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Abstract. The results from XMM-Newton observations of the relaxed cluster of galaxies Abell 496 are presented.
The spatially-resolved X-ray spectra taken by the European Photon Imaging Cameras show a temperature drop
and a Fe abundance increase in the intra-cluster medium (ICM) towards the cD galaxy at the cluster center. The
abundances of Si and S also show a central enhancement. High resolution soft X-ray spectra obtained with the
Reflection Grating Spectrometers provides a strong constraint on the temperature structure in the central cool
plasma. Furthermore, the O abundance at the cluster core is accurately measured based on the O viii Lyα line
detected with the RGS. Contrary to the Si, S, and Fe abundances, the O abundance is radially constant over the
cluster.
Key words. galaxies: clusters: individual: Abell 496 – galaxies: clusters: general – galaxies: abundances –
X-rays: galaxies: clusters

1. Introduction
Clusters of galaxies are filled with an X-ray emitting ICM.
Measurements of X-ray lines from ionized heavy elements
such as Fe have indicated that the ICM contains a large
amount of metals. These metals have been supposedly
produced by supernovae (SNe) in member galaxies and
ejected into the intergalactic space. Therefore, the distribution of heavy elements in the ICM is essential for
understanding the evolution of clusters. Following early
measurements, ASCA and BeppoSAX observations have
revealed several important properties of the ICM metallicity. These include Fe abundance increases around cD
galaxies (e.g. Fukazawa 1998a; De Grandi & Molendi
2001) and variations in Si/Fe ratio within a cluster (e.g.
Finoguenov et al. 2000) and among clusters (e.g. Fukazawa
et al. 1998b). The variations in Si/Fe suggest that the metals in the ICM have been produced by at least two different
origins, presumely in SN Ia and in SN II.
To further understand the metal enrichment in the
ICM, accurate measurements of the distribution of heavy
elements are required. In particular, the O abundance (or
O/Fe ratio) is important and more sensitive to its origin
since O is expected to be produced mostly by SNe II.
Nevertheless, accurate abundances of O have not been
Send offprint requests to: T. Tamura,
e-mail: T.Tamura@sron.nl

measured, except for a few cases (e.g. Matsumoto et al.
1996), due to limited sensitivities of pre-XMM-Newton instruments for the O viii lines.
Here we report the first results from the XMM-Newton
(Jansen et al. 2001) observations of A 496. This cluster,
at a redshift of 0.033, was studied in detail with previous
X-ray instruments, including Einstein (e.g. Nulsen et al.
1982), ASCA (e.g. Markevitch et al. 1999; Dupke & White
2000, DW00 hereafter). These studies have shown that the
ICM has a temperature distribution of 2–5 keV without
any evidence for a major merger, indicating that this is
one of the brightest clusters suitable for measurements
of elemental abundances. Using spatially-resolved spectra,
we have measured elemental abundances including O and
their spatial distributions in the ICM within 6.0 4 in radius.
We found clear Fe-, Si-, and S- concentrations around the
cD galaxy and a change in O/Fe over the cluster.
Throughout this paper, we assume the Hubble constant to be H0 = 100 h km s−1 Mpc−1 and use the
90% confidence level unless stated otherwise. One arcminute corresponds to 28 h−1 kpc.

2. Observations
XMM-Newton observations of A 496 were performed
on 2000 March 13–15 and 2001 February 1. For the
EPIC analysis, we used the on-axis and ∼100 off-axis
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Fig. 1. X-ray contour image of A 496 taken with the XMMNewton MOS1 in the 0.9–1.2 keV band. A 100 × 100 optical
image obtained from the STScI Digitized Sky Survey provided
by Leicester Database and Archive Service is overlaid. The
X and Y axis are Right Ascension and Declination in J2000
coordinates, respectively. The X-ray image has been smoothed
with a Gaussian filter with σ = 12.00 8. No correction for the
vignetting or background was made on the X-ray image. The
contours are separated by factors of two.

observations. The three EPIC cameras (MOSs and PN;
Turner et al. 2001; Strüder et al. 2001) were operated in
the full window mode with the thin filter. After removing high background periods, we obtained useful exposure times of 10–15 ks and 34–35 ks for the on-axis and
off-axis pointings, respectively. For the RGS (den Herder
et al. 2001) analysis, we used the on-axis observation with
a useful exposure of 21 ks. The RGS dispersion axis is
oriented along an axis of about −100 degrees (North to
East).

