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Abstract. Based on a detailed study of the temperature structure of the intracluster medium in the halo of M 87, abundance
profiles of 7 elements, O, Mg, Si, S, Ar, Ca, and Fe are derived. In addition, abundance ratios are derived from the ratios of line
strengths, whose temperature dependences are small within the temperature range of the ICM of M 87. The abundances of Si, S,
Ar, Ca and Fe show strong decreasing gradients outsialed?become nearly constant within the radiushb solar. The F&i

ratio is determined to be 0.9 solar with no radial gradient. In contrast, the O abundance is less than a half of the Si abundance
at the center and has a flatter gradient. The Mg abundanek s$slar within 2, which is close to stellar abundance within the

same radius. The Si/Fe pattern of M 87 is located at the simple extension of that of Galactic stars. The obseri@ddtig

is about 1.25 solar, which is also the same ratio as for Galactic stars./Bife@ratio indicates that the SN la contribution to

Siand Fe becomes important towards the center and SN la products have similar abundances of Si and Fe at least around M 87,
which may reflect dimmer SN la observed in old stellar systems. The S abundance is similar to the Si abundance at the center,
but has a steeper gradient. This result suggests thay8iegfio of SN Il products is much smaller than the solar ratio.

Key words. galaxies: individual: M 87 — galaxies: intergalactic medium — galaxies: ISM — X-rays: galaxies: clusters

1. Introduction clusters, which indicates that SNe la products are also impor-

tant among these clusters. From the observed radial depen-

The intracluster medium (ICM) contains a large amount of mecsénce of the abundances, Finoguenov et al. (2000) found that

als, which are mainly synthesized in early-type galaxies (e.g, . : - .
Arnaud et al. 1992; Renzini et al. 1993). Thus, abundancest%? SNe Il ejecta have been widely dISt”bUte.d |n.the ICM.
In the ICM, around a cD galaxy, the contribution of metals

the metals are tracers of chemical evolution of galaxies apd .
clusters of galaxies. Prom the galaxy becomes important. Fukazawa et al. (2000)

. . . found a central increment of Fe and Si abundances around cD
Based on the e ratio observed with ASCA, a discusy laxies, which is due to SNe la from the cD galaxies. The

sion on contributions from SN la and SN Il to the metals has" .
. . upply of metals by stellar mass loss must be also considered
commenced. In a previous nucleosynthesis model of SN Pa

the Fe abundance is much larger than the Si abundance in frd- Matsushita et al. 2000).

ejecta of SN la (Nomoto et al. 1984). Observations of metal- In addition toglhe Siand Ee gblundancets);, thde XMM-Ne\r/]vton
poor Galactic stars indicate that average products of SNoﬁ)servatoryena es us to obtakelement abundances such as

have a factor of 2—3 larger abundancensélements than Fe for O and Mg, which are not synthesized by SN lahiinger

(e.g. Edvardsson et al. 1993; Nissen et al. 1994; Thielemafin?!- (2001) and Finoguenov et al. (2002) analyzed annular
' j sRectra of M 87 observed by XMM-Newton, and found a flat-

et al. 1996), although this ratio may depend on the initial ma bund i ‘0 q i ‘
function (IMF) of stars. From elemental abundance ratios fif abundance gra lent o compared to steep gradients o

the ICM of four clusters of galaxies observed with ASCA,S" S, Ar, Ca, and Fe. The stronger abundance increase of Fe

Mushotzky et al. (1996) suggested that the metals in the | mpared to that of O indicates an enhanced SN la contribu-

were mainly produced by SN II. Since stars in early-type gala%)n in the central regions (in disagreement with our findings,

ies in galaxy clusters are very old (e.g. Stanford et al. 199%‘,2"‘5’[&1'(16”0 & Molendi (2002) claim a similar gradient for O

Kodama et al. 1998), this means that most of the metals in t?'n'%d Fe, which would not support this conclusion). The ob-

ICM are produced through star formation at highFukazawa served similar abundance gradients of Fe and Si and the large

et al. (1998) systematically studied 40 nearby clusters agléo ratio at the center imply a significant contribution of Si
r

found that the SFe ratio is lower among the low-temperatu y S_N la that is a Iarger Bie abundance ratio by SN la than
obtained by the classical model of Nomoto et al. (1984). The

Send gfprint requests toK. Matsushita, larger SjFe ratio and the implication that the/B¢ ratio sup-
e-mail:matusita@xray.mpe.mpg.de plied by SN la may change with radius in the M 87 halo may
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indicate a diversity of SN la explosions also reflected ina di- [ =~ ' # ]
versity of the light curves as discussed by Finoguenov et al. © B —
(2002). A similar abundance pattern of O, Si and Fe is observed — i + N |
around center of A 496 (Tamura et al. 2001). L | 4} 1 L

A prerequisite of the abundance determination is a pre } } ﬂ H+ 1 | l i + ‘ i
cise knowledge of the temperature structure of the ICM. Basetd — 7 1 BTN A AF ﬂf na * =Mt
on the XMM-Newton observation of M 87, Matsushita et al~ I \ T + ‘ /| ‘ % ‘ ]
(2002; hereafter Paper 1) found that the intracluster medium L + \ 1 J
has a single phase structure locally, except for the regions asso+o |- + L 8
ciated with radio jets and lobes ¢Bfinger et al. 1995; Belsole ‘ u
et al. 2001), where there is an additiondl keV temperature <r L 1 T‘ ]
component. The signature of gas cooling below 0.8 keV to zero 1 o
temperature is not observed as expected for a cooling flow (e.g.
Fabian et al. 1984). The fact that the thermal structure of the in-
tracluster medium is fairly simple and the plasma is almost lo-
cally isothermal facilitates the abundance determination enéig. 1. The data-to-model ratios of the deprojected spectra of the
mously and helps to make the spectral modeling almost unig&#0OS withinR = 2-8 fitted with the single temperature MEKAL

In this paper, based on the detailed study of the tempef@adel (black crosses) and version 1.1 of the APEC model (gray
ture structure, abundances of various elements are discusd&ionds)-
In Sect. 2, we summarize the observation and data prepera-
tion. Sections 3 and 4 deal with the MEKAL (Mewe et alFor outside 8 the energy range between 7.5 and 8.5 keV of
1995, 1996; Kaastra 1992; Liedahl et al. 1994) and the APHEle EPN spectra is ignored, because of strong emission lines
model (Smith et al. 2001) fits to the deprojected spectra, andriduced by particle events (Freyberg et al. 2002).
Sect. 5, abundance ratios are determined directly from the line
ratios, considering their tempergture depgndences_. In S(?CT?,.GSpectraI fit with the MEKAL model
we evaluate anfeect of resonant line scattering. Section 7 gives
a discussion of the obtained results, and Sect. 8 summarizesweehave fitted the deprojected spectra with a single tempera-
paper. We adopt for the solar abundances the values givertlmge MEKAL model with photoelectric absorption, in the same
Feldman (1992), where the solar Ar and Fe abundances relatixay as in Paper I. For the outermost region, we fitted the pro-
to H are 447 x 10°® and 324 x 107° in number, respectively. jected (annular) spectrum. For the spectra witHinalpower-
These values are fiierent from the “photospheric” values oflaw componentis added for the central active galactic nucleus.
Anders & Grevesse (1989), where the solar Ar and Fe abuive fixed index of the power-law component to the best-fit value
dances are.B3x 10°° and 468 x 10°°, respectively. The so- obtained from the spectrum within 0/1Paper 1) and normal-
lar abundances of the other elements are consistent with eield it using the point spread function of the XMM telescope.
other. Unless otherwise specified, we use 90% confidence e/&bundances of C and N are fixed to be 1 solar and those of
regions. other elements are determined separately. Withiw@ also fit-
ted the spectra with a two temperature MEKAL model, where
the abundances of each element of the two components are as
sumed to have the same values, since within this radius, there
M 87 was observed with XMM-Newton on June 19th, 200@emains a small amount of the cooler component with a nearly
The dfective exposures of the EPN and the EMOS are 30 kenstant temperature of 1 keV associated with the radio lobes
and 40 ks, respectively. The details of the analysis of badBelsole et al. 2001; Paper I). As discussed in Paper I, the two
ground subtraction, vignetting correction and deprojectiaamperature model should reflect the actual temperature struc-
technique are described in Paper I. When accumulating speoe of the ICM, although within 0/5the XMM spatial reso-
tra, we used a spatial filter, excluding those regions where t&on is not enough to resolve temperature components of the
brightness s larger by 15% than the azimuthally averaged va@mplicated structure of the ICM.
in order to excise the soft emission around the radio structures The results are summarized in Table 1 and Figs. 1-4.
(Figs. 1 and 6 in Paper I), although it is not fully exclude®Representative spectra fitted with the MEKAL model are
within 2/, due to its complicated structure and the limited spahown in Figs. 2 and 7 of Paper | and Fig. 1. There remain
tial resolution of the XMM telescope. small discrepancies between the data and the best fit model. A

For the EPN spectra, we employ the response matrix coesidual structure exists at 0.8—1 keV of the deprojected spec-
responding to the average distance from the readout for eaeghof the EPN ofR > 2/, when fitted with the single tem-
accumulated region, epis20.sYi_thin.rmf from March 2001. perature MEKAL model, while the EMOS data have no such
Here, i reflects the distance from the readout-node, whicksidual (Fig. 2 of Paper I). Her® is the 3-dimensional ra-
affects the energy resolution. For the EMOS data, we useids. This problem will be discussed in the next paragraph.
m1 thin1v9q19t5r5all_15.rsp from June 2001. The spectralhe Fe-l/Mg-K structure around 1.3 keV is not fitted well
analysis uses the XSPE{1.1 package. We fitted the EPN(Fig. 1). Therefore, we do not show Mg abundances here and
and EMOS data in the spectral range of 0.5 to 10 keWill discuss this in more detail below (Sects. 4 and 5.5, 5.6).

