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Röntgen spectroscopie van clusters van melkwegstelsels en van het
kosmische web

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan
de Universiteit Utrecht op gezag van de

rector magnificus, prof. dr. J.C. Stoof, ingevolge het besluit
van het college voor promoties in het openbaar te

verdedigen op
dinsdag 13 mei 2008 des middags te 2.30 uur

door
Norbert Werner

geboren op 12 maart 1981, te Rožňava (Slowakije)
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Chapter 1

Introduction

Clusters of galaxies were initially discovered as overdensities of galaxies on optical
plates. They contain hundreds of galaxies within a radius of 1–2Mpc (Abell 1958), thus
they are the most densely populated regions in the Universe. However, the velocity
dispersion of the galaxies revealed that the underlying gravitational potential of the
clusters is much deeper than that produced only by the total mass of the individual
galaxies, unveiling the existence of dark matter (Zwicky 1937). The nature of the dark
matter is still unknown, but there are indications that it is cold and collisionless. Its
distribution in clusters with redshifts of z � 0.1 can be directly mapped using the
gravitational distortion of the images of distant background galaxies - a phenomenon
known as gravitational lensing. The total mass of galaxy clusters is typically ∼ (1–
20)×1014 M�, but the stellar mass within galaxies constitutes only about 1–3% of the
total mass. So clearly the most massive component of galaxy clusters is the mysterious
dark matter.
In the sixties of the twentieth century, the X-ray detectors on balloons and sounding

rockets showed diffuse X-ray emission in the direction of the galaxy clusters in Coma,
Perseus, and in the direction of the massive galaxy M 87 in the centre of the Virgo clus-
ter (Byram et al. 1966; Bradt et al. 1967; Kellogg et al. 1971). The first catalogues com-
piled from the data of the Uhuru X-ray satellite showed that also other bright X-ray
sources are rich clusters of galaxies (Kellogg 1973). The nature of the primary emission
mechanism was initially a matter of debate. The most prominent ideas were that the
emission results from thermal Bremsstrahlung in the hot intracluster gas (Felten et al.
1966), or that the X-ray photons are produced by inverse Compton scattering of cos-
mic microwave background photons on relativistic electrons within the clusters (e.g.
Brecher & Burbidge 1972). It was also proposed that the emission was due to a large
population of individual stellar X-ray sources (e.g. Fabian et al. 1976). The discovery
of the Fe-K line emission in the spectrum of the Perseus cluster by the Ariel V satellite
(Mitchell et al. 1976) and in Coma and Virgo by OSO-8 (Serlemitsos et al. 1977) con-
firmed that the X-ray emission of galaxy clusters is predominantly thermal radiation
from hot intra-cluster gas rather than inverse Compton radiation. The presence and
amount of non-thermal X-ray emission due to inverse-Compton scattering from clus-
ters of galaxies is still a matter of debate (e.g. see chapter 7 of this thesis). The strength
of the Fe-K emission line also showed that this hot plasma contains a large amount of
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processed gas ejected from the stars in the galaxies.

This hot intra-cluster medium (ICM) is the second most massive cluster compo-
nent. It was found to comprise 5–15% of the total mass, several times more than the
stellar mass in the cluster galaxies (e.g. Allen et al. 2002; Vikhlinin et al. 2006). The
ICM has temperatures of Te ∼ 107–108 K (1–10 keV) and densities declining from
n ∼ 10−2 cm−3 near the cluster centres to 10−4 cm−3 in the cluster outskirts. It consists
of completely ionized hydrogen and helium, with highly ionized heavier elements of
roughly the solar abundance in the centre, decreasing to about one fifth of the solar
abundance in the outer parts. The high central densities correspond to cooling times of
only a few Gyr, which in the absence of heating would cause net inflow of gas toward
the centre of the cluster - a cooling flow. However, recent data from the Reflection Grat-
ing Spectrometers (RGS; den Herder et al. 2001) on XMM-Newton are not consistent
with the amount of cooling predicted for these central densities (Kaastra et al. 2001;
Tamura et al. 2001b; Peterson et al. 2001, 2003). Therefore, there must be a heating
process that partially compensates for the radiative cooling (for a review on cooling
flows see Peterson & Fabian 2006). It is mostly believed that this heating mechanism
is related to a complex feedback mechanism between the active galactic nucleus in the
central cluster galaxy and the hot ICM.

Spectral analysis of high quality data of clusters with cooling cores is crucial for
the understanding of the temperature structure in these dynamically complex and in-
teresting parts of clusters and thus for the understanding of the intricate balance be-
tween heating and cooling in the ICM. Furthermore, the strong emission lines, low
Bremsstrahlung continuum, and the peaked surface brightness make cooling core clus-
ters the best targets for the studies of elemental abundances in the ICM both with the
CCD type detectors of current X-ray satellites and with the grating spectrometers on
XMM-Newton.

The research presented in this thesis is based primarily on deep observations of clus-
ters of galaxies with the European satellite XMM-Newton and the main tool to asses
the physical properties of the hot gas is X-ray spectroscopy. Since the ICM is opti-
cally thin for X-rays, we can directly map the projected ICM densities, temperatures,
and abundances. The normalization of the observed spectrum is proportional to the
emission measure EM =

∫
ni nedV, where ni and ne are the ion and electron number

densities and V is the volume of the emitting region. The electron temperature, Te,
of the ICM along the line of sight is determined from the shape of the spectral con-
tinuum component and from the relative intensities of the emission lines. Using the
CCD type detectors allows us to collect the detected X-ray photons from any region of
interest and thus to map the spatial distribution of thermodynamic properties (density,
temperature, pressure, and entropy) of the hot gas. High quality CCD and grating X-
ray spectra obtained during deep observations allow measurements of the equivalent
widths of several emission lines which can be directly converted into abundances of
the corresponding elements.
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Figure 1.1: Artist’s impression of the European satellite XMM-Newton on orbit around
the Earth. Most of the results presented in this thesis are based on data obtained by
this instrument. Image courtesy of ESA.

1.1 Chemical enrichment

Clusters of galaxies have the deepest known gravitational potential wells which keep
the metals produced in the stellar populations of the member galaxies within the clus-
ters. Therefore, in the study of the chemical evolution, clusters can be treated as
“closed boxes”. The dominant fraction of the cluster metals reside in the hot ICM
(e.g. Finoguenov et al. 2003). The elemental abundances that we see in the ICM today
are the integral yield of all the different supernova types that have left their specific
abundance patterns in the gas prior and during cluster evolution. We are therefore
provided with an unbiased and complete set of abundances that enables extraction
of robust constrains on the stellar populations responsible for the enrichment. To the
extent that the stellar populations where the cluster metals were synthesized can be
considered representative, the metal abundances in the ICM provide constraints on
the nucleosynthesis and on the star formation history of the Universe.
X-ray spectroscopy of the ICM is uniquely well suited for studying the chemical

composition of the Universe also from the practical point of view. All the abundant
elements that were synthesized in stars after the primordial nucleosynthesis have the
energies of their K- and L-shell transitions in the spectral band accessible to modern
X-ray telescopes. Moreover, the relatively simple physical environment free of com-
plications arising from optical depth effects, depletion to dust grains, extinction, or
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non-equilibrium ionization, makes the ICM an attractive tool for studies of the chemi-
cal enrichment.
Until the launch of the Japanese ASCA satellite in 1993, Fe was the only element

the abundance of which was accurately measured in many clusters. ASCA allowed
to measure the equivalent widths of the emission features from O, Ne, Mg, Si, S, Ar,
Ca, Fe, and Ni in the spectra of a number of clusters and thus to measure their abun-
dances. This was a major improvement which for the first time allowed to study the
chemical enrichment processes in clusters and to compare the observed abundance
patterns with supernova yields. The launch of the new generation of X-ray satellites -
XMM-Newton, Chandra, and Suzaku - brought a revolution in our abilities to perform
detailed studies of the chemical enrichment processes in many clusters (see chapter 4
of this thesis) and it allowed us to put real constrains on the supernova nucleosythesis
(de Plaa et al. 2007). XMM-Newton with its large effective area and good spectral res-
olution, Chandra with its unprecedented spatial resolution, and Suzaku with its low
background and superb spectral resolution at low energies dramatically enhanced our
knowledge of chemical abundances in clusters of galaxies.
In the 2nd chapter of this thesis I report the study of the temperature structure and

chemical abundances in the cooling flow cluster 2A 0335+096 using spectra obtained
by both the CCD and grating type detectors on board of XMM-Newton. Here we
make a detailed comparison of the observed abundance patterns with the theoretical
yields of supernovae. At the distance of only 16 Mpc, M 87 is the closest cooling flow
cluster core, allowing us to investigate the temperature structure of cooling flows and
to measure chemical abundances in greater detail than possible elsewhere. In the 3rd
chapter of this thesis I report the results of a study of M 87 using deep high resolution
spectra obtained by XMM-Newton RGS, which also allow us to determine accurate
abundances of C and N, elements of which the bulk is not produced by supernovae,
but probably by low- and intermediate-mass stars. The chemical abundances of these
elements were not yet measured with this accuracy in any other cluster core. In the
4th chapter I review the history, current possibilities and limitations of the abundance
studies, and the present observational status of X-ray measurements of the chemical
composition of the intra-cluster medium.

1.2 Clusters in the context of the cosmic web

Today, we know that clusters of galaxies are massive systems consisting of dark mat-
ter, hot gas, and galaxies located at the intersections of the filaments of the cosmic web.
They formed from the collapse of the initial density fluctuations and they continuously
grow hierarchically through merging with groups and individual galaxiese along the
large scale structure filaments. Thus clusters constitute an evolving population. These
mergers are the most energetic events in the Universe since the Big Bang with a total
kinetic energy of the colliding subcluster reaching 1065 ergs (Markevitch et al. 1999).
During the merger, a large part of this energy is dissipated by shocks and turbulence
that heat the gas. Sometimes, several clusters are found close to each other in the super-
clusters - the highest over-density regions in the Universe. Cluster mergers are most
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Figure 1.2: The cosmic web seen in the cosmological simulations. Clusters are the
nodes of the large scale structure of the Universe. Credit: Springel et al. 2005 (Virgo
Consortium).

frequent in the crowded environments of such superclusters. In this thesis I describe
a detailed study of the dynamically disturbed cluster Abell 3128 in the Horologium-
Reticulum supercluster. By using spatially resolved spectroscopy, I investigated the
spatial distribution of its thermodynamic properties and thus the structure and the
dynamics of the cluster.
The large scale structure filaments have been identified in optical surveys of galax-

ies (e.g. Joeveer et al. 1978; Baugh et al. 2004; Tegmark et al. 2004), but the dominant
fraction of their baryons is probably in the form of a low density warm-hot gas. Nu-
merical hydrodynamic simulations (Cen & Ostriker 1999; Davé et al. 2001) predict that
in the present epoch (z � 1–2) about 30% to 40% of the total baryonic matter resides in
these filaments connecting clusters of galaxies, in the so called warm-hot intergalactic
medium (WHIM). TheWHIMmay account for the large fraction of the unseen missing
baryonic matter in the local Universe (more than half of the baryons are missing at red-
shifts smaller than ∼1.5). The WHIM spans a temperature range of 105 < T < 107 K
and a density range of 4× 10−6 cm−3 to 10−4 cm−3, which corresponds to 15–400 times
the mean baryonic density of the Universe. Gas at these temperatures and densities is
difficult to detect either in absorption or emission.
Several attempts have been made to detect the WHIM. Nicastro et al. (2005a,b) re-

ported the detection of two WHIM filaments at z > 0 in absorption along the line of
sight to the blazar Mrk 421 in the Chandra Low Energy Transmission Grating Spec-
trometer (LETGS) spectra. Searches in emission with ROSAT and XMM-Newton have
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found several candidates for WHIM filaments, however, these detections need to be
further investigated and confirmed. Using ROSAT observations, Kull & Böhringer
(1999) found evidence for filamentary structures in the Shapley supercluster. Using
XMM-Newton, Finoguenov et al. (2003) reported the detection of oxygen line emission,
possibly from the WHIM in a filament, in the vicinity of the Coma cluster. They deter-
mined a temperature of ∼0.2 keV and oxygen abundance of∼0.14 times solar. Kaastra
et al. (2003a) found excess soft X-ray emission and O VII line emission corresponding to
a temperature of∼0.2 keV in 5 clusters of galaxies, which they initially associated with
the inter-cluster filaments in the vicinity of the clusters. The strongest excess soft X-ray
emission was detected in Sérsic 159-03. However, the association of the detected soft
emission with the WHIM is in all cases difficult and uncertain. In some cases there is
still a possible confusion with Galactic foreground emission or with solar wind charge
exchange emissions that also produces soft excess emission and OVII line emission.
In this thesis I present a follow up study of the z > 0 X-ray absorption features to-

ward Mrk 421 using all the Chandra LETGS data in the archive and a detailed study
of the soft excess detected in the cluster Sérsic 159-03 using both new Suzaku data and
archival XMM-Newton observations. I conclude my thesis with a chapter reporting
the detection of hot gas in the filament between the clusters of galaxies Abell 222 and
Abell 223. The filament connecting these two massive clusters has a favorable orien-
tation approximately along our line of sight and has been previously detected using
weak lensing data and as an over-density of colour selected galaxies.
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Abstract

We present here the results of a deep (130 ks) XMM-Newton observation of the cluster
of galaxies 2A 0335+096. The deep exposure allows us to study in detail its tempera-
ture structure and its elemental abundances. We fit three different thermal models and
find that the multi-temperature wdemmodel fits our data best. We find that the abun-
dance structure of the cluster is consistent with a scenario where the relative number
of Type Ia supernovae contributing to the enrichment of the intra-cluster medium is
∼ 25%, while the relative number of core collapse supernovae is ∼ 75%. Compari-
son of the observed abundances to the supernova yields does not allow us to put any
constrains on the contribution of Pop III stars to the enrichment of the ICM. Radial
abundance profiles show a strong central peak of both Type Ia and core collapse super-
nova products. Both the temperature and iron abundancemaps show an asymmetry in
the direction of the elongated morphology of the surface brightness. In particular the
temperature map shows a sharp change over a brightness edge on the southern side
of the core, which was identified as a cold front in the Chandra data. This suggests
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that the cluster is in the process of a merger with a subcluster. Moreover, we find that
the blobs or filaments discovered in the core of the cluster by Chandra are, contrary
to the previous results, colder than the ambient gas and they appear to be in pressure
equilibrium with their environment.

2.1 Introduction

Clusters of galaxies are the largest known gravitationally bound structures in the uni-
verse. According to the standard cosmological scenario they form and grow along the
filaments through merging with groups and individual galaxies. Optical and X-ray
studies reveal that clusters of galaxies are still forming at the present epoch.
The large effective area and superb spectral resolution of XMM-Newton together

with the high spatial resolution of Chandra allow us to study clusters of galaxies with
unprecedented detail. Analysis of data obtained by these satellites led to a number of
important results in the recent years. In the central parts of many clusters of galax-
ies the gas density is high enough that the radiative cooling time of the gas is shorter
than the age of the cluster. As the gas cools the pressure decreases, which causes a
net inflow toward the center of the cluster. Many clusters of galaxies indeed show a
temperature drop by a factor of three or more within the central 100 kpc radius (for a
review on cooling flows see Fabian 1994). However, the spectra obtained by the XMM-
Newton Reflection Grating Spectrometer (RGS) show no evidence for strong cooling
rates of gas below 30− 50% of the maximum temperature of the ambient gas, which
forces us to look for additional heating mechanisms in the cores of clusters (Peterson
et al. 2001; Tamura et al. 2001b; Kaastra et al. 2001). The high resolution images from
Chandra led recently to the discovery of cold fronts, associated with motion of the clus-
ter cores and to the identification of filamentary structure in the cores of a number of
clusters (Markevitch et al. 2000). Spatially resolved spectroscopy of many clusters of
galaxies shows a strongly centrally peaked distribution of metal abundances (Tamura
et al. 2004).
Because of their large potential wells, clusters of galaxies retain all the enriched

material produced in the member galaxies. This makes them a unique environment
for elemental-abundance measurements and for the study of the chemical enrichment
history of the universe.
In this paper we study the X-ray bright cluster 2A 0335+096 using spatially-resolved

and high-resolution spectra obtained during a 130 ks observation with the European
Photon Imaging Camera (EPIC, Turner et al. 2001; Strüder et al. 2001) and the Reflec-
tion Grating Spectrometer (RGS, den Herder et al. 2001) aboard XMM-Newton (Jansen
et al. 2001). The properties of 2A 0335+096 allow us to address here some of the above
mentioned issues.
2A 0335+096 was first detected as an X-ray source by Ariel V (Cooke et al. 1978),

and was found to be associated with a medium compact Zwicky cluster (Zwicky et al.
1965; Schwartz et al. 1980). The presence of a cooling flow was first noted by Schwartz
et al. (1980) in the data obtained by HEAO 1. X-ray observations with EXOSAT (Singh
et al. 1986, 1988) and Einstein (White et al. 1991) confirmed the presence of the cooling
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flow. Observations with ROSAT (Sarazin et al. 1992; Irwin & Sarazin 1995) show a fil-
amentary structure in the central region of the cooling flow. Observations with ASCA
(Kikuchi et al. 1999) show a hint of a centrally peaked metallicity distribution. Using
data obtained by BeppoSAX, De Grandi &Molendi (2001, 2002) analyzed themetallicity
and temperature profile of the cluster and found a centrally peaked metallicity gradi-
ent. Using the same dataset, Ettori et al. (2002) estimated the total mass of the cluster
within the region with overdensity of 2500 times the critical density to be ∼ 1.6× 1014
M�, while the mass of the gas was found to be ∼ 2.0× 1013 M�.
Recent Chandra observation shows a complex structure in the core of the cluster: a

cold front south of the center, unusual X-ray morphology consisting of a number of X-
ray blobs and/or filaments on scales� 3 kpc, along with two prominent X-ray cavities
(Mazzotta et al. 2003). Moreover, the Chandra observation shows that the cluster has a
cool dense core and its radial temperature gradient varies with position angle. The ra-
dial metallicity profile has a pronounced central drop and an off-center peak (Mazzotta
et al. 2003). A previous shorter observation with XMM-Newton shows an increase of
the Fe abundance toward the center with a strong central peak (Tamura et al. 2004). The
central galaxy of 2A 0335+096 is a cD galaxy with a very extended optical emission line
region (Hα+[NII]) to the northeast of the galaxy. Moreover, the central region of the
galaxy is anomalously blue, indicating recent star formation (Romanishin & Hintzen
1988). Edge (2001) reports a detection of CO emission (implying 2× 109 M� of molec-
ular gas) and IRAS 60 μm continuum. These observations indicate a mass deposition
rate of a cooling flow of < 5 M� yr−1. A radio study of 2A 0335+096 shows a radio
source coincident with the central galaxy, which is surrounded by a mini-halo (Sarazin
et al. 1995).
Throughout the paper we use H0 = 70 km s−1Mpc−1, ΩM = 0.3, ΩΛ = 0.7, which

imply a linear scale of 42 kpc arcmin−1 at the cluster redshift of z = 0.0349. Unless
specified otherwise, all errors are at the 1σ confidence level.

2.2 Observations and data reduction

2A 0335+096 was observed with XMM-Newton on August 4th and 5th 2003 with a total
exposure of 130 ks. The EPIC MOS and pn instruments were operated in Full Frame
mode using the thin filter. The exposure times of both MOS cameras and RGS were
130 ks and the exposure time of pn was 93 ks.

2.2.1 EPIC analysis

The raw data are processed with the 6.0.0 version of the XMM-Newton Science Anal-
ysis System (SAS), using the EPPROC and EMPROC tasks. We apply the standard fil-
tering, for EPIC/MOS keeping only single, double, triple and quadruple pixel events
(PATTERN ≤ 12), while for EPIC/pn we make use of single and double events (PAT-
TERN ≤ 4). In both cases only events with FLAG==0 are considered. The redistribu-
tion and ancillary response files are created with the SAS tasks rmfgen and arfgen
for each camera and region we analyze.



10 XMM-Newton Spectroscopy of the Cluster of Galaxies 2A 0335+096

In the spectral analysis we remove all the bright X-ray point-sources with a flux
higher than 4.8× 10−14 erg s−1 cm−2.
At the low energies, the EPIC cameras are currently not well calibrated below 0.3

keV. For pn we take a conservative lower limit of 0.5 keV, below which, at the time of
our analysis, there are still some uncertainties in calibration. At energies higher than
10 keV our spectra lack sufficient flux. Therefore, in most of the analyzed regions, our
analysis of the MOS and pn spectra is restricted to the 0.3− 10 keV and 0.5− 10 keV
range respectively. Bonamente et al. (2005) showed that the systematic uncertainties of
the EPIC detectors in the energy range of 0.3 to 1 keV are less than 10%. We include
systematic errors to account for the uncertainties in the calibration and background in
the spectral fit. The applied systematics are adopted from Kaastra et al. (2004). After
a preliminary analysis we find that the pn instrument has a small gain problem. We
minimize this effect by shifting the pn energy grid by 10 eV. The spectra obtained by
MOS1, MOS2 and pn are then fitted simultaneously with the same model, while their
relative normalizations are left as free parameters.
To test whether our abundance measurements can be influenced by narrow band

regions where the calibration of EPIC might still be problematic, we fit the spectrum
of PKS 2155-304, a bright BL Lac object observed with thin filter on 2004 November 23.
The X-ray spectra of BL Lac objects are generally well fitted by simple absorbed power-
law, or broken power-law models. We find that the fit residuals at the position of the
measured spectral lines are always consistent within the 1σ uncertainty with the best
fit absorbed power-law model. Thus, we can rule out the possibility that the measured
abundances are seriously influenced by narrow band calibration uncertainties.

Background modeling

Since we want to investigate the cluster properties up to at least 9′ from its core, we
need a good estimate for the background, especially at the dim outer parts of the clus-
ter. The source fills the entire field of view, which makes a direct measurement of the
local background very difficult. The commonly used combined background event lists
of Lumb et al. (2002) and Read& Ponman (2003), can be used in areas where the surface
brightness of the source is high, or when the cluster has similar background proper-
ties as the combined background fields. As shown by de Plaa et al. (2006) relatively
small systematic errors in the background normalization can have a big influence on
the spectral fits in the outer parts of clusters.
The background can be divided into three main components: instrumental back-

ground, low energy particles (with energy of a few tens of keV) accelerated in the
Earth’smagnetosphere (so called soft-protons) and the Cosmic X-ray Background (CXB).
To minimize the effect of soft protons in our spectral analysis, we cut out time inter-

vals where the total 10− 12 keV count rate deviates from the mean by more than 3σ.
The cleaned MOS1, MOS2 and pn event files have useful exposure times of 107 ks, 108
ks and 77 ks, respectively.
To deal with the instrumental background we adopt a method developed by de Plaa

et al. (2006). As a template for the instrumental background we use data from closed
filter observations, which we scale to the source observation using events detected
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Table 2.1: The CXB components used in the fitting of 2A 0335+096. The power-law
index of the extragalactic component is frozen to γ = 1.41. The fluxes are determined
in the 0.3 − 10 keV band and, apart of the Local hot bubble, corrected for Galactic
absorption using a column of NH=2.5× 1021 cm−2 (the local hot bubble is inside of the
Galactic absorbing column).

Component kT (keV) Flux (erg s−1 cm−2 deg−2)
Local bubble 0.082 3.58× 10−12
Soft distant component 0.068 6.57× 10−14
Hard distant component 0.127 6.19× 10−13
Extra galactic power-law 2.16× 10−11

outside of the field of view (the values of the scaling factors are 1.00± 0.02, 1.04± 0.02
and 1.10± 0.07 for MOS1, MOS2 and pn respectively). The scaling is performed by
adding or subtracting a powerlaw with a photon index of γ = 0.15 for MOS and γ =
0.24 for pn. For detailed description of the method see de Plaa et al. (2006).
We correct for the Cosmic X-ray Background (CXB) during the fitting. Since all the

CXB photons enter the mirrors together with the source photons, we can fit the CXB
simultaneously with the source spectra. In our models, we use CXB components de-
scribed by Kuntz & Snowden (2000). They distinguish 4 different components: the
extragalactic power law (EPL), the local hot bubble (LHB), the soft distant component (SDC)
and the hard distant component (HDC). The EPL component is made from the integrated
emission of faint discrete sources, mainly from distant Active Galactic Nuclei (AGNs).
According to one of the most recent determinations by De Luca & Molendi (2004) the
power law index of the EPL is 1.41± 0.06 and its 2− 10 keV flux is 2.24± 0.16× 10−11
erg cm−2 s−1 deg−2 (with 90% confidence). Since in our spectral analysis we cut out all
the point sources with a flux higher than 4.8× 10−14 erg s−1 cm−2 we reduce the EPL
flux in our extraction area. Moretti et al. (2003) have made a compilation of number
counts of X-ray point sources in two energy bands (0.5− 2 and 2− 10 keV) from a large
source sample and determined analytic formula for the number of point sources N(S)
with a flux higher then S. To determine, the contribution of the point sources brighter

then our cut-off to the total flux of the EPL we calculate the integral
∫ ∞
Scut−o f f

(
dN
dS

)
S dS.

We find, that the point sources we cut out make up ≈ 20 % of the total EPL flux. The
0.3− 10 keV flux of the EPL in our model is thus 2.16× 10−11 erg cm−2 s−1 deg−2. The
LHB is a local supernova remnant, in which our Solar System resides. It produces vir-
tually unabsorbed emission at a temperature of ∼ 106 K. The SDC and HDC originate
at a larger distance, they might be identified with the Galactic halo, Galactic corona
or the Local group emission and are absorbed by almost the full Galactic column den-
sity. They have a temperature of 1 − 2 million K. We model each of the three soft
background components (the LHB, SDC and the HDC) by a MEKAL model with tem-
peratures of 0.082 keV, 0.068 keV, 0.127 keV respectively (based on Kuntz & Snowden
2000). We determine the normalizations of these soft components by fitting the spec-
trum extracted from an annulus, with inner and outer radii of 9′ and 12′ respectively,
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centered at the core of the cluster. The contribution to the total flux from cluster emis-
sion at these radii is ∼ 60%, the rest of the emission comes from the CXB. To account
for the cluster emission we use an additional thermal model. In our final spectral fits
we fix the normalizations of the background components. The temperatures and the
0.3− 10 keV fluxes of the background components are given in Table 8.1.

2.2.2 RGS analysis

We extract the RGS spectra with SAS version 6.1.0 following the same method as de-
scribed in Tamura et al. (2001a). In order to get spatial information we select the events
from several rectangular areas on the CCD strip in the cross-dispersion direction. Be-
cause the cluster fills the entire field-of-view of the RGS, we need a blank field obser-
vation to extract the background spectrum. For this observation we choose a Lockman
Hole observation with an effective exposure time of 100 ks. The flare subtraction is
analogous to the method used with EPIC, but now we use the events from CCD 9 out-
side the central area with a cross-dispersion of |xdsp| > 30′′ to make the lightcurve.
This method was applied to both source and background datasets.
Because the RGS gratings operate without a slit, the resulting spectrum of an ex-

tended source is the sum of all spectra in the (in our case) 5′× ∼12′ field of view,
convolved with the PSF (see Davis 2001, for a complete discussion about grating re-
sponses). Extended line-emission appears to be broadened depending on the spatial
extent of the source along the dispersion direction. In order to describe the data prop-
erly, the spectral fits need to account for this effect. In practice, this is accomplished by
convolving the spectral models with the surface brightness profile of the source along
the dispersion direction (Tamura et al. 2004). For that purpose we derive for each ex-
traction region the cluster intensity profile from MOS1 in the 0.8− 1.4 keV band along
the dispersion direction of RGS and we convolve this MOS1 profile with the RGS re-
sponse in order to produce a predicted line spread function (lsf). Because the radial
profile for an ion can be different from the mean MOS1 profile, this method is not
ideal. Therefore we introduce two scale parameters, namely the width and centroid
of the lsf. These parameters are left free during spectral fitting in order to match the
observed profiles of the main emission lines. The scale parameter s for the width is the
ratio of the observed lsf width to the nominal MOS1 based lsf width.

2.3 Spectral models

For the spectral analysis we use the SPEX package (Kaastra et al. 1996). We model the
Galactic absorption using the hot model of that package, which calculates the trans-
mission of a plasma in collisional ionisation equilibrium with cosmic abundances. We
mimic the transmission of a neutral plasma by putting its temperature to 0.5 eV. To
find the best description of the cluster emission we fit several combinations of colli-
sionally ionised equilibrium (CIE) plasma models (MEKAL) to the spectra: a single-
temperature thermal model; a combination of two thermal models; a differential emis-
sionmeasure (DEM)model with a cut-off power-law distribution of emissionmeasures
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versus temperature (wdem). The wdemmodel appears to be a good empirical approxi-
mation for the spectrum in cooling cores of clusters of galaxies (e.g. Kaastra et al. 2004;
de Plaa et al. 2004). The emission measure Y =

∫
nenHdV (where ne and nH are the

electron and proton densities, V is the volume of the source) in the wdem model is
shown in Eq. (3.1) adapted from Kaastra et al. (2004):

dY

dT
=

{
AT1/α Tmin < T < Tmax,
0 elsewhere.

(2.1)

The emission measure distribution has a cut-off at Tmin = cTmax. The cut-off c is set
in this study to 0.1. For α → ∞ we obtain a flat emission measure distribution. The
emission measure weighted mean temperature Tmean is given by:

Tmean =

∫ Tmax
Tmin

dY
dT T dT∫ Tmax

Tmin
dY
dT dT

. (2.2)

By integrating this equation between Tmin and Tmax we obtain a direct relation between
Tmean and Tmax as a function of α and c:

Tmean =
(1+ 1/α)(1− c1/α+2)
(2+ 1/α)(1− c1/α+1)

Tmax. (2.3)

A comparison of the wdem model with the classical cooling-flow model can be found
in de Plaa et al. (2005). We note that the wdem model contains less cool gas than the
classical cooling-flow model, which is consistent with recent observations (Peterson
et al. 2001, 2003).
The spectral lines in the MEKAL model are fitted self consistently. From the fits

we obtain the numbers of atoms of all elements with detected line emission. To see
whether different elements show similar abundances with respect to solar, it is con-
venient to normalize these numbers with respect to the relative solar abundances. To
make the comparison with previous work easier, we use the solar abundances as given
by Anders & Grevesse (1989) for this normalization. The more recent solar abundance
determinations (e.g. Grevesse & Sauval 1998; Lodders 2003) give significantly lower
abundances of oxygen and neon than those measured by Anders & Grevesse (1989).
Use of these new determinations would only affect the representation of the elemental
abundances in our paper, but not the actual measured values, which can be recon-
structed by multiplication of the given values with the normalizations.

2.4 Global spectrum

2.4.1 EPIC

To compare the properties of the cluster in its cooling core region with the properties
outside of the cooling core region we extract two spectra. One is from a circular region
with a radius of 3′ centered on the X-ray maximum of the cluster and one is from an
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Figure 2.1: The total spectrum of the core of the cluster (with a radius of 3′), which
contains the cooling core (upper panel) and the spectrum of the 3′–9′ region (lower
panel). The continuous line represents the fitted wdemmodel. The EPIC pn and MOS1
+ MOS2 spectra are indicated.
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Table 2.2: Fit results obtained by fitting the wdemmodel to the spectrum extracted from
a circular region with a radius of 3′ centered on the core of the cluster and from an
annulus with inner and outer radii respectively 3′ and 9′. For the Galactic absorption
we use a value of NH=2.5× 1021 cm−2. Emission measures (Y =

∫
nenHdV) are given

in 1066 cm−3. Abundances are given with respect to solar.
Parameter 0–3′ 3–9′
Y 15.89± 0.13 6.53± 0.01
kTmax (keV) 3.75± 0.02 5.36± 0.06
α 0.75± 0.02 1.34± 0.10
kTmean 2.64± 0.02 3.46± 0.05
Mg 0.57± 0.08 0.21± 0.06
Si 0.72± 0.03 0.37± 0.03
S 0.61± 0.03 0.27± 0.04
Ar 0.42± 0.05 0.14± 0.09
Ca 0.84± 0.06 0.62± 0.12
Fe 0.532± 0.007 0.383± 0.006
Ni 1.46± 0.10 0.77± 0.15
χ2 / d.o.f. 948/525 666/491

annulus with inner radius of 3′ and outer radius of 9′. The large temperature gradi-
ent and projection effects make it necessary to fit the spectra with a multi-temperature
model. We use the wdem model, described in Sect. 3.3 and fix the abundances of ele-
ments with weak lines, which we do not fit, to 0.6 and 0.3 times solar in the inner and
outer region respectively. The high statistics of the spectra allow us to determine the
temperature structure and elemental abundances of several elements in these regions
very precisely. The best-fit parameters are shown in Table 2.2.

