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I. Thermodynamical properties



WHAT WE THINK WE KNOW:

nIFTy radiative simulation cluster comparison project 
(Sembolini et al. 2016)

4 Stephen Walker et al.
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Fig. 2 Radial ICM profiles at z = 0 from the nIFTy radiative simulation cluster comparison
project, showing gas density (top-left), entropy (top-right), temperature (bottom-left), and
gas fraction (bottom-right). The top panel shows the di↵erence between each simulation and
the reference G3-MUSIC simulation. The dashed line indicates to R2500c and the dotted line
to R500c for the reference G3-MUSIC values. Figures taken from Sembolini et al. (2016),
reprinted with permission.

between R500c and the shock radius Rsh are considered the outskirts of galaxy
clusters, where the ratios of various radius definitions are approximately given
by R500c : R200c : R200m : Rsp : Rsh = 1 : 1.4 : 3 : 4 : 6. Perhaps the most
common reference radius in cluster outskirts studies is R200c, often denoted
more simply as r200 and referred to as the virial radius. When scaling by the
mean mass density of the universe rather than the critical density of the uni-
verse, the subscript letter changes from c to m. In this review, when it is not
explicitly specified, the radii and masses are scaled by the critical density of
the universe.

4 Stephen Walker et al.
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Fig. 2 Radial ICM profiles at z = 0 from the nIFTy radiative simulation cluster comparison
project, showing gas density (top-left), entropy (top-right), temperature (bottom-left), and
gas fraction (bottom-right). The top panel shows the di↵erence between each simulation and
the reference G3-MUSIC simulation. The dashed line indicates to R2500c and the dotted line
to R500c for the reference G3-MUSIC values. Figures taken from Sembolini et al. (2016),
reprinted with permission.

between R500c and the shock radius Rsh are considered the outskirts of galaxy
clusters, where the ratios of various radius definitions are approximately given
by R500c : R200c : R200m : Rsp : Rsh = 1 : 1.4 : 3 : 4 : 6. Perhaps the most
common reference radius in cluster outskirts studies is R200c, often denoted
more simply as r200 and referred to as the virial radius. When scaling by the
mean mass density of the universe rather than the critical density of the uni-
verse, the subscript letter changes from c to m. In this review, when it is not
explicitly specified, the radii and masses are scaled by the critical density of
the universe.

• Entropy should look like a 
power-law 

• Pressure should look like a 
gNFW model 

• You can then solve for 
expected kT and ne shapes 

• This is very stable to various 
assumptions of the numerical 
simulation
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which the mean total density is 200 times the critical density of the
Universe at the redshift of the cluster.

The low orbit of Suzaku places it within the Earth’s magne-
topause, giving it a significantly lower and more stable particle
background compared to Chandra and XMM–Newton. Reiprich
et al. (2008) have recently leveraged this ability for low surface
brightness observations in the outskirts of A2204, measuring the
temperature nearly to r200. Other cluster observations with Suzaku
have demonstrated its capacity for temperature and abundance mea-
surements (e.g. Sato et al. 2007), providing an outline for some of
the methods used here.

In this work, we present Suzaku observations of PKS 0745−191,
a relaxed, cool core cluster that is the brightest in X-rays beyond
z = 0.1 (Fabian et al. 1985; Edge et al. 1990; Allen, Fabian & Kneib
1996). Previous measurements have found a mean gas temperature
in the range of 6.4–8.5 keV, depending on the models used and
regions studied (Chen, Ikebe & Böhringer 2003, and references
therein). Allen et al. (1996) find good agreement between the central
mass from X-rays and that determined from a strongly lensed arc,
but the results of Chen et al. (2003) disagree, finding a factor of 2
smaller mass from XMM data (see also Snowden et al. 2008, for a
re-analysis of the XMM data). We describe our observations in the
next section, followed by details of the spectral analysis in Section 3,
and the resulting profiles in Section 4. In Section 5 we place our
findings in the context of other cluster studies, and we conclude the
paper in Section 6. For distance scales, we use the cosmological
parameters H0 = 70 km s −1 Mpc−1 and !m = 1 − !" = 0.3,
giving an angular scale of 113 kpc arcmin−1 at the cluster’s redshift,
z = 0.1028. The plotted and quoted error ranges are 1σ statistical
uncertainties except where otherwise stated.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Suzaku observations of PKS 0745−191 were taken between 2007
May 11 and 14 in five separate fields of roughly 32 ks each. De-
tails of these pointings are listed in Table 1. The central pointing
is aimed toward the peak of the cluster emission and the others are
positioned adjacently, with 4-arcmin overlap at each chip edge, as
in Fig. 1. We use only data from the X-Ray Imaging Spectrometer
(XIS; Koyama et al. 2007). We exclude the back-illuminated de-
tector, XIS1, despite its higher sensitivity at low energies, because
it also has a significantly higher particle background level than the
two front-illuminated sensors, XIS0 and XIS3, which have similar
responses. There is an offset between the measured temperatures of
the BI and FI chips, and we discuss this contribution to our system-
atic uncertainties in Section 4.3. We simultaneously analyse data
from the two FI sensors to effectively double the exposure time
while keeping the noise low. Observations were taken in normal
clocking and editing modes with spaced-row charge injection on,
and the data have been processed with the energy scale calibra-
tion of v2.1.6.16. The data preparation described below was carried
out using XSELECT 2.4.1 and FTOOLS version 6.5.1 from HEASARC

Table 1. Observational parameters of the five pointings.

Obs. ID Position Exposure (ks) RA Dec. (J2000)

802062010 Centre 32.0 116.8852 −19.2901
802062020 NW 32.2 116.6543 −19.2063
802062030 NE 30.8 116.9737 −19.0727
802062040 SE 32.9 117.1155 −19.3739
802062050 SW 33.4 116.7966 −19.5079

SWSE

NWNE

Figure 1. Exposure-corrected mosaic of PKS 0745−191, smoothed with a
Gaussian of radius 1 arcmin. Background subtraction and vignetting correc-
tion have been omitted, and calibration regions and point sources have not
yet been excised. Ring radii are 2.5, 6, 9.5, 13.5, 18.5 and 24 arcmin.

(High Energy Astrophysics Science Archive Research Center), with
instrumental parameters from CALDB updated 2008 September 5.
Updates to the calibration parameters released during the prepa-
ration of this paper do not affect the results beyond the statistical
uncertainties.

We performed the standard screening of events files to remove
time intervals during satellite manoeuvres, telemetry saturation and
passage through the South Atlantic Anomaly, as well as elevation
angles less than 5◦ and 20◦ from the nighttime and daytime Earth.
The light curve for the remaining time intervals is stable, showing
no sign of flaring or excess particle background. We exclude the
corners of the detectors where 55Fe calibration sources lie, and ob-
vious point sources seen in Suzaku or XMM images were excised
with circular regions of radius 2.5 arcmin to remove more than
99 per cent of the flux spread by the point spread function (PSF).
Detector response matrices and effective area functions are con-
structed with XISRMFGEN and XISSIMARFGEN (Ishisaki et al. 2007),
respectively. The latter tool generates the spectral response for a
given sky brightness, accounting for the known issue of contamina-
tion on the optical blocking filter. Uncertainties in this contamina-
tion should not affect our results significantly, as we do not consider
energies below 1 keV. Vignetting effects will be different for cluster
and background emission components, so we use a uniform surface
brightness out to a radius of 20 arcmin when modelling the back-
ground emission and input a β-model surface brightness profile us-
ing the parameters of Chen et al. (2003) for the auxiliary response
file applied to the cluster emission model. We find that modify-
ing the parameters of the surface brightness profile used to deter-
mine the ‘effective area’ with XISSIMARFGEN does not significantly
impact the output. Thus, we do not expect an unresolved central
cusp or uncertainties from the outward extrapolation of the surface
brightness profile to influence our results.

