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The outskirts of galaxy clusters

90% of the cluster volume beyond
R500, calibrate cluster mass
measurements
Where structure formation takes
place
The region where transition
between virialized gas from clusters
and infalling material from LSS
occurs
Estimate the global baryon budget

Vazza et al. 2011
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Thermodynamic properties of cluster outskirts

Recent Suzaku observations
show steep temperature drops
and flat density profiles in
cluster outskirts
→ The entropy flattens
Is the ICM convectively
unstable? Important for
structure formation processes

But... In the outskirts
systematic effects on X-ray
spectroscopic information are
hard to handle

George et al. 2009
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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
1.2R200

The density steepens with
increasing radius:
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ROSAT density profiles

We compared our mean density
profile with 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
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Planck breakthrough

Recently: Planck measures the
SZ effect beyond the virial radius
Combined with ROSAT, we can
reconstruct:

kT =
PSZ

nX−ray
, K = PSZn

−5/3
X−ray

Assuming hydrostatic
equilibrium we can also
reconstruct mass profiles:

dP
dr

=−ρ
GM(< r)

r2
Planck Collaboration V 2012
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Basic P and ngas profiles
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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

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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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%);
agreement with numerical simulations
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Gas fraction in CC/NCC systems
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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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b = fgas/fWMAP7 increases with cluster temperature, as
b ∼ T 0.5

When correcting for this effect, σf ,500 = (15±4)%

All the scatter comes from NCC, out to R500 the scatter of CC
is 0!

CC clusters can be used efficiently for cosmology out to R500
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Summary

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

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 cause of the deviations (gas clumping, non-thermal
pressure support) is still unknown, work in progress
fgas reaches the cosmic value at R200, providing evidence that
all the primordial gas is collapsed into clusters
The scatter of fgas is substantial in NCC systems, but
negligible in CC

D. Eckert April 4, 2013



Backup Slides



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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Validation of the method

We collected available
X-ray T profiles and
compared with our
method
Combining SZ pressure
with X-ray density we are
able to reproduce the
observed X-ray
temperatures within
< 10% Eckert et al. 2013a
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Average temperature profile
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Average temperature from the mean profiles agrees very well
with the average of the 18 individual objects
Two different deprojection methods (parametric fitting,
geometrical deprojection) also yield similar results
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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?

Walker et al. (2012) fix the
normalization of the profiles at
0.3R200 instead of using the
self-similar normalization K500
(Pratt et al. 2010)

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 σ 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 σ 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

Our results are at odds with this interpretation
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Azimuthal scatter profiles

Azimuthal scatter (Vazza et al.
2011) in N = 12 sectors: quantifies
deviations from azimuthal
symmetry

Σ2(r) =
1
N

N

∑
i=1

(SBi (r)−〈SB(r)〉)2

〈SB(r)〉2

In the central regions ΣCC � ΣNCC

Beyond ∼ R500 all populations
exhibit a large level of scatter
(60−80%)
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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
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CC NCC Total

Se
lf-

si
m

ila
r s

ca
le

d 
EM

-810

-710

-610

-510

-410

200r/r
0.2 0.4 0.6 0.8 1 1.2

R
at

io

1

10

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
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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
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variance
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Gas clumping

Possible interpretation: gas
clumping

The accretion flow on galaxy
clusters is clumpy and
asymmetric

X-ray signal biased towards
high-density, cool regions;
in cluster outskirts

C =
〈ρ2〉
〈ρ〉2

> 1

Properties of gas clumps and gas clumping factor in the ICM 3
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relaxed
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Figure 2. Top panels: X-ray flux in the [0.5-2] keV (in [erg/(s · cm2)]) of three simulated clusters of our sample at z=0 (E15B-relax, E1-post merger and
E3B-merging). Bottom panels: X-ray flux of clumps identified by our procedure (also highlighted with white contours). The inner and outer projected area
excluded from our analysis have been shadowed. The area shown within each panel is ∼ 3 × 3 R200 for each object.

DM particles and ∼ 25 kpc/h in most of the cluster volume in-
side the ”AMR region” (i.e. ∼ 2 − 3 R200 from the cluster centre,
see Vazza et al. 2010; Vazza 2011a; Vazza et al. 2011a for further
details).

We assumed a concordance ΛCDM cosmology, with Ω0 =
1.0, ΩB = 0.0441, ΩDM = 0.2139, ΩΛ = 0.742, Hubble parame-
ter h = 0.72 and a normalization for the primordial density power
spectrum of σ8 = 0.8. Most of the runs we present in this work
(Sec.3.1-3.2) neglect radiative cooling, star formation and AGN
feedback processes. In Sec.3.3, however, we discuss additional runs
where the following non-gravitational processes are modelled: ra-
diative cooling, thermal feedback from AGN, and pressure feed-
back from cosmic ray particles (CR) injected at cosmological shock
waves.

