Abstract. The cluster of galaxiese®$ic 159-03 was observed
with the XMM-Newton X-ray observatory as part of the Guar-
anteed Time program. X-ray spectra taken with the EPIC and
RGS instruments show no evidence for the strong cooling flow
derived from previous X-ray observations. There is a signifi-
cant lack of cool gas below 1.5 keV as compared to standard
isobaric cooling flow models. While the oxygen is distributed
more or less uniformly over the cluster, iron shows a strong
concentration in the center of the cluster, slightly offset from
the brightness center but within the central cD galaxy. This
points to enhanced type la supernova activity in the center of
the cluster. There is also an elongated iron-rich structure ex-
tending to the east of the cluster, showing the inhomogeneity
of the iron distribution. Finally, the temperature drops rapidly
beyond 4 from the cluster center.
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1. Introduction Analysis System (SAS) of XMM-Newton. Due to enhanced

- . . . and variable background, in particular at the end of the obser-
The visible mass in clusters of galaxies is dominated by h\?étion we only used 32000 s for EPIC and 36000 s for RGS

diffuse gas. Due to the high temperature of the gas it is p.rgéckground subtraction for both EPIC and RGS was done us-

dominantly visible in the X-ray band. X-ray spectroscopy g an exposure of the Lockman hole, with similar data selec-

) . NN
_the key tool to understand the physics of this gas and its r?’gqns and the same extraction regions as for the cluster, scaling
in the structure and evolution of the cluster. Since the g écordingto the exposure time

iTQ’ extended, spgtially resol'ved spectroscopy is' required, “"" |n the EPIC data we excluded the 7 strongest point sources

til recently medium-resolution spectroscopy using Gas Scipa i ihe @rsic 159-03 and Lockman hole field. The thin fil-

tillation Proportional Counter (GSPC) or Charge-Coupled D?'r was used for both MOS cameras. In both RGS instruments

vice (CCD) technology was limited to a spatial resolution oF . g ' : '

a few arcminutes (ASCA and BeppoSAX). Therefore only iWe 'gnofed data below 10A due to problematic background

subtraction.

a handfull of nearby clusters the core could be resolved spa-

tially. While other instruments aboard the Einstein and Rosat

satellites had better spatial resolving power, they either lackedePIC analysis

bandwidth or spectral resolving power. High spectral resolu- ] o

tion data of clusters have only been obtained for the bright cof¥¢ first fitted the spectrum using isothermal models. We de-

of the Virgo cluster with the Einstein FPCS detector (Canizarmined the abundances of the elements with respect to iron

et al. 1979). With XMM-Newton it is now possible to combindn the 1-6 range, where the spectrum has good statistics and

high-resolution spectroscopy of moderately extended sourda8 effects of a temperature drop in the center and outer regions

using the Reflection Grating Spectrometer (RGS) with higRPPear to be small (see later). We determine abundances rela-

sensitivity, medium (CCD-type) spectral resolution imagin‘g’e to solar, where we take the solar abundances of An_ders &

with the European Photon Imaging Camera (EPIC) on spafaievesse (1989), and then express all abundances r'elat|ve to_the

scales down to a few arcseconds. iron abundance, the best determined abundance with a relative
Here we report the XMM-Newton observation of the ricfor of only 7.5 % (Table 1). The well-determined abundances

cluster of galaxies&Ssic 159-03, discovered by&sic (1974),
also named Abell S 1101. The cluster shows within the centiale 1. Abundances of the hot gas relative to iron.
2’ a cooling flow of 230 M /year (Allen & Fabian 1997), cen-

tered on the dominant cD galaxy ESO 29. The only red- Element Rel. abundanck Element Rel. abundanc
shift measurement of the cluster=50.0564) is from this cen- [¢) 1.0£0.3 | S 1.14-0.4
tral galaxy (Maia et al. 1987). Usinff,=50 kms ! Mpc~! Ne 0.3t0.5 | Ar 2.6+1.1
andgy = 0.5 we then have a luminosity distance of 343 Mpc | Mg 1.0+0.3 | Ca 2214
and an angular size distance of 307 Mpc. We adopted a galactic| S 0.9+0.3 | Ni 0.8+1.1
column density of.79 x 102* m~2 (Dickey & Lockman 1990, Fe =1

using NASA's w3nH tool).