Oﬁ.*

channel energy (keV)

2. Observation
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Table 1. Results of spectrum fitting of the deprojected spectra with the single temperature and the two temperature MEKAL model. For the
outermost region, projected spectra are used. The regions with the enhanced X-ray emission associated with the radio structures are excluded
throughout this paper.

R kT1 kT2 N o] Si S Ar Ca Fe ¥ 2
(arcmin)  (keV) (keV) (1®cem2)  (solar) (solar) (solar) (solar) (solar) (solar)
The EMOS spectra fitted with a 17T MEKAL model

0.00-0.35 1.13 41 0.02 0.37 0.37 1.01 1.25 0.20 /4BB
0.35-1.00 1.47 43 0.00 0.83 0.83 0.69 1.84 0.79 /BFB
1.00- 2.00 1.5%83 32fﬁ 0.428:12 1.29ﬁ8&2 1.09f8:% 0.968:% 2.66ﬁ8:g§ 1.05f8:8§ 177175
2.00-4.00 2.08% 1378 0.4470% 124010 112511 071220 1.33%%  1.079% 172175
4.00-8.00 2.36% 1.4%% 045357 0.920%7 0.719%%  0.4201%  1.019%8  0.7935: 199175
8.00-11.30 2.515%8 1997 0.3791 0.647017 035512 0.3773%2 0.720%2 0.629% 243175
11.30-13.50 2.78% 0.674 0.329%7  0.6170%%  0.205%7 0.1421 0.49923  0.51'09% 279175

The EMOS spectra fitted with a 2T MEKAL model

0.00-0.35 1561 075392 2315 02493 10402 10798 06217 20329 08598 139176

0.35-1.00 1.78% 09199 21798 06531 1.7001 1.5301 099328 1.383% 154317 227176
1.00-2.00 16§ 0.9731F 267 055917 1.560% 12502 09603 238037 1.280% 162176

-0.15
The EPN spectra fitted with a 1T MEKAL model

0.00-0.35 0.74 9.0 0.19 0.32 0.71 3.15 0.40 008  /P%B
0.35-1.00 144 4.6 0.28 0.86 0.86 0.79 2.06 081 /BB
1.00-2.00 1.58% 3531 0450 10997 09992 13098 17012 09899 112125
2.00-4.00 1.9§9% 1597 04001 10504 095916 08103 16308 096998 125125
4.00-8.00 2.260% 1495 02809 071010 053918 021027 10108 06999 93125
8.00-11.30 2.4819 1798 029016 058019 028920 04104 09508 05399 85125
11.30-16.0 2.549 0505 026007 03799 03392 02002 0389% 04199 190131

The EPN spectra fitted with a 2T MEKAL model

0.00-0.35 17%8 073992 0QL* 04893 123057 102074 127177 12638 10898 133123

0.35-1.00 1.78% 0.873%3 0.979  058%1F 1.47535 15602 0.9675° 1.6503% 155918 152123

1.00-2.00 1.70% 100(fi) 081 06992 17394 147042 160978 13852 14992 90123

a Degrees of freedom.

We also do not show Ne and Ni abundances, because their libserved in EPN spectra, as discussed in Paper |. In addition,
strengths are much smaller than those of the Fe-L featureshet EPN is characterized by a dependence of the energy reso-
the same wavelength and a small uncertainty in the Fe-L colution on the position on the detector. As a result, the observed
plex gives large uncertainties in abundances of these elemédrgsabundance of the EPN may be artificially decreased by these
(Masai 1987; Matsushita et al. 1997, 2000). There are algmblems and the change of the continuum level afferts the
small discrepancies in the continuum level aroundiiKes of O abundance. Those of Si and S also couple with abundances
Si, S and Ar, which will be discussed in Sect. 5. of other elements such as O and Fe due to tfeceof free-

The derived abundances are mostly consistent betweenhbend emission and the increment of the strength of the Fe-L
EPN and the EMOS, although the EPN abundances of O, &inission around the Kline of He-like Si. When we fix the
S and Fe are systematically smaller than the EMOS resu@isNe, Mg, Fe and Ni abundances to the best fit values derived
by 10-30%, when fitted with a single temperature MEKAlirom the EMOS spectra of the whole energy band and fitted
model. As will be shown in Sect. 5, the strengths of khes the EPN spectra above 1.7 keV, we recover consistent Si and S
of H-like O, Si, S and He-like« Li like) Fe observed by the abundances between the two detectors (Fig. 2).
EPN and EMOS agree within several percent when considering The derived abundances of Si, S, Ar, Ca, and Fe from de-
the diference in the normalization between the two detectomojected spectra using the single temperature MEKAL model
Therefore, these abundance discrepancies should be causdi bjow strong negative gradientsRt> 1’, and drop sharply
the discrepancy at 0.8—1 keV, which may reflect uncertaintiegthin this radius (Table 1, Fig. 2) as already seen in the pro-
in an instrumental low energy tail of the strong Fe-L linegcted spectra (&iringer et al. 2001; Finoguenov et al. 2001,
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Fig. 2. Abundance profiles of O, Si, S, Ar, Ca and Fe using the single temperature (black) and the two temperature (gray) MEKAL model fr
the deprojected data of the EMOS (diamonds) and the EPN (closed circles). The open circles are the Si and S abundances derived frc
EPN spectra above 1.7 keV, when O, Ne, Mg, Fe and Ni abundances are fixed to be the best fit values derived from the EMOS data of the v
energy band. The dashed lines correspond to the best fit relation of the deprojected Si profile of the EMOS.

Gastaldello & Molendi 2002). But now the absolute values are The two temperature MEKAL fit on the deprojected spectra
slightly larger than those from projected spectra. In contragiyes significantly larger abundances than the single tempera-
the O abundance is nearly constanRat 1’. ture MEKAL fit (Figs. 2—4, Table 1) and the central abundance
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drops seen in the single MEKAL fit become very week in the ™

results of the two temperature MEKAL fit, although contribu- ---2T EPN ey
tions of the cooler component are small as shown in Paper I. -—-2T EMOS

For example, aR = 0.35-1, 10 percent of the cooler compo- R
nent in units of emission measure changes the Fe abundances — 1T BPN /§7
by a factor of 2. The reason for this is the change of the temper- ~ || ——1T EMOS Yo .

ature of the hot component, when the cold componentis added. | @ L |
For a fixed Fe line feature this leads to a higher abundance re- L \ |
quired in the fit. In addition, abundances of O, Si and S alg® | L ,
increase by a factor of 2. The increment of the O abundance . -

is due to the change of the temperature structure. The Si and o | vard + R=0-1"" 1

S abundances increase due to an increment of the free-bound | )L * R=1-2.8
emission and the strength of Fe-L lines around the He-like Si .

line. Therefore, considering the remaining 1 keV temperature . < REAT T
component associated with the radio structures withial2un- . A r>8

dances become nearly constant within 2 L

We have also tried a three temperature MEKAL model for g : * ‘
spectra within 2 Although the deriveg? values have slightly 0.2 0.5 1 <
improved, the derived abundances and their errors have nearly Fe
the same values as those from the two temperature MEKAL

model fit.

