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ABSTRACT

We measured metal abundances of the intracluster medium in the central regions of 34
nearby clusters of galaxies, using ASCA data. Clusters that have a sharp X-ray emission
centred on a cD galaxy are commonly found to exhibit a central increment in the Fe
abundance, which is more pronounced in lower temperature clusters; +(0.1-0.2) solar at
kT > 5keV, compared with +(0.2-0.3) solar at 1.5 < kT < 4keV. These central excess
metals are thought to be ejected from cD galaxies. Several low-temperature cD type clusters
also show significant Si abundance increase by +(0.1-0.2) solar at the central region.
Compared with the Si-rich abundances observed in the outer regions of rich clusters, the Si
to Fe abundance ratio of central excess metals tends to be near the solar ratio, implying that
type Ia products from cD galaxies are dominant for the central excess metals. On the other
hand, some other clusters do not show the central Fe abundance increase. As these clusters
tend to contain two or three central giant galaxies, it is suggested that galaxy interactions
have removed the central abundance increase.
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1 INTRODUCTION

The metal abundances of the intracluster medium (ICM) contain
valuable information on the star formation history in galaxies and
clusters (Arnaud et al. 1992; Renzini et al. 1993). Based on ASCA
data, Mushotzky et al. (1996) found that abundance ratios between
a elements and iron are about twice as large as the solar ratios,
suggesting that a large amount of metals in the ICM was produced
by type II supernovae (SNe II). Fukazawa et al. (1998)
investigated spatially averaged Si and Fe abundances of nearby
40 clusters, and confirmed the Si-rich abundances among rich
clusters. In addition, they found a decrease in the Si to Fe
abundance ratio toward low-temperature clusters; from ~2 at the
ICM temperature of kT > 4keV to ~1 at kT ~ 1keV. This result
indicates significant contribution of type Ia supernovae (SNe Ia) to
the metal enrichment of the ICM. Ezawa et al. (1997) found a
large-scale Fe abundance gradient in the nearby poor cluster
AWM, which suggests that the metals mostly remain where they
were first ejected. Finoguenov & Ponman (1999) found a radial
increase of Si to Fe abundance ratios of the ICM, suggesting
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that the SNell ejecta have been more widely distributed in the
ICM.

Since most metals in the ICM are thought to have been ejected
from elliptical galaxies (Arimoto & Yoshii 1987), some evidences
of metal ejection were expected around them. ROSAT, BBXRT,
Ginga and early ASCA observations show, however, that the
interstellar media (ISM) in elliptical galaxies have unexpectedly
low metal abundances of <0.6 solar (e.g. Awaki et al. 1991, 1994;
Loewenstein et al. 1994; Mushotzky et al. 1994). Recent careful
analysis of ASCA data by Matsushita (1997) and Matsushita et al.
(1997) revised these estimates up to ~1 solar in most X-ray-
luminous galaxies, and made the ICM abundance consistent with
the stellar atmospheric abundances. However, even in such a case,
the amount of metals in the ISM of elliptical galaxies is quite low
compared with that in the ICM. Thus, most metals in the ISM of
elliptical galaxies are thought to have escaped into the vast
intergalactic spaces (Tsuru 1992; Matsushita 1997), and few of
them are now seen around galaxies themselves.

Most elliptical galaxies in clusters are moving in the ICM, so
that the metal-rich products may be stripped off and left behind
them. In this respect, central dominant elliptical galaxies (so
called ‘cD galaxies’) are unique objects because they are thought
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to sit at the bottom of the cluster potential and are surrounded by
the dense ICM. Their environment will therefore give us unique
opportunities to search for possible evidence of metal enrichment.
Ginga and ASCA observations have actually led to the discoveries
of abundance increases at the centre of several low-temperature
clusters (Koyama, Takano & Tawara 1991; Fukazawa et al. 1994;
Matsumoto et al. 1996; Xu et al. 1997; Kikuchi et al. 1999). In
contrast, some other clusters show spherically uniform abun-
dances at the centre, such as A1060 (Tamura et al. 1996).
Consequently, no general view has been constructed as to the
metal abundance of the ICM at the cluster centre. Tamura et al.
(1996) suggest that clusters with a cD galaxy tend to exhibit the
abundance increase at the centre, and those with several dominant
galaxies do not. However, this suggestion is yet to be confirmed
using a larger sample.

Yamashita (1992) and Fabian et al. (1994a) found, with
EXOSAT and Ginga data respectively, that the emission-weighted
Fe abundance of cooling-flow clusters, which exhibit significant
X-ray excess emission at the position of a cD galaxy, is higher
than that of non-cooling-flow clusters, and this has been
confirmed by Allen & Fabian (1998) with ASCA data. Allen &
Fabian (1998) attributed this tendency to the possible metallicity
increase in the centre of ‘cooling flow’ clusters, but they did not
perform spatially resolved spectroscopy.

In this paper, we report systematic measurements of the central
metal abundances of the ICM using the imaging spectroscopic
capability of ASCA (Tanaka, Inoue & Holt 1994), to improve our
understanding of the cluster central region and pursue the metal
ejection from cD galaxies.