2.1 Background subtraction and modelling

Accounting for background emission is critical when observing
regions of low surface brightness, and it consists of multiple
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Table 4. Estimated uncertainties in the radial temperature profile due to removing PSF corrections or changing normal-
izations of background components and spectral model parameters within the ranges given. Each parameter is varied
independently and we present only the maximum of the upward and downward temperature shifts (in keV) for clarity.
Best-fitting PSF-corrected temperatures and their statistical uncertainties are included for comparison.

Radius kT Stat. No PSF NXB CXB Gal. NH Z
(arcmin) (keV) ±3 per cent ±10 per cent ±50 per cent ±10 per cent 0.2–0.4 Z⊙

0–2.5 6.92 +0.12
−0.12 +0.08 <0.005 <0.005 <0.005 0.68 <0.005

2.5–6.0 7.85 +0.45
−0.39 −0.82 <0.005 <0.005 0.01 0.90 0.02

6.0–9.5 4.90 +0.30
−0.27 −0.01 0.02 0.04 0.03 0.41 0.05

9.5–13.5 3.22 +0.47
−0.36 −0.05 0.14 0.14 0.06 0.28 0.07

13.5–18.5 2.15 +0.19
−0.18 +0.09 0.06 0.17 0.06 0.15 0.11

>18.5 2.07 +0.25
−0.23 +0.02 0.10 0.21 0.06 0.13 0.12

Figure 8. Comparison between Chandra (red triangles) and Suzaku (black
crosses) density profiles. Error bars are smaller than the plot symbols.

cluster field of view because of the low Galactic latitude, actually
has a very small effect on temperature fits above 1 keV.

Without spectral deprojection, the data from each annulus will
be contaminated by emission from regions at larger radii. How-
ever, because the density profile falls so steeply and the thermal
bremsstrahlung emission scales as the square of the density, the
only noticeable effect is in the cluster core (e.g. fig. 3 of Sanders &
Fabian 2007). This region is well within our innermost radial bin,
so we do not expect significant errors due to the lack of deprojection
of the Suzaku data.

As an additional check on the reliability of our temperature
and density profiles, we compare the values from Suzaku with the
Chandra observations used in the mass estimate. The high spatial
resolution of Chandra allows for our central region to be divided
into several annuli, with the average temperature in agreement with
the Suzaku value. As shown in Fig. 8, the density profiles are also
reasonably consistent between the two observatories, with a slightly
steepening slope at the larger radii seen by Suzaku.

We can check the assumption of spherical symmetry used when
deriving the mass profile, seeing if the emission is at least circularly
symmetric by considering the projected profiles in each of the point-
ings separately. Fig. 9 shows the temperature, density and entropy
profiles for each pointing. Here we do not include PSF corrections
in order to keep each set of observations independent. The uncer-
tainties are larger when splitting up the data, but the results from
the separate pointings broadly overlap, and no single direction is
consistently above or below the average temperature or density for

Figure 9. Comparison of temperature, density and entropy profiles in each
direction. The temperature in the north-east (NE) direction is not well con-
strained from 9.5 to 13.5 arcmin due to a large amount of area excluded
because of point sources, so the temperature and entropy points are not
plotted in this region. Slight offsets are added to bin radii for clarity. The
dotted curve in the bottom panel shows K ∝ r1.1. The vertical dashed line
shows our estimate of r200, derived in Section 4.2.

every annulus. Scatter that is larger than the statistical uncertainties
could be attributed to remaining point sources or minor asymmetry
in the cluster.

The entropy seen in the outermost radial bin of the north-west
(NW) pointing is significantly lower than nearby regions, mainly
due to the temperature drop seen there. However, scatter between
pointings or individual outliers are unable to explain the observed
flattening of the entropy profile in the summed annuli. We plot a
power law rising as r1.1 to compare with the entropy profile predicted
by analytical models of accretion shock heating and seen in some
observations as well as numerical simulations (Tozzi & Norman
2001; Ponman, Sanderson & Finoguenov 2003; Voit, Kay & Bryan
2005). A small number of objects in the sample of Ponman et al.
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9 YEARS AGO (HOW IT ALL BEGAN): 

PKS0745-191 (George et al. 2009)  
Qualitatively correct, quantitatively wrong  

(issues with subtracting Galactic foreground, CXB variance, 
stray light) 
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Fig. 10 Figures adapted and expanded from Walker et al. (2013) to include all the Suzaku
outskirts results to date. Top panels: Entropy profiles scaled by self-similar entropy at R500c,
and compared to the baseline entropy profile (black line). Bottom panels: The self-similarly
scaled Suzaku pressure profiles are compared to the universal pressure profile (black line)
and the range of the Planck cluster pressures profiles (cyan region). In the left hand column
all the clusters are plotted with individual plot symbols. In the right hand column they are
grouped into clusters with M500 > 2⇥1014 M�, M500 < 2⇥1014 M�, and merging clusters.

The Suzaku density profiles, meanwhile, are generally in good agreement
with the profiles obtained by stacking ROSAT and Chandra data, as shown
in the bottom right of Fig. 11. Merging systems, marked in blue, tend to have
higher densities than non merging systems in the outskirts.

Large, deep Suzaku programs covering the most nearby, X-ray bright clus-
ters (Perseus – Simionescu et al. 2011; Urban et al. 2014, Centaurus – Walker
et al. 2013, Coma – Simionescu et al. 2013, and Virgo – Simionescu et al.
2017), have provided the most detailed view yet of individual systems (Fig.

ISSI Review on Galaxy Cluster Outskirts, 2018

Does the comparison to this baseline power-law even make any 
sense for low-mass systems (at any radius)?  

Can we come up with anything better? [Need simulations that 
match fgas(r) for low mass systems!]



Perseus Pilot Project  
(Simionescu et al. 2011)

Qualitatively correct, 
quantitatively incomplete 

(issues with coverage at r200)

7 YEARS AGO: 



Both “macroscopic clumping”  (due to E-W large-scale sloshing 
asymmetries) and “microscopic clumping” (along relaxed N-S axis) must 

be present.
Urban et al. 2014

AZIMUTHALLY RESOLVED GAS CLUMPING IN PERSEUS

To the Edge of the Perseus Cluster 13

SB fluctuations on scales smaller than ∼ 350 kpc, which is com-
parable to the field of view of a single Suzaku pointing. Structure
on larger scales is seen in the form of the large-scale sloshing de-
scribed in Simionescu et al. (2012) and throughout this paper.

4 DISCUSSION

The density, entropy, and pressure profiles in the outskirts of the
Perseus Cluster show interesting azimuthal variations, as well as in-
triguing departures from the expected behaviors in the azimuthally
averaged profile shapes.