Figure 3 shows the confidence contours for the Si, S and =
Fe abundances, derived from the deprojected spectra. For the .2
outermost region, the results from the projected spectra are As?
plotted. The elliptical shape of the confidence contours indi- — | ) _
cates that abundance ratios are better determined than the abun- é e
dances themselves. Thdfdrences in the @te and e ratios
between the EMOS and EPN are considerably smaller than i ., )
the abundance fierences. Furthermore, the two temperature r 1
MEKAL model fit gives almost the same values of th¢Fsi o 0 i
and 3Fe ratio with the single temperature MEKAL model fit,
although absolute values of Si, S, and Fe are largely changed. r
This means that the abundance ratios do not strongly depend
on the temperature structure. As a result, th€&ratio is de- "
termined to be nearly constant al & 0.1 solar, with no radial
gradient. In contrast, we find that the S abundance has a steeper .
gradient than Fe abundance. -

The abundances of Si and Fe are nearly independent to the
O abundance (Fig. 4). However, at the center, the two temper-
ature MEKAL model gives the similar values of thgSdand Fig. 3. Confidence contours (90%) for the Si, S vs. Fe abundance of the
OfFe ratio as the single temperature MEKAL model. TH8IO erroje_cted da_ta of the EMOS (thick lines) and the.EF_>N (thin lines)
and OFe ratios are consistent between the two detectors fgf_ed with the single temperature MEKAL model (solid lines) and the
though the abundances of O, Si, and Fe between the EM@@ temperature MEKAL model (dotted lines). For the outermost re-

. gion, the projected spectra are used. The solid lines indicate the condi-
— 0,
and EPN difer by 10-30%. Both the 8 and F¢O ratios tion of the solar-abundance ratio. The dashed lines represent/Ee Si

increase by "’_‘ factor of.1.5 with radius. This result ?s in di$étio to be 0.8 and 1.2 solar and the dotted line represents/fe S
agreement with the claim by Gastaldello & Molendi (2002}4ti6 to be 0.5 solar.

where they derived the constant/Beratio. The background

subtraction should not be a problem when determining O, Fe,

and Si abundances, since even at the radius ofth® back-

ground is only a few percent between 0.5 to 2 keV. In additioile projected spectra in the same way in Gastaldello & Molendi
the background was subtracted according to the detailed st(ié§02), we achieve the same results.

by Katayama et al. (2002). A more severe problem should be In summary, from the deprojected spectra using the
the uncertainties in the response matrix, since the O abundahtieKAL model, the abundances of Si, S, Ar, Ca, and Fe have
was inconsistent between the EPN and the EMOS by a facsteep gradients & > 2° and become nearly constant within
of 2 using an old response matrix@Bringer et al. 2001), al- the radius. The @#re ratio is almost constant within the field of
though the discrepancy becomes smaller now as shown in thiew, while the $Fe ratio has a negative, and thg@ ratio has
section. Using an old version of the response matrix and fittiagoositive gradient.
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Fig. 5. The ratios of the best fit abundances derived from the APEC
0 model and MEKAL model. The two temperature model is used at
R < 2’ and the single temperature model is useR at?2'.

st and the Fe-K as shown in Paper |, although a single temperature
fgs ;:;..a MEKAL model can fit each deprojected spectruniRat 2'.
e S However, the strengths of Klines of version 1.1 of the
— o ; -| APEC code in version 11.1 of the XSPEC became more con-
sistent with the MEKAL ones. Within the temperature range of
@ the ICM of M 87, the largest dlierences except for the Fe-L
structure are 20% changes in the strengths of thdike of
CD H-like O and the Fe line at 6.7 keV.
- ] Using version 1.1 of the APEC code, we fitted the depro-
2D jected spectra of the EMOS. The results are summarized in
Table 2 and Fig. 5. In contrast to the wosgevalues obtained
from version 1.0 of the APEC code, version 1.1 gives simjfar
values compared to those obtained by the MEKAL model. For
the Fe-l/Mg-K structure around-1.4 keV, the APEC (v1.1)
model gives a better fit than the MEKAL model (Fig. 1). The
.2 0.5 1 o derived temperatures and hydrogen column densities are con-
sistent with those from the MEKAL model. The contribution of
the lower temperature componentat 1-2 has slightly de-
Fig. 4.90% confidence contours for the Si, Fe vs. O. The meaningsgeased from 4% by the MEKAL code to 2% by the APEC
t_he symbols are the same as in Fig_. 3. The solid lines and dot-da}sEg@e’ although the contribution withirf Is consistent with
lines represent the Si or Fe to O ratio to be 1 and 2 solar, respectively-, other. The few percent of the soft component using the
MEKAL model atR = 1-2 may be an artifact due to the un-
certainties in the Fe-L complex.
Figure 5 compares the abundances derived from the APEC
A new plasma code, APEC (Smith et al. 2001), is now availakded the MEKAL model. The large abundance changes seen
in XSPECv11. Within the energy resolution of the CCD detean APEC version 1.0 (Paper I) are not derived using the new
tors, the dominant change from version 1.0 to the APEC cod®EC code, version 1.1. For Si, S, and Fe, we find consis-
in the XSPEC version 11.0.1 is not in the Fe-L lines, but in thent results within several percent. The O abundances from
Ka lines. Using version 1.0 of the APEC code, strengths of thise APEC code are systematically larger than those from the
Ka lines of H-like ions, which are the most fundamental line8EKAL code by 20%, which is close to thefterence of the
decrease by50% at 2 keV, and their temperature dependenda®e strength of the kK line of H-like O between the MEKAL
also change. The strength of the 6.7 keV Fe-K line decreasasd APEC model.
by a factor of 2 at 1 keV and 1.3 at 4 keV. The changes of the In contrast, the derived Mg abundancefti by a factor
Ka lines of He-like ions of Si, S, Ar and Ca are smaller. As af 2 between the two codes. Since the APEC model can fit the
result, any single temperature APEC model cannot fit the ddg-K/Fe-L structure at-1.4 keV quite well, the APEC code
projected spectra of M 87, especially for the ratio of the Fetbay be better to derive a Mg abundance. There is another

Fe

0.5

4. Spectral fits with the APEC model



K. Matsushita et al.. XMM observation of M 87. Il. 449

Table 2. The results of the spectral fits of the deprojected spectra of the EMOS using the APEC (v1.1) code.

R kT1 kT2 N o) Mg Si S Fe X2
(arcmin) (keV) (keV)  @®%em2  (solar) (solar) (solar) (solar) (solar)
a 1T APEC model
0.00- 0.35 1.15 2.5 0.06 0.0 0.29 0.41 0.15 /233
0.35-1.00 1.48 2.4 0.97 1.17 1.80 1.79 1.37 /383
1.00-2.00 1.58% 2875 056903 0.87917 14703 1.28912 11535 126175
2.00-4.00 2.013% 2193 05403 0.67%%2 119997 1.099% 1.033% 181175
4.00-8.00 2.28% 2.002  0.52:9% 0.87:9% 0.68%% 0.789%2 210175
8.00-11.30 2.48% 2207 0.460%% 0.659% 0.3621 0.649%% 248175
11.30-13.50 2.74% 0.8%92 0.3893% 0.62997  0.195%% 053353 305175

a 2T APEC model

0.00-0.35 1.4127 0.789% 2.47% 026022 0.75%% 1.147%% 1.18%% 096919 13174

0.35-1.00 1.78% 1.05%% 2098 08002 1109 178999 16101 1589% 190174

-0.02 -0.6 -0.14 —-0.16 -0.16
1.00-2.00 1.6R% 1.00(fix) 259 06492 100082 161027 13898 126917 125174

a Degrees of freedom.

problem due to the strong instrumental line of the EMO$y poorer statistics than those derived from projected data. In
which is located at a similar energy to the Mg line.rAt 8— order to derive abundances more accurately, we need projected
13.8, the strength of the instrumental line is a factor of 16pectra.

larger than the Mg line of the ICM, and the_ungertainﬁ;eqts However, the projected spectra consist of multi-
the spectrum aR = 4-8 through the deprojection. Herejs  omperature components. As a result, some line ratios,
the projected radius from the center. Therefore, the Mg ablé!?jch as the ratio of & lines of He- and H-like S. of the

dances are shown only withirf.4The derived Mg abundancepiacted spectra cannot be fitted with a single temperature

is ~1 solar atR < 2" and shows a radial gradient outside thigiex AL model (Fig. 6). We must be careful in using a
radius (Table 2). multi-temperature model, e.g. a two temperature model,
The observed values of the Ne abundance derived from #igce emission lines and a continuum spectrum affereint
APEC model are also a factor of 1.3 larger than those derivigfhctions of temperature. In addition, the continuum spec-
from the MEKAL model. For the Ni abundance, the APEGy petween S, Ar and Ca lines show small discrepancies
code gives 60% of the values from the MEKAL cod&Rat 2, petween the data and the single temperature model. These
but withinR < 2’, both codes give similar values. In contrast tgma| discrepancies sometimes give larger uncertainties in the
the Mg lines, the Ni-L lines and the Ne-K lines cannot be digtrengths of faint lines such asiines of He-like Ar and Ca.
tinguished in the spectra of M 87. Therefore, we do not pres§tir example, when fitting with a single temperature MEKAL
Niand Ne abundances in this paper. model with the projected spectrum at 2-4emperature
In summary, the new APEC code provides a better fit to thgyd Ar abundance are determined as 2.2 keV and 0.7 solar,
Fe-L structure, and the derived abundances of O, Si, and Fe@$pectively. However, when we restrict the energy range
mostly consistent with those obtained from the MEKAL codgyithin 2.8-5.0 keV and fix the abundances of O, Ne, Mg, Si,
The Mg abundances are derived tofiesolar alR < 2/, since S and Fe to the best fit values obtained from the whole energy
the Fe-IMg-K structure is well fitted with the APEC code.  pand fit, the temperature becomes 2.4 keV and Ar abundance
is determined as 1.1 solar. Here, the Ar abundance is changed
o o ) by 60%, although the best fit temperature§atiby only 10%.
5. Abundance determination using line ratios This small discrepancy between the S and Ar lines is also seen

