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THE METALLICITY OF THE INTRA-CLUSTER MEDIUM AS A TOOL 
FOR UNDERSTANDING ITS SMALL-SCALE PHYSICS AND THE 

STAR FORMATION HISTORY OF THE UNIVERSE



How many metals are there in the ICM?	


!

How many type Ia and how many core-collapse supernovae are 
needed to supply these metals?	



!
When did these supernovae explode?	



!
How and when did the metals then get out of their host galaxies?	



!
Ultimately, what physical processes govern the removal and mixing of 

the metals (galactic winds from SN/AGN, stripping, turbulence).
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Fig. 3 Left panel: Spectrum of the Perseus cluster obtained by Ariel 5. The first cluster spectrum with ob-
served Fe-K line emission (hump at ∼7 keV). From Mitchell et al. (1976). Right panel: Line emission ob-
served in M 87 with the Einstein satellite. From Sarazin (1988), based on the work published by Lea et al.
(1982).

(Serlemitsos et al. 1977) confirmed that the X-ray emission of galaxy clusters is predomi-
nantly thermal radiation from hot intra-cluster gas rather than inverse Compton radiation.
These observations showed that the hot plasma in clusters of galaxies contains a signifi-
cant portion of processed gas, which was ejected from stars in the cluster galaxies. Sub-
sequent spectroscopic analysis of cluster samples observed with OSO-8 and HEAO-1A2
satellites revealed that the ICM has an Fe abundance of about one-third to one-half of the
Solar value (Mushotzky et al. 1978; Mushotzky 1984). Combining spectra obtained by Ein-
stein and Ginga, White et al. (1994) found an indication of a centrally enhanced metallicity
in four cooling flow clusters. Unfortunately, the spectrometers on the Einstein observatory
were not sensitive to the Fe-K line emission, because the mirror on the satellite was not sen-
sitive to photon energies above ∼4 keV. However, the Solid-State Spectrometer (SSS) and
the high-resolution Focal Plane Crystal Spectrometer (FPCS) on Einstein (Giacconi et al.
1979) allowed to detect emission lines at low energies. Using the SSS the K lines from Mg,
Si, and S and the L lines from Fe were detected in the spectrum of M 87 (see the right panel
of Fig. 3), Perseus, A 496, and A 576 (Lea et al. 1982; Mushotzky et al. 1981; Nulsen et al.
1982; Mushotzky 1984). Using the FPCS spectra of M 87 the O VIII Kα line was detected
(Canizares et al. 1979), implying an O/Fe ratio of 3–5, and the relative strength of various
Fe-L line blends showed that the gas cannot be at a single temperature.

However, until the launch of ASCA in 1993, Fe was the only element for which the
abundance was accurately measured in a large number of clusters. ASCA allowed to detect
the emission features from O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni in the spectra of a number of
clusters. Furthermore, it allowed to accurately determine the Fe abundances out to redshift
z ≈ 0.5. ASCA data revealed a lack of evolution in the Fe abundance out to redshift z ∼

IT HAS LONG BEEN KNOWN THAT THE ICM IS METAL RICH

from Werner et al. 2008



SNcc products (mainly lighter elements like O,Ne,Mg,Si,S) uniformly distributed; 	


the central galaxy adds mainly Fe from SNIa at late times.
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FIG. 4.ÈMean metallicity proÐles for the CF ( Ðlled circles) and
non-CF clusters (open circles), plotted against radii in units of r180.

developed in the core of the infalling subgroups (Fabian &
Daines 1991). Since the merger in A2256 is still in a rela-
tively early stage, the remixing of the gas of the two sub-
clusters is not complete, thereby generating an abundance
gradient in the direction opposite to the merging direction.

If each merger event redistributes efficiently the metals
within the ICM, then the metal excess we see in the core of
CF clusters should be directly related to the enrichment
processes that have occurred in the cluster core since the
last major merger. Thus, just as the global metallicity of
clusters is an indicator of the global star formation history
within the whole cluster, the abundance excess we see in the
core of CF clusters is an indicator of the star formation
history in the core of the cluster since the last major merger.

In light of the above statement, we have tried to test
whether the metal abundance excess we see is due to metals
expelled from early-type galaxies located in the core of the
cluster. More speciÐcally, we have computed the metal
abundance-excess proÐle expected when the metal excess
distribution traces the light distribution of early-type gal-
axies. It can be readily shown that the projected abundance
excess measured within a bin with boundingZproj(bmin, bmax)radii and is related to the deprojected metalbmin bmaxabundance-excess distribution Z(r) by the following equa-
tion :

Zproj(bmin, bmax) \ /
bmin
bmax b db/

b2
= M[n2(r)Z(r)]/Jr2 [ b2Ndr2

/
bmin
bmax b db/

b2
= M[n2(r)]/Jr2 [ b2Ndr2

.