3. The EPIC results
Figure 1 shows an X-ray surface brightness of A 496 in
the 0.9–1.2 keV band (around the Fe-L complex) with the
MOS1 image overlaid on the optical image. The X-ray
emission is thus distributed azimuthally symmetrically
centered on a cD galaxy, MCG-02-12-039.
For basic data processing, we used the Science Analysis
System (SAS). The data were corrected for telescope vignetting. For spectral fitting, we utilize the SPEX package
(Kaastra et al. 1996). We model the plasma emission using
the MEKAL emission code (Mewe et al. 1995). The solar
abundances are taken from Anders & Grevesse (1989).
The background was taken from Lockman-Hole observations and subtracted before the spectral fitting. The
background uncertainty could introduce systematic error
on the fitting results for the analysis of clusters with

XMM-Newton. The EPIC background is dominated by
the cosmic diffuse emission at low energies. This component varies significantly with the sky position. For example, Ishisaki (1996) found about 50% variation in the soft
X-ray flux of the cosmic background based on the ASCA
observations of several blank fields. At high energies, the
EPIC background is dominated by a particle-induced component. In order to estimate the variation in this component, we examined several blank-sky field observations of
the MOS and found the variation to be less than 20%.
Accordingly, we assigned 50% and 20% systematic errors
to the background below and above 1.2 keV, respectively.
In addition, 3% systematic errors to the source count are
introduced to represent uncertainties in both the plasma
model and instrumental response. We took both these systematic errors and the statistical errors into account when
assessing the best-fit parameters and their errors. To avoid
additional calibration uncertainties of the response and
background subtraction, we used only the 0.4–8.0 keV and
0.5–8.0 keV energy bands for MOS and PN, respectively.

3.1. Radial distribution of the ICM properties
We extracted the spectra in several annuli around the
emission center with outer radii ranging from 16 00 to 51200 .
We fitted the MOS1, MOS2, and PN spectra for on- and
off-axis exposures separately with a single temperature
plasma model modified by photoelectric absorption. Solar
abundance ratios for the heavy elements were assumed.
A single temperature model provided an adequate description of all the spectra. The absorption column densities, temperatures, and metallicities are shown in Fig. 2.
The metallicities were primarily determined by Fe-L and
Fe-K line emissions. The results from all instruments, for
both on-axis and off-axis pointings, are consistent with
each other within the errors.
In order to estimate the role of projection effects, we
next created deprojected spectra using Plummer’s method
(e.g. Kaastra 1989). Here we assumed spherical symmetry
of the emission distribution and no emission beyond the
field of view (∼150 ). These spectra were fitted to the same
single temperature model. Here and hereafter, we fitted
the combined MOS (MOS1+MOS2) and PN spectra simultaneously. All spectra can be described well by the
single temperature model; χ2 ranges from 586 to 451 for
ν = 531. In other words, the ICM can be well approximated by a single-phase spectral model for each radius.
As shown in Fig. 2, the best-fit parameters are reasonably
similar to those of the projected spectra obtained above,
with slight drops of temperatures in central annuli.
The obtained column densities are marginally consistent with the Galactic value of (4−6)×1020 cm−2 obtained
from the H i map (Dickey & Lockman 1990 using NASA’s
W3nH tool). There is no indication of excess absorption
towards the cluster center. Beyond a radius of 20 –30 from
the center, the temperature continuously decreases towards the center from 4–5 keV down to 2 keV, with a
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Fig. 3. Top panel: the EPIC PN (upper one) and MOS (lower)
spectra extracted from 000 –4800 in radius from the cluster center. The best-fit two temperature models with abundances of
Fig. 5 and the background spectra are shown with full-line and
dashed-line histograms, respectively. Middle and bottom panels: the fit residuals [(data–model)/model] of the PN and MOS
spectra, respectively.