2 OBSERVATIONS AND DATA REDUCTION

As listed in Table 1, we selected 34 nearby bright clusters of
galaxies observed by ASCA until 1996. These clusters have
already been utilized to derive spatially averaged Si and Fe
abundances by Fukazawa et al. (1998). Most of these objects are
located at redshifts of z << 0.063. The original sample is defined in
Fukazawa et al. (1998), from which we exclude 6 clusters, for
which optical information is not available or the ASCA data
quality is not enough to resolve the central region.

After Tamura et al. (1996) and Fabian et al. (1994a), we
classified our sample clusters into two subsamples in terms of
optical and X-ray properties at the centre. One type of object has

an extremely bright giant galaxy (cD galaxy) and, hereafter, we
call this a cD type cluster; the other type has several giant galaxies
at the cluster centre (hereafter a non-cD type cluster). This
classification is primarily based on the Rood—Sastry classification
(Rood & Sastry 1971; Struble & Rood 1987; Bahcall 1977).
Although the Perseus, Centaurus, Virgo, and A262 clusters are
optically classified as non-cD type, they exhibit X-ray properties
similar to those of ¢D type clusters; e.g. a sharp X-ray peak centred
on one of the central bright galaxies (Jones & Forman 1984)
represented by high cooling-flow rates (Fabian, Nulsen & Canizares
1984), and strong spectral cool components (Fabian et al. 1994b;
Matsumoto et al. 1996; Fukazawa 1997). These clusters indeed
contain quite a central dominant galaxy; for example, M87 in the
Virgo cluster. Therefore, we reclassify these four clusters as cD
type. In contrast, we reclassify A2634 as non-cD type, because its
cD galaxy is now resolved into two crossing giant galaxies (Scott,
Robertson & Tarenghi 1977) and its X-ray emission at the centre
is very flat, like other non-cD types. The Rood—Sastry classifica-
tion is not available for A4059, Hydra-A or 2A0335+096. As each
of them contains a prominent central dominant galaxy, we include
them as cD types. MKW (Morgan et al. 1975) and AWM (Albert
et al. 1977) poor clusters of galaxies are grouped into cD types,
according to their classification. The NGC 507, Fornax, NGC
5044, and HCG62 groups of galaxies clearly contain central
dominant elliptical galaxies that exhibit excess X-ray emission
over the group emission, and thus we include them as cD types.

The results of classification are shown in Table 1. Excluding
clusters for which no cooling-flow rate is available, all the cD type
clusters are reported to have a significant cooling-flow rate (Edge,
Stewart & Fabian 1992; White, Jones & Forman 1998). Among
non-cD type clusters, A119, A2147 and A1060 are reported to
have cooling-flow rates of 38, 88 and 19 Mg yr™ ', respectively,
and the remaining clusters show no significant cooling flow.
Therefore, our classification is similar to, but not exactly the same
as, that based on the apparent cooling-flow rate.

During ASCA observations of these clusters, the GIS (Gas
Imaging Spectrometer: Ohashi et al. 1996; Makishima et al. 1996)
data were all acquired in the normal PH mode, and most of the SIS
(Solid-state Imaging Spectrometer) data were taken in the 4CCD
faint/bright mode. The data selections were performed on the
condition of a minimum cut-off rigidity of 8GeVc ' and a
minimum elevation angle of 5° above the earth rim. For the SIS,
we further impose the condition of an elevation angle greater than
25° above the day earth rim, and we use events that have grade 0,

Table 1. The c¢D and non-cD type classification of our sample clusters. The Rood—Sastry

classification is shown in the parentheses.

cD type

A2319(cD)" A478(cD)” Perseus(L)” A3571(cD)” A85(cD)"
A1795(cD)" A3558(cD)” A496(cD)" A2199(cD)" A4059(-)
AWMT7¢ MKW3s¢ A2063(cD)” Centaurus(I)® Hydra-A(-)
2A0335+096(-) Virgo(I)” AWM4 A262(C)" MKW4s
MKW4¢ NGC 507 group? Fornax” NGC 5044 group?  HCG62¢
non-cD type

Coma(B)* A2256(B)” AL19(C)" A2147(F)" A2634(cD)"
A1367(F)" A539(F)° A1060(C)* A400(D)*

“Struble & Rood (1987).
b Bahcall (1977).

“Morgan, Kayser & White (1975); Albert, White & Morgan (1977) .

4 Group of galaxies.
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2, 3 or 4. For the spectral analysis, we added all the available data
from different sensors, chips, modes and pointings, separately for
the GIS and the SIS after an appropriate gain correction. As the
SIS data of A119 is severely affected by radiation damage of
CCDs, we use only the GIS data and fix the Si abundance to be the
same as the Fe abundance.

As ASCA has an angular resolution of 1-2 arcmin, the central
spectra were integrated within 2 arcmin from the X-ray peak. The
statistics of spectra of several clusters are poor within 2 arcmin,
and in such cases the integration radius is set to be 3arcmin
(Coma and MKW4s). The background spectra were constructed
from several blank-sky data, such as NEP, Draco and QSF-3 fields
for a total accumulation time of about 100 ks, integrated over the
same region as that of the on-source spectra under the same data
selection criteria. As spectra of the Fornax cluster and the NGC
507 group are contaminated by a hard component associated with
their cD galaxies, we fit their spectra including a bremsstrahlung
component with a temperature of ~10keV. The flux mixing effect
by the point spread function (PSF) of the X-ray Telescope
(Takahashi et al. 1995) is negligible for the central spectra because
of higher flux at the cluster centre.