(O, Mg, Si, S) are all consistent with solar ratios; the others
have in general larger error bars but are not inconsistent with

The observations were obtained on May 11, 2000. Data p%n_lar values. Therefore we will adopt solar ratios in this paper,

cessing was done using the development version of the Scielde'nd only the globa.l metallicity (!ron abund_ancz_e).
As a next step we fitted spectrain 12 logarithmically spaced

annuli with outer radii ranging between 8—-80@Ve also cre-
ated a set of spectra corrected for the projection on the sky (as-

2. Observations
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Fig. 1. Radial density profile of &sic 159-03. The dashed line is the Fig. 2. Radial abundance profile ok&ic 159-03. The dashed line is
best-fit3-model (see text). the best-fit exponential model (see text).

suming spherical symmetry). The radial temperature and abun-
dance profiles of both sets of spectra agreed within their error | +H—F

bars, but since the observed (projected) spectra are less noisy: 5 — ++
we focus our analysis upon them. However, for the radial den- %7%

sity profile we used the deprojected spectra. I

The radial density profile is shown in Fig. 1. The best-f
B-modelny = ng[l + (r/a)?]~**/?yields a core radiua of
0.53+0.06 (4745 kpc), a value fops of 0.57+0.02 and a cen-
tral hydrogen density of (2.4040.22) x 10* m~—3. These val-
ues are consistent within the error bars witanda as derived I ]
from Rosat HRI observations (Neumann & Arnaud 1999). In _ [ ]
Fig. 2 we show the radial distribution of iron and in Fig. 3 [ 1
the temperature distribution. Empirically, the iron abundance | +:
is modelled well by an exponential decay with a central abun- - T T e
dance of 0.520.04 and a scale height of 2:6.4, although o Radius (;mn) °
this representation is not unique. Within the central core radius
(0.5) the abundance is more or less constant. Fig. 3. Radial temperature profile ofe®sic 159-03.

Sérsic 159-03 was reported to have a cooling flow, how-
ever Fig. 3 shows only a very modest temperature drop: from
~2.6 keV between 1-a0 about 2.3 keV in the center. Thesmall cut-off temperatures, because these models produce too
strong iron abundance gradient and hence the strong Fe-L IiRgch Fe-L emission below 0.9 keV.
complex around 1 keV may have mimicked partly a cooling We also studied the azimuthal distribution of the abun-
flow. Furthermore, a strong temperature decrease beyoisd Slances and temperature by using hardness ratios in se-
clearly visible. lected energy bands. While the temperature mapi(ReV /

We investigated the temperature drop in the center furtf&B8—0.5 keV ratio; not shown) shows no obvious deviations
by fitting the spectrum within ‘1by a hot isothermal model from the almost isothermal behaviour in the cluster core, the
plus an isobaric cooling flow model (Johnstone et al. 199&bundance distribution is not spherical at all. We produced a
The temperature of the hot component was frozen to thé 1n2ap of the equivalent width of the Fe-L blend between 0.9-
temperature of 2.69 keV. The best-fit parameters are a mab&keV as compared to the underlying 0.7-1.3 keV continuum
deposition rate of 548220 M. /year, metallicity 0.48-0.02, (Fig. 4). For the temperature range of interest and account-
and a low-temperature cut-off of 1.3D.17 keV. The cooling ing for the only minor variations in temperature based upon
flow component comprises about 2/3 of the 2—10 keV flux the hardness ratio map in the core, the variations in equiva-
this region. They? of the fit was 351 for 308 degrees of freelent width as discussed below translate almost directly into iron
dom (a single temperature fit has only a slightly woxgeof ~abundance variations.