Fig. 2. Radial properties of the ICM derived from the EPIC
spectra based on a single temperature model. From top
to bottom, absorbing column density, temperature, and Fe
abundance are shown, respectively. Filled circle, open circle, and diamond marks show the best-fit parameters from
projected spectra of MOS1, MOS2 and PN, respectively, of
the on-axis exposures. The marks “×” show the average parameters from off-axis exposures. Bold lines with error bars
show the results from simultaneous fitting of de-projected
spectra. Errors in other results are similar to or smaller than
the deprojected results. In the top panel, the range of the
Galactic column density is indicated by dashed-lines.

logarithmic slope of 0.25–0.3, while the iron metallicity
increase towards the center between radii of 0.50 and 30 .
We do not take into account the telescope PSF, which
has a half energy width of 1500 . Therefore the true profiles of temperature and metallicity at the cluster center
could be much steeper than the present results. On the
other hand, results from outer regions, where the radial
bin size is larger than the PSF width, should not change
significantly.

3.2. Elemental abundances
The relatively low temperature of A 496 and good sensitivity of the XMM-Newton instruments provide an unique

Fig. 4. Same as the previous figure, but spectra from the outer
region (12800 –38400 in radius) with the best-fit single temperature model.

opportunity to determine the elemental abundances of the
ICM based on the K-line emission from O, Ne, Mg, Si,
S, Ar, and Ca and K- and L-line emission from Ni and Fe.
In order to measure elemental abundances and their
distribution with reasonable accuracy, we divided the cluster emission into three regions, 000 –4800 , 4800 –12800 and
12800 –38400, in radii. These were chosen so that each region
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has enough photons and no significant variation in temperature. To describe the temperature structure obtained
above (Fig. 2), the central spectrum (000 –4800 ) were fitted
with a two temperature (2T) model. On the other hand,
the other two sets of spectra were fitted with a single temperature (1T) model. The abundances of O, Ne, Mg, Si,
S, Ar, Ca, Fe, and Ni were left free. The abundances of
C and N were coupled to the Fe value. In the case of 2T
model, the abundances of the two components were set
equal.
The obtained temperatures are consistent with the
above results (Fig. 2). Examples of the fitting results are
shown in Figs. 3–4. We illustrate the derived abundances
in Fig. 5. In addition to the Fe abundance, the Si and
S abundances show a significant (>4σ confidence) central enhancement. The Ar and Ni abundance marginally
(∼2σ confidence) show increases. Contrary to these elements, the O, Ne, and Mg abundances are close to being
uniform.

4. The RGS results
4.1. Isothermal model fitting
The RGS first and second order spectra from RGS1 and
RGS2 were extracted as follows. The events were screened
by rejecting the high background periods. These events
were filtered using both the dispersion vs. cross-dispersion
and dispersion vs. pulse height windows. The size of the
spatial extraction region is 1.0 1 in the cross-dispersion direction.
Figure 6 shows a combined spectrum which is corrected
for the effective area. Significant line emission from Mg xii,
Fe xxiii, Fe xxiv and Ne x as well as a clean line from
O viii have been detected.
The RGS energy responses were generated with the
SAS tool (rgsrmfgen v.0.34). An instrumental absorption feature close to the neutral O K edge (den Herder
et al. 2001) was approximated by a photoelectric absorption due to O i with a column density of 3 × 1021 m−2 .
We calculated the line spread function based upon the
source surface brightness profile and convolved this with
the RGS response for a point source. A β model was assumed for the brightness profile. The core radius was determined to be 0.0 45 in radius by fitting the observed line
shape of the O viii in the RGS spectrum. The Background
spectrum and its variability were estimated from several
blank-sky field observations. We assigned 3% and 30% systematic errors to the source and the background counts,
respectively. We limited the wavelength band to 8–28 Å
and 8–14 Å for the first and second order spectra, respectively, where the estimated background is less than 20% of
the source flux. The four spectra were fitted with the same
model simultaneously, but with different normalizations.
We fitted the RGS spectra with an isothermal model as
in the EPIC analysis. The O, Ne, Mg, and Fe abundances
were left free, while all the other elements were coupled
to the Fe value. The fits were statistically acceptable; the

results are shown in Table 1 and Fig. 7. Being consistent
with the EPIC results, there is no indication of an excess
absorption.