In this section, we try to obtain abundance ratios of elemerfisne deprojected spectra, although their errors are larger.

directly from ratios of emission lines. When calculating the de- Therefore, in this section, we determine strengths of emis-
projected spectra, we make an assumption that spectra beysind lines, and then determine abundance ratios, consider-
the field of view are the same as the outermost spectrum, whiof the temperature dependence of line ratios. We have fit-
is not valid since the temperature starts to decrease beyondttite the projected and deprojected spectra within an energy
field of view of the detector (Shibata et al. 2001). Thereforband around a given line with thermal bremsstrahlung and
especially in the outer regions, there may be a bias dueGaussians. Obtaining strengths af Knes of He-like S and Ar,

this assumption, since emission lines have a stronger depeontributions of k8 lines of H-like Si and S were subtracted us-
dence on temperature than the continuum. In addition, abimg the strengths of K lines. Here, we used thedto Ka ratio
dances from deprojected spectra have a larger uncertainty diithe MEKAL code. Strengths of H-like & lines of O were
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Table 3. Ratios of K lines and abundance ratios (errors correspond to 68%). Withith@ dfect of the lower temperature component is
considered.

r H-O/H-Si  O/Si(solar) (H-SHe-S)H-Si §Si(solar) He-ArH-Si  Ar/Si(solar) He-CA-S CdS (solar)
Annular spectra of the EMOS
0.0-0.5 226+029 043+0.06 108+ 0.06 114+ 0.06 016=+0.03 - 020+ 0.04 -

0.5-1.0 216+0.15 048+0.03 102+ 0.04 105+ 005 014+002 079+011 023+003 129+0.16
1.0-2.0 190+0.11 045+0.03 094+ 0.03 096+ 0.03 018+0.03 087+0.12 028+0.03 153+0.15
2.0-4.0 184+0.13 046+0.03 093+ 0.03 097+0.03 017+0.01 078+0.06 023+0.02 116+0.10
4.0-8.0 238+010 059+0.02 082+ 0.03 087+0.03 014+0.02 067+0.09 024+002 118+0.11
8.0-135 25+020 061+0.05 062+ 0.05 067+0.05 014+0.03 071+016 032+0.06 156+0.29
Deprojected spectra of the EMOS

0.0-05 208+0.42 035+0.07 109+ 0.17 116+0.18 018+0.06 - Q18+ 0.08 -

0.5-2.0 206+0.23 045+0.05 096 + 0.04 100+£0.04 016+002 093+011 029+004 160+0.21
2.0-5.6 177+0.12 044+0.03 090+ 0.04 093+0.04 018+0.02 085+010 024+0.03 124+0.16
5.6-11.3 2Z74+031 (068+0.08 075+ 0.07 080+0.08 014+0.03 067+015 025+005 126+0.26

Annular spectra of the EPN

0.0-05 200+0.33 038+0.06 111+ 011 117+ 011 030+0.05 - 024+ 0.09 -

0.5-1.0 187+0.20 041+0.04 104+ 0.06 107+0.06 015+003 081+013 024+006 136+031
1.0-2.0 190+0.18 044+0.07 092+ 0.05 094+0.05 018+0.02 088+0.10 028+0.04 150+0.22
2.0-4.0 187+0.23 047+0.06 093+ 0.05 097+0.05 017+0.02 081+011 035+005 178+0.25
40-8.0 209+026 052+0.06 076+ 0.05 082+0.05 008+0.02 041+0.09 034+0.09 169+0.44
8.0-13.5 2Z/0+043 067+0.11 067+ 0.08 073+0.09 020+0.05 102+023 044+008 214+0.39

5

and Si abundances obtained from the EMOS and the EPN using
the same single temperature model have small discrepancies of
20 ~ 30%, the line ratios of the two detectors agree well with

41 each other (Fig. 7).

The observed radial profile of the line ratio has a mini-
mum at~2’ (Fig. 7). Figure 7 also shows the line ratios plotted
against the best fit MEKAL temperatures from the whole en-

1 ergy band. When the abundance ratio ¢g&{0s constant, the
line ratio is almost constant above 1.7 keV and it starts to in-

. crease sharply below the lowest temperature. Comparing the
+ + T mn observed minimum value ef2 with the minimum value of4

1 == corresponding to the solar abundance ratio, no temperature dis-
L tribution can reproduce ary6i ratio larger than 0.5 solar at the

\ \ | radius of~2'.

2.5 3 Considering the temperature structure derived in Paper I,
we can better constrain thg'®) ratio. The independence of the

channel energy (keV) line ratio from the temperature above 1.7 keV means that the

abundance ratio can be directly obtained dividing the line ratio

Fig. 6.The projected EMOS spectrumof- 8.0-13.5 (crosses) fitted by that of the solar abundance ratio when there is no temper-

ith a single MEKAL | I i .
‘("gltaci)s'ng € model (gray) and bremstraliung and Gauss'a%gure component below 1.7 keV. Thus, beyoridt@e gradi-

ent of the line ratio reflects a change of thgS0ratio, since

. - outside 2, there is no temperature component below 1.7 keV
obtained from spectra within the energy range of 0.55-1 ke¥aner |y From the line ratio at= 2—4, the QSi is derived to
fitted with a Gaussian and two APEC models with zero £ o 46'solar, and beyomd> 8, it increases to 0.6-0.7 solar

abundance. Those of Si were also obtained from fitting wi Big. 7).
Gaussians and the two temperature APEC model with zero'Si'\\ .. o e presence of the additional keV tempera-

a_lbunde_mce, using the 1.1-2.2 kev energy band. We selec['be% component must be considered. The derivi&l @tio as-
line ratios whose temperature dependence is small, for accur:# ing that the temperature is larger than 1.7 keV should be the

! S
measurements of abundance ratios. The results are summar'jﬁg imum value of the (i ratio which is~0.5 solar within 2
(triangles in the bottom panel of Fig. 7). We also derive the

normalized cnts/s/keV

2

in Table 3.

51.0vs. Si O/Siratio from the line ratio considering the fraction of the low

temperature component, which is derived from the spectral fit
The abundance ratio of/Si is better obtained from the ratiousing the best fit two temperature APEC model. Then, tt& O
of the line strengths of K lines of H-like ions. Although the O ratio is derived to be 0.45 solar at Y-géhd 0.4 solar within 0/5
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Since the line ratio is a steep function when the temperature is
around 1 keV, we have also checked a case when the lower tem-
peratures is 0.6 keV, which is 0.2 keV smaller than the central
temperature. For the innermost region, the derivédi @atio
with the temperature of 0.6 keV is consistent within 10 per-
cent, since the temperature of the softer component becomes
lower, the fraction of the component also becomes lower which
is derived from the spectral fitting from Fe-L.

For comparison, we also plotted th¢Sdratio derived from
the deprojected spectra through the spectral fits and the line ©
ratio. Although the @i ratios derived from the line ratios are
systematically larger by20% than those derived from spectral
fit with the MEKAL model, the gradient of the /Si ratio is
consistent between the two, and thgSOratio changes by a r (arcmin)
factor of 1.4 from the center to 10

(9]
1

—H-Ko/Si—H-Ka
N

52.Svs. Si | Y N ——

Although the ratios of i lines of He-like or H-like S to that of
H-like Si are both steep functions of temperature, the ratio of
the sum of the two K lines of S to the H-like Si line is nearly
constant within 10% between 0.9 to 5 keV when th8i$atio

is constant (Fig. 8). The important point is that we can derive 7 |  of J>vy- ¢ __ |
the abundance ratio almost independently from the temperature I‘ Vo { é+ 0/Si=0.5
structure of the ICM. Considering that there is no temperature © v '
component below 1 keV, as in the case of th&idatio, even 0/Si=0.25
for the projected data, thg' S ratio can be directly calculated .
from the line ratio. As in the previous subsection, tifieet of 0.5 1 2 5
the lower temperature component is estimated to be less than a
few percent.