We report a relatively flat azimuthally averaged density pro-
file, falling off with radius with an index of δ = 1.69 ± 0.13 outside
0.7Mpc (or r > 0.4r200). There is currently a large scatter in the
values of the density slopes near r200 reported in the literature, with
values ranging from δ = 2.53 ± 0.25 for A2142 (Akamatsu et al.
2011) to δ = 1.21±0.12 for the Virgo Cluster (Urban et al. 2011), or
δ = 1.24+0.23−0.56 for A1689 (Kawaharada et al. 2010). Measurements
which indicate shallow density slopes are challenging to explain
theoretically. Simulations predict relatively steep density profiles in
the cluster outskirts with δ = 2.5, steepening to δ = 3.4 at around
1.3r200 (Roncarelli et al. 2006).

Compared to the expected power-law entropy profile given by
Eqn. 4, we measure an excess in the central ∼ 20′ (0.3r500); beyond
∼ 40′ (∼ 0.7r500), the profile lies systematically below the expec-
tation. Using a combination of SZ and X-ray data for 6 cool core
clusters, Eckert et al. (2013) have recently argued that the entropy
profiles outside r500 were in agreement with Eqn. 4, which is clearly
in tension with our current measurements. Eckert et al. (2013) point
out that the entropy excess in cluster cores may have caused the
normalization of the K ∝ r1.1 model to be overestimated in previ-
ous publications, where this normalization was allowed as a free
parameter in the fit, rather than being fixed based on Eqn. 4. While
this is indeed possible, we show that, even when fixing both the
normalization and index of the power-law model for the expected
entropy behavior, we still find an entropy deficit at large radii in
the azimuthally averaged profile. This is consistent with the con-
clusion of Walker et al. (2013), who combined the entropy profiles
obtained from X-ray spectroscopy for 13 clusters.

In addition, the azimuthally averaged pressure profile shows
an excess between 0.6r200 < r < r200 with respect to the best-fit
model describing the SZ measurements for a sample of clusters
observed with Planck (Planck Collaboration et al. 2013).

In the case of X-ray observations, the quantities that are mea-
sured directly are the gas density and temperature. In order to de-
termine which of these quantities contribute primarily to the devia-
tions of the pressure and entropy from the expected trends at large
radii, we may use the self-similar profiles for pressure and entropy
(Eqn. 3 and Eqn. 4, respectively) to solve for the expected density
and temperature profiles:

kT expected(r) = P(r)2/5K(r)3/5 (6)

nexpectede (r) = P(r)3/5K(r)−3/5. (7)

Along each arm, we have determined the ratios between the
measured temperatures and densities, and the expected values pre-
dicted from the equations given above. These ratios are shown in
Fig. 9. This allows us to look in more depth at the influence of mor-
phological features in the individual arms on the average density,
entropy and pressure profiles.

The eastern cold front is clearly visible as a dip in the en-
tropy profiles along each of the affected arms (NE, E, SE), which

coincides both with a temperature decrement and with a density in-
crease with respect to the expected profiles at r < 30′. Signatures of
the large scale sloshing are present in the SW and W arms, where
we see excess density in the 46 − 60 arcmin range, causing an ap-
parent flattening of the entropy profiles along these directions.

The density in the cluster outskirts is higher than the expected
value for all of the arms. At the virial radius (82′), the biggest ex-
cess is seen along the relaxed arms (N, NW, S). This coincides with
the cluster’s minor (north-south) axis, where the entropy was ob-
served to flatten most significantly with respect to the expected
power-law model. In the case of temperature, the measured and
expected values in the outskirts are consistent within the 2 σ confi-
dence level, with the only exception of the outermost points of the
N and NW arms. We conclude therefore that the inconsistency be-
tween the expected and measured entropy and pressure profiles can
be explained primarily by an overestimation of the density due to
gas clumping in the outskirts.

In Fig. 10, we compare the ratios of the measured over ex-
pected gas densities for the eight different arms of the Perseus Clus-
ter by overplotting the individual panels of the right-hand side of
Fig. 9, as well as the azimuthal average. If the density in the clus-
ter outskirts is indeed overestimated primarily due to gas clumping,
then the square of this plotted ratio is essentially equivalent to the
gas clumping factor defined as C = ⟨n

2
gas⟩
⟨ngas⟩2

.

The azimuthally averaged gas clumping exhibits a peak at
0.2 − 0.4r200, which is caused by the presence of the eastern cold
front. Beyond 0.4r200, the level of gas clumping in the averaged
profile increases steadily with radius.

The values reported here are lower than the gas clumping fac-
tors initially presented in Simionescu et al. (2011), who find a

√
C

of 2.5–4 in the range from 0.8 − 1.0 r200 for the NW arm. This is
partly due to the different baseline model for the entropy (here, the
normalization was fixed to the predictions from numerical simula-
tions, while Simionescu et al. 2011 used the best-fit normalization
for the observed profile) and partly due to the possible mass mod-
eling bias associated with the instrument calibration, and which af-
fected the clumping estimation based on the gas mass fraction ex-
cess with respect to the cosmic mean.

Simulations by Nagai & Lau (2011) show that gas clumping
is more pronounced in dynamically active systems. From this, one
might naively expect this effect to be most significant along the
cluster’s major axis, where the gas accretion predominantly takes
place. We observe the opposite trend: the highest clumping fac-
tor inside r200 is seen along the cluster’s minor axis. This could
be explained if the clumps were more easily destroyed in more dy-
namically active regions, which may be beyond the gas physics and
spatial resolution of current state-of-the-art simulations. Although
our Chandra analysis found no direct detection of gas clumps at
r ∼ 0.7r200 along the NW arm, we cannot rule out the presence of
clumping because, even if this effect is important, the signal may
be difficult to detect due to smearing caused by the long line of
sight that we probe in the cluster outskirts. It is also possible that
the individual clumps are small and faint, and therefore unresolved
by Chandra - analogous to a fine mist, where the individual drops
are unresolved to our eyes.

Alternative explanations for the flattening of the entropy pro-
files near the virial radius, such as weakening of accretion shocks
proposed by Lapi et al. (2010) and Cavaliere et al. (2011) or elec-
tron ion non-equilibrium (Hoshino et al. 2010; Akamatsu et al.
2011), would cause the observed temperatures to be lower than the
expected profile given by Eqn. 6, but would not produce an excess

c⃝ 0000 RAS, MNRAS 000, 000–000

The physics of galaxy cluster outskirts 29

500R/R
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

C

1

1.2

1.4

1.6

1.8

2

Data
V13
R13 NR
R13 CSF+AGN
R13 Residual

200R

R [kpc]
310

C

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

Fig. 16 Top left: Modified figure from Walker et al. (2013) showing the clumping overes-
timate

p
C needed to bring the observed Suzaku density profiles into agreement with the

density profile expected from theory if the pressure and entropy agree with their baseline
profiles (merging clusters have been excluded from this plot). Top right: clumping level
along the 8 di↵erent arms in the Perseus Cluster Suzaku mosaic estimated by Urban et al.
(2014) using the same method. Bottom left: Clumping factors obtained in Eckert et al.
(2015) by comparing the median and mean X-ray surface brightness profiles of ROSAT
clusters (black points). The surves show the predictions of several sets of numerical simula-
tions: non-radiative AMR (red, Vazza et al. 2013), non-radiative SPH (blue), SPH including
cooling, star formation and AGN feedback (green), and “residual” clumping after masking
substructures (dashed blue; all from Roncarelli et al. 2013). Bottom right: Clumping in
A2142 determined by Tchernin et al. (2016) comparing the median and mean X-ray surface
brightness in XMM-Newton X-COP data. Figures reprinted with permission.

average pressure profile obtained from Suzaku does lie higher than the Planck
measurement for the same system, concomitant with a marked flattening of
the entropy profile; qualitatively this suggests clumping must be important in
the Virgo Cluster but, due to the unrelaxed nature of the system, a quanti-
tative estimation of the clumping level and disentangling the contributions of
clumping versus non-thermal pressure is di�cult (Simionescu et al. 2017).