(1)

The abundance excess is proportional to the ratio of the
metal density excess, in our case iron, Fe(r), to the gas
density n(r) ; i.e., Z(r) P Fe(r)/n(r). If we assume that the iron
excess distribution follows the distribution of light from
early-type galaxies, l(r), we have Z(r) P l(r)/n(r).

We have computed for the four cooling Ñow objectsZprojwhere the metal abundance proÐle is best measured and
optical data is available, namely, A85, A496, A2029, and
Perseus (see Fig. 5). X-ray and optical light density proÐles,
n(r) and l(r), respectively, have been derived by deprojecting
X-ray and optical surface brightness proÐles taken from the

FIG. 5.ÈPredicted (dashed lines) vs. measured ( Ðlled circles) metallicity
excess proÐles as a function of radius for the cooling Ñow clusters A496,
A2029, A85, and Perseus.

literature. Note that we employ the total optical light
proÐle, including both the light proÐle of the cD and that of
other early-type galaxies in the core of the cluster.

All X-ray proÐles are from Mohr, Mathieson, & Evrard
(1999), while the optical data comes from a number of
works (A85 : Porter, Schneider, & Hoessel 1991 ; Slezak et
al. 1998 ; A496 : Schombert 1986 ; Slezak et al. 1999 ; A2029 :
Uson, Boughn, & Kuhn 1991 ; Perseus : Schombert 1986 ;
Brunzendorf & Meusinger 1999). Since our innermost
radial bins oversample the core of the MECS PSF by a
factor of 2 only, equation (1) needs to be corrected for the
smoothing e†ects of the PSF. This is achieved by substitut-
ing the innermost integrals of the numerator and denomina-
tor with their convolutions with the MECS PSF.

In all cases the predicted abundance-excess proÐles show
a central peak that is due to the cD galaxy. Indeed, if we
subtract the cD light proÐle from the total light proÐle, the
derived metal abundance-excess proÐle becomes Ñat or
even increases with radius.

For A496 and A2029, the predicted projected metal
abundance excess can be reconciled with the observed one ;
this is not the case for A85 and Perseus. For the latter two
clusters, the predicted projected metal abundance excess
appears to be more centrally concentrated than the
observed one. In the case of A85 the di†erence is not highly
signiÐcant, while for Perseus, the two proÐles are clearly

deGrandi&Molendi 2001 (BeppoSAX)
FIG. 6.È[Si/Fe] vs. radius. Gray lines represent groups, and black lines represent clusters. The statistical uncertainty in the data increases with radius

from about 0.05 in the central regions to about 0.2 at 1 Mpc in terms of [Si/Fe] at the 90% conÐdence level. A2670 has a large uncertainty in [Si/Fe] and is
omitted from the plot.

FIG. 7.È[Ne/Fe] (left) and [Si/Fe] (right) vs. [Fe/H] in clusters ( Ðlled circles) and groups (open circles). The thick gray line in the right panel shows the
observed abundance pattern in Galactic stars, and the thick gray line in the left panel shows the corresponding theoretical prediction for Ne (Timmes et al.
1995). The thickness of the lines reÑects the intrinsic scatter. Abundance units correspond to ““ meteoritic ÏÏ values from Anders & Grevesse (1989), and
brackets indicate logarithmic values. Error bars are shown at the 68% conÐdence level. The dotted lines show our adopted SN Ia yield ratios and the dashed
lines our adopted SN II yield ratios. The plots contain several points per system at di†erent radii.

Finoguenov et al. 2000 (ASCA)

DIFFERENCES IN METAL ABUNDANCE AND CHEMICAL 
COMPOSITION SUGGESTED BY EARLY STUDIES



1844 P. Rebusco et al.

(a) NGC 5044 (b) NGC 1550 (c) M87

(d) AWM4 (e) Centaurus (f) AWM7

(g) A1795 (h) Perseus

Figure 1. Comparison of the observed and the expected iron abundance profiles for each source: the set of enrichment parameters used are listed in Table 4.

The solid line shows the abundance profile adopted in this paper, from which a constant value of ab is subtracted. We assume that this central abundance excess

is mainly due to the metal ejection of the central galaxy. For comparison, we show the expected iron abundance (short dashed line) due to the ejection of

metals from the galaxy. The expected profile was calculated assuming that the ejected metal distribution follows the optical light. In all the objects, the expected

abundance profile is much more peaked than the observed profile (due to the contribution of the central galaxy) suggesting that some mechanism is needed to

spread the metals. The dotted line shows the profile derived with the same parameters of iron injection, but with the additional effect of diffusion. The long

dashed line corresponds to the maximum abundance (it can be obtained from equation 4), beyond which our approximation of neglecting the gas injection is

not valid anymore.

which the cooling time is comparable with the Hubble time). We

then used D from Table 3 and set !diss = n2"(T), evaluated at r0.

