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Abstract. Using a new long X-ray observation of the cluster of gala@éssic 159-03 with XMM-Newton, we derive radial
temperature and abundance profiles using single- and teatiperature models. The fits to the EPIC and RGS spectrar prefe
multi-temperature models especially in the core. The tautiEfiles of oxygen and iron measured with EFRGS and the line
profiles in RGS suggest that there is a dip in thE&ratio in the centre of the cluster compared to its immediatroundings.

A possible explanation for the large scale metallicityrifisition is that SNla and SNII products are released in thé ti@rough
ram-pressure stripping of in-falling galaxies. This cauageaked metallicity distribution. In addition, SNla i ttentral cD
galaxy enrich mainly the centre of the cluster with iron. S'ekcess of SNla products is consistent with the lgweratio we
detect in the centre of the cluster. We fit the abundances veénobith yields from SNla, SNII and Population-11I starsderive

the clusters chemical evolution. We find that the measuradddnce pattern does not require a Population-Il1 staritamion.

The relative contribution of the number of SNIa with respecthe total number of SNe which enrich the ICM is about 25—
50%. Furthermore, we discuss the possible presence of sgheomal component in the EPIC spectra. A potential source of
this non-thermal emission can be inverse-Compton scagtdretween Cosmic Microwave Background (CMB) photons and
relativistic electrons, which are accelerated in bow sbadsociated with ram-pressure stripping of in-fallingagis.

Key words. Galaxies: clusters: general — Galaxies: clusters: indafidSérsic 159-03 — Galaxies: abundances — intergalactic
medium — X-rays: galaxies: clusters

1. Introduction sist of warm gas with a temperature in the range of 4 &.

) - _ . According to numerical hydro-dynamical simulations by.e.g
_HOtl diffuse ;(-raly e_mltt:?g %as dominates (;he V;S'blfhn;a‘if’en & Ostriker (1999) and Davé et al. (2001), this Warm-Hot
”} c ustgrs otga an|Ie|s, Lg[t € st(;u<|:3turg an e;vo Ut'(_) e tIntergalactic Medium (WHIM) could contain about half of the
cluster is not yet fully understood. During its formatiomi- s missing baryons in the universe,
pernova explosions and galactic winds of member galaxies There have been several attempts to detect this WHIM in
have enriched the Intra-Cluster Medium (ICM) substantiall ission. In the late 905 Lieu ef al‘o (1996) dnd Miftaz &t al
(De Youn_g 1978). The abundances can provide the relatgiggi;) di.scovered a soft X-ray exc-eés~ in EfJV and RO’SA'I.'
contribution of Supernova type |a (SNia), Supernova type s'pectra of several clusters. More recent observations with
(SNII) and population-1ii stars (Poplil) to the enrichmantt MM-Newton appear to com"irm the presence of a soft excess
the ICM (e.g lwamoto et al. 1999; Tsujimoto eflal. 1995), bgE pp P

cause the abundance ratios of the various elements are sirg.lﬁome cluster spectra (Kaasira ¢tal. 2003, Einoguendy eta

tures of supernova types la and Il and possibly of the remaugbg)‘ The detection of a possibly redshifted O VIl line, ghi

of Poplil stars (e.gl_Gibson etldl. 1997 Loewensiein 200 4CES 984S with a temperature-olL° K, suggests that the gas

Baumgartner et Al. 2005). The radial distribution of theatset MigNt be the WHIM. Unfortunately, current instruments do no

provides information about dynamical ways to enrich the IC,{)Iave stficient spectral resolution to prove that the emission is

like, for example, ram-pressure stripping (e.g. Schindtesl. indeed extragalactic. o
2005). Recent measurements of Sérsic 159-03 by Bonamente et al.

Clusters of galaxies appear as knots in the cosmic Wé%.oo,!;) and Kgastra etlal. (2003) show that the soft-excass ca
They accrete gas from the surrounding filaments, which cdpg fit both using thermal and non-thermal models. Inverse-
Compton scattering of CMB photons with relativistic elec-
Send offprint requests to: J. de Plaa, e-maili . de.plaa@sron.nl trons can also contribute a non-thermal power-law com-
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ponent to the spectra. This mechanism was already pevalthe source fills the entire field of view, which makes adir
posed byl Sarazin & Lieul (1998) to explain the extremeneasurement of the local background verffidiilt. Common
ultraviolet emission from clusters. In the hard X-ray banpractice is to extract spectra from a combined event lisewf s
up to 80 keV, detections of non-thermal emission have beeral observations of empty fields, like the ones compiled by
claimed in several clusters, for example Coma and Abklumb et al.(2002) ar Read & Ponmién (2003), and use them as
2256 (Fusco-Femiano etlal. 1999, 2005). But these BeppoSA&st estimate for the local background. The spectra egttact
detections of the hard-excess are still subject to deb&tem this blank field are scaled and then subtracted from the
(Rossetti & Molendi 2004). source spectra. This method works fine in areas in which the
The cluster of galaxies Sérsic 159-03, also known as ACGs8rface brightness of the source is high, and with cluskes t
1101, was discovered hy Séfdic (1974). Since then it wak sthave similar background conditions (e.g. particle backgdh
ied in X-rays as part of several cluster samples: e.g. EXOSKical cosmic background and instrumental background) com-
(Edge & Stewarl 1991) and ROSAT _(Allen & Fabian 1097)ared to the blank fields.

Kaastra et all. (20()1) reported results from an XMM-Newton The Cosmic X-ray Background (CXB)' however, con-
observation with a useful exposure time of about 35 ks showsts of multiple components, which are more extensively de
ing a radial temperature profile which peak&@at= 2.7 keV at scribed in SectCZ1.3. The emission can be roughly divided
a radius of 2from the core. The temperature drop in the cofi§y two parts: a soft thermal component originating from hot
is relatively mOdeSt, while the temperature outside tha@ius p|asma in our own ga|axy and a non-thermal power-|aw com-
drops rapidly to values around 0.5 keV. Because SérsiddB59ponent caused by unresolved distant point sources, predom-
is thought to show a large soft X-ray excess, the cluster wiggintly AGN. The soft galactic CXB component varies spa-
also included in the sample lof Kaastra etlal. (2003). tially across the sky. Therefore, the total photon backgdoat

In this paper we present results from a 121 ks long XMMow energies can vary up to 30-60% from pointing to pointing
Newton [Jansen etial. 2001) observation of Séersic 159408. TRead & Ponmah 2003). It is clear that when the background
main goal of the paper is to obtain accurate temperature afhditions in the source observation are vetfjetent from the
abundance profiles as far out from the core as possible Hgerage blank-sky background, this can lead to systematic u
ing a new method for handling the background. We explqitrtainties in the fitted parameters from the outer parthef t
the large &ective area of XMM to obtain temperature ang|yster.
abundance profiles with EPIC (Turner etlal. 2001) and RGS || Fig.[ we show the systematiiect of background sub-

(den Herder et al. 20D1). This dgep observation also a"m’vstkhction on a temperature profile extracted from the EPI@ dat

to study the nature of the previously detected soft excess jigarsic 159-03. For this plot we deliberately introduced

more detail, and in addition it provides more accurate "adié'r_ror of+10% and -10% in the background normalisation. The

proflles_ of the temperature a_nd metal abundances. We thenfisseq show a profile derived with no background scaling at

the derived abundances to y|elds.of Supernovae type la ancg”, while the circles and triangles show the temperatuoéler

and Poplil stars. Mor_eov_er, we discuss the potential PESERyr scaling of -10% and10%, respectively. From this plot

of non-thermal emission in the cluster. 1 g we see that overestimating the background results in a lower
Throughoutthis paperwe usgH 70 km s=Mpc™, O = temperature, and vice versa. Note that we included a 10% sys-

0.3 andQé =0.7.Using th'§ cosmology Is 73 kpc at the clus- tematic error on the background during fitting. We conclude

ter redshift of 0.0564 (Maia etdl. 1987). The elemental abuf, -+ the uncertainties in the temperature are mainly cabged

d;\nczs pres?ntedLm dtdhls- p(;p)gr?’are given relative to the Sy, 4 -1 ground scaling and therefore we can gain a lot in-accu
abundances froin Loddeis (2003). racy by constraining the background normalisations.

_ _ In order to find the best estimate for the local background
2. Observations and data analysis we divide the background into three components: soft-pisto

The XMM-Newton observation of Sérsic 159-03 was pe}r_wstrumental packground, _and the_CXB. By separating_these
formed on November 20, 2002 and had a total duration of 15@mponents in our analysis, we will be able to constrain the

ks. The two EPIC MOS cameras were operated in Full Frarﬂgrmalisation and accuracy of each component. The method

mode and the EPIC pn camera in Extended Full Frame mod& _Use is similar to the one used by Deluca& Molendi

For all EPIC cameras the thin filter was used. The RGS instia204), but with a few modifications. The steps are described
ments were operated in the standard spectroscopy mode. JRIOW.
data were analysed with the 6.1.0 version of the XMM Science

Analysis System (SAS). 2.1.1. Soft Protons

2.1. EPIC Analysis In order to min@misg the féect of soft protons in the spectra,
we cut out the time intervals which show enhanced soft-proto
One of the most important things to account for in extenddldx using the method describedlin Pratt & Arnalud (2002). We
source analysis is the background. Because we intend to mmake a light curve using the events with energies betweed 2—1
sure the cluster properties as far from the core of the aluskeV and with a bin size of 100 s. From this light curve we ex-
as possible, we need an accurate estimate of the local backet the distribution of counts per bin. The resulting ddggam
ground, especially for the dim outer parts of the clustegdn- is then fitted with a Poissonian function to determine the-ave
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%% Table 1. The closed filter observations that we use for the EPIC
o -10 % 1 background subtraction.