With the higher spatial resolution and full azimuthal coverage a↵orded by
ROSAT, Eckert et al. (2015) found that is possible to estimate the clumping
factor by comparing the median X-ray surface brightness profiles of clusters
with the mean profile. The azimuthal median can be optimally estimated by
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Fig. 11 Figures adapted and expanded from Walker et al. (2013) to include all the Suzaku
outskirts results to date. Top panels: The self-similarly scaled Suzaku temperature profiles in
the outskirts (outside 0.4r200). Bottom panels: Self-similarly scaled Suzaku density profiles
in the outskirts. The solid black curves on the left panels show the predicted temperature
and density profile shapes obtained by assuming both the baseline entropy profile and the
universal pressure profile to hold true. In the left hand column all the clusters are plotted
with individual plot symbols. In the right hand column they are grouped into clusters with
M500 > 2⇥1014 M� (red), M500 < 2⇥1014 M� (black), and merging clusters (blue). In the
bottom right panel we compare the Suzaku densities to those obtained by stacking ROSAT
(grey) and Chandra (shaded cyan) clusters.

12). The azimuthal variations seen in Perseus in particular have shown how
dramatically a ‘relaxed’ cluster can deviate from spherical symmetry, with
large scale gas sloshing (Simionescu et al. 2012; Walker et al. 2018) reaching
out to roughly half the virial radius, and possibly much further out. Such large
scale gas sloshing out to half the virial radius has also been identified in Abell
2142 (Rossetti et al. 2013) and RXJ2014.8-2430 (Walker et al. 2014).

To the Edge of the Perseus Cluster 13

SB fluctuations on scales smaller than ∼ 350 kpc, which is com-
parable to the field of view of a single Suzaku pointing. Structure
on larger scales is seen in the form of the large-scale sloshing de-
scribed in Simionescu et al. (2012) and throughout this paper.

4 DISCUSSION

The density, entropy, and pressure profiles in the outskirts of the
Perseus Cluster show interesting azimuthal variations, as well as in-
triguing departures from the expected behaviors in the azimuthally
averaged profile shapes.

We report a relatively flat azimuthally averaged density pro-
file, falling off with radius with an index of δ = 1.69 ± 0.13 outside
0.7Mpc (or r > 0.4r200). There is currently a large scatter in the
values of the density slopes near r200 reported in the literature, with
values ranging from δ = 2.53 ± 0.25 for A2142 (Akamatsu et al.
2011) to δ = 1.21±0.12 for the Virgo Cluster (Urban et al. 2011), or
δ = 1.24+0.23−0.56 for A1689 (Kawaharada et al. 2010). Measurements
which indicate shallow density slopes are challenging to explain
theoretically. Simulations predict relatively steep density profiles in
the cluster outskirts with δ = 2.5, steepening to δ = 3.4 at around
1.3r200 (Roncarelli et al. 2006).

Compared to the expected power-law entropy profile given by
Eqn. 4, we measure an excess in the central ∼ 20′ (0.3r500); beyond
∼ 40′ (∼ 0.7r500), the profile lies systematically below the expec-
tation. Using a combination of SZ and X-ray data for 6 cool core
clusters, Eckert et al. (2013) have recently argued that the entropy
profiles outside r500 were in agreement with Eqn. 4, which is clearly
in tension with our current measurements. Eckert et al. (2013) point
out that the entropy excess in cluster cores may have caused the
normalization of the K ∝ r1.1 model to be overestimated in previ-
ous publications, where this normalization was allowed as a free
parameter in the fit, rather than being fixed based on Eqn. 4. While
this is indeed possible, we show that, even when fixing both the
normalization and index of the power-law model for the expected
entropy behavior, we still find an entropy deficit at large radii in
the azimuthally averaged profile. This is consistent with the con-
clusion of Walker et al. (2013), who combined the entropy profiles
obtained from X-ray spectroscopy for 13 clusters.

In addition, the azimuthally averaged pressure profile shows
an excess between 0.6r200 < r < r200 with respect to the best-fit
model describing the SZ measurements for a sample of clusters
observed with Planck (Planck Collaboration et al. 2013).

In the case of X-ray observations, the quantities that are mea-
sured directly are the gas density and temperature. In order to de-
termine which of these quantities contribute primarily to the devia-
tions of the pressure and entropy from the expected trends at large
radii, we may use the self-similar profiles for pressure and entropy
(Eqn. 3 and Eqn. 4, respectively) to solve for the expected density
and temperature profiles:

kT expected(r) = P(r)2/5K(r)3/5 (6)

nexpectede (r) = P(r)3/5K(r)−3/5. (7)

Along each arm, we have determined the ratios between the
measured temperatures and densities, and the expected values pre-
dicted from the equations given above. These ratios are shown in
Fig. 9. This allows us to look in more depth at the influence of mor-
phological features in the individual arms on the average density,
entropy and pressure profiles.

The eastern cold front is clearly visible as a dip in the en-
tropy profiles along each of the affected arms (NE, E, SE), which

coincides both with a temperature decrement and with a density in-
crease with respect to the expected profiles at r < 30′. Signatures of
the large scale sloshing are present in the SW and W arms, where
we see excess density in the 46 − 60 arcmin range, causing an ap-
parent flattening of the entropy profiles along these directions.

The density in the cluster outskirts is higher than the expected
value for all of the arms. At the virial radius (82′), the biggest ex-
cess is seen along the relaxed arms (N, NW, S). This coincides with
the cluster’s minor (north-south) axis, where the entropy was ob-
served to flatten most significantly with respect to the expected
power-law model. In the case of temperature, the measured and
expected values in the outskirts are consistent within the 2 σ confi-
dence level, with the only exception of the outermost points of the
N and NW arms. We conclude therefore that the inconsistency be-
tween the expected and measured entropy and pressure profiles can
be explained primarily by an overestimation of the density due to
gas clumping in the outskirts.

In Fig. 10, we compare the ratios of the measured over ex-
pected gas densities for the eight different arms of the Perseus Clus-
ter by overplotting the individual panels of the right-hand side of
Fig. 9, as well as the azimuthal average. If the density in the clus-
ter outskirts is indeed overestimated primarily due to gas clumping,
then the square of this plotted ratio is essentially equivalent to the
gas clumping factor defined as C = ⟨n

2
gas⟩
⟨ngas⟩2

.

The azimuthally averaged gas clumping exhibits a peak at
0.2 − 0.4r200, which is caused by the presence of the eastern cold
front. Beyond 0.4r200, the level of gas clumping in the averaged
profile increases steadily with radius.