We find that the core is cooler than the outer region. We also find that the outer part
has a broader temperature distribution than the core. The spectra with the indicated
important spectral lines are shown in Fig. 2.1. All the detected spectral lines are shown
in Fig. 3.2, which shows the residuals of the EPIC spectrum with line emission put to
zero in the model, so all spectral lines are clearly visible. For the first time we see a
feature at the expected energy of chromium in a cluster of galaxies, which corresponds
to a detection with 2σ significance. First, we attempt to measure the abundances of
elements shown in Table 2.2.

Since oxygen is predominantly produced by type II supernovae, it is an important
element for constraining the enrichment scenarios. Oxygen has strong H-like lines at
0.65 keV. The strong absorption toward 2A 0335+096 (see Appendix 2.11), uncertainties
in the calibration of EPIC and relatively nearby iron lines do not allow us to constrain
the oxygen abundance accurately by EPIC. However, the RGS with its high spectral
resolution allows us to determine the oxygen abundance in the core of the cluster (see
Table 2.4). The 2p−1s neon lines at 1.02 keV are in the middle of the iron L complex (ly-
ing between about 0.8 to 1.4 keV). The resolution of the EPIC cameras is not sufficient
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Table 2.3: Abundance upper limits for elements with weak lines, which could not be
reliably detected, determined from the fluxes at the expected line energies of their
helium-like emission. We also show the abundance of calcium calculated with the
same method (it is consistent with the abundance determined in MEKAL).

Element I (phot m−2 s−1) Abund. (solar)
Ca 0.252± 0.019 0.80± 0.05
Ti 0.017± 0.013 1.5± 1.1
Cr 0.020± 0.010 0.5± 0.2
Mn −0.003± 0.009 −0.2± 0.5
Co 0.000± 0.008 0± 2

to resolve the individual lines in the iron L complex which makes the neon abundance
determination by EPIC unreliable. However, the high resolution of RGS allows us to
determine the neon abundance at least in the core of the cluster (see Table 2.4). The
K shell lines of magnesium at 1.47 keV are also close to the iron L complex, which
makes our magnesium abundance determinations by EPIC somewhat sensitive to our
temperature and iron abundance model. The magnesium abundance determinations
at larger radii, where the surface brightness of the cluster is relatively low might be in-
fluenced by the instrumental aluminum line at 1.48 keV. The silicon, sulfur, argon and
calcium lines lie in a relatively uncrowded part of the spectrum and their abundances
are in general well determined. Iron has the strongest spectral lines in the X-ray band.
At temperatures above 3 keV its Kα lines are the strongest at about 6.67 keV and 6.97
keV, while the iron L-shell complex ranging from about 0.8 keV to 1.4 keV dominates
at lower temperatures. These spectral lines make the iron abundance determinations
the most reliable of all elements. The nickel abundance is determined mainly from
its K-shell line blends at 7.80 keV and 8.21 keV, which are partially blended with iron
lines.
In Table 2.2 we see that the abundances in the outer part are always lower than in

the core of the cluster.
We also attempt to estimate the abundance upper limits for elements with weak

lines (titanium, chromium, manganese, cobalt), which can not yet be fitted in MEKAL
in a self-consistent way. We determine their abundances from the fluxes at the expected
line energies of their helium-like emission (see Table 2.3). The feature at the expected
energy of chromium corresponds to a detection at a 2σ level, while the feature at the
expected energy of titanium corresponds to a 1σ detection.

2.4.2 RGS

In Fig. 2.4 we show the first and second order RGS spectra extracted from a 4′ wide
strip in the cross-dispersion direction of the instrument. The extraction region is cen-
tered on the core of the cluster. Despite the spatial broadening, the strong spectral lines
of magnesium, neon, iron and oxygen are well resolved in both spectral orders. In Ta-
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Figure 2.2: Residuals of the fit to the EPIC total spectrum extracted from a circular
region with a radius of 3′, with the line emission put to zero in the model.

ble 2.4 we list the fit results for these spectra, for both the single temperature and wdem
model.

The χ2 values of the fits show that thewdemmodel fits better than the single-tempera-
ture model. However, the χ2 for the wdem is still high, probably because of the dis-
turbed nature of the core of the cluster. There are some systematic differences between
the two models. The abundances found fitting the spectrum with the wdemmodel are
in general twice the single-temperature values and the line widths of oxygen and iron,
indicated with the scale parameters sO and sFe, are also higher for wdem. Because of
these differences, we divide the abundances of the other elements, by the value for
iron. Since the continuum is not well determined by the RGS, these ratios are more
reliable than the absolute value. The relative abundances, given in units with respect
to solar, for neon and magnesium are similar to iron, while the oxygen abundance is
about half the value for iron. We are also able, using the excellent statistics, to derive
the abundance for nitrogen. This value is also consistent with that for iron, although
the error bars are large. The widths of the oxygen and iron lines, indicated by the
scale values, are very similar in this cluster, which shows that the spatial distribution
of oxygen and iron might be similar.

Regarding the DEM temperature structure, the value of α (0.52 ± 0.03) for wdem
is smaller than the EPIC value of 0.75 ± 0.02 from within 3′ from the core, probably,
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Table 2.4: Fit results for the RGS spectra extracted from a 4′ wide strip. The value for
NH is in 10

21 cm−2. Iron is given with respect to solar and the other abundances with
respect to iron.

Parameter single-temp wdem-model
NH 3.14 ± 0.03 2.95 ± 0.04
kT (keV) 1.80 ± 0.02
kTmax 3.36 ± 0.13
kTmean 2.51 ± 0.10
α 0.52 ± 0.03
Oabs 0.47 ± 0.02 0.54 ± 0.03
N/Fe 1.7 ± 0.6 1.3 ± 0.4
O/Fe 0.55 ± 0.05 0.49 ± 0.05
Ne/Fe 1.11 ± 0.10 0.85 ± 0.08
Mg/Fe 0.97 ± 0.10 0.97 ± 0.08
Fe 0.524 ± 0.018 1.07 ± 0.06
Scale sO 0.59 ± 0.12 0.81 ± 0.14
Scale sFe 0.60 ± 0.04 0.73 ± 0.04
χ2 / d.o.f. 1552 / 790 1173 / 788

because of the different extraction regions. The different extraction regions and the
disturbed nature of the core (see sections 2.6 and 2.7) make the abundances determined
from the EPIC and RGS difficult to compare. Themean temperature kTmean of thewdem
results is 2.51 ± 0.10 keV, which is higher than the single-temperature fit.

Because the solar oxygen abundance in Anders & Grevesse (1989) is slightly overes-
timated, we need to free the oxygen-abundance in the Galactic absorption component
(Oabs) in our spectral model. This effect in absorption was first observed by Weisskopf
et al. (2004) in an observation of the Crab pulsar and later confirmed in a cluster ob-
servation of Abell 478 by de Plaa et al. (2004). The values of 0.47 ± 0.02 and 0.54 ±
0.03 that we find for the oxygen-abundance in the Galactic absorption component Oabs
are slightly lower than the RGS values found by de Plaa et al. (2004), but consistent
with the expected value of 0.58± 0.08 based on an updated value for the solar oxygen
abundance by Allende Prieto et al. (2001).

2.5 Radial profiles

Wedetermine the radial temperature and abundance profiles of several elements using
projected and deprojected spectra extracted from circular annuli, centered on the X-ray
maximum of the cluster. We use annuli with outer radii indicated on the top of Table
2.5. We also extract radial temperature and abundance profiles from RGS in the cross-
dispersion direction.
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Table 2.5: Fit results obtained by fitting the EPIC data with a single-temperature model
(1), two-temperature model (2) and the wdem model (3). Emission measures (Y =∫
nenHdV) are given in 10

66 cm−3. Abundances are given with respect to solar.
0–0.5′ 0.5–1.0′ 1.0–2.0′ 2.0–3.0′ 3.0–4.0′ 4.0–6.0′ 6.0–9.0′

Y 1 3.55 4.65 5.22 3.19 2.01 2.85 2.97
2 3.42 4.82 5.45 3.31 2.08 2.75 2.56
3 3.21 4.52 5.30 3.26 2.05 2.85 2.23

kT 1 1.87± 0.01 2.32± 0.01 2.78± 0.01 3.04± 0.01 3.18± 0.02 3.14± 0.02 3.32± 0.04
kT2 2 2.154+0.005−0.002 2.72± 0.04 3.51± 0.09 3.08± 0.01 3.92+0.23−0.07 4.10+0.15−0.05 4.39± 0.04
kTmax 3 2.64± 0.02 3.14± 0.02 3.95± 0.03 4.39± 0.04 4.81± 0.05 4.97± 0.05 5.84± 0.14
kTmean 3 1.93± 0.02 2.37± 0.02 2.84± 0.03 3.18± 0.04 3.35± 0.04 3.34± 0.08 3.32± 0.16
α 3 0.58± 0.01 0.48± 0.02 0.65± 0.02 0.62± 0.04 0.79± 0.04 1.01+0.23−0.02 8.02+13−3
Mg 1 < 0.02 < 0.18 0.17± 0.03 0.07± 0.05 < 0.04 < 0.01 < 0.12

2 0.25± 0.04 0.14± 0.05 0.14± 0.06 < 0.13 < 0.03 < 0.01 < 0.17
3 0.41± 0.04 0.43± 0.06 0.29± 0.04 0.26± 0.06 0.15± 0.07 < 0.07 < 0.03

Si 1 0.41± 0.02 0.58± 0.03 0.56± 0.02 0.46± 0.03 0.36± 0.05 0.12± 0.04 0.14± 0.05
2 0.61± 0.02 0.62± 0.03 0.54± 0.03 0.42± 0.04 0.34± 0.04 0.14± 0.04 0.13± 0.05
3 0.71± 0.02 0.76± 0.03 0.61± 0.02 0.53± 0.03 0.46± 0.04 0.23± 0.03 < 0.09

S 1 0.32± 0.04 0.41± 0.04 0.38± 0.02 0.30± 0.02 0.20± 0.06 < 0.06 < 0.03
2 0.58± 0.03 0.56± 0.04 0.40± 0.04 0.28± 0.05 0.22± 0.06 < 0.10 < 0.04
3 0.67± 0.03 0.65± 0.04 0.51± 0.03 0.38± 0.05 0.35± 0.06 0.12± 0.07 < 0.10

Ar 1 0.22± 0.08 0.16± 0.08 0.16± 0.05 < 0.07 < 0.10 < 0.05 < 0.03
2 0.52± 0.06 0.44± 0.08 0.21± 0.10 < 0.12 < 0.20 < 0.13 < 0.04
3 0.69± 0.06 0.50± 0.09 0.35± 0.08 0.19± 0.12 0.24± 0.14 < 0.18 < 0.07

Ca 1 0.51± 0.12 0.66± 0.10 0.85± 0.07 0.68± 0.09 0.53± 0.15 0.57± 0.15 0.27± 0.21
2 0.66± 0.09 0.96± 0.10 0.92± 0.12 0.71± 0.16 0.66± 0.14 0.70± 0.14 0.30± 0.23
3 0.74± 0.09 0.98± 0.11 1.02± 0.10 0.77± 0.15 0.74± 0.17 0.66± 0.17 0.70± 0.23

Fe 1 0.55± 0.01 0.61± 0.01 0.54± 0.01 0.45± 0.01 0.41± 0.01 0.32± 0.01 0.35± 0.02
2 0.63± 0.01 0.57± 0.01 0.48± 0.01 0.40± 0.01 0.38± 0.01 0.29± 0.01 0.32± 0.02
3 0.67± 0.01 0.62± 0.01 0.55± 0.01 0.43± 0.01 0.40± 0.01 0.31± 0.01 0.26± 0.01

Ni 1 0.68± 0.11 1.08± 0.13 0.57± 0.08 0.35± 0.11 0.37± 0.20 un. un.
2 0.89± 0.09 0.90± 0.12 0.53± 0.13 0.29± 0.15 0.22± 0.17 un. un.
3 1.65± 0.10 1.52± 0.14 0.99± 0.10 0.64± 0.20 0.69± 0.17 un. un.

χ2/ 1 2444/525 1278/525 1066/525 774/525 717/525 909/499 816/476
dof 2 844/525 753/525 883/525 680/525 664/525 789/499 742/476

3 782/525 664/525 707/525 596/525 532/525 607/499 880/476

2.5.1 Projected spectra

We fit the spectra extracted from the annuli with three different models, and compare
the results. Due to high background in the 6th and 7th annulus we ignore the pn data
at energies higher than 7.5 keV. In our model we fix the abundances of elements which
we do not fit to 0.3 solar. The results are presented in Fig. 2.5 and Table 2.5. First
we fit the spectra with a single temperature model. We find that the model fits our
data poorly and the χ2 in the core of the cluster is unacceptably high. Based on the
large χ2 of the fit, in the central region we can discard the single temperature model.
We therefore try to fit 2 thermal models simultaneously, with coupled abundances and
with a fixed separation between the two temperatures as T2 = 2T1 (where T1 and T2 are
the temperatures of the two thermal components). Fixing the temperature to T2 = 2T1
is a good first approximation of the multi-temperature structure, since Kaastra et al.
(2004) and Peterson et al. (2003) found that in almost all cases of their cluster samples,
at each radius, there is negligible emission from gas with a temperature less than one-
third to half of the fitted upper temperature. Using the two temperature model our fits
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Figure 2.3: Comparison of the projected and deprojected mean temperatures obtained
by fitting the wdemmodel.

improve significantly. The χ2 improves most significantly in the core of the cluster, but
we can see a slight improvement also at outer radii. However, fitting the data with the
wdemmodel further improves the χ2 of our fits in 6 of 7 extraction annuli.

Fitting the data with a single-temperature thermal model we see that the abun-
dances of all elements except argon drop in the core of the cluster and have a off-center
peak. As we go from the single-temperature model to the two-temperature model and
further to thewdemmodel, abundances of all elements in general increase, especially in
the central regions of the cluster. The wdemmodel shows that most of the abundances
peak in the core of the cluster, we detect a slight hint of a drop in the center only for
calcium, silicon and magnesium. The dependence of the iron abundance on the tem-
perature model is known as the Fe-bias (see, e.g. Buote 2000b; Molendi & Gastaldello
2001). As we go from one model to the other, the abundance value of magnesium
varies the most. Due to its vicinity to the Fe-L complex its abundance is very sensitive
to the temperature and iron abundance model.

In general, all three models show a drop of abundances toward the outer parts of
the cluster.
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2.5.2 Deprojected spectra

To account for projection effects in the core of the cluster we extract spectra, depro-
jected under the assumption of a spherical symmetry. We use the background event
files of Lumb et al. (2002). We extract the deprojected spectra from 5 annuli in the in-
ner 0′–4′, where the cluster is still bright enough and, as shown in Appendix 2.11, the
background subtraction does not have a significant influence on our results. The de-
projected spectra represent the count rates from spherical shells centered on the core
of the cluster. Our extraction method and data analysis for the deprojected spectra is
described extensively in Kaastra et al. (2004).
The fit results for the deprojected spectra are shown in Table 2.6. The temperatures

determined from deprojected and projected spectra are compared in Fig. 2.3. Since, in
the process of deprojection we account for the hot plasma lying in front of the relatively
cool core, the observed temperatures of the deprojected shells are lower than those de-
termined without deprojection. While the χ2 of the fit of the single-temperature model
improves significantly if we deproject the spectrum (compare with the χ2 in Table 2.5),
the single temperature thermal model still does not describe our spectra well. The
wdem model describes the deprojected spectra extracted from the core of the cluster
significantly better than the single-temperature model. It shows, that the temperature
gradients in the extraction regions and the intrinsic multi-temperature structure make
it necessary to usemulti-temperature models also when fitting deprojected spectra. Al-
though the deprojected spectra give a better value for the temperature, with the depro-
jection we introduce more noise into the spectra so the determination of abundances
becomes more uncertain.

2.5.3 RGS radial profiles

Because of the high statistics of the RGS spectrum shown in Fig. 2.4, we are also able to
extract smaller strips in the cross-dispersion direction and make a radial profile up to
2′ from the center. The results of these fits are shown in Table 2.7. It confirms the radial
temperature profile in the core found with EPIC, although the temperature determined
with RGS is slightly higher. The reason for this discrepancy is probably the difference
in extraction regions. The RGS spectra also contain a small contribution of photons
originating outside the core radius due to the spatial extent of the source. Again, like
in the full field-of-view case, the mean temperatures kTmean are slightly higher than the
single-temperature fits, although the values are consistent within the error-bars. The
value for α is rather well constrained in the region between −2′ and 0.5′ and shows
a slight discontinuity around 0′, but the statistics do not allow to draw a conclusion.
From the χ2 values it is clear that a DEM model (wdem) fits the RGS spectra better.
From the RGS abundance profiles in the cross-dispersion direction, which are listed

in Table 2.7, we confirm the spatial distribution of oxygen and iron indicated by the line
widths in the full RGS spectrum. The O/Fe ratio is consistent with a value between
0.3–0.4 over the whole profile. The neon and magnesium abundance tend to peak in
the center slightly more than iron. Because the individual spectra in the RGS spatial
profile have lower statistics than the total RGS spectrum, we use one scale parameter
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Table 2.6: Fit results of the deprojected EPIC spectra extracted from 5 annuli in the in-
ner 4′ and fitted with a single-temperature model (1) and wdemmodel (3). This region
contains the cooling core, where the projection effects are the most important. Abun-
dances are given with respect to solar.

Parameter Model 0–0.5′ 0.5–1.0′ 1.0–2.0′ 2.0–3.0′ 3.0–4.0′
NH (10

21cm−2) 1 2.36± 0.02 2.37± 0.02 2.47± 0.03 2.48± 0.05 2.53± 0.05
3 2.52± 0.06 2.58± 0.05 2.64± 0.08 2.64± 0.11 2.66± 0.16

kT (keV) 1 1.65± 0.02 2.07± 0.02 2.68± 0.02 3.04± 0.03 3.11± 0.05
kTmax (keV) 3 2.36± 0.04 2.72± 0.04 3.65± 0.08 4.28± 0.13 4.25± 0.21
kTmean (keV) 3 1.76± 0.03 2.09± 0.04 2.75± 0.07 3.10± 0.12 3.16± 0.21
α 3 0.52± 0.03 0.43± 0.03 0.49± 0.04 0.62± 0.08 0.53± 0.14

3 0.6± 0.2 0.7± 0.2 0.3± 0.2 0.3± 0.2 < 0.5
Mg 1 0.11± 0.08 0.34± 0.10 0.65± 0.07 0.35± 0.13 < 0.16

3 0.55± 0.10 0.53± 0.11 0.76± 0.14 0.36± 0.15 < 0.26
Si 1 0.46± 0.04 0.73± 0.05 0.80± 0.04 0.73± 0.07 0.52± 0.09

3 0.74± 0.06 0.84± 0.06 0.84± 0.07 0.71± 0.08 0.50± 0.10
S 1 0.42± 0.04 0.61± 0.05 0.52± 0.04 0.47± 0.08 0.19± 0.12

3 0.66± 0.06 0.75± 0.06 0.61± 0.07 0.51± 0.09 0.25± 0.10
Ar 1 0.40± 0.11 0.50± 0.11 0.25± 0.10 < 0.14 0.3± 0.2

3 0.57± 0.14 0.69± 0.12 0.33± 0.15 < 0.21 0.4± 0.3
Ca 1 0.64± 0.20 0.81± 0.18 1.00± 0.13 0.9± 0.2 0.4± 0.3

3 0.41± 0.20 0.88± 0.16 1.06± 0.18 1.0± 0.3 0.5± 0.4
Fe 1 0.50± 0.02 0.65± 0.02 0.61± 0.02 0.46± 0.02 0.41± 0.03

3 0.67± 0.03 0.66± 0.03 0.57± 0.02 0.45± 0.02 0.40± 0.03
Ni 1 0.62± 0.17 1.8± 0.2 1.53± 0.18 0.9± 0.4 0.6± 0.5

3 1.3± 0.3 2.0± 0.3 1.8± 0.3 0.8± 0.4 0.6± 0.5
χ2 / d.o.f. 1 1090/587 668/570 892/587 515/587 520/587

3 622/587 489/587 526/587 481/587 515/587

Table 2.7: Fit results for spatially resolved RGS spectra between 8–25 Å. The fitted
models are (1) single-temperature CIE and (3) wdem. We use 2σ upper limits.

Par Mod -2.0 / -1.0′ -1.0 / -0.5 ′ -0.5 / 0′ 0 / 0.5′ 0.5–1.0′ 1.0–2.0′
kT (keV) 1 4.12 ± 0.13 3.37 ± 0.10 2.89 ± 0.06 2.53 ± 0.05 3.21 ± 0.12 4.4 ± 0.3
kTmax 3 6.6 ± 0.3 5.2 ± 0.2 4.6 ± 0.2 3.73 ± 0.14 5.3 ± 0.8 7.8 ± 0.9
kTmean 3 4.6± 0.2 3.70± 0.15 3.12± 0.15 2.72± 0.11 3.8± 0.7 5.1± 0.6
α 3 0.79 ± 0.08 0.70 ± 0.06 0.94 ± 0.10 0.60 ± 0.05 0.7 ± 0.4 1.3 ± 0.3
O/Fe 1 0.28 ± 0.07 0.34 ± 0.05 0.40 ± 0.04 0.36 ± 0.04 0.35 ± 0.07 0.57 ± 0.18

3 0.29 ± 0.06 0.34 ± 0.05 0.41 ± 0.04 0.36 ± 0.04 0.36 ± 0.06 0.47 ± 0.14
Ne/Fe 1 1.34 ± 0.17 1.34 ± 0.15 1.83 ± 0.14 1.54 ± 0.12 1.00 ± 0.17 1.4 ± 0.5

3 0.60 ± 0.15 0.73 ± 0.13 0.98 ± 0.10 0.98 ± 0.10 0.56 ± 0.15 < 0.3
Mg/Fe 1 < 0.4 0.66 ± 0.17 0.40 ± 0.12 < 0.4 < 0.5 < 0.2

3 0.5 ± 0.2 1.19 ± 0.17 1.09 ± 0.12 0.68 ± 0.11 0.42 ± 0.18 1.0 ± 0.5
Scale s 1 1.5 ± 0.2 0.98 ± 0.10 1.01 ± 0.10 0.90 ± 0.07 0.77 ± 0.13 4.5 ± 1.0

3 1.30 ± 0.16 0.78 ± 0.10 0.69 ± 0.06 0.62 ± 0.05 0.58 ± 0.11 3.0 ± 0.7
χ2 / d.o.f. 1 852 / 701 977 / 701 1491 / 701 1337 / 701 932 / 701 923 / 701

3 757 / 698 802 / 698 800 / 698 853 / 698 851 / 698 839 / 698

s for all measured lines. Therefore, the fitted scale parameter, which accounts for the
broadening of the lines because of the spatial extend of the source, is the average of
all line widths given in units of the width of cluster emission. These widths increase
naturally toward the outer part of the cluster, because the spatial profile of the cluster
also flattens.
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2.6 Temperature and iron abundance maps

In order to investigate the spatial variations of the temperature and metallicity we
extract temperature and iron abundance maps of the 5.5′×5.5′ region centered on the
core of the cluster.

First, we determine the temperature and iron abundance on a grid with bin-size of
30′′ × 30′′. For every bin we compute a redistribution and an ancillary file. We fit the
spectrum of each bin individually by the multi-temperature wdemmodel. The spectral
fits are done with a hydrogen column density fixed to the global value 2.5× 1021 cm−2
(see Appendix 2.11). The redshift is fixed to the spectroscopically determined value
of the central cD galaxy (z = 0.0349). The abundances of all elements except iron in
our model are fixed to 0.3 times the solar value (the exact value of these abundances
does not influence the temperature and iron abundance determinations), while the
iron abundance is left as a free parameter. We fix the parameter α to 0.58, which is the
value determined for the core of the cluster (see Table 2.5). The free parameters are the
maximum temperature Tmax, the iron abundance and the normalization of the wdem
component.

The temperaturemap, which shows themean temperature Tmean of thewdemmodel,
reveals an elongated temperature structure in the South-Southeast North-Northwest
direction and a sharp temperature change over the brightness edge south of the core.
The iron abundance map shows a highly centrally peaked iron abundance with an
extension to the North (see the panel c and d in Fig. 5.5).

High count rates in the 5.5′×5.5′ central region allow us to reduce the size of the
bins to 15′′ × 15′′ (which is roughly the FWHM of the point spread function of the pn
detector) and extract a higher resolution temperature and iron abundance map fitting
a single temperature model to each bin (see panel a and b in Fig. 5.5). The map shows
a sharp temperature change on the southern side of the core and a large extension
of the cool temperature gas to North-Northwest. In contrast to the wdem model fit,
the iron abundance map extracted using a single-temperature model shows a central
drop of iron abundance, with an abundance peak in a ”high metallicity ring” around
the X-ray core with an extension to the North. We verified that the central drop of
iron abundance is evident also in a temperature map with 30′′ × 30′′ bins fitted with
a single temperature model. The central abundance drop is rather the result of the
oversimplified model for the temperature structure of the core of the cluster, than a
real feature (see subsection 2.5.1).

To verify the azimuthal differences in the temperature and the metallicity we extract
spectra from 4 circular regions with a radius of 0.5′ and fit them with the wdemmodel.
The extraction regions are shown in Fig. 2.7. The regions 1, 2 and 3 are centered at the
same distance from the core (2′) but at different position angles (North, West, South).
Region 4 is at a distance of 2.75′ from the core at South-Southeast. Apart from the
wdem normalization, Tmax and the iron abundance we leave free and fit the parameter
α, NH and the silicon and sulfur abundance. The best-fit parameter values are given
in Table 2.8. We confirm the temperature and iron abundance asymmetry seen in the
temperature maps.
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Table 2.8: Parameter values obtained by fitting regions 1, 2, 3 and 4 indicated in Fig.
2.7 with the wdemmodel. Emission measures (Y =

∫
nenHdV) are given in 10

66 cm−3,
temperatures are given in keV, NH in 10

21 cm−2 and abundances are given with respect
to solar.

Par. 1 (N) 2 (W) 3 (S) 4 (SSE)
Y 4.55 2.63 1.84 1.16
NH 2.54± 0.05 2.32± 0.1 2.49± 0.09 2.38± 0.17
kTmax 3.18± 0.10 4.15± 0.20 4.2± 0.25 4.9± 0.4
kTmean 2.69± 0.13 3.22± 0.20 3.25± 0.24 3.5± 0.4
α 0.22± 0.06 0.41± 0.10 0.41± 0.11 0.6± 0.3
Si 0.60± 0.06 0.70± 0.10 0.59± 0.11 0.50± 0.24
S 0.46± 0.08 0.43± 0.14 0.17± 0.14 0.31± 0.19
Fe 0.51± 0.02 0.39± 0.03 0.36± 0.03 0.37± 0.04
χ2 / d.o.f. 605/509 512/509 551/509 598/509

2.7 Properties of the core on smaller scales

The high statistics of the data obtained during our deep XMM-Newton observation
allow us to better study the thermal properties of the blobs/filaments found in the
core of 2A 0335+096 with Chandra (Mazzotta et al. 2003). We use a smoothed Chandra
ACIS image in the energy band of 0.5 − 1.5 keV to locate the blobs/filaments. We
create three extraction masks: one for the region of bright blobs/filaments; one for the
bright region around the blobs, but excluding the blobs (the ambient gas); and one for
the bright core but excluding the complex structure (the envelope); see Fig. 2.8. We
use these masks to extract spectra from our EPIC-MOS data. The Full Width Half
Maximum (FWHM) of the on-axis Point Spread Function (PSF) of MOS1 and MOS2
at 1.5 keV is 4.3′′ and 4.4′′ respectively, while the FWHM of the on-axis PSF of EPIC-
pn at the same energy is 12.5′′. Since the large PSF of EPIC-pn would cause a strong
contamination of the spectra extracted from the region of blobs/filaments, we analyze
only the data obtained by MOS.
We fit the three spectra simultaneously. The envelope is fitted by a thermal model.

The ambient inter-blob gas is fitted by two thermal models, while all the parameters
of the second thermal model are coupled to the model with which we fit the envelope.
The region of blobs/filaments is fitted with three thermal models, where the param-
eters of the second and third model are coupled respectively to the model we use to
fit the ambient gas, and the envelope. This way we de facto deproject the temperature
of the blobs. The only free parameters in the fit are the normalizations of the thermal
components, the temperatures, and the iron abundances. The values of the other abun-
dances are fixed to the values determined by fitting the central region with wdem. The
redshift is fixed to the redshift of the central cD galaxy. The best fit parameters are
shown in Table 2.9 and the fitted spectra are shown in Fig. 2.9. The fit shows that the
deprojected temperature of the blobs/filaments is 1.14± 0.01 keV, while the tempera-
ture of the ambient gas is 1.86± 0.01 keV. The iron abundance of the blobs is coupled to
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Table 2.9: Temperature and iron abundance of the blobs/filaments, the ambient gas around
these features and of the envelope of gas surrounding the inner core. The superscript a
indicates that the parameters are coupled.

blo./fil. amb. gas envelope
kT 1.14± 0.01 1.86± 0.01 2.79± 0.01
Fe (solar) 0.63a ± 0.02 0.63a ± 0.02 0.61± 0.01

the iron abundance of the ambient gas, while the iron abundance of the envelope is fit-
ted separately and is found to be somewhat lower. Coupling the iron abundance of the
blobs with that of the ambient gas is necessary to avoid anti-correlation between the
two parameters and it has no effect on the determined temperature difference between
the two components.
Mazzotta et al. (2003) assumed that the blobs are ellipsoids and selected eight re-

gions. We assume the regions and the luminosities given by Mazzotta et al. (2003)
and with our new temperature we calculate with a MEKAL model the density of the
blobs. We find a value of ∼ 8.5× 10−2 cm−3. From our best fit emission measure of the
thermal model of the ambient gas we calculate the density of the gas and find a value
of ∼ 5.5× 10−2 cm−3. These density estimates and our new values of the tempera-
tures of these two components therefore indicate, that the cold blobs/filaments and
the ambient gas are in thermal pressure equilibrium (nkT 	 0.1 keV cm−3).

2.8 Abundances and enrichment by supernova types Ia,
II, and Population III stars

We investigate the relative contribution of the number of supernova types Ia/II to the
total enrichment of the intra-cluster medium (ICM). We also investigate the possibility
of putting constraints on the contribution by Population III stars. We try to determine
the relative numbers of different supernovae

NSx
NIa + NII + NpopIII

, (2.4)

where NSx is either the number of Type Ia supernovae (SNe Ia), Type II supernovae
(SNe II) or Popupation III stars (Pop III) contributing to the enrichment of ICM. Since
the progenitors of Type II supernovae and Type Ib and Ic (SNe Ib/Ic) are massive stars,
we associate the heavy-element yields from SNe II with those from SNe Ib/Ic. For
nucleosynthesis products of SN II we adopt an average yield of stars on a mass range
from 10 M� to 50 M� calculated by Tsujimoto et al. (1995) assuming a Salpeter initial
mass function. For nucleosynthesis products of SN Ia we adopt values calculated by
Iwamoto et al. (1999) and investigate two different models (see Table 2.10). The W7
model is calculated using a slow deflagration model, while the WDD2 model is cal-
culated using a delayed-detonation model. Note that delayed-detonation models are
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Figure 2.4: 1st and 2nd order spectrum of 2A 0335+096 extracted from a 4′ wide strip
centered on the core. The continuous line represents the fitted wdem model. Between
15 and 18 Å Fe XVII and Fe XVIII emission lines are visible. On the x-axis we show the
observed wavelength.
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Figure 2.5: Comparison of fit results obtained by fitting the EPIC data with a single-
temperature model, two-temperature model and the wdemmodel.
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Table 2.10: Relative numbers of SN Ia, SN II and Pop III contributing to the enrichment
of the intra-cluster medium. We show the results of fits of linear combinations of the
yields of SN Ia, SN II and Pop III stars, with two SN Ia yield models, to the abun-
dances of 7 elements shown in Table 2.2 determined for the core and the outer region
of 2A 0335+096. For the core we show the results of fits with two different Pop III star
models and the results of fits without Pop III stars.