This approach of choosing r0 = rcool/2 implies that the cooling

rates used will not be drastically different from source to source

(as it would happen if for instance one uses a fixed value of r0 for

all the objects in the sample). The resulting constraints are shown

in Fig. 2. The thick dot–dashed line shows the combinations of v

and l which give the same diffusion coefficient, while the thin dot–

dashed lines show the effect of varying C1 by factor of 1/3 and 3. The

effect of varying C2 by factor of 1/3 and 3 was estimated in Rebusco

et al. (2005). Along the dotted line, the dissipation rate is equal to the

cooling rate at r0 = rcool/2; the dot–short dashed line is for r0 = rcool

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 372, 1840–1850

STELLAR LIGHT PROFILES MUCH MORE PEAKED THAN FE DISTRIBUTION

Rebusco et al. 2006

Missing physics ingredient 
#1: 	



the AGN in the central 
galaxy is spreading out the 

metals?	


Metal distribution allows to 

infer the diffusion 
coefficient!
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Fig. 10. Fe map determined from the wdem model. Beyond the expected
radial gradient, one clearly sees the enhancement in Fe abundance in the
arms, especially within the E radio lobe. The half-light radius of M 87
is marked with a black circle, the 90 cm radio contours are over-plotted
in white.

Because of the good statistics around the Fe-L line complex,
the Fe abundance is usually determined with the lowest statis-
tical errors. We present a map of the Fe abundance determined
from the wdem model in Fig. 10. As expected from previous
work (e.g. Matsushita et al. 2003), a radial gradient is apparent.
Beyond this radial trend however, deviations associated with the
inner radio lobes can be seen as clear evidence of the influence
of the AGN on the spatial distribution and transport of metals.
The best region to illustrate this is the eastern lobe, which from
the “mushroom-cloud” shape in the radio image appears as a
more undisturbed system than the SW lobe. Here, one clearly
sees a stem-shaped enhancement in the Fe abundance which co-
incides very well with the rising plasma bubble. The SW lobe
also presents a higher metallicity with respect to the average ra-
dial profile, but this enhancement seems a bit less concentrated
than in the E lobe and is more difficult to see from the map in
Fig. 10. A more detailed quantitative analysis will be presented
in Sect. 6.1.

Since the Fe-L complex is very sensitive to the temperature
of the gas, one might question if and how the determined Fe
abundance systematically depends on the model involved. To an-
swer this, we plot in Fig. 11 the Fe abundance determined from
the 2T and the wdem models. Reassuringly, the correlation be-
tween the two sets of fit values is very tight, which allows us to
be confident in the measured abundance trends.

5.2. Metal abundance patterns of different elements
in and outside the multi-temperature regions

The spatial distributions of other elements, especially S and Si
which have the next best determined abundances, are very simi-
lar to that of Fe. Thus, we chose not to include 2D maps for these

Fig. 11. Fe abundance determination with two different multi-
temperature models. The red line represents the function
Fe(wdem)= Fe(2T). It is easily seen that the abundance determi-
nations from the two models agree very well, with a very low scatter.
For clarity, only the points are plotted where the emission measure of
the cool component in the 2T fit and the fraction of cool gas in the
wdem fit were more than 3σ significant. We note, however, that the
correlation is equally strong also for all the other points in the maps.

elements but rather to plot their abundance trends relative to Fe.
We find that, while the overall abundance in the arms is higher,
the Fe, Si, S and O abundances correlate well both inside and
outside the radio lobe regions. The scatter in the O/Fe relation is
larger than for Si/Fe and the O/Fe slope is much shallower, but
we do see a small increase in the O abundance for higher Fe val-
ues. Therefore the cool gas must be enriched also with oxygen,
for example through stellar mass loss in the galaxy. Figure 12
shows a plot of the Si and O abundances against Fe, both for the
bins where the cool gas fraction was significant (marked with
special symbols) and for the rest of the bins in the fit. Since the
Si and S abundances are very similar, we do not add the S/Fe
data points to the plot for legibility. Both for Si/Fe and O/Fe we
see that the trend in the multi-temperature regions coincides well
with the trend outside the influence of gas-uplift by the radio
lobes (note that Gastaldello & Molendi 2002 also find a constant
ratio of O/Fe with radius in the inner 9′ of M 87). To quantify
this, we fitted a line to the O vs. Fe, Si vs. Fe and S vs. Fe data
points in and outside the arm regions. The best fit slopes are
given in Table 1. These slopes are expected to become different
at low values of the Fe abundance, where the contribution by
SNeIa goes to zero and the O/Fe and Si/Fe ratios are determined
by the pre-enrichment patterns of SNeII (for detailed discussion
of this see, e.g., Matsushita et al. 2003). With the bins included
in our plot in Fig. 12 however, we do not seem to reach down to
low enough Fe abundances to see this effect significantly.