For comparison, we utilize the ASCA spectra from outer regions
of these clusters, which are described by Fukazawa et al. (1998).
Throughout this paper, errors represent 90 per cent confidence
level, and we assume the Hubble constant to be 50 hsokms ™!
Mpc ', Solar abundances are taken from the solar photospheric
values by Anders & Grevesse (1989), with (Fe/H)g = 4.68 X
1073 and (Si/H)p = 3.55%x 1073,

3 RESULTS

3.1 Spectral changes in the central region

Fig. 1, which compares the central spectra with the outer region
spectra of two clusters, best exemplifies apparent spectral changes
in the radial directions. Here, the central region spectra have been
produced as described in Section 2, while the outer region spectra
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were taken from Fukazawa et al. (1998). The Centaurus cluster
exhibits a remarkable spectral change at the centre; the strong Fe
L and Fe K lines in its central spectrum, together with strong K
lines of other elements, indicate the presence of cool component
and the abundance increase, as already reported by Fukazawa
et al. (1994), Fabian et al. (1994b) and Ikebe et al. (1999). Several
other clusters (Virgo, AWM7, A262 and MKW4) show similar
remarkable spectral changes. On the other hand, A2199 shows
only a weak, though significant, enhancement of Fe K and Fe L
lines at the centre. Many clusters have weaker spectral changes
than the Centaurus cluster.

We fit the GIS/SIS central spectra simultaneously with a single-
temperature variable abundance Raymond—Smith model (1T R-S
model: Raymond & Smith 1977). We set the energy band for the
fitting to 0.45-9.0keV and 0.6—10.0keV for the SIS and the GIS,
respectively. Fukazawa et al. (1998) excluded lower energy bands
of <0.8keV and <1keV for the SIS and GIS, respectively, where
calibration uncertainties exist. Here we include the lower energy
bands, however, because the spectral cool components cannot be
well constrained otherwise and calibration uncertainties are often
smaller than statistical ones. Free parameters of the fit are the
interstellar absorption (Ny), temperature (k7'), normalization and
abundances of O, Mg, Si, S and Fe. We assume the Ne abundances
to be the same as O, Ca and Ar the same as S, and Ni the same as
Fe, all in terms of the solar units. The abundances of He, C and N
are fixed at the solar values. Here, we focus upon Si and Fe
abundances, because other elemental abundances are poorly
constrained. The fitting results are shown in Table 2. The fit is
generally good, with a reduced x? value of 1.4 or less in most
clusters. However, extremely large reduced x> values were
obtained in several clusters, meaning that the 1T R—S model is
not acceptable.

Compared with the spatially averaged cluster temperature in
Fukazawa et al. (1998) obtained by excluding the central region,
the central temperature is systematically lower by up to 20 per
cent in most clusters, as shown in Fig. 2. Therefore, we confirm
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Figure 1. Comparison between the outer region spectra and the central spectra, for the Centaurus cluster (left) and A2199 (right). For each instrument, the

upper trace is the central spectrum and the lower is the outer region spectrum.
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that the ICM temperature (or its representative value) generally
decreases toward the cluster centre, as already reported repeatedly
from previous observations (e.g. Fabian et al. 1994a).

The central Fe abundances of most cD type clusters are
significantly higher than the outer region values of ~0.3 solar

Table 2. Results of joint fitting of the GIS and SIS spectra at the
centre region with the single-temperature variable abundance
Raymond—Smith plasma model, including a free absorption (1T
model).