4.2. Limits on the central cool emission
Thus, the RGS spectra can be described by the single
temperature model and show no indication of emission
lines expected from a much cooler component (Fig. 7). In
addition, the temperature is close to that found with the
EPIC in the cluster center. Nevertheless, a much cooler
component due to either the radiative cooling of the ICM
or inter-stellar medium of the cD galaxy could possibly
exist around the galaxy.
In order to constrain such a possible central cool component, we fitted the RGS spectra by adding a cooler
plasma component to the isothermal model. Firstly, we
considered an additional isothermal component with a
temperature of 1 keV (2T model). The abundances (O,
Ne, Mg, and Fe) of both component were fixed to each
other. This 2T model gave a better fit than the 1T model
(Table 1). The emission measure of the 1 keV component
(EMcool ) is less than 5% of that of the hot component.
Secondly, we used an isobaric cooling flow model
(Johnstone et al. 1992) in addition to the hot isothermal component (1T+ICF model). The ICF model is characterized by lower and upper limit temperatures (Tmin
and Tmax ) and its normalization (the mass deposition
rate, Ṁ). The RGS spectrum is not sensitive to the
changes in temperature if the temperature is larger than
∼3 keV and hence to the abundance of the isothermal
component. Therefore we fixed some parameters in accordance with the EPIC results, i.e. the temperature of the
isothermal component was fixed to Tmax = 4 keV and the
Fe abundance was fixed to be 0.6 times solar. If we fix
Tmin to a very small value (0.01 keV), the normalization
of the ICF component (Ṁ ) becomes zero. When Tmin is
left free, the fit slightly improves as shown in Table 1.
The χ2 for this fit (310) is close to that for the 2T model
(303). Since the RGS spectrum is dominated by the hot
isothermal component, it is difficult to measure the values
of the weaker additional parameters. We derived the 90%
confidence upper limit of Ṁ for a given Tmin . For Tmin =
[0.3, 1.0, 1.5] keV, Ṁ is less than [10, 40, 80] h−2 M yr−1 .
The results of these fittings show that the O abundance
and O/Fe ratio do not differ significantly between models.
We performed a similar analysis using the EPIC spectra extracted from the central region (r < 4800 ) and obtained results consistent with the RGS analysis. We fitted
the EPIC spectra with the 1T+ICF model. The quality
of the fit (χ2 /ν = 1232/934) is similar to the 2T model
(Sect. 3.2). The best-fit model gives Tmin and Ṁ of 1.5 keV
and 70 h−2 M yr−1 , respectively, consistent with the
above RGS result. The elemental abundances are also
fully consistent with those obtained with the 2T model
(Fig. 5), indicating that the derived elemental abundances
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Fig. 5. Radial distribution of elemental abundances with 90% confidence limits. The EPIC and RGS results are shown as
crosses and crosses with triangle marks, respectively. For reference, the Fe abundance from EPIC is shown in each panel in
gray-color-filled-circles. The errors of Fe abundance are less than 0.03 solar. The ASCA results (DW00) are also shown by
dashed-line-diamonds.

Fig. 6. The RGS spectrum extracted from the central 1.0 1 in full-width. The spectrum is corrected for effective area and redshift,
but not corrected for the background. Several line positions are indicated; Mg XII (8.42 Å), Ne X (12.13 Å), OVIII (18.97 Å),
Fe XXIII (8.30, 10.98, 11.74, 12.19 Å), Fe XXIV (8.32, 10.62, 10.66, 11.03, 11.18, 11.43 Å). Insert is a zoom of a part of the
spectrum.
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Fig. 7. The RGS first order spectra with the best-fit isothermal
model (RGS1:black and RGS2:gray). The bottom panel shows
the fit residuals.
Table 1. The fit results of the RGS spectra of the center of
A 496.
model
a
EMhot
T (keV)
Ob
Neb
Mgb
Feb
NHc
a
EMcool
or Ṁ d
Tcool or Tmin
χ2 /ν
a
b