* 0% ]
E%E Instrument Obs.date  Obs. ID Exposure

4 +107% % 1 MOS 2003-04-06 0150390101 200 ks
| pn 2003-08-12 0160362801 35ks

—

Temperature (keV)
2.5
T
I

® |
% | The instrumental background contains roughly two compo-
nents: fluorescence lines and a power law. A study of the EPIC-
pn background by Katavama el al. (2004) shows that the vari-
ation of the fluorescence lines is much lower than the variati
N ! R Jf in the continuum. We use the power-law component to model
0.1 1 10 the variable hard-particle background and the intrinsatrin
Radius (aremin) mental noise. This background component is mainly caused by
hard-particles which are able to reach the detector evemwhe
Fig. 1. Systematic fiects in a temperature profile obtained wittthe filter wheel is in closed position. We especially choose a
a blank-sky background datasgt (Read & Poniman|2003). Theg closed-filter observation, not taken during the passHg
points with the cross are derived from spectra with no baclte Earth radiation belts, to avoid getting a too large vemia
ground scaling. The background for the circled data pomtsiin the hard-particle flux with respect to our Sérsic 159-63 o
scaled with 0.9 and the triangles with 1.1. servation.
Because these variations can have a significéieteon fit-
ted parameters (see Hg. 1), we would like to be able to modify
. the normalisation of the hard-particle power law by a few per
age number of counts per bin. The thresholds are subsegueglly \yithout changing the normalisations of the instruraknt
fixed toN = 2 VN, whereN is equal to the mean number Ofines in order to find the scaling factors for this normaiisa,
counts within a 100 s bin. This way we cut out every flarge can yse the events registered outside the field of view (out
which reaches thealevel. This method is more strict in ré-,¢ £\ of the EPIC instruments in both the closed-filter and
jecting soft-proton flares than using the conventiorEd keV 4, ,rce ohservations. These non-illuminated parts of th® CC
light curve with 3r clipping. Because of the broad energy ingnins provide unbiased data on the power-law normalisation
terval we choose, the signal-to-noise in the light CurvesyV 5154 \when a bright source is present in the field of view.
high and even small flares stand out from the quiescent level. ., oot by determining the power-law index of the instru-
BY putting a strict 2 threshold we exclude al§o smgll fla}re?nental power law by fitting a closed-filter spectrum extrdcte
without Io;mg alot of L.Js_ab.le data- (4% max. is lost in this from the full field of view. We assume that this power-law irnde
ca§e). This way we minimise thefect Of. soft-prqton_ flares will be constant over the whole detector, since the obsienvat
which can _blas our temperature dete_rmmauo_n like in Hlg. does not sfier from vignetting and PSFHiects of the mirror.
After applying the threShOk_j we obtain affertive exposure We fit the spectrum with just a spectral redistribution filel an
time of 81 ks for both MOS instruments and 60 ks for pn., erective area file. From these fits we obtain a photon in-
The disadvantage of this method is that we do not necessaty () of 0.15 for MOS and 0.37 for pn. The MOS value is

ily subtract the quiescent level of soft protons. We can géta  consistent with the value 0f0.2 obtained in the same way by
dication of the magnitude of the soft-proton count rate by@IS [pe | yca & Molendi (2004)

CCD9 of the RGS instrument. For this CCD the photon count We extract the events labelled as out-of-FOV events

rate from the source is very low, so the count rate is dommat&LAG::#XMMEA_m) to determine the normalisation of the
by soft protons and instrumental noise. For our observat®n j,irymental background. To be sure that photons and soft-
find that the RGS CCD9 count rate is 0.086 fsite the quies- 54tons that scatter into the shielded out-of-FOV region of
cent periods. Compared to all the soft-proton backgroundto ¢ getector are not polluting the measurement, we onlytcoun
rates measured during the lifetime of XMM-Newton, this@esi ¢\ e yt5 registered outside a radius of 15tém the centre of
ual soft proton background is lov/ (Gonzalez-Riestra_2004)e fie|d-of-view. We divide the out-of-FOV count rates irrou
Therefore, the influence on our analysis should be very Sma&érsic 159-03 observation with the closed-filter out-GMVE
count rates in the 8-12 keV band to obtain an instrumental
background scaling factoc). Thec values are 1.03 0.02,
0.97+ 0.02 and 0.9% 0.06 for MOS1, MOS2 and pn respec-
A good template for the instrumental background can be dibely. In this case the correction on the power-law norseli
tained from a closed-filter observation. For this analysasse tion is only+ 3% and within the statistical error, but we prefer
a closed-filter observation which was performed after tha-coto use the most likely value far. Despite the fact that our val-
ing of the EPIC and RGS instruments in November 2002. Thies forc are consistent with being 1, this is a useful exercise,
properties of the observations are listed in Table 1. because the normalisation of closed filter spectra is kn@wvn t

2.1.2. Instrumental background
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vary by about 15% (De Luca & Molendi 2004). Already a defable 2. The CXB background components we use in the fits of
viation of a few percent can lead to discrepancies in the te®érsic 159-03. The integrated absorbed intensity oved fBie
perature determination. 10 keV energy range was calculated using\grvalue of 1.79

We cannot simply multiply the closed-filter spectra withx 10?° cm2. In the thermal components the abundances are set
our values forc, because then the instrumental lines would nte solar values.
be well subtracted. The only component that we have to scale
is the power-law component. Therefore, we add (or subteacty ~ Component kT I'  Zo Integrated intensity

2 o1 2
power law with the same slop€)(to the original closed filter e ('888/7)0 = (leQZ;“IOjZ deg”)
spectra $orig). The normalisation of the power law)(we add ngtdttr?g:]n?al 020 10 Logiot
is derlved_as follows. We first solve this simple systemSgyg Power law 141 316 10-11
to approximate the scaled spectr@aa;
Sscal = CSorig (1) . . . .
=nET ' Table 3. Boundaries of the annular extraction regions used in
Sscal= NE™ + Serig, g

our EPIC analysis. The annuli are centred on the clustereent
and work outn:

Annulus Inner boundary) Outer boundary’}

n= ((:E—ﬁsorig- (2) 1 0.0 0.5
2 0.5 1.0

We can subsequently calculatéor every energy bin of energy 3 1.0 2.0
. . . 4 2.0 3.0

E. We exclude energy intervaléfacted by instrumental lines. 5 30 40

The mean value af over all these bins is determined by fitting 6 40 6.0

a Gaussian to a histogram f This value will be used to add 7 6.0 9.0

or subtract the power law from the closed filter spectra.lkina

we subtract this scaled spectrum from the source spectra.

2.1.3. Cosmic X-ray background (2000) we fix the temperatures and metallicities to the \&lue

listed in TabldR

Instead of subtracting the CXB from the spectra, like it in€lo ) o
with blank-field data, we include the CXB components during In order to estimate the normalisations of the local back-

fitting. Because the CXB can vary spatially across the sky W&oUNd components around Sérsic 159-03 we fit them to the

can more easily adapt the flux of each component to the lof4fermostannulus (9-1fom the core of the cluster) using the

conditions. Unlike the case of the instrumental backgraamdi (€Mperatures derived from the Read & Ponmian (2003) blank-
soft-protons, all the photons enter through the XMM miriiars fields. We add an additional thermal component for the ctuste

the same way as the source photons. Therefore, the resp&gg'gsion. In our final fits for all annuli we fix the normalisa-

files (rmf) and @ective area files (arf) must be applied and wilons of the background components to the fitted values of the

must fit the CXB simultaneously with the source spectra. 912 annulus, which are listed in Talle 2. For comparison, the