Target kT Si Fe X
(keV) (solar) (solar)
A2319 7.62+0.64 131*0.84 032*0.07 1.16

Coma* 7.15%£0.53  1.05+097 029+0.07 1.03
A2256* 6.09+035 130%059 023005 120
A478 554018 1.00+030 031£0.03 130
Perseus 361 £0.04 0.69+0.11 047002 227
A3571 582020 1.26+053 040*0.06 1.26
A8S 457+0.13 080*042 050=006 122
A1795 475011 079*027 0372003 132
A119% 4.99 + 0.87 - 033023 1.02
A3558 507030 1.10+0.66 047*0.09 1.26
A2147% 413029 049738  030+0.10 1.13
A496 313+0.07 077%0.17 054*004 151
A2199 370 £0.07  0.69 024 048 *0.04 125
A4059 3672010 0.70+037 0.60*0.07 116
AWM7 328011 0.97+034 0.67*009 125
A2634* 295+032 233*139 035+021 103
MKW3s 330 +0.08 090023 045*0.05 110
A2063 323+0.12 0.73+033 044*0.07 L1l
Centaurus 220*+0.04 1.03*x0.15 1.10%£0.09 3.15
Hydra-A 326+0.07 0.75+021 040=004 127
A1367% 315+028 0157077  029*0.08 114
A539% 286 £0.20 0.60 =037 033*0.09 097
A1060* 325+0.11 052%032 032%+006 100
2A0335+096 2.43+0.05 058 £0.15 044=005 134
Virgo 1.62+0.02 0.74*0.08 0.61 =004 525
AWM4 228+0.12 059=043 053+013 123
A400% 215+0.25 049x038 040x021 117
A262 175006 072+022 058+0.10 125
MKW4s 170 £0.11 071 £034 046=0.14 124
MKW4 157005 085020 075+0.11 145
NGC 507 1.09£0.02 052+022 042+0.12 132
Fornax 1.07£0.02 040*0.11 039007 124
NGC 5044 0.86 0.01 0.19*=0.08 031+0.03 172
HCG62 0.87£0.02 0.16=0.14 023+005 137
*Non-cD type clusters.
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derived in Fukazawa et al. (1998). However, the abundances may
be affected by the cool component; we therefore directly compare
the equivalent width (EW) of Fe K lines between the central
spectra and the outer region spectra to confirm the abundance
increase more unambiguously. From Fig. 2, the EW of Fe K lines
in the central spectra is seen to be about twice as large as that of
the outer region spectra for many cD type clusters; ensemble-
averaged EW enhancements are 1.61 * 0.15 and 1.02 = 0.28 for
cD type and non-cD type clusters, respectively, at 90 per cent
confidence level. Because the change in the Fe K EW should be
less than a factor of 1.4 when the temperature decrease is ~20 per
cent, the Fe abundance must be significantly enhanced at the
centre of cD type clusters. In contrast, such an abundance gradient
is less significant among non-cD type clusters.

3.2 Spectral fittings with a two-temperature plasma model

Metal abundances obtained by the 1T model fittings cannot be
straightforwardly accepted, because the temperature decrease at
the cluster centre indicates the existence of multiple temperature
components there. We thus try to fit the central spectra with a two-
temperature R—S model (2T R-S model) and constrain the metal
abundance at the central region more reliably. Such 2T modelling
is known to provide a reasonable approximation to the cluster
spectra, even if they are made up of multiple temperature
components (Fabian et al. 1994b). Furthermore, jointly using the
ROSAT, ASCA GIS and ASCA SIS, Ikebe et al. (1999) studied the
central region of the Centaurus cluster, where the cool emission
component is most prominently visible. They have confirmed that
the two-temperature (1.4 and 3.9keV) modelling, first employed
by Fukazawa et al. (1994), gives a fully consistent description of
spatial and spectroscopic data from the three instruments. The two
components are likely to be real, at least in this particular cluster.
In addition, they have confirmed that the hot and cool components
in the central region are both metal-enriched up to about 1 solar,
and the abundances of the two components are consistent with
being identical. We therefore adopt the 2T model not only as an
empirical description of the ASCA spectra, but also as a physically
meaningful representation of the ICM near the central regions of
clusters.

In the 2T fitting, we fixed the temperature of the hot component
to the spatially averaged cluster temperature obtained by Fukazawa
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Figure 2. Plots of the fitting results between the central spectra and the outer region spectra. The left panel shows the temperature of the single temperature
R-S model, and the right panel exhibits the equivalent widths of Fe K line. Filled squares and open circles represent cD type and non-cD type clusters,

respectively. The straight line indicates equality between the two axes.
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Table 3. The results obtained by jointly fitting the GIS and SIS spectra in the centre region with a

Metal abundances of the intracluster medium

two-temperature Raymond—Smith plasma model (2T model).

Target KT o001 Si Fe Neoot! Npot T x*/dof
(keV) (solar) (solar) (bin number)

A2319 1.90 Fixed (9.2) 120+0.68 032x008 0.11+0.05  1.17 231
Coma* 1.46 £ 0.58 (8.5) 0.84*0.53 027=0.08 0.11+006  1.02(219)
A2256% 200 £1.56 (7.0) 1.02+048 023+006 0.16=0.12  1.19 (230)
A478 350 £0.88 (74) 088031 033+0.04 067=024 127 (214)
Perseus 225+0.11(65 054%+009 040+0.02 129*0.11 179 (215)
A3571 1.83£0.79 (7.0) 093+0.40 039*0.07 0.16=0.06  1.20 (231)
A85 1.92£0.65(62) 073+032 047*0.07 035=0.11  1.12(231)
A1795 204063 (57) 073+023 034+004 022x007 127 (231)
A119% 1.00 Fixed (5.6) - 0.28 £ 0.22 <0.15 1.02 (76)