Model Par 0′–3′ 3′–9′
MpopIII = 130 M� MpopIII = 65 M� no Pop III no Pop III

W7 SN Ia 0.24± 0.04 0.18± 0.01 0.20± 0.01 0.39± 0.04
SN II 0.76± 0.04 0.85± 0.01 0.80± 0.01 0.61± 0.04
Pop III (4± 1) × 10−3 (−2.7± 0.4) × 10−2 − −
χ2 36 / 4 60 / 4 70 / 5 44 / 5

WDD2 SN Ia 0.25± 0.04 0.27± 0.03 0.26± 0.01 0.37± 0.04
SN II 0.75± 0.04 0.72± 0.03 0.74± 0.01 0.63± 0.04
Pop III (−2± 1) × 10−3 (6± 18) × 10−3 − −
χ2 35 / 4 43 / 4 43 / 5 8 / 5

currently favored over deflagration models by the supernova community, whereas the
WDD2 is favored by Iwamoto et al. (1999). The intergalactic medium might also have
been significantly enriched by Pop III stars which exploded as pair instability super-
novae. We investigate two models for heavy element yields of Pop III stars calculated
by Heger & Woosley (2002), with a core mass of 130 M� and 65 M�.
We assume that the observed total number of atoms Ni of the element i (determined

from its abundance and the emission measure distribution) is a linear combination of
the number of atoms Yi produced per individual supernova Type Ia (Yi,Ia), Type II (Yi,II)
and Population III star (Yi,III):

Ni = aYi,Ia + bYi,II + cYi,III, (2.5)

where a, b and c are multiplication factors representing the total number of each super-
novae that went off in the cluster and enriched the ICM.
First we fit the abundances obtained for the cooling-core region (the inner 3′) and de-

termine the best-fit values for a, b and c, which we use to estimate the relative numbers
of supernovae. We fit the abundance values obtained for the inner 3′ region shown
in Table 2.2. The best fit values of the relative contributions are shown in Table 2.10
and Fig. 2.10. In the Fig. 2.10 we also show our best measurement of the chromium
abundance and the measured oxygen and neon abundances determined by the RGS
and normalized to the iron abundance determined by EPIC (the absolute abundances
are not well determined by RGS). Since the low significance makes the value of the
chromium abundance uncertain and the abundance values of the oxygen and neon
may be affected by systematic uncertainties arising from using different extraction re-
gions for the RGS and EPIC, we do not include them in the fitting. We see that all
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models are consistent with a scenario where the relative number of Type Ia super-
novae contributing to the enrichment of the intra-cluster medium is 20− 30%, while
the relative number of Type II supernovae is 70− 80%.
The 130 M� Pop III star model fits show, that their relative number contributing to

the enrichment is about two orders of magnitude lower than the number of SN Ia/II.
However, they produce according to the models about two orders of magnitude more
mass per star than SN Ia/II so their contribution to the enrichment of ICM could still
be significant. However, the relative numbers determined for Pop III are model de-
pendent and the high values of the χ2s do not allow us to confirm their contribution.
The 65 M� Pop III star model fits give unphysical values for their relative numbers. In
Fig. 2.11 we show our best-fit model of the observed abundances as a linear combina-
tion of only SN Ia and SN II. This model gives us the same relative number of SN Ia as
the models containing Pop III stars. Also, using the WDD2 SN Ia model, the χ2 does
not change with respect to models containing Pop III stars. The fit results show that
Pop III stars are not necessary to explain the observed abundance patterns, although
their contribution to the enrichment of the ICM cannot be excluded. We conclude that
this analysis does not allow us to put any constrains on the enrichment by Pop III stars.
In Fig. 2.10 and 2.11 we see that the measured abundance of calcium is significantly

higher than that predicted by the models. The abundance of nickel is well fitted only
using the W7 model of Type Ia supernovae with Pop III stars. Fitting the abundances
as a linear combination of SN Ia and SN II, the W7model predicts more and theWDD2
model predicts less nickel than observed. Mainly the discrepancies between the model
and the measured abundances of calcium and nickel are responsible for the large χ2s.
The WDD2 model always predicts significantly more chromium than the upper limit
derived from our data-point. The best measured abundances of oxygen and neon are
also not well reconstructed by the models. This may be either due to problems in the
supernova models or due to the fact that they were determined from a different extrac-
tion region with a different instrument. We note that the involved uncertainties and
complications when interpreting the observed abundances (see Matteucci & Chiappini
2005) do not allow us to differentiate between the two SN Ia models.
Since our fits of the core show that we cannot put constrains on the contribution of

Pop III stars we fit the “outskirts” (3′–9′) with models containing only SN Ia and SN II.
The fits show a higher contribution of SN Ia in the outer region than in the cooling core
region, however the large χ2 values and the involved systematic uncertainties do not
allow us to make a firm statement.

2.9 Discussion

We have used three different thermal models in our analysis of 2A 0335+096 and find
that the multi-temperature wdemmodel fits the data best. We note that a good descrip-
tion of the temperature structure is very important to obtain correct values for elemen-
tal abundances. Fitting the EPIC and RGS data we determine the radial temperature
and abundance profiles for several elements. The elemental abundances have a peak
in the core of the cluster and show a gradient across the whole cluster. The abundance
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Figure 2.6: Temperature and iron abundance maps of the inner 5.5′×5.5′ region of the
cluster. Panel a and b: temperature and iron abundance map with each 15′′ × 15′′ pixel
fitted with a single-temperature model. Panel c and d: mean temperature and iron
abundance map with each 30′′ × 30′′ pixel fitted with a wdemmodel. Note that North
is up, West is to the right. All maps have overplotted the same X-ray isophots.
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Figure 2.7: MOS1 + MOS2 image of 2A 0335+096 with overplotted extraction regions.
The concentric circles correspond to our extraction annuli used to investigate the radial
profiles, the square shows the 5.5′×5.5′ region used to extract the temperature and iron
abundance maps and the small circles correspond to extraction regions 1, 2, 3 and 4
used to verify that the temperature and abundances vary with position angle.

structure of the cluster is consistent with a scenario where the relative number of SN Ia
is 20− 30% of the total number of supernovae enriching the ICM. Contrary to the find-
ings of Baumgartner et al. (2005), the Population III stars are not necessary to explain
the observed abundance patterns. However, their contribution to the enrichment of
the ICM cannot be excluded. Extracting temperature and iron abundance maps we
find an asymmetry across the cluster. We find that the deprojected temperature of the
blobs/filaments in the core of the cluster is lower than the temperature of the ambient
gas and the blobs appear to be in thermal pressure equilibrium with the ambient gas.
Below, we discuss the implications of these results.
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2.9.1 Intrinsic temperature structure

Our results show a presence of plasma emitting at a range of different temperatures
within every extraction bin. In the core of the cluster, this may be caused in part
by projection effects and by the strong temperature gradient. The multi-temperature
structure we find around the central bin may also be caused in part by the large scale
temperature asymmetry of the cluster, so in one extraction annulus we extract the spec-
trum of both the colder and of the warmer gas from North and South of the cluster cen-
ter respectively. However, the non-isothermality detected by fitting the deprojected
spectra cannot be caused only by the width of our extraction annuli in combination
with the temperature asymmetry. The temperature gradients across our annuli and
the temperature differences between North and South are not large enough for that.
The results can be interpreted as intrinsic multi-temperature structure at each position,
which is in agreement with the results of Kaastra et al. (2004). Furthermore, these re-
sults show that fitting the spectrum of the intra-cluster gas with a single-temperature
thermal model is in general not sufficient and introduces systematic errors especially
in the determination of elemental abundances.

Spatial temperature distribution

The temperature distribution has a strong gradient in the core. In the inner 3′ the de-
projected temperature drops by a factor of ∼ 1.8 toward the center. In the outer part
(3′–9′) the radial temperature distribution is flat. We do not see a temperature drop
toward the outskirts. We find an asymmetry in the temperature distribution and iron
abundance distribution. The temperature maps show the asymmetry in temperature
distribution in the direction of the elongated surface brightness morphology, roughly
in the South-Southeast North-Northwest direction. The temperature drops faster to-
ward the core from the South than from the North. The temperature change is the
strongest over the cold front South of the core identified by Mazzotta et al. (2003) in
Chandra data. The cold fronts are interpreted as boundaries of a dense, cooler gas
moving through the hotter, more rarefied ambient gas (Markevitch et al. 2000). From
the pressure jump across the cold front Mazzotta et al. (2003) conclude that the dense
central gas core moves from North to South with a Mach number of M 	 0.75± 0.2.
The elongated, comet-like shape of the cold central core shown in our temperature
maps supports this picture. The elongated shape of the cold gas core may hint that we
see a surviving core of a merged subcluster moving through and being stripped by a
less dense surrounding gas. The possible merger scenario is discussed in subsection
2.9.3.

X-ray blobs/filaments

Mazzotta et al. (2003) found that the deprojected temperature of the blobs is consis-
tent with that of the less dense ambient gas, so these gas phases do not appear to be
in thermal pressure equilibrium. Therefore they propose a possibility of a significant
unseen non-thermal pressure component in the inter-blob gas, possibly arising from
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the activity of a central active galactic nucleus (AGN). They also discuss two models to
explain the origin of the blobs: hydrodynamic instabilities caused by the motion of the
cool core and “bubbling” of the core caused by multiple outbursts of the central AGN.
However, the temperature measurements of Mazzotta et al. (2003) have large uncer-

tainties due to the low statistics of the Chandra data. The superior spectral quality of
our XMM-Newton data allows us to measure the temperature of the blobs much more
accurately. In contrast to the previous findings we find that the deprojected tempera-
ture of the region where they identified the blobs/filaments is colder by a factor of 1.6
than the temperature of the ambient gas and the blobs appear to be in thermal pressure
equilibriumwith the ambient gas. In the light of this new result a non-thermal pressure
component in the inter-blob gas is not necessary to explain the observed blobs.

2.9.2 Abundance distribution

The high statistics of the data allow us to determine the abundances of the most abun-
dant metals. For the first time we put constraints on the abundance of chromium, and
upper limits on abundances of titanium, manganese and cobalt. The abundance distri-
bution has a peak in the core of the cluster. The radial profiles show an abundance gra-
dient toward the core across the whole analyzed region of the cluster. The abundance
gradient is not restricted to the cooling-flow region. We observe centrally peaked abun-
dance distributions for both SN Ia products (iron, nickel) and elements contributed
mainly by SN II (magnesium, silicon). Contrary to our results from 2A 0335+096, cool-
ing core clusters (e.g. see the sample of Tamura et al. (2004)) in general show a centraly
peaked distribution of SN Ia products with respect to SN II products. The different
abundance distribution in 2A 0335+096 might point toward a different enrichment his-
tory. In Sérsic 159-03 the widths of the RGS lines also indicate that the iron abundance
is much more centrally peaked than oxygen (de Plaa et al. 2006). Contrary to Sérsic
159-03, the RGS data in 2A 0335+096 indicate that the spatial distributions of oxygen
and iron might be very similar. However, we have to be careful with interpreting the
RGS results, because the strong temperature drop in the center of this cluster might
cause that the RGS spectrum is dominated by the line emission from the cool core and
the line profiles of iron and oxygen follow the temperature structure more than the
abundance distribution of the elements.
We estimate that the total mass of ironwithin the radius of 126 kpc is∼ 2.1× 109 M�.

If all iron originates from SN Ia, we need ∼ 2.8× 109 SN Ia explosions to explain the
observed amount of iron. Assuming 1.1× 1010 years and 50 galaxies contributing iron
via galactic winds and gas stripping we get an average SN Ia rate of one explosion per
200 years per galaxy.
We show that the determined abundance values are sensitive to the applied tem-

perature model. Especially single-temperature thermal models can introduce a bias in
the abundance determination, resulting in a detection of off-center abundance peaks
reported for example by Sanders & Fabian (2002) and Johnstone et al. (2002).
The abundance maps show an asymmetry in the iron abundance distribution, with

a higher abundance to the North of the cluster core. The abundance asymmetry further
highlights and supports the picture of great dynamical complexity.
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Figure 2.8: Smoothed Chandra image of the core of 2A 0335+096 with overplotted ar-
eas used to extract spectra from the data obtained during our deep XMM-Newton
observation. The spectra of blobs/filaments, ambient gas and the envelope were extracted
respectively from the area indicated by black, white and green contours.

2.9.3 Possible merger scenario

We observe an asymmetry of the temperature and iron abundance distribution across
the cluster, along the surface brightness elongation, which points toward the possibility
of an ongoing merger in 2A 0335+096. Mazzotta et al. (2003) note that the orientation of
the cold front and the asymmetry of the temperature distribution suggest that the cool
core is moving along a projected direction that goes from North to South. However, it
is not known whether the motion is due to a merger, or due to gas sloshing induced by
an off-axis merger or by a flyby of another cluster. Mazzotta et al. (2003) also reason
that if the cool core is indeed a merging subcluster, then in projection the position of
the subcluster is close to the cluster center. However, the impact parameter cannot
be measured hence the subcluster may be passing through the cluster at any distance
along the line of sight. Our detection of an asymmetry in the abundance distribution
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Figure 2.9: Spectra of the blobs/filaments, the ambient gas around these features and of
the envelope of gas surrounding the inner core. The vertical line helps to see that there
is more Fe-L emission at low energies in the spectrum of the blobs.

across the cluster, with a higher metallicity North of the core with respect to the South,
supports the merger scenario, in which the subcluster had a higher metallicity. The
most important enrichment processes, like ram pressure stripping of cluster galaxies
and galactic winds, are not expected to produce the observed asymmetry in the spatial
distribution of the iron abundance. In the dense cores of clusters of galaxies the internal
kinematics of the ICM is expected to quickly smooth out any existing inhomogeneities
in the abundance distribution.
In Fig. 2.14 we show an archivalHubble Space Telescope (HST) image of the core of the

cluster with overplotted EPIC-MOS X-ray isophots. The HST image shows the central
cD galaxy and a companion galaxy to the North-West (the bright source in the lower
left is a foreground star). We see, that the X-ray brightness peak is offset to the South
from the central cD galaxy, which also shows that the core is not in a relaxed state. This
was already shown by Mazzotta et al. (2003) who found that the centroid positions of
the best fit double β-model to the cluster surface brightness do not coincide with the
position of the central cD galaxy, but are offset to the South-East and North-West. It
is interesting to note, that the alignment of the central cD galaxy and the alignment
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of the central galaxy with the projected companion nucleus are following the same
direction as the possible merger axis inferred from the X-rays. Dubinski (1998) has
shown that the long axis of a brightest cluster galaxy always aligns with the primordial
filament along which the cluster collapsed and with the long axis of the cluster galaxy
distribution. If 2A 0335+096 formed along a filament aligned as the long axis of the
central cD galaxy, we might be seeing the traces of the latest phase of the formation of
the cluster, in which a subcluster is falling in along the same primordial filament.
Although there is growing evidence for the merger scenario, with the available data

we still cannot rule out an alternative scenario of gas sloshing. Radial velocity mea-
surements of the individual galaxies in 2A 0335+096 are necessary to provide the deci-
sive evidence.

2.9.4 Relative enrichment by supernova types Ia/II and Population
III stars

All our fits show that the contribution of SN Ia is 20− 30% of the total number of su-
pernovae enriching the ICM. Tsujimoto et al. (1995) found that the ratio of the total
numbers (integrated over time) of supernovae Type Ia to Type II that best reproduces
the Galactic abundances is NIa/NII = 0.15, while the ratio determined for the Magel-
lanic Clouds is 0.2− 0.3, which correspond to relative numbers of NIa/NIa+II = 0.13
and 0.17− 0.23 in the Galaxy and in the Magellanic clouds respectively. Supernova
types Ia/II produce heavy-elements on different time scales during the chemical evo-
lution of galaxies, with SN II causing the enrichment usually in the early phases of
galactic evolution and SNe Ia on a much longer time-scale, in the later phases of galac-
tic evolution. The current relative frequencies of SNe Ia and II also depend on types
of galaxies. According to the Lick Observatory Supernova Search (LOSS) about 42%
of the supernovae observed in galaxies within a redshift of z = 0.03 are SN Ia, while
SNe II are rare in early-type galaxies and SNe Ia occur in all types of galaxies (van
den Bergh et al. 2005). The relative contribution to the enrichment of ICM by SN Ia
in the cluster of galaxies 2A 0335+096 is between the Galactic value and the value of
the current relative frequencies determined by LOSS (van den Bergh et al. 2005). The
value of NIa/NIa+II = 20− 30% is consistent with a picture of an early enrichment by
SNe II material from star-burst galaxies and later contribution by Type Ia supernovae
material.
However, the scenario proposed by Tamura et al. (2001a) and Finoguenov et al.

(2001), where an early and well mixed SN II enrichment is followed by SN Ia enrich-
ment in the central galaxy, produces over the Hubble time a centrally peaked distribu-
tion of SN Ia products relative to SN II products. As discussed in 2.9.2, we observe a
centrally peaked abundance distribution of both SN Ia and SN II products. Moreover,
contrary to the expectations, comparing the relative enrichment in the inner and outer
regions of the cluster the Mg/Fe, Si/Fe and S/Fe ratios point toward a higher contri-
bution of SN Ia in the outer parts compared to the cool core. Such a difference in the
enrichment history between the core and the outer parts would strongly support the
scenario according to which the cool core is the surviving ICM of a merged subcluster
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(see 2.9.3). However, the involved uncertainties in the determination of the relative
enrichment are high.
As discussed by Matteucci & Chiappini (2005) the interpretation of the observed

abundance ratios is not easy. The observed abundance ratios strongly depend on the
star-formation history in cluster galaxies. Part of the supernova products might still
be locked in the stars or in the potential wells of cluster galaxies. Therefore, the rela-
tive number of supernovae contributing to the enrichment of the ICM, which we infer
from the abundance ratios, might be somewhat different from the relative number of
supernovae which exploded in the cluster over its life-time.
The results also show that it is not necessary to include the Pop III stars in our

models to explain the observed abundance patterns. Our magnesium, silicon, sulfur,
argon and iron abundances can be reconstructed with a linear combination of yields of
SN Ia and II for all tested SN Ia yield models. In the cluster 2A 0335+096 we cannot
confirm the results of Baumgartner et al. (2005) claiming, that especially in the hotter
clusters, Pop III stars are necessary to explain the observed silicon, sulfur, calcium and
argon abundances. However, to test the results of Baumgartner et al. (2005) an analysis
of a large cluster sample including hotter clusters will be necessary.
All fitted models give a significantly lower calcium abundance than we observe.

This points toward uncertainties in the models of SN II yields, e.g. different explosion
energies in the models can result in a difference of an order of magnitude in calcium
production (Woosley & Weaver 1995).

2.10 Conclusions

We have analyzed spatially resolved and high resolution spectra of the cluster of galax-
ies 2A 0335+096 obtained during a deep XMM-Newton observation. We found that:

• Weunambiguously detect multi-temperature structure in the core of 2A 0335+096:
for the determination of elemental abundances, a multi-temperature model is
mandatory. The wdem model is a good description of the temperature structure
of the gas in 2A 0335+096.

• The blobs/filaments found in the core of 2A 0335+096 are significantly colder
than the ambient gas and they appear to be in pressure equilibrium with their
environment.

• We detect a strong central peak in the abundance distributions of both SN Ia and
SN II products.

• The relative number of SN Ia contributing to the enrichment of the intra-cluster
medium in the central 130 kpc of 2A 0335+096 is ∼ 25%, while the relative num-
ber of SN II is ∼ 75%. Comparison of the observed abundances to the supernova
yields does not allow us to put any constrains on the contribution of Pop III stars
to the enrichment of the ICM.We observe significantly higher calcium abundance
than predicted by supernova models.
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Figure 2.10: The elemental abundances derived from a wdem fit of the inner 3′ of
2A 0335+096, fitted by a linear combination of the yields of SN Ia, SN II and Pop III, for
the SN Ia model W7 and Pop III model with a core mass of 130 M�. The black empty
circles indicate elements not used in the fit.

• The detected asymmetry in the temperature and iron abundance distribution fur-
ther supports the merger scenario, in which the subcluster had a higher metallic-
ity.
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Figure 2.11: The elemental abundances derived from a wdem fit of the inner 3′ of
2A 0335+096, fitted by a linear combination of the yields of SN Ia and SN II. For SN Ia
we use the WDD2 model. The black empty circles indicate elements not used in the fit.

2.11 Appendix: The influence of the background subtrac-
tion on radial profiles

We compare the radial temperature and abundance profiles obtained using the com-
bined background event lists of Read & Ponman (2003) with those determined using
the background model described in subsection 2.2.1. We compare the values obtained
using the wdem model, which was shown to describe the spectrum in the cool cores
of clusters well (see Sect. 3.3). We derive a radial hydrogen column density profile,
maximum temperature profile, α profile and abundance profiles of several elements:
magnesium, silicon, sulfur, argon, calcium, iron and nickel.

Fitting the data using the background event files of Read & Ponman (2003) we find
an average hydrogen column density of (2.49 ± 0.03) × 1021 cm−2, which is signifi-
cantly higher than the Galactic value of 1.80× 1021 cm−2 determined from the 21 cm
radio emission (Dickey & Lockman 1990). This high absorption column density was
found before in ROSAT PSPC spectra by Irwin & Sarazin (1995) and in a previous,
shorter XMM-Newton observation by Kaastra et al. (2003b). The additional absorption
might be caused by Galactic dust clouds or molecular clouds. The measured radial
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Figure 2.12: The radial hydrogen column density profile.

absorption distribution has a slight peak between 2′ and 3′, but the errobars are large
and it is still consistent with a flat distribution (see Fig. 2.12). Therefore, when fitting
the data with our background model, we fix the absorption to 2.5× 1021 cm−2.
The left top panel in Fig. 2.13 shows that the radial temperature profiles derived

with the background event files of Read & Ponman (2003) and with our background
model are consistent with each other up to 6′ from the core of the cluster. The best fit
abundance values are, however, consistent only up to 4′ from the core and in the outer
parts, where the background starts to play a more important role the differences are
large. This is shown in Fig. 2.13 and Table 2.11. We see that using the new background
modeling the iron, silicon and magnesium abundances between 4′–9′ from the core
are lower than those derived using the standard background event files. The large
magnesium abundances at the outer radii obtained using the standard background
event files are due to the incorrect subtraction of the instrumental aluminum lines.
Abundances of other elements are consistent within the errorbars.
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Figure 2.13: Comparison of fit results obtained by fitting the wdemmodel to EPIC spec-
tra using the combined background event files of Read & Ponman (2003) and using
our new background subtraction method.
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Figure 2.14: An image of the core of the cluster obtained by the Hubble Space Telescope
with overplotted X-ray isophots. North is up, West is right. The X-ray isophots are off-
set from the central cD galaxy. The green contour indicates the location of the cold
blobs/filaments detected in X-rays.
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Table 2.11: Fit results obtained by fitting the wdem model to EPIC spectra using (R)
the combined background event lists of Read & Ponman (2003) and using (M) the new
background subtraction method. Abundances are given with respect to solar and NH
is given in units of 1021cm−2.

B 0.0–0.5′ 0.5–1.0′ 1.0–2.0′ 2.0–3.0′ 3.0–4.0′ 4.0–6.0′ 6.0–9.0′
NH R 2.48± 0.03 2.50± 0.03 2.52± 0.03 2.55± 0.03 2.51± 0.04 2.48± 0.03 2.40± 0.05
kTmax R 2.66± 0.02 3.16± 0.02 3.98± 0.04 4.40± 0.06 4.73± 0.07 5.04± 0.10 6.28± 0.23
kTmax M 2.64± 0.02 3.14± 0.02 3.95± 0.03 4.39± 0.04 4.81± 0.05 4.97± 0.05 5.84± 0.14
kTmean R 1.95± 0.02 2.38± 0.02 2.92± 0.03 3.17± 0.06 3.35± 0.07 3.49± 0.09 3.81± 0.25
kTmean M 1.93± 0.02 2.37± 0.02 2.84± 0.03 3.18± 0.04 3.35± 0.04 3.34± 0.07 3.32± 0.16
α R 0.57± 0.01 0.49± 0.02 0.57± 0.02 0.64± 0.05 0.71± 0.06 0.83± 0.07 2.4+0.8−0.5
α M 0.58± 0.01 0.48± 0.02 0.65± 0.02 0.62± 0.04 0.79± 0.04 1.01+0.23−0.02 2.37+13−3

M 0.95± 0.07 0.79± 0.10 0.16± 0.06 0.1± 0.08 < 0.03 < 0.01 < 0.01
Mg R 0.49± 0.06 0.45± 0.06 0.45± 0.07 0.30± 0.08 0.22± 0.08 0.41± 0.09 0.57± 0.11

M 0.41± 0.04 0.43± 0.06 0.29± 0.04 0.26± 0.06 0.15± 0.07 < 0.07 < 0.03
Si R 0.76± 0.03 0.78± 0.03 0.68± 0.03 0.54± 0.04 0.48± 0.04 0.39± 0.04 0.37± 0.05

M 0.71± 0.02 0.76± 0.03 0.61± 0.02 0.53± 0.03 0.46± 0.04 0.23± 0.03 < 0.09
S R 0.70± 0.03 0.68± 0.03 0.53± 0.03 0.40± 0.04 0.35± 0.05 0.20± 0.05 < 0.15

M 0.67± 0.03 0.65± 0.04 0.51± 0.03 0.38± 0.05 0.35± 0.06 0.12± 0.07 < 0.10
Ar R 0.66± 0.06 0.55± 0.07 0.35± 0.08 0.20± 0.10 0.32± 0.12 < 0.21 < 0.04

M 0.69± 0.06 0.50± 0.09 0.35± 0.08 0.19± 0.12 0.24± 0.14 < 0.18 < 0.07
Ca R 0.74± 0.10 0.97± 0.11 0.98± 0.13 0.79± 0.17 0.78± 0.18 0.53± 0.15 < 0.25

M 0.74± 0.09 0.98± 0.11 1.02± 0.10 0.77± 0.15 0.74± 0.17 0.66± 0.17 0.70± 0.23
Fe R 0.67± 0.01 0.63± 0.01 0.52± 0.01 0.44± 0.01 0.40± 0.01 0.36± 0.01 0.37± 0.02

M 0.67± 0.01 0.62± 0.01 0.55± 0.01 0.43± 0.01 0.40± 0.01 0.31± 0.01 0.26± 0.01
Ni R 1.70± 0.13 1.60± 0.14 0.73± 0.16 0.73± 0.18 0.76± 0.20 0.94± 0.22 1.9± 0.3

M 1.65± 0.10 1.52± 0.14 0.99± 0.10 0.64± 0.20 0.69± 0.17 un. un.
χ2/ R 726/525 764/525 814/525 721/525 653/525 712/499 1281/499
dof M 782/525 664/525 707/525 596/525 532/525 607/499 923/499
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Abstract

We present here a study of chemical abundances in the giant elliptical galaxy M 87 us-
ing high-resolution spectra obtained with the Reflection Grating Spectrometers during
two deep XMM-Newton observations. While we confirm the two-temperature struc-
ture of the inter-stellar medium (ISM) in M 87, we also show that a continuous tem-
perature distribution describes the data equally well. The high statistics allows us, for
the first time, to determine relatively accurate abundance values also for carbon and
nitrogen. The comparison of the abundance ratios of C, N, O and Fe in the ISM of M 87
with those in the stellar population of our Galaxy shows that the relative contribution
of core-collapse supernovae to the enrichment of the ISM in M 87 is significantly less
than in the Milky Way and indicates that the enrichment of the ISM by iron through
Type Ia supernovae and by carbon and nitrogen is occurring in parallel. This suggests
that the main source of carbon and nitrogen in M 87 are the low- and intermediate-
mass asymptotic giant branch stars. From the oxygen to iron abundance ratio in the
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hot gas we estimate that the relative number of core collapse and type Ia supernovae
contributing to the enrichment of the ISM in the core of M 87 is ∼ 60% and ∼ 40% re-
spectively. The spatial distributions of iron and oxygen are different. While the oxygen
abundance distribution is flat the iron abundance peaks in the core and has a gradient
throughout the 4′ wide field of view of the instrument, suggesting an early enrichment
by core-collapse supernovae and a continuous contribution of type Ia supernovae.

3.1 Introduction

The giant elliptical galaxy M 87 resides at the center of the nearby Virgo Cluster. Its
relatively small distance of ∼ 16 Mpc makes it a perfect target to study processes that
are important in all clusters of galaxies, but to a much greater detail than possible else-
where. Among such studies, the investigation of the structure and physics of cooling
cores (previously thought to harbour cooling flows) and of the heavy element enrich-
ment of the intra-cluster medium (ICM) gain a central importance. This is due to the
fact that M 87 is on one hand a famous cooling core cluster and on the other hand pro-
vides with an ICM temperature range of about 1− 3 keV an X-ray spectrum very rich
in metal emission lines that allows us to perform detailed diagnostics of the chemical
ICM abundances. Consequently, M 87 is among the best studied objects in the sky.
Studies of M 87 at all wavelengths offer a detailed insight into the balance of the ICM
cooling and the heating by the central active galactic nucleus (AGN).
The radio map of M 87 shows two lobes of synchrotron emission located about

20− 30 kpc East and South-West of the nucleus (Owen et al. 2000). The AGN and its
inner jet probably supply the lobes with energy and relativistic electrons. Based on the
previous XMM-Newton observation Belsole et al. (2001) and Matsushita et al. (2002)
found that the ICM in M 87 has locally a single phase structure, except for the regions
associated with radio lobes, where the X-ray emission can be modelled with two ther-
mal components with temperatures of about 2 and 1 keV. The cooler gas fills a small
volume compared to the hotter component and is confined to the radio arms, rather
than being associated with the potential well of the galaxy (Molendi 2002). Based on
radio and X-ray observations Churazov et al. (2001) developed a model, according to
which the bubbles seen in radio buoyantly rise through the hot plasma in the cluster
and during their rise they uplift cooler X-ray emitting gas from the central region out
to larger distances. This scenario was also studied in numerical hydrodynamical simu-
lations by Brüggen & Kaiser (2002) who illustrated the turbulent mixing of hot, cooler
and relativistic plasma initiated by the bubble-ICM interaction. This effect probably
gives rise to the observed two-phase or multi-phase temperature structure in the in-
teraction region. Plasma cooling below a temperature of 0.8 keV is not observed in
the XMM Reflection Grating Spectrometers (RGS) X-ray spectra (Sakelliou et al. 2002)
and neither in the XMM European Photon Imaging Camera (EPIC) spectra of M 87
(Böhringer et al. 2002).
Böhringer et al. (2001) and Finoguenov et al. (2002) showed that oxygen has a rel-

atively flat radial abundance distribution compared to the steep gradients of silicon,
sulfur, argon, calcium and iron. The strong abundance increase of iron in the core of
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M 87 compared to that of oxygen indicates an enhanced contribution of type Ia super-
novae (SN Ia) in the central regions of the galaxy. The flatter oxygen gradient was also
confirmed byMatsushita et al. (2003). On the other hand, while Gastaldello &Molendi
(2002) confirm the strong heavy-element gradient they also find a significant increase
of abundance for light elements, in particular oxygen, toward the center of the galaxy
which contradicts the results of Böhringer et al. (2001), Finoguenov et al. (2002) and
Matsushita et al. (2003).
In this paper we report the results obtained by combining two deep observation

with the Reflection Grating Spectrometer (RGS, den Herder et al. 2001) aboard XMM-
Newton. The strongly peaked high X-ray luminosity makesM 87 an ideal target for the
RGS. The high statistics allows us for the first time to reliably determine the abundance
of carbon and nitrogen.
While it is well known that elements from oxygen up to the iron group are primarily

produced in supernovae, the main sources of carbon and nitrogen are still being de-
bated. Both elements are believed to originate from a wide range of sources including
winds of short-lived massive metal rich stars, longer-lived low- and intermediate-mass
stars and also an early generation of massive stars (e.g. Gustafsson et al. 1999; Chiap-
pini et al. 2003; Meynet &Maeder 2002). Shi et al. (2002) find that carbon is enriched by
winds of metal-rich massive stars at the beginning of the Galactic disc evolution, while
at the later stage it is produced mainly by low-mass stars. They also conclude that ni-
trogen is produced mainly by intermediate-mass stars. Bensby & Feltzing (2006) find
that the carbon enrichment in the Galaxy is happening on a time scale very similar to
that of iron. They conclude that while at low metallicities the main carbon contributors
are massive stars, carbon is later produced mainly by asymptotic giant branch (AGB)
stars.
The deep observation also allows us to extract spatially resolved high-resolution

spectra and to determine radial temperature profiles and abundance profiles of several
elements out to 3.5′ from the core of M 87.
For the distance to M 87 we adopt a value of 16.1 Mpc (Tonry et al. 2001) which

implies a linear scale of 4.7 kpc arcmin−1. Unless specified otherwise, all errors are at
the 68% confidence level for one interesting parameter (Δχ2 = 1).