The values reported here are lower than the gas clumping fac-
tors initially presented in Simionescu et al. (2011), who find a

√
C

of 2.5–4 in the range from 0.8 − 1.0 r200 for the NW arm. This is
partly due to the different baseline model for the entropy (here, the
normalization was fixed to the predictions from numerical simula-
tions, while Simionescu et al. 2011 used the best-fit normalization
for the observed profile) and partly due to the possible mass mod-
eling bias associated with the instrument calibration, and which af-
fected the clumping estimation based on the gas mass fraction ex-
cess with respect to the cosmic mean.

Simulations by Nagai & Lau (2011) show that gas clumping
is more pronounced in dynamically active systems. From this, one
might naively expect this effect to be most significant along the
cluster’s major axis, where the gas accretion predominantly takes
place. We observe the opposite trend: the highest clumping fac-
tor inside r200 is seen along the cluster’s minor axis. This could
be explained if the clumps were more easily destroyed in more dy-
namically active regions, which may be beyond the gas physics and
spatial resolution of current state-of-the-art simulations. Although
our Chandra analysis found no direct detection of gas clumps at
r ∼ 0.7r200 along the NW arm, we cannot rule out the presence of
clumping because, even if this effect is important, the signal may
be difficult to detect due to smearing caused by the long line of
sight that we probe in the cluster outskirts. It is also possible that
the individual clumps are small and faint, and therefore unresolved
by Chandra - analogous to a fine mist, where the individual drops
are unresolved to our eyes.

Alternative explanations for the flattening of the entropy pro-
files near the virial radius, such as weakening of accretion shocks
proposed by Lapi et al. (2010) and Cavaliere et al. (2011) or elec-
tron ion non-equilibrium (Hoshino et al. 2010; Akamatsu et al.
2011), would cause the observed temperatures to be lower than the
expected profile given by Eqn. 6, but would not produce an excess

c⃝ 0000 RAS, MNRAS 000, 000–000



The physics of galaxy cluster outskirts 29

500R/R
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

C

1

1.2

1.4

1.6

1.8

2

Data
V13
R13 NR
R13 CSF+AGN
R13 Residual

200R

R [kpc]
310

C

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

Fig. 16 Top left: Modified figure from Walker et al. (2013) showing the clumping overes-
timate

p
C needed to bring the observed Suzaku density profiles into agreement with the

density profile expected from theory if the pressure and entropy agree with their baseline
profiles (merging clusters have been excluded from this plot). Top right: clumping level
along the 8 di↵erent arms in the Perseus Cluster Suzaku mosaic estimated by Urban et al.
(2014) using the same method. Bottom left: Clumping factors obtained in Eckert et al.
(2015) by comparing the median and mean X-ray surface brightness profiles of ROSAT
clusters (black points). The surves show the predictions of several sets of numerical simula-
tions: non-radiative AMR (red, Vazza et al. 2013), non-radiative SPH (blue), SPH including
cooling, star formation and AGN feedback (green), and “residual” clumping after masking
substructures (dashed blue; all from Roncarelli et al. 2013). Bottom right: Clumping in
A2142 determined by Tchernin et al. (2016) comparing the median and mean X-ray surface
brightness in XMM-Newton X-COP data. Figures reprinted with permission.

average pressure profile obtained from Suzaku does lie higher than the Planck
measurement for the same system, concomitant with a marked flattening of
the entropy profile; qualitatively this suggests clumping must be important in
the Virgo Cluster but, due to the unrelaxed nature of the system, a quanti-
tative estimation of the clumping level and disentangling the contributions of
clumping versus non-thermal pressure is di�cult (Simionescu et al. 2017).

With the higher spatial resolution and full azimuthal coverage a↵orded by
ROSAT, Eckert et al. (2015) found that is possible to estimate the clumping
factor by comparing the median X-ray surface brightness profiles of clusters
with the mean profile. The azimuthal median can be optimally estimated by
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Fig. 4 Left panel: the mass dependence of the median clumping factor profiles of gas with
T > 106 K. Results are shown for the present-day (z = 0) clusters with M200 > 1014 h�1M�
(solid lines) and M200 < 1014 h�1M� (dashed lines), respectively, in the runs including
cooling and star formation (CSF, thick) and non-radiative (NR, thin) runs. Right panel:
the redshift dependence of the median clumping factor profiles in the CSF (thick) and NR
(thin) runs at z = 0 (solid lines) and z = 0.6 (dashed lines). The errorbars on the solid lines
indicate the interquartile range. Figures taken from Nagai and Lau (2011), reprinted with
permission.

1.3 Infalling substructures and density inhomogeneities

In X-ray analyses of galaxy clusters, it is commonly assumed that the ICM
is a single phase medium characterized by one temperature and gas density
within each radial bin. If this approximation holds, then the thermodynamical
properties of the ICM inferred from X-ray studies should follow closely the
radial trends predicted by the numerical simulations shown in the previous
section. However, if the ICM is clumpy, the gas density inferred from the X-
ray surface brightness is overestimated by

p
C(r), with

C ⌘ h⇢2
gas

i/h⇢gasi2. (1)

Although the bias in the inferred ICM mass is moderate (< 10%) in the high-
pressured regions in the interior of galaxy clusters (Mathiesen et al. 1999), gas
clumping can become significant in the outskirts (r > r200) and could serve as a
major source of systematic bias in X-ray measurements of ICM profiles (Nagai
and Lau 2011; Roncarelli et al. 2013). Fig. 4 shows that the clumping factor
of the X-ray emitting gas (T > 106 K) expected from numerical simulations is
C ⇠ 1.3 at r = r200, and it increases with radius, reaching C ⇠ 5 at r = 2r200.

From the definition of entropy S ⌘ Te/n2/3
e , the overestimate of gas density

due to clumping causes an underestimate of the observed entropy profile by
C(r)1/3 if the clumps have the same temperature as the ambient medium.

One might expect the survivability of the gas clumps to thermal conduction
and hydrodynamic instabilities during the infall to depend on details of the

Suzaku (all) 
Walker et al. (2018)

Suzaku (Perseus) 
Urban et al. (2014)

X-COP (A2142) 
Tchernin et al.(2016)

ROSAT 
Eckert et al. (2015)

Hydro-sim 
Nagai&Lau (2011)

Chandra (A133) 
Morandi&Cui (2014) 

(also A1835,  
Morandi et al. 2013)

1914 A. Morandi and W. Cui

Figure 3. Chandra X-ray observations of A133. Left-hand panel: 3D gas clumping factor (upper panel) and gas density (lower panel) profiles. Right-hand
panel: observed and deprojected temperature profile (upper panel) and entropy profile (lower panel). In the bottom panels, we show results with (circles) and
without (triangles) the gas clumping factor. In the top right-hand panel, the solid circles and diamonds show the projected and deprojected temperature profiles,
respectively. For the deprojected temperature we omitted the error bars for clarity. For the entropy profile, the dashed line represents the predictions of Voit,
Kay & Bryan (2005) from pure gravitational collapse, where the entropy is defined as S(r) = S200 1.32(r/R200)1.1, S200 being a characteristic value of the
entropy at an overdensity of 200 (see e.g. equation 2 in Voit et al. 2005). From the left to the right, the arrowhead pointers at top of the upper panels indicate
R500 and R200, respectively.

baryon fraction measured from the cosmic microwave background
(CMB) due to the presence of gas density clumps (Simionescu
et al. 2011). We observe that there is a good agreement between
our clumping factor and the determinations of the gas clumping
from Suzaku (C ∼ 2 at R200; see Walker et al. 2013), which hinge
on independent assumptions with respect to our measurements. We
also find a good agreement with the findings from hydrodynamical
numerical simulations (Nagai & Lau 2011; Roncarelli et al. 2013;
Vazza et al. 2013). This suggests that our clumping factor determi-
nation is not significantly biased by the adopted resolution in the
rebinned image.

