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Hydrostatic mass measurements

Traditionally: X-ray hydrostatic mass measurements (see review by
Ettori et al. 2013)
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Schellenberger et al.: XMM-Newton and Chandra Cross Calibration

To enable a comparison with the literature, we also combined
the three XMM-Newton instruments by performing a simulta-
neous fit (which we will call ”Combined XMM-Newton” from
now on) in the di↵erent energy bands and linking temperatures
and metallicities while the normalizations are free to vary. In
the combined EPIC fit the systematic soft band stacked resid-
uals feature for ACIS-PN and MOS1-PN (see Fig. 2) results in
lower full band EPIC temperatures (see Figs. 4, 5, 6). The ACIS-
EPIC temperature di↵erences increase with temperature in all
bands. We think this is due to the spectra of the lowest tempera-
ture clusters not having enough statistics to weight significantly
the (1 � 3) keV band cross-calibration feature. The distribution
of temperature di↵erences for any detector combination shows
a Gaussian behavior in logarithmic space. So we quantified the
temperature di↵erences as a function of temperature by fitting
the temperatures for the clusters obtained with one instrument
as a powerlaw function of the values obtained with another in-
strument, in a given energy band as

log10
kTIY,band

1 keV
= a ⇥ log10

kTIX,band

1 keV
+ b , (3)

(see Table 2). We included intrinsic scatter ⇣ in the fitting pro-
cess (see Table 2), which is determined by requiring �2

red = 1
(like it was done e.g. by Maughan 2007). The intrinsic scatter
is added in quadrature to the statistical uncertainty of the data
to calculate the �2 of the model. The degeneracy between the
two parameters, a and b, is shown in the Appendix B, Figure
B.4) for the 1�, 3� and 5� confidence levels and in Figure 7 for
the ACIS–XMM-Newton combined case. Neglecting the intrin-
sic scatter would result in tighter constraints of the fit parameters
and so in higher significances of temperature di↵erences. From
Figure B.4 we conclude, that for our sample the temperatures
deviate for all detector combinations at least by 5� in the full
and in the soft energy band for all except for MOS1-MOS2. In
the hard band we have a deviation of temperatures of at least
5� only for ACIS-MOS2 and ACIS-PN. Note that for individual
clusters the significance of temperature di↵erences is smaller as
shown in the beginning of this Section.

For comparison we also show the resulting a and b parame-
ters of ACIS-PN from N10 (Figure B.5 -left panel- and Table 2).
We conclude that our results are in rough agreement (deviation
< 3�) with N10, despite the di↵erences in our analysis strategy.

We see more than 5� deviation between ACIS and PN even
in the hard band which is not in agreement with N10. Since
we use more than 5 times more objects and compare here two
high precision instruments, our significance increases. Also in
our sample there are more high temperature objects, which
mainly push this trend. Looking at the stacked residuals ratio
for ACIS/PN we see an increase in the (2 � 3) keV band, which
might be responsible for the temperature di↵erence in the hard
band.

In the full band, EPIC-PN temperatures are on average
29% lower than ACIS temperatures at a cluster temperature of
10 keV. Within the uncertainties, the best-fit N10 relation is in
agreement with our full band relation (see Fig. B.5), implying
persistent calibration uncertainties since 2009. All detector com-
binations are plotted individually in Figure B.1 for the full en-
ergy band, B.2 for the soft and B.3 for the hard energy band.
Finally we can also compare the temperatures of the same in-
strument in di↵erent energy bands. While for no instrument the
temperature deviation of the full sample is less than 3� in com-
paring the soft and hard energy bands, we notice a better agree-
ment of ACIS than any EPIC instrument (Fig. B.6). But only in

Fig. 4: Comparison of the full energy band temperatures ob-
tained with the three individual XMM-Newton detectors (every
detector combination has 56 objects) with those obtained with
ACIS. The gray line shows the powerlaw best-fit function to
the simultaneously fitted XMM-Newton temperatures, see also
Fig.7.