3.2 Observations and data reduction

M 87 was observed with XMM-Newton on June 19 2000 for 60 ks and re-observed in
January 2005 with an exposure time of 109 ks. We process the RGS data from both ob-
servations with the 6.5.0 version of the XMM-Newton Science Analysis System (SAS)
following the method described in Tamura et al. (2001a).
In order to minimise the effect of soft protons in our spectral analysis, we extract

a light-curve using the events on CCD 9 of the RGS, outside the central area, with a
distance larger than 30′′ from the dispersion axis and cut out all time intervals where
the count rate deviates from the mean by more than 3σ. After removing the high back-
ground periods from the data, the net effective exposure time is 40 ks for the first
observation and 84 ks for the second observation.
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Because the extended emission fills the entire field-of-view of the RGS wemodel the
background using the standard RGS background model available in SAS. We correct
the standard response for the RGS instruments by additional, time dependent large
scale effective area corrections found by one of us (Jacco Vink; more information can be
found on the website of the XMM-Newton users group1), which are based on the stan-
dard XMM-Newton calibration sources MRK 421 and PKS 2155-304. These corrections
will be implemented in the forthcoming release of the XMM-Newton SAS software
package and calibration data files.
In order to derive spatial temperature and abundance profiles from the RGS we

extract spectra from four 1′ wide regions along the cross-dispersion axis of the in-
strument. We select the events from rectangular areas on the CCD strip in the cross-
dispersion direction (see Fig 3.3).
The observed line emission of the hot gas is broadened by the spatial extent of the

source along the dispersion direction. In order to account for this effect in the spectral
modelling we convolve the model with the surface brightness profile of the galaxy
along the dispersion direction (Tamura et al. 2004). We derive the surface brightness
profile for each extraction region from the EPIC/MOS1 image in the 0.8− 1.4 keV band
along the dispersion direction of the RGS and convolve it with the RGS response in
order to produce a predicted line spread function (lsf). Because the radial profile for
an ion can be different from this intensity profile, this method is not ideal. Therefore,
we introduce two additional parameters, the width and the centroid of the lsf which
are left free during spectral fitting in order to match the observed profiles of the main
emission lines. The scale parameter s for the width is the ratio of the observed lsf width
and the width of the intensity profile.

3.3 Spectral models

For the spectral analysis we use the SPEX package (Kaastra et al. 1996). We model the
Galactic absorption using the hotmodel of that package, which calculates the transmis-
sion of a plasma in collisional ionization equilibrium (CIE) with cosmic abundances.
We mimic the transmission of a neutral gas by putting its temperature to 0.5 eV. Com-
pared to the older standard absorption models likeMorrison &McCammon (1983), the
hotmodel is using continuum opacities from Verner & Yakovlev (1995). Line opacities
for most ions are from Verner et al. (1996). To find the best description of the emission
of the hot plasma in M 87 we use a combination of two CIE plasma models (MEKAL)
with coupled abundances. We also try to model the emission of the hot plasma with
a differential emission measure (DEM) model with a cut-off power-law distribution of
emission measures versus temperature (wdem). The wdemmodel appears to be a good
empirical approximation for the spectrum in cooling cores of clusters of galaxies (e.g.
Kaastra et al. 2004; Werner et al. 2006b; de Plaa et al. 2006). The emission measure
Y =

∫
nenHdV (where ne and nH are the electron and proton densities, V is the volume

1http://xmm.vilspa.esa.es/external/xmm user support/usersgroup/
20060518/rgs calib eff.pdf
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of the source) in the wdem model is specified in Eq. (3.1) adapted from Kaastra et al.
(2004):

dY

dT
=

{
AT1/α Tmin < T < Tmax,
0 elsewhere.

(3.1)

The emission measure distribution has a cut-off at Tmin = cTmax. For α → ∞ we
obtain a flat emission measure distribution. The emission measure weighted mean
temperature Tmean is given by:

Tmean =

∫ Tmax
Tmin

dY
dT T dT∫ Tmax

Tmin
dY
dT dT

. (3.2)

By integrating this equation between Tmin and Tmax we obtain a direct relation between
Tmean and Tmax as a function of α and c:

Tmean =
(1+ 1/α)(1− c1/α+2)
(2+ 1/α)(1− c1/α+1)

Tmax. (3.3)

A comparison of the wdem model with the classical cooling-flow model can be found
in de Plaa et al. (2005). We note that the wdem model contains less cool gas than the
classical cooling-flow model, which is consistent with recent observations (Peterson
et al. 2001, 2003).
The spectral lines in the MEKAL model are fitted self consistently. From the fits

we obtain the abundances of all elements with detected line emission. Throughout
the paper we give the measured abundances relative to the proto-solar values given
by Lodders (2003). We note that the values of the fitted elemental abundances do not
depend on the chosen values for the solar abundances. We give the values of the ele-
mental abundances with respect to solar for convenience. The recent solar abundance
determinations by Lodders (2003) give significantly lower abundances of oxygen, neon
and iron than those measured by Anders & Grevesse (1989).

3.3.1 The AGN spectrum

The center of M 87 harbours an active galactic nucleus (AGN). Its emission can be well
fitted with a power-law. The good description of the AGN emission is essential for
the determination of the absolute abundances in the core of M 87 with the RGS. In the
first observation we determine the parameter values of the power-law by fitting the
EPIC spectrum of the core of the galaxy. We extract the spectrum from a small circular
region with a radius of 20′′ and fit it with a power-law and two thermal models. The
parameter values of the power-law strongly depend on the value for the absorption
column density in the model. For the best measured value of the absorption column
density NH = 1.8× 1020 cm−2 (Lieu et al. 1996a) we obtain a power-law with a photon
index of Γ = 2.18± 0.03 and a 2− 10 keV luminosity of (8.6± 0.5)×1040 erg s−1.
The AGN was much brighter during the second observation than during the first

one and also its photon index changed. However, the strong pile-up both in EPIC/MOS
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Figure 3.1: 1st order RGS spectra obtained during two observations with different lu-
minosities of the central AGN. The two spectra are extracted from a 1.1′ wide stripe
centred on the core of M 87 and are fitted simultaneously. The total useful exposure
time is 124 ks. The continuous line represents the best fit model of the spectrum.

and EPIC/pn does not allow us to determine the properties of the AGN emission from
the EPIC observations. We have to do it using the RGS which is much less susceptible
to pile-up. Since the two observations were performed with similar position angles the
thermal cluster emission in the two datasets is the same. We determine the parameter
values of the cluster emission in the first dataset. While we fit the parameter values
for the power-law emission in the second dataset we keep the parameter values of the
cluster emission fixed. We find a power-law with a photon index of Γ = 1.95± 0.03
and a 2− 10 keV luminosity of (1.15± 0.11) × 1042 erg s−1. To confirm this high flux,
we scale the RGS spectrum obtained during the first observation to the exposure time
of the second observation and we subtract it from the RGS spectrum from the second
dataset. This way we get rid of most of the cluster emission, which allows us to ana-
lyze the excess power-law emission from the central AGN detected during the second
observation. With this exercise we confirm our previous results about the high AGN
luminosity in the second dataset.

While fitting the thermal ICM/ISM emission we keep the power-law parameters
fixed at the best determined values. The uncertainties in the AGN luminosity introduce
systematic uncertainties in the emission measure of the thermal components and in
the absolute abundance values. The uncertainties in the photon index of the power-
law emission are much smaller than those in the luminosity and thus have a smaller
influence on the best fit parameters of the thermal components. If the luminosity of the

creo




3.4 Results 51

L
yL
y

Figure 3.2: Residuals of the fit to the combined RGS spectrum with a total exposure
time of 124 ks with line emission set to zero in the model. We indicate the positions of
all the detected spectral lines.

AGN in the second observation is 10% lower than the adopted value, then the best fit
emission measures of the thermal components will be ∼ 15% higher and the absolute
abundance values will be ∼ 15% lower. If the luminosity of the AGN is 10% higher
than the adopted value, then the best fit emission measures will be ∼ 15% lower and
the absolute abundance values ∼ 15% higher. The best fit temperatures and relative
abundance values are, however, robust and the systematic uncertainties arising from
the uncertainty in the AGN emission are smaller than their statistical errors.

3.4 Results

3.4.1 The combined dataset

Since the difference of the position angles of the two observations is 187.3◦, the stripes
used to extract the spectra from the RGS are rotated with respect to each other by only
7.3◦. While in the first observation the core of the emission falls on the center of the RGS
detector, in the second observation the core of the emission is offset from the center of
the detector by∼1.5′. In order to obtain a combined spectrumwith the highest possible
statistics of the core of the galaxy, we extract spectra from a 1.1′ wide stripe centred on
the core of M 87 from both observations. We fit these spectra simultaneously. The fit to
the total spectrum is shown in Fig. 3.1.
We try two different thermal models to fit the emission of the hot gas in M 87: a
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Table 3.1: Fit results for the RGS spectra extracted from a 1.1′ wide strip centred on
the core of M 87. The iron abundance is given with respect to the proto-solar values
by Lodders (2003) and the other abundances with respect to iron. Emission measures
(Y =

∫
nenHdV) are given in 10

64 cm−3.

Parameter 2T-model wdem-model
Y1 0.86± 0.03
Y2 9.97± 0.13
Ywdem 11.56± 0.17
kT1 (keV) 0.80± 0.01
kT2 (keV) 1.67± 0.02
kTmax 2.38± 0.05
α 0.47± 0.02
c 0.22± 0.01
kTmean 1.82± 0.04
C/Fe 0.73± 0.11 0.74± 0.13
N/Fe 1.62± 0.19 1.62± 0.21
O/Fe 0.60± 0.03 0.59± 0.04
Ne/Fe 1.40± 0.11 1.25± 0.12
Mg/Fe 0.70± 0.05 0.60± 0.06
Fe 0.98± 0.02 1.06± 0.03
χ2 / ν 2737/1905 2728/1905

combination of two thermal components and a differential emission measure model
(see section 3.3). The results of these two fits are shown in Table 3.1. The reduced χ2s
of both fits are ∼ 1.4, non of the thermal models can be ruled out by our analysis.

Since the continuum is not very well determined by the RGS, absolute abundance
values obtained by fitting different thermal models are slightly different. However, the
relative abundances are consistent for both thermal models. In Table 3.1 we show our
best fit abundances relative to iron, which is, due to the strong iron lines in the spec-
trum, the element with the best determined abundance value. The excellent statistics
of the combined spectrum allows us, for the first time, to determine relatively accu-
rate abundance values also for carbon and nitrogen. All the detected spectral lines are
shown in Fig. 3.2, which shows the residuals of the RGS spectrum with line emission
set to zero in the model.

We note that Sakelliou et al. (2002) use a cooling-flow model, with Tmin = 0.6 keV, in
combination with a single temperature model. By fitting this model we do not obtain
a better fit than with the 2-temperature model and the determined abundances (also
the absolute abundances) are consistent with those obtained with the 2-temperature
model. The abundance values determined by Sakelliou et al. (2002) are different from
our values due to a different power-law slope and normalisation used to account for
the AGN emission. They obtained different parameter values for the power-law be-
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cause they used a different (obtained by a survey at lower spatial resolution) Galactic
absorption column density of 2.5× 1020 cm−2.
The spectra lack emission from lines that trace gas cooling below 0.8 keV (e.g. O VII

line emission), which confirms the previous results of Sakelliou et al. (2002). The spec-
tra, however, allow us to put strong upper limits on the amount of the cooling gas.
Our upper limit on the emission measure of the gas with a temperature of ∼ 0.2 keV
with the same oxygen abundance as the ambient hot gas is Y = 6.9× 1061 cm−3. If
we assume that all this gas is in a sphere with a radius of 0.55′ then our upper limit of
the total mass of the ∼ 0.2 keV gas is ≈ 107 M�, which is ≈ 8% of the total gas in the
sphere (≈ 1.2× 108 M�).

3.4.2 Intrinsic absorption or resonant scattering

In order to detect intrinsic absorption by the putative cooling gas in the core of M 87,
and/or by the warm-hot intergalactic medium associated with the Virgo cluster (re-
ported by Fujimoto et al. 2004), we subtract the first observation from the second one.
This way we get rid of most of the cluster emission, which allows us to analyze the
excess power-law emission from the central AGN detected during the second observa-
tion. We do not see any absorption lines in the power-law spectrum. However, for the
O VII absorption column we find an upper limit of 1016 cm−2.
Resonant scattering of line emission is expected to be important in the dense cores

of clusters of galaxies (e.g. Gilfanov et al. 1987). Its detection in the RGS spectra of
the elliptical galaxy NGC 4636 in the Virgo cluster was reported by Xu et al. (2002).
The best lines to detect resonant scattering in M 87 are the 2p − 3s and the 2p − 3d
Fe XVII lines at 17.1 Å and 15.01 Å respectively. The oscillator strength of the 2p− 3d
transition is substantially higher than that of the 2p − 3s transitions. Their ratios at
different distances from the core of the galaxy can reveal resonant scattering of the
line at 15.01 Å. Since these lines originate from the same ion of the same element, the
observed spatial dependence of their ratios cannot be due to gradients in temperature
or elemental abundances in the ISM. However, these lines can be well determined only
close to the core of the galaxy. We determine the ratios of their equivalent widths in
a 30′′ wide stripe going through the core of the galaxy and in the combined spectrum
extracted from two 15′′ stripes next to the central extraction region. While the ratio
of the equivalent widths of the 2p − 3s lines to that of the 2p − 3d line in the central
region is 1.3± 0.3, the ratio in the neighbouring bins is 0.7± 0.5. This result indicates
that 15.01 Å photons emitted in the core of the galaxy get scattered before they exit
the interstellar medium. However, the large errors do not allow us to make strong
conclusions.

3.4.3 Radial profiles

The excellent statistics of the RGS spectra obtained during the second observation al-
lows us to extract spectra from four 1′ wide strips in the cross-dispersion direction of
the instrument and make radial temperature and abundance profiles up to 3.5′ from



54 XMM-Newton RGS reveals the chemical evolution of M 87

Figure 3.3: The RGS extraction regions used for fitting the radial profiles overplotted
on a temperature map by Simionescu et al. (2007a). Our radial profiles go along the
South-Western lobe filled with cooler gas - clearly seen on the temperature map.
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Figure 3.4: Radial temperature profiles of the two thermal components obtained by
fitting spectra extracted from rectangular regions in the cross-dispersion direction of
the RGS.

Figure 3.5: Radial abundance profiles for oxygen and iron obtained by fitting spectra
extracted from rectangular regions in the cross-dispersion direction of the RGS.
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Table 3.2: Fit results for spatially resolved RGS spectra. Wemodel the plasma with two
thermal components. Abundances are given with respect to the proto-solar values by
Lodders (2003). The emission measures are given in 1064 cm−3.

Par. -0.5 / 0.5′ 0.5 / 1.5′ 1.5 / 2.5′ 2.5 / 3.5′
Y1 0.82± 0.04 0.23± 0.03 0.16± 0.02 0.18± 0.02
Y2 10.83± 0.17 8.38± 0.08 6.18± 0.10 4.79± 0.07
kT1 0.79± 0.01 0.81± 0.03 0.69± 0.02 0.69± 0.03
kT2 1.69± 0.03 1.87± 0.04 1.88± 0.05 1.66± 0.05
C 0.63± 0.16 0.44± 0.13 0.30± 0.16 < 0.18
N 1.64± 0.24 0.62± 0.18 0.67± 0.22 < 0.23
O 0.58± 0.03 0.48± 0.02 0.52± 0.03 0.45± 0.03
Ne 1.41± 0.12 1.17± 0.13 0.89± 0.17 < 0.23
Fe 0.95± 0.03 0.78± 0.03 0.65± 0.03 0.50± 0.03
Scale s 2.14± 0.10 1.10± 0.05 1.18± 0.09 1.42± 0.08
χ2 / ν 1308/918 1265/918 1199/918 1187/918

the core of the galaxy. Unfortunately the core of the emission is offset from the center
of the RGS detector so we could not determine the profiles from both sides of the core.

Since the 2-temperature model describes the data equally well as the wdem model
and because the 2-temperature model may also be well justified by two separate ther-
mal components within and outside of the radio lobes in M 87, we fit all the spectra
with the more simple 2-temperature model. The best fit results are shown in Table 7.2.
We note that the extraction regions from which we determine the RGS radial profiles
are actually sampling the South-Western lobe at different distances from the core (see
Fig. 3.3).

The radial temperature profiles for the two thermal components are shown in Fig. 3.4.
They both show an increase of temperature in the 0.5–1.5′ region and they do not show
a radial gradient. The radial distribution of the emission measures shows a ∼ 3 times
larger relative contribution of the cooler gas in the central region than in the 0.5–2.5′
region.

The radial abundance profiles for oxygen and iron are shown in Fig. 3.5. We see that
the radial distributions of oxygen and iron, the two best determined abundances, are
different. Both elements have a peak in the core of the cluster, but while the oxygen
abundance drops at 1′ distance from the core by ∼17% and then its distribution stays
flat, the distribution of iron shows a gradient all the way out in our investigated region.

The radial distribution of neon also seems to show a gradient throughout the inves-
tigated region. But its abundance values are more uncertain. In the extraction regions
not going through the core of the cluster the spatial extent of the source along the dis-
persion direction broadens the lines in the RGS and the neon line gets blended with
the iron lines. Thus, for extraction regions further away from the core of the galaxy, the
systematic uncertainties on the neon abundance get higher.
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Table 3.3: Comparison of the observed mass ratios in the core of M 87 for five elements
to iron with the predicted mass ratios assuming that all the elements were produced
only by supernovae with 86% of all iron produced by SN Ia. The observed to predicted
ratio for oxygen is here by definition one.

Mass ratios Obs. Pred. Obs./Pred.
M(C)/M(Fe) 1.32 0.13 10
M(N)/M(Fe) 0.94 0.003 313
M(O)/M(Fe) 2.89 2.89 ≡ 1
M(Ne)/M(Fe) 1.32 0.36 3.7
M(Mg)/M(Fe) 0.37 0.19 1.9

The radial distribution of carbon and nitrogen seems to be consistent with that of
iron, however their values are too uncertain to draw conclusions.
We note that the best fit temperature and abundance values determined from the

RGS are actually the mean values along the dispersion direction of the instrument and
the true radial profiles have stronger gradients than those derived from the RGS spec-
tra.

3.5 Discussion

3.5.1 Chemical enrichment by type Ia and core collapse supernovae

The ISM/ICM in M 87 was enriched by heavy elements primarily by core collapse
supernovae (SNCC), type Ia supernovae (SN Ia) and stellar winds.
In order to investigate the relative contribution of SN Ia and SNCC one can use the

observed ratios of elements (produced by supernovae) with detected line emission to
iron to find the best fit to the following function:

(
M(X)
M(Fe)

)
cluster

= f

(
M(X)
M(Fe)

)
SNIa

+ (1− f )
(
M(X)
M(Fe)

)
SNCC

, (3.4)

where the expression M(X)/M(Fe) represents the fraction of the mass of a given ele-
ment to the mass of iron as observed in the galaxy (cluster), as predicted for the yield
of SN Ia and as predicted for the yield of SNCC; f represents the fraction of iron pro-
duced by SN Ia relative to the total mass of iron produced by the two main types of
supernovae.
For nucleosynthesis products of SNCC we adopt an average yield of stars on a mass

range from 10 M� to 50 M� calculated by Tsujimoto et al. (1995) assuming a Salpeter
initial mass function. For nucleosynthesis products of SN Iawe adopt values calculated
for the delayed-detonation model WDD2 by Iwamoto et al. (1999).
The best determined are the oxygen and iron abundance. Assuming that all iron

and oxygen is produced by supernovae, from their ratios we estimate that 86% of iron
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is coming from SN Ia. Then the relative number of SN Ia contributing to the enrich-
ment of the ICM is ∼ 40% while the relative number of SNCC is ∼ 60%. We note that
Böhringer et al. (2005a) based on the XMM-Newton EPIC measurements analysed by
Matsushita et al. (2003) estimate that about 80% of iron comes from SN Ia. Given the
different extraction regions and the gradient in the iron abundance, this estimate is in a
good agreement with our result. Themeasured neon abundance is not matchedwell by
the supernova models. It is much higher than what the models predict (see Table 3.3),
which was previously also observed in the cluster of galaxies 2A 0335+096 (Werner
et al. 2006b). The best fit of the magnesium abundance value may be influenced by the
uncertainties in the effective area calibration of the RGS at short wavelengths. There-
fore, we do not discuss it here.
The supernovae produce only small amounts of carbon and nitrogen. As shown

in Table 3.3, we observe about 300 times more nitrogen and 10 times more carbon in
M 87 than what can be explained by the employed supernova models. The difference
between the predicted mass produced by all supernovae (as calculated from the to-
tal mass of iron, relative numbers of SN Ia and SNCC and the theoretical yields) and
the total observed mass of these elements can be used to put an upper limit on the
contribution from stellar winds to the chemical enrichment of the ICM.
However, to estimate the total mass of these metals is difficult. The long and narrow

extraction region of RGS and the disturbed nature of the core allow us only to make
rough estimates. If we assume that the measured central abundances are typical for
the inner 2.5′ of the galaxy and we consider an average density of 2.0× 10−2 cm−3
(based on Matsushita et al. 2002), than the total mass of carbon and nitrogen in the
ISM is ≈ 7× 106 M� and ≈ 5× 106 M� respectively. However, the radial abundance
profiles of nitrogen and carbon suggest abundance gradients, which means that since
the measured abundance values are an average along the dispersion direction of the
RGS, the true central abundance is probably higher. Because of the assumptions, the
estimated masses can be considered as lower limits.

3.5.2 Carbon and nitrogen abundances and enrichment by AGB stars

While it is well known that elements from oxygen up to the iron group are primarily
produced in supernovae, the main sites of the carbon and nitrogen production are still
being debated. It is believed that both elements are being contributed by a wide range
of sources. The main question is whether their production is dominated by the winds
of short-lived massive stars or by the longer-lived progenitors of AGB stars.
An analysis of the enrichment history of carbon in our Galaxy has for example been

performed by Bensby & Feltzing (2006). They find that the ratio C/Fe is fairly constant
with a decrease of about a factor of 1.5 over the chemical evolution history involving
[Fe/H] values from -1 to +0.4 as covered in their survey. At the same time the O/Fe
ratio decreases by about a factor of 5. The general explanation of this large decrease in
the relative oxygen abundance is an early enrichment by SNCC with high O/Fe values
and a subsequent primarily iron production by SN Ia, which go off on much longer
time scales than the SNCC. In contrast the flat C/Fe ratio then implies that the enrich-
ment by Fe through SN Ia and the C pollution has occurred very much in parallel. The
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Figure 3.6: Comparison of the [C/Fe] and [O/Fe] enrichment in M 87 with those of the
Galactic thin and thick disc stars of Bensby & Feltzing (2006). Thin and thick disc stars
are marked by open and filled circles respectively. The value for M 87 is indicated by
the asterisk.

Figure 3.7: Comparison of the [N/Fe] and [N/O] enrichment in M 87 with the Galactic
stellar population of Chen et al. (2000) and Shi et al. (2002). The value for M 87 is
indicated by the asterisk.

similar enrichment time-scale suggests that the main sites of carbon production are the
longer-lived progenitors of AGB stars.
For our case of the, on average, much older stellar population of M 87 it is now in-

teresting to compare the enrichment situation with that of our Galaxy. In Fig. 3.6 we
compare the C/Fe and O/Fe enrichment in M 87 with those of the galactic thin and
thick disc stars of Bensby & Feltzing (2006). We see that while O/Fe is significantly
lower in the ISM of M 87 than in the stellar population of our Galaxy, C/Fe is compa-
rable to the lowest C/Fe values detected in the Milky Way. The O/Fe ratio in M 87 is
so low probably due to the fact that the contribution of SN Ia to the enrichment of the
ISM in M 87 is approximately 3 times as large as in our Galaxy (according to Tsujimoto
et al. (1995) the relative number of SN Ia for our Galaxy is NIa/Ia+II = 0.13). The low
O/Fe ratio also suggests that the star formation in M 87 essentially stopped. The C/Fe
ratio is consistent with the Galactic value which indicates that the enrichment by Fe
from SN Ia and by C through AGB stars is occurring also in M 87 in parallel.
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In Fig. 3.7 we compare the N/Fe and N/O enrichment with a sample of Galactic
stars published by Chen et al. (2000) and Shi et al. (2002). The measured N/O ratio in
M 87 is higher than in the sample of Galactic stars. However, the N/Fe ratio is compa-
rable to the highest values detected in this sample. Given the old stellar population in
M 87 the high N/O ratio in the ISM is not surprising. While the oxygen (and probably
also some of the nitrogen) was supplied by core collapse supernovae early in the en-
richment history, nitrogen is still being constantly supplied by intermediate mass AGB
stars on a time scale possibly similar to the enrichment by iron.

3.5.3 Spatial abundance distribution

While the chemical abundances of all elements have a peak in the center of the galaxy,
the radial abundance profiles indicate that the spatial distributions of oxygen and iron
are different. The radial distribution of iron, primarily a type Ia supernova product, has
a gradient throughout the field of view of the RGS. However, the radial distribution
of oxygen, primarily a product of core collapse supernovae, seems to be flat with a
projected abundance of ∼ 0.5 solar, with only a modest peak in the extraction region
centred on the core of the galaxy. While the flat component of the distribution of core
collapse supernova products has been produced by supernovae going off primarily
in the earlier stages of the evolution of the galaxy, type Ia supernova still continue to
enrich the ISM/ICM in M 87.
Our results confirm the previous results of Böhringer et al. (2001), Finoguenov et al.

(2002) and Matsushita et al. (2003) who based on observations with EPIC showed that
oxygen has a relatively flat radial abundance distribution compared to the steep gradi-
ents of the heavier elements. While the low spectral resolution of EPIC combined with
the relative closeness of the iron lines and calibration problems at low energies left
some space for doubts about these early results, the RGS with its high spectral resolu-
tion showed conclusively that the spatial distributions of oxygen and iron are differ-
ent. However, the systematic uncertainties in the absolute abundance values leave still
open the possibility of more enhanced abundance values in the innermost bin fitted
with the RGS, which would mean a stronger central peak in the distribution of iron,
but also a peak in the oxygen distribution.

3.6 Conclusions

We have analysed the temperature structure and the chemical abundances in the giant
elliptical galaxy M 87 using high-resolution spectra obtained during two deep XMM-
Newton observations with the Reflection Grating Spectrometers. We found that:

• Whilewe confirm the two-temperature structure of the ISMwe show that amulti-
temperature wdem fit also describes the data well and gives the same relative
abundances as the two-temperature fit.

• The O/Fe and O/N ratios in the ISM of M 87 are lower than in the stellar popu-
lation of our Galaxy, which shows that the relative contribution of core collapse
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supernovae in the old stellar population of M 87 to the enrichment of the ISM
was significantly less than in our Galaxy.

• The comparison of the C/Fe and N/Fe ratios in the ISM of M 87 with those in
the stellar population of our Galaxy suggests that the enrichment of the ISM by
iron through Type Ia supernovae and by carbon and nitrogen is occurring in
parallel and thus the dominant source of carbon and nitrogen in M 87 are the
intermediate- and low-mass AGB stars.

• From the oxygen to iron abundance ratio we estimate that the relative number of
core collapse and type Ia supernovae contributing to the enrichment of the ISM
in the core of M 87 is ∼ 60% and ∼ 40% respectively.

• The spatial distributions of oxygen and iron in M 87 are different. While the
oxygen abundance distribution is flat the iron abundance peaks in the core and
has a gradient throughout the field of view of the instrument, suggesting an early
enrichment by core-collapse supernovae and a continuous contribution of SN Ia.
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Abstract

Because of their deep gravitational potential wells, clusters of galaxies retain all the
metals produced by the stellar populations of the member galaxies. Most of these
metals reside in the hot plasma which dominates the baryon content of clusters. This
makes them excellent laboratories for the study of the nucleosynthesis and chemical
enrichment history of the Universe. Here we review the history, current possibilities
and limitations of the abundance studies, and the present observational status of X-
ray measurements of the chemical composition of the intra-cluster medium. We sum-
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marise the latest progress in using the abundance patterns in clusters to put constraints
on theoretical models of supernovae and we show how cluster abundances provide
new insights into the star-formation history of the Universe.

4.1 Introduction

Clusters of galaxies are excellent astrophysical laboratories, which allow us to study
the chemical enrichment history of the Universe. They have the deepest known grav-
itational potential wells which keep the metals produced in the stellar populations of
the member galaxies within the clusters. About 70–90 % of the baryonic mass content
of clusters of galaxies is in the form of hot (107 − 108 K) X-ray emitting gas (Ettori &
Fabian 1999). In this hot intra-cluster medium (ICM) the dominant fraction of cluster
metals resides. To the extent that the stellar populations where the cluster metals were
synthesised can be considered representative, the metal abundances in the ICM pro-
vide constraints on nucleosynthesis and on the star formation history of the Universe.
It is remarkable that all the abundant elements, that were synthesised in stars after

the primordial nucleosynthesis, have the energies of their K- and L-shell transitions in
the spectral band accessible to modern X-ray telescopes. Most of the observed emis-
sion lines in the ICM arise from thewell understood hydrogen and helium like ions and
their equivalent widths can be, under the reasonable assumption of collisional equilib-
rium, directly converted into the elemental abundance of the corresponding element.
Complications arising from optical depth effects, depletion into dust grains, extinction,
non-equilibrium ionisation are minimal or absent. Therefore, abundance determina-
tions of the hot ICM are more robust than those of stellar systems, HII regions or plan-
etary nebulae. This relatively uncomplicated physical environment makes the ICM an
attractive tool for studies of the chemical enrichment (for the theoretical progress in
metal enrichment processes see Schindler & Diaferio 2008 - Chapter 17, this volume).

4.2 Sources of metals

Most of the metals from O up to the Fe-group are produced by supernovae. The super-
novae can be roughly divided into two groups: Type Ia supernovae (SN Ia) and core
collapse supernovae (SNCC).
SN Ia are most likely thermonuclear explosions of accreting white dwarfs. When

the white dwarf reaches the Chandrasekhar limit, carbon ignition in the central region
leads to a thermonuclear runaway. A flame front then propagates through the star at
a subsonic speed as a deflagration wave. In the delayed-detonation models, the defla-
gration wave is assumed to be transformed into a detonation at a specific density. SN Ia
produce a large amount of Fe, Ni, and Si-group elements (Si, S, Ar, and Ca). Contrary
to SNCC, they produce only very small amounts of O, Ne, and Mg. In Fig. 4.1 and Ta-
ble 4.1 we show the theoretically calculated yields for different SN Ia models (Iwamoto
et al. 1999). We show the yields of elements relative to the yield of Fe in the Solar units
of Grevesse & Sauval (1998). Convective deflagration models are represented by the
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Figure 4.1: Yields of elements relative to Fe in the Solar units of Grevesse & Sauval
(1998) for different SN Ia models from Iwamoto et al. (1999).

Table 4.1: Yields of elements relative to Fe in the Solar units of Grevesse & Sauval (1998)
for different SN Ia models from Iwamoto et al. (1999).