The right-hand panel of Fig. 3 shows the temperature profile of
A133, which shows a drop by roughly a factor of 2 from the peak
temperature to r ≈ 0.7 R200. Next we focus on the entropy, since
this is a powerful tool to trace the thermal history of the ICM. In
the central regions, galaxy clusters are known to exhibit an excess
of entropy with respect to the prediction from pure gravitational
collapse. This excess in the entropy (labelled the entropy ‘floor’ or
‘ramp’) calls for some energetic mechanism, in addition to grav-
ity, such as (pre)-heating and cooling (Bryan 2000; Borgani et al.
2005; Morandi & Ettori 2007). Somehow these non-gravitational
processes intervene to break the expected self-similarity of the intra-
cluster (IC) gas in the innermost regions, this effect being stronger
in groups than massive clusters. Nevertheless, in the outer volumes
simple theoretical models predict that the entropy S should be self-
similar and behave as a power law with radius. Models of shock-
dominated spherical collapse show that matter is shock heated as
it falls into clusters under the pull of gravity, with a slope of ∼1.1
(Tozzi & Norman 2001; Voit et al. 2005).

With respect to these theoretical predictions, the results presented
here point to an entropy excess in the central regions, which ex-
tends out to large radii. When not corrected for the clumping factor,

the entropy profile tends to show a flatter profile, in agreement
with most of the results obtained from Suzaku (George et al. 2009;
Simionescu et al. 2011; Walker et al. 2013). The entropy profile
match the self-similar expectation at ∼0.7 R200, in roughly agree-
ment with the findings of Eckert et al. (2013), who also argued for
an entropy excess significantly beyond the cluster core. These re-
sults highlight the importance of correcting for the clumping factor
while comparing with theoretical predictions and in order to use
galaxy clusters as high-precision cosmological probes.

Finally, we discuss the metal abundance in the ICM.
Chandra data sets measure the metallicity structure of the intr-
acluster gas with high precision and spatial resolution roughly
out to 0.7 R200. We observe a centrally peaked metal abundance,
which is likely due to large contribution of Type Ia supernovae
(SNe Ia) products from the cD galaxy. Moreover, our results show
that the cluster outskirts are also substantially metal enriched, to
a level amounting to approximately one-third of the solar metal-
licity (see Fig. 4). The ICM metal content is a key observable to
constrain the cumulative past star formation history in galaxy clus-
ters and to study the enrichment processes. While the production
of metals is linked to processes of star formation, its radial profile
is determined by different physical processes, such ram-pressure
stripping, galactic winds powered by supernovae and AGN ac-
tivity, merger mechanism (Gnedin 1998). These results therefore
can provide an anchor for numerical simulations of ICM physics
in the outskirts, constraining the metal-enrichment processes of
the ICM.

The large metal content out to the outer volumes is a proxy of
feedback processes due to star formation, which release energy into
the ICM and break its self-similarity. This is in agreement with the
entropy excess with respect to models of pure gravitational collapse
that we previously discussed.
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Fig. 15 The top two panels show figures from Tchernin et al. (2016), reprinted with permis-
sion. Top left: The XMM mosaic for A2142. Top right: Entropy profile obtained by combining
the X-ray surface brightness profile from XMM-Newton with the Planck pressure profile for
A2142. When clumping is not corrected for, the entropy profile flattens (cyan profile). When
the median X-ray surface brightness profile is used to clumping correct the X-ray data (green
profile), the entropy profile is in better agreement with the baseline entropy profile shown
as the solid black line. The bottom two panels show figures from Ghirardini et al. (2018b),
reprinted with permission. Bottom left:The XMM-Newton mosaics for the XCOP clusters.
Bottom right: Clumping corrected entropy profiles for the X-COP sample.

cores: cool cores tended to have systemically lower densities in the outskirts
than non-cool cores. When the observed density profiles were compared to
both non-radiative numerical simulations and those including cooling and star
formation, the densities in the outskirts were found to be higher than the sim-
ulations. The azimuthal scatter in the X-ray surface brightness was found to
increase out into the outskirts, reaching around 60-70 percent at r200, with
no significant di↵erence between the scatter between cool core and non-cool
core clusters in the 0.7-1.2r200 radial range. The ROSAT analysis was further
developed in Eckert et al. (2015), in which it was found that the azimuthal
median of the surface brightness provides a better way to recover the true
underlying density profiles of clusters in the presence of inhomogeneities (such
as gas clumping).

Further recent progress has been made through the XMM Cluster Outskirts
project (X-COP, Eckert et al. 2017), which uses deep XMM observations of
the clusters with the highest signal to noise in the Planck SZ survey, combining
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Fig. 10 Figures adapted and expanded from Walker et al. (2013) to include all the Suzaku
outskirts results to date. Top panels: Entropy profiles scaled by self-similar entropy at R500c,
and compared to the baseline entropy profile (black line). Bottom panels: The self-similarly
scaled Suzaku pressure profiles are compared to the universal pressure profile (black line)
and the range of the Planck cluster pressures profiles (cyan region). In the left hand column
all the clusters are plotted with individual plot symbols. In the right hand column they are
grouped into clusters with M500 > 2⇥1014 M�, M500 < 2⇥1014 M�, and merging clusters.

The Suzaku density profiles, meanwhile, are generally in good agreement
with the profiles obtained by stacking ROSAT and Chandra data, as shown
in the bottom right of Fig. 11. Merging systems, marked in blue, tend to have
higher densities than non merging systems in the outskirts.

Large, deep Suzaku programs covering the most nearby, X-ray bright clus-
ters (Perseus – Simionescu et al. 2011; Urban et al. 2014, Centaurus – Walker
et al. 2013, Coma – Simionescu et al. 2013, and Virgo – Simionescu et al.
2017), have provided the most detailed view yet of individual systems (Fig.

X-COP (clumping corrected!)Suzaku (not clumping corrected!)

The disagreement is much smaller than it seems! 
We need to get together and actually make a fair comparison of these 

results.
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Fig. 11 Figures adapted and expanded from Walker et al. (2013) to include all the Suzaku
outskirts results to date. Top panels: The self-similarly scaled Suzaku temperature profiles in
the outskirts (outside 0.4r200). Bottom panels: Self-similarly scaled Suzaku density profiles
in the outskirts. The solid black curves on the left panels show the predicted temperature
and density profile shapes obtained by assuming both the baseline entropy profile and the
universal pressure profile to hold true. In the left hand column all the clusters are plotted
with individual plot symbols. In the right hand column they are grouped into clusters with
M500 > 2⇥1014 M� (red), M500 < 2⇥1014 M� (black), and merging clusters (blue). In the
bottom right panel we compare the Suzaku densities to those obtained by stacking ROSAT
(grey) and Chandra (shaded cyan) clusters.