A3558 1.00 Fixed (52) 1.16 £0.66 0.460.09  0.0175% 1.26 (231)
A2147% 1.00 Fixed (5.1)  1.16 2079 022=0.10  0.09754} 1.18 (231)
A496 1.80 £ 0.14 (42) 0.67+0.15 044=0.05 0.62=+008 139 (217)
A2199 1.78 £0.32 (42) 0.66+021 044+005 0.17=0.05  1.22(231)
A4059 1.38 £0.25 (4.0) 073+034 0.55+0.07 008=0.06  1.15(231)
AWM7 1.83 046 (3.8) 091+032 0.61*0.10 027=0.13  1.25(231)
A2634% 145066 (3.9) 155+128 030*0.19  0.557% 1.03 (134)
MKW3s 145061 (3.5) 085+022 042%0.05 0.09%+007  1.09 (231)
A2063 1.64 £0.64 (3.6) 0.69+031 041+008 0.19=0.12  1.12(231)
Centaurus 137 +£0.02(3.8) 095+0.12 079*0.06 1.02=0.09 1.76 (218)
Hydra-A 2.15%090 (3.6) 071+021 038=*0.05 028=024  1.30(231)
A1367* 2.04 £ 0.83 (3.3) <0.73 029008 0.16=0.13  1.10 (231)
A539% 1.00 Fixed (3.2) 0.74=043 032*0.10  0.08%0! 0.98 (227)
A1060% 1.00 Fixed (3.2)  0.49 =031 0.31£0.06 <0.04 1.00 231)
2A0335+096 1.42*0.07 (3.1) 047+0.13 034+0.04 065=0.09  1.22(220)
Virgo 1.25*0.02(27) 078+0.08 0.58+0.03 144=0.12 227 (198)
AWM4 1.14 023 (23) 056+042 048+0.15  0.11252 1.20 (180)
A400% 1.00 Fixed (2.5) 0.81 046 027=0.16  0.01702 1.19 (137)
A262 111 £0.07 (2.1) 082+023 0.61*0.11 025=0.16 1.11(187)
MKW4s 0.88 £0.05(20) 090+032 0.61*0.16 0.16=0.08  0.96 (141)
MKW4 1.15*0.19 (1.8)  091+021 0.80*0.13 033=028 148 (164)
NGC 507 1.09+£0.09 (1.3)  0.61 =026 048+020 4513233 1.24 (119)
Fornax 0.87£1.05(12) 040+0.16 044+0.10 048=024  1.25(142)
NGC 5044 0.84 =001 (1.1) 020+0.05 0.33+0.05 483=442 179 (137)
HCG62 0.83£0.10 (1.0) 025+0.11 030*0.07 047738 1.29 (117)

*Non-cD type clusters.
T The ratio of the emission measure of the cool component to that of the hot component.
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Figure 3. The spectra at the central regions and their joint fits with the 2T R—S model assuming variable abundance ratios. Left and right panels represent the
Centaurus cluster and A2199, respectively. The solid line represents the total best-fitting model, and the dashed line represents the hot component.

et al. (1998). Metal abundances were assumed to be the same
between the two components, because the data quality is usually
not adequate to determine the abundances and normalization of
the cool component independently. The ratio of normalization of
the cool component to the hot component was constrained to be
the same between the GIS and SIS. Thus the free parameters are

© 2000 RAS, MNRAS 313, 21-31

normalizations of the two components, the cool-component
temperature, and the abundances and hydrogen column density,
which are common to both components. We left the abundance
ratios partially free to deviate from the solar values, as described
in the previous subsection. The temperature of the cool component
is poorly constrained for some clusters, and in such a case we
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Figure 4. The comparison of Fe (left panel) and Si (right panel) abundances between 2T and 1T model fits. The straight line indicates equality between the

two quantities.

Table 4. Results of joint fitting of the GIS and SIS spectra with the two-temperature variable abundance plasma
model plus two additional Gaussians. The values in the parentheses are the best-fitting values without additional
Gaussians.

Target Model Line energy Line EW Si Fe x*/dof
(keV) €eV) (solar) (solar) (bin number)

Perseus R-S 1.29 £0.03, 1.70 = 0.03 7.6, 12 0.66 = 0.10 0.43 £0.03 1.57
(0.54 £0.09) (0.40 £0.02) (1.79)

Mekal  1.24 £0.03, 1.71 = 0.03 92,89 0.72 = 0.11 0.45 = 0.03 1.60

(0.58 =0.11) (0.43 £0.02) (1.78)

Masai  1.30 = 0.03, 1.71 = 0.03 11, 13 0.75 £ 0.11 0.45 = 0.03 1.68

(0.57 £0.08)  (0.39 £0.02) (1.99)

Centaurus R-S 1.24 £0.02, 1.71 = 0.03 29, 33 1.22 +0.16 0.90 * 0.07 1.40
(0.95+0.12)  (0.79 = 0.06) (1.76)

Mekal  1.22 £0.03, 1.75 = 0.03 36, 22 1.26 +0.22 0.83 = 0.09 1.41

(0.90 = 0.14)  (0.73 = 0.05) (1.71)

Masai  1.25 +0.03, 1.71 £ 0.03 39, 33 1.04 £ 0.16 0.86 = 0.08 1.49

(0.68 = 0.09) (0.68 = 0.05) (1.90)

Virgo R-S 1.26 = 0.02, 1.67 = 0.02 34,23 0.97 £0.10 0.66 = 0.04 1.69
(0.78 = 0.08)  (0.58 £0.03) (2.27)

Mekal  1.21 £0.03, 1.75 = 0.03 26, 22 1.02 = 0.09 0.55 £0.03 1.48
(0.82£0.09) (0.49 £0.03) (2.04)

Masai  1.26 = 0.03, 1.71 = 0.03 28, 24 0.90 = 0.11 0.71 = 0.05 1.86

(0.61 =0.05) (0.56 = 0.03) (2.31)

fixed the temperature to an appropriate value, as shown in Table 3.
The other parameters are not affected significantly by doing that.