For the fitting we use the spectral components described%_ 0 kgv absorbe?;ntegrate;d |_r1ten3|t2y of t.he power-llawcom
Kuntz & Snowdehl(2000) arld De Luca & Molehfi (2004). Foponentis 2.26¢ 10"~ erg cm” s deg’™, which is consistent
the thermal components in this paper we use MEKAL mo vith the value of (2.24+ 0'1.6)X 107" erg cnt® s deg
els, but the thermal componentslin Kuntz & Snowden (200 und bylDe Luca & Molen#ii2004). _ ]
are fitted with Raymond-Smith models_(Raymond & Shith In order to avoid large background fluctuations in our ex-
1977). There are, however, significanfidiences in ionisation raction regions we cut out bright point sources which were
balance and line strengths between MEKAL and Raymon'S‘E”“f'ed by eye. The unresolved point sources are taken int
Smith, because the MEKAL code includes many more io@§count by the CXB power law.
and up-to-date atomic constants. Hence, a temperature dete
mined from a spectrum using the ngmond_—Smith model 481 4 Data extraction and fitting
different from a temperature determined using MEKAL for
the same dataset. To obtain consistency, we choose to cAswe are interested in the spectral parameters as a furaftion
vert the model temperatures frdam_Kuntz & Snowdzn (200@adius, we extract spectra from annuli as defined in Tabl®3. T
to MEKAL temperatures to match the measured spectra gin statistics we choose a width for the annuli which B0”.
Kuntz & Snowdenl(2000) in our modelling. UnfortunatelyghiBy using these relatively wide annuli, we are also less sensi
transformed_Kuntz & Snowdern (2000) model does not fit tave to the energy dependent shape of the PSF and therefore we
spectrum extracted from the Read & Ponman (2003) blamkeglect this ffect in the rest of the analysis. Because of small
fields. Therefore, we empirically fit the Read & Paniman (2008jlibration diferences between MOS and pn we include a 5%
blank-fields with a power law, a soft, and a hard thermal coraystematic error on the source and background spectra. This
ponent, which turns out to be a good description of the dataror is added in quadrature to the poissonian error of thee da
Based on the best fit and the model by Kuntz & Snowdgmints.
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Fig.2. RGS extraction regions projected on top of a MOS1 image ganel) and projected on top of a combined RGBES?2
detector imageljottom panel). In the eighth and ninth CCD of RGS the instrument@¢et of fixed-pattern noise causes the
fish-bone shaped patterns.

2.2. RGS analysis shifted with respect to the true wavelength. This shift ivera

) _ length depends linearly on incidence ang{ercmin) projected
We extract the RGS spectra following the method describgf the dispersion axis:

in Tamura et &l.1(2001). In addition, we do spatially resdlve

spectroscopy using the RGS data: with RGS it is possible-to ex

tract spectra from dierent regions in the inner 4f the cluster.

The diferent regions can only be separated if they lie along the = 0.138AA6. 3)
cross-dispersion axis of the instrument. We select thetsven

from several rectangular areas on the CCD strip in the cross-

dispersion direction. In Fidld 2 we show how these extractiddecause of thisféect, the line-emission appears to be broad-
regions are projected on the sky (MOS1, upper panel) and@med depending on the spatial extent of the source along the
the chips of the RGS (lower panel). dispersion direction (see Davis 2001 for a complete disonss

Because the cluster fills the entire field-of-view of the RG@POUt grating responses).
we need a blank field observation to extract the background In order to describe the data properly' the Spectra| fits need
spectrum. For this observation, which was taken prior to thgaccount for the fect described above. In practice, this is ac-
cooling of RGS1 but after cooling of RGS2, we choose @mplished by convolving the spectral models with the siafa
Lockman Hole observation with arifective exposure time of prightness profile of the source along the dispersion doect
100 ks performed just 3 XMM-Newton orbits after our obse{Tamura et dil 2004). Therefore, we extract the clusteminte
vation, also still before the cooling of RGS1. This way we Mirkity profile from MOS1 along the dispersion direction of RGS.
imise systematic féects due to hot pixels and instrument regor each extraction region we can convert the spatial profile
sponse. The flare subtraction is analogous to the method Uggfikch is a function o8, into a line profile in A using Eq3. We
with EPIC, but now we use the events from CCD 9 outside th@nyolve this profile with the model spectrum during spdctra
central area. We select only events that have a positionegregtting. However, the width of the measured line profile can be
than 30 from the diSperSion axis to make the ||ght curve. Thiéiﬂ-‘erent from the line proﬁ'e that we derive from MOSl’ be-
method was applied to both source and background datasetgayse the surface brightness at the wavelength of a spiwtral

The RGS spectrometer operates without a slit. This meadasot necessarily the same as the surface brightness irad bro
that all photons from within the (in our cas€)% ~ 12 field energy band. To take thidfect into account, we multiply the
of view end up in the final spectrum, but not necessarily at thevelength axis of the derived line profile with a scale facdo
right wavelength. Only photons which are emitted in thetelus scale factor of 1.0 corresponds directly to the wavelengaihes
centre end up at the dispersion coordinate which corresponéithe profile we derive from the continuum. A scale factor of
to the correct wavelength. If the photon originates fromdhe 2.0 stretches the line profile in wavelength space by a faftor
skirts at an anglé (projected on the dispersion axis) from théwo compared to the original line profile. In this way, we are
cluster centre, then the instrument will register it atid@edent able to fit the widths of the line profiles and to have a measure
dispersion coordinate and assign a wavelength to it whichakthe spatial extent of the line-emission region.
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3. Spectral Models In this equatiorx = log T andxg = log To whereTy is the aver-
. . .age temperature of the distribution. The width of the Gaussi
In our analysis we fit several models to the spectra USIHSS e .
ISor. Compared to thevdem model this distribution contains
the SPEX package (Kaastra etial. 1996). These models ¢ ) e emission measure at hiaher temperatures
be a combination of a number of thermal models (MEKAL g P '
and a power-law model. Two models, however, include a
more sophisticated combination of thermal models that We ca. Results
Differential Emission Measure (DEM) models. Previous papers

(e.g. [Peterson ethl. 2008; Kaastra étal._2d04: de Plah etlal- EPIC/RGS spectral fitting

2004) show that many clusters can be fitted better when yeihis section we fit both the EPIC and RGS spectra with the
use a distribution of temperatures instead of a single tempg,gdels described in Se€l. 3. From the fits we obtain temper-
ature model. Actually, we expect that the plasma within oyf,res and abundances for which we also derive spatiakinfor
annuli should contain multiple temperatures and not one. Afution. In all the fits we fixNy to 1.79% 102° cmr2 which
observational proof of this is given in Werner et al. (2006). js the value deduced from Hiata (Dickey & Lockmah 1990).

the case of Sérsic 159-03 we fit two types of distributions: s value is the same as the one used in Kaastra ét al] (2004).
truncated power-law distributiomglem) and a Gaussian distri- e yse thé Verner etlal_(1996) cross-sections in our absorp-

bution @gdem). tion model. Throughout the paper we use errors atjre= 1
(68%) level for one interesting parameter.
3.1. WDEM The EPIC spectra are rebinned to the optimal binning of

o ~1/3 FWHM of the resolution of the instrument. We use the
We use the so-calleddem model, where the emission Mearesponse matrix to derive the FWHM for every energy. The
sure,Y = J nenudV, of a number of ther_mal components igpectra are fitted over the 0.3-10 keV range. We are aware that
distributed as a truncated power law. This is shown in Bd. (4slow 0.6 keV there are some calibration uncertainties ef th

adapted from Kaastra efiél. (2004): order of 5-10% when using SAS 6.1.0. This is partially ac-
dy cTVe BTmax < T < Thax 4 counted for by the 5% systematic error that we add to the spec-
dT )0 T>ThaxV T <BTmax ) tra during fitting. The remaining calibration uncertaistigre

This distribution is cut & at a fraction ofT max Which iSBTmax still small compared to the uncertainties in the soft X-ragh
The value of3 is set to 0.1 in this study. The model above is a"ound. Because of the importance of the soft-excess proble
empirical parametrisation of the DEM distribution foundfie 2nd the role of O VIl we choose to include the 0.3-0.6 keV

core of many clusters. In this form the limit — 0 yields the €N€rdy band in our fits. _
isothermal model aF ax. For RGS we discuss the spectrum which was extracted

In order to compare the outcome of tiedem model from a 4 wide strip in the cross-dispersion direction, with
with single-temperature models, we can calculate the éoniss'hich we obtain the highest signal-to-noise. In additioralee
weighted mean of the DEM distribution. The mean temperat REESeNt spatially-resolved spectra extracted from smetips

KT meanfollows from Eq[5: in the cross-dispersion direction. This provides a radiafile
day of the temperature and abundances in the core regiori)(0—2
f TardT (5) After preliminary analysis, the RGS spectra show a discrep-

Trmean= .
mean f g—¥dT ancy with any thermal model around 29-33 A. The data points

When we integrate this equation betwginay and Tma, we  are significantly below the models in this interval, as can be
obtain a direct relation betwe@heanandTmax as a function of S€en in Figkb. Since the wavelength range coincides with a
@ andg: read-out node of CCD2, we believe this feature is instrualent

1+1 1 glas? in nature. If we perform the same analysis on an earlier ob-
_(1+1/)1-pB ) (6) servation of Sérsic 159-03 the discrepancy disappearighwh

mean — (2+ 1/@) (1_[),1/0“_1) max- A 1
supports our view. In_Peterson ef al. (2003) some other RGS
The values fokTrmean We present in this paper are calculategbservations of clusters of galaxies show the same problem,
using EqLH. namely Hydra A, Abell 496 and MKW 3s. A large study of