As seen in Table 1, there are indications that Fe is slightly
more abundant in the multi-temperature regions (O/Fe, Si/Fe
and S/Fe are all smaller than in the single-temperature regions),
which would imply a more important relative contribution from
SNeIa, but none of these differences is more than 2σ significant.

Higher Fe abundance along the directions corresponding to radio lobes: 	


the AGN is spreading out the metals!  

M87 Fe map (Simionescu et al. 2008)

OBSERVATIONS OF METAL TRANSPORT BY AGN



METAL ABUNDANCE RATIOS IN CLUSTER 
CORES - MORE RECENT MEASUREMENTS WITH 

XMM-NEWTON AND SUZAKU

A. Simionescu et al.: Chemical enrichment in the cluster of galaxies Hydra A 419

Fig. 10. Top panel: the radial distribution of the Si/Fe ratio. Middle
panel: the radial distribution of the S/Fe ratio. Bottom panel: the radial
distribution of the O/Fe ratio.

a peak in O. Sources of chemical enrichment in the ICM are
SN Ia, SNCC, and stellar winds. Slight increases in the relative
abundances of O and Mg towards the center have been reported
by Böhringer et al. (2005), who associate the presence of these
peaks with stellar mass loss in the central galaxy. After a short
incursion into what the observed abundance patterns can or can-
not convey about supernova yield models, we will test this sce-
nario for the case of Hydra A by evaluating the contributions
from each source of chemical enrichment.

4.3. ICM abundance patterns and supernova yield models

We plot in Fig. 11 the [Fe/Si]≡ log10(Fe/Si) against the
[Fe/O] ratios for all data points available and over-plot the ex-
pected trends obtained by mixing an increasing amount of SN Ia

products into a gas whose initial composition is according to
SNCC model yields. We use a variety of available SN Ia models
(from Iwamoto et al. 1999) and SNCC models (Tsujimoto et al.
1995; Nomoto et al. 2006; Kobayashi et al. 2006).

The amount of [Fe/Si] produced by different SN Ia models
decreases from WDD3 to W7, WDD2 and WDD1. This is shown
by the four curves in the left panel of Fig. 11, which all assume
the same SNCC initial mass function (IMF) weighted average
(between 0.07 and 50 M⊙) yields from Kobayashi et al. (2006)
with an initial metallicity of the SNCC progenitor of Z = 0.004
(0.2 solar). In the right panel of the same figure, we also show the
influence on the expected [Fe/Si] vs. [Fe/O] curve if we assume
different initial metallicities of the SNCC progenitor but the same
SN Ia model (in this case we chose to show this comparison
for W7, which is most commonly used in galactic chemical evo-
lution models). The two dashed line curves use the yields from
Kobayashi et al. (2006) with Z = 0 (bottom) and Z = 0.02 (top).
Using the IMF weighted (10–50 M⊙) SNCC yields of Tsujimoto
et al. (1995) and Nomoto et al. (2006) (for IMF-weighted values
between 10 and 50 M⊙, see Werner et al. 2008) would shift the
model curves toward higher [Fe/Si].

We find a large diversity in the collected data, which do not
strongly favor any particular SN Ia model. Because the O/Fe ra-
dial trends are weak, as discussed above, there is no clear ten-
dency for data points from larger radii to move along the plot-
ted curves towards lower fractional contributions from SN Ia.
Rather, most data points are clustered at around 80% of Fe com-
ing from SN Ia, which translates to a contribution of 30–40% of
SN Ia by number.

Two interesting extreme examples are Hydra A, whose very
low Si abundance places it at the uppermost limit of [Fe/Si]
which can be reached by any combination of SN Ia and SNCC
models considered, and M 87 at the opposite end. The high
Si abundance in M 87 places it at the lower limit of Fe/Si that
can be reproduced by currently available supernova models, and
the data points here favor the WDD1 scenario. Most of the ob-
served values for other clusters fall between the WDD1 and
WDD2 model curves. An exciting puzzle is that, as Fig. 11
shows, a higher initial metallicity of the SNCC progenitor tends
to shift the expected curve upwards to higher [Fe/Si]. Higher
initial Z results in a higher [Ne/Fe] abundance ratio (Nomoto
et al. 2006; Kobayashi et al. 2006). The RGS observations how-
ever show exactly the opposite trend: M 87 which has the lowest
[Fe/Si] has the largest [Ne/Fe] (1.40 ± 0.11 using a 2T model,
Werner et al. 2006a) while Hydra A with the highest [Fe/Si] has
the lowest [Ne/Fe] (0.73 ± 0.18 using a 2T model, this work).