Fig. 5: Same as Fig. 4, except in the soft energy band (0.7 �
2) keV.

the case of purely isothermal emission and a very accurately cal-
ibrated e↵ective area, the temperatures obtained in di↵erent en-
ergy bands should be equal. So part of the deviation from equal-
ity might be due to multitemperature structure.

The combined EPIC and ACIS temperatures indicate that the
clusters that are excluded because of the too large cool core ra-
dius (see Section 2) do not show a systematic behavior compared
to the other clusters (see Fig. 8).

We modeled the energy dependence of the cross-calibration
uncertainties by cubic spline interpolation (see Fig. 2 and Table
A.3) of the stacked residuals ratios (see Section 6.1). By multi-
plying the e↵ective area of a given detector with the correspond-
ing splines of the stacked residuals, we change the e↵ective area
in a way, that the resulting temperatures of the spectral fits us-
ing the modified ARF are consistent with the temperatures of
the reference detector. To convert e.g. from ACIS to EPIC-PN,
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Requires high-quality X-ray spectroscopy in >5 radial bins
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The X-SZ method

Use ρ from X-ray and P
from SZ

M(< R) =− R2

ρG

∂P

∂R

No X-ray spectroscopic
measurement required

Less sensitive to calibration
uncertainties

Can be used out to large
radii

Thermodynamic quantities
(temperature, entropy) can
also be derived directly

Mass profiles from SZ / X–ray images 485

Figure 3. Reconstructed versus true (upper panel) and hydrostatic (lower
panel) mass, averaged over the set of simulated clusters, while applying
Method 1. In each panel, the horizontally (vertically) shaded area represents
the mean ±1 σ over the projections along the z- (x- and y-) axis. The black
line represents the mean over all the projections of all clusters.

5.2 Total mass profiles: Method 2

We show in Fig. 4 the mass profiles of the same four clusters chosen
as examples, as reconstructed from the application of the method
based on assuming an NFW model. In this case, the reconstructed

Figure 4. The reconstruction of the mass profiles for the C1, C2, C3 and C4 clusters, based on the Method 2, compared with the true profiles (dashed curves)
and with the profiles recovered from the HE (dotted curves). For each cluster, the three solid curves show the reconstruction along the three axes of projection.

profiles are not reported with error bars, which are assigned to the
total mass M and to the concentration parameter c, which are the
only two parameters entering in the fitting procedure. The accuracy
in recovering these parameters is discussed in the following.

Clearly, assuming an analytical form for the mass profiles has
the advantage of providing a much more stable reconstruction and
a smooth profile. Similar to the case of the Method 1, the recovered
mass is much closer to the hydrostatic mass than to the true one. The
left-hand panel of Fig. 5 shows the accuracy of the recovered mass
profile, after averaging over the whole set of simulated clusters.
From the upper panel of this plot, we note that the mass profile
is generally underestimated by about 15–20 per cent. The slightly
larger underestimate with respect to Method 1 is due to the fact
that here we are adopting an analytical model. We remind that
the violation of HE is larger at rvir, which is the outermost radius
from which the reconstruction of the mass profile begins. Since
we force the profile to follow the NFW shape when reconstructing
at smaller radii, this larger mass underestimate is now propagated
inwards. This is different from what happens for the Method 1,
where the value of the mass at an inner radius is not forced by
the extrapolation of the profile recovered at a larger radius. The
right-hand panel of Fig. 5 shows the accuracy in recovering the
total mass as a function of the true mass of the cluster. We find that
the statistical uncertainties in the estimate of the cluster masses are
generally smaller than the bias induced by the violation of the HE
and are also smaller than the scatter associated with the choice of
the projection direction. This panel also shows the presence of an
outlier, which is the cluster labelled as C5; this object has a much
more irregular structure when compared with the rest of the sample.

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 394, 479–490
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The outskirts of galaxy clusters

Why pushing toward the outskirts? (R > R500)

Contain ∼ 90% of the volume and
∼ 50% of the mass!