The best-fitting parameters of these 2T fits are shown in Table 3,
and the fit examples are shown in Fig. 3. We can see that the cool
component explains the strong Fe L line complex, and the Fe K
line is mainly contributed from the hot component. The 2T model
gives significantly smaller values of reduced y? than the 1T model
in half the clusters, and the improvement of fitting is confirmed to
be significant by an F test at the 90 per cent confidence level. The
drop in x? is particularly noticeable in clusters with central spectra
that were not described well with the 1T R—S model. Therefore,
the central spectra of half the clusters need at least two
temperature components. Nevertheless, the best-fitting abun-
dances of Fe and Si are not very different between the 1T and
2T fits, as shown in Fig. 4. This is because the Fe K and Si K lines
are mostly contributed by the hot component. We also confirmed
that the cooling-flow model gives almost the same results as the
2T model (Fukazawa 1997), in agreement with Fabian et al.
(1994b).

There are four clusters (Virgo, Centaurus, Perseus and the NGC
5044 group) exhibiting reduced x> values of larger than 1.5 even
in the 2T fit. For the former three clusters, common residual
features are seen around 1.3 and 1.7 keV (Fig. 3). The residuals do
not disappear even when we utilize other plasma codes such as the
Mewe—Kaastra—Liedahl code (Mekal code: Mewe, Gronenschild
& van der Oord 1985; Liedahl, Osterheld & Goldstein 1995) and
the Masai code (Masai 1984), or the available homogeneous
cooling-flow model (Mushotzky & Szymkowiak 1988). These are
probably caused by uncertainties of the Fe L line modelling for the
cool component; the models are overpredicting emission lines at
~1.4keV. When introducing two artificial Gaussians to account
for these residuals, the fits improve as shown in Table 4. The
centre energies of the two Gaussians are nearly coincident at
~1.25 and ~1.70keV for the three clusters, while the equivalent
widths are different among them. The abundances change by
~20 per cent when the two Gaussians are included, but the central
abundance increase remains significant.

For the NGC 5044 group, the residual is mainly seen around Fe

© 2000 RAS, MNRAS 313, 21-31
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L lines, and hence the large y? is caused by the uncertainty in the
Fe L line modelling around k7 = 1keV. The uncertainty of Fe
abundances for clusters with k7 = 1keV is described in the next
subsection.

As seen in Table 3, several clusters show quite high central Fe
abundances up to 0.6—0.8 solar, such as Centaurus, Virgo, AWM?7,
A262, MKW4s and MKW4. This reconfirms the central
abundance increases that have already been reported for Centaurus
(Fukazawa et al. 1994), Virgo (Matsumoto et al. 1996) and AWM7
(Xu et al. 1997). We compare the central abundances of Fe and Si
with the spatially averaged ones in Fig. 5. The central Fe
abundances of cD type clusters are systematically higher by a
factor of 1-3 than their spatially averaged values, while those of
non-cD type clusters are almost the same as their spatially
averaged ones. The Si abundance is significantly higher at the
centre in several cD type clusters, although definite statements
cannot be made on many other clusters.

In summary, we have found that the metal abundances at the
central regions are higher than those in the outer region in most cD
type clusters, independently of the temperature structure. There-
fore, it can be said that the central abundance increment is a
common phenomenon among cD type clusters. In contrast, non-
cD type clusters do not exhibit such an abundance gradient.
Hereafter, we quote the metal abundances obtained by the 2T R-S
model for clusters requiring the cool component, and those
obtained by the 1T model for other clusters.

3.3 Properties of the central metal abundances

As non-cD type clusters do not a exhibit significant abundance
gradient as described in Section 3.1, hereafter we limit our
attention to cD type clusters only. We plot the central Fe and Si
abundances of cD type clusters in Fig. 6, and their ensemble-
averaged abundances in Fig. 7, against the spatially averaged
temperature obtained by Fukazawa et al. (1998). We also plot
results given by the Mekal and Masai codes, in order to investigate
the dependence on the plasma codes (e.g. Fabian et al. 1994b;
Fukazawa et al. 1996) in Fig. 7. To compare the central metallicity
with that of the outer region, in Fig. 7 we further plot the sample-
averaged abundance of the outer region determined by Fukazawa
et al. (1998) using the R-S code.

© 2000 RAS, MNRAS 313, 21-31

As shown in Fig. 6, most cD type clusters, even hot ones, have
higher Fe abundances than the spatially averaged values of 0.3
solar (Fukazawa et al. 1998). The ensemble-averaged Fe
abundances of cD type clusters (Fig. 7 left) exhibit a clear
negative correlation with the averaged ICM temperature, regard-
less of the plasma codes. While this behaviour is distinct from that
of the outer region Fe abundance (Fukazawa et al. 1998), it is
quite similar to the trend of the emission-weighted value obtained
by Ginga (Hatsukade 1989; Tsuru 1992). Therefore, we infer that
the Ginga results were affected by the central metal-enriched
region. Actually, in Fig. 8 we derived emission-weighted Fe
abundances by integrating the GIS data within 15 arcmin of the
cluster centre, which reproduce the Ginga results.