The observed profile of the line ratio shows a negative gra-
dient and ar = 10, it is about half of the central value. This
gradient reflects the change of thgSEratio, because of the o
small dependence on temperature. Converted to the abundance | | _{_
ratio, the $Si ratio is 1.0 solar within 2 and drops to 0.67 so- ) .
lar at~10 (Fig. 8). These results are systematically larger than
those derived from the spectral fits. Especiallyr at 8, the
spectral fits on the projected spectra give tli8i $atio to be
0.3-0.5 solar (Table 1, Fig. 2), while the line ratio gives the
value of 0.6—0.7 solar. For the projected data, the S abundance ]
from the spectral fit should not be correct since the single tem- ' : S
perature model cannot fit the twaeKines simultaneously as Y

shown in Fig. 6. 0.2 0.5 1 2 5 10

—Ka/Si—H—Ka

0/Si (solar)
o o
o o

-

g

©
£

) r (arcmin)
5.3. Arvs. Si
Fig. 7. The line ratios of Kk lines of H-like O and Si of the EMOS

Although the line ratio of the K lines of He-like Ar to H-like (black) and the EPN (gray), plotted against the radius (upper panel)
Si is a steeper function of temperature thg8i®r O'Si ratio, and the best fit temperature fitted with the single MEKAL model

within 1.7 to 2.8 keV, at a given ratio of A8i, the change of (middle panel). Solid and dotted data correspond to projected and
the line ratio is less than 10% (Fig. 9). In Paper |, we found th@gprojected data, respectively. Dashed lines in the middle panel cor-
atR > 0.5, the ICM temperature at a given radius is dominatégspond to constant abundance ratios in unit of the solar ratio. The
by a single temperature componentwhose temperature is |a%e§p/ed abundance ratios are plotted in the bottom panel. Within

than 1.7 keV. From Fig. 7 in Paper I, the contributions fro rcmin, contributions of the lower temperature component are con-
the 1 k.eV cohponent to. Ar and H-Iiké Si lines are negligibIeSIdered' Triangles are the best fit values of the abundance ratio, assum-

Theref h fthe S to Si abund . ing the temperature is larger than 1.7 keV. The diamonds correspond to
er_e ore, as In case o t_ e tq I -abun apce ra_tlo, We G abundance ratios derived from the deprojected EMOS spectra us-
obtain the abundance ratio of /&i from the line ratio. The jng the MEKAL model fit. Errors represent the 68% confidence level.

results indicate that the A8iis 0.7—0.8 solar.
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> The ratio of the K line of the He-like Ca to that of the H-like S
also show a small temperature dependency (Fig. 10). Because
these lines are dominated by a hotter temperature component
| | even around the center, we can calculate th&Qatio in the
0.2 '0'5' - '1 2 5 ' '10 same way. The @8 ratio is~1.5 solar within the whole region.

r (arcmin)

Fig. 8. The line ratios of k lines of the sum of He-like and H-like S
to H-like Si of the EMOS (black) and the EPN (gray), plotted again

55 . Mgvs. O

g}he energy of the K line of H-like Mg is slightly shifted from

radius (top panel) and temperature (middle panel), and the radial p%e Peak of the F.e-.L err.1ISS|0n»§11..49 keV (Fig. 11). Th!JS’ the

file of the $Si ratio (bottom panel). The meaning of the symbols afé@ line can be distinguished within the energy resolution of the
the same as in Fig. 7. Errors represent the 68% confidence level. CCDs. The problem with the spectral fitting is the modeling
of the Fe-L structure around the Mg line. Due to the problem

of the strong instrumental line of the EMOS, we do not present
The derived AfSi ratios are systematically larger than théhe results on the Mg-K line far> 8'.
results of the spectral fit on the projected data (Finoguenov The strengths of H-like and He-liked&lines of Mg were

et al. 2002) by 30% within‘3and by a factor of 2 at > 8.

obtained from spectra within 1.1-1.6 keV, fitted with Gaussians

This large discrepancy is caused by the failure to fit the contiand a two temperature MEKAL or APEC model with zero Mg

uum between the S and Ar lines illustrated in Fig. 6.

abundance. The results are summarized in Table 4.



Fig. 10. The line ratios of k lines of He-like Ca to H-like S of the
EMOS (black) and the EPN (gray). The meaning of the symbols ar@-0-0.5
the same as in Fig. 7. Errors represent the 68% confidence level.

normalized cnts/s/keV
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Table 4.Line ratio of Ka of H-like Mg, O, and Si and their abundance
ratios, when the Fe-L is modeled with the APEC (errors correspond to

689%)

r

H-Mg/H-O Mg/O (solar) H-MgH-Si

Mg/Si (solar)

Annular spectra of the EMOS

0.0-0.5
0.5-1.0
1.0-2.0
2.04.0
4.0-8.0

23+0.04 146+0.23 053+0.05
®2+002 133+0.11 048+0.03
21+002 126+0.14 040+0.04
22+0.02 130+0.14 040+0.03
019+ 002 116+0.10 046+0.04

063+ 0.07
064+ 0.04
057+ 0.06
059+ 0.05
069+ 0.06

Deprojected spectra of the EMOS

0.0-0.5
0.5-2.0
2.0-4.0

®27+007 173+0.48 056+0.13
20+ 0.03 119+0.17 041+0.04
20+ 005 121+0.28 042+0.08

061+ 0.14
054+ 0.05
066+ 0.10

Annular spectra of the EPN

031+ 0.06
—-1.0 022+ 0.04
1.0-2.0 019+0.03

190+ 0.36
131+ 022
114+ 0.20

061+ 0.08
041+ 0.06
036+ 0.06

072+ 0.10
054+ 0.07
052+ 0.08

LN

H

T

L L
I oS
by,

1

1.3 1.5

channel energy (keV)

065+ 0.13
075+0.18
063+ 0.15

2.0-4.0 023+0.05
4.0-8.0 (024+0.06
8.0-13.5 (15+0.04

141+ 031
145+ 038
094+ 0.26

044+ 0.08
050+ 0.12
041+ 0.10

the strength of 1.49 keV peak of the Fe-L enable us to con-
strain the Mg line strength. The derived strengths of the Mg line
are consistent with those derived using the APEC code for the
modeling of the Fe-L. This result supports the Mg line strengths
from the APEC code than those from the MEKAL code.

As in Sects. 5.1-5.4, we have plotted the line ratio from the
APEC code against the best fit MEKAL temperature (Fig. 12).
The constant M ratio gives a constant line ratio within 10%
above 1 keV. As in Sect. 5.1, we have estimated ffexeof the
temperature component below 1 keV, which is less than 10%
for the innermost region. The derived k@ ratios are about
1.2-1.3 solar with no radial gradientrat 0.5, when we adopt
the Fe-L modeling for the APEC (Fig. 13). Within 0.8 higher
Mg/O ratio is allowed, since adding a temperature component
blow 1 keV, the MdO ratio increases.

The O and Mg abundances obtained from the RGS spec-

Fig. 11.The projected spectra of= 2—4 at the energy band of Mg of trym through a spectral fit are4® + 0.04 solar and ® + 0.2
the EMOS and the EPN fitted with the two temperature APEC modgh| 5, respectively (Sakelliou et al. 2002). This Mgatio de-

with zero Mg abundance (black dotted lines) and Gaussians. Th?ﬁfed from the RGS is a factor of 1.5 larger than that at0.5'
using the MEKAL model are shown as gray lines. ) :

derived from the EMOS spectra using the APEC code for mod-
eling the Fe-L. Since most of the photons detected by the RGS

Figure 12 shows the ratios of theoKiine of the H-like come from the very center, where a larger/Kgatio is also
Mg to that of H-like O. The strengths of the Mg line obtainedllowed by the EMOS data, the M@ ratio may increase at the
using the APEC Fe-L model are30% larger than those de-Center.

rived using the MEKAL model. Since the APEC fit to the Fe-

L/Mg-K feature of 1.4 keV is better than the MEKAL model5 6. M :
. . .6. Mg vs. Si
fit, the APEC code may be better to describe the Fe-L feature,
although the discrepancy between the data and model of Ttee derived ratios of the &lines of H-like Mg and Si are sum-
MEKAL plus Gaussians is only several percent. marized in Table 4 and Fig. 14. Here, only the result using the
The projected EMOS spectra in the energy range of 1.A®EC code for the Fe-L modeling is shown. The temperature
to 1.6 keV are also fitted with a bremsstrahlung model plagpendence of the line ratio is quite similar to that of the K
two Gaussians at 1.47 keV and 1.49 keV, since thdiKe of lines of O and Si, and the M8i ratio was derived in the same
H-like Mg at 1.47 keV and a Fe-L peak at 1.49 can be distimay as in Sect. 5.1. Within’2the contribution of the 1 keV
guished within the EMOS energy resolution (Fig. 11). Freeirgpmponent is taken into account. The derived/$8gatio
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T mli;
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Mg—H—K/O0—H-K

10 0.2 0.5 1 2 5 10

r {(arcmin)

Fig. 13. The MgO ratio derived from the line ratio, where the Fe-L

lines are modeled with the APEC code. The meaning of the symbols

/ e . are the same as in Fig. 7. The dotted diamonds correspond to the abun-
dance ratios of the EMOS derived from the APEC model fit to the

deprojected spectra. Errors represent the 68% confidence level.