Understand the build-up of galaxy
clusters

Test hydrostatic mass
measurements

Estimate the global baryon budget

3

Fig. 1 Simulated galaxy cluster. The white circles indicate r500, r200, rvir, and 3 r200 moving
outwards, respectively (adapted from Roncarelli et al. 2006). Left: X-ray surface brightness in
the soft (0.5–2) keV band. The color scale spans 16 orders of magnitude and has been chosen
to highlight cluster outskirts. Right: Temperature map on a linear scale from 0 keV (blue) to
11 keV (red).

2 Where are the “cluster outskirts”?

Let us define, which radial range we consider as “cluster outskirts.” Readers not inter-

ested in more details on the radial ranges can skip this section and just take note of

our subjective choice:

r500 < cluster outskirts < 3r200 , (1)

where r500 (defined below) used to be the observational limit for X-ray temperature

measurements and the range up to 3r200 captures most of the interesting physics

and chemistry before clearly entering the regime of the warm-hot intergalactic medium

(WHIM, Fig. 1). This range also includes (i) the turn around radius, rturn = 2rvir, from

the spherical collapse model (e.g., Liddle & Lyth 2000), (ii) part of the infall region

where caustics in galaxy redshift space are observed, several Mpc (e.g., Diaferio 1999),

(iii) much of the radial range where accretion shocks might be expected, (1–3)rvir (e.g.,

Molnar et al. 2009), and (iv) the region where the two-halo term starts dominating over

the one-halo term in the matter power spectrum, few Mpc (e.g., Cooray & Sheth 2002).

A theoretical recipe that can be used to define a cluster “border,” “boundary,” or at

least a “characteristic” radius is the spherical collapse model (e.g., Amendola & Tsujikawa

2010). Based on this very idealistic model, a virial radius, rvir, separating the virialized

cluster region from the outer “infall” region, can be obtained by requiring the mean

total mass density of a cluster, ⟨ρtot⟩, to fulfill

⟨ρtot⟩(< rvir) ≡ 3Mtot(< rvir)

4πr3
vir

= ∆vir
c (z)ρc(z) , (2)

where ρc(z) is the critical density of the Universe at redshift z.1 The virial overdensity,

∆vir
c (z), is a function of cosmology and redshift, in general (e.g., Kitayama & Suto

1 Some authors use the mean matter density of the Universe, ρ̄m(z) = Ωm(z)ρc(z), instead
of the critical density for their overdensity definition.

Roncarelli et al. 2006
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A general entropy flattening in relaxed clusters?

Suzaku detected the ICM at
large radii in ∼10 clusters
Is the ICM convectively
unstable?

A universal entropy profile for relaxed clusters? 3

Figure 1. Left:Entropy profiles for the clusters shown in table 1, scaled by S(0.3r200) . Individual clusters are colour coded as shown in table 1. The solid
black line shows the r1.1 powerlaw relation from Voit et al. (2005). Right:We plot S(r)/r (scaled to 0.3r200) to show the deviation from a powerlaw more
clearly. The black line is the best fit line to the data outside 0.2r200 using a form S/S(0.3r200) = A(r/r200)1.1e!(r/Br200)2 . The best fit using the
functional form of Cavaliere et al. (2011) (equation 1) is shown by the blue line. For each model the 2 ! variations calculated using Monte Carlo methods are
shown by the dashed lines. The solid red lines show the range produced by density variations of 30 percent, which is the observed azimuthal density variation
found near r200 in Eckert et al. (2012).

Figure 2. Percentage azimuthal coverage as a function of radius for the
observations used.