c
d
f

1T
1.3
2.2 (+0.4
−0.3 )
0.23 (+0.08
−0.07 )
0.48 (+0.33
−0.25 )
0.24 (<0.54)
0.43 (+0.15
−0.11 )
10.3 (±1.5)
314/358

2T
1.1
2.6
0.29
0.62
0.43
0.68
8.8
0.04 (<0.05)
1.0f
303/357

1T+ICF
0.7
4.0f
0.29
0.53
0.35
0.6f
8.9
50
1.2
310/357

The volume emission measure in units of h−2 1072 m−3 .
Metal abundances relative to the solar values (O/H = 8.51×
10−4 , Ne/H = 1.23×10−4 , Mg/H = 3.8×10−5 and Fe/H =
4.68 × 10−4 ).
The column density in units of 1020 cm−2 .
The mass deposition rate in units of h−2 M yr−1 .
These are fixed parameters.

are rather invariant to the adopted model temperature
structure.

5. Discussion
5.1. Summary of the results
Based on the XMM-Newton observations of A 496, we
have measured the radial properties of the ICM. We have
confirmed the presence of relatively cool and metal-rich
plasma around the cluster center. The temperature is spatially resolved; it continuously decreases towards the center (Fig. 2) within a radius of 20 –30 . We have measured the
radial distribution of the elemental abundances of O, Ne,
Mg, Si, S, Ar, Ca, and Ni as well as that of Fe.

We compared our abundances with those obtained
with ASCA (DW00) in Fig. 5. In general, the results
from both satellites are consistent with each other within
their 90% confidence limits. The larger effective area and
better spatial resolution of XMM-Newton improved the
accuracy of the measurements significantly. For example,
a central abundance increase of Si, which was suggested by
the ASCA measurements (DW00; Finoguenov et al. 2000),
has now been detected confidently with XMM-Newton.
Furthermore, the O abundance was determined accurately
for the first time so that we could detect a significant
contrast between the O and Si-S-Fe abundances profiles
(or a change in O/Fe ratio over the cluster). The Ne and
Mg abundances are also statistically consistent with being constant over the cluster area. In short, a significant
difference in the radial abundance profiles of O-Ne-Mg as
compared to Si-S-Fe-Ni has been observed for the first
time in this cluster.

5.2. Origin of the metals in the ICM
The settling of heavy elements towards the cluster core
due to diffusion takes longer than the age of the cluster (Sarazin 1988). Therefore the varying abundance ratio
within the cluster implies that there are at least two different origins for the metals in the ICM. This argument
is independent of any theoretical model for the metal production.
What is the origin of the difference in the abundance
profile between O-Ne-Mg and Si-S-Fe-Ni? An increase of
the relative contribution from SNe Ia to the metal production towards the center is one possibility. This is because
a SN Ia is supposed to produce O/Fe, Ne/Fe, Mg/Fe ratios smaller than the solar value. Then what causes the
central increase in the Fe abundance in terms of an enhancement contribution from SNe Ia? The metal-rich gas
produced in the cD galaxy is the most natural origin of
the Fe increase as demonstrated by a comparison of clusters with and without a cD galaxy (e.g. Makishima et al.
2001; references therein; De Grandi & Molendi 2001).
To compare the result obtained with the above idea
quantitatively, we presume that the excess of the metal
abundances is solely produced by SN Ia in the cD galaxy
over the galaxy life-time. Firstly, we examine this idea in
terms of the total Fe mass in the ICM. Within the radius of 8400 from the cluster center the integrated iron
mass in the ICM is 3.2 × 108 h−2.5 M with our measurements of the ICM density and iron abundance. Within the
same area, the total blue luminosity of the cD galaxy is
4.1 × 1010 L h−2 (Postman & Lauer 1995). These give an
excess ( 12 of the total mass) iron mass-to-light ratio around
the cD galaxy of 4 × 10−3 h−0.5 in the solar units. This
is consistent with the value estimated by Renzini et al.
(1993), who assumed the standard SN Ia rate in elliptical galaxies and 15 Gyr duration, within an uncertainty
of the SN Ia rate (a factor of ∼4). Therefore we conclude
that the excess Fe mass in the ICM around the cD galaxy
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Table 2. Abundance ratios and their 68% confidence limits along with theoretical model prediction from SN Ia and SN II. The
abundances are relative to Fe normalized to the solar value, i.e (X/Fe)/(X /Fe ) where X and Fe are number density of the
element and Fe.