Since supernovae are the most important sources of heavy
elements, it should be possible to reconstruct the composition
of any ICM by an appropriate fraction of SN Ia to SNCC con-
tributions. Understanding if the scatter of the data points in the
[Fe/Si] vs. [Fe/O] plot has a physical meaning or is simply due
to spectral fitting issues remains a challenge for future obser-
vational work, while trying to reproduce the diversity of abun-
dance patterns we see can become a further input for supernova
modeling.

4.4. The origin of the metal abundance peaks in Hydra A

In Sect. 3.2, we pointed out that the abundances of Fe, O, Si
and S are larger in the core than in the cluster outskirts. We in-
vestigate here how these metal peaks can be produced. For this,
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Fig. 10. Top panel: the radial distribution of the Si/Fe ratio. Middle
panel: the radial distribution of the S/Fe ratio. Bottom panel: the radial
distribution of the O/Fe ratio.

a peak in O. Sources of chemical enrichment in the ICM are
SN Ia, SNCC, and stellar winds. Slight increases in the relative
abundances of O and Mg towards the center have been reported
by Böhringer et al. (2005), who associate the presence of these
peaks with stellar mass loss in the central galaxy. After a short
incursion into what the observed abundance patterns can or can-
not convey about supernova yield models, we will test this sce-
nario for the case of Hydra A by evaluating the contributions
from each source of chemical enrichment.

4.3. ICM abundance patterns and supernova yield models

We plot in Fig. 11 the [Fe/Si]≡ log10(Fe/Si) against the
[Fe/O] ratios for all data points available and over-plot the ex-
pected trends obtained by mixing an increasing amount of SN Ia

products into a gas whose initial composition is according to
SNCC model yields. We use a variety of available SN Ia models
(from Iwamoto et al. 1999) and SNCC models (Tsujimoto et al.
1995; Nomoto et al. 2006; Kobayashi et al. 2006).

The amount of [Fe/Si] produced by different SN Ia models
decreases from WDD3 to W7, WDD2 and WDD1. This is shown
by the four curves in the left panel of Fig. 11, which all assume
the same SNCC initial mass function (IMF) weighted average
(between 0.07 and 50 M⊙) yields from Kobayashi et al. (2006)
with an initial metallicity of the SNCC progenitor of Z = 0.004
(0.2 solar). In the right panel of the same figure, we also show the
influence on the expected [Fe/Si] vs. [Fe/O] curve if we assume
different initial metallicities of the SNCC progenitor but the same
SN Ia model (in this case we chose to show this comparison
for W7, which is most commonly used in galactic chemical evo-
lution models). The two dashed line curves use the yields from
Kobayashi et al. (2006) with Z = 0 (bottom) and Z = 0.02 (top).
Using the IMF weighted (10–50 M⊙) SNCC yields of Tsujimoto
et al. (1995) and Nomoto et al. (2006) (for IMF-weighted values
between 10 and 50 M⊙, see Werner et al. 2008) would shift the
model curves toward higher [Fe/Si].

We find a large diversity in the collected data, which do not
strongly favor any particular SN Ia model. Because the O/Fe ra-
dial trends are weak, as discussed above, there is no clear ten-
dency for data points from larger radii to move along the plot-
ted curves towards lower fractional contributions from SN Ia.
Rather, most data points are clustered at around 80% of Fe com-
ing from SN Ia, which translates to a contribution of 30–40% of
SN Ia by number.

Two interesting extreme examples are Hydra A, whose very
low Si abundance places it at the uppermost limit of [Fe/Si]
which can be reached by any combination of SN Ia and SNCC
models considered, and M 87 at the opposite end. The high
Si abundance in M 87 places it at the lower limit of Fe/Si that
can be reproduced by currently available supernova models, and
the data points here favor the WDD1 scenario. Most of the ob-
served values for other clusters fall between the WDD1 and
WDD2 model curves. An exciting puzzle is that, as Fig. 11
shows, a higher initial metallicity of the SNCC progenitor tends
to shift the expected curve upwards to higher [Fe/Si]. Higher
initial Z results in a higher [Ne/Fe] abundance ratio (Nomoto
et al. 2006; Kobayashi et al. 2006). The RGS observations how-
ever show exactly the opposite trend: M 87 which has the lowest
[Fe/Si] has the largest [Ne/Fe] (1.40 ± 0.11 using a 2T model,
Werner et al. 2006a) while Hydra A with the highest [Fe/Si] has
the lowest [Ne/Fe] (0.73 ± 0.18 using a 2T model, this work).

Since supernovae are the most important sources of heavy
elements, it should be possible to reconstruct the composition
of any ICM by an appropriate fraction of SN Ia to SNCC con-
tributions. Understanding if the scatter of the data points in the
[Fe/Si] vs. [Fe/O] plot has a physical meaning or is simply due
to spectral fitting issues remains a challenge for future obser-
vational work, while trying to reproduce the diversity of abun-
dance patterns we see can become a further input for supernova
modeling.