Below kT = 1.5keV, the ensemble-averaged Fe abundances
differ considerably among plasma codes because of large
uncertainties in the Fe L modelling, although the central increase
in the Fe abundance is robust.

The ensemble-averaged Si abundance at the centre also exhibits
a noticeable difference from the outer region values shown in
Fukazawa et al. (1998); instead of showing the positive correlation
with the ICM temperature seen in the outer region, the central Si
abundance stays rather constant and high, 0.6—1.0 solar, except in
the coolest objects. This is because cooler cD clusters exhibit
stronger Si abundance increases (by 0.2—0.3 solar) at the centre, as
clearly seen in Fig. 7.

To compare the spatial behaviour of Fe and Si more directly,
we plot the central region abundances obtained here and the
outer region abundances derived in Fukazawa et al. (1998),
separately for cooler (k7T <3keV) and hotter (3.5 < kT <
5keV) clusters in Fig. 9; these two groupings are represented
by the Virgo cluster (Matsumoto et al. 1996) and the Centaurus
cluster (Fukazawa et al. 1994; Ikebe 1995), respectively. Thus,
abundances of Si and Fe are seen to correlate positively in
general. In cooler clusters, the Si and Fe abundances increase
towards the centre quite similarly, both by 0.2-0.4 solar, roughly
keeping the Si/Fe ratio of 1-1.5. This trend agrees with the
results on the Virgo cluster (Matsumoto et al. 1996). On the
other hand, in hotter clusters, Fe exhibits larger abundance
increments towards the centre than Si; Fe increases typically by
0.1-0.4 solar and Si by <0.2 solar. The Centaurus cluster gives
the best example of such behaviour, as specified in Fig. 9. In
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Figure 8. The Fe abundances obtained by fitting the GIS spectra
integrated over the whole cluster region. The single-temperature Masai
model is utilized, since Ginga results were usually obtained by using this
model. Only clusters observed by Ginga are plotted against the ICM
temperature.

other words, the regions near cD galaxies exhibit roughly solar-
like Si/Fe ratios regardless of the cluster richness, whereas the
outer cluster regions exhibit progressively higher Si/Fe ratios
towards richer clusters.

4 DISCUSSION

4.1 The origin of excess metal abundances around cD
galaxies

Prior to the present paper, several examples of Fe abundance
increase around cD galaxies had been reported based on the Ginga
and early ASCA observations (e.g. Koyama et al. 1991; Fukazawa
et al. 1994; Ohashi et al. 1995; Matsumoto et al. 1996; Xu et al.
1997; Kikuchi et al. 1999). We have shown that this phenomenon
is quite common among cD type clusters: most of them exhibit
statistically significant Fe abundance increases around their cD
galaxies. As shown in Fig. 7, the Fe abundance increment is larger
(by 0.2-0.4 solar) in cooler clusters than in hotter ones (by 0.1-
0.2 solar). This phenomenon occurs typically within 100 h;ol kpc
from the c¢D galaxy; in the Centaurus (Ikebe 1995) and Virgo
(Matsumoto et al. 1996) clusters, the spatial scale of this
phenomenon has been measured to be 30-60 A3, kpc, which is
comparable to the size of the cD galaxy. Another intriguing fact is
that the metallicity of non-cD type clusters stays nearly constant
even at the cluster centre.

In the intracluster space, heavy ions could condense towards the
bottom of gravitational potential, producing metallicity gradients.
However, this process is expected to take place on time-scales
much longer than the age of the Universe (Sarazin 1988). We
therefore regard the observed metal increment as caused by

© 2000 RAS, MNRAS 313, 21-31
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somehow enhanced ejection of heavy elements from member
galaxies near the cluster centre, and/or by a better metal
confinement, rather than by any microscopic process.

One possible mechanism of enhanced metal ejection is ram-
pressure stripping of metal-rich interstellar gas of member
galaxies. However, this idea fails to explain the difference seen
between clusters of cD types and non-cD types, and fails to
explain how the metallicity enhancement is limited to the vicinity
of the cD galaxy. Therefore, we infer that the excess metallicity
around cD galaxies is caused by metal-rich gas ejected from cD
galaxies themselves.

We have discovered that the central excess metals around cD
galaxies exhibit roughly solar-like chemical composition, com-
pared with the Si-rich abundance in the outer region of rich
clusters. In other words, the central regions of cD type clusters are
probably more heavily contributed to by SNe Ia than their outer
regions. Although the central abundances could be subject to
resonance line scattering, we do not find any such evidence. As
SNe II should be rare in elliptical galaxies (e.g. van den Bergh &
Tammann 1991), the SNe Ia like chemical composition provides
strong support to our view that the excess metals in the centre of
cD type clusters came from cD elliptical galaxies.