373). The low-temperature cut-off of the cooling flow modelis The map of the equivalent width shows several features.
very significant; we could not obtain a satisfactory fit for verfirst, the largest iron abundance is found abouit@the north

1
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Ie 4. RGS analysis

Firstly, we fitted the spectra with the isothermal collisional ion-
ization equilibrium model presentin the SPEX package (1996).
As in the MOS fits we took abundances relative to solar (An-
ders & Grevesse 1989). The free parameters are the normal-
ization, the temperature and the abundances of oxygen, neon
and iron. In RGS2, the @11 Ly« line falls on CCD 4, which
; failed, and therefore the oxygen abundance is not well con-
= L Za strained. The abundances of all the other relevant elements (C,
\f LJ N, Mg, Si, S, Ar, Ca, Ni) have been coupled to the global metal-
licity (Fe) consistenly with the MOS result. To this model we
applied the cosmolgical redshift and galactic absorption like we

did for MOS. The fit was already satisfactory in both instru-
O ments, but residuals in the region between 13 and\]sng—

y (arcmin)
0
O‘W

T
I
0.05

gested the presence of a cooler component. We added it with
the same abundances as the hotter component and the improve-
ment isAx? ~ 10. In Fig. 6 we show the spectrum obtained
with RGS1, in Table 2 we reproduce the fitting parameters. The
emission from the cooler component is about 2% of the emis-
Fig. 4. Fe-L equivalent line width in keV. Contours are separated jon from the hotter component, respectively x 10°° W and

0.02 keV. The statistical uncertainty is about 0.03, 0.05, 0.1 and P X 1037 W.

keV at a distance of 0, 1, 2 and Bom the core, respectively, for a
box of 168" x16".

x (arcmin)

Table 2. Fitting parameters ang? for a two components collisional
equilibrium model. The abundances are relative to solar. The emission
© measure is denoted By.

Parameter RGS1 RGS2
xX>/d.o.f. 220/212 229/192
. Y1 (m™3) | (2.43£0.07) x 10™ | (3.19 4 0.10) x 107
| N T1 (keV) 3.0+0.5 2.3+0.3
0 0.23+0.07 0.16+0.06
Ne 0.8+0.4 0.4+0.2
- Fe 0.75+0.19 0.45+0.08
5 Lo Ya(m™?) (3.841.6) x 10™ (3.342.5) x 10™
s T (keV) 0.77+0.09 0.76£0.21

The two instruments give slightly different results but con-
sistent within 1o, RGS1 gives systematically higher abun-
dances and temperature, this could be due to residuals problems
with the calibration.

I The RGS fit is consistent with a model composed by two
- 0 . components: the dominant one Hes= 2.6 + 0.5 keV with
iron abundance 0.55 + 0.19 times solar, a Ne abundance
compatible with the Fe one and an oxygen abundan6el 6+
Fig. 5. Continuum map for 0.7-0.85 and 1.2-1.3 keV. Contours afe07 times solar which is small compared with the others. The
separated by factors of 2. The field of view is the same as Fig. 4. cooler component has a temperaturd)&f+ 0.2 keV and its
contribution is about 2 % of the total X-ray luminosity.

20

x (arcmin)

i i . 5. Di i
of the brightness peak (compare Fig. 5). Further, there is an Iscussion

extension out to 20 the NE of the center, coinciding more oOur results show that the central part @rSic 159-03 shows

less with the orientation of the central cD galaxy. Finally, thereery little temperature structure: the average temperature in the
is an elongated structure in the EW direction extending seveiraiermost part is only 10 % lower than the temperature of the
arcminutes to the east and west, with at least two times mdwa gas outside the core. From imaging data with little spectral
iron than in other regions at the same distance from the corénformation a large mass deposition rate has been deduced in
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0.06

ejected in protogalactic winds (Larson & Dinerstein 1975). The
dominance of type la supernovae in the center may be due to
the dominance of elliptical galaxies with an old stellar popula-
St 1 tion in the center of the cluster. Due to ram pressure stripping
these galaxies can loose their metals to the intracluster medium
(Gunn & Gott 1972).

The structure seen in the Fe-L equivalent width map
(Fig. 4) in the central cD galaxy (within 30from the core)
indicates that the iron is distributed inhomogeneously in the
core. A possible explanation might be a recent merger of a gas-
rich galaxy in the NE part of the cD galaxy. Iron is not ex-
pected to diffuse over large distances during the life-time of a
cluster. Therefore the elongated iron-rich structure seen in the
1 EW direction extending out to at least .3 Mpc) towards
the east probably reflects the initial star formation in the early
evolution phase of the cluster. The additional amount of iron
in this structure is consistent with the total amount of inter-
Fig. 6. RGS1 spectrum of @sic 159-03 with the best fit two com- stellar iron from a solar-composition galaxy with 10'° M,
ponent model. Note the @11 Ly« line at 20.0A; the lines between of gas. Rosat PSPC images show indications for an extended,
11.2-12.8A are mainly due to Fexiv, Fexxii and Nex. elongated structure out to at least half a degree to the east of

