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ALTERNATING BRIGHT, LOW-TEMPERATURE LARGE-SCALE FEATURES



Roediger et al. 2011
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JUST LIKE THE SLOSHING SEEN IN COOL 
CORES BUT ON MUCH LARGER SCALES!	



!
see also Rossetti et al. 2013 (A2142), 
Walker et al. 2014 (RXJ2014.8-2430)



PRESSURE AND ENTROPY PROFILES IN PERSEUS
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Figure 6. Deprojected profiles. The arms are divided into the same groups as in Fig. 4. Neighboring annuli in a given arm may be tied together to reduce
‘ringing’ artifacts in the deprojection. Top left panel: the deprojected temperature profiles. The best fit of the temperature model of Vikhlinin et al. (2006) to
the average temperature profile is shown in grey. Top right panel: electron density profiles. The β-model fit to the azimuthaly averaged density profile is shown
in grey. Bottom left panel: pressure profiles. In grey we overplot the Planck Collaboration et al. (2013) model. Bottom right panel: entropy profiles. In grey we
plot the baseline power-law relation K ∝ r1.1 of Voit et al. (2005) with the normalization fixed to the expected value calculated following Pratt et al. (2010, see
main text).

We restrict our fits to radii r > 10′ in order to avoid the cool core.
The results are shown in Tab. 4. The β parameter of the average
profile (β = 0.71 ± 0.05) is in approximate agreement with the
canonical value for large clusters β ∼ 2/3. We obtain a slightly
lower value when fitting the average of the relaxed arms (β = 0.61±
0.04). The best fit azimuthally averaged β-model profile is shown
in the top right panel of Fig. 7.

Fitting the profiles for the 8 arms independently, we notice
significant differences between the best fit parameters. Fixing the
core radius rc to the average profile value of 13.18′ , we measure a
spread of β values across the eight arms of 0.58 < β < 0.81.

Power-law modeling of density profiles of galaxy clusters,
ne ∝ r−δ, has proved popular due to its simplicity and also due to
the fact that the β-model at radii r ≫ rc behaves like a power-law.

We fit a power-law model separately to the density profile of each
arm for r > 0.7Mpc (r > 0.4r200), thus avoiding the influence of the
cold front towards the east. The fitted power-law indices are shown
in the last column of Tab. 4 and show similar trends to the sur-
face brightness slopes in Tab. 2, with the steepest gradients on the
southern side of the cluster. We report a relatively flat azimuthally
averaged density profile, falling off with radius with an index of
δ = 1.69± 0.13 outside 0.7Mpc (or r > 0.4r200), in agreement with
the average slope previously reported by Simionescu et al. (2011)
for the average between only the E and NW arms. Fitting a power-
law model to the average density profile for r > 0.5r200 results in a
flattening, with δ = 1.34 ± 0.16.

c⃝ 0000 RAS, MNRAS 000, 000–000

Urban et al. 2014



10 O. Urban et al.

Figure 7. Azimuthally averaged profiles of the ICM properties for all arms (red) and the subset of relaxed arms (blue). Black arrow indicates the position of
the cold front to the east of the cluster center. Top left: Temperature profile with its best fit model from Vikhlinin et al. (2006) shown as a dashed line. Top
right: Density profile with its best fit β-model (dashed line). Bottom left: Pressure profile with overplotted best-fit theoretical models by Arnaud et al. (2010)
(dashed line) and Planck Collaboration et al. (2013) (solid line). The only free parameter in the fits was r500. Bottom right: Entropy profile. Dashed line shows
the r1.1 power-law with normalization fixed to the value calculated according to Pratt et al. (2010). In solid black line we plot the best fit entropy profile by
Walker et al. (2012b).

3.3.4 Reference Models for the Pressure

Nagai et al. (2007) propose a generalized pressure profile of the
form

P(r)
P500

=
P0

(c500x)γ
[

1 + (c500x)α
](β−γ)/α , (3)

where P500 = 1.45 × 10−11 erg cm−3
( M500
1015h−1 M⊙

)2/3
E(z)8/3, x =

r/r500, c500 is the concentration parameter defined at r500, and the
indices α, β and γ are the profile slopes in the intermediate, outer
and central regions, respectively. E(z) =

√

Ωm(1 + z)3 +ΩΛ is the
ratio of the Hubble constant at redshift z with its present value and
M500 is the total cluster mass enclosed within r500.