A detailed comparison of thedem model with the classi- many RGS observations shows that abe6#s of the observa-
cal cooling-flow model can be foundiin de Plaa etlal. (2005). tions show an anomaly in the count rate of CCD2 (A. Pollock,
general thavdem model contains less cool gas than the clasgiriv. comm.). We therefore believe the feature we observe is
cal cooling-flow model, which is consistent with recent abseinstrumental in nature and we ignore the 29-33 A interval in

vations (Peterson etlal. 2001, 2003). our analysis.
3.2. GDEM 4.1.1. Integrated spectrum within 4’
Another DEM model that we use is a Gaussiaffedential |n Table[d we show the results from fits to a spectrum extracted
emission measure distributiogdem, in log T: from a circular region which has a radius 6f&d is centred on
Y(x) = Yo (xxo)202 7 the core. In this circular region the cluster signal is wélbee
() = or @e ) (7) the background. We can use the high signal-to-noise ratio of
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Fig. 3. EPIC spectrum extracted from a circular region ‘advbund the core. The total best-fit model, tdem model component
and the background component are shown.

this spectrum to obtain accurate values for all the fitteder plot shows the total spectrum; the strengths of these lines a
ters. The? value of the single-temperature fit (12986) indi- weaker in individual annuli.

cates_thgtasmgle-temperature modelis potentially reobést The spectral models constrain the abundances very well,
description of the data. Multi-temperature models, howeve

éxcept for neon and magnesium, because these lines are

2
do produce & close to 1.0. Hence, our abundance analys{ﬁended with iron at this spectral resolution (see Elg. Ale T

will be based_on the multi-temperature models. Ther_e arerott&ietermination of the oxygen abundance becomi@sdit in the
models that fit the data equally well. These alternative mnd%uter parts of the cluster. Here, the oxygen in the galaotie-f

W'.” be discussed n S_edﬂ.& The pc_)te_ntlal presence oka rSround emission starts to play a more important role anddcoul
atively small contribution of other emission componentaho

ever is of no consequence for the observed trends we prese bias the abundance measurement. In the central regie’) (
this section q P %E cluster flux is high enough to get an accurate measurement

In general, all abundances are between 0.1 and 0.6 times thei

olar value (Tabl&l4). Only neon shows high values up to 1,

An gxample of a spectrum ﬂtt?d Wlth. a DEM mod_el I%ut since the lines of this element are blended with the Fe-L
shown in Fig[(B. When we set the line emission to zero in our

model and plot the residuals, we obtain the plot shown irEig.Cpm.ple)f’ the value is highly correlated with the tempesatur
The lines from all elements for which we fit abundances are eQ/'—Str'bUt'on'

ident in the spectrum. Especially the iron lines are vergrsir In Fig.[d we present the total RGS spectrum of Sérsic 159-
but also silicon, sulfur and calcium have a high signal-tésa. 03 extracted from a’4vide strip in the cross-dispersion direc-

Oxygen, magnesium, argon and nickel are clearly visiblis: thion and centred on the core. Because of the high statistis,
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Fig. 4. Residuals of avdem fit to the EPIC total spectrum extracted from a circle with diwa of 4. The line emission in the
model is set to zero to show the line emission on top of theiconin. The left panel shows the residuals from 0.3-5 keV and
the right panel the 5-10 keV range.

Table 4. Fit results for an EPIC spectrum extracted from a ciffable 5. Fit results for RGS spectra extracted from’amMde

cle with a radius of 4and centred on the core. Fluxes are castrip and fitted over a 8-38 A range ignoring data from CCD2
culated over the 0.3-10 keV range and presented if°¥)g (see text). Emission measureg & f nenydV) are given in
cm? st deg?. Emission measureYferma = fneanV) is  10° cm3. The iron abundance is given with respect to solar
given in 1¢° cm™ andYpow is given in 16! ph st kev-lat1 abundances. The scale factors for oxygen and iron mentioned

keV. below are those explained in Sdct]2.2.
Parameter _ single-temp wdemmodel gdem-model Parameter | single-temp wdemrmodel gdemrmodel
Yihermal 20.31£0.15 20.55:0.15 21.07+0.15 Y 7.27+0.06 7.080.07 7.250.06
Fthermal 19.26+0.14 19.40+ 0.14 19.46+0.15 KT (keV) 2.6:0.09 3.250.18
KT 2.568+ 0.009 2.472: 0.010 KT mean (keV) 3.04+ 0.16
KT mean 2.60+0.03 KT max (keV) 4.0+0.2
KT max 3.41+0.03 @ 0.46+0.03
1% 0.45+0.02 o 0.28+£0.02
or 0.226+ 0.005 C/Fe 0.00:0.19 0.6:0.4 0.6:0.3
@) 0.36+ 0.05 0.30+ 0.04 0.19+ 0.03 N/Fe 0.00:0.18 0.%0.5 0.6:0.5
Ne 0.89+ 0.08 0.16+ 0.08 0.000+ 0.013 O/Fe 0.85+0.10 0.8%0.10 0.9%0.13
Mg 0.02:0.04  0.11+0.04  0.08+0.04 Ne/Fe 1.04:0.15 0.730.12  0.7%0.14
Si 0.196+ 0.017 0.239:0.017 0.252-0.018 Mg/Fe 0.3240.11 0.350.11 0.320.12
S 0.122+ 0.017 0.18+0.02 0.20+ 0.02 Fe 0.98+0.06 1.2@-:0.08 1.140.09
Ar 0.14+0.04  0.19:0.05 Scale (O) 1.1+0.2 1.6:0.3 1.5:0.3
Ca 0.31+0.05 0.36:0.05 0.44:0.06 Scale (Fe) | 0.35:0.05 0.36:0.05  0.310.05
F(_e 0.360+ 0.007 0.346+ 0.008 0.242+ 0.005 2/ dof 997/ 856 925/ 854 963/ 855
Ni 0.42+0.09 0.45+ 0.08 0.35+ 0.08

x?/ dof 1228/ 916 1017/ 915 949/ 915

gests that the oxygen distribution is more extended achass t
can also use the second order spectrum. In both orders the F@uster centre, while the iron abundance is strongly peaked
spectral line complex between 10-15 A and the Mg line neatfte centre. Looking at the” values we see that the fit to the
A are well resolved. Above 19 A the first order spectrum shoiRGS data does not strongly prefer a DEM distribution over a
a prominent G Ly « line. single-temperature model. All models are acceptableraont

The fit results for RGS are shown in Talle 5. The elemeff the merging cluster 2A 033896 described by Werner et al.
tal abundances determined from th&etient models are con-(2006).
sistent with each other withine3 Unfortunately, the carbon
and nitrogen apundanceg are not well co_nstrained. '!'he Wiqt.li.z. Radial profiles using thermal DEM models
of the oxygen line is consistent with the width of the line pro
file derived from the continuum emission in MOS1, and thBy fitting the spectra extracted from the annuli for EPIC and
width of the iron lines is about/3 smaller (Fig[b). This sug- from strips for RGS, we can make radial profiles of tempera-
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Fig.5. 1% and 29 order RGS spectrum of Sérsic 159-03 extracted frorhwide strip centred on the core. The continuous line
represents the fitteddem model. On the x-axis we show the observed wavelength.

tures and abundances. Again, we fit the spectra with a singdedecrease of the oxygen abundance like we see for iron, but a
temperature model \ademmodel and demmodel (Tabl€b). flat distribution cannot be excluded.
In Fig.[@ (left panel) we present the temperature profile ob- While silicon is quite well constrained independent of the
tained for these models. Fardem the maximum temperature DEM model used, the iron abundance derived fromdgtem
(KTmax) @and mean temperaturkT(nean are shown. The profile model is significantly dferent from the other two models. The
shows a slight increase of the temperature withinl gaflius. absolute values of thgdem oxygen and iron abundances are
Beyond 3 the temperature rapidly drops to about 1.5 keV. Thepnsistent with the ones from silicon. The iron abundanmefr
single-temperature profile is consistent with the profilewée the single-temperature amalem, however, show a steeper gra-
from the earlier XMM-Newton observation hy Kaastra et allient. From these plots it is clear that the used temperature
(20021). distribution is very important when measuring elementairab
. . dances.
The DEM parameters (wdem, Flg.I] middle pane_l) and An overview of all the fitted parameters is given in Tddle 6.