Element W7 W70 WDD1 WDD2 WDD3 CDD1 CDD2

O 0.0314 0.0280 0.0214 0.0136 0.0105 0.0235 0.0114
Ne 0.00443 0.00215 0.00157 0.000960 0.00107 0.00180 0.000714
Mg 0.0221 0.0390 0.0219 0.0109 0.00584 0.0231 0.00976
Si 0.356 0.317 0.706 0.453 0.316 0.746 0.413
S 0.405 0.410 0.843 0.544 0.380 0.890 0.496
Ar 0.378 0.433 0.846 0.555 0.384 0.896 0.506
Ca 0.326 0.460 0.908 0.604 0.427 0.972 0.566
Fe ≡1.0 ≡1.0 ≡1.0 ≡1.0 ≡1.0 ≡1.0 ≡1.0
Ni 3.22 2.18 0.957 1.25 1.41 0.914 1.26



66 Observations of metals in the intra-cluster medium

W7 and W70 models. The WDD1, WDD2, WDD3, CDD1, and CDD2 models refer to
delayed-detonation explosion scenarios and the last digit indicates the deflagration to
detonation density in units of 107 g cm−3. The “C” and “W” refer to two different cen-
tral densities (1.37× 109 and 2.12× 109 g cm−3, respectively) in the model at the onset
of the thermonuclear runaway. The relative yield of the Si-group elements can be a
good indicator of the incompleteness of the Si-group burning into Fe-group elements.
Delayed detonation models have typically higher yields of Si-group elements relative
to Fe than the deflagration models. The Ni/Fe abundance ratio in the SN Ia ejecta is an
indicator of neutron-rich isotope production, which depends on the electron capture
efficiency in the core of the exploding white dwarf. The deflagration models produce
larger Ni/Fe ratios than the delayed detonation models.
In the left panel of Fig. 4.2 and Table 4.2 we show the theoretical yields for three

SNCC models integrated over Salpeter and top-heavy initial mass functions (IMFs) be-
tween 10 and 50 M� (Woosley & Weaver 1995; Chieffi & Limongi 2004; Nomoto et al.
2006). See also Borgani et al. 2008 - Chapter 18, this volume for more details on stel-
lar population models. In the right panel of Fig. 4.2 we show the SNCC yields for
the Salpeter IMF for different progenitor metallicities (where Z = 0.02 refers to Solar
metallicity; Nomoto et al. 2006). The Fe yield of the model byWoosley &Weaver (1995)
is about an order of magnitude lower than that in the models by Chieffi & Limongi
(2004) and Nomoto et al. (2006). The plots also show that abundance ratios of O/Mg
and Ne/Mg can be used to discriminate between different IMFs. The SNCC yields for
progenitors of different metallicities differ mainly in O/Ne/Mg ratio. Because the pro-
genitor metallicities and perhaps also the IMF evolve, the applicability of comparing
the observed data with a single average set of yields may be limited. However, the
abundances of these elements in the ICM may still be used to infer to what extent was
the dominant fraction of the SNCC progenitors preenriched, and what was its IMF.
We note, that while the abundances in Fig. 4.1 and 4.2 are shown with respect to the

Solar values of Grevesse & Sauval (1998), in literature and also in several figures of this
review the abundances are often shown with respect to the outdated Solar abundances
by Anders & Grevesse (1989) or with respect to newer sets of Solar and proto-solar
abundances by Lodders (2003). The more recent Solar abundance determinations of O,
Ne, and Fe by Lodders (2003) are∼30 % lower than those given by Anders & Grevesse
(1989). The Solar abundances of O and Ne reported by Grevesse & Sauval (1998) are
higher and the abundance of Fe is slightly lower than those reported by Lodders (2003).
A comparison of different Solar abundance values is shown in Table 4.3.
While elements from O up to the Fe-group are produced by supernovae, the main

sources of carbon and nitrogen are still being debated. Both elements are believed to
originate from a wide range of sources including winds of short-lived massive metal
rich stars, longer-lived low- and intermediate-mass stars, and also an early generation
of massive stars (e.g. Gustafsson et al. 1999; Chiappini et al. 2003; Meynet & Maeder
2002).
In the Galaxy, Shi et al. (2002) found that C is enriched by winds of metal-rich mas-

sive stars at the beginning of the Galactic disk evolution, while at a later stage it is
produced mainly by low-mass stars. Bensby & Feltzing (2006) found that the C en-
richment in the Galaxy is happening on a time scale very similar to that of Fe. They
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Figure 4.2: Left panel: Yields of elements relative to Fe in the Solar units of Grevesse
& Sauval (1998) for different SNCC models with a progenitor metallicity of Z = 0.004
integrated over Salpeter and top-heavy initial mass functions between 10 and 50 M�.
Right panel: SNCC yields for different progenitor metallicities (Z = 0.02 refers to Solar
metallicity; Nomoto et al. 2006) integrated over the Salpeter IMF.

Table 4.2: Yields of elements relative to Fe in the Solar units of Grevesse & Sauval (1998)
for different SNCC models with a progenitor metallicity of Z = 0.004 integrated over
Salpeter and top-heavy initial mass functions between 10 and 50 M�.

Element Nomoto et al. (2006) Chieffi & Limongi (2004) Woosley & Weaver (1995)
Salpeter top-heavy Salpeter top-heavy Salpeter top-heavy

O 3.18 10.8 2.13 6.67 33.0 79.6
Ne 3.55 10.7 2.53 7.59 15.4 31.8
Mg 2.71 6.63 1.80 3.94 13.8 28.5
Si 2.88 6.50 1.82 3.55 29.9 50.9
S 1.95 4.49 1.33 2.72 23.9 42.7
Ar 1.87 4.24 1.49 3.08 30.5 57.1
Ca 1.63 3.70 1.37 2.80 22.2 31.1
Fe ≡1.0 ≡1.0 ≡1.0 ≡1.0 ≡1.0 ≡1.0
Ni 1.10 0.475 1.11 0.501 497. 208.
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Table 4.3: Comparison of Solar abundances by Anders & Grevesse (AG; 1989),
Grevesse & Sauval (GS; 1998), and of the prot-solar abundances by Lodders (2003)
on a logarithmic scale with H==12. These abundances are used at several places of this
volume.

element AG GS Lodders
H 12.00 12.00 12.00
He 10.99 10.99 10.98
C 8.56 8.52 8.46
N 8.05 7.92 7.90
O 8.93 8.83 8.76
Ne 8.09 8.08 7.95
Mg 7.58 7.58 7.62
Si 7.55 7.56 7.61
S 7.21 7.20 7.26
Ar 6.56 6.40 6.62
Ca 6.36 6.35 6.41
Fe 7.67 7.50 7.54
Ni 6.25 6.25 6.29

conclude that while in the early Universe the main C contributors are massive stars, C
is later produced mainly by asymptotic giant branch (AGB) stars.

Nitrogen is produced during hydrogen burning via the CNO and CN cycles as both
a primary and secondary element. In primary nucleosynthesis its production is inde-
pendent of the initial metallicity of the star. Primary production of N happens during
hydrogen shell burning in intermediate mass stars of ∼ 4− 8 M� (Matteucci & Tosi
1985). Stellar models that include the effects of rotation indicate that massive stars
between 9 and 20 M� may also produce primary N (Maeder & Meynet 2000). In sec-
ondary production, which is common to stars of all masses, N is synthesised from C
and O and its abundance is therefore proportional to the initial metallicity of the star.
The primary versus secondary production of N can be studied by investigating the
N/O ratio as a function of O/H ratio. In the case of primary N production the N/O ra-
tio will be constant. For the secondary production we will observe a linear correlation
between the logarithms of N/O and O/H. The combination of primary and secondary
nucleosynthesis will produce a non-linear relation. The ICM abundance of C and N
was measured only in a few bright nearby galaxy clusters and elliptical galaxies (Pe-
terson et al. 2003; Werner et al. 2006a). However, future instruments (see Sect. 4.8)
will allow to measure the abundances of these elements in many clusters. This will be
important for a better understanding of the stellar nucleosynthesis.
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Figure 4.3: Left panel: Spectrum of the Perseus cluster obtained by Ariel 5. The first
cluster spectrum with observed Fe-K line emission (hump at ∼7 keV). From Mitchell
et al. (1976). Right panel: Line emission observed in M 87 with the Einstein satellite.
From Sarazin (1988), based on the work published by Lea et al. (1982).

4.3 Abundance studies before XMM-Newton and Chan-
dra

The discovery of the Fe-K line emission in the spectrum of the Perseus cluster by the
Ariel V satellite (see the left panel of Fig. 4.3, Mitchell et al. 1976) and in Coma and
Virgo by OSO-8 (Serlemitsos et al. 1977) confirmed that the X-ray emission of galaxy
clusters is predominantly thermal radiation from hot intra-cluster gas rather than in-
verse Compton radiation. These observations showed that the hot plasma in clusters
of galaxies contains a significant portion of processed gas, which was ejected from stars
in the cluster galaxies. Subsequent spectroscopic analysis of cluster samples observed
with OSO-8 and HEAO-1A2 satellites revealed that the ICM has an Fe abundance of
about one-third to one-half of the Solar value (Mushotzky et al. 1978; Mushotzky 1984).
Combining spectra obtained by Einstein andGinga, White et al. (1994) found an indica-
tion of a centrally enhancedmetallicity in four cooling flow clusters. Unfortunately, the
spectrometers on the Einstein observatory were not sensitive to the Fe-K line emission,
because the mirror on the satellite was not sensitive to photon energies above ∼4 keV.
However, the Solid-State Spectrometer (SSS) and the high-resolution Focal Plane Crys-
tal Spectrometer (FPCS) on Einstein (Giacconi et al. 1979) allowed to detect emission
lines at low energies. Using the SSS the K lines from Mg, Si, and S and the L lines
from Fe were detected in the spectrum of M 87 (see the right panel of Fig. 4.3), Perseus,
A 496, and A 576 (Lea et al. 1982; Mushotzky et al. 1981; Nulsen et al. 1982; Mushotzky
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Figure 4.4: Left panel: The radial distribution of the logarithm of the Si/Fe ratio ex-
pressed in Solar units for a sample of clusters observed with ASCA (from Finoguenov
et al. 2000). Right panel: The average radial distribution of the Fe abundance for a sam-
ple of cooling core (filled circles) and non-cooling core (empty circles) clusters observed
with BeppoSAX (from De Grandi et al. 2004).

1984). Using the FPCS spectra of M 87 the O VIII Kα line was detected (Canizares et al.
1979), implying an O/Fe ratio of 3–5, and the relative strength of various Fe-L line
blends showed that the gas cannot be at a single temperature.

However, until the launch of ASCA in 1993, Fe was the only element for which the
abundance was accurately measured in a large number of clusters. ASCA allowed to
detect the emission features from O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni in the spectra of a
number of clusters. Furthermore, it allowed to accurately determine the Fe abundances
out to redshift z ≈ 0.5. ASCA data revealed a lack of evolution in the Fe abundance
out to redshift z ∼ 0.4 (Mushotzky & Loewenstein 1997; Rizza et al. 1998) and no
evidence for a decrease at higher redshifts (Donahue et al. 1999). ASCA data were the
first to show that in cooling core clusters the metallicity increases toward the centre
(Fukazawa et al. 1994).

By analysing data of four clusters of galaxies, Mushotzky et al. (1996) found that the
relative abundances of O, Ne, Si, S, and Fe are consistent with an origin in SNCC. They
suggest that SNCC provided a significant fraction of metals in the ICM. Fukazawa et al.
(1998) showed that the Si abundance and the Si/Fe ratio increases from the poorer to
the richer clusters, suggesting that the relative contribution of SNCC increases toward
richer clusters. They propose the possibility that a considerable fraction of SNCC prod-
ucts escaped the poorer systems. Finoguenov et al. (2000) used ASCA data to show
that SN Ia products dominate in the cluster centres and the SNCC products are more
evenly distributed (see the left panel of Fig. 4.4).

However, the large and energy dependent point-spread function (∼2′ half-power
radius) of ASCA did not allow to investigate the spatial abundance distributions in
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detail. De Grandi & Molendi (2001) took advantage of the better spatial resolution
(∼1′ half-power radius) of BeppoSAX and they measured the radial Fe abundance
profiles for a sample of 17 rich nearby clusters of galaxies. They found that while the
eight non-cooling core clusters in their sample have flat Fe abundance profiles, the
Fe abundance is enhanced in the central regions of the cooling core clusters (see the
right panel of Fig. 4.4). De Grandi et al. (2004) show that the mass associated with the
abundance excess found at the centre of cool core clusters can be entirely produced by
the brightest cluster galaxy (BCG).
The bandpass of the ROSAT PSPC was well suited for X-ray bright galaxies and

groups of galaxies with temperatures of ∼1 keV and its PSF allowed for spatially re-
solved spectral analysis on a half-arcminute scale. Buote (2000a) investigated the de-
projected abundance gradients in 10 galaxies and groups. In 9 of the 10 systems they
found an abundance gradient, with the Fe abundance one to several times the Solar
value within ∼10 kpc, decreasing to ∼0.5 Solar at 50–100 kpc distance.
The emerging picture from the abundance studies with ASCA and BeppoSAX data

was that of an early homogeneous enrichment by SNCC, which produce α-elements in
the protocluster phase, and a subsequent more centrally peaked enrichment by SN Ia
which have longer delay times and continue to explode in the cD galaxy for a long
time after the cluster is formed.
Analysing and stacking all the data of clusters of galaxies observed with ASCA into

temperature bins, Baumgartner et al. (2005) found a trend showing that the relative
contribution of SNCC is larger in higher temperature clusters than in the clusters with
lower temperature. Moreover, they found that Si and S do not track each other as a
function of temperature, and Ca and Ar have much lower abundances than expected.
They conclude that the α-elements do not behave homogeneously as a single group and
the trends indicate that different enrichment mechanisms are important in clusters of
different masses.

4.4 The possibilities and limitations of elemental abun-
dance determinations

4.4.1 Spectral modelling and the most common biases

The correct modelling of the temperature structure is crucial for the elemental-abun-
dance determinations. Fitting the spectrum of a multi-temperature plasma with a sim-
ple single-temperature model results in best-fitting elemental-abundances that are too
low. This effect is the most important in galaxies, groups of galaxies and in the cool-
ing cores of clusters. Many studies have found significantly subsolar values for the Fe
abundance in groups of galaxies, with abundances generally less than the stellar val-
ues in these systems, and less than those observed in galaxy clusters. To reconcile these
observations with the chemical enrichment models, it has been postulated that galaxy
groups accrete primordial gas after they have been expelling gas during most of their
evolution (Renzini 1997). Buote & Canizares (1994) showed that if a galaxy spectrum
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Figure 4.5: These plots illustrate the influence of the temperature model on the best-
fit abundances. Left panel: Radial Fe abundance distribution in NGC 1399 modelled
with single- and two-temperature models (from Buote 2002). Right panel: Radial S
abundance distribution in the cluster 2A 0335+096 modelled with single-, two-, and
multi-temperature models (triangles, squares, and circles, respectively; from Werner
et al. 2006b).

has intrinsically two temperature components, the single-temperature model can give
a significantly underestimated metallicity. Buote (2000b) demonstrated that in a spec-
trum characterised by two temperatures, one below 1 keV and one above 1 keV, with
an average of ∼1 keV, the lower temperature component preferentially excites emis-
sion lines in the Fe-L complex below 1 keV (Fe XVII–XXI), while the higher temperature
component excites the Fe-L lines from ∼1–1.4 keV (Fe XXI–XXIV). If these components
contribute approximately equally to the emission measure, the spectral shape of the Fe-
L complex will be broader and flatter than the narrower Fe-L complex produced by a
single-temperature model with the average temperature of the two components. In or-
der to fit the flat spectral shape at 1 keV, the single-temperature model will fit a lower
Fe abundance and will increase the thermal continuum. The strongest bias is at the
low temperatures, for higher temperature plasmas the bias is smaller as the Fe-K line-
emission becomes more important for the determination of the Fe abundance. Buote
(2000b) also shows an excess in the Si/Fe and S/Fe ratios inferred for two-temperature
plasmas fit by single-temperature models. He notes that the lower temperature com-
ponent in the two-temperature plasma produces stronger Si and S emission, and the
single-temperature model underestimates the continuum at higher energies. Therefore
the Si/Fe and S/Fe ratios of multi-temperature ICM inferred using single-temperature
models will yield values in excess of the true values. Buote (2000b) shows that this ef-
fect is the most important for the hotter clusters of galaxies. This bias may have played
a role in the excess Si/Fe ratios and trends derived using ASCA data (Mushotzky et al.
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1996; Fukazawa et al. 1998; Finoguenov et al. 2000; Baumgartner et al. 2005).
Several authors (e.g. Buote et al. 2003; Werner et al. 2006b; Matsushita et al. 2007a),

using XMM-Newton and Chandra data, showed that the best-fitting abundances in
the multi-phase cooling core regions of clusters and in groups increase when two-
temperature models or more complicated differential emission measure (DEM) mod-
els are used. Buote et al. (2003) show that the abundances of O, Mg, Si, and Fe in the
centre of NGC 5044 obtained using a two-temperature model are higher than those
obtained using a single-temperature model. They also show that the Si/Fe ratio in the
centre is significantly lower when a two-temperature model is used. Similar results
were obtained for NGC 1399 (see the left panel of Fig. 4.5 Buote 2002). Analysing deep
XMM-Newton data of the cluster 2A 0335+096, Werner et al. (2006b) showed that the
abundances of all fitted elements (Mg, Si, S, Ar, Ca, Fe, Ni) in their model increased as
they went from single- to two-temperature model, and to the multi-temperature DEM
model. However, not only their absolute values increased but also the Si/Fe and the
S/Fe ratios changed. Matsushita et al. (2007a) show an increase from single- to two-
to multi-temperature models for O, Mg, Si, and Fe in the core of the Centaurus cluster.
In the right panel of Fig. 4.5 we show the radial S profile obtained for 2A 0335+096
(Werner et al. 2006b) with single-, two-, and multi-temperature models.
As discussed in Buote (2000a) and Buote et al. (2003) in the lower mass systems

(∼ 1 keV) the best fit Fe abundance is sensitive to the lower energy limit used in spec-
tral fitting. If the continuum at the low energies is not properly modelled, the equiv-
alent widths of the lines in the Fe-L complex (and the oxygen line emission) will be
inaccurate and the abundance determination will be incorrect. Buote et al. (2003) show
the best-fitting Fe abundance in NGC 5044 determined with the lower energy limit at
0.7, 0.5, and 0.3 keV. They show that the results for each energy limit are significantly
different and they obtain the highest Fe abundance for the lowest energy limit, which
allows them to properly fit the continuum.
Since the ∼ 0.2 keV component of the Galactic foreground emits O VIII line emis-

sion, the uncertainties in the foreground/background model can cause systematic un-
certainty in determining the oxygen abundance in the ICM. The temperature and flux
of the ∼ 0.2 keV Galactic foreground component is position dependent on the sky and
cannot be properly subtracted with blank fields (for detailed discussion see de Plaa
et al. 2006).
Systematic uncertainties in the abundance determination can be introduced if bright

point sources are not excluded from the spectral fits, especially in the lower surface
brightness regions of clusters. The contribution of point sources raises the continuum
level, systematically reducing the observed line equivalent widths. If their contribution
is not properly modeled, the best fitting thermal model will have a higher temperature
and lower elemental abundances.
In general two plasma models are used for fitting cluster spectra: MEKAL (Mewe

et al. 1985, 1986; Kaastra 1992; Liedahl et al. 1995; Mewe et al. 1995) and APEC (Smith
et al. 2001). These codes have differences in their line libraries and in the way of mod-
elling the atomic physics. This allows to test the robustness of the abundance deter-
minations. Systematic effects on the best fit abundances due to the adopted plasma
model were investigated for example by Buote et al. (2003), Sanders & Fabian (2006),
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Figure 4.6: Left panel: The line spectrum of the cluster 2A 0335+096, as observed with
XMM-Newton EPIC (from Werner et al. 2006b). Right panel: Line spectrum of M 87,
as observed with XMM-Newton RGS (from Werner et al. 2006a). After the fitting, the
line emission was set to zero in the multi-temperature plasma model indicated on the
y-axis. While the CCD spectra are plotted as a function of the observed energy, the
grating spectra are shown as a function of the observed wavelength.

and de Plaa et al. (2007). They conclude that despite small differences in the deter-
mined temperature structure, the derived abundances are generally consistent within
the errors.

Using simulated galaxy clusters Kapferer et al. (2007a) show that the more inho-
mogeneously the metals are distributed within the cluster, the less accurate is the ob-
served metallicity as a measure for the true metal mass. They show that in general the
true metal mass is underestimated by observations. If the distribution of metals in the
ICM is inhomogeneous, the true metal mass in the central parts (r < 500 kpc) of galaxy
clusters can be up to three times higher than the metal mass obtained by X-ray observa-
tions. The discrepancies are due to averaging. As the metallicity and temperature are
not constant throughout the extraction area, the integration of thermal Bremsstrahlung
and of line radiation can lead to underestimated metal masses.

4.4.2 Possibilities and limitations of current instruments

XMM-Newton with its large effective area and superb spectral resolution, Chandra
with its unprecedented spatial resolution, and Suzaku with its low background and
good spectral resolution at low energies largely enhanced our knowledge on chemical
abundances in galaxies, groups, and clusters of galaxies. In this section we describe
the possibilities and the systematic uncertainties of abundance studies with these in-
struments.
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XMM-Newton

Due to its large effective area and good spectral resolution, XMM-Newton is currently
the best suited instrument to study abundances in the ICM. XMM-Newton has three
identical telescopes and two sets of detectors on board. The first set of instruments is
the European Photon Imaging Camera (EPIC), consisting of two metal oxide semicon-
ductor - MOS1 and MOS2 - CCD arrays collecting 50 % of light from two telescopes,
and the EPIC-pn CCD array collecting 100 % of light from one telescope on board. The
second set of instruments are the Reflection Grating Spectrometers (RGS) that collect
50 % of light from two telescopes. Both sets of instruments play an important role in
the abundance studies.
The advantages of EPIC are its broad bandpass, and good spatial and spectral reso-

lutions, that allow us to detect the emission lines from O, Ne, Mg, Si, S, Ar, Ca, Fe, and
Ni (see the left panel of Fig. 4.6). Furthermore, for deep observations of bright clusters,
EPIC allows us to derive the spatial distribution of elements (see Sect. 4.5).
Unfortunately, the abundances determined in the cluster outskirts with low surface

brightness using XMM-Newton remain uncertain due to the high background level.
The value of the best fit temperature in these regions is very sensitive to the level of the
subtracted background (e.g. de Plaa et al. 2006) and as we show above in Sect. 4.4.1,
the temperature modelling is very important for the correct abundance determination.
The O line emission in the spectrum is strong, but its abundance is difficult to mea-

sure because it is sensitive to the assumed model for the Galactic foreground (see
Sect. 4.4.1) and there are still remaining calibration uncertainties at low energies. The
1s–2p Ne lines at 1.02 keV are in the middle of the Fe-L complex (lying between 0.8 to
1.4 keV). The resolution of the EPIC cameras is not sufficient to resolve the individual
lines in the Fe-L complex, which makes the Ne abundance determination by EPIC un-
certain. However, the abundances of O and Ne in the cores of cooling core clusters,
observed with XMM-Newton with sufficient statistics, can be well determined using
the high spectral resolution of the RGS.
The systematic differences in the effective-area between EPIC-MOS and EPIC-pn

are of the order of 5–10 % in certain bands (Kirsch 2006). By using data with high
photon statistics and fitting spectra obtained by EPIC-MOS and EPIC-pn separately,
de Plaa et al. (2007) investigated the magnitude of the systematic errors on the best-
fitting abundances of elements heavier than Ne due to the uncertainties in the effective
area calibration. They found that the elemental abundances most influenced by the
calibration uncertainties are Mg, Si, and Ni. de Plaa et al. (2007) show that the sys-
tematic uncertainties on Mg are the largest, since the effective-area of EPIC-pn has a
dip with respect to the effective-area of EPIC-MOS at the energies of the magnesium
lines. This causes the Mg abundance derived by EPIC-pn to be underestimated. For
the abundances of Si and Ni they estimate that the systematic uncertainties are 11 %
and 19 %, respectively. Although EPIC-MOS and EPIC-pn show large systematic dif-
ferences at the energy of the Mg lines, the Mg abundances derived by EPIC-MOS and
ChandraACIS for the Centaurus cluster are consistent (Matsushita et al. 2007a; Sanders
& Fabian 2006), and the Mg abundances derived by the EPIC-MOS and RGS using the
deep observations of 2A 0335+096 also agree with each other.
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The S abundance determination with EPIC is robust (e.g. de Plaa et al. 2007). Ar and
Ca abundances should also be accurately determined, however their signal is usually
weak, so the level of their observed equivalent widths may be somewhat sensitive to
the continuum level.
The RGS has a high spectral resolution but only a limited spatial resolution in the

cross-dispersion direction. It allows for relatively accurate abundance measurements
of O, Ne, Mg, Fe, and in the case of deep observations of nearby bright clusters and
elliptical galaxies even the spectral lines of C and N are detected (see the right panel of
Fig. 4.6). In the case of deep observations of nearby bright clusters, RGS allows us to
extract spectra from typically five bins that are ∼1′ wide in the cross-dispersion direc-
tion and the photons in each bin are collected from ∼10′ long regions in the dispersion
direction. This way RGS allows us to determine projected abundance profiles.
The spectral resolution of the RGS is, however, limited by the broadening of the ob-

served line profiles caused by the spatial extent of the source along the dispersion
direction. This makes RGS spectroscopy useful only for cooling core clusters with
strongly peaked surface brightness distribution. In order to account for the line broad-
ening in the spectral modelling, the model is convolved with the surface brightness
profile of the source along the dispersion direction. Because the radial profile for a
spectral line produced by an ion can be different from the radial surface brightness
profile in a broad band, in practice the line profile is multiplied with a scale factor,
which is a free parameter in the spectral fit. Different best fit line profiles for the Fe
lines and for the O line emission can suggest a different radial distribution for these
elements (de Plaa et al. 2006).

Chandra

Although the Advanced CCD Imaging Spectrometer (ACIS) on Chandra has a much
smaller effective area than the EPIC on XMM-Newton, which makes it less suitable
for abundance studies of the ICM, it is the instrument of choice for studies of metal
enrichment in galaxies, where a good spatial resolution is required. Chandra is able to
resolve the substantial fraction of X-ray binaries in galaxies as point sources, so their
contribution can be excluded from the spectral modelling of the inter-galactic medium
(IGM). The excellent spatial resolution also makes it possible to investigate the spatial
temperature variations, which can bring a bias into the determination of abundances
(see Sect. 4.4.1). The spectral resolution of ACIS is sufficient to reliably determine the
abundances of a number of elements in the ICM and IGM.With deep enough exposure
times Chandra ACIS can be used to study the ICM abundances of O, Ne, Mg, Si, S, Ar,
Ca, Fe, and Ni (e.g. Sanders et al. 2004; Sanders & Fabian 2006).
Humphrey et al. (2004) discuss the systematic uncertainties in the abundance deter-

minations due to the uncertainties in the absolute calibration of ACIS. After correcting
for the charge transfer inefficiency (CTI) using an algorithm by Townsley et al. (2002),
they found a change of ΔZFe 	 0.3 in the best fit Fe abundance of NGC 1332.
Sanders & Fabian (2006) investigate the systematic uncertainties on the abundance

determinations with the S3 chip of Chandra ACIS in the Centaurus cluster. They con-
clude that for the best determined elements the non-CTI-corrected Chandra and XMM-
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Newton results agree well. The only element where the Chandra and XMM-Newton
data do not agree is oxygen. There has been a buildup of contamination on the ACIS
detectors, which influences the effective area calibration at the low energies making the
O abundance determination difficult. The iridium coating of the Chandra mirrors pro-
duces a steep drop in the effective area at around 2.05 keV, introducing a potential sys-
tematic uncertainty in the Si abundance determination. However, the Si abundances
determined by Chandra and XMM-Newton agree well (Sanders & Fabian 2006).

Suzaku

The advantage of the X-ray Imaging Spectrometer (XIS) detectors (Koyama et al. 2007)
on Suzaku (Mitsuda et al. 2007) compared to EPIC on XMM-Newton is its better spec-
tral resolution below 1 keV, and the low background, providing a better sensitivity at
the O line energy. Suzaku also allows for better measurements of the Mg lines in the
low surface brightness cluster outskirts, which is difficult with EPIC/MOS due to the
presence of a strong instrumental Al line close to the expected energy of the observed
Mg lines.
The relatively broad point spread function of XIS with a half-power diameter of ∼2′

(Serlemitsos et al. 2007) does not allow detailed investigations of the spatial distribu-
tion of elements.
The effective area of the XIS detectors below 1 keV is affected by carbon and oxy-

gen contamination of the optical blocking filter. The contamination is time and posi-
tion dependent. Its column density and spatial distribution are still not well known.
Matsushita et al. (2007b) estimate that the uncertainty in the thickness and chemical
composition of the contaminating column results in a ∼20 % systematic error on the O
abundance.

4.5 Spatial distribution of elements

4.5.1 Radial abundance profiles

Observations with XMM-Newton and Chandra confirmed the centrally peaked metal-
licity distribution in the cooling core clusters and the flat distribution of metals in
the non-cooling core clusters (Vikhlinin et al. 2005; Pratt et al. 2007) previously seen
with BeppoSAX. XMM-Newton and Chandra also confirmed the strong contribution
of SN Ia to the enrichment of cluster cores found by ASCA. The observations are con-
sistent with the picture of an early contribution by SNCC and later enrichment of cluster
cores by SN Ia. One of the first abundance studies with XMM-Newton, performed on
the cooling core cluster Abell 496, showed a radially flat distribution of O, Ne, and
Mg and centrally peaked distribution of Ar, Ca, Fe, and Ni (Tamura et al. 2001a). The
abundance peak in the cluster core is consistent with the idea that the excess metals
were produced by SNe Ia in the cD galaxy. However, the strongly increasing Si/Fe
ratio toward the outskirts seen with ASCA was not confirmed with XMM-Newton.
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Figure 4.7: Left panel: Radial distribution of Fe and O in M 87 determined using
XMM-Newton RGS (from Werner et al. 2006a). The abundances are shown relative
to the proto-solar values given by Lodders (2003). Right panel: Radial distribution of
the O/Fe ratio determined for a sample of clusters using XMM-Newton EPIC (from
Tamura et al. 2004). The abundance ratios are shown relative to the Solar values given
by Anders & Grevesse (1989).

Analysing XMM-Newton EPIC data of M 87, Böhringer et al. (2001) and Finoguenov
et al. (2002) found rather low O/Fe ratio in the cluster core, that increased toward the
outer regions. Analysing the same dataset, Gastaldello & Molendi (2002) questioned
these results, showing that the O/Fe ratio in the inner 9′ is constant. As shown in the
left panel of Fig. 4.7, using XMM-Newton RGS data, Werner et al. (2006a) found a cen-
trally peaked Fe abundance gradient and a flat O distribution in M 87 confirming the
results of Böhringer et al. (2001), Finoguenov et al. (2002), and Matsushita et al. (2003)
(the O abundance profiles found by Gastaldello & Molendi (2002) were different be-
cause of calibration problems at low energies in the early days of the mission). The
RGS data reveal an O/Fe ratio of 0.6 in the cluster core and a ratio of 0.9 at a distance
of 3′ (14 kpc) from the centre. However, the XMM-Newton EPIC data show that the Si
abundance has a similar gradient in M 87 as the Fe abundance. A similar abundance
pattern with a rather flat radial distribution of O, and centrally peaked Si, and Fe abun-
dances is observed in the cluster sample analysed by Tamura et al. (2004, see the right
panel of Fig. 4.7), in the Perseus cluster (Sanders et al. 2004), in Abell 85 (Durret et al.
2005), in Sérsic 159-03 (de Plaa et al. 2006), in 2A 0335+096 (Werner et al. 2006b), in the
Centaurus cluster (Matsushita et al. 2007a; Sanders & Fabian 2006), and in the Fornax
cluster (Matsushita et al. 2007a). The abundances of Si and Fe have similar gradients
also in the group of galaxies NGC 5044 (Buote et al. 2003), with a constant radial dis-
tribution of Si/Fe= 0.83. The radial distribution of O in this group is consistent with
being flat. Suzaku observations of the clusters A 1060 (Sato et al. 2007b) and AWM 7
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(Sato et al. 2008) also showed rather low O abundance of around 0.5 Solar within about
5′ from the core without a clear abundance decline in the outer regions.
The radial metallicity gradients in cooling flow clusters often display an inversion

in the centre (e.g. Sanders & Fabian 2002). This apparent metallicity drop in the very
central region is often the result of an oversimplified model in the spectral analysis
(see Sect. 4.4 and Molendi & Gastaldello 2001). However, in some cases the metallicity
drop in the cluster core is robust. In the Perseus cluster the abundances peak at the
radius of 40 kpc and they decrease at smaller radii. This inversion does not disappear
when extra temperature components and power-law models are included, or when
projection effects are taken into account (Sanders & Fabian 2007).
Böhringer et al. (2004) found that long enrichment times (�5 Gyr) are necessary to

produce the observed central abundance peaks. Since the classical cooling flows, or a
strongly convective intra-cluster medium, or a complete metal mixing by cluster merg-
ers would destroy the observed abundance gradients, they conclude that cooling cores
in clusters are preserved over very long times. Böhringer et al. (2004) and Matsushita
et al. (2007b) show that the iron-mass-to-light ratio in the central region of the Centau-
rus cluster (the mass of Fe relative to the B-band luminosity of the stellar population
of the cD galaxy) is much higher than that of M 87. This indicates that the accumu-
lation time scale of the SN Ia products was much higher in Centaurus than in M 87.
In agreement with the conclusions of De Grandi et al. (2004) they also conclude that
the innermost part of the ICM is dominated by gas originating mainly from the stellar
mass loss of the cD galaxy.
If the metals originate from the stellar population of the cD galaxy, then in the ab-

sence of mixing the abundance profiles would follow the light profiles. The observed
metal profiles are much less steep than the light profiles, which suggests that the in-
jected metals are mixed and they diffuse to larger radii. Rebusco et al. (2005, 2006)
model the diffusion of metals by stochastic gas motions after they were ejected by the
brightest galaxy and compare their results with the peaked Fe abundance profiles of 8
groups and clusters. They suggest that the AGN/ICM interaction makes an important
contribution to the gas motion in the cluster cores.
In order to determine the metallicities of the stellar populations of galaxies and star

clusters it has become a common practice to use the feature made up of the Mg b line
and the Mg H band around 5200 Å, which is known as the Mg2 index. The Mg2 in-
dex appears to be a relatively good metallicity indicator. In M 87, Centaurus, and the
Fornax clusters the O and Mg abundances in the centre are consistent with the opti-
cal metallicity of the cD galaxy derived from the Mg2 index (Matsushita et al. 2003,
2007b,a). The Mg2 index mainly depends on the Mg abundance, but also on the total
metallicity where the O contribution matters most, and depends weakly on the age
population of stars. The agreement between the O and Mg abundances in the ICM
with the stellar metallicities supports the view that the ICM in the cluster centres is
dominated by the gas ejected from the cD galaxies. However, the Mg/Fe ratio in the
stellar populations of elliptical galaxies is significantly higher than that in the hot gas
(Humphrey & Buote 2006). The observed difference shows that since the timewhen the
current stellar populations of these ellipticals formed, a significant number of SNe Ia
enriched the gas in addition to the stellar mass loss.
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Observations indicate that at large radii clusters have a flat abundance distribution
of about 0.2 Solar. By using Suzaku data, Fujita et al. (2008) found that the gas is en-
riched to a metallicity of ∼0.2 Solar out to the virial radii of clusters A 399 and A 401.
These clusters are at the initial stage of a merger and their virial radii partially overlap.
The authors interpret their finding as a result of early enrichment by galactic super-
winds in the proto-cluster stage. However, the extraction region used by Fujita et al.
(2008) is large and their measured Fe abundance might be significantly biased toward
the value at about half of the virial radii of the clusters.