the core, with a width of a few arcminutes. The characteristic
density in this structure is of the order of 100-200%nsimilar
the past (e.g. 288 M/year based upon Einstein IPC observdo the average cluster density in our outermost annulus (Fig. 1).
tions (White et al. 1997); 230 M/year with the Rosat PSPCPerhaps these structures are associated with a supercluster; un-
(Allen & Fabian 1997). These values will be partly biased biprtunately the region arouncegsic 159-03 is poorly studied,
the strong abundance gradient in the core (Fig. 2). Our resiieswe cannot confirm this.
with both EPIC and RGS are consistent with such a large massA possible cause of the strong temperature drop near the
deposition rate, but only if the emission measure distributi@ter part of the cluster might also be associated with the
has a low-temperature cut-off around 1.4 keV. The RGS spedu@nsition from cluster to supercluster. Temperature drops by
give upper limits of 1 % of the emission measure of the hot gasfactor of 2 or more and an associated metallicity gradient,
at any temperature below 1.5 keV. This upper limit translates slightly larger spatial scales than ierSic 159-03 have
into a 0.1-10 keV luminosity of any cool gas that is less thdreen found e.g. in the A 3562/Shapley supercluster (Kull &
20 % of the predicted luminosity of a 230Myear cooling Bohringer 1999; Ettori et al. 2000). Numerical models of clus-
flow without a low-temperature cut-off. The absence of cotgr mergers (Ricker 1998) show that after the merger there can
gas is similar to what has been found in hotter clusters (A 183® large-scale temperature gradients in the outer parts of a clus-
Peterson et al. 2001; A 1795: Tamura et al. 2001). We refert@s. This is due to a post-merger accretion shock caused by gas
those papers for a further discussion of this effect. falling back after the merging of the cores. The temperature

Another interesting feature found from our high-resolutiog@n drop by an order of magnitude at 10 core radii (aboirt 5

RGS spectrum is the small O/Fe ratio in the core of the clust&ersic 159-03), qualitatively similar to what we find.

0.34+0.17. This is significantly smaller than the O/Fe ratio of cknowledgementsThis work is based on observations obtained with
1.0+0.3 derived from EPIC spectral fitting in the outer partgvm-Newton, an ESA science mission with instruments and contri-
of the cluster. The oxygen abundance is mainly determinggtions directly funded by ESA Member States and the USA (NASA).
through the strong O VIII Ly line. This line is subject to res- The Laboratory for Space Research Utrecht is supported financially by
onance scattering. We estimate the optical depth of this lineN®@/O, the Netherlands Organization for Scientific Research.
be~0.5, which yields a relative line flux depression of no more

f[han 15%in theT core. We conclude that there is a real decreg$gerences

in the O/Fe ratio towards the center of the cluster. However

the absolute oxygen abundance does not differ significantly Béen, S.W., & Fabian, A.C., 1997, MNRAS 286, 583

tween the core (0.190.07, as derived from the RGS) and thénders, E., & Grevesse, N., 1989, Geochim. Cosmochim. Acta 53,
outer parts (0.120.06, as derived from EPIC), it is merely the

iron abundance that increases towards the center. Since o%?/rjl'_zgges’ C.R., Clark, G-W., Markert, T.H., et al., 1979, ApJ 234,

gen is almost totally produced by type Il supernovae and ir?fi'ckey IM.. & Lockman. F.J.. 1990 ARA&A 28. 215

mostly by type la supernovae, we conclude that the core of i8gyyi” s Bardelli, S., De Grandi, S., et al., 2000, MNRAS 318, 239
cluster has been relatively rich in type la supernovae, while th@nn, J.E., & Gott, J.R., 1972, ApJ 176, 1

type Il supernovae are more or less uniformly distributed ovéshnstone, R.M., Fabian, A.C., Edge, A.C., Thomas, P.A., 1992, MN-
the cluster. The oxygen from type Il supernovae may have beenRAS 255, 431
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