For consistency with our previous analysis on the same sam-
ple of galaxy clusters (Vazza et al. 2010, 2011a,c), we divided our
sample in dynamical classes based on the total matter accretion
history of each halo for z ! 1.0. First, we monitored the time
evolution of the DM+gas mass for every object inside the ”AMR
region” in the range 0.0 ! z ! 1.0. Considering a time lapse of
∆t = 1 Gyr, ”major merger” events are detected as total matter ac-
cretion episode whereM(t + ∆t)/M(t) − 1 > 1/3. The systems
with a lower accretion rate were further divided by measuring the
ratio between the total kinetic energy of gas motions and the ther-

mal energy inside the virial radius at z = 0, since this quantity pa-
rameter provides an indication of the dynamical activity of a cluster
(e.g. Tormen et al. 1997; Vazza et al. 2006). Using this proxy, we
defined as ”merging” systems those objects that present an energy
ratio > 0.4, but did not experienced a major merger in their past
(e.g. they show evidence of ongoing accretion with a companion
of comparable size, but the cores of the two systems did not en-
counter yet). The remaining systems were classified as ”relaxed”.
According to the above classification scheme, our sample presents
4 relaxed objects, 6 merging objects and 10 post-merger objects.

Based on our further analysis of this sample, this classifica-
tion actually mirrors a different level of dynamical activity in the
subgroups, i.e. relaxed systems on average host weaker shocks
(Vazza et al. 2010), they are characterized by a lowest turbulent
to thermal energy ratio (Vazza et al. 2011a), and they are char-
acterized by the smallest amount of azimuthal scatter in the gas
properties (Vazza et al. 2011c; Eckert et al. 2012). In Vazza et al.
(2011c) the same sample was also divided based on the analysis of
the power ratios from the multi-pole decomposition of the X-ray
surface brightness images (P3/P0), and the centroid shift (w), as
described by Böhringer et al. (2010). These morphological param-
eters of projected X-ray emission maps were measured inside the
innermost projected 1 Mpc2. This leads to decompose our sam-
ple into 9 ”non-cool-core-like” (NCC) systems, and 11 ”cool-core-

Vazza, DE et al. 2012
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XMM program

We obtained 250 ks with
XMM to detect clumps in
A2142 and Hydra A

According to ENZO
simulations we should detect
∼ 40 clumps per cluster
(z = 0.1, Flim = 2×10−15

ergs s−1 cm−2)

Our program will give strong
constraints on the amount of
clumping in cluster outskirts

Properties of gas clumps and gas clumping in the ICM 7

Figure 5. Luminosity function of clumps detected in our simulated X-ray maps at z=0, z=0.1 and z=0.3 for three simulated observations (XMM, Rosat and
Suzaku). The continuous lines are for the differential distribution, the dashed lines are for the cumulative distributions.

Figure 6. Differential distribution functions of clumps detected in our simulated X-ray maps at z=0.1 and assuming SX,low = 2 · 10−15erg/(s · cm2) and
an effective resolution of ≈ 10′′ (to mimic a deep survey with XMM). The different colors refer to the dynamical classes in which our sample is divided.
All distributions have been normalized to the number of objects within each class. The lower dot-dashed lines shows the ratio between clumps in the various
dynamical classes, compared to the average population.

non-radiative runs. This happens because radiative cooling leads
to the formation of more concentrated high density clumps in the
ICM, while feebdack from SNs and AGNs may tend to wash them
out, by preventing the cooling catastrophe and providing the gas
of clumps more thermal energy. The net outcome of these compet-
itive mechanisms on the global amount of clumping in the clus-

ter volume can however vary from implementation to implementa-
tion. Also, the presence of cosmic rays accelerated at cosmological
shocks via diffusive shock acceleration may yield a different com-
pressibility of the ICM in the cluster outskirts, which can change
significantly the amount of clumping there (Vazza et al. 2012).

In this Section we assess the amount of uncertainty of the re-
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Correcting for the clumping bias
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The mean of an inhomogeneous gas distribution is biased high
Idea: divide the SB in relatively narrow sectors and take the
median
This method allows to recover an unbiased density profile and
determine the clumping factor (in prep.)
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Correcting for gas depletion

Following Pratt et al. (2010) we rescale the entropy profiles by the
gas fraction to compensate for gas motions
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When correcting for gas depletion, the total entropy agrees
perfectly with the self-similar prediction out to Rvir
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