Using a set of 33 local (z < 0.2) XMM-Newton clus-
ters with data extending to r < 0.6r200, Arnaud et al. (2010)
find the best fitting parameters to be

[

P0, c500,α, β, γ
]

Arnaud =
[

8.403h−3/270 , 1.177, 1.0510, 5.4905, 0.3081
]

. Recently,
Planck Collaboration et al. (2013) studied the pressure pro-
files of 62 Planck clusters between 0.02r500 < r < 3r500,
finding the best fit set of parameters

[

P0, c500,α, β, γ
]

Planck =

[6.41, 1.81, 1.33, 4.13, 0.31].
Shown in the bottom left panel of Fig. 7, we have fitted the av-

erage Perseus pressure profile with the generalized pressure model
for r < r200, leaving r500 as the only free parameter (while express-
ing M500 as a function of r500 self-consistently) and fixing the other
parameters to the two sets of values mentioned above. The resulting
values for r500 are in agreement with each other: rPlanck500 = 59.7′±0.4′

c⃝ 0000 RAS, MNRAS 000, 000–000
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Table 1. Summary of the CXFB spectral model components. The tempera-
tures are given in keV and fluxes in ergs/s/cm2/arcmin2 in the 0.7− 7.0 keV
range.

Isotropic background components

power-law index 1.52 ± 0.02

power-law flux (5.76 ± 0.10) × 10−15

kTLHB 9.25+0.30−0.31 × 10
−2

fluxLHB (2.61 ± 0.07) × 10−18

kTGH 0.138+0.004−0.013

kT0.6 keV 0.632+0.021−0.020

Anisotropic background components

fluxGH flux0.6 keV
E 1.09+0.56−0.24 × 10

−16 8.66+0.78−0.78 × 10
−16

NE 1.72+0.83−0.34 × 10
−16 6.46+1.01−1.02 × 10

−16

N 1.69 × 10−16 5.01 × 10−16

NW 1.67+0.74−0.26 × 10
−16 4.20+0.74−0.78 × 10

−16

W 1.00+0.46−0.21 × 10
−16 1.19+0.10−0.10 × 10

−15

SW 1.08+0.50−0.21 × 10
−16 7.59+0.88−0.88 × 10

−16

S 9.86+4.43−1.75 × 10
−17 6.12+0.68−0.69 × 10

−16

SE 1.08+0.47−0.20 × 10
−16 1.29+0.11−0.11 × 10

−15

Table 2. Left column: CXFB surface brightness for each of the arms in-
cluding the statistical error obtained by weighed fitting of the image surface
brightness outside 2 Mpc by a constant. Right column: Power law index
describing the surface brightness profiles in the 0.75 − 2.0Mpc range.

arm S X,CXFB α(

10−6 cnts/s/arcmin2
)

E 5.14 ± 0.34 2.87 ± 0.17
NE 5.74 ± 0.36 3.06 ± 0.17
N 6.52 ± 0.81 2.88 ± 0.14
NW 7.37 ± 0.25 2.74 ± 0.14
W 6.51 ± 0.33 2.88 ± 0.12
SW 6.00 ± 0.31 3.49 ± 0.11
S 5.93 ± 0.25 3.61 ± 0.17
SE 6.18 ± 0.18 3.43 ± 0.13

and rArnaud500 = 59.3′ ± 0.5′. Overall, the model is a reasonable fit.
However, in the cluster outskirts (0.65 − 1.0r200) the Suzaku data
lie above the model, before dropping below in the last annulus (not
shown in Fig. 7).

We fit the Planck Collaboration et al. (2013) pressure profile
in the same way to the individual arms and find r500 to be ∼ 10%
larger along the cluster major (east–west) as compared to the minor
(north–south) axis.

We note that Simionescu et al. (2011) measured r500 = 54 ar-
cmin for the NW arm, which is approximately 10% lower than the
best fit average value for r500 using Eqn. 3. This difference could
be attributed to asymmetries intrinsic to the cluster itself (minor
axis vs. major axis). This uncertainty in measuring r500 implies
that the value of r200 may also be up to 10% larger than the value
adopted throughout this paper, which is based on the mass model
of Simionescu et al. (2011).