4.5.2 2D distribution of metals

Deep observations of bright clusters of galaxies with XMM-Newton and Chandra al-
low to map the 2D distribution of metals in the ICM (Sanders et al. 2004; Durret et al.
2005; O’Sullivan et al. 2005; Sauvageot et al. 2005; Finoguenov et al. 2006; Werner et al.
2006b; Sanders & Fabian 2006; Bagchi et al. 2006). In general the distribution of met-
als in clusters is not spherically symmetric, and in several cases it shows edges in the
abundance distribution or several maxima and complex metal patterns. The 2D distri-
bution of metals is a good diagnostic tool, which can be used together with the maps
of thermodynamic properties to investigate the complex structure of cluster cores and
the merging history of clusters (e.g. Kapferer et al. 2006).
M 87 provides us with the unique opportunity to study in detail the role of the AGN

feedback in transporting and distributing the metals into the ICM. The high X-ray sur-
face brightness and small distance of M 87 allow a detailed study of the 2D distribution
of several elements (O, Si, S, and Fe). By analysing deep (120 ks) XMM-Newton data,
Simionescu et al. (2007b) found that the spatial distribution of metals shows a clear
enhancement along the radio lobes, where the rising radio emitting plasma ejected by
the AGN uplifts cooler gas from the core of the cluster (see Fig. 4.8). Furthermore, they
showed that the metallicity of the cool uplifted (kT < 1.5 keV) gas is ∼2.2 times Solar
and the abundance ratios in and outside themulti-phase region associated with the up-
lifted gas are very similar. They estimate that the mass of the cool gas is ≈5× 108 M�
and it probably originates from the stellar winds enriched with SN Ia products. Ap-
proximately 2× 108 yr are required to produce the observed mass of cool gas, indicat-
ing that the uplift of cool gas by AGN radio bubbles is a rare event.

4.6 Element ratios and their reconstruction with super-
nova models

The chemical elements that we see in the ICM are the integral yield of all the different
supernova types that have left their specific abundance patterns in the gas prior and
during cluster evolution. Since the launch of ASCA, which for the first time allowed
the determination of abundances of elements other than Fe in the ICM (see Sect. 4.3),
several groups tried to use the ICM abundance patterns to constrain the contribution
of different kinds of supernovae to the ICM enrichment and to put constraints on the



4.6 Element ratios and their reconstruction with supernova models 81

Figure 4.8: Map of the Fe abundance in M 87. The colour bar indicates the Fe abun-
dance with respect to the proto-solar value of Lodders (2003), with dark tones showing
higher and light lower abundances. Contours of the 90 cm radio emission (Owen et al.
2000) are overplotted. The circle indicates the half light radius of M 87. Beyond the ex-
pected radial gradient, one clearly sees the enhanced Fe abundance in the radio arms,
especially within the Eastern arm. From Simionescu et al. (2007b).
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theoretical supernova models.
In the following subsection we review these efforts. The still somewhat ambiguous

results of these efforts are summarised in section 6.2

4.6.1 Results on reconstructed supernova models

Mushotzky et al. (1996) investigated the elemental abundances in four clusters, remov-
ing the central regions, and concluded that the abundance ratios are consistent with the
contribution of SNCC. Dupke & White (2000) found that most of the Fe (∼ 60− 70 %)
in the cores of their investigated clusters comes from SN Ia, and they used these central
regions dominated by SN Ia ejecta to discriminate between competing theoretical mod-
els for SN Ia. They showed that the observed high Ni/Fe ratio of∼4 is more consistent
with the W7 convective deflagration SN Ia model than with the delayed detonation
models. Stacking all the cluster data in the ASCA archive into temperature bins, Baum-
gartner et al. (2005) showed that the abundances of the most well determined elements
Fe, Si, and S do not give a consistent solution for the fraction of material produced by
SN Ia and SNCC at any given cluster temperature. They concluded that the pattern
of elemental abundances requires an additional source of metals other than SN Ia and
SNCC, which could be the early generation of Population III stars.
The ASCA estimates were largely based on the Si/Fe ratio, which has the disadvan-

tage of Si being contributed by both SN Ia and SNCC. The much improved sensitivity
of XMM-Newton to measure the spectral lines of more elements at a higher statistical
significance offers better opportunities to constrain the supernova models.
Finoguenov et al. (2002) used XMM-Newton EPIC to accurately measure the abun-

dances of O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni in the hot gas in two radial bins of M 87.
They found that the Si-group elements (Si, S, Ar, Ca) and Fe have a stronger peak in
the central region than O, Ne, and Mg. The SN Ia enrichment in the centre is charac-
terised by a Solar ratio of Si-group elements to Fe. The inferred SN Ia enrichment in the
outer region, associated with the ICM of the Virgo cluster, has a lower ratio of Si-group
elements to Fe by 0.2 dex, which is more characteristic for the ICM of other clusters
(Finoguenov et al. 2000). Finoguenov et al. (2002) also find a Ni/Fe ratio of ∼1.5 in
the central region, while they point out that this ratio for other clusters determined
by ASCA is ∼3. They conclude that these abundance patterns confirm the diversity
of SN Ia and to explain the SN Ia metal enrichment in clusters both deflagration and
delayed detonation scenarios are required. The high SN Ia yield of Si-group elements
in the centre may imply that the Si burning in SN Ia is incomplete. This favours the
delayed-detonation models with lower density of deflagration-detonation transition,
lower C/O ratio, and lower central ignition density. On the other hand, the abundance
patterns in the outer region of M 87 are more characteristic of deflagration supernova
models.
A bimodal distribution is observed in the magnitude decline of the SN Ia events.

While a population of SN Iawith a slow decline is more common in spiral and irregular
galaxies with recent star formation, a fainter and more rapidly decaying population of
SN Ia is more common in early-type galaxies (Hamuy et al. 1996; Ivanov et al. 2000).
The SN Ia with incomplete Si burning enriching the central part of M 87 could be
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associated with optically fainter SNe Ia observed in early-type galaxies. Mannucci
et al. (2006) found that the present data on SN Ia rates in different populations of parent
galaxies indicate that SN Ia have a bimodal delay time distribution. They conclude that
about 50 % of SN Ia explode soon after the formation of the progenitor binary system,
in a time of the order of 108 years, while the delay time distribution of the remaining
50 % of SN Ia can be described by an exponential function with a decay time of∼3 Gyr.
The supernovae with short delay times might be associated with the supernovae with
the slower decline, while the supernovae with long delay times might be associated
with the rapidly decaying SNe Ia. If this association is true, then the observed Si/Fe of
the accumulated SN Ia ejecta will be a function of the age of the system.
Matsushita et al. (2007a) show that SN Ia ejecta have a higher Fe/Si ratio in regions

with larger iron-mass-to-light ratio (IMLR). Higher IMLR corresponds to longer accu-
mulation time scale. The correlation between the inferred Fe/Si ratio of SN Ia ejecta
and the IMLR supports the suggestion by Finoguenov et al. (2002) and Matsushita
et al. (2003) that the average Fe/Si ratio produced by SN Ia depends on the age of the
system.
Böhringer et al. (2005b) compiled the available observational results of the O/Si/Fe

from XMM-Newton, Chandra, and ASCA to show that the observed abundance pat-
terns in clusters are more consistent with theWDDmodels, which provide larger Si/Fe
ratios than the W7 model. Buote et al. (2003) and Humphrey & Buote (2006) also dis-
cuss the higher α-element enrichment observed in groups and in elliptical galaxies.
They conclude that there is an increasing evidence that the O is over-predicted by the
theoretical SNCC yields, or there is a source of α-element enrichment in addition to that
provided by SNCC and SN Ia.
Using deep XMM-Newton observations of the clusters 2A 0335+096 and Sérsic 159-

03, Werner et al. (2006b) and de Plaa et al. (2006) determined the abundances of 9
elements and fitted them with nucleosynthesis models for supernovae. They found
that ∼30 % of all supernovae enriching the ICM were SN Ia and ∼70 % were SNCC.
They also found that the Ca abundance in these clusters is higher than that expected
from the models. Later, de Plaa et al. (2007) used a sample of 22 clusters observed
with XMM-Newton to determine the abundances of Si, S, Ar, Ca, Fe, and Ni in the
ICM within the radius of 0.2R500 and they compared the best-fitting abundances with
theoretically predicted yields of different SN Ia and SNCC models (see Fig. 4.9). Be-
cause the SNCC do not have a significant impact on the Ar/Ca ratio, de Plaa et al.
(2007) used the Ar and Ca abundances in clusters as a criterion for determining the
quality of SN Ia models. They found that the Ar and Ca abundances in the ICM
are inconsistent with currently favored SN Ia models. However, they showed that
their best fit Ca/Fe and Ar/Ca ratios are consistent with the empirically modified
delayed-detonation SN Ia model, which is calibrated on the Tycho supernova rem-
nant (Badenes et al. 2006). Using this model, de Plaa et al. (2007) obtained a number
ratio of NSN Ia/NSN Ia+SNCC = 0.44± 0.10, which suggests that binary systems in the
appropriate mass range are very efficient (∼ 5− 16 %) in eventually forming SN Ia
explosions.
Based on Suzaku observations of 2 clusters (A1060 and AWM 7) and 2 groups of

galaxies (HCG 62 and NGC 507), Sato et al. (2007a) obtained abundance patterns for
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Figure 4.9: Left panel: Comparison of the [Fe/Si] ratio of the ICM in the Centaurus
cluster and in M 87, plotted against [Fe/O], from Matsushita et al. (2007a). The open
square shows the average value for Galactic metal poor stars (Clementini et al. 1999)
and the asterisk shows the abundance ratios for SNCC calculated by Nomoto et al.
(1997). The solid line and dashed line show the abundance pattern synthesised by
SN Ia with Fe/Si=1.1 (best fit relation for the core of M 87) and Fe/Si=2.6 (the ratio
produced by the W7 model Nomoto et al. 1984), respectively. Right panel: Recon-
struction of the abundance patterns observed in the sample of 22 clusters of de Plaa
et al. (2007) with theoretical supernova yields. The abundance values indicated by
filled circles are obtained with XMM-Newton EPIC. The abundances of O and Ne are
the average values obtained for Sérsic 159-03 and 2A 0335+096 with RGS. The SN Ia
yields are for a delayed detonation model calibrated on the Tycho supernova remnant
by Badenes et al. (2006). The SNCC yields are for progenitors with Solar metallicities
by Nomoto et al. (2006) integrated over the Salpeter IMF. From de Plaa et al. (2007).

O, Mg, Si, S, and Fe in the region out to 0.3r180. Contrary to most of the previously
mentioned results, they found a better fit to the observed abundance patterns using
the W7 SN Ia model rather than the WDD models. Assuming the W7 model for SN
Ia, the yields from Nomoto et al. (2006) and the Salpeter IMF for SNCC, the ratio of
occurrence numbers of SNcc to SN Ia is ∼3.5. It corresponds to the number ratio of
NSN Ia/NSN Ia+SNCC = 0.22, which is smaller than that obtained by de Plaa et al. (2007).
The number ratios were determined only considering the metals in the ICM andmetals
locked up in the stars were not considered.

4.6.2 Summary of the efforts of using ICM abundances to constrain
supernova models

The abundance patterns obtained during many deep observations of clusters of galax-
ies with XMM-Newton clearly favor the delayed-detonation SN Iamodels (see Böhringer
et al. 2005b) and the observed abundance ratios of Ar/Ca are relatively well repro-
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duced using empirically modified delayed-detonation models calibrated on the Tycho
supernova remnant (de Plaa et al. 2007). However, several observations still favor
the W7 SN Ia model (Sato et al. 2007a) and in most of the cases the abundances are
not determined well enough to really discriminate between the different models. As
Finoguenov et al. (2002) suggest it might even be possible that both the deflagration
and delayed-detonation types of SN Ia play a role in the chemical enrichment of clus-
ters of galaxies.
XMM-Newton RGS observations of the hot gas in clusters of galaxies and in ellip-

tical galaxies reveal Ne/O ratios which are higher than Solar (Xu et al. 2002; Peterson
et al. 2003; Werner et al. 2006a,b). SN Ia produce very little O and Ne, and their ratio
can be used to put constraints on the progenitors of SNCC. From the SNCC models dis-
cussed in Sect. 4.2 only the models with pre-enriched progenitors predict higher than
Solar Ne/O ratio.
While it is well known that elements from O up to the Fe-group are primarily pro-

duced in supernovae, themain sources of C andN are still being debated (see Sect. 4.2).
Deep observations of nearby X-ray bright elliptical galaxies and bright clusters with the
RGS on XMM-Newton allow to measure the C and N abundances in the hot gas. By
combining the RGS data obtained in two deep XMM-Newton observations of M 87,
Werner et al. (2006a) determined relatively accurate C and N abundance values. The
small O/Fe ratio and large C/Fe and N/Fe ratios found in M 87 suggest that the main
sources of C and N are not the massive stars that also produce large quantities of O,
but the low- and intermediate-mass asymptotic giant branch stars.

4.7 Abundances as function of cluster mass and redshift

Arnaud et al. (1992) studied the correlations between the gas mass, Fe mass, and opti-
cal luminosity in clusters of galaxies. They found that the gas mass in the ICM is highly
correlated and the Fe mass is directly proportional to the inegrated optical luminosity
of elliptical and lenticular galaxies. They found no correlation with the integrated op-
tical luminosity of spiral galaxies. The ratio of the gas mass in the ICM to the stellar
mass increases with the cluster richness.
Renzini (1997) showed that the IMLR is very similar in all clusters of galaxies with

ICM temperature above ∼1 keV. However, below ∼1 keV the IMLR seems to drop by
almost 3 orders of magnitude. This drop at low temperatures is due to the combination
of lower gas mass and lower measured Fe abundance in cool systems. However, it was
shown that the low Fe abundances measured in many groups were artifacts of wrong
temperature modelling (see later).
Renzini (1997, 2004) showed that clusters hotter than ∼2.5 keV have similar abun-

dances, with very small dispersion. Below 2.5 keV, the best fit metallicities show a
large range of values. The previously reported very low abundance values for low
temperature groups and elliptical galaxies turn out to be much higher when two- or
multi-temperature fitting is applied (see Sect. 4.4.1 and Buote & Fabian 1998; Buote
2000b; Buote et al. 2003; Humphrey & Buote 2006). However, the outer regions of
galaxy groups still show very low metallicities. An XMM-Newton observation of the
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Figure 4.10: Left panel: Best fit Fe abundance as a function of ICM temperature de-
termined within 0.2R500 for a sample of clusters investigated by de Plaa et al. (2007).
We compare the observed Fe abundances with values from simulations (Borgani et al.
2008 - Chapter 18, this volume) for a Salpeter IMF, extracted within the same physical
radius. Right panel: Abundance ratios of Si, S, Ca, and Ni with respect to Fe as a func-
tion of the cluster temperature, compiled from de Plaa et al. (2007). The abundance
ratios are consistent with being constant as a function of cluster mass. Cooling core
clusters are shown as circles and non-cooling core clusters as triangles.

group NGC 5044 indicates an iron abundance in the hot gas of ZFe ∼ 0.15 Solar in the
region between 0.2 and 0.4 of the virial radius (Buote et al. 2004). This result shows
that the total iron mass to optical light ratio in NGC 5044 is about 3 times lower than
that observed in rich clusters.
We compiled the abundance values measured within 0.2R500 for the sample of 22

clusters analysed by de Plaa et al. (2007). In the left panel of Fig. 4.10 we show the best
fit Fe abundance as a function of ICM temperature. Our data confirm earlier results
showing that while in cooler clusters, in the temperature range of 2–4 keV, ZFe shows
a range of values between 0.2–0.9 Solar, in hot massive clusters (kT � 5 keV) the Fe
abundance is on average lower and equal to ZFe ∼ 0.3 Solar. We compare the observed
trend with values from simulations extracted within 0.2R500 as the XMM-Newton data
(Borgani et al. 2008 - Chapter 18, this volume). The data are simulated for the Salpeter
IMF. The data aremore consistent with the simulated values at the lower temperatures.
At higher temperatures the simulated abundances are higher than the observed values.
The observed trend might be linked to a decrease of the star formation efficiency with
increasing cluster mass (Lin et al. 2003).
In the right panel of Fig. 4.10 we show the abundance ratios of Si, S, Ca, and Ni

with respect to Fe as a function of the cluster temperature, compiled from de Plaa
et al. (2007). The abundance ratios are consistent with being constant as a function of
temperature, which is related to the cluster mass. The intrinsic spread in abundance
ratios between clusters is smaller than 30 %. This finding contradicts the ASCA results
(Baumgartner et al. 2005), which show an increase of the Si/Fe ratio from 0.7 to 3 Solar
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Figure 4.11: Left panel: Mean Fe abundance from combined fits within six redshift bins
(red circles) and the weighted average of single source observations in the same bins
(black square) from Balestra et al. (2007). The shaded areas show the rms dispersion.
The dashed line shows the best power-law fit over the redshift bins. Right panel: Mean
ICM metal abundances in eight redshift bins within R500 with and without the central
0.15R500 excluded (from Maughan et al. 2008). The solid line shows the supernova
enrichment model of Ettori (2005).

in the 2–8 keV temperature range. This result indicates that the ratios of SN Ia and
SNCC contributing to the enrichment of the ICM are similar for clusters of all masses.
Investigating a sample of 56 clusters at z � 0.3, Balestra et al. (2007) confirmed the

trend of the Fe abundance with cluster temperature also in the higher redshift clusters.
They show that the abundance measured within (0.15–0.3)Rvir in clusters below 5 keV
is, on average, a factor of ∼2 larger than in hot clusters, following a relation Z(T) 	
0.88T−0.47.
Balestra et al. (2007) also found an evolution of the Fe content in the ICM with red-

shift (see the left panel of Fig. 4.11). They conclude that the average Fe content of the
ICM at the present epoch is a factor of ∼2 larger than at z 	 1.2. While at the redshift
z � 0.5 they observe an average ICM abundance of ZFe 	 0.25 Z�, in the redshift range
of z 	 0.3–0.5 they measure ZFe 	 0.4 Z�. They parametrise the decrease of metallic-
ity with redshift with a power-law ∼ (1+ z)−1.25. The evolution in the Fe abundance
with redshift was confirmed by Maughan et al. (2008), who investigated a sample of
116 clusters of galaxies at 0.1 < z < 1.3 in the Chandra archive (see the right panel of
Fig. 4.11). They found a significant evolution with the abundance dropping by 50 %
between z ∼ 0.1 and z ∼ 1. They verified that the evolution is still present, but less sig-
nificant, when the cluster cores are excluded from the abundance measurement (they
use apertures of 0–1 R500 and 0.15–1 R500), indicating that the evolution is not solely
due to disappearance of relaxed, cool core clusters at z � 0.5.
Simulations by Kapferer et al. (2007b) show that between redshifts of z = 1 and
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Figure 4.12: Left panel: Simulated line spectrum of the inner 30′′ of the cluster of galax-
ies Sérsic 159-03 for a 100 ks observationwith the TES array planned for XEUS. The con-
tinuum model is subtracted. For comparison the EPIC spectrum of the same source is
overplotted as the thick line. From de Plaa (2007). Right panel: Simulated X-ray metal-
licity maps as seen with Chandra, XMM-Newton, and XEUS, respectively. The plot in
the bottom right corner shows the original simulation results. From Kapferer et al.
(2006).

z = 0 a galaxy cluster accretes fresh gas, with the gas mass increasing during this time
period by a factor of≈3. Which means that in order to get an increase of the metallicity
during this time period the freshly accreted gas must be pre-enriched or the input of
metals into the ICM in this time interval must be larger than expected.

4.8 Future of ICM abundance studies

A major improvement in X-ray spectroscopy will be the employment of micro-calori-
meters, and especially of the so-called Transition-Edge Sensors (TES) on future satel-
lites (for more information on future instrumentation see Paerels et al. 2008 - Chaper 19,
this volume). Compared to the current state-of-the-art CCD technology, this new type
of detectors promises a factor of > 20 improvement in spectral resolution (� 2− 5 eV,
depending on the optimalisation of the detector). To reach this high spectral resolution,
the TES detectors use the transition edge between normal conductivity and supercon-
ductivity that is present in a number of materials. At temperatures of ∼0.1 K, the
conductivity of the absorbing material is very sensitive to the temperature. When an
X-ray photon hits the detector, its temperature rises and the resistance of the material
increases. By measuring the increase of the resistance, one can calculate with high ac-
curacy the energy of the X-ray photon. Themain effort today is to build an array of TES
detectors, with imaging capabilities. Next major proposed missions with TES arrays
on board are, amongst others, the X-ray Evolving Universe Explorer (XEUS), Explorer
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of Diffuse emission and Gamma-ray burst Explosions (EDGE), and Constellation-X.
The combination of the large effective area (∼5 m2) and high spectral resolution

(� 2− 5 eV) of XEUS will open up new possibilities in cluster abundance studies, with
enormous improvement in the abundance determinations. In the left panel of Fig. 4.12
we show a simulated spectrum of the cluster Sérsic 159-03 (from de Plaa 2007), for
the planned TES detector that will be part of the Narrow-Field Imager (NFI) on XEUS.
For comparison also the model at the resolution of XMM-Newton EPIC is shown. With
XEUS the abundanceswill bemeasuredwith an accuracy of∼10−3 Solar, which ismore
than an order of magnitude improvement compared to EPIC. This accuracy might be
sufficient to detect the contribution of the Population-III stars to the enrichment of the
ICM. Also spectral lines from more elements will be resolved, which will enable better
tests for supernova models.
The large collecting area of XEUS in combination with the CCD-type detectors of the

Wide-Field Imager will be excellent to observe the spatial distribution of metals, which
will help us to constrain the enrichment history of clusters. Simulatedmetallicity maps
by Kapferer et al. (2006) for Chandra, XMM-Newton, and XEUS are shown in the right
panel of Fig. 4.12.
The proposed EDGE satellite would also open up new possibilities in the chemical

abundance studies. The combination of the planned long exposure times (of the order
of few Ms), large field of view (1.4 degrees) and good angular resolution (Half Power
Diameter of 15′′) of its CCD typeWide-Field Imager, and the high spectral resolution (3
eV at 0.6 keV) of the Wide-field Spectrometer promises new possibilities in the studies
of metal abundances in clusters. EDGE would not only increase the number of de-
tected spectral lines and improve the accuracy of the abundance measurements, but it
would also enable us to accurately measure the chemical abundances and the spatial
distribution of metals in the faint outskirts of clusters out to their virial radius, which
is beyond the possibilities of current instruments. This would provide us with insights
of crucial importance for the understanding of the chemical enrichment processes, nu-
cleosynthesis, and of the metal budget of the Universe.
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Abstract

We present here the results of a detailed study of the X-ray properties of the cluster of
galaxies Abell 3128 (z = 0.06), based on the analysis of deep (100 ks) XMM-Newton
data. The most obvious feature of the X-ray morphology of A3128 is the presence of
two X-ray peaks separated by ∼12′. By detecting the redshifted Fe K line, we find that
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the Northeast (NE) X-ray peak observed toward A3128 is a distant luminous cluster
of galaxies at redshift z = 0.44. Our subsequent optical spectroscopic observation of a
distant radio bright galaxy in the centre of the NE X-ray peak with the Magellan tele-
scope also revealed a redshift of z = 0.44, confirming the association of the galaxy with
the cluster seen in X-rays. We detect a gravitational arc around the galaxy. The proper-
ties of this galaxy indicate that it is the cD galaxy of the cluster in the background. The
properties of the Southwest X-ray peak suggest that it is the core of a group merging
with A3128 along our line of sight. Based on 2D maps of thermodynamic properties
of the intra-cluster medium determined after subtracting a model for the background
cluster, we conclude that an enhanced surface brightness region at a distance of ∼2.8′
from the centre of the galaxy distribution is the centre of the gravitational potential of
the cluster A3128. The unrelaxed nature of A3128 can be attributed to its location in
the high density environment of the Horologium-Reticulum supercluster.

5.1 Introduction

The formation and growth of the largest structures in the Universe, clusters of galaxies
and superclusters, is a still ongoing process. According to the standard cosmologi-
cal scenario clusters of galaxies continuously form and grow through merging with
groups and individual galaxies, which are falling in along filaments. In several cases
clusters are found close to each other in the highest overdensity regions of the Uni-
verse: the superclusters. In the crowded environment of superclusters, we can often
study processes related to the growth of structure, like mutual interaction between the
member clusters and their accretion history.
The Horologium-Reticulum (H-R) supercluster (z = 0.06), together with the bet-

ter known Shapley Supercluster are the most massive structures in the local universe
within a distance of 300 Mpc, with an estimated total mass of 1017 M�. Einasto et al.
(2001) list 35 member clusters in H-R.
Abell 3128 is a rich, highly substructured cluster in the H-R supercluster. It has

been well studied using redshift and radio surveys, and by Chandra (20 ks; Rose et al.
2002). Based on N-body simulations, Caldwell & Rose (1997) proposed that in the past
A3128 encountered a tidal interaction with the cluster A3125 (current separation 1◦,
corresponding to∼6Mpc). Rosat and Chandra observations of A3128 show a complex,
disturbed X-ray morphology. Embedded in a ∼20′ diameter diffuse halo there are
two cores in A3128, separated by 12′. The Northeast (NE) and Southwest (SW) cores
comprise ∼85% of the X-ray emission of A3128, the remainder being in a diffuse halo.
While the more luminous SW core is centred on a compact group around a bright
elliptical galaxy, the NE core does not coincide with any bright galaxy. The NE core
is asymmetric and elongated, with the peak of the emission slightly displaced to the
Northeast. With core radii of ∼30 kpc, both cores are unusually narrow as compared
to other non-cooling core clusters with similar temperatures (∼3.5 keV).
Rose et al. (2002) proposed a model to explain the double-peaked nature of the X-

ray emission. In position-position and position-redshift diagrams they identified an
infalling group and a candidate for a post-passage tidally distended group (filament),
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which they propose as candidates for producing the complex structure seen in X-ray
images of the intra-cluster medium (ICM). They explain the SW core as the still intact
hot gas of an infalling group. The NE core represents according to Rose et al. (2002)
the surviving ICM of a group of galaxies that has fallen supersonically (Mach number
6) into the cluster A3128 along the main filament connecting A3128 and A3125. The
infalling group has, according to this scenario, passed through the core of A3128 and
the galaxies of the group, moving ballistically through the cluster, are by now well
ahead of the stripped gas. The high infall velocity is caused by the deep potential well
of the H-R supercluster, which makes even an infall of a small group an energetic and
interesting event in the life of a galaxy cluster. Rose et al. (2002) also report a possible
detection of a radio arc, which lies slightly to the Northeast of the peak emission in the
NE core, where the bow shock is expected if the gas is moving supersonically.
However, the Fe abundance of the NE core found by Rose et al. (2002) is low (0.13

solar) and barring conclusive redshift information its association with A3128 could not
be confirmed. As an alternative scenario to their unified view of the merging events
occurring in A3128/A3125, Rose et al. (2002) invoke the possibility that the NE emis-
sion peak is associated with a background cluster and the detected radio emission is
associated with a radio bright central galaxy in a background cluster. In order to ob-
tain a conclusive measure for placing of the NE component, a deeper observation for a
redshift measurement using X-ray emission lines was needed.
Here we present the results of a deep 100 ks observation of Abell 3128 with the Eu-

ropean Photon Imaging Cameras (EPIC) on XMM-Newton. The observation allows
us to measure the redshift of the NE core and to unambiguously demonstrate that the
dominant fraction of its emission originates in a background cluster. We also present
here data obtained by the Magellan telescope, that allow us to confirm the association
of the X-ray emission with a background cluster surrounding a radio bright cD galaxy.
The large effective area of XMM-Newton combined with the deep exposure, provides
us with sufficient statistics to map the 2D distribution of thermodynamic properties
of the ICM and thus to study the merging history of the disturbed, complex cluster of
galaxies A3128. The XMM-Newton Reflection Grating Spectrometer data have insuffi-
cient statistics to derive accurate spectral properties for the cluster.
Throughout the paper we use H0 = 70 km s−1Mpc−1, ΩM = 0.3, ΩΛ = 0.7, which

imply a linear scale of 78 kpc arcmin−1 at the redshift of A3128 (z = 0.06, Rose et al.
2002). Unless specified otherwise, all errors are at the 68% confidence level for one
interesting parameter (Δχ2 = 1). The elemental abundances are given with respect to
the proto-solar values of Lodders (2003).

5.2 Observations and data analysis

5.2.1 XMM-Newton data

Abell 3128 was observed with XMM-Newton during two pointings on May 29–30 and
between May 31 and June 1st 2006 (revolutions 1185 and 1186) for a total exposure
time of ∼100 ks. The two pointings were centred on the NE (72 ks) and on the SW
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core (32 ks), respectively. The EPIC/MOS detectors were operated in the full frame
mode, while for the EPIC/pn detector the extended full frame window mode was em-
ployed. The observations were performed using the thin filter. The calibrated event
files were obtained using the 7.0.0 version of the XMM-Newton Science Analysis Sys-
tem (SAS). For EPIC/MOSwe keep only the single, double, triple, and quadruple pixel
events (PATTERN≤12), while for EPIC/pn, we make use of singe and double events
(PATTERN≤4). The spectral redistribution and ancillary response files are createdwith
the SAS tasks rmfgen and arfgen separately for each camera and spectral extraction
region that we analyze.
Because of low number of counts in original bins, the extracted spectra are rebinned

into bins with a minimum of 30 counts per bin. Our rebinned spectrum has bins of
size at least 1/4 times the FWHM of the instrument. We fit the MOS1, MOS2, and pn
spectra from both pointings simultaneously with the same model, with their relative
normalizations left as free parameters. Our spectral analysis is restricted to the 0.4–7.0
keV band. In the spectral analysis we remove all bright point sources with a flux higher
than 4.8× 10−14 ergs s−1 cm−2.
For the spectral analysis we use the SPEX package (Kaastra et al. 1996). We fix the

Galactic absorption in our model to the value deduced from the H I data (NH = 1.47×
1020 cm−2, Dickey & Lockman 1990). We fit the cluster spectra with a plasma model in
collisionally ionized equilibrium (MEKAL). The free parameters in the MEKAL model
are the normalisation, temperature, and the Fe abundance. Since for elements other
than Fe we can not obtain accurate abundance values, we fix them to 0.4 solar in the
model.