In Fig. 1 (right) we plot S/r against r (scaling the pro-
files by S(0.3r200)/0.3r200), which more clearly shows the de-
viation from a simple powerlaw above 0.5r200. We find that the
profile is fitted well by the functional form S/S(0.3r200) =

A(r/r200)
1.1e!(r/Br200)2 for r ! 0.2r200 with best fitting pa-

rameters A = 4.4+0.3
!0.1 and B = 1.0+0.03

!0.06 , so that;

S/S(0.3r200) = 4.4(r/r200)
1.1e!(r/r200)2 (2)

We also find the best fit to the scaled entropy profiles in the
range r ! 0.3r200 using the functional form of equation 1 from
Lapi et al. (2010) and Cavaliere et al. (2011), which is found to

model the entropy profiles well with best fit parameters AC =
1.02+0.23

!0.08 ,BC = 1.8+0.2
!0.2, CC = 3.3+0.8

!0.2, so the best fit relation is

S/S(0.3r200) = 1.02(r/R)1.8e3.3(1!(r/R)) (3)

Since the errors on each parameter are correlated, the errors
on the best fits were obtained by using a Monte Carlo method with
10000 trials, and the 2 ! variations of the best fit models are shown
by the dashed lines in Fig. 1 right. Black lines show equation 2
while the blue lines show equation 3. When performing the fitting
the entropy profiles from each cluster were also weighted by the
azimuthal coverage of the observations of each cluster (shown in
Fig. 2), so that more weight was given to observations with larger,
more representative azimuthal coverage. This reduces the possible
bias of observations which were taken along narrow strips which
may not be representative of the cluster as a whole.

The solid red lines in Fig. 1 (right) show the effect of 30 per-
cent density variations on the best fit entropy profile. This is the
level of azimuthal scatter in the gas density inferred from the az-
imuthal scatter in the surface brightness of the clusters studied in
Eckert et al. (2012) (where the observed surface brightness scatter
was ! 70 percent around r200). We find that the majority of the
data lie within this range around the best fit profile, suggesting that
most of the scatter around the best fit profile can be explained by
the !30 percent azimuthal density variations found in Eckert et al.
(2012). The Virgo results are however inconsistent with the trend of
the other clusters. This may be because the azimuthal scatter mea-
sured in Eckert et al. (2012) was found by dividing the clusters in
their ROSAT sample into 12 sectors of opening angle 30 degrees,
whereas the Virgo strip is much narrower than this (its opening an-
gle is! 8 degrees). It is therefore possible that the scatter measured
in Eckert et al. (2012) underestimates the level of scatter at scales
smaller than the sector size they used.

In Fig. 3 (black lines) we compare the scaled entropy profiles

c! 0000 RAS, MNRAS 000, 000–000

Walker et al. 2012
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ROSAT density profiles

We extracted deprojected density
profiles for a sample of 31 nearby
clusters (0.04< z < 0.2)

Stacked emission detected out to
2R500

The density steepens with
increasing radius:

β0.2−0.4 β0.4−0.65 β0.65−1.2
0.661±0.002 0.710±0.009 0.890±0.026
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ROSAT density profiles

We compared our mean density
profile with the 3 sets of numerical
simulations:
GADGET-2, Roncarelli et al. 2006
ART, Nagai et al. 2007
ENZO, Vazza et al. 2010

Non-radiative simulations predict
too steep density slopes

Including additional physics + gas
clumping improves agreement
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Gas clumping factor

Azimuthal median is robust against inhomogeneities

200R/R
-110 1

XS

-410

-310

-210

-110

1

10

Azimuthal mean

Azimuthal median

Eckert et al. 2014b

Hydrodynamical simulations predict too many substructures in
the outskirts
Including AGN + SN feedback improves the match
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Gas clumping factor

ROSAT/PSPC ENZO NR GADGET NR GADGET CSF+AGN
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Hydrodynamical simulations predict too many substructures in
the outskirts
Including AGN + SN feedback improves the match
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Combining X-ray (ROSAT) and SZ (Planck)
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18 objects (6 CC, 12 NCC) are in common between the
ROSAT and Planck samples
The average P and ngas profiles can also be combined (but
caution about selection effects)
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Average entropy profile
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CC clusters agree with the prediction from gravitational
collapse (Voit et al. 2005)
In NCC systems a deficit with respect to the prediction is
observed

Gas clumping and/or non-thermal effects (turbulence,
magnetic fields...) affect NCC more than CC
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Gas fraction in CC/NCC systems
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Eckert et al. 2013b

For CC profiles fgas reaches the expected values
(Ωb/Ωm−15%)
For NCC profiles fgas exceeds the cosmic value!