Excessa
Clusterb
SN Iac
SN IIc
SN IId
a
b
c
d

O

Ne

Mg

Si

S

Ar

Ca

Ni

−0.02 ± 0.37
0.87 ± 0.28
0.035
3.7
1.6–3.3

0.20 ± 0.61
1.19 ± 0.38
0.006
2.5
1.4–2.8

0.05 ± 0.54
1.03 ± 0.41
0.035
3.7
1.4–2.8

1.31 ± 0.24
1.26 ± 0.20
0.5
3.7
2.7–3.8

1.45 ± 0.34
0.58 ± 0.24
0.5
2.5
1.7–4.1

1.55 ± 0.78
0.39 ± 0.59
0.5
1.7
-

0.34 ± 0.92
1.45 ± 0.64
0.5
1.7
-

2.57 ± 1.18
1.84 ± 0.91
4.8
1.7
-

The difference in abundance between the central and outer regions.
The observed abundance ratio in 12800 –38400 in radii from the cluster center.
Nomoto et al. (1997a) and Nomoto et al. (1997b) after DW00.
Gibson et al. (1997) who employed several SN II model yields.

can be supplied by the standard SN Ia frequency over a
Hubble time. Fukazawa et al. (1998b) found that the excess Fe mass around the cD galaxy in other clusters can
also be produced by the standard SN Ia rate over a Hubble
time. Secondly, we examined our results by comparing the
abundance ratio of the excess metals with those based on
the SN Ia model (Nomoto et al. 1997a; Table 2). To estimate the excess abundance, we fitted the obtained abundance profiles (Fig. 5) with linear functions and subtract
the abundance in the outer-most bin (12800 –38400 in radius)
from that of the central bin (000 –4800 ). Relative to the large
yield of Fe, a SN Ia produces only a small amount of O, Ne,
and Mg. This is consistent with “no excess” of O, Ne, and
Mg in our observation. Although the excess abundances
of Si and S qualitatively agree with this idea, Si and S
exhibit significantly (>90% confidence limit) larger abundance than the prediction. The excesses of Ar, Ca, and Ni
are marginally consistent with the prediction. Interstingly,
relatively large Si/Fe and S/Fe are also suggested in the
core of M 87 (Molendi & Gastaldello 2001).
In summary, the mass excess of Fe as well as Ar, Ca,
and Ni and lack of excess of O, Ne, and Mg in the core
are consistent with the assumption that the metal excess
is solely produced by SNe Ia in the cD galaxy. However, Si
and S are not fully consistent with the idea. This suggests
an additional source for the metal excess.
Beyond the cD galaxy region, the abundance ratios
with respect to Fe are all consistent with the solar values except for S/Fe which is marginally smaller than the
solar value (Table 2). We compared the observed abundance ratios with the model prediction for SN Ia (Nomoto
et al. 1997a) and SN II (Nomoto et al. 1997b; Arnett 1996;
Tsujimoto et al. 1995; Maeder 1992; Woosley & Weaver
1995). For the SN II model, we used calculations by DW00
and Gibson et al. (1997) who averaged elemental yields
over the progenitor mass range 10–50 M for a Salpeter
IMF. As illustrated in Table 2, the SN II abundances have
uncertainties of a factor ∼2 depending on the adopted
model.
The observed abundance pattern in the outer part
of the cluster cannot be solely produced by SN Ia. For

example, the O, Ne, and Mg abundance ratios are at least
10 times larger than the SN Ia prediction. At the same
time, this pattern is inconsistent with the SN II prediction, even if we take into account the relatively large uncertainties in the model. In fact, all the observed abundance ratios are between the two predictions, except for
Ar which has however a large uncertainty. Consequently,
we conclude that the metals in the outer region of the
ICM were produced by a mix of both types of SNe. The
relative fraction of each type of SN can be estimated from
the observed abundance ratios of any two elements and
the model yields of these two elements. However, due to
the large uncertainties in the yields for the SN II model,
the results are strongly SN II model dependent. For example, the observed values of O/Fe and Si/Fe imply an Fe
mass fraction due to SN Ia of 0.4–0.7 and 0.7–0.8, respectively. Here we used the range of SN II yields calculated
by Gibson et al. (1997) which correspond to the last row
of Table 2.