Table 3. Best fit parameters of the analytical three-dimensional temperature
model from Eqn. 1 for the average profile of two sets of arms.

all arms relaxed arms
T0 (keV) 4.06 5.30
Tmin/T0 0.72 0.88
rcool (kpc) 294 261
ac 6.72 6.98
rt (Mpc) 1.6 1.1
a 0.33 0.18
b 16.24 271
c 2.36 1.29

Table 4. Results of the analytical modeling of density. The last two rows
show the parameters of the azimuthally averaged profile and the average
profile of the relaxed arms. The last column contains the indices of the
power law fits to the individual arms beyond 34′ (0.7Mpc) to avoid the
influence of the cold front towards the E.

arm β-model index
rc (′) β r > 0.7Mpc

E 20.14 ± 3.94 0.91 ± 0.12 −1.47 ± 0.19
NE 15.85 ± 3.63 0.86 ± 0.12 −1.69 ± 0.27
N 7.45 ± 2.48 0.59 ± 0.04 −1.17 ± 0.19
NW 7.92 ± 2.05 0.55 ± 0.03 −1.64 ± 0.23
W 8.47 ± 2.29 0.51 ± 0.03 −1.56 ± 0.15
SW 18.13 ± 2.52 0.73 ± 0.06 −2.13 ± 0.16
S 12.80 ± 2.68 0.66 ± 0.06 −1.84 ± 0.28
SE 14.50 ± 1.84 0.79 ± 0.06 −1.84 ± 0.10

average 13.18 ± 2.31 0.71 ± 0.05 −1.69 ± 0.13
relaxed 9.53 ± 1.94 0.61 ± 0.04 −1.55 ± 0.16

3.3.5 Reference Models for the Entropy

In a cluster formed by gravitational collapse, and in which no addi-
tional heating or cooling occurs, the entropy is expected to follow
a power-law of the form

K
K500

= 1.47
(

r
r500

)1.1

, (4)

where K500 = 106 keV cm2
(

M500
1014M⊙

)2/3 ( 1
fb

)2/3
E(z)−2/3 (Voit et al.

2005; Pratt et al. 2010). We assumed fb = 0.15 and used our best-fit
value r500 = 59.6′ in calculating K500.

As shown in Fig. 6, in each of the relaxed directions, we ob-
serve a flattening of the entropy profile with respect to this expected
power-law beyond ∼ 1Mpc (∼ 0.6r200).

For the E, SE and NE arms, the characteristic dip in the en-
tropy profiles between radii of 20 and 35 arcmin is jointly caused
by increased density and low temperature associated with the east-
ern cold front. The entropy beyond the cold front (r > 34′) in these
arms increases steadily with radius (with the exception of the SE
direction, where we observe a drop in entropy beyond r200).

The SW and W arms are affected by sloshing at large radii,
which results in an excess density and surface brightness. This
leads the entropy to flatten in these arms (forming a dip in the SW
case) at the radii corresponding to the large-scale sloshing; the en-
tropy increases again further out, rising steeper than r1.1 in both
arms.

The bottom right panel of Fig. 7 shows the average entropy
profile for the Perseus Cluster. We find an excess of entropy in the
cluster center (r < 22′) with respect to the power-law model in Eqn
4. This is consistent with the presence of excess ICM heating in the
cluster center as favoured by cosmological studies (e.g. Voit 2005;
Cavagnolo et al. 2009; Mantz et al. 2010). The average profile di-
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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

(Nagai et al. 2007, Planck Collaboration 2013)

(Voit et al. 2005, Pratt et al. 2010)

Note 1: be careful about normalisation of entropy power law model!	


Note 2: be careful about inferring r500 from scaling relations! (e.g. YX-r500 relation 
has less scatter than kT-r500) Ideally, use exact same method as Planck 
Collaboration 2013 if using their model.



In Perseus, within r200 along all arms, correcting ne is SUFFICIENT to bring BOTH 
entropy and pressure in agreement with expected profiles.	



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
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Figure 12. Plotting the decrement of the entropy below the Voit baseline en-
tropy profile at r200 against cluster mass. There is no statistically significant
correlation.

the predicted level is at least partly the result of cold gas clumps
biasing the temperature low.

Most of the measured densities lie above the predicted density,
for which gas clumping may be the cause. This overdensity appears
to be the cause of the flattening of the entropy profile for Perseus,
Hydra A and A2029, which all have temperatures in agreement
with the predicted temperature (i.e. for these clusters the entropy
decrement does not occur because the temperatures are too low,
but because the densities are too high compared to predictions).
By contrast, for A2142 and A1689, the densities are in reasonable
agreement with predictions in the outskirts, and the entropy decre-
ment in the outskirts of these clusters appears to be caused by the
temperatures being too low compared to predictions.

6.1 Comparison with Eckert et al. (2013)

Recently, Eckert et al. (2013a) combined Planck pressure profiles
and ROSAT PSPC density profiles to derive the entropy profiles for
a sample of clusters and claimed that the entropy profiles of cool
core (CC) clusters agree with the baseline entropy profile outside
r200. Their results for CC and non-cool core clusters (NCC) are
shown overplotted on the Suzaku results as the blue and red shaded
regions, respectively, in Fig. 14. A complete investigation into the
discrepancy between the Suzaku results outside r200 with those pre-
sented in Eckert et al. (2013a) is beyond the scope of this paper;
however, here we briefly discuss some possible causes.