Gas clumping and/or breakdown of HE in NCC systems, only
CC are suitable for cosmology
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Scatter of fgas

The knowledge of the cluster-to-cluster scatter in fgas is crucial to
use it as a standard ruler
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Eckert et al. 2013b

b = fgas/fWMAP7 increases with cluster temperature, as
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Scatter of fgas

The knowledge of the cluster-to-cluster scatter in fgas is crucial to
use it as a standard ruler
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Mapping clusters out to Rvir with XMM and Planck

Abell 2142 (z = 0.09): XMM mosaic program (Eckert et al. 2014a)
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With the appropriate bkg modeling XMM can trace efficiently the
ICM out to Rvir
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Mapping clusters out to Rvir with XMM and Planck

Abell 2142 (z = 0.09): MILCA component separation (Hurier et al.
2013)

Planck nicely detects several individual clusters out to Rvir
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Infalling substructures

Eckert et al. 2014a De Grandi et al. in prep

Infalling substructure tell us about the build-up of galaxy clusters
and virialization of the gas

D. Eckert March 20, 2013



The XMM Cluster Outskirts VLP

XMM AO-13 VLP, total 1.2 Ms: Construct a sample of 13 clusters
at 0.04< z < 0.1 with high-S/N Planck detection and XMM
mapping of the entire azimuth

Dominique Eckert Part B2 X-COP

Section b. Methodology

b.1. Available Data: The   XMM-Newton   Cluster Outskirts VLP  

In December 2013 I was awarded a Very Large Program (VLP) on ESA's cornerstone X-

ray  mission  XMM-Newton  to  map  the  outer  regions  of  a  dozen  of  clusters  with  

unprecedented  sensitivity.  This  observing  program,  in  combination  with  a  dedicated  

analysis of the Planck public data, will enable a large fraction of the science goals of X-

COP.

X-COP is based on the data from two major ESA missions: XMM-Newton and Planck. XMM-Newton (Jansen 

et al. 2001) is an ESA mission launched in 1999. It carries three Wolter-type grazing-incidence telescopes  

which are the largest ever flown on an X-ray satellite, for a combined effective area of 3,000 cm2 at 1 keV 

and an effective area of 13 arcsec HEW. In AO-13 I was awarded a VLP (ID: 074441) for a total observing 

time of 1207 ks (335 hours) on this major observatory. This is the largest program awarded this year. This 

VLP follows a pilot study based on two clusters (282 ks, ID: 069444 and 072524). In the pilot study (A2142 

and A780) we demonstrated that  XMM-Newton  is capable of detecting diffuse X-ray emission out to the 

virial radius provided that the right observing strategy is used. In total, this project will benefit from a total  

allotted time of nearly 1.5 Ms on XMM-Newton. This demonstrates that the science developed in X-COP was 

highly prioritized by the various XMM-Newton selection panels.

In total, X-COP will provide a detailed X-ray mapping of the entire volume of 13 clusters in the redshift 

range 0.04-0.1 at unprecedented depth. The list of clusters is provided in the Table below. 

Cluster Redshift Mass [1014 M] Planck S/N

A2319 0.0557 5.83 30.8

A3266** 0.0589 4.56 27.0

A2142* 0.090 8.15 21.3

A2255 0.0809 3.74 19.4

A2029 0.0766 7.27 19.3

A3158 0.059 3.65 17.2

A85 0.0555 5.32 16.9

A1795 0.0622 5.53 15.0

A644 0.0704 3.88 13.9

RXC J1825 0.065 2.62 13.4

A1644 0.0473 2.93 13.2

ZwCl 1215 0.0766 3.59 12.8

A780* 0.0538 1.89 -

Clusters identified by * were part of the pilot program. A similar program for A3266** is already publicly 

available.