12). The azimuthal variations seen in Perseus in particular have shown how
dramatically a ‘relaxed’ cluster can deviate from spherical symmetry, with
large scale gas sloshing (Simionescu et al. 2012; Walker et al. 2018) reaching
out to roughly half the virial radius, and possibly much further out. Such large
scale gas sloshing out to half the virial radius has also been identified in Abell
2142 (Rossetti et al. 2013) and RXJ2014.8-2430 (Walker et al. 2014).

What’s this??
Opposite trend than electron-ion non equilibrium? 

Opposite trend than non-thermal pressure support? 

Maybe just residual systematics? What kind of systematics?  
Does this disagree with X-COP at all? 

Suzaku (all) Suzaku (Perseus) 
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Figure 2: The combined X-IFU and WFI exposures will provide a temperature profile that will improve by an order of magnitude 
the present constraints on the thermodynamical properties of the ICM out to R500 and beyond. This plot presents a XMM mosaic 
of A2142 at z=0.09 (right) and a 100 k-sec WFI exposure of a region of 10 arcmin2 across the virial radius (left): the gas emissivity, 
temperature and metallicity are constrained with relative uncertainties of 2, 3 and 18 per cent, respectively, at 90% confidence (see 
also Appendix). 

 

High-resolution spectroscopy from the Athena+ X-IFU will resolve the emission complex around 6.7 keV arising from 
He-like Fe lines and their satellites, allowing us to use these lines as strong and independent temperature diagnostic of 
the ICM in the range 107-108 K (Porquet et al. 2010). This measurement is particularly important to verify the 
standard assumption that the ICM is a tenuous gas in collisional ionisation equilibrium. This may not in fact be the 
case in the cluster outskirts, due to the low density and short timescales. In particular, the estimate of the intensity ratio 
between Fe XXV and Fe XXVI Kα line emissions trace the ionization equilibrium state that can be altered by ongoing 
mergers (e.g. Akahori & Yoshikawa 2010). In the shocked regions of the ICM, departures are also expected from the 
assumed Maxwellian electron distribution. In case of supra-thermal emission, this effect can be resolved via enhanced 
equivalent widths of the Fe XXV j-satellite (Kaastra et al. 2009). 

Through spatially resolved high-resolution spectroscopy, Athena+ will measure intra-cluster gas motions and 
turbulence, showing how the baryonic gas evolves in the dark matter potential wells, and probe the true nature and 
physical state of the X-ray emitting plasma. 

4. HOW AND WHEN WAS THE ENERGY IN THE ICM 
GENERATED AND DISTRIBUTED? 

Within the cluster atmosphere, it has been recognised that non-gravitational processes, particularly galaxy feedback 
from outflows created by supernovae (SN) and super-massive black holes, must play a fundamental role in the history 
of all massive galaxies as well as the evolution of groups and clusters as a whole. Feedback from AGN emission and 
stellar winds is likely (i) to produce the galaxy red sequence, (ii) to provide the extra energy required to keep large 
quantities of gas in cluster cores from cooling all the way down to molecular clouds, (iii) to account for the energy (i.e. 
entropy) excess observed in the central regions of the group and cluster ICM (e.g. Sun et al. 2009; Pratt et al. 2010). 
Understanding the process of energy injection, and whether the energy was introduced early in the formation of the 
first haloes (with further consequences for galaxy formation history), or gradually over time by AGN feedback, SN 
driven galactic winds, or an as-yet unknown physical process, is crucial to our understanding of structure formation and 
evolution. The specific case of AGN feedback in local (z < 0.5) systems is discussed further in Croston, Sanders et a. 
(2013, Athena+ supporting paper) The various feedback processes, coupled with cooling, affect the overall 
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Fig. 18 capabilities of ATHENA/WFI in cluster outskirts. Left: XMM-Newton image of
A2142 (Tchernin et al. 2016). The green circle shows the position of r200 ⇠ 220. The inset
shows a simulated 100ks spectrum for a 10 arcmin2 region around r200; the red curve is
the source spectrum (reproduced from Ettori et al. 2013), reprinted with permission. Right:

Simulated 100ks ATHENA/WFI temperature profile for a fiducial 8 keV galaxy cluster at
z = 0.1. The input temperature profile is shown in black and the simulated WFI data as
the red data points. The upper and lower blue dotted lines show the approximate level of
systematics expected in the measurements assuming a 2% reproducibility of the particle
background.

Spatially & Spectrally Resolved Sunyaev-Zeldovich E↵ect’ in these proceedings
(see Mroczkowski et al. 2019). We briefly summarize some of the upcoming
experiments and instrumentation here, with most of the major facilities listed
in Table 2. There are two broad categories for SZ instrumentation: survey
instruments targeted for studies of the CMB, and user instruments to which
scientists can propose observations. There are currently 2 major SZ survey in-
struments in operation, the Advanced ACTpol camera on the 6-meter Atacama
Cosmology Telescope (Thornton et al. 2016; Crowley et al. 2018), and SPT3G
on the 10-meter South Pole Telescope (Benson et al. 2014; Bender et al. 2016;
Anderson et al. 2018). Both achieve ⇠arcminute resolution in their SZ decre-
ment bands, roughly centered at 90 and 150 GHz. Future upgrades included
the Simons Observatory and CMB-S4, both of which can improve results with
stacking of large cluster samples.

Targeted observations at subarcminute resolution with, for example, up-
grades to ALMA (Kitayama et al. 2016; Basu et al. 2016), MUSTANG-2
(Dicker et al. 2014), NIKA2 Catalano et al. (2018) and new instruments such as
TolTEC (Austermann et al. 2018; Bryan et al. 2018) will enable more detailed
mapping of the thermal SZ e↵ect. Spectrally resolved measurements with the
intensity mapping experiments TIME (Crites et al. 2014) and CONCERTO
(Lagache 2018) will allow better constraints on the product of velocity and
electron opacity of the cluster gas through the kinetic SZ e↵ect and on the
mass-weighted gas temperature through relativistic corrections to the thermal
SZ e↵ect (Itoh et al. 1998; Chluba et al. 2012; Erler et al. 2018). While not
likely to replace X-ray measurements, instruments capable of SZ measurements
already provide a complementary handle on ICM thermal properties.
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Chandra0.5-5keV

r200

AXIS0.5-5keV

r200

Fig. 19 Left:Figures of merit for the detectability of low surface brightness X-ray emission,
given by: e↵ective area/(focal length2 ⇥ background), reprinted with permission. Right:
Comparing 100ks simulated exposures of cluster outskirts with Chandra (left) and AXIS
(right). AXIS’s high sensitivity would allow it to routinely probe the 1-2r200 region and
to view the connections between cosmic web filaments and clusters. Figures taken from
Mushotzky (2018).

4.2.2 Lynx

Lynx is a NASA large class X-ray mission concept being considered for the
2020 decadal survey (Gaskin et al. 2017). Lynx would feature the largest X-ray
telescope ever built with a collecting area of 2m2 at 1 keV, over a 10 arcmin
radius field of view. Its PSF would be similar to Chandra’s on-axis (0.5 arcsec
HPD), but will be sustained at less than 1 arcsec HPD over the whole field
of view. In addition to the imaging detector, an X-ray grating spectrometer
and an X-ray microcalorimeter are planned for high spectral resolution work.
Similar to Athena, Lynx would launch to L2. With an e↵ective area around 3
times larger than AXIS, and a background level expected to be around 4 times
higher than AXIS, Lynx’s sensitivity to low surface brightness X-ray emission
would be roughly the same as AXIS’s. Together with Athena, Lynx’s high
resolution spectroscopy capabilities can bring important further progress in
understanding the dynamics and electron-ion equilibration balance in cluster
outskirts.