4.4. The origin of the metal abundance peaks in Hydra A

In Sect. 3.2, we pointed out that the abundances of Fe, O, Si
and S are larger in the core than in the cluster outskirts. We in-
vestigate here how these metal peaks can be produced. For this,
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Si/Fe profiles constant with radius; very marginal evidence for increasing O/Fe with 
radius. Chemical composition (ratio of SNIa to SNcc that contributed to enrichment) 

seems constant.

FIG. 6.È[Si/Fe] vs. radius. Gray lines represent groups, and black lines represent clusters. The statistical uncertainty in the data increases with radius
from about 0.05 in the central regions to about 0.2 at 1 Mpc in terms of [Si/Fe] at the 90% conÐdence level. A2670 has a large uncertainty in [Si/Fe] and is
omitted from the plot.

FIG. 7.È[Ne/Fe] (left) and [Si/Fe] (right) vs. [Fe/H] in clusters ( Ðlled circles) and groups (open circles). The thick gray line in the right panel shows the
observed abundance pattern in Galactic stars, and the thick gray line in the left panel shows the corresponding theoretical prediction for Ne (Timmes et al.
1995). The thickness of the lines reÑects the intrinsic scatter. Abundance units correspond to ““ meteoritic ÏÏ values from Anders & Grevesse (1989), and
brackets indicate logarithmic values. Error bars are shown at the 68% conÐdence level. The dotted lines show our adopted SN Ia yield ratios and the dashed
lines our adopted SN II yield ratios. The plots contain several points per system at di†erent radii.



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

Abundances difficult to measure; usually solar ratios assumed between different 
elements by necessity 



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. It 
should be hard to mix metals radially 
once the steep entropy gradient is in 
place.	



The uniform iron distribution suggests 
that, instead, galactic winds at z~2 
were mainly responsible for getting the 
metals out of the galaxies and into the 
IGM/ICM — most metals must have 
been produced more than 10 Gyr ago!

Missing physics ingredient #2: 	


HOW RELIABLE ARE THESE PREDICTIONS 

FROM A DECADE AGO? CAN THE MIXING 
OF RAM-PRESSURE STRIPPED METALS BE 

MUCH MORE EFFICIENT THAN SUGGESTED 
IN THIS PLOT?



0 0.0005 0.0015 0.0035 0.0074 0.015 0.031 0.062 0.13 0.25 0.5

THE VIRGO CLUSTER KEY PROJECT

60 Suzaku pointings 	



4 different directions	



over 1Ms total 
exposure	



AO 7-8

WHAT ABOUT METALS IN COOLER 	


(MORE LINE RICH!) SYSTEMS?



VIRGO CLUSTER KP: FIRST DETECTION OF SNCC METALS 	


BEYOND 1/2 R200 

Black: vapec 1T	


Blue: vapec 2T (kTcool=0.6 

keV)	


Green: spex 2T	



Red: archival Suzaku 
(Simionescu et al. 2010)



VIRGO CLUSTER KP: MG/FE, SI/FE, S/FE PROFILES 

Nearly constant Mg/Fe, Si/Fe and S/Fe as a function of radius and azimuth: 
composition of the ICM is uniform from the cluster centres all the way to the virial 

radius. Metals must have been thoroughly mixed. Cluster outskirts chemical 
composition not dominated by SNcc products as previously believed.



Sasaki+2014

The Astrophysical Journal, 781:36 (23pp), 2014 January 20 Sasaki, Matsushita, & Sato

0 0.2 0.4 0.6
0

1

2

3

4

O
/F

e 
[s

ol
ar

 ra
tio

]

r/r180

(a)O/Fe

1T
2T
MKW4
HCG62
NGC1550
NGC5044

0 0.2 0.4 0.6
0

0.5

1

1.5

2

M
g/

Fe
 [s

ol
ar

 ra
tio

]

r/r180

(b)Mg/Fe

1T
2T

MKW4
HCG62
NGC1550
NGC5044

0 0.2 0.4 0.6
0

0.5

1

1.5

Si
/F

e 
[s

ol
ar

 ra
tio

]

r/r180

(c)Si/Fe

1T
2T

MKW4
HCG62
NGC1550
NGC5044

0 0.2 0.4 0.6
0

1

2

3

Si
/F

e 
[s

ol
ar

 ra
tio

]

r/r180

(d)S/Fe

1T
2T

MKW4
HCG62
NGC1550
NGC5044

Figure 7. Radial profiles of (a) O/Fe, (b) Mg/Fe, (c) Si/Fe, and (d) S/Fe derived from the spectral fits with the 1T and 2T models with the ATOMDB version 2.0.1.
The colors and marks are the same as in Figure 3.
(A color version of this figure is available in the online journal.)

cooler component from the 2T model fits with version 2.0.1
were systematically higher than those with version 1.3.1 by
∼0.1 keV. On the other hand, as for the hotter component of the
2T model fits, the spectral fits with either version gave similar
temperatures.

