods, computed as (Method 1−Method 2)/Method 1, for
different threshold Xσ values (X = 1, 2, 3.5 and 4).
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Fig. A.3. Relative residuals – Comparison of different methods to recon-
struct cluster potentials. With the polytropic stratification assumption
(this work): the X-ray potentials (in blue), the tSZ potentials (in black
contours), and without the polytropic stratification assumption (in red,
Lau 2011). We show the results for the HE mass for comparison (in
hatched green). The X-ray and tSZ potentials have been reconstructed
for uncertainties on Γ of a few per mill.

(a)

(b)

Fig. A.4. Relative residuals – Comparison of the substructure removal
technique – 3.5σ and median (as introduced in the first paragraph of
Sect. 4.3), expressed as (bias, scatter) and evaluated at R500 for: (a) the
HE mass: M3.5σ = (0.13, 0.24), Mmedian = (0.09, 0.25); (b) the X-ray
emissivity: Φ3.5σ = (0.15, 0.17), Φmedian = (0.21, 0.28).
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Fig. A.5. Pressure profile of CL135. Top panel: mean (blue) and median
(green) profiles derived in spherical shells. Bottom panel: relative resid-
uals computed as (Pmedian − Pmean)/Pmedian, with P∗ the corresponding
profile value. The vertical lines represent R500 and R200.
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