4.2.3 HUBS

The Hot Universe Baryon Surveyor (HUBS2) is a Chinese led concept focusing
on looking for the ‘missing baryons’ in intergalactic and circumgalactic space.
The mission concept aims for a large e↵ective area (⇠ 1000cm2), 1 arcmin
angular resolution and in particular a large field of view (⇠ 1 square degree)
with high spectral resolution (2 eV at 0.6 keV) in the soft X-ray band (0.1 to
⇠ 2 keV). A superconducting Transition Edge Sensor (TES) will be employed
as the main spectrometer, which will have a similar number of pixels to the

2 http://heat.tsinghua.edu.cn/~hubs/

Next… 20 (?) years



II. Outskirts chemistry



EARLY EVIDENCE SUGGESTING METAL ENRICHMENT  
IN CLUSTER OUTSKIRTS

Leccardi et al. 2008 
average metallicity profile of a 
sample of clusters with XMM

Fujita et al. 2008 
abundance in the compressed 
region between two merging 

clusters with Suzaku

10 YEARS AGO (HOW IT ALL BEGAN): 



IRON SPREAD SMOOTHLY THROUGHOUT THE PERSEUS CLUSTER

78 Fe abundance 
measurements across the 
cluster at different radii and 
azimuths show strikingly 
uniform distribution

Werner et al. 2013, Nature

5 YEARS AGO: 
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Fig. 6 Measured radial Fe abundance profile in cool-core clusters compiled from recent
works. The conversion r500 ' 0.65r200 is adapted from Reiprich et al. (2013). The blue circles
and the blue shaded area show respectively the XMM-Newton EPIC measurements of 23
clusters from the CHEERS sample (Mernier et al. 2017) and the Suzaku XIS measurements
in the outskirts of 10 clusters (Urban et al. 2017). From the same respective studies, the red
circles and the red shaded area show the intrinsic scatter of the measurements (following the
method of Mernier et al. 2017). The green squares, the yellow triangles, and the black stars
show respectively the Suzaku XIS measurements of the A 3112 cluster (Ezer et al. 2017),
the UGC03957 group (Thölken et al. 2016), and the Virgo cluster (Simionescu et al. 2017,
azimuthally averaged along the N, S, and W arms). All the abundances are rescaled with
respect to the proto-solar values of Lodders et al. (2009).

4.3 Metals in cluster outskirts (beyond ⇠0.5r500)

Cluster outskirts are undoubtedly a region of great interest as they contain
most of the cluster volume and provide direct information on how the ICM
forms, accretes and contributes to the growth of large scale structures (Walker
et al. subm., Chap ..., this issue). Due to the low X-ray surface brightness of
these outermost regions, however, metallicity measurements beyond one-half
of their virial radii remain sparse. Arguably, the best abundance measurements
at large radii so far have been provided by the Suzaku satellite, which is less af-
fected by particle background than XMM-Newton and Chandra. Fujita et al.
(2008) observed that the ICM between the merging clusters Abell 399/401,
close to their virial radii, is enriched to ⇠0.3 of the proto-solar level. Suzaku
XIS observations of the Perseus cluster out to its virial radius in 78 indepen-
dent spatial bins and along 8 azimuthal directions revealed a uniform iron
abundance of ZFe = 0.304 ± 0.012 proto-solar, as a function of both azimuth
and radius, out to r200 (Werner et al. 2013). Very deep Suzaku observations of
Abell 3112 (Ezer et al. 2017) as well as the analysis of archival Suzaku data for

What’s this??
Are the outskirts of lower-mass clusters less enriched? Is it just a matter 
of multi-temperature / incompleteness of atomic line model??  

Is Virgo just weird?



26 F. Mernier et al.

Fig. 9 Top: Observations (CHEERS sample) vs. simulations of central (0.1r500)
Fe abundances in the ICM of systems including ellipticals, groups, and clusters.
The filled area corresponds to the 68% confidence region of the simulated sys-
tems (Truong et al. 2018). The e↵ects of recent updates of the spectral code
SPEXACT (v3) are seen in the observed abundances of low-temperature sys-
tems (Mernier et al. 2018a). Bottom (from Mernier et al. 2018b, reprinted with
permission): Mg/Fe (upper panel), Si/Fe (middle panel), and S/Fe (lower panel)
abundance ratios in the ICM of ellipticals, groups, and clusters (CHEERS sam-
ple).

alpha-element/Fe even more uniformly spread than Fe/H!
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Next 10 years: XRISM will let us do this with much better precision!

Virgo (Suzaku)

CHEERS (XMM)



How were the metals spread so evenly? 

•Alpha-elements produced 10-12 
billion years ago during peak of 
star formation rate  

•Uniform composition probably 
means most of Fe also 
produced around the same time 

•Galactic winds at that epoch 
expelled metals out of host 
galaxies

Let’s test this using all simulations we’ve got!  
(Illustris, EAGLES,…) 

Can we really assume that metals trace magnetic fields?
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Fig. 8 Redshift evolution of the Fe abundance within di↵erent radial bins in cool-core
clusters, compiled from recent works. For clarity, the scatter of the measurements are not
shown. All the abundances are rescaled with respect to the proto-solar values of Lodders
et al. (2009).

ray bright, cool, metal-rich blob was found significantly o↵set from the BCG
and with no optical counterpart, thus perhaps originating from a neighboring
late-type galaxy that may have lost its gas during its passage close to the BCG
(Reynolds et al. 2008; Mernier et al. 2015).

At larger cluster-centric distances, gas sloshing may help to redistribute
metals that were already present in the ICM. Across cold fronts generated by
sloshing motions, which result from the encounter of a minor o↵set merger
(for a review, see Markevitch and Vikhlinin 2007), the metallicity is observed
to drop abruptly, in a comparable way to surface brightness and temperature
discontinuities (e.g. Simionescu et al. 2010; O’Sullivan et al. 2014; Ghizzardi
et al. 2014; Sanders et al. 2016, Fig. 7 right). This trend of the metallicity
to follow the sloshing pattern of the gas suggests that these motions may
redistribute metals within cold fronts, but are not e�cient in mixing them
with the ambient ICM at larger radii.

Finally, inhomogeneities in recent cluster mergers may point towards an
e↵ective mixing of metals during merging events (e.g. Lovisari et al. 2011).
Detailed studies on this aspect are still challenging because the high temper-
ature of such systems (⇠7–15 keV) lowers the metal line emissivities in the
X-ray band.

ISSI Review on Observations of ICM Enrichment, 2018

Athena/X-IFU is the future!



How do we control contamination in SZ observations?
What can we do with the degeneracy of the measured parameters?

How can we estimate realistic error bars?

The SZ side

The radio side
Should we go broad or should we go deep?

The B-field side

What is the fairest comparison of different data sets we are combining 
(Suzaku, XMM, Planck)

How do clumps influence things other than density (kT, metallicity)

What is the role of small scale dynamo amplification in bridges/filaments? 
Can we measure B-strength in these regions?

The X-ray side

What is the connection between bridges and outskirts? Can we 
learn about one by studying the other?