. . . %part from the elements we discussed in the previous para-
slightly in the outer parts, where the temperature gradient . .
raph, only sulfur is reasonably well constrained up tol®

large. This means that the fit needs a broader range of tempgr- N !
! he outermost spatial bin, however, the abundance incsease
atures to fit the spectrum.

unphysical values. In the core region sulfur shows the same
From the fits we obtain radial profiles of the abundancesofile as silicon. The other elements are less well comstrhi

of several elements. The radial profiles of oxygen, sili@rm Neon is always diicult to measure at CCD resolution because

iron are shown in Fidl8. We detect a clear decrease of the silis blended with the Fe-L complex near 1 keV. Calcium and

con and iron abundance with radius. For oxygen the situ&iomickel are only constrained in the core, but the derivedeslu

less clear: the (e ratio in the 0—-0/9in is lower than the ratio are not &ected by systematics due tdfdirent DEM models.

in the 0.5—4interval at 3r confidence level. There is a hint ofln every radial bin the values are consistent with each other
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Fig.7. DEM model fit results for the three models: single-tempasa{®), wdem (a) andgdem (x). In the left panel we show
the radial temperature profiles for all models, including ki 2« (o) andkTmean (¢) from thewdem parameters. In the middle
and right panel we show the radial profiles of the DEM paramset@andor.
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The magnesium and argon abundances are poorly determinedFrom RGS we also extract rectangular regions in the cross-
Only in the core region some points are measured at a signifispersion direction of the instrument. The regions we use a
cance larger than® In general these two elements have uppeéefined in Secf_212. Because the cluster does not showsignif
limits of about 0.2 times the solar abundances. icant spatial asymmetries in the cross-dispersion doactve

add the spectra extracted from regions with equal distamce t
the dispersion axis: region4 5 and 2+ 4 as defined in the

Tablel®. I-n. thezcore region all fits are ?cceptablg when we Uster panel of Fig[R. This way we are able to derive radial
the condmorg(rl < 155' However, thhe’fr for;he _sm\g/;\}e teM- hrofiles of the core up to a radius of. Zhe best fit values
perature model in the core is much less thah.in Werner etgl v oo models are presented in Talle 7. The fit results show
(2006) in the cluster 2A 033896. In the outer parts multi- signs of a temperature decrementin the core. However, ithe te

te_mp_erature fitting still results in a better fit, but we do se¢ peratures we determine from RGS are systematically higher
significant diterences between the models.

The x? values for the three models are also shown
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Table 6. Fit results for spatially resolved EPIC spectra. The fitteddeis are single-temperature CIE (g)dem (w) and a
Gaussian DEM model (g). Fluxes are calculated over the 0.8eY range and are given in unit ergt<m=2 deg2. Emission

measuresY = [ nenydV) are given in 16 cm3.

M 003 05-1.0 1.0-2.0 2.0-3.0 3.0-4.0 4.06.0 6.0-9.0
% s 4.75:0.05 5.550.05 6.1£0.05 2.880.03 1.46:0.02 1.620.04 1.22:0.04
w 4.72:0.05 5.58:0.05 6.23:0.05 2.91:0.03 1.42:0.02 1.62:0.03 1.21:0.03
g 4.86:0.04 5.720.05 6.36:0.05 2.9%0.03 1.440.02 1.550.03 0.94:0.04
F S | (2.50:0.02%10° (1.038:0.009x10° (2.76:0.02x10°7 (7.72:0.09%10° (3.17/:0.05)x10®  (1.0820.02x10 ™  (2.58:0.08%<10 X
W | (2.60:0.03x10®  (1.042:0.010K108 (2.77:0.02)x10° (7.79:0.09x10°0 (3.20:0.05)x10°° (1.093:0.019K10°° (2.59:0.08)x10°1
g | (2.61£0.02x10® (1.04%:0.010K10® (2.78:0.02x10° (7.84:0.08)x10°10 (3.24:0.05x10°° (1.112:0.018K10°° (2.59:0.09)x10°11
KT s | 2.3530.012 2.5520.013 2.64@0.015 2.640.03 2.560.04 2.2%0.05 1.4%0.04
(keV) | g | 2.280:0.011 2.4730.013 2.5420.015 2.520.02 2.48:0.04 2.46:0.05 1.83:0.09
KTmean | W 2.39:0.03 2.530.05 2.6%0.05 2.630.08 2560.12 228011
KTmax | W 3.02:0.03 3.240.04 3.420.05 3.5%0.08 3.3%0.13 2.980.12 1.420.08
a w | 0.350:0.019 0.360.03 0.330.03 0.440.05 0.420.07 0.380.07 0.02:0.09
o1 g | 0.203:0.005 0.2080.007 0.2030.008 0.2360.012 0.2440.019 0.240.02 0.140.04
OFe | s 0.76:0.12 T120.13 T1£0.17 1303 1204 0.%1.0 0.G:1.7
w 0.76£0.11 1.05:0.14 1.06:0.17 1.20.3 1.20.4 0.4:0.6 0.0:1.7
g 0.77:0.10 1.050.13 1.050.17 1.60.3 0.4:0.4 0.00-0.05 0.06:0.06
NeFe | s 2.6:0.2 2.6:0.2 1.4:0.3 1404 1.5:0.6 T&11 0.6:0.9
w 0.9:0.2 0.4:0.3 0.00:0.15 0.0:0.2 0.0:0.5 0.2:0.9 0.0:0.9
g 0.00:0.16 0.06:0.07 0.08:0.05 0.06:0.09 0.0+0.2 0.0+0.5 0.0+0.7
Mo/Fe | s 0.10:0.10 0.060.12 0.060.08 0.020.19 0.06:0.09 0.:05 0.6:04
w 0.29:0.10 0.180.13 0.130.15 0.30.3 0.06:0.11 0.30.5 0.0:0.4
g 0.34:0.14 0.26:0.18 0.:0.2 0.5:0.4 0.0:0.2 1.3:0.6 0.0:0.7
SjFe | s 0.58:0.05 0.450.06 0.540.07 0.380.12 0.430.09 0803 0505
w 0.69:0.05 0.56:0.06 0.76:0.08 0.51:0.13 0.5:0.2 0.8:0.2 0.4:0.5
g 1.07:0.08 0.88:0.09 1.08:0.12 0.8:0.2 0.9:0.3 1.4:0.4 0.%:0.6
SFe | s 0.43:0.06 0.340.07 0.13:0.09 0.220.16 0.303 0.940.17 5617
w 0.56:0.06 0.4%:0.08 0.35:0.09 0.46:0.15 0.5:0.2 1.0:0.4 5.6:1.8
g 0.90:0.09 0.76:0.11 0.5%0.13 0.%0.2 0.9:0.4 1.3:0.5 3.51.2
ArfFe | s 0.020.13 0.260.17 0402 0.6:0.4 0.6:0.7 TG11 16.86.4
w 0.19:0.14 0.32:0.18 0.%0.2 0.2:0.4 0.8:0.7 1.81.1 17.0:6.4
g 0.4:0.2 0.%0.3 1.2:0.4 0.4:0.7 1.41.2 1.6:1.5 5.4:35
CgFe | s 0.59:0.18 1502 1503 1.G:05 1.61.0 3615 36.615.6
w 0.67:0.18 1.30.2 1.2:0.3 1.0:0.6 1.6:1.0 3.0:1.6 36.2:15.9
g 1.2¢0.3 2.3:0.4 2.2:05 1.71.1 22138 0.4:2.3 0.0:6.5
Fe s | 0.4530.012 0.38%0.010 0.2940.009 0.2330.011 0.2030.013 0.140.02 0.0420.009
w | 0.458:0.011 0.370.011 0.2820.009 0.2240.012 0.1980.017 0.1480.016 0.0490.009
g | 0.314:0.007 0.2530.007 0.192:0.007 0.1480.008 0.1340.012 0.1340.012 0.13:0.02
Ni/Fe | s 1.0:0.2 0.8:0.2 0.6:03 0.6:0.2 0.3:08 0.6:03 0.6:2.3
w 1.2¢0.2 1.0:0.3 0.2:0.3 0.0:0.5 1.:1.0 0.0:0.3 0.0:2.4
g 1.4:0.3 1.:0.4 0.0:0.5 0.0:0.8 2815 0.3:1.6 6.0:2.5
XZ/dof | s 1213/829 1084 846 1240 852 1197/ 804 1279 772 1113 777 1045 757
w 1045/ 828 969/ 845 113§ 851 1109 803 121§ 771 1095 776 1045 756
g 981/ 828 890/ 845 1083 851 1034/ 803 1131 771 1042 776 1079 756

than those from EPIC. This is not surprising, because the R@JFe), » .- = 0.53+ 0.05. This jump has a confidence of
spectrum also contains emission from the hot gas just autsRi5o- and 3r in EPIC and RGS respectively, which corresponds
2" which falls within the rectangular field-of-view. From theo a combined significance of 3r9 Despite the fact that the
wdem model fits we see that the value @fincreases with ra- absolute values of the/Be ratio are dterent for the EPIC and
dius, while the width of the Gaussian DEM distribution showRGS results, the relative increase of thé&©ratio is the same
a drop in the 1.0-2!0bin. As expected from the EPIC pro-for both instruments: 1.5 0.3 (EPIC) and 1.6 0.2 (RGS). In
files, the QFe ratio is lower in the core than in the outer partthewgemandgdemresults the relative jump inBe is equal or
The NgFe ratio, however, is consistent with being flat withimower, but still consistent with the result for the singlentger-

2’ from the core. Finally, the width of the lines, indicated bwature model: 1.4 0.3 (EPIGQwdem), 1.4+ 0.2 (EPIQgdem),
the scale parameter (see SECHl 2.2) , increases outsiderthe d.6 + 0.3 (RG3wdem) and 1.5+ 0.3 (RG3gdem).