Lo - “F--- Mﬁg\/?fl'o it with the observed profile (Fig. 15). We used the relation of
, o KT = 1.68(1+ (R/1.6)%)%115 keV, since the hotter component
po / dominates these lines even withih Assuming the F&i ratio
Lo is approximated by + bR where a and b are free parame-
‘ ters, we fitted the profile of the line ratio. The radial profile
0.5 1 2 5 of the line ratio is well fitted with the mode)€ = 7.67 for
9 degrees of freedom) and the/Seratio is determined to be
(keV) ~0.9 solar within the whole field of view (Fig. 15), although
Fig. 12. (Top panel) The ratio of strength ofdKlines of H-like Mg the ab_undz,ince ratio change_s by. 20% when the whole temper-
and O of the projected spectra of the EMOS (black) and EPN (gra@fure is shifted by 5%. Considering that the value of 0.9 solar
The Fe-L is modeled with the APEC (diamonds) and the MEKAIS quite close to the ratio derived from the spectral fitting of
(crosses) and bremsstrahlung and Gaussians (bold dashed lines)thadleprojected data, where the Fe abundance is determined by
results of the deprojected spectra of the EMOS, where the Fe-L litte Fe-L emission, the F®i ratio should be-0.9 solar and its
are modeled with the APEC are shown as dotted diamonds. (Botteatlial gradient is less than 10-20%.
panel) The line ratios when the Fe-L lines are modeled with the
APEC are plotted against the best fit temperature fitted with the sin-
gle MEKAL model. Dashed lines correspond to constant abundar@g Effect of resonance line scattering
ratios. Errors represent the 68% confidence level.
Some resonant lines may become optically thick in the dense
cores of clusters. Shigeyama (1998) calculated thieceon

is ~0.6 solar, which agrees well with the ratio derived fronvl 87 and several X-ray luminous elliptical galaxies, and found
that it should be important at the centeatBinger et al. (2001)

the spectral fit using the APEC model in Sect. 4.
suggested that the observed central abundance drop may be

57 Eevs. Si due to the fect. In the case of an X-ray luminous elliptical,

e ’ NGC 4636, Xu et al. (2002) discovered direct evidence of res-

In contrast to the temperature dependences of the line ratio®h@nt scattering using a line ratio between optically thick and

the previous subsections, the ratio of the Fe-K line at 6.7 kdkin lines.
The profile of optical depth for resonant lines of some

(which includes He and Li like ions) to thedKline of the
H-like Si line strongly depends on temperature. For exampl@ominent emission lines are calculated iohBinger et al.

at 2 keV, a 10% increment of temperature increases tf®i F§2001). Using the observed abundance profiles (Table 1), the
ratio by 36%. As a result, small uncertainties in the tempern@mperature profile used in Sect. 5.7 and the density profile de-
ture structure give large uncertainties in the abundance ratigged in Paper I, optical depths from the center far khes of
Therefore, the $fre ratio cannot obtained from the line ratidH-like Si and O are calculated to be 1 and 0.4, respectively.
as in previous subsections. Since this ratio is quite importaiherefore, we must evaluate th&ext of the scattering, al-
we have calculated the/Sk line ratio of the projected data usthough the central abundance drop is very small when fitted
ing the temperature structure obtained in Paper | and companéth the two temperature MEKAL model.

Mg—H-K/0-H-K
0.2

kTMEKAL
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Fig. 14. (Top panel) The ratio of strength ofKlines of H-like Mg Fe/Si (R=1")

MEKAL model. The Fe-L is modeled with the APEC. Dashed line ig. 15. (Upper panel) The radial profile of projec.ted Ii_ne ratios of
correspond to constant abundance ratios. The meanings of the sympBiEMOS (black) and EPN (gray) between Kf H-like Si and He-
are the same as in Fig. 7. (Bottom panel) The radial profile of ﬂqge Fe. Errors correspond to 68% confidence level. The dashed line
Mg/Si ratio derived from the line ratio. The dotted diamonds are tfjgPresents the best fit model using the temperature profile obtained in

Mg/Si ratios derived from the spectral fitting using the APEC cod&aPer |- (Lower panel) 90% confidence contour of thiSFatR = 14
Errors represent the 68% confidence level. vs. that aRR = 1’ obtained from the ratio of the Kline of the HerLi-

like Fe to H-like Si of the projected data, assumingJte- a + bR
andkT = 1.68 (1+ (R/1.6')%)%%5 (keV). The cross is the correla-
tion derived from the deprojected spectra, determined from the Fe-L
emission.

and Si plotted against the best fit temperature fitted with the sin%le

Ignoring turbulent motion, we have calculated tifkeet of
resonant line scattering on thexKines of H-like ions, using
Monte-Carlo simulations.

The results are summarized in Fig. 16. The scattered psignificantly diterent results (Paper 1), version 1.1 of the
files of lines are consistent with those ignoring scattering b8PEC code gives consistent results with those of the MEKAL
yond Y. Within this radius, the brightness of the lines decreaggnde for these elements. Withiri, Zonsidering the two tem-
The reduction rates at 0.8re 10, 30, 15% for O, Si, and S, reperature nature of the ICM, the abundance profiles from de-
spectively. The fiect is important only within 0/50n the Si projected spectra become almost constant. Within this radius,
line, where the uncertainty in temperature structure also giuée Si, S, Ar, Ca and Fe abundances-ate5 solar, while the
an uncertainty in abundance determination. O abundance is a factor of 2 smaller. Using the APEC code,

the Mg abundance is derived to k& solar at the center, since

) ) the APEC code gives a better fit on the F@4g-K structure at
7. Discussion 1.4 keV. Beyond 2 Si, S, Ar, Ca and Fe show strong negative
gradients, while the abundance gradient of O is smaller. The
Si/Fe ratio is 1.1 solar, with no gradient in the field of view.
The abundance profiles of O, Si, S, Ar, Ca and Fe are obtained The projected and deprojected profiles of abundance ratios
from the deprojected spectra, based on the temperature stady also obtained through line ratios. Since some line ratios
in Paper I. Although version 1.0 of the APEC code givesmonga-elements are nearly constant within the temperature

7.1. Summary of abundances
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Fig. 16. Radial profile of brightness of H-like ions of O (bold blackrelation) and (F&Si)snia = 2.6 solar (W7 ratio; Nomoto et al. 1984),
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files before and after resonant line scattering, respectively. The bottBaitern of the SN II by lwamoto et al. (1999; asterisk) using the nu-

panel shows the ratios of the profiles of before and after the scatterifi§osynthesis model of Nomoto et al. (1997) and assuming a Salpeter
IMF.
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range of the ICM around M 87, the abundance ratios are &fimilar abundance ratios. [Be] ratios for stars with [Fei] <
tained with better accuracy. From the temperature dependengegerived by Nissen et al. (1994) and Peimbert (1992) are
of the line ratio, we can conclude that the loySDratio cannot (.48 + 0.16, and 0.5, respectively. Gratton & Sneden (1991)
be explained by any temperature model, and the ratiog$f Ogives [SjFe] of 0.3 for these stars.
are 0.4-0.5 solar at the center and 0.6-0.7 solar at the outer re-The observed abundance pattern of M 87 is located at a sim-
gion. The MgO ratio is determined to be 1.2-1.3 solar. The Afjle extension of that of Galactic stars, although the observed
and S abundances thus obtained are systematically larger thg® range of M 87 is systematically larger.
the spectral fit results due to small disagreements in the con-The MgoO ratio of the ICM is plotted assuming the ratio
tinuum fits around these lines. TheSBis 1.1 solar at the cen-js constant within the observed region. We adopted the ratio
ter and 0.7 solar at outer regions. ThéF8iratio derived from erived from the line ratio, using the Fe-L modeling with the
the projected profile of the &Kline ratio is consistent with that Apgc code, since APEC gives better fits around the MBeK
derived from the deprojected spectra through the spectral If_itregion at 1.3-1.5 keV. [M#] of the Galactic stars is al-
where the Fe abundance is determined by the Fe-L structurgnost constant at the same value as the ICM around M 87. The
The observed abundance pattern is similar to those obtaimgslactic [C#Si] tends to a slightly smaller value than the that
for A 496 (Tamura et al. 2001), and NGC 4636 (Xu et al. 2002p¢ M 87, but the diference is only 0.1 dex.
Therefore, this abundance pattern may be uniform around the\ye note that Xu et al. (2002) also discovered similar values
central galaxies of groups or clusters. of the F¢O and MgO ratio for the ISM in an elliptical galaxy,
NGC 4636. The 3i-e ratio of this galaxy observed by ASCA is
also determined to bel solar (Matsushita et al. 1997, 2000).
Thus, the @Vig/Si/Fe pattern of NGC 4636 is similar to that of
M 87. Therefore, the abundance pattern of the ICM of M 87 is
Figures 17 and 18 show the observed abundance ratios oM@t peculiar, but consistent, not only with an elliptical galaxy
Mg, Si, Ca and Fe compared to those of the Galactic diBiGC 4636, but also with that of our Galaxy.
stars (Edvardsson et al. 1993). The average abundance ratios
of low metallicity (i.e. [F¢H] < —0.8) stars of the Galaxy by .
Clementini et al. (1999), which should reflect the averag7é3' Nucleosynthesis from SN la
abundance pattern of SN Il products of our Galaxy are al$be observed radial change of th@® ratio indicates that the
plotted. Other papers on Galactic low metallicity stars giventribution from SN la increases toward center.