Radial profiles of the normalizations divided by the area
from which each spectrum was extracted with the 1T and 2T
models were also compared with both the ATOMDB versions
(Figures 26(d)–(f)). As in the temperatures, the resultant nor-
malizations for the 1T model fits and the cooler component for
the 2T model fits with version 2.0.1 were systematically smaller
than those with version 1.3.1. On the other hand, as for the
normalizations of the hotter component with the 2T model, the
spectral fits with either version also gave similar values.

Figure 8 shows the difference in the derived Fe abundances
with the 1T or 2T model between the ATOMDB versions 1.3.1
and 2.0.1. The spectral fits with versions 2.0.1 gave significantly
smaller Fe abundances than those with version 1.3.1, particularly
within 0.05 r180.

We also compared the abundance ratios of O, Mg, Si, and S
to Fe for the 1T and 2T model fits with versions 1.3.1 and 2.0.1,
in units of solar ratios (Figures 27 and 28). The spectral fits with
either version gave similar Si/Fe and S/Fe ratios. On the other
hand, the spectral fits with version 2.0.1 gave higher Mg/Fe
ratios than those with version 1.3.1 by 20%. This is because
the Mg lines suffer from the Fe-L lines overlapping, and the
differences between the ATOMDB versions would cause such
systematic differences in the Mg/Fe ratios. The O/Fe ratios with

version 2.0.1 had fairly higher values than those with version
1.3.1.

4.3. Comparisons of the Results with Previous Results

The temperature and abundance profiles of the central regions
of our samples, HCG 62, the NGC 1550 group, and the
NGC 5044 group, were already reported using XMM-Newton,
Chandra, and Suzaku data. Therefore, in this section, our results
using the ATOMDB version 1.3.1 were compared with these
previous results, because the previous results were derived with
the ATOMDB version 1.3.1 or earlier versions. Here, the effects
of differences in adopted solar-abundance tables were corrected
to Lodders (2003). Temperatures and abundances in this work
with the ATOMDB version 1.3.1 agreed well with the previous
Suzaku results for the NGC 1550 group out to 0.5 r180 (Sato
et al. 2010), HCG 62 out to 0.2 r180 (Tokoi et al. 2008), and the
NGC 5044 group out to 0.3 r180 (Komiyama et al. 2009).

For the NGC 1550 group, temperatures and abundances
with the 1T and 2T model in this work agreed well with the
XMM-Newton/Chandra results (Sun et al. 2003; Kawaharada
et al. 2009) for the whole region observed with XMM-Newton
(out to 14′).

In the third bin from the center of HCG 62, temperatures
and abundances with the 1T and 2T model in this work were
consistent with the Chandra and XMM-Newton results (Morita
et al. 2006) derived from the vMEKAL model (Mewe et al. 1985,
1986; Liedahl et al. 1995; Kaastra 1992) fits of the deprojected
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Nearly constant chemical composition 	


of the ICM in galaxy groups.



Summary
The ICM is metal-rich, from the cluster centres all the way to the virial radius.	



!
The chemical composition of the ICM stays roughly constant throughout the 
entire cluster volume. The metals are (surprisingly?) well mixed! Lots of Fe 

must have been produced at the same time as Mg,Si,S (early!).	


!

AGN (and SN winds) likely helped to get the metals out of the galaxies at 
early times; at present the AGN are stirring and spreading the metals 

produced by the BCG in the cluster cores.

Open issues

Do we understand why the mixing of metals is so thorough? Is it because they 
were produced early on and expelled from their host galaxies by powerful galactic 

winds? Or can strong turbulence in the ICM explain this? 	


!

Do we understand how galactic winds are driven and how the AGN help distribute 
the metals both at high redshift and today? What can we learn about the underlying 

ICM physics by looking at the mechanics of metal redistribution by AGN?



What will Astro-H bring?

08 May, 2015

ASTRO-H
ISAS/JAXA



Figure 6: Simulated spectra of the core of the Perseus Cluster for a 100 ks Astro-H observation with the central
1 × 1 arcmin region, where the contribution of the central AGN is dominating the signal, excluded. Notice, that
using a 100 ks Astro-H observation, we will be able to use the suppression of the Fe-Kα line to measure even
relatively high turbulent velocities of M = 0.5, corresponding to σv = 330 km s−1.

methods.

Resonance scattering
In rich, massive, X-ray bright galaxy clusters resonance scattering is expected to be par-

ticularly important for the He-like Fe Kα line at 6.7 keV. In the past, its effects were studied
by comparing the flux from this line with the flux of the nearby He-like iron Kβ line at 7.9
keV (Churazov et al., 2004). With the spectral resolution of CCD type detectors, however, the
7.9-keV Fe line is blended with the He-like Ni Kα line, which made the interpretation of results
difficult and ambiguous.