5.2.2 Background modeling

Particle and instrumental background

To clean the data from the soft proton induced events, we extract light curves for each
detector separately in the 10–12 keV energy band where the cluster emission is negligi-
ble and the detected emission is dominated by the particle induced events. Since flares
having a particularly soft spectrum may be missed when only the high energy part is
studied, we also extract lightcurves in the 0.3–2.0 keV band. A visual inspection of the
light curves reveals that the observation is not badly affected by the soft proton flares.
After excluding the time periods when the count rate in the two considered energy
ranges deviates from the mean by more than 3σ, we are left for the first pointing with
71 ks and 67 ks, and for the second pointing with 31 ks and 25 ks for EPIC/MOS and
EPIC/pn, respectively.
We subtract the EPIC instrumental background using closed-filter observations. For

EPIC/MOS we use a closed filter observation (obs. ID 0150390101) with an exposure
time of 200 ks. For EPIC/pn we use a closed filter observation (obs. ID 0106660401)
with an exposure time of 120 ks. The instrumental background consists of fluorescence
line emission, intrinsic instrumental noise, and particle induced noise caused by high-
energy cosmic rays which are able to reach the detector even when the filter wheel is in
closed position. The instrumental background varies from observation to observation.
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Table 5.1: The CXB components used in the fitting of the A3128 spectra. The power-law
photon index is Γ = 1.41. The unabsorbed fluxes are determined in the 0.3–10.0 keV
band.

Comp. kT Flux
(keV) (10−12 erg cm−2 s−1 deg−2)

LHB/SDC 0.08 2.5± 0.6
HDC 0.25± 0.02 4.0± 0.6
EPL 22.0± 1.9

In order to scale the closed filter observations to the instrumental background during
the source observation, we use the events registered outside the field of view (out-of-
FOV) of the EPIC detectors, outside a radius of 15.4′ from the FOV centre. Separately
for each instrument, we scale the closed filter observation by the ratio of the 8–12 keV
out-of-FOV count rate in our cluster observation and in the closed filter observation.

The cosmic X-ray background

We correct for the Cosmic X-ray Background (CXB) during spectral fitting. Kuntz &
Snowden (2000) distinguish 4 different background/foreground components: the ex-
tragalactic power-law (EPL), the local hot bubble (LHB), the soft distant component
(SDC), and the hard distant component (HDC). The EPL component is the integrated
emission of faint discrete sources, mainly distant Active Galactic Nuclei (AGNs). The
LHB is a local supernova remnant, in which our Solar System resides. It produces
virtually unabsorbed emission at a temperature of ∼106 K. The soft and hard distant
components originate at larger distances. They might be identified with the Galactic
halo, Galactic corona or the Local group emission and are absorbed by almost the full
Galactic column density. Using the spectral band above 0.4 keV we can not reliably
distinguish the SDC emission from the LHB component. Therefore, at temperatures
below 0.1 keV we only consider the contribution of one thermal component.
The large field of view, with regions where the contribution of cluster emission is

small, enables us to determine the local properties of the background emission. We fit
the spectra extracted from a region where the contribution of cluster emission is small
and the emission is dominated by the X-ray background. We model the EPL emission
with a power-law with a photon index of 1.41 (De Luca & Molendi 2004). We model
the soft foreground emission (LHB/SDC and HDC) by 2 collisionally ionized plasma
models (MEKAL). Since the fitted spectral band does not allow us to accurately con-
strain the LHB/SDC temperature, we fix its value to 0.08 keV (based on Kuntz &
Snowden 2000). We leave the HDC temperature as a free parameter in the fit. To ac-
count for the remaining cluster emission in the extraction region, the contribution of
which to the total flux is ∼30%, we use an additional thermal model. We find that
both the temperature and the flux of the emission attributed to the HDC (0.25 keV and
4.0× 10−12 erg s−1 cm−2 deg−2, respectively) are higher than the values determined
based on the results published by Kuntz & Snowden (2000) using the ROSAT All Sky
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Survey data (0.127 keV and 2.44× 10−12 erg s−1 cm−2 deg−2, respectively). This differ-
ence might be due to the contribution of the intra-supercluster medium. The adopted
values of the temperatures and of the 0.3–10.0 keV fluxes of the background compo-
nents are given in Table 8.1. In our subsequent spectral fits we fix the parameters of
the background components to these adopted values.

5.2.3 The X-ray images

The spatial resolution of XMM-Newton allows a robust image reconstruction down to
8′′ scales. However, due to the large wings of the point spread function (PSF), there is
a significant contamination from the emission on scales of 8′′ or smaller to large spatial
scales upto several arcminutes. For the purpose of cluster survey work (Finoguenov
et al. in prep.), we have developed a procedure, which performs an image restoration
using a symmetric model for the XMM PSF and the calibration of Ghizzardi (2001).
The flux on small scales is estimated performing the scale-wise wavelet analysis, as
described in Vikhlinin et al. (1998). Then the estimated flux is used to subtract the PSF
model prediction on large scales and increase accordingly the flux on the small scales.
The small scales in this procedure are a sum of 8′′ and 16′′ scales, which allows to
avoid the variation in the PSF shape with off-axis angle, as described in Finoguenov
et al. (2006, COSMOS special issue paper).
In Fig.1 we display both the large scales of the emission starting at the 32′′ scale

together with smaller scales (8′′ and 16′′).

5.3 Results

The most obvious feature of the X-ray morphology of A3128 is the presence of two
X-ray peaks separated by ∼12′. In Fig. 5.1 we show the X-ray contours superimposed
on the Digitalized Sky Survey image of the cluster. The thick contours highlight the
large scale (32′′) features in X-ray morphology, the thin contours highlight the features
on small spatial scales (8′′ and 16′′).
While the SW peak of the X-ray intensity coincides with a bright elliptical galaxy

(ENACS 75) surrounded by a compact group of galaxies, the NE core does not coin-
cide with any bright galaxy. On the small spatial scales the NE peak has a strongly
elongated morphology and on larger scales it seems to have a tail toward the SW di-
rection. The thick contours also reveal an association of the hot gas with two small
groups of galaxies to the East of the main cluster contours.

5.3.1 Properties of the X-ray peaks

The global properties

In order to study the global spectral properties of the two X-ray bright peaks, we extract
their spectra from circular regions with a radius of 1.5′. In Fig. 5.2 we show the spectra
with their best fit model. Previous Chandra data showed that while the SW X-ray core
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Figure 5.1: X-ray contours superimposed on the Digitalized Sky Survey image of
A3128. North is up,West is to the right. The thick contours highlight the large scale fea-
tures in the X-ray morphology, the thin contours highlight the features at small spatial
scales. The contour spacing is arbitrary.
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Figure 5.2: The spectrum of the NE (left panel) and SW (right panel) X-ray peak ex-
tracted from circular region with a radius of 1.5′. The continuous line represents the
best fit model. The EPIC/pn and the coadded EPIC/MOS spectra are indicated. The
position of the Fe K line in the spectrum from the NE peak shows that the emitting
cluster is at a redshift of z = 0.44.

has a high Fe abundance, the Fe abundance of the NE core is very low, and therefore it
is also not possible to confirm its association with the cluster A3128 using the redshift
of the Fe K line. Even using the deep XMM-Newton data we do not see a clear Fe K
emission line at the expected energy for the redshift of A3128. However, we detect in all
EPIC detectors for both XMM-Newton pointings a line at ∼4.6 keV. This corresponds
to the Fe K line emission of a cluster at a redshift of ∼0.45.
We also extract a spectrum from a circular region with a radius of 2′ centred on the

apparent tail of the NE X-ray peak directed to the SW (α = 3h30m30s, δ = −52◦31′0′′).
We immediately see an Fe K line at∼6.3 keV andwe see no obvious line feature around
4.6 keV. We fit the spectrum extracted from the “tail” region and from the SW X-ray
peak with a thermal model. The free parameters of the fit are the redshift, temperature,
Fe abundance, and emission measure. The best fit parameters are shown in Table 5.2.

We fit the spectrum of the NE peak with a combination of two thermal plasma mod-
els: one for the emission of A3128 and the other for the emission of the background
cluster. We fix the parameters of the model of the foreground cluster to the values
determined for the tail region: redshift z = 0.06, metallicity Z = 0.49, and tempera-
ture kT = 3.5 keV. The emission measure of the foreground cluster and the redshift,
Fe abundance, temperature, and emission measure of the background cluster are free
parameters in the spectral fit. The best fit redshift value for the background cluster
is z = 0.444 ± 0.003. The linear scale at this redshift for the ΛCDM cosmology is
341 kpc arcmin−1. The best fit temperature, Fe abundance, and emission measure of
the background cluster are shown in the column “NE” of Table 5.2. Our spectral anal-
ysis indicates that ∼60% of the X-ray emission in the extraction region is coming from
the background cluster. The 0.3–10.0 keV luminosity of the background cluster within
the radius of 1.5′ (512 kpc) is 4.7× 1044 ergs s−1.
The best fit parameters of the background cluster depend on the assumptions about
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Table 5.2: Fit results for the spectra extracted from the SW X-ray peak, from the ap-
parent “tail” of the NE peak toward SW, and from the NE X-ray peak. The spectra ex-
tracted from the SW peak and from the “tail” region were fitted with a thermal model
with the NH fixed to the Galactic value (NH = 1.47× 1020 cm−2, Dickey & Lockman
1990). The NE X-ray peak was fitted with two thermal models: one for the emission
from A3128 in the foreground and one for the background cluster. In this fit the red-
shift, temperature, and the Fe abundance of the foreground cluster were fixed to the
best fit values from the “tail” region. The reported best fit parameter of the NE peak
describe the properties of the background cluster. The temperature is given in keV, the
emission measure Y is given in units of 1065 cm−3 and the Fe abundance is given with
respect to the proto-solar values of Lodders (2003).

Par. SW “tail” NE
Yz=0.06 9.72± 0.10 6.80± 0.07 3.4± 0.4
Yz=0.44 – – 303± 34†
kT 3.36± 0.05 3.50± 0.08 5.14± 0.15†
Fe 0.69± 0.04 0.49± 0.04 0.47± 0.08†
z 0.060± 0.001 0.058± 0.003 0.444± 0.003†
χ2 / ν 652/501 435/398 943/800

† values determined for the background cluster.

the emission of the foreground cluster. Therefore, the systematic uncertainties on the
best fit parameters are larger than the quoted statistical uncertainties. For a lower
assumed temperature for the foreground cluster, we fit a higher temperature for the
background cluster. For example, if we assume that the temperature of the foreground
cluster is 3.0 keV instead of 3.5 keV, the best fit temperature of the background cluster
will be 5.8 keV instead of 5.1 keV.
We note, that there is no evidence of emission from the background cluster in the

“tail” region. From the spectral analysis we find that its contribution in this region is
less than 1%.

Radial profiles

We determine the emission measure, temperature, and Fe abundance profiles for both
X-ray peaks. We extract the spectra from circular annuli with outer radii of 0.5′, 1.5′,
2.5′, and 3.5′.
In Table 5.3 we show the best fit parameters determined for the SW X-ray peak. The

temperature profile of this peak is flat and there is no evidence for a cool core. How-
ever, the Fe abundance has a strong peak in the centre of the X-ray emission, which
coincides with an elliptical galaxy surrounded by a group of galaxies. The abundance
peaks within the central 1.5′, which corresponds to ∼120 kpc.
Fitting a beta model (Cavaliere & Fusco-Femiano 1978) to the radial surface bright-

ness distribution of the SWX-ray peakwe find β = 0.3 and a core radius of rc = 30 kpc.
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Table 5.3: Radial profiles determined for the SW X-ray peak. The temperature is given
in keV, the emission measure Y is given in units of 1065 cm−3, and the Fe abundance is
given with respect to the proto-solar values of Lodders (2003).

Par. 0.0′–0.5′ 0.5′–1.5′ 1.5′–2.5′ 2.5′–3.5′
Y 1.99± 0.05 7.91± 0.09 8.67± 0.10 9.57± 0.12
kT 3.36± 0.11 3.36± 0.06 3.17± 0.06 3.38± 0.07
Fe 0.87± 0.10 0.67± 0.04 0.48± 0.06 0.46± 0.04
χ2 / ν 269/229 1125/959 1183/1072 1273/1137

Table 5.4: Radial profiles determined for the NE X-ray peak. The metallicity and the
temperature of the foreground cluster were fixed to 0.49 solar and 3.5 keV, respectively.
The emission measure Y is given in units of 1065 cm−3 and the temperature is given in
keV. The Fe abundance is givenwith respect to the proto-solar values of Lodders (2003).
The fz=0.44/ fz=0.06 indicates the ratio of the fluxes from the background cluster and
A3128 in the given extraction region. The superscript “ f” indicates that the parameter
value was fixed during the fitting.

Par. 0.0′–0.5′ 0.5′–1.5′ 1.5′–2.5′ 2.5′–3.5′
Yz=0.06 0.56± 0.20 2.7± 0.4 4.7± 0.4 5.6± 0.3
Yz=0.44 72± 15 178± 27 154± 34 < 140
kT 5.0± 0.3 5.7± 0.3 3.5± 0.3 4 f

Fe 0.56± 0.18 0.49± 0.09 0.21± 0.11 0.2 f
fz=0.44
fz=0.06

2.1 1.2 0.55 0.09

χ2 / ν 260/266 827/749 986/841 1109/870

As already noted by Rose et al. (2002) this core radius is about an order of magnitude
lower than the more typical values of ∼250 kpc that are observed for non-cooling core
clusters of galaxies. The β value is also low compared to the typical value of ∼0.7. The
small value of β shows that the surface brightness distribution of the core is broader
than that usually observed for clusters, which indicates that we might see the emission
of a group superimposed on the diffuse cluster emission.
Using the parameters of the β model fit, and a global temperature value of kT =

3.4 keV, we find that the mass enclosed within the radius of 120 kpc is 1.2× 1013 M�.
The total gas mass within the same volume, determined using a central electron den-
sity of 1.2× 10−2 cm−3, is ∼1.3× 1012 M�. Using the same parameters, the estimated
total mass within a radius of 1 Mpc is ≈1.1× 1014 M�. A radius of 1 Mpc is approxi-
mately the virial radius of a 3.4 keV cluster (e.g. Finoguenov et al. 2001).
The total Fe mass enclosed within the radius of 120 kpc, the region within which the

Fe abundance peaks, is ∼1.5× 109 M�. Assuming a flat Fe abundance distribution in
A3128 of 0.45 solar, the excess Fe mass in the SW X-ray peak is ≈5×108 M�.
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The radial profiles determined for the background cluster seen as the NE X-ray sur-
face brightness peak are shown in Table 5.4. For the temperature and Fe abundance of
the foreground cluster we assume 3.5 keV and 0.49 solar, respectively. The free param-
eters in the fit are the temperature and the Fe abundance of the background cluster, and
the emission measures of both clusters. We see an indication of a temperature drop in
the inner 170 kpc, then the temperature peaks, and outside 500 kpc it drops again. The
spectra indicate that the Fe abundance peaks in the cluster core. In Table 5.4 we also
show for each annulus the ratio of the flux of the background cluster with respect to
the flux of the foreground cluster. In the innermost extraction region the emission of
the background cluster clearly dominates, between 0.5′–1.5′ the contributions of both
clusters are similar. Between 1.5′–2.5′ the emission of the foreground cluster domi-
nates, and between 2.5′–3.5′ we can only determine an upper limit for the emission of
the background cluster. The total 0.3–10.0 keV luminosity of the z = 0.44 cluster within
the radius of 3.5′ is 6.9× 1044 ergs s−1.
To obtain a rough estimate of the total mass of the background cluster, we fit a beta

model to the radial profile of its best fit emission measure per arcminute. The best-fit
parameter values are rc = 157 kpc and β = 0.41. Assuming a global temperature of
5.14 keV (the best fit global temperature from Sect. 5.3.1) we obtain a total mass within
a radius of 1.5 Mpc (estimated r500 of a 5.1 keV cluster, e.g. see Finoguenov et al. 2001)
of 3.4× 1014 M�. We note that due to the uncertainties associated with the subtraction
of the foreground cluster, and because the core of the background cluster is far from
being relaxed and it is not single-temperature, this derived mass is only a very rough
estimate.

5.3.2 Optical observation of the background cluster

Optical spectroscopic observations of the galaxy associatedwith the radio source SUMSS
J033057-522811 (Mauch et al. 2003) were done with the 6.5 m Magellan I Baade tele-
scope, using the Inamori Magellan Areal Camera and Spectrograph (IMACS). We used
the short f/2 camera with a 27′ × 27′ FOV and 0.2′′ pixel scale. In spectroscopic mode
this setup with 300 l/mm grism and 1.2′′ slit gives a spectral resolution of ≈ 6 Å.
The spectrum obtained is shown in Fig. 5.3. It is typical for an early type galaxy and

does not show detectable emission lines. Using the standard set of absorption lines,
marked in Fig. 5.3 with arrows, the redshift z = 0.43961± 0.00014 was derived. This
value is in a very good agreement with the X-ray determined redshift thus providing
immediate confirmation that the observed X-ray emission is due to the emission of a
distant cluster.
During the slit alignment procedure we also obtained a few direct R-band images

of this field. The combined image is shown in Fig. 5.4. The field was photometrically
calibrated using observations of Landolt standard stars (Landolt 1992). We measured
the magnitude of the galaxy to be mR = 18.78 (in 4′′aperture), which is approximately
what is expected for a brightest cluster cD galaxy at this redshift (e.g. Vikhlinin et al.
1998). The absolute magnitude of the galaxy in R was estimated to be -23.35 (adopting
K and evolution corrections from Poggianti 1997). For comparison the absolute mag-
nitudes of M 87 and Cygnus A are approximately -23.2 and -23.3 respectively - close to
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Figure 5.3: Spectrum of the galaxy associated with the radio source SUMSS J033057-
522811 in the centre of the NE X-ray peak. On the y-axis we plot arbitrary count units
(ADU). Lines, used for redshift determination, are shown with arrows.

Figure 5.4: Combined R-band image of the galaxy associated with the radio source
SUMSS J033057-522811 in the centre of the NE X-ray peak. The total exposure time is
360 s. Note the arc to the Southwest of the galaxy. The scale of 1′ is indicated on the
image.
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Table 5.5: The best fit values determined for the X-ray bright low entropy region and
for the region at the centre of the galaxy distribution. The emission measure YS per
square arcminute is given in units of 1064 cm−3 arcmin−2 and the temperatures are in
keV. The Fe abundance is givenwith respect to the proto-solar values of Lodders (2003).
The entropy s is given in keV cm2 and the pressure P is given in 10−12 dyne cm−2.

Par. X-ray bright reg. centre of gal. dist.
YS 7.54± 0.08 4.03± 0.06
kT 3.30± 0.08 3.79± 0.13
Fe 0.43± 0.04 0.53± 0.07
s 223 335
P 9.5 7.3
χ2 / ν 563/569 448/460

the absolute magnitude of SUMSS J033057-522811.
The gravitational lensing arc is clearly seen around this galaxy (Fig. 5.4) at a ra-

dial distance of ∼ 6.2′′. The enclosed mass within this radius can be estimated (e.g.
Narayan & Bartelmann 1996) as

M = 1.1× 1014M�
(

θ

30′′

)2(
D

1 Gpc

)
(5.1)

where θ = 6.17′′ is the arc radius and D = DdDds/Ds is the combination of (angular
diameter) distances from the observer to the lens Dd and to the source Ds, and from
the lens to the source Dds. In our case only Dd = 1.17 Gpc is known. For D = 1 Gpc we
obtain an upper limit to the total mass of M < 5× 1012 M� within ∼35 kpc of SUMSS
J033057-522811. This value is about a factor of 2 higher than the total mass (within a
similar distance) of M 87 (Matsushita et al. 2002), derived using X-ray data.
One can therefore conclude that optical data strongly suggest that SUMSS J033057-

522811 is a massive elliptical galaxy with the parameters characteristic for most bright
cD galaxies in the local Universe.
In the Magellan image we also see an excess of the surface density of faint galaxies

near this cD galaxy, most of which are probably members of the distant cluster.

5.3.3 2D maps of thermodynamic properties

For making 2D maps of spectral parameters, we select regions according to the cluster
surface brightness in the 3.5–7.5 keV band. Considering a optically thin plasma model
Forman et al. (2007) showed that for Chandra ACIS-I spectral response the flux F in
the 3.5–7.5 keV band coming from a unit volume with a given pressure depends only
weakly on the gas temperature (over the 1–3 keV temperature range and for metallicity
of∼0.7 solar). For XMM-Newton EPIC and for the range of temperatures characteristic
for A3128 (3–5 keV) this is also approximately correct: a factor η relating the pressure
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Figure 5.5: Top left: The projected emission measure per arcminute, in units of
1064 cm−3 arcmin−2, integrated along the line of sight, after the emission of the back-
ground cluster was subtracted. Top right: Temperature map derived from spectral fit-
ting in units of keV. Bottom left: Map of the pressure derived from the best fit temper-
ature and emission measure, assuming a length scale along our line of sight of 1 Mpc.
The units are 10−12 dyne cm−2. Bottom right: Map of the entropy derived from the best
fit temperature and emission measure, assuming a length scale along our line of sight
of 1 Mpc. The units are keV cm2. The white and black circles indicate the high surface
brightness low entropy region and the region at the centre of the galaxy distribution,
respectively. These we use for subsequent spectral analysis. The X-ray isophotes from
the wavelet decomposed image are overplotted.



5.3 Results 105

Figure 5.6: Upper left panel: Density map of the ICM. Upper right panel: Map of the
entropy of the ICM. Lower panel: The pressure map of the ICM. The thermodynamic
properties are calculated using volume estimates for the spectral extraction regions de-
scribed in Henry et al. (2004) and Mahdavi et al. (2005). The volumes are calculated
assuming two centres, one at the SW X-ray peak, and one at the X-ray bright low en-
tropy region at the possible centre of the gravitational potential of A3128.
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and the square root of the flux η = (ε(T)/T2)1/2 decreases monotonically as a func-
tion of temperature by about 20% (for metallicity of 0.45 solar). Here ε(T) is the gas
emissivity in the 3.5–7.5 keV band (with account for the spectral response of the in-
strument). Therefore, areas with similar surface brightness in the 3.5–7.5 keV band,
provide us with contiguous regions without strong pressure discontinuities. We note
here that our final maps of spectral parameters depend very weakly on the procedure
of region selection.
We then use the Voronoi tessellation method (Cappellari & Copin 2003; Diehl &

Statler 2006) to further bin the selected areas with a stable minimum signal-to-noise
ratio of S/N = 33, which is needed for relatively accurate temperature determination.
We identify 213 independent regions from which we extract the spectra. For each re-
gion we compute a spectral redistribution file and an ancillary response file. We fit the
spectrum of each bin individually with a single temperature thermal plasma model.
The abundances of all elements except Fe in our model are fixed to 0.4 times the so-
lar value. The emission measure, temperature, and Fe abundance are free parameters
in the fit. From the best fit emission measure and temperature, we calculate for each
extraction region the density n, entropy s ≡ kT/n2/3, and the pressure P ≡ nkT, as-
suming a length scale along our line of sight of 1 Mpc. As a first step, we use a constant
length scale in order to calculate the projected values of the thermodynamic properties
without making any assumptions about the cluster centre and gas distribution.
In order to subtract the emission of the background cluster from the 2D maps, we

include in the fitted model for each bin with a mean distance smaller than 3.5′ from the
NE X-ray surface brightness peak, an additional thermal component. We fix its tem-
perature, metallicity, and redshift to the mean values determined for the background
cluster from the global fit: 5.14 keV and 0.47 solar, respectively (see Sect. 5.3.1). Us-
ing the best fit beta model to the background cluster (see Sect. 5.3.1) we calculate the
normalization of the emission of the background cluster for each bin. By including
this component in the fitted model, we effectively subtract its emission and determine
the best fit parameters for the foreground cluster. However, since the core of the back-
ground cluster is not radially symmetric and it has a strongly elongated morphology,
at radii smaller than 0.8′ from the NE peak its emission cannot be properly subtracted.
Therefore, we exclude the bins with a distance smaller than 0.8′ from the NE peak from
the analysis.
At the top left panel of Fig. 5.5 we show the map of the projected emission mea-

sure per square arcminute integrated along the line of sight, after the emission of the
background cluster was subtracted. We see, that the surface brightness of the X-ray
emission of A3128 has a peak at about 1.5′ West-Southwest from the original NE peak.
This region, as we show in the top right panel of Fig. 5.5 has a temperature between
3.0–3.5 keV. While the pressure is relatively high in this region (see the lower left panel
of Fig. 5.5), the entropy is low (lower right panel of Fig. 5.5). This indicates that this re-
gion may be the centre of the gravitational potential of A3128. The centre of the galaxy
distribution of A3128 is about 2.8′ South of this region (Dalton et al. 1997; Rose et al.
2002).
In order to better compare the spectral properties of these two regions: the X-ray

bright low entropy region and the region at the centre of the galaxy distribution, we
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extract a spectrum from a circular area with a radius of 1.26′ centred on the new X-ray
brightness peak (α = 3h30m40s, δ = −52◦28′50′′) and a spectrum from a circular area
with a radius of 1.5′ centred on the optical centre (α = 3h30m43s, δ = −52◦31′30′′)
reported by Rose et al. (2002). The spectral extraction regions are indicated by circles
on the maps in Fig. 5.5. The best-fit values of the single temperature thermal fits to
the spectra are shown in Table 5.5. We also show in the table the entropy and pressure
values calculated for the volume of a sphere with a radius corresponding to the radius
of the extraction region. The results confirm that the high surface brightness region
has a factor of ∼1.5 lower entropy than the area at the optical centre of the galaxy
distribution. The pressure at the high surface brightness region is a factor of ∼1.3
higher than the pressure at the centre of the galaxy distribution. The fit results indicate
that the Fe abundance of the X-ray bright region is lower than the Fe abundance at the
centre of the galaxy distribution. Under the assumption of hydrostatic equilibrium, the
pressure peak combined with low entropy are unambiguous signs of the centre of the
gravitational potential.
The X-ray bright region at the possible centre of the gravitational potential of A3128

in the NE is separated from the bright SW core by a surface brightness depression.
The pressure map indicates that the dark matter potential well associated with the SW
core is connected with the dark matter potential in the NE. This is possibly the region
where the dark matter potentials of the SW core and of A3128 overlap. We note that
the “bridge” between the SW and NE in the pressure map coincides with an apparent
chain of galaxies seen in the Digitalised Sky Survey image. Unfortunately, non of these
galaxies has a known radial velocity.
In Fig. 5.6, we show density, entropy, and pressure maps determined assuming the

X-ray emitting gas is associated with two gravitational potentials. The thermodynamic
properties are calculated using volume estimates for the spectral extraction regions de-
scribed in Henry et al. (2004) and Mahdavi et al. (2005). The volumes are calculated
assuming two centres, one at the SW X-ray peak, and one at the X-ray bright low en-
tropy region at the possible centre of the gravitational potential of A3128. For each
polygon the closest of the two centres is assumed to be the centre in the volume calcu-
lation.

5.4 Discussion

5.4.1 The background cluster associated with the NE X-ray peak

While at the expected energy we do not detect the strong Fe K line in the spectrum
extracted from the NE X-ray peak, we detect line emission at the energy corresponding
to the line energy of Fe K emission redshifted by z = 0.44. Therefore we conclude that
the NE X-ray peak observed toward A3128 is not associated with the surviving ICM of
a group falling in supersonically to the cluster as previously thought (Rose et al. 2002),
but it is a distant luminous cluster of galaxies at redshift z = 0.44. Subsequent optical
spectroscopic observation of the distant radio bright galaxy in the centre of the NE X-
ray peak (radio source SUMSS J033057-522811) with the Magellan telescope revealed a
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redshift of z = 0.44 confirming its association with the cluster seen in X-rays.
The red magnitude of the galaxy mR = 18.5 is typical for cD galaxies at this redshift

(e.g. Vikhlinin et al. 1998). The Magellan observation also confirmed the gravitational
arc around the galaxy, the presence of which was previously suggested by the images
obtained with the 0.9 m CTIO telescope (Rose et al. 2002). We estimate the enclosed
total mass within the radius of the lens to be< 5× 1012 M�, which is within a factor of 2
consistent with the total mass of M 87 at a similar radius. The optical data thus strongly
suggest that SUMSS J033057-522811with properties characteristic for cD galaxies is the
dominant galaxy of the cluster in the background.
The X-ray morphology of the background cluster is strongly elongated showing that

its core is not relaxed and that it is possibly undergoing a merger. However, its ob-
served X-ray luminosity of L = 6.9× 1044 erg s−1, temperature kT = 5.14 keV, and
derived mass M = 3.4× 1014 M� agree well with the generally observed LX–T and
M–T scaling relations (e.g. Wu et al. 1999; Pratt 2006). Further deep optical observa-
tions are needed to characterise the properties of the background cluster.

5.4.2 The nature of the SW surface brightness peak

The SW surface brightness peak is centred on an apparent compact group of galax-
ies. Compared to other clusters of galaxies with similar temperatures, its core radius is
small. Such small core radii are observed only in clusters with cooling cores, or in clus-
ters undergoing merging events where the cluster profile is truncated. While the radial
Fe abundance distribution has a strong peak at the centre of the group, the temperature
distribution is flat, with no indication for a cool core. The cooling time in the centre of
the SW core, assuming the gas cools isobarically, is 4.5× 109 yr. Its estimated total mass
of M500 = 1.1× 1014 is a factor of 2 lower than the expected mass of a 3.4 keV cluster
(e.g. Pratt 2006). But since the value of β = 0.3 was determined by fitting the surface
brightness profile at radii much smaller than r500, the estimated M500 is highly uncer-
tain. The radial velocity of the dominant galaxy of this apparent group (ENACS 75)
is V = 19252 km s−2 (Katgert et al. 1998), which is higher by ≈ 1500 km s−1 than the
mean radial velocity of galaxies in A3128. Unfortunately, we know the radial veloc-
ity for only one more galaxy of the apparent group (ENACS 78), which is lower than
that of the dominant galaxy: V = 18380 km s−1 (Katgert et al. 1998), but still higher
by ≈ 500 km s−1 than the mean radial velocity of the cluster. The sound speed cor-
responding to the mean cluster temperature of ∼3.5 keV is 960 km s−1, which means
that if the SW peak is the remaining core of a group or a cluster merging with A3128 at
a relative velocity of ≈ 1500 km s−1, then the merger is supersonic.
On the smaller spatial scales, the X-ray emission of the SW peak appears to follow

the galaxy mass distribution as it is slightly displaced toward the West and clearly
peaks on the galaxy ENACS 75. However, the association of the galaxy ENACS 75
with the SW X-ray peak in radial velocity is difficult. The redshift of the SW peak
determined from the energy centroid of the Fe K line corresponds to a radial velocity
of V = 18000± 300 km s−1, and the redshift of the “tail” region, which we might
consider as the diffuse emission of A3128 corresponds to a radial velocity of V =
17400± 900 km s−1. However, the systematic uncertainties on these values are larger
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than the quoted statistical errors. The EPIC detectors are known to have gain problems
which are both time and position dependent. The absolute error in the redshift deter-
mination can be as large as 1500 km s−1 (Simionescu et al. in prep.). Therefore, the
radial velocity of the hot gas is within the systematic uncertainties consistent with the
radial velocity of the galaxies.
If the SW peak is a core of a group or of a cluster that moves through the ICM of

A3128, than its gas is being stripped by ram pressure. The gas of the infalling cluster is
stripped at radii where the thermal pressure of the hot gas in the infalling group is too
small to balance the sum of the thermal and ram pressure of the cluster ICM. This hap-
pens at radii larger than the radius where the thermal pressure of the infalling cluster
is equal to the thermal pressure at the stagnation point (e.g. Markevitch & Vikhlinin
2007). The ratio of thermal pressures at the stagnation point p0 and in the free stream,
p1, for Mach numbers relative to the sound speed in the free stream region M > 1 is
(Landau & Lifshitz 1959):

p0
p1

=
(

γ + 1
2

) γ+1
γ−1

M2

(
γ − γ − 1

2M2

)− 1
γ−1
, (5.2)

where γ = 5/3 is the adiabatic index of the gas. For the pressure in the free stream
region, p1, we assume the value determined assuming a density of n = 1× 10−3 cm−3
and a temperature of 3.5 keV. For the pressure of the SW core at the given radius, we

assume a density profile of n(r) = n0(1+ (r/rc)2)−
3
2 β, where n0 = 1.2× 10−2 cm−3,

rc = 30 kpc, and β = 0.3. We find that at a Mach number of M = 1.5 (inferred from the
radial velocity difference of ∼ 1500 km s−1 between ENACS 75 and A3128, and from
the sound speed vs = 960 km s−1 in the ICM), the gas outside the radius of r = 90 kpc
should be stripped, and only the ICM of the merging core inside of this radius should
be surviving.
Such a merger would produce a tail of low entropy and high Fe abundance. How-

ever, in the images and in the maps of the thermodynamic properties we do not ob-
serve any obvious signs of a merger for the SW peak. Moreover, we verified that the
Fe abundance distribution is consistent with being symmetric and is not enhanced
in any direction. These observed properties might indicate that the merger is occur-
ring just along our line of sight. The merger is compressing and heating the ICM,
which might explain the observed lack of a cool core. A shock with a Mach number
M = 1.5 heats the gas by a factor of 1.5, which means that for the cluster temperature
of 3.5 keV the gas temperature at the stagnation point should be 5.25 keV. If we fit the
spectrum extracted from the circular region with a radius of 1.5′ centred on the SW
core with two thermal models, with the temperature of one thermal component fixed
to kT = 5.25 keV, the fit improves compared to the single temperature model (see
Sect. 5.3.1). The reduced χ2 improves from 1.30 to 1.16. We obtain a best fit tempera-
ture of kT = 2.23± 0.17 keV for the cooler component, and best emission measures of
Y = (5.1± 0.5) × 1065 cm−3 and Y = (4.7± 0.5) × 1065 cm−3 for the hotter and cooler
gas, respectively. This indicates that much of the emission of the SW core might be due
to the shocked gas from a merger happening along our line of sight. As the enriched
stripped gas is trailing behind the core we are seeing it in projection which explains the
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enhanced Fe abundance within the projected distance of∼120 kpc. The velocity differ-
ence between the two galaxies of the compact group (ENACS 75, ENACS 78) may also
be explained by tidal stretching of the group along our line of sight during the passage
of the group through the cluster.