To obtain the entropy profiles, Eckert et al. (2013a) fitted the
Planck pressure and ROSAT density profiles with functional forms,
which means that a functional form was assumed for the entropy
profile. The priors placed on the entropy profile by the assump-
tion of this functional form, and the degrees of modelling freedom
available, were not fully demonstrated.

As can be seen in fig. C.2 in Eckert et al. (2013a), the uncertainties
on the raw ROSAT density profiles increase dramatically outside
r500, and the functional forms which are fitted to these profiles
appear unable to fully explore the errors in the outskirts. This leads
to the error envelope of the functional forms (green shaded regions in
fig. C.2) significantly underestimating the true density errors outside
r500. It is unclear how sensitive the fits to the ROSAT density profiles

Figure 13. Comparing the self-similar scaled temperatures (top panel) and
densities (bottom panel) outside 0.5r200 with the predictions obtained by
assuming that the baseline entropy profile of Voit et al. (2005) and the
universal pressure profile of Arnaud et al. (2010) both apply in the outskirts.

are to the data points outside r500, and no statistic is presented to
indicate how sensitive the fits are to the outer regions. It is therefore
unclear to what extent the functional form fitting is controlled by
the central regions where the data quality is higher.

The underestimate of the errors through the use of functional
forms is evident in fig. 3 in Eckert et al. (2013a), where the temper-
ature profiles derived from the functional form fitting (solid green
regions) are compared to those derived using non-parametric depro-
jection (red triangles). We see that outside r200 the use of the func-
tional form causes the temperature errors to be underestimated by at
least a factor of 3. This is also evident in the gas mass fraction pro-
files derived from the same data in fig. 2 (left-hand panel) of Eckert
et al. (2013b), where the use of functional forms underestimates the
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NO temperature biases within r200; some interesting effects start to be seen beyond 
(does electron-ion non equilibrium set in as well??)	



Some clusters show no density bias, e.g. A2142 or the group RXJ1159 



THE COMA CLUSTER LARGE PROJECT

In total, 38 Suzaku pointings 	


(AO-6 LP+GO+archival data)



CLUMPING IN THE COMA CLUSTER?

Coma: entropy and 
pressure agree with 
expectations beyond 

r500	


!

Are the clumps 
destroyed in more 
dynamically active 

regions?	


!

Can we use the 
morphology of the 

central parts to infer 
the dynamical state of 

the outskirts?

Simionescu et al. 2013



Beyond thermodynamics:	


Chemical enrichment history of the ICM



PREVIOUS 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



Perseus Cluster 	


(Werner et al. 2013)

METALLICITY PROFILES WITH SUZAKU
The Astrophysical Journal, 775:4 (14pp), 2013 September 20 Simionescu et al.

Figure 4. Projected radial profile of the metallicity obtained from the Suzaku data along azimuths not aligned with the infalling southwestern subcluster. The horizontal
line marks the value 0.3 solar.

BGK (Observation ID = 802083010), which was centered
at a much larger distance from the observed regions (6◦from
NGC 4839, which is far outside the image shown in Figure 1).
Using the CXB parameters reported in Akamatsu et al. (2013),
we find significant detections above this model in all our
background spectra. However, the emissivity does not show
a decreasing trend with radius, suggesting that this emission is
not cluster-related, but is instead most likely due to an elevated
galactic foreground that is not present in the COMA BGK region
located further away from the cluster center.

5.2. Solar Wind Charge Exchange

Charge exchange between heavy ions in the solar wind and
neutral atoms in Earth’s geocorona and in the solar magneto-
sphere produces emission lines of highly-ionized C, N, O, Ne,
and Mg, which can act as an additional foreground to the cluster
emission. The geocoronal SWCX flux can vary on timescales of
seconds (e.g., Fujimoto et al. 2007). Empirically, when the solar
wind proton flux is below 4 × 108 cm−2 s−1, Suzaku spectra
do not show strong SWCX signatures (Fujimoto et al. 2007;
Yoshino et al. 2009).

We calculated the solar-wind proton flux at the Earth using
WIND Solar Wind Experiment13 data and find that the proton

13 http://web.mit.edu/afs/athena/org/s/space/www/wind.html

flux reaches a level above 4 × 108 cm−2 s−1 during the obser-
vation dates of fields e1, e2, e3, nw5, nw65, w1, w4, w5, w6,
and sw4. The maximum proton flux during these observations
is 8 × 108 cm−2 s−1, which means we are dealing, if at all,
with mild flares (during strong flares, the proton flux can reach
levels as much as an order of magnitude higher). The spectra of
nw65 and w5 do not show anomalous features or an anomalous
soft flux compared with the seven Suzaku background pointings
during which the proton flux was low; moreover, the best-fit
spectral parameters for the cluster emission agree well between
the e3 and e35 pointings (the latter also show a very low and
stable proton flux). Therefore, we do not expect our results to
be significantly influenced by SWCX flares.