There it is consistent with being 1.0. In these models we fit

the average of all the line widths with respect to the continu

surface brightness. 4.2. Abundances and SNia/SNII/Population-1ll models

From the O and Fe abundances measured with EPIC and ) )
RGS in the inner 20f the cluster, we detect a jump in theé~rom the single-temperature (CIE) and DEM models we fit to
OJFe ratios between the inner 0.4nd the annulus from 0.5-the data, we obtain the abundances of the elements for which

2.0. Toillustrate this, we combine the single-temperatureCEP|iN€ €mission is detected. Assuming that all the elemengs-or
and RGS results in the 0.5-21@gion. From EPIC we obtain Nat€ from SNia, SNIl and Poplil stars, we can construct a sim-
(O/Fe) s,y = 1.14+ 0.10 which is significantly higher thanP'e moc_jel to obtain the relative contribution of these otg¢co

the central (gFe), y_,- = 0.76+ 0.12. The combined Be the enrichment of the ICM.

ratio from the 0.5-2/0RGS results is also significantly higher, We use several SNla yields obtained from two phys-
(O/Fe} s,y = 0.84+ 0.09, compared to the central valuécally different models adapted from_lwamoto et al. (1999)
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S —— Table 7. Fit results for spatially resolved RGS spectra be-
° tween 8-38 A excluding CCD2. The fitted models are single-
temperature CIE (sjydem (w) and a Gaussian DEM model (g).
Emission measures/(= [ nenydV) are given in 16f cm3.
n The iron abundance is fixed to 1.0 with respect to solar abun-
w O dances.
>
P Parametef Mod [ 0-0.3 0.5-1.0 1.0-2.0
% Y 3.69+0.04 1.8@:0.04 1.46:0.03
© & 3.60:0.04 1.780.04 1.3@-0.05
o 3.74:0.04 1.880.05 1.46-:0.04
kT 3.23:0.09 4.20.2 4.3:0.3
(keV) 4.09:0.16 5106  4.3:0.3
KT mean 3.53:0.14 4.20.4 4.3:0.5
= I KT max 476:018 6.605 6.50.7
c19 19.5 20 20.5 21 a 0.53:t0.04 0.66-0.09 1.060.18
Wavelength (&) oT 0.342:0.018 0.350.06 0.0@-0.12
O/Fe 0.53:0.05 0.740.12 0.960.15

Fig.6. RGS spectrum in the 19-21A band featuring then©®
Ly-a line. The data points represent the measured spectrum,
while the model line shows the line when the scale factor is NeFe
frozen to~0.3, which is the best-fit value for the iron lines.

0.51+0.05 0.720.12 1.20.3
0.54t0.05 0.6&0.18 0.930.17
1.10£0.12 1.20.3 0.8:0.4
0.79:0.11 0.20.3 0.0G:0.10
0.75:0.12 0.20.4 0.8:0.4
0.16t0.10 0.0@0.10 0.0&:0.04
0.32:0.11 0.&0.2 0.0G:0.12
0.28:0.11 0.0@:0.11 0.0&0.05
0.50:0.08 1.140.17 1.30.3
0.45+0.07 1.10.2 2.8:0.4
0.40£0.07 0.&0.3 1.3:0.2
1100/858 970/858 925/ 858
1000/ 855 953/855 885 855
1039/857 971/857 926/ 857

Mg/Fe
to fit our abundances. The W7 model describes a so-called o

slow deflagration model, while the WDD2 is calculated us-

ing delayed-detonation (DD) models, which is the currently ~Scale
favoured Type la explosion scenario. Note that with SNII we

mean all types of core-collapse supernovae including tifpes

and Ic. We use the SNII yields integrated over the stellaupop ~ x?/d.o.f.
lation calculated by Tsujimoto etlal. (1995) end lwamotolét a
(1999). For the Poplll-star SN yields we use two models from
Heger & Woosley 1(2002) with dierent core masses of the
Poplll star: 65 My and 130 My. These two masses are the low-

est and the highest core mass considered in Heger & Woosle . . . . o
g = ar?(/:i CDD2. Their best-fit ratios were in general similar to the

(20%2)' . , : WDD2 and W7 models, but with a highg?.
or every element the total number of particlel}; is a . L . .
linear combination of the number of atoms produced by SUp?ﬁé ;Tﬁr;eela}[?r\r/leeg?tgtré?rgro?h(jspi(t)?s”Ins(;[?:glfli:‘?cglrllgll;s dsg;?él
novatype 12 (Yia), type 11 (Vi) and Poplll stars (i) Because of the large yields per Poplll event, a small number o
Ni = aYija+bYiy +cYin, (8) Poplil stars can in principal contribute a lot to the aburmtan
The abundance pattern of Poplll stars, however, resemele th
wherea, b andc are multiplication factors of SNla, SNII, andpatterns of SNla and SNII depending on the core mass. The
Poplll stars respectively. The total number of particlesgo SNla or SNII patterns can mostly compensate for the Poplll
element can be easily converted into a number abundance. Tointribution, when it is left out in the fit. Thg? does improve
reduces to a system of three variabladyanc) and nine data only marginally when we add Poplll star yields to a model con-
points (O, Ne, Mg, Si, S, Ar, Ca, Fe and Ni). We present thaining only SNla and SNl yields. The best fit using just SNla
ratio of the relative numbers of SNla, SNII and Poplll wittand SNII models including calcium giveg#/dof of 15/ 7 and
respect to the total number. a SNla contribution of 0.380.03. In fact some models fit the
We fit the abundances we obtain from the EPIC resuliigita best by putting a negative value to the Poplll or SNIkcon
of the core region to a model consisting of SNla, SNII aniibution, which is unphysical. The 65 §Poplll model pro-
Poplll-star yields in order to determine their relative tdou- duces a slightly higher Poplll contribution than the onelf8d
tion to the ICM. In TabldB we compare two SNla yield modM@. But since the mass of the expelled material is higher for
els fitted together with the SNII and Poplll yield models tthe latter model, the number of stars needs to be higher in the
the measured abundances in TdHlle 4. We use the abundafbe¥l model to get a comparabldéfect. The errors on these
derived from the fits with thevdem model. If we include the bigger values are also too large to claim a significant Peplll
calcium abundance, none of the fits are statistically aatd@t star contribution.
However, if we ignore the calcium data point, we obtajf af In Fig.[@ we plot the abundances from tixelem model
about 1 for the WDD2 model. We also test other SNIa modelsth the best-fit model (WDD2) listed in TablEl 8. Note
listed inllwamoto et al.| (1999): W70, WDD1, WDD3, CDD1that the WDD2 model is also the type la model favoured

Q S nle £ unlae S nla £ njla S nlals|s|sla nja s n
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Table 8. Relative contribution of SNIa, SNII and Poplll starsanalysis of 2A 0335096 (Werner et al. 2006), confirming that
to the enrichment of the ICM. We compare two SNla modetbe overabundance is probably not a statistical deviaEeary

in lwamoto et al. [(1999) with the data. We only show resultsther abundance is consistent with the model within thererro
from wdem fits, because we could only get an acceptable firs. The contribution of Poplll can be seen mainly in oxygen
using these data. The values shown here are the fractions vamd neon, but the uncertainties are large.

respect to the sum of all contributions (SN&NII + Poplll).

Type | Mpopin = 130Mp Mpopii = 65Mg

| Value X2/ dof | Value 2/ dof

W7
SNla 0.33:0.09 0.30£0.04
SNII 0.7+0.2 41/ 6 0.70£0.14 55/ 6
Poplil | (3.4£1.4)x10°3 (-3+7)x103
WDD2
SNla 0.38:0.08 0.48:0.10
SNII 0.63£0.15 12/6 0.5+0.2 12/6
Poplil | (-1.8:1.2)x103 (1.7+1.1)x10°2
Fits with the calcium abundance excluded:

Type | Mpop||| = 130|Vb Mp0p||| = 65M@

| Value x* / dof | Value 2/ dof

W7
SNla 0.34+0.09 0.32£0.05
SNII 0.7+0.2 29/5 0.69+0.15 41/ 5
Poplll | (2.9£1.3)x10°3 (-2+7)x10°3
WDD2

SNla 0.38+:0.08 0.50£0.10
SNII 0.62+0.15 495 0.5+0.2 4.1/5
Poplll | (-1.9+1.2)x10°3 (1.9+1.2)x10°2

We applied the same procedure to the abundances obtained
from RGS. The relative abundances determined from RGS are
very well constrained, but the number of elements that we can
measure is too small to get a reasonable fit. If we fit the abun-
dances we obtain errors which are equal to the measured val-
ues. Therefore, we do not show these fits in this paper.

4.3. Non-thermal X-ray emission?

In previous papers about Sérsic 159-03 (e.g. Kaastra et al.
2003; | Bonamente etlal. 2005) the larger for the single-
temperature model is attributed to a soft X-ray excess. &her
are, however, a number of solutions to fit this soft excesd¢@nd
obtain an acceptabjg? of about 1.0. From the spectral fits in
Sect[Z1l we confirm that a single-temperature model is @ot th
best description for the observed spectra. If we fit the déta w
a multi-temperature model, then we obtaig?of about 1.0.