7.2. Comparison of the abundance pattern
with Galactic stars
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Fig. 18.[Mg/O], and [C4Si] are plotted against [f®]. Those of disk Fig. 19. The SO and AyO ratio are plotted against the/Siratio ob-
stars (Edvardsson et al. 1993; closed circles) in the Galaxy are alspved by the EMOS (black) and the EPN (gray). Dashed lines repre-
plotted. sents the average relation with 90% significance.

Although the abundance pattern of ejecta of SN Il may dif- _ _ _ .
fer between early-type and late-type galaxies, and that of SNeyad the whole trend is consistent with (Egsnia to be~1.1 so-
also may not be a constant (Umeda et al. 1999; Finogueri@¥ This means that also for metal rich stars in the Galaxy, the
et al. 2002), for a first attempt we have assumedSFgu. (F&Sisniais determined to be-1.3 solar. These values are a
(Si/O)sni, and (F¢O)snii to be constants. Here, (Bi)snm is  factor of 2 smaller than the standard W7 model (Nomoto et al.
the FgSi ratio of ejecta of SN la, and (&)snn and (FéO)sn 1984, Tab.le 5), an.d closer to the WD_Dl ratio (lwamoto et al.
are the SO ratio and the F© ratio of the ejecta of SN II, re- 1999), which considers slow deflagration.

spectively. Since O is not synthesized by SN Ia, th&Fmatio In the same way, we have fitted the S and Ar to Si ra-
is then expressed by tio (Fig. 19) and derived the/Si and AySi ratio of SN la

Fe [Fe Si Sj Fe ((S/Si)snia and (ArSi)snia) to be~1.5 solar and 1.3 solar, re-
— = (_) ((_) - (_) )+ (_) (1) spectively (Table 5). In contrast to the /Beratio, W7 and

O \Si/sma\\O/ \OJsu/ \ O /s WDDs give nearly the same values for the ratio between the

Thus, (F¢Si)snia is the inclination in the 3O vs. FgO plot intermediate elements/S& and AySi, and the observed ratios
(Fig. 17). Even within the M 87 data, the gradient indicatee slightly larger than the theoretical values.

that (FgSi)snia at the center is smaller tharil.3 solar. When

we adopt thg _abundance pattern of the Galacti_c metal poor stars Diversity of abundance pattern in SN la?

by Clementini et al. (1999) as that of SN I, (B®sni around

M 87 is determined to bel.1 solar (Table 5). In addition, theThe light curves of observed SN la are not identical but display
M 87 data are located at the extension of those of Galactic stargonsiderable variation (e.g. Hamuy et al. 1996). In SN la,
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Table 5. The abundance pattern of SN la obtained from the ICM &N la ejecta which occurred in much younger systems should
M 87 and those from the nucleo synthesis model of W7 (Nomoto et ble important in the outer region.

1984) and WDDs (lwamoto et al. 1999). The indication that the abundance pattern of SN la in the
outer region of M 87 features a larger (B8snia ratio com-
pared to the inner region as found above, can nicely interpreted
in line with of these previous findings. The larger (EBsna ra-

tio originates from a younger stellar population, so SN la prod-
ucts that have been produced earlier in the history of M 87 and
the Virgo cluster are more widely distributed in the ICM.

M87SNI W7 WDD1 WDD2 WDD3
SSi 157+032 1.05 1.14 1.14 1.14
Ar/Si 125+045 0.76 0.89 0.91 0.93
FeSi 110+025 2.61 1.34 2.07 2.99

the mass of synthesized Widetermines the luminosity of
each SN. Since the mass of the progenitor should be constam Nucleosynthesis from SN Il
at 1.4 M, the ratio of mass of intermediate group elements
from Si to Ca, to the mass of Fe and Ni, should depend on thé& can also constrain the abundance pattern of SN Il in the
luminosity of SN la. The observed luminosity of SN la correlCM.
lates with the type of the host galaxy, and is suggested to be Since Mg and O are not synthesized by SN la, th¢ig-
related to the age of the system; SNe la in old stellar systéimreflects those of the products of SN II. The observed®g
may have smaller luminosities (lvanov et al. 2000), and henatio of ~1.25 solar arr > 0.5 derived from the line ratio
are suggested to yield a smaller/Seratio (e.g. Umeda et al. agrees well with that of the Galactic stars, although a higher
1999). Mg/O ratio is also allowed withim < 0.5’ due to the uncer-
As discussed in Finoguenov et al. (2002), the observéainties in the temperature component below 1 keV. This value
smaller (FgSi)snia observed for the ICM around M 87 mayis also quite similar to the M@ ratio of 13 + 0.2 solar of the
reflect the fact that M 87 is an old stellar system. When wé&M of an X-ray luminous elliptical galaxy, derived from the
compare the SN la abundance pattern for the central and ol€rS data (Xu et al. 2002). The central Myreflects the stel-
regions of M 87, the outer zone SN la abundance pattern dar- abundance ratio of M 87, while that of outer region is the
pends more heavily on the adopted abundance pattern of SNatio of of metals in the ICM which is an accumulation of old
As in Finoguenov et al. (2002), we use the SN I pattern d&N Il products ejected from galaxies. Therefore, at least for the
rived in lwamoto et al. (1999) for which a Salpeter IMF wa¥19/O ratio, there is no observablefigirence in nucleosynthe-
adopted. As indicated in Fig. 17, the (Bdsnia Of the outer sis products of SN Il between the elliptical galaxies, M 87 and
region is determined to bel.7 solar, while the central regionNGC 4636, the ICM and the Galaxy.
data yield a value of1.2 solar (Fig. 17). In contrast, when The observed Si ratio decreases when thgSDratio in-
we adopt the abundance pattern of metal poor Galactic starsases (Figs. 8 and 19). Considering that the observi&i Fe
as a SN Il pattern, the filerence of (F&Si)sni Of the central ratio is constant, this indicates thagSératio is anti-correlated
and outer regions becomes smaller. The average productsoothe QFe ratio, that is the contribution from SN/8N la.
SN Il may also difer between the ICM and late-type galaxiessrom Eq. (1), using S instead of Fe, thgOSratio in ejecta
since the IMF of stars may fier between early-type and late-of SN Il ((SO)sni) is obtained from the observed relation
type galaxies. Therefore, (F&)snia Of the outer region still has in Fig. 19. The SO ratio of metal poor stars by Clementini
some uncertainty, while the central value is determined to beal. (1999) is-0.7 solar, while the nucleo synthesis model by
~1.2 solar, which is notféected by the adopted SN Il patternwamoto et al. (1999) gives the value of 0.9 solar. Therefore as-
very much. suming that (SO)sny is less than 1 solar, the extension of the
However, the metal poor stars, i.e. those with loweiCre observed values in Fig. 19 gives/(Bsn; less than 0.5 solar.
tend to be located around larger (EBsnia Values (Fig. 17). Inthe same way, (AO)sny is derived to be less than 1 solar.
This result suggests that the SN la were dominated by those The observed S abundances of Galactic stars are gener-
with larger (F¢Si)snia When the Galaxy was a young stellaally consistent with the Si abundances (e.g. Chen et al. 2002;
system. Furthermore, based on the ASCA survey of the Virgakeda-Hidai et al. 2002), although S lines are very week. In
cluster, Shibata et al. (2002) discovered that thysFetio be- contrast, the observation of type Il planetary nebulae yielded
comes larger aR > 30, where the SN la products are aca JO and AyO ratio to be & + 0.2 solar and 1L + 0.5 solar
cumulated from higlz. Although the O abundance cannot bgkwitter & Henry 2001). The nucleosynthesis model of SN |1
measured, this result may reflect the fact that thiSHeatio in by Nomoto et al. (1997) assuming Salpeter’s IMF gives i@ S
SN la depends on the age of the system. ratio of 0.6 solar, while another model by Woosley & Weaver
The ICM in the central and outer regions should have(&4995) gives a larger ratio of 1 solar. Thus, there may be some
different origin of metals. As discussed in Paper |, consideringcertainty in the 8 ratio synthesized by SN Il even in the
the gas mass and stellar mass loss rate, most of the Si and Feaddxy, and it is also not clear that the Galaxy and the ICM
the center come from present SN lain M 87 in the last few Gyrave the same ratio. The fact that th&iSratio of the ICM
In contrast, in the outer regions, metals from SN la in M 87 ambserved with ASCA generally decreases toward outer radius
accumulated over a longer time scale, and in addition, otl{noguenov et al. 2000) supports the loysEratio in SN I,
galaxies should contribute to the metals. Since the SN la rataithough ASCA cannot constrain O abundance. Therefore,
expected to be much larger in the past (Renzini et al. 1993), thés important to study outer regions of clusters with the
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The observed Fe abundance becomes nearly constant within 2
AV — - stars which indicates that the gas is dominated by gas ejected from
~ the galaxy. The observed Mg and Fe abundances within 0°.35-2
> o are 11+0.2 solar and 54+0.1 solar, respectively. Both the nu-
RN cleosynthesis model by Nomoto et al. (1997) and observation
of Galactic stars (e.g. Clementini et al. 1999; Nissen et al. 1994)
B indicate that (F&g)sni is 0.3-0.5 solar. Therefore, within
L _ R < 2’, the Fe abundance synthesized by SN Il should be 0.3—
L - 0.6 solar. Subtracting it, the Fe abundance synthesized by SN la
i is derived to be-0.9-1.4 solar.
o , L The metallicity of gas ejected from the galaxy are a sum of

0.5 1 2 5 stellar metallicity and the contribution from SN Ia, and can be
' expressed as

Mg (solar)

0.5

Ysn

*

R (arcmin) z‘ @y +aswlsy <a5N>

Fig. 20. Mg abundance profile of the EMOS data derived from the © a.+asn
spectral fitting with the APEC code (diamonds) and from line ratios <95NMiSN>

*

(crosses). The dashed line represents the stellar metallicity derived = yi* +
from Mg, index (Kobayashi & Arimoto 2000).