In that case, can the amount of excess metals at the centre be
provided by the cD galaxy alone? As shown by Renzini et al.
(1993), a giant elliptical galaxy can supply to the ICM, over its
lifetime, a large amount of iron, the mass of which is comparable
to the total iron mass now contained in its stellar interior.
Although it is rather difficult in general to resolve the central
abundance profile accurately enough to constrain the excess iron
mass, lkebe et al. (1999) has successfully determined the central
Fe abundance radial profile in the Centaurus -cluster as
Aexp(—r/Rz) + B, where A = 1.0 solar, B=0.15 solar, and
Rz =80 h;ol kpc. Utilizing this empirical form and the ICM
density distribution of each cluster obtained in Fukazawa (1997),
we calculate the iron mass within 150 k5, of the centre for our
sample clusters. We adjusted A so as to reproduce the observed
central abundance, while we set B = 0.15 and Rz = 80 h;ol kpc
after the Centaurus cluster. As shown in Fig. 10, the iron mass at
the cluster centre is at most 7 X 10° Mg for any cluster. Such a
mass can be supplied by the cD galaxy (Renzini et al. 1993).

In conclusion, we are just observing the accumulation of metal
ejection from the cD galaxy into the ICM. This supports the

© 2000 RAS, MNRAS 313, 21-31

general view of chemical evolution of clusters of galaxies; metals
in the ICM are processed in the stellar interior in member galaxies
and ejected into interstellar/intergalactic space. One consequence
of this result is that, when we study cosmological evolution of the
ICM metallicity by observing distant clusters, we must carefully
resolve their central regions, where the metallicity may be
enhanced.

4.2 Differences between cD type and non-cD type clusters

We found a significant difference in the central ICM metallicity
between cD type and non-cD type clusters; the former exhibit a
significant metal increment, while the latter do not. This
generalizes the suggestion by Tamura et al. (1996) that clusters
with one central dominant galaxy tend to exhibit an abundance
increase at the centre, and clusters with several galaxies of similar
dominance do not. In addition, because cD type clusters are
usually classified as cooling-flow clusters, our results confirm the
claim by Allen & Fabian (1998) that cooling-flow clusters tend to
show abundance increases at the centre. However, many non-cD
type clusters also have a few (typically two) giant elliptical
galaxies in the cluster centre, and their total stellar content is
almost the same as that of a single cD galaxy. Therefore, the
difference between the two types of cluster cannot be attributed to
the difference in the stellar mass density. What, then, produces this
difference?

Considering the properties of galaxies at the centre of cD type
and non-cD type clusters, we can make a phenomenological
statement that the metal abundance increase is seen around a
central giant elliptical galaxy when it is not neighboured by other
giant ellipticals within 50-150 h;ol kpc. This was first pointed out
by Tamura et al. (1996) through comparison of a non-cD type
cluster, A1060, with several cD type clusters.

A likely explanation of the above effect is that the central giant
galaxies in a non-cD type cluster are under strong tidal
interactions with each other, so that their metal-rich ejecta are
highly disturbed and become turbulent (Tamura et al. 1996).
Furthermore, such galaxies must be moving with respect to the
ICM with a velocity comparable to the sound velocity in the ICM
(Ikebe et al. 1997), so that their interstellar media are subject to
ram-pressure stripping by the surrounding ICM. Through these
processes, the excess iron may be easily mixed into the
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Figure 10. The Fe mass within 150 h;ol of the cluster centre, assuming the Fe abundance radial profile obtained for the Centaurus cluster, Ag exp(—r/Rz) +
0.15 solar, where A is adjusted so that the emission-measure weighted central abundance becomes the observed value and Rz = 80 h;ol kpc.

surrounding metal-poor ICM and may become diluted. In other
words, the metals produced in these galaxies may be quickly
transported into the intracluster space, as is probably the case with
ordinary ellipticals in clusters (Matsushita 1997). A cD galaxy is
considered to sit at the bottom of the cluster potential,
approximately at rest with respect to the surrounding ICM. In
such a case, the ram-pressure stripping would not work. In
addition, a high ambient pressure caused by the surrounding ICM
will suppress the escape of metal-rich supernova products from
the cD galaxy.

4.3 The relation between the cluster temperature and Fe
abundance

Our results for the centre of cD type clusters reveal a negative
correlation of the Fe abundance with the cluster temperature
(Fig. 7). To understand this property, let us consider the Fe mass
rather than the Fe abundance at the cluster centre (see Fig. 10).
Interestingly, the Fe mass around the cluster centre exhibits the
opposite tendency, lower Fe mass for lower temperature clusters,
although the Fe mass seems to be constant above kT > 4keV.
This different behaviour of the iron mass is caused by the lower
ICM mass within 150 /5! kpc of the centre in lower temperature
clusters. That is, the amount of excess iron around cD galaxies in
fact decreases as the cluster becomes poorer, but the total amount
of ICM in the central region deceases more steeply toward poorer
systems. As a consequence, poorer cD clusters tend to exhibit a
higher Fe abundance in their central regions.

In Fig. 10, we see a steep decrease of the Fe mass toward lower
temperature clusters. As the total amount of Fe produced by a cD
galaxy should be independent of the cluster richness, Fig. 10
implies that most of the metals ejected from a cD galaxy have

already spread over into the wide intracluster space, and this effect
is stronger in poorer clusters, presumably because of the shallower
potential. This might smoothly connect to the even stronger
‘metal-escape’ effect found by Matsushita (1997) for non-cD
elliptical galaxies.
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