In this section we explore the possibility of the existenta o
soft excess in Sérsic 159-03 and speculate about its ndtiuee
wdem andgdem models already provide acceptable fits to the
spectra. We verified that the non-thermal component predent
in this section does nofiect the trends observed in the thermal
analysis listed in Sedft4.1.

One possibility is that the soft X-ray emission originates

by llwamoto et al. [(1999) on observational grounds. The ddtam warm thermal emission from the WHIN_(Kaastra €t al.
points we use are taken from the third column of Téble 4. Fra2003). Here we explore the possibility that inverse-Compto
this plot we see that the calcium abundance might be undemission from CMB photons which are up-scattered to X-
estimated by the nucleosynthesis models and the cause ofrtheenergies by relativistic electrons can also cause aegeft
high x? values. But the actual uncertainties in the measuredss. The same emission mechanism is also thought to be
calcium abundance might be bigger than the statisticat @rro the origin of the hard excess in clusters of galaxies dedecte
dicated here. This calcium overabundance is also seen in iyeBeppoSAX (e.g._Fusco-Femiano etlal. 2005). A power-law
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Table 9. Fit results for an EPIC spectrum extracted from #the same shape, which suggests that they have the same ori-
circle with a radius of 4and centred on the core including ain. The power-law component, however, has a more extended
single-temperature thermal componergower law and multi- radial distribution. The flux is still the highest in the caré
temperature thermal componentpower law. Fluxes are cal- the cluster, but the slope of the radial profile is more shallo
culated over the 0.3-10 keV range and presented it°¥)g than the thermal emission. The ratio between the components

cm? st deg?. Emission measureYferma = [ NenwdV) is
given in 1¢° cm= andYpow is given in 161 ph st kev-tat 1

is plotted in the right panel of FigL1. This figure indeedwbo
that the ratio between the soft excess and the cluster gas-is ¢

keV. stant. This is is not what you expect if the excess is due to
WHIM which should be picked up preferably at the outskirts

Parametef single-temp+ pow | wdem + pow | gdem + pow of the cluster. On the other hand, the power-law component
Yihermal 16.8+0.3 17.6£03 | 18.9+04 does become relatively more important in the outskirts ef th
Fihermai 16.2+0.2 16.9+0.3 | 18.0£05 cluster. This is to be expected for Inverse-Compton enmissio
KT 245+ 0.02 2.50+0.03 because it scales with densityinstead ofn® which is true for
KTmean 253+ 0.07 thermal emission. The fiierent profile of the power-law emis-
KT max 3.14+ 0.06 . . . .
o 0.32+ 0.04 sion therefor_e strongly suggests that if there is an exdeiss,
o 0.208+ 0.012 non-thermal in nature.
o) 0.27+0.05 0.26+0.05 | 0.17+0.03
Ne 1.00+0.11 0.42+0.11 | 0.11+0.09
Mg 0.18+ 0.04 0.21+0.05 | 0.18+0.04 In the following fits we drop the cool component and fit
Si 0.32+0.02 0.33+0.02 | 0.33+0.02 the spectra with just a thermal (DEM) components and an ad-
S 0.22+0.02 0.25+0.02 | 0.25+0.02 ditional power-law component to fit the soft-excess (Téle 9
Ar 0.20+0.05 0.23+0.05 | 0.26+0.06 The models including a power law generally result in a
Ca 0.42+0.06 0.45+£0.06 | 0.52+0.07 lower y2. This efect is most strongly present in the single-
Fe 0433+ 0.011 | 0.40% 0.011) 0.275+ 0.009 temperature fity? = 897/ 914 with a power-law component
Ni 0.62:0.11 0.60+0.10 | 0.54+0.10 andy? = 1228/ 916 without. But also for the DEM models
Yoow 6.6+ 0.4 5.3+04 3.5+0.8 . . ) .
Foon 35402 28402 16404 there is an improvement ip“ that provides an argument for
r 206+ 003 210+ 004 | 2.30+0.15 the presence of a non-thermal component.
x° / dof 897/914 853/913 861/913

The absolute values of the abundances change when an ad-
ditional power law is used, but the general trends do notgéan

component describing this inverse-Compton emission ntightconsiderably. The spatial abundance distributions acecls-
able to fit both this hard and soft excess.

A single non-thermal component as illustrated in [Ed. 16ls. In particular, fits including a power-law componentwho
with a T of 2.0 can explain both hard and soft X-ray exceshat the jump in @Fe in the centre of the cluster remains.
with respect to a single-temperature model. At low energietowever, the significance of the jump decreases compared to
<0.5 keV the power-law component is comparable in flux tine single-temperature result when a power-law comporsent i
the thermal component, hence causing a soft excess. Alfbveadded.

sistent with the trends observed in the single-temperabae-

keV the power-law component in this example is even stronger
than the thermal component, causing a hard X-ray excess. In
Sérsic 159-03 the power-law emission is not as strong d8snt  Our suggestion that a single power-law component can
example, but a similar model is consistent with the data. ~ both explain a possible soft as well as a hard excess of
In order to learn whether the data allow the soft excess $&rsic 159-03, may also be relevant for several clustars fo
be thermal or non-thermal in nature, we fit the spectra frdm athich non-thermal emission has been detected by BeppoSAX
annuli (see TablEl3) with a single-temperature cluster eemgFusco-Femiano et al. 2000, 2004, 2005). However, the Coma-
nent, a cold thermal component representing the WHIM, actlister is, so-far, the only cluster for which both a hard
a power-law component representing the soft and hard notsray component and a soft excess has been reported
thermal emission. We first fit all annuli with the photon indeffFusco-Femiano et Al. 2004; Kaastra etlal. 2003). For &érsi
and thekT of the cool component as a free parameter. Becausg9-03, it does indeed seem to be the case that a single non-
the photon index and temperatures were not well constramedhermal component explains both the soft and hard X-ray ex-
the outer annuli, we fix the photon index and cool temperatuwess: Extrapolating the BeppoSAX flux in the 20-80 keV
in the final fits of all annuli to the mean value in the core reange, (1.50.5)x10 ! erg st cm, to the 0.3-10 keV band,
gion, which is 1.9 for the power-law index and 0.25 keV for thassumingl’ = 2.0, we obtain a flux of (3.81.3)x107*! erg
cool thermal component. This assumption Fois valid if the st cm™2. This is consistent with the XMM-Newton flux for
relativistic electrons are produced by acceleration inckbp the putative non-thermal component reported by Kaastrk et a
which behave similarly regardless of the position in theselu(2003), (6.8:2.0)x10°! erg s* cm™. For this calculation
ter. The radial profiles of the fitted components are shownwe assume that all the non-thermal emission originates from
Fig.[13. The profile of the hot gas and the soft component hawéhin a circle of 12 from the core.
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5. Discussion From several abundance yield simulations for Supernova
type la and Il we know that oxygen dominates the yield of type
5.1. Temperature structure Il supernovae, while iron originates mostly from type lasup

S ) ) novae. If the iron abundance is more peaked in the centre of

The parameters of the DEM distributions which we obtain froge cluster, we can formulate a scenario of the possiblelenri
multi-temperature fitting, are well determineql for thisstler. ment history of the ICM in Sérsic 159-03. In the early unaeer
However, we cannot discriminate betweeffetient shapes of {he |nter-Galactic Medium (IGM) might have been enriched by
DEM distributions and the presence of a non-thermal COMPSyp|ji-star explosions. The star bursts in the young gataxi
nent. The DEM parameters (wdem) and ot (gdem) values  inat form after Poplll enrichment produce a lot of SNII which
show a s_Ilght increase to the outer parts of the cluster. @dms produce mainly oxygen. Because clusters are still in aryearl
be explained by the steep temperature gradients we seebotige of development, the oxygen becomes well mixed through
the cooling core and in the outer parts of the cluster. The vghe 1GM. Then, 1 billion years after the 'Big Bang’, also SNIa
ues we derive forr are higher than the value of 0.200.05 gypjosions start enriching the local ISM in galaxies camtin
derived byl Kaastra et al. (2004) based on a shorter exposiigs|y. |f a galaxy containing both SNIa and SNII productisfal
However, their background subtraction method and handlifgg 3 cluster, the ISM is strippedfoby ram-pressure strip-
of spectral excess i_sfdid_arent, which can lead t(_) systematic dif'ping, preferably in the denser core of the cluster, hence-lea
ferences. Also projectionfiects can have an influence on thg,g 1o a more centrally peaked abundance distribution of all
broadness of the DEM distribution, butias Kaastra gL al.42005Na and SNII producté (Schindler e Al 2005). Because iron
andiWerner et al . (2006) show, multi-temperature models 8,150 produced by SNIa explosions in the central cD galaxy,
also needed for fitting deprojected spectra. this could enhance the iron abundance in the centre of tise clu
ter (Tamura et al. 2001). The drop in the centre of the obskerve
O/Fe fits within this scenario.