2)

o5

(Loewenstein & Mathews 1991; Ciotti et al. 1991), wheris
XMM-Newton where SN Il may become dominant (e.gt_he mass fraction of thgh elementp, gndasN are thie mass
loss rates of stars and SNe respectively, gnénd y, are

Fukazawa et al. 2000; Finoguenov et al. 2000). o . D .

In summary, the SN Il abundance pattern observed frc}hewwelds.GSN Is the SN la rate antigy is the mass of thith
) . element synthesized by one SN la. Converting to abundance in
the ICM mostly agrees well with that of our Galaxy. Since thSnit of the solar ratio, Fe abundance synthesized by SN la of
abundance pattern of SN Il depends on the IMF of stars, this ' y y

consistency is able to provide strong constraints on it. gas ejected from an elliptical galaxy becomes

At M5 52
7.6. Comparison with the stellar metallicity profile SNia . olar

Figure 20 shows the observed Mg profile, with the stellar ( Osn )( MSR ]

metallicity profile from the Mg index (Kobayashi & Arimoto . 21 1.0x1013/yr/Lg /| 0.4 Mg 3
1999). In addition to the Mg abundance profile derived from the ~ Alsnia+ 2 . ) (3)
APEC model fit, that from the M&:i line ratio and deprojected (1.5 < 10-11 Mo/yr/LB)

Si abundance profile is also plotted. The Mg abundance profile
of the ICM has a slightly smaller normalization by 2030% Here, A%, is stellar Fe abundance synthesized by SN la and
than the stellar metallicity profile at the same radius. ME?, is the mass of Fe synthesized by one SNZ§,, is the
Although the Mg abundance may have some uncertaintigs metallicity of gas with the solar abundance. Considering
due to the Fe-L atomic data, the APEC code can well fit the Fi¢re fact that recent observations of M 87 and A 496 (Tamura
L/Mg-K structure. The uncertainty of the Mg abundance dust al. 2001) indicate a smaller /Sé ratio synthesized by SN la
to the uncertainty of the temperature structure should be athan usually assumed previoushr. of one SN la should be
small, at least aR = 0.5-2, since the three temperature model0.4 M. From a theoretical stellar evolutionally model for a
does not change the result, although the abundances fromdfediar population, the stellar mass loss rate is approximated
two- and single-temperature resultgfeii by a factor of 1.5-2. by 1.5 x 10-*Lgt;}* Mo/yr, wheret;s is the age in unit of
Considering these uncertainties and thedence in observa- 15 Gyr, andLg is the B-band luminosity (Ciotti et al. 1991).
tional techniques, we can conclude that the Mg abundancefofinfrared observation, which can directly trace mass loss rate
the ICM is consistent with the stellar metallicity profile at thérom asymptotic giant branch stars, gives a consistent value
same radius. Since we are comparing abundances in two @ithin a factor of 2 with the theoretical value (Athey et al.
tinct media, stars and ISM, which could have verffatient 2002). The SN la rate of elliptical galaxies is estimated to be
histories, the abundance results do not have to agree in gen3+0.05h;s2 SN 13100 yy10'° L, (Cappellaro et al. 1997).
eral. But this agreement is consistent with the picture where tHere, hys is a Hubble constant in unit of 75 knT'sMpc™.
central gas in M 87 comes from stellar mass loss as discussgfihg the Hubble constant of 228 km s* Mpc™ (Freedman

below. etal. 2001), the present contribution from SN la to the Fe abun-
dance becomes 1.4-3.6 solar.
27 The SN la rate of M 87 Considering the large error due to a statistical error and un-

certainties in bias corrections of SN la from optical observa-
The metals in the ICM are a sum of metals ejected frotion, this value is consistent with the Fe abundance synthesized
the galaxy and those contained previously within the ICNby SN la within 2, 0.9-1.4 solar, which is a sum of ejecta of
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present SN la and that was trapped in stars and comes from stel-The Si and Fe abundance profiles have steep gradients at
lar mass loss. The contribution from stars to Fe synthesized by >2’ with a F¢Si ratio of 09+0.1 solar, and become constant
SN la may be small, since stars in giant elliptical galaxies are within this radius at 1.5-1.7 solar.
thought to have a SN Il like abundance pattern (e.g. Worthey The $Si ratio is about 1 solar at < 4’ and decreases to
et al. 1993). ~0.7 solar at > 10'.
— The ArSi and C#Si are about 0.8 solar and 1.5 solar,
respectively, although errors are relatively large.
— The O and Mg abundances are smaller than the abundances
In Sect. 7.5 we indicated that thgSsratio in SN Il is much ~ Of Fe and the intermediate elements. Th&i@atio is less
lower than 1 solar. If this fact is valid universally in the ICM,  than half solar at the center and increases with radius. The
then the $Si ratio may be a better indicator for the contribu- Mg/O ratio is 1.25 solar and consistent with no radial gra-
tion from the SN 1SN Il than the F£Si ratio. Of course, the ~ dients atleast at> 0.5'.
best indicators of SN Il are O, Ne and Mg, which are not syn= The observed abundance pattern among O, Mg, Si, Ca and
thesized in SN la. However, emission lines of Ne and Mg are Fe of the ICM is located at an extension of that of Galactic
often hidden in the strong Fe-L lines, and the O abundance canstars. Therefore, the abundance pattern of the ICM is not
be measured only in relatively cool clusters. peculiar and it should strongly constrain the products of
As discussed in Sect. 7.4 the/Beratio of SN lamay be SN laand SN Il of early-type and late-type galaxies.
expected to show a variation, since the luminosity of the SN 1z The SIO/Fe diagnostics shows large Si contributions by
should reflect the amount of ¥isynthesized by SN la. The SN &, which may reflect the observational finding that
pure SN Il ejecta may provide the smaller/Seratio. Then SN lain old stellar systems are fainter. . .
SN la in young systems occur, which may have a largggiFe ~ The observed Mg_ qbundar_me of the ICM is consistent with
ratio and so the F&i ratio increases. Finally, SN la in old  the stellar metallicity profile from the Mgindex at the
systems decrease the/Seratio again. In contrast, at least in ~ Same radius. This result is consistent with stell_ar mass loss
Iwamoto et al. (1999), the/Si ratio in the various SN lais al- &S the source of the gas in the very central region of M 87.
most constant. In addition, as shown in Sect. 5.2, #i% e — The central abundance can b_e explained with the observed
ratio does not depend on the plasma temperature, while that ofSN 12 rate and SN la mc_)del yields. _
the FgSi is a very strong function. This means that, the derived ' ne diferent radial profiles between Si and S suggest that
S/Si does not depend on the temperature structure of the ICM. the 3Si ratio synthesized from SN Il is much smaller than
This is a very important advantage for the cool cores of the the solarratio. Then, the'Siratio may be a better indicator
cluster center, where many temperature components exists, ~ ©f the relative contribution from SN la and SN II, when O
The problem is that both Si and S are synthesized in 2nd Mg abundances cannot be observed.

the same nu_cleo process, 1.e. in the_same region In thg Nk are actually very fortunate to have M 87 and the Virgo
Therefore, itis surprising that th¢3 ratio shows a radial vari- cluster as the closest galaxy cluster in our neighborhood, since
ation. Unfortunately, the S a_bu_ndance me_asu.red of the Gala UCters an ICM in just this low temperature range where the
stars has very large uncertainties, and g tio ofthe_ S.N I spectra are richest in spectral lines for this type of abun-
may also depe”.d on the IMF of stars. Theref_ore, 't_'s qu'&%nce diagnostics. Therefore it would be worthwhile to use this
important to calibrate the/Si vs. QFe pattern in luminous unique case for even deeper observations and more detailed in-
clusters. vestigations by X-ray spectroscopy in the future.

7.8. Implication of S abundance
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