With the exception of  Hydra A/A780,  which was selected because  of  the presence of  several  accreting 

substructures in its outskirts, the sample was selected on the basis on the signal-to-noise ratio in the Planck 

sample (Planck Collaboration XXIX, 2013). Therefore, X-COP is a carefully-selected SZ sample. This is a 

very important property to pursue our objectives, since the SZ selection is renown for its purity; this will 

allow us to extract for the first time meaningful results on the cluster population beyond R500.
.Moreover, in 

addition to the outstanding quality of the available X-ray data, since these systems are the brightest in the  

Planck catalog we will get high-precision information also from the SZ side. The objects targeted in this  

analysis are nearby, so they are well-resolved by Planck in spite of its large beam (7 arcmin). 

The X-COP sample has been designed to reach the best possible sensitivity both in X-rays and SZ.  The 

data for the VLP will start to be collected in the course of 2014 and the data-taking will be completed in mid-

2015. 
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Summary

We derived density profiles out to R200 from ROSAT, the gas
density steepens beyond R500

We measure gas clumping
√
C ∼ 1.2 at R200 using the

azimuthal median method
By combining Planck and ROSAT data we measure for the
first time thermodynamic quantities out to the virial radius in
a substantial cluster sample
No sign of entropy flattening, unlike several Suzaku results
Evidence for deviations from self-similarity in cluster outskirts
for NCC systems, CC systems agree with expectations
The scatter of fgas is substantial in NCC systems, but
negligible in CC
Expect many new results based on the X-SZ method with the
new XMM large program

D. Eckert March 20, 2013
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ROSAT/PSPC observations

ROSAT had several advantages with respect to Suzaku

Large FOV (25 times Suzaku)
Low and stable instrumental bkg
Better PSF (25′′ on-axis)

... But limited spectral capabilities

Eckert et al. 2011

→ Excellent instrument to study the gas distribution in
low-SB regions
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Gas fraction

Allen et al. 2008

fgas is used as a standard ruler for cosmology

Because of non-gravitational energy input, fgas rises with radius
Only when reaching the virial radius, it is possible to know if
fgas = Ωb/Ωm
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Gas fraction

Vikhlinin et al. 2006

fgas is used as a standard ruler for cosmology
Because of non-gravitational energy input, fgas rises with radius
Only when reaching the virial radius, it is possible to know if
fgas = Ωb/Ωm
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Gas fraction profiles
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Eckert et al. 2013b

We measure for the first time fgas at R200 in a cluster sample
fgas reaches the cosmic value from WMAP7 at R200

Slight excess when considering the stellar content (1-2%)
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Azimuthal scatter profiles

Azimuthal scatter (Vazza et al.
2011) in N = 12 sectors: quantifies
deviations from azimuthal
symmetry
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N
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In the central regions ΣCC � ΣNCC

Beyond ∼ R500 all populations
exhibit a large level of scatter
(60−80%)
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Even in “relaxed" clusters there is large asymmetry in the
outskirts due to accretion occurring along preferential
directions
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Stacked emission-measure profiles

We stacked self-similar scaled EM
profiles and divided the sample into
CC and NCC

Beyond ∼ 0.3R200 NCC profiles
exceed CC
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Eckert et al. 2012

When integrating out to R200 CC
and NCC include the same gas
mass

The same gas mass is redistributed between the central regions and
the outskirts
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Systematics in ROSAT analysis

Bkg dominated by cosmic
components, total non-cosmic
∼20% of the total bkg

SB analysis of 5 blank fields from
the center of the observation, fit
with a constant

Excess scatter in the data of 6% of
the background value, includes
both systematic error and cosmic
variance

A systematic error of 6% is
propagated when subtracting the
bkg
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