The much improved spectral resolution of the Astro-H SXS (30 times better than the energy
resolution of the current X-ray CCDs around the 6.7 keV line), and new modeling and data
analysis techniques that look for resonance scattering in all resonant lines simultaneously (e.g.
Zhuravleva et al., 2013), will allow us to use resonance scattering in the Perseus Cluster to
obtain meaningful constraints on micro-turbulence.

Fig. 6 shows the expected effects of resonance scattering on the 6.7 keV He-like Fe Kα
line in the ICM assuming isotropic micro-turbulence with a characteristic velocity of half of
the sound speed (M = 0.5, corresponding to σv = 330 km s−1), for the central Astro-H point-
ing. The effects of resonance scattering were calculated assuming a cluster atmosphere model
(3D distributions of density, temperature, and metallicity) derived from spherically symmetric
models fitted to XMM-Newton and Chandra data (Zhuravleva et al. 2013).

2.3.2 The temperature structure of the ICM

Ion kinetic temperature
Current X-ray detectors only allow us to measure the temperature of the electrons in the
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Figure 9: (left) The simulated SXS spectrum for the central 3’x3’ of M 87 around the Kα lines He-like Fe lines
with a 100 ks exposure. (right) The same as the left panel but for the central 1.5’x1.5’ of M 87 around the Fe L
lines. The Fe L lines with optical depth ∼ 1 are labeled. The red and blue lines show the contributions of the two
temperature components.

of the 6.7 and 7.8 keV lines in the cool core of the Perseus cluster is consistent with no resonant
line scattering. However, with CCD detectors, the Kα lines of He-like Ni and Kβ lines of He-
like Fe are blended into a single bump at 7.8 keV, and thus the inferred level of the resonant
scattering in the 6.7 keV line couples with the Ni/Fe ratio. The improved spectral resolution of
the Astro-H SXS will allow us to refine such measurements of the resonant line scattering.

Unfortunately, because of the low average temperature of the ICM in M87, the number of
photons in the Kβ line of He-like Fe at 7.89 keV over the central SXS field of view is expected
to be only 60 counts with a 100 ks exposure, therefore we must use either a significantly longer
observation, or use other pairs of lines in order to measure the effects of resonant scattering.
One possibility is to compare the line strengths of the resonance line (w) at 6.7 keV to other
lines within the 6.7 keV line blend. With a 100 ks exposure, the expected total counts in the
6.7 keV line blend and the resonance line at the center of M 87 with SXS are about 1700 and
460 counts, respectively, which provides sufficient statistics for constraining the optical depth
of the resonance line. However, the flux ratios of lines in the blend depend also on the ICM
temperature, and there may be systematic uncertainties due to the atomic data. The temperature
structure in the ICM can be constrained accurately, using the bremsstrahlung continuum as well
as other line ratios (Si, S, Ar and Ca). To constrain the systematic uncertainties in the plasma
codes, we can use the spatial variation of the contribution of the resonance line to the other
lines in the 6.7 keV line blend. In the cluster core, the optical depth of the resonance line is
expected to be the highest, while this line should be practically optically thin at larger radii. In
the central 1.5’x1.5’ region, we can use 40% of the total counts for the central 3’x3’ region,
which will allow us to test for this spatial trend.

Moreover, the expected optical depths of two Fe-L lines (Fe XXIII at 1.129 keV and Fe
XXIV at 1.168 keV) are about unity (Churazov et al., 2010). As shown in the right panel in
Figure 9, these two lines mostly come from the 1 keV component. Therefore, we can use
these two lines to constrain the turbulent motions of the cool 1 keV component in the cluster
core. Because the lines from this cool component are seen at low energies, where the spectral
resolution ∆E/E is not as high as at 6.7 keV, resonant line scattering may offer the only viable
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Perseus Core (100 ks)
M87 Core (100 ks)

THE FE-K LINE COMPLEX WITH ASTRO-H

Estimate turbulence from both line broadening and resonant scattering (the 
latter less prone to projection of bulk flows along line of sight contributing to 

line broadening.) 

—> Study the turbulence due to AGN feedback that is presumably responsible for 
broadening the metal peak compared to the light distribution of the BCG

Kitayama et al. 2014



Future: summary

The improved spectral resolution of Astro-H will allow us to study the 
dynamics of the ICM from line shifts and widths, and measure the chemical 
abundance ratios with much better precision → study turbulence, viscosity, 

kinetic energy due to gas motions, and constrain SN yield models	


!

Lots of new input to constrain numerical models!	


!

This will be a crucial stepping stone for future satellites like DIOS, ATHENA