In order to check whether the absolute abundance of iron
can be consistent with the interpretation we just formualate

F the EPIC and RGS t btai dial abundaN¥ calculat_e the total_iron mass in the cluster. We find_al_oout4
rom e an Al a;ﬁo‘-’ Mo within a radius of 300 kpc of the core. If all this iron

profiles for the most abundant metals. The EPIC and RGS fa- tes f SN losi Id d at least 5
dial profiles for oxygen show a jump in the centre of the clust®rInates from Siiia explosions, we would heed at leas
The key data point is the point in the 0—Okin. If we compare 10° explosions in the cluster lifetime, which is of the order of

0 . . .
the QFe ratio of the central bin with the neighbouring bin ,01 geaisl' g'sfe thelre are typm;(l)lgzl@alames, th?re Shorllj.ldh .
its value is significantly lower. This means that either ttomi € abou a explosion per years per galaxy, which 1S

abundance is relatively high or oxygen is low in the centre 8Pnsistent Wit_h the rate of SNla in our own galaxy.
the cluster yhig Y9 We then fit the abundances from EPIC to a model of the

) ) ) i yields of SNla, SNII and Poplll stars_(lwamoto el al. 1999;
Recently, using cluster simulations, Schindler etial. £300heger & Woosleyl 2002). Using a linear combination of the
found that ram-pressure stripping acting on in-fallingegé®s yie|ds we can estimate the expected abundances and fit them

can result in centrally peaked abundance profiles, whilly eaf, the data. From the fit we obtain the relative contributiohs
galactic winds produce an extended distribution of the @Vy0gthe three types of metal-enriching sources.

abundanc_e.The spatial distribution of oxygen,whi_chﬁgdjlt We have to be careful, though, when we interpret the fit-
to determine, is the key to understand the evolution histbry (o sypernova ratios. The mechanisms by which the elements
the cluster. are ejected into the ICM are not yet fully understood and are
Contrary to the iron and oxygen lines in Sérsic 159-03, tleertainly not included in our simplified model. A small part
widths of these lines are the same in the cluster 2A 8886 of the supernova products can also be locked up in low-mass
(Werner et all 2006). A possible explanation is that the-clustars, so the abundance distribution we observe in the ICM
ter 2A 0335-096 shows a much stronger temperature drop is not entirely representative for the total abundanceilist
the centre of the cluster. Since spectral lines are stromgen tion in the cluster. A more detailed description of the prob-
the temperature is lower, the RGS spectrum is dominated Ieyns when one uses this simplified model is described in
line emission from the cool core of the cluster. In this céise, IMatteucci & Chiappini I(2005). The derived supernova ratios
line profiles of iron and oxygen should follow the temperatuishould be interpreted as the number fraction of supernede t
structure more than the abundance distribution of the edsne would be needed to enrich the ICM, not the actual number of
In Sérsic 159-03 the temperature profile within the RGSaextr supernovae during the history of the cluster.
tion region is relatively flat. The temperature is about 2¥ k Our analysis shows that Poplll stars are not required to
with a spread of 10%. Because a strong thermal gradient is &ibthe data. The contributions from this early generation of
sent in the core of this cluster, the line profile should fallo stars are probably too small to be detectable in current clus
the abundance distribution of the elements. The obsermed lter abundance patterns. We cannot confirm the results from a
profiles in RGS therefore strongly suggest that in Sérs& 15ample of clusters observed with ASCA that suggest that low
03 oxygen emission is lower in the centre of the line profilmass Poplll stars are necessary to explain the observed sili
compared to iron, which is consistent with the radial prefileeon and sulfur abundande (Baumgartner &t al. 2005). Our anal
extracted from EPIC and RGS. ysis, which includes more elements with about the same error

5.2. Abundance distribution and enrichment by
supernova types la/ll and Population-1ll stars
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bars on the abundances a$ in Baumgartner et al.|(2005), sha@30), but the energy density of the IR photon field produced
that a Poplll-star contribution is not detected in Sér$®-1 by the galaxy is below 0.1 eV crh

03. Considering the single-temperature spectral modedd us The electron acceleration time at a shock of velozify000
bylBaumgartner et al. (2005), we think that a temperature biam s in the cluster core is typically much shorter thaxil8?

in the iron abundance makes theifF& and @e ratios unre- years. Thus, to provide a steady non-thermal X-ray emission
liable. We also cannot confirm the underabundance of argiie stripping galaxies must cross the cluster core at a &g
and calcium in thé Baumgartner et al. (2005) sample. We acsf about 1 in %108 years. The mechanical powég,, dissi-
tually measure an overabundance of calcium with respectpated by the galactic shocks of velocityand average radius
the nucleosynthesis models, which is in line with the rebult Ry in the core region of diameté@. and average number den-
Werner et al.[(2006) in the cluster 2A 038306. This might sity n; can be written as:

be an indication that the SNII and SNla models ha@&allil- 5

ties predicting the right yield for this element, but thewatt | 5 3 ( Ro ) ( De L) ( Vg )z
uncertainties in our measured value might also be bigger tha 15 kpc/ |\ 300 kp 103kms?

the quoted statistical error. When we compare the supernova ( Ne ) ( v

fractions found by Werner etlal. (2006) in 2A 03316, we 3x102cm3) \3x10%yrt
see that the SNla contribution in Sérsic 159-03 tends to-be 5
25% higher.

) ergs? (9)

For the parameters assumed above, galaxies with velgcity
2000 km s! would provideLy, ~ 10* erg s. A few per-
cent of the power would be enough to maintain the relativisti
electrons required to provide the 10 keV regime non-thermal
emission. Note that the lifetime of the electrons with Ldren
An alternative solution to obtain an acceptable fit for thecsa  factor below 100 would be about the Hubble time. This implies
of Sérsic 159-03 is to add a soft-excess component to aesinghat the spectrum of electrons accelerated by multipleesicc
temperature model. We explore the possibility that the alevisive shocks of Mach number about 3 will have power-law dis-
tions from the single-temperature model are due toff@idint tribution of index about 3 ay ~ 10, and a flat distribution
component, like the WHIM or inverse-Compton emission. aty < 100, where the Compton losses are not important. The

A non-thermal component can explain both a soft arfdectron distribution index 3 corresponds to the photorexnd

hard excesses for both Sérsic 159-03 and Coma, is cortsisfdiine photon emission of 2, close to that observed.
with inverse-Compton emission of CMB photons on relativis-

tic electronsi(Hwan@ 1997). The alternative explanati@m-n g conclusions

thermal bremsstrahlung emission from a non-thermal taii¢o

Maxwellian energy distribution of the electrons, wouldyrd- We have analysed high-resolution X-ray spectra of the clus-
sult in a hard X-ray excess. ter of galaxies Sérsic 159-03 obtained with XMM-Newton and

. conclude that:
There are several possible sources that can produce a pop-

ulation of relativistic electrons in a cluster that wouldokin
the observed power-law emission. The acceleration ofrelest
can occur, for example, in active galactic nuclei, supeasov
and pulsars.(Sarazin & Lisu 198). But also plasma waves gr o0, yhe line width in RGS and the radial profiles from
shocks in the ICM can accelerate electrons (see EnRlin et al. EPICRGS we find a jump in the e ratio around a ra-
1999 for a discussion). Using our results from Sérsic 139-0 dius of 0.5 from the cluster centre. The/Ee ratio in
we propose a new scenario where electrons are accelerated b¥he centre of the cluster is lower compared to its immedi-
the shock waves associated with in-falling galaxies.

5.3. Soft excess and non-thermal X-ray emission

1. For the first time we accurately determine the abundances
in a cluster of galaxies which fit to a linear combination of
current supernova yield models.

ate surroundings. A combination of ram-pressure stripping

We already discussed the possibility that the centrally (Schindler et gl. 2005) and enrichment by SNla in the cen-

peaked iron distribution might be due to affi@ent ram-
pressure stripping of in-falling galaxies in the dense aithe

cluster. Some fraction of these galaxies being strippedidvous3.

have moderate supersonic velocities. The galaxies willedri
bow shocks of Mach numbers up4a3 in the intra-cluster gas
that can accelerate electrons to relativistic energieprdduce

photons of~ 10 keV due to inverse-Compton up-scattering of

CMB photons, electrons with a Lorentz factor 7 x 10° are
required. The life-time of such an electron in the clusteeco

is about 2.%10'%y1 years (assuming that the magnetic fieldt.

in the core is below 2G and the energy densities of optical
and IR radiation field in the core are below 0.1 eV¢éjn It
is worth noting here that the central galaxy in Sérsic 183s0

one of the brightest cD galaxies detected in IR (Hansen et al.

tral elliptical galaxy [(Tamura et Al. 2001) can explain the
observed profile.

We do not detect a contribution of Poplll stars in Sérsic
159-03. This result is not in line with the claim by
Baumgartner et all_(2005) that Poplll stars are necessary to
explain the abundances measured in an ASCA sample of
clusters. The number contribution of SNIa with respect to
the total number of supernovae we find, based on the mea-
sured abundances, is about 25-50%.

The spectra can also be fitted with an additional non-
thermal component with a power-law index of about 2.1 on
top of the thermal emission. The of these fits is compa-
rable to they? using only multi-thermal models. If a non-
thermal component is present in Sérsic 159-03, it can be
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