5.3. Resonant scattering
As pointed out by Gil’fanov et al. (1987), resonant scattering could affect the abundance measurements at some
cluster cores. In the temperature range of A 496, 2–3 keV,
significant resonant scattering is expected for the Fe xxv
(1.9 Å), Fe xxiv (10.6 Å) and Fe xxiii (11.0 Å) lines. The
optical depth, τ , of these lines in A 496 towards the cluster
center can be estimated to be 3–4, assuming h = 0.7. In
this case, the equivalent width can be depressed by 50%
at most within the cluster core (Gil’fanov et al. 1987).
Therefore, the profiles of the Fe abundance and hence the
temperature within the core (∼3000 in radius) shown in
Fig. 2 potentially may have been distorted.
For the RGS spectral fitting, we integrated all emission
within a full-width of 1.10 . Furthermore, the other Fe lines
detected in the RGS spectra which dominate the line emission (Fe xxiii at 11.74 and 12.19 Å, Fe xxiv at 11–15 Å
in the rest frame) cannot be affected by resonant scattering since these transitions do not end at the ground-state
of the ion. Therefore, the net effect on the RGS result
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(Table 1) should be much smaller than a 50% depression.
To examine this further, we fitted the central RGS spectra
excluding the Fe line wavelength band (10.4 Å–11.2 Å in
the rest frame), where potentially optically-thin lines are
found. We confirmed that the derived parameters do not
really change within the errors.
Other lines should have much smaller τ than 3–4. For
example, the O viii and Si xiv Lyα lines, which mainly determine the abundance of O and Si, have τ smaller than
that of the Fe xxiv line by a factor of 2–3. In this case, the
depression of the equivalent width and hence the derived
abundance is 30% at most for the integrated spectrum
within the core, which corresponds to the central bin in
Fig. 5. Therefore we can rule out that resonant scattering
is the cause of the difference in the radial profile abundance between O-Ne-Mg and Si-S-Fe-Ni.

5.4. Central cool component
The calculated radiative cooling time is below a Hubble
time within the central radius of 20 –30 as already pointed
out e.g. by Nulsen et al. (1982). At the cluster center,
the cooling time is less than 109 yr. Therefore we expect plasma with a range of temperatures less than that
of the ambient ICM (∼4 keV), unless some heat source
effectively balances the cooling. Nevertheless, the temperature profile derived from spatially resolved spectra
(Fig. 2) indicates that the ICM cools down only to 1.8 keV.
Consistently, the RGS spectra indicate that the mass flow
rate should be small (<10 h−2 M yr−1 ) when an isobaric cooling flow was assumed. Alternatively, the emission should have a cut-off at ∼1 keV for a moderate level
of the cooling flow. There is no spectral evidence for gas
cooler than 1.0 keV. The absence of emission from cool gas
has been found also in A 1835 (Peterson et al. 2001), Sérsic
159-03 (Kaastra et al. 2001), and A 1795 (Tamura et al.
2001), indicating that this emission property is general for
clusters with a cD galaxy. Peterson et al. (2001), Fabian
et al. (2001), and Molendi & Pizzolato (2001) discussed
several possibilities to explain these observations.
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Strüder, L., Briel, U., Dennerl, K., et al. 2001, A&A, 365, L18
Tamura, T., Kaastra, J. S., Peterson, J. R., et al. 2001, A&A,
365, L93
Tsujimoto, T., Nomoto, K., Yoshii, Y., et al., MNRAS, 277,
945
Turner, M. J., Abbey, A., Arnaud, M., et al. 2001, A&A, 365,
L27
White, R. E., III, Day, C. S., Hatsukade, I., & Hughes, J. P.
1994, ApJ, 433, 583
Woosley, S. E., & Weaver, T. A. 1995, ApJS, 101, 181