5.3. Stray Light

The effects of stray light contamination (light scattered from
very bright sources outside the field of view, in particular the
cluster center) are mitigated by the choice of target—Coma is
a non-cool core cluster, whose central surface brightness is an
order of magnitude lower than of the Perseus Cluster, which
has also been observed extensively with Suzaku. We have found
that stray light does not hinder robust measurements of the
temperature and density in the outskirts of the Perseus Cluster
(Urban et al. 2013), and thus we do not expect significant effects
in the case of the Coma Cluster where this effect should be lower.

7

Coma Cluster 	


(Simionescu et al. 2013)

Flat metallicity profile with Z~0.3 Solar out to r200 exquisitely measured in the Perseus Cluster.  
The metallicity profile in Coma also shows the same trend (albeit with much larger error bars). 



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



W. Domainko et al.: Enrichment of the ICM by ram-pressure stripping 801

Fig. 6. Emission weighted metallicity maps of the model cluster. The size of the boxes is 5 Mpc on a side. The level of enrichment is given in solar
units. Domainko et al. 2006

Ram-pressure stripping of member 
galaxies should produce  a central peak 
and a patchy metallicity distribution.	



The uniform iron distribution suggests 
that galactic winds at z~2 were mainly 
responsible for getting the metals out 
of the galaxies and into the IGM/ICM.	



Metals escaped from the galaxies and 
got mixed into the intergalactic gas 
before the entropy profile became 
very steep, preventing efficient mixing.



IMPLICATIONS OF EARLY METAL ENRICHMENT

• all massive clusters should show a similar, uniform level of enrichment at 1/3 of the Solar 
metallicity. 	



• galactic winds during the period of peak star formation and AGN activity probably played an 
important role in getting the metals out of the galaxies early on (z~2)	



• many type Ia supernovae (SNIa), which are the main sources of Fe, must have exploded shortly 
after the epoch of peak star-formation. This is consistent with recent findings based on SNIa delay 
time distributions (Maoz et al. 2012). 	



• this scenario predicts that the warm-hot intergalactic medium in large-scale structure filaments 
connecting to massive clusters is also metal-rich, and can be detected in line-emission with future 
high-grasp, high-spectral resolution missions. 	



• if the material currently falling into massive clusters is iron-rich, iron nuclei are likely to be 
accelerated as they pass through the accretion shocks, providing an important source of the 
highest energy cosmic rays.

…OR CAN WE ACHIEVE SUCH A UNIFORM MIXING OF THE METALS EVEN AT LATER TIMES??
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THE VIRGO CLUSTER KEY PROJECT

60 Suzaku pointings 	



4 different directions	



over 1Ms total 
exposure	



AO 7-8
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Metallicity lower than 1/3 Solar in the outskirts of lower-mass clusters. 
Virgo shows a larger dispersion, rather than uniform distribution!	



Real effect or onset of Fe-L bias??

Sato et al., in prep

Simionescu et al., in prep

LOWER METALLICITY IN THE OUTSKIRTS OF LOWER MASS CLUSTERS?

PRELIMINARY



IS IT POSSIBLE TO BIAS THE METALLICITY FROM 0.3 DOWN TO 0.1 SOLAR 	


DUE TO MULTIPHASE GAS?

Simulate mixture of two 
temperatures, each with 0.3 

solar metallicity	


!

Solid lines: Tcool=1 keV	


Dashed: Tcool=0.7 keV	



!
Red: Ycool=0.1 Yhot	


Black: Ycool=0.2 Yhot	


Blue: Ycool=0.3 Yhot	





TAKE HOME MESSAGES

• The gas density in cluster outskirts becomes nonuniform between r500 and 
r200. Not all clusters show the same clumping level; some may show none. 
No other non equilibrium effects required to explain gas entropy and pressure 
within r200, but these additional non equilibrium effects might set in beyond 
r200.	



• Perseus Key Project results show that the metallicity is constant at 0.3 solar 
both as a function of radius and azimuth out to the edge of the cluster.  Early 
enrichment or more efficient mixing than previously thought? Lower-mass 
clusters tend to have lower metallicity in the outskirts (or is this a multi-phase 
bias?)