Alternatively, the SW core might be a group still falling toward A3128, which we
observe projected on the ICM of the cluster. In this case the ICM of the group still
did not start to interact with the ICM of the cluster, and ENACS 78 and 75 are only
projected close to each other by chance. However, this scenario does not explain the
lack of the temperature gradient and of a cool core in the group.

5.4.3 The diffuse ICM

After subtracting the emission of the z = 0.44 cluster, we identified a new region with
an enhanced surface brightness to the West-Southwest of the centre of the background
cluster. This region has also an enhanced pressure and low entropy. It is at a dis-
tance of ∼2.8′ from the centre of the galaxy distribution given by Rose et al. (2002).
However, the entropy of the ICM at the centre of the galaxy distribution is a factor
of 1.4 higher and the pressure is lower than that of the region with the enhanced X-
ray surface brightness. Because of the great dynamical complexity of the system, with
infalling groups and filaments identified in position-position and position-redshift di-
agrams, the determination of the cluster centre from the galaxy distribution is highly
uncertain. Based on the thermodynamic properties of the ICM, we conclude that the
enhanced surface brighness region, centred at α = 3h30m40s, δ = −52◦28′50′′, is the
centre of the gravitational potential of the cluster A3128. The position of this region
is also more consistent with the centre of the extended low surface brightness X-ray
emission.

The images and the maps of thermodynamic properties do not reveal any obvious
shocks. We only see two candidates, one to the Northeast of the background clus-
ter and one to the Southwest of SW core. Both shock candidates exhibit temperature
drops by ∼1 keV associated with a drop in entropy, and a factor of 2 drop in pressure.
However, the surface brightness in these two areas is low and we cannot confirm the
presence of surface brightness discontinuities in the regions where the maps indicate
the presence of the shocks.

As proposed by Caldwell & Rose (1997), A3128may have had encountered a merger
with A3125 in the past, and as discussed by Rose et al. (2002) the optical redshift data
reveal a number of groups, some of them tidally distended into filaments after a close
passage through A3128. The X-ray data combined with the optical redshifts suggest an
ongoing merger with a group. Moreover, the inconsistency between the cluster centre
determined based on the distribution of galaxies and based on the thermodynamic
properties of the ICM, and the lack of bright galaxies at the newly identified centre of
gravitational potential, further highlight the view that A3128 is a dynamically young,
unrelaxed system. The unrelaxed nature of A3128 can be attributed to its location in
the high density environment of the Horologium-Reticulum supercluster.
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5.5 Conclusions

Wehave analyzed newdeepXMM-Newton EPIC data of the cluster of galaxies Abell 3128
located in the Horologium-Reticulum supercluster. We found that:

• The Northeast X-ray peak observed toward A3128 is a distant luminous cluster
of galaxies at redshift z = 0.44.

• The properties of the distant radio bright galaxy in the centre of the NE X-ray
peak indicate that it is the cD galaxy of the cluster in the background. We detect
a gravitational arc around the galaxy.

• The properties of the Southwest X-ray peak suggest that it is the core of a group
merging with A3128 along our line of sight.

• Based on 2D maps of thermodynamic properties of the ICM determined after
subtracting a model for the background cluster, we conclude that the enhanced
surface brightness region at a distance of ∼2.8′ from the centre of the galaxy dis-
tribution is the centre of the gravitational potential of the cluster A3128. The
inconsistency between the cluster centres determined based on the distribution
of galaxies and based on the thermodynamic properties of the ICM further high-
lights the view that A3128 is a dynamically young, unrelaxed system.
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Abstract

Recently the first detections of highly ionised gas associated with two Warm-Hot In-
tergalactic Medium (WHIM) filaments have been reported. The evidence is based on
X-ray absorption lines due to O VII and other ions observed by Chandra towards the
bright blazar Mrk 421. We investigate the robustness of this detection by a re-analysis
of the original Chandra LETGS spectra, the analysis of a large set of XMM-Newton
RGS spectra of Mrk 421, and additional Chandra observations. We address the re-
liability of individual spectral features belonging to the absorption components, and
assess the significance of the detection of these components. We also use Monte Carlo
simulations of spectra. We confirm the apparent strength of several features in the
Chandra spectra, but demonstrate that they are statistically not significant. This de-
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creased significance is due to the number of redshift trials that are made and that are
not taken into account in the original discovery paper. Therefore these features must
be attributed to statistical fluctuations. This is confirmed by the RGS spectra, which
have a higher signal to noise ratio than the Chandra spectra, but do not show features
at the same wavelengths. Finally, we show that the possible association with a Lyα
absorption system also lacks sufficient statistical evidence. We conclude that there is
insufficient observational proof for the existence of the two proposed WHIM filaments
towards Mrk 421, the brightest X-ray blazar in the sky. Therefore, the highly ionised
component of the WHIM still remains to be discovered.

6.1 Introduction

Cosmological simulations show that the matter in the Universe is not uniformly dis-
tributed but forms a web-like structure. Clusters of galaxies and superclusters are
found at the knots of this cosmic web. They are the location of the highest mass con-
centration. The knots are connected through diffuse filaments, containing a mixture of
dark matter, galaxies and gas. According to these simulations, the major part of this
gas should be in a low density, intermediate temperature (105 – 107 K) phase, the so-
called Warm-Hot Intergalactic Medium (WHIM, Cen & Ostriker 1999). About half of
all baryons in the present day Universe should reside in this WHIM according to the
theoretical predictions, yet little of it has been seen so far. As the physics of the WHIM
is complicated and many processes are relevant to its properties, observations of the
WHIM are urgently needed.
The density of the WHIM is low (typically 1–1000 times the average baryon den-

sity of the Universe or 0.3–300 m−3; Davé et al. 2001) and the temperature is such that
most emission will occur in the EUV band. As the EUV band is strongly absorbed
by the neutral hydrogen of our Galaxy and thermal emission is proportional to den-
sity squared, only the hottest and most dense part of the WHIM can be observed in
emission with X-ray observatories such as XMM-Newton. Indications of O VII line
emission from the WHIM near clusters have been reported now (Kaastra et al. 2003a;
Finoguenov et al. 2003).
It is also possible to observe the WHIM in absorption, provided that a strong back-

ground continuum source is present and provided a high-resolution spectrograph is
used. The first unambiguous detections of the WHIM in absorption have been made
in the UV band using bright quasar absorption lines from OVI as observed with the
Far Ultraviolet Spectroscopic Explorer (FUSE) satellite (Tripp et al. 2000; Oegerle et al.
2000; Savage et al. 2002; Jenkins et al. 2003).
Observation in the UV band is relatively easy because of the high spectral resolution

of FUSE and the relatively long wavelength λ of the UV lines. Since the optical depth
at line centre scales proportional to the wavelength and the best spectral resolution
of the current X-ray observatories is an order of magnitude poorer than FUSE, X-ray
absorption lines are much harder to detect.
The first solid detection of X-ray absorption lines at z = 0 towards a quasar has

been made by Nicastro et al. (2002). A spectrum of the bright quasar PKS 2155−304
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taken with the Low Energy Transmission Grating Spectrometer (LETGS) of Chandra
showed zero redshift absorption lines due to OVII, O VIII and Ne IX. These lines have
been confirmed by XMM-Newton Reflection Grating Spectrometer (RGS) observations
(Paerels et al. 2003; Cagnoni et al. 2003), and similar X-ray absorption lines have been
seen towards several other sources, for example 3C 273, (Fang et al. 2003); NGC 5548,
(Steenbrugge et al. 2003); NGC 4593, (McKernan et al. 2003); Mrk 279, (Kaastra et al.
2004); and Mrk 421, (Williams et al. 2005). However, whether these lines are due to the
local WHIM (for instance around our Local Group) or that these lines have a Galactic
origin is still debated.

Therefore, the first unambiguous proof of X-ray absorption lines from the WHIM
has to come from z > 0 absorption lines. A first report of a z = 0.055 X-ray absorption
system towards PKS 2155−304 has been given by Fang et al. (2002) using a Chandra
LETG/ACIS observation. However, this feature must be either a transient feature and
therefore not associated to theWHIM, or an instrumental artifact. This is because these
results have not been confirmed in both the more sensitive RGS observations towards
this source (Paerels et al. 2003; Cagnoni et al. 2003), nor in a long exposure using the
LETG/HRC-S configuration. The X-ray detection of 6 intervening UV absorption sys-
tems towards H 1821+643 in a 500 ks Chandra observation by Mathur et al. (2003)
should best be regarded as an upper limit due to the rather low significance of these
detections.

An apparently more robust detection of z > 0 X-ray absorption due to the WHIM
has been presented by Nicastro et al. (2005a,b, N05 herafter). These authors observed
the brightest blazar in the sky, Mrk 421, when the source was in outburst, typically an
order of magnitude brighter than the average state of this source. They obtained two
high-quality Chandra LETGS spectra of Mrk 421 (redshift 0.0308, Ulrich et al. 1975).
They report the detection of two intervening X-ray absorption systems towards this
source in the combined spectra. The first one at z = 0.011 with a significance of 3.5–
5.8σwas associated with a known H I Lyα system, and the second one at z = 0.027 with
a significance of 4.8–8.9σ was associated with an intervening filament ∼ 13 Mpc from
the blazar (the quoted significances depend on the method used to determine them;
see N05, Table 3).

The cosmological implications of the detection of the first X-ray forest are perhaps
the most important clue to resolving the problem of the “missing baryons” (see Nicas-
tro et al. 2005a), and therefore the robustness of this detection is extremely important.
Mrk 421 has been observed many times by XMM-Newton as part of its routine cal-
ibration plan. The total integration time of 950 ks accumulated over all individual
observations with a broad range of flux levels yields a spectrum with a ∼ 1.4 times
higher sensitivity to line equivalent widths as compared to the Chandra spectra taken
during outburst (see Table 6.2). With such a high signal to noise ratio of the spectra
all kinds of systematic effects become important and we have developed a novel way
to analyse the RGS spectra taking account of these effects. This new analysis is pre-
sented in the accompanying paper (Rasmussen et al. 2007). Here we present a carefull
re-analysis of all archival Chandra spectra of this source and compare the results from
both instruments.
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6.2 Observations and data analysis

6.2.1 Analysis of the LETGS spectra

We processed all 7 Chandra LETGS observations of Mrk 421 with a total exposure time
of 450 ks (see Table 6.1). Two deep (∼ 100 ks) Chandra LETG/ACIS and LETG/HRC-
S observations of Mrk 421 were triggered after outbursts catching the source at its
historical maximum. The ∼ 20 ks LETG/HRC-S observation was obtained in Chan-
dra Director Discretionary Time after 2 weeks of intense activity. The remaining four
LETG/ACIS observations were performed for calibration purposes. Our processed
spectra contain in total ∼ 107 counts. There are also two short observations with the
High Energy Transmission Grating Spectrometer (HETGS) of Chandra, but at the rel-
evant wavelengths (λ > 20 Å) the signal to noise ratio of these spectra is too low for
our present investigation. The LETG/ACIS spectra were processed with CIAO 3.2.2

Table 6.1: Chandra LETGS observations of Mrk 421. The column “Set” gives the num-
ber of the spectral data set into which each observation was combined. The column
“Flux” gives the flux at 20 Å in photm−2 s−1 Å−1.

Set Date Obs. Detector Exposure Flux
ID (ks)

1 2000 May 29 1715 HRC-S 19.84 93
2 2002 Oct 26 4148 ACIS-S 96.84 333
1 2003 Jul 01 4149 HRC-S 99.98 242
3 2004 May 06 5318 ACIS-S 30.16 256
3 2004 Jul 12 5331 ACIS-S 69.50 39
3 2004 Jul 13 5171 ACIS-S 67.15 163
3 2004 Jul 14 5332 ACIS-S 67.06 140

(CALDB 2.27) using the standard Chandra X-ray Center pipeline. The spectra and
ARFs were combined using the CIAO tool add grating spectra. The LETG/HRC-S
spectra were processed as described in detail in Kaastra et al. (2002).
We combined these seven spectra into three datasets as indicated in Table 6.1:

1. the∼ 100 ks LETG/ACIS observation performed in 2000 when the source had an
exceptionally high luminosity (the spectrum contains ∼ 4.3 million photons)

2. the combined two datasets obtained with LETG/HRC-S in 2000 and 2003 (the
spectrum contains ∼ 2.7 million photons)

3. the combined dataset of 4 calibration observations with LETG/ACIS taken in
2004, when the source was on average at a lower luminosity (the spectrum con-
tains ∼ 3.2 million counts).

We first analysed spectra 1 & 2, which are the data sets analysed by N05. How-
ever, contrary to N05 we did not combine these data obtained in different instrument
configurations (LETG/ACIS and LETG/HRC-S) and rather decided to fit the spectra
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simultaneously. For the spectral fitting we used the SPEX package (Kaastra et al. 1996).
The two spectra obtained with different instrument configurations were fitted with dif-
ferent continuum models but with a common redshift and common absorption com-
ponents. Since we are interested in weak absorption features and not in the continuum
emission of the source, we fitted the underlying continuum with a spline model, using
12 grid points between 9.5–35 Å, with which we also removed any remaining broad in-
strumental features (for more details on the splinemodel see the SPEX manual1). This
spectral range for fitting was chosen because it includes all possible relevant spectral
line features from neon, oxygen, nitrogen and carbon.
We modelled the Galactic absorption using the hot model of the SPEX package,

which calculates the transmission of a plasma in collisional ionisation equilibriumwith
cosmic abundances. The transmission of a neutral plasma was mimicked by putting
its temperature to 0.5 eV. We fix the Galactic absorption to 1.61× 1024 m−2 (Lockman
& Savage 1995). We fit the absorption lines of the z = 0 local warm absorber, which is
associated with the ISM of our Galaxy or the Local Group WHIM filament, also with
the hot model of the SPEX package, but now with the temperature as a free parame-
ter. Our best fit temperature of the local warm absorber is 0.07 keV with a hydrogen
column density of 7.4× 1022 m−2. After obtaining a good fit of the continuum and the
local warm absorber we searched for the presence of weak absorption lines in the spec-
trum. We searched for redshifted absorption lines from CVI, N VI, N VII, O VI, O VII,
O VIII, Ne IX, Ne X in all possible WHIM filaments between our Galaxy and Mrk 421.
We performed a systematic search for these absorption features. Absorption lines of
the above mentioned ions were placed into one of 60 bins corresponding to different
redshifts between z = 0 and z = 0.03. In each bin the individual column densities of
the ions were fitted and the Δχ2 of the fit relative to the fit without the weak absorption
lines in the model was evaluated. To fit the column densities of the ions we used the
slab model of the SPEX package. That model calculates the transmission of a thin slab
of matter with arbitrary ionic composition. Free parameters are the velocity broaden-
ing σv(= b/

√
2) which we kept fixed to 100 km s−1, and the ionic column densities.

Note that in our case the column densities are low so we expect to be in the linear part
of the curve of growth, such that σv is irrelevant for the determination of the equivalent
width of the absorption lines. In order to really detect weak absorption lines we per-
formed this search with a spacing of 10 mÅ, one fifth of the resolution of the LETGS (50
mÅ). Afterward we simulated a Chandra spectrumwith the same exposure time, same
continuum model but without the weak absorption features and again performed the
same search on the simulated spectrum. The results of the search on the real and on
the simulated spectrum are shown in Fig. 6.1.
We did not include redshifted O VIII lines, since a part of the spectrum where they

may be present is influenced by small instrumental uncertainties. In particular a nearby
node boundary in LETG/ACIS with small-scale effective area uncertainty would oth-
erwise systematically bias the fit (see Sect. 6.3.1 for more details). The most significant
individual spectral feature which N05 interpret as an absorption line from a WHIM
filament is the feature associated with an O VII absorption line at z=0.011. To investi-

1see http://www.sron.nl/divisions/hea/spex/version2.0/release/index.html
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Figure 6.1: Improvement Δχ2 of the fit with weak absorption lines in the model with
respect to a fit without these absorption lines, as a function of redshift. Ions included
are C VI, N VI, N VII, O VI, O VII, Ne IX, and Ne X. The solid and dashed lines represent
the Δχ2 distribution as a function of redshift when fitting the observed spectrum and
the simulated spectrum respectively.

gate that line further, we considered all three datasets 1–3. We show the 21.0− 22.6 Å
spectral interval extracted from these datasets in Fig. 6.2. The best-fitting continuum
model plus an absorption model for the local warm absorber is shown with a solid
line and the position of the redshifted O VII line observed by N05 is indicated by the
vertical dotted line. The spectral feature at 21.85 Å is seen in the spectrum obtained by
LETG/HRC-S and a somewhat weaker and shifted feature is seen in the LETG/ACIS
spectrum obtained at the high source luminosity. We note that N05 combined these
two datasets. In the third dataset we do not see any feature at the indicated wave-
length, despite the fact that the sensitivity to detect weak lines in this spectrum is only
slightly less than for the other two spectra (see the error bars on equivalent widths in
Table 6.2).

Finally, we determined the nominal redshift of the z = 0.011 component from the
data sets 1 and 2, using only the strongest absorption lines (O VII 1s–2p). For the z = 0
O VII line, we measure a line centroid of 21.605± 0.006 and 21.604 ± 0.005 mÅ for
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Figure 6.2: The 21.0− 22.6 Å part of the spectrum of Mrk 421 with its best-fitting con-
tinuum model plus an absorption model for the z = 0 absorber (solid line). The spec-
trum at the top is the LETG/ACIS observation obtained when the source was in an
exceptionally bright state; the spectrum in the middle is the LETG/HRC-S observa-
tion obtained in a bright state combined with a short LETG/HRC-S observation ob-
tained at a lower luminosity state; these observations were combined and analysed by
N05. The spectrum at the bottom was obtained during 4 calibration observations using
LETG/ACIS. The dotted line shows the position of the redshifted O VII line observed
by N05.

spectrum 1 and 2, respectively; for the z = 0.011 components these values are 21.864±
0.014 and 21.854± 0.011 mÅ. Therefore, the redshifts of the longer wavelength line
with respect to the z = 0 line is 0.0121± 0.0007 and 0.0117± 0.0005, respectively. The
weighted average is z = 0.0118± 0.0004, somewhat higher than the value obtained by
N05.
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6.2.2 Analysis of the RGS spectra

Figure 6.3: Comparison of the LETGS and RGS spectra of Mrk 421 in the Ne X/Ne IX,
O VIII, O VII/O VI, N VII, N VI and CVI bands. Each panel shows from top to bot-
tom the LETG/ACIS spectrum (1), the LETG/HRC-S spectrum, RGS1 and RGS2. The
quantities plotted are the fit residuals (observed−model)/model with respect to a lo-
cal continuum model. One tickmark on the y-axis corresponds to 10 %, and the data
sets have been shifted arbitrarily along the y-axis in order to avoid overlapping data
points. The solid vertical lines correspond to expected features at z = 0, dashed lines
to z = 0.011, and dash-dotted lines to z = 0.027. CCD gaps for RGS are shown with
dotted lines in the appropriate spectrum. As explained by Rasmussen et al. (2007),
after careful screening occasionally an isolated instrumental dip may be present in a
single RGS, such as at 25.8 Å in RGS2.
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The analysis of the RGS spectra is described in detail by Rasmussen et al. (2007).
We have taken their combined fluxed spectra and corrected these for Galactic absorp-
tion using the same hot model of SPEX described above that was used for the LETGS
spectra. We adjusted the oxygen column density to 8.5× 10−4 of the hydrogen column
density in order to get the best match around the oxygen edge. The absorption cor-
rected spectra then were fitted using a spline model with nodes separated by 0.5 Å.
Obvious absorption lines were ignored in this continuum fit. This procedure is needed
because the statistical quality of our combined data is so good: typically, the flux in
the oxygen region is determined with a statistical error of only 0.4 % per 0.5 Å bin.
There are remaining, large-scale uncertainties in the RGS effective area of the order of
a percent on Å scales that would otherwise bias the spectrum, and moreover to prove
that the underlying continuum of all these combined Mrk 421 observations would be
a straight power law would be a major challenge. Fig. 6.3 shows the residuals of this
fit in the same 6 wavelength intervals used by N05.
In addition, we show in Fig. 6.3 the fit residuals of the LETGS spectra 1 and 2, after

fitting with a similar spline model as was used for the RGS data, with nodes separated
by 0.5 Å.

6.2.3 Determing equivalent widths

Table 6.2: The formal best-fit equivalent widths (Wλ) in mÅ for absorption lines fixed
at wavelengths of 21.60, 21.85, 22.20 and 22.02 Å, corresponding to the expected posi-
tion of the 1s–2p lines of O VII at z = 0, z = 0.011, z = 0.027, and the 1s–2p doublet of
O VI at z = 0. Negative values indicate emission lines. See the text for the details about
the LETGS datasets. We further list Wλ as derived from the RGS spectra (Sect. 6.2.2),
and the weighted average for all three LETGS data sets and the RGS data (row labelled
w.a.). For comparison, we also list the equivalent widths as determined by Williams
et al. (2005) and N05 from the combined LETGS sets 1 and 2 (labelled N05/W). All
errors are r.m.s. errors (Δχ2 = 2). The last column gives an estimate of the system-
atic uncertainty (also in mÅ) on the equivalent widths (not included in the statistical
errors).

Dataset 21.60 21.85 22.20 22.02 syst
LETGS 1 11.6± 1.3 1.5± 1.5 3.1± 1.5 1.9± 1.5 0.6
LETGS 2 11.7± 1.3 3.5± 1.4 −1.5± 1.5 1.1± 1.5 0.9
LETGS 3 10.3± 1.6 −0.6± 1.8 −0.4± 1.9 0.1± 1.8 0.6
RGS 14.8± 0.7 0.4± 0.8 −0.6± 0.7 2.8± 0.7 0.8
w.a. 13.4± 0.5 1.0± 0.6 −0.2± 0.6 2.1± 0.6
N05/W 9.4± 1.1 3.0± 0.9 2.2± 0.8 2.4± 0.9

Equivalent widths of selected line features in the 21.0–22.5 Å band were determined
from the fit residuals shown in Fig. 6.3. We consider the z = 0 line of O VII, as well
as the z = 0.011 and z = 0.027 O VII lines and a 22.02 Å feature discussed later. The
equivalent widths (Wλ) are given in Table 6.2.



122 The lack of trees in the X-ray forest toward Mrk 421

For RGS1 we used the exact line spread function. Following our earlier work (Kaas-
tra et al. 2002), we approximate the lsf of the LETGS by the following analytical for-
mula:

φ ∼ 1/[1+ (Δλ/a)2 ]α, (6.1)

where α = 2 and Δλ is the offset from the line centroid. The scale parameter a (ex-
pressed here in Å) is weakly wavelength dependent as:

a =
√

(0.0313)2 + (0.000306λ)2. (6.2)

The errors on the equivalent widths that we list are simply the statistical errors on the
best-fit line normalisation. Table 6.2 also shows the systematic uncertainties expected
for each line due to the uncertainty in the continuum level; these systematic uncer-
tainties were determined by shifting the continuum up and down by the 1σ statistical
uncertainty in the average continuum flux for each local 0.5 Å bin and re-determing
the equivalent width.
Uncertainties in the shape of the lsf also may affect the derived values of Wλ. We

estimated this by modifying the lsf and determining how the equivalent width of the
21.60 Å line changes. For the LETGS, a change of α from 2 (our preferred value) to
2.5 (the value used by the official CIAO software) but keeping the same FWHM by
adjusting a leads to a decrease of 0.4 mÅ (3.5 %) inWλ; a decrease of a by 10 % leads
to a decrease of 0.5 mÅ (4.5 %) inWλ. If for the RGS instead of the true lsf a Gaussian
approximation would be used, the equivalent widths would be 20–30 % too small.
As shown by Rasmussen et al. (2007) the uncertainty in the lsf gives slightly different
results (∼ 10 %) as two different parameterisations of the lsf are used. For example,
decreasing the FWHM of the lsf of the RGS by 10 % leads to aWλ decrease of 2.3 mÅ
(15 %). Although the precise systematic uncertainty on Wλ due to the lsf shape is
hard to establish accurately, it is most likely in the 5–15 % range for both LETGS and
RGS. Taking this into account in addition to the statistical uncertainty on Wλ and the
systematic uncertainty related to the continuum level (Table 6.2), we conclude that
there is not a large discrepancy between the equivalent widths of the z = 0 O VII line
measured by both instruments. Note that in this paper we used for RGS the lsf that
is based on the official SAS software, which as explained above gives slightly larger
equivalent widths than the numbers given by Rasmussen et al. (2007).

6.2.4 A note on systematic wavelength errors

The LETGS (both with the HRC-S and ACIS detectors) has some systematic wave-
length uncertainties. For the HRC-S detector these are caused mainly by detector
alinearities. These have been calibrated by us (see Kaastra et al. 2002) using obser-
vations of Capella; the dithering of the instrument allows it to map monochromatic
lines of Capella at different detector positions; by comparing observed and predicted
positions, these spatial alinearities can be taken into account. This method works best
where Capella has strong lines; Kaastra et al. (2002) show in their Fig. 1 for example
that the remaining uncertainties after correction are about 3 mÅ for the O VII region
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around 22 Å, and 12 mÅ for the NVII region around 25 Å. In general, the accuracy
is highest typically within ±1 Å from the strong lines of Capella, and can be up to
10–20 mÅ for regions lacking strong lines.
As the redshift of Mrk 421 is not high, most of the potential line features fall on

well-calibrated parts of the detector (close to Capella line positions), and therefore they
have relatively small systematic uncertainties. In our approach, for most of the lines
considered by N05 there is not much room for large systematic errors, and using the
results of our analysis, there is no way to reconcile the z = 0.0118 O VII component
with a z � 0.010 NVII component.
But even when one would believe that the systematic wavelength errors in the

LETGS are larger, one cannot evaluate the significance of the detection of the system
by putting in the a priori assumption that the present features are associated with the
absorbing component and adjusting the redshifts of the individual features to get the
best fit.
Therefore, the lower significances obtained by N05 using the “conservative signifi-

cance” (i.e., from a test using predicted wavelengths) are more robust than their “sum
of significances” test.

6.3 Discussion

6.3.1 Significance of the absorption components detected by Chan-
dra

The evidence for the two absorption components at z = 0.011 (3.5–5.8σ) and z = 0.027
(4.8–8.9σ) as presented by N05 looks at a first glance convincing. However, there are
good reasons to put question marks to these significances. We follow here two routes:
first we discuss the significance of the individual features identified by N05, and next
we analyse the significance of the absorption components in a coherent way.

Individual line features

N05 found 24 absorption lines with a significance of more than 3σ in their analysis
of the combined LETG/HRC-S and LETG/ACIS spectrum. Of these 24 lines, 14 have
an origin at z = 0 and there is no doubt about the significance of that component,
so we focus on the 10 features with a tentative identification with z > 0 absorption
lines. In total 3 of these belong to the z = 0.011 system, and 6 to the z = 0.027 system.
One feature at 24.97 Å was unidentified by N05. We will discuss these features here
individually as we point out that not all of these detections can be regarded as reliable.
The absorption component at z = 0.011 had three features:

1. O VIII 1s–2p at 19.18 Å: Fig. 6.3 shows that there is only evidence for an absorp-
tion feature from the LETG/ACIS spectrum, not from the LETG/HRC-S or RGS
spectra. The feature coincides exactly with a ∼ 0.05 Å wide dip of 3 % depth in
the effective area of the LETG/ACIS, associated with an ACIS node boundary (as
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was also pointed out by N05); therefore this feature is most likely of instrumental
origin. Therefore N05 give here upper limits for the equivalent width, but they
show this feature with a fitted line profile in their Fig. 8 and treat it as a true
absorption line in their Fig. 10.

2. O VII 1s–2p at 21.85 Å: there is no clear feature in the RGS spectrum, but there
is a feature in both LETGS spectra (1 and 2; spectrum 3 does not show a fea-
ture, cf. Fig. 6.2. There are no known instrumental features in the LETGS at this
wavelength, so this may be real provided it has sufficient significance. But see
Sect. 6.3.1.

3. N VII 1s–2p at 25.04 Å: no feature present in the RGS deeper than 1 %; the LETG /
HRC-S spectrum (Fig. 6.3) shows a∼ 5 % negative deviation at a slightly smaller
wavelength, and the (here noisy) LETG/ACIS spectrum may be consistent with
this. The smaller wavelength is consistent with the findings of N05, who give
here a redshift of 0.010 instead of 0.011.

In summary, the X-ray evidence for the 0.011 component rests solely upon the detection
of two lines with different redshift and only seen in the LETGS. As we will argue later,
even the statistical significance of the combined features is insufficient to designate it
as a robust detection.
The component at z = 0.027 had six features:

1. Ne IX 1s–2p at 13.80 Å: this feature coincides with a narrow dip in the effective
area of the LETG/ACIS associated with a node boundary, similar to the z =
0.011 O VIII 1s–2p line. Accordingly N05 only give upper limits for the equivalent
width. It is therefore no surprise that it is only seen in the LETG/ACIS spectrum,
with perhaps a little but not very significant strengthening from the LETG/HRC-
S spectrum. It is not visible in the RGS spectrum. More importantly, its best-fit
redshift as reported by N05 of 0.026 is off from the redshift of this component at
z = 0.027. We conclude that this feature has an instrumental origin.

2. O VII 1s–3p at 19.11 Å: there is only a weak signal visible in the LETG/HRC-S
spectrum (Fig. 6.3); this looks a little less pronounced than in the plot given by
N05 but this may be due to different binning. N05 give here only an upper limit
to the equivalent width because it is near an ACIS node boundary. More impor-
tantly, given the weakness of the 1s–2p transition in the same ion (see below) and
the expected 5 times smaller equivalent width of the 1s–3p line as compared to
the 1s–2p line makes any detection of the 1s–3p line impossible.

3. O VII 1s–2p at 22.20 Å: only clearly seen in the LETG/ACIS spectrum. No evident
instrumental features are present. However, the redshift of 0.028 is slightly off
from the redshift of this component at z = 0.027.

4. N VII 1s–2p at 25.44 Å: a weak feature is present mainly in the LETG/HRC-S
spectrum; RGS1 may be consistent with this. Given the weakness of the oxygen
lines, a clear detection of NVII would be surprising unless the absorber has an
anomalously high nitrogen abundance.
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5. N VI 1s–2p at 29.54 Å: here the LETG/HRC-S spectrum has the best statistics and
it shows indeed a shallow dip with four adjacent bins approximately 1σ below
the reference level. The same remark as above about the nitrogen abundance can
be made. Moreover, there is nothing there in the RGS spectra.

6. C VI 1s–2p at 34.69 Å: as above the feature ismainly evident from the LETG/HRC-
S line. As the cosmic carbon abundance is significantly higher than the nitrogen
abundance, this line is more likely to be detectable. Again, the redshift of 0.028 is
on the high side.

In summary, the detection of the z = 0.027 component rests uponO VII, seen only in the
LETG/ACIS spectrum, and the 1s–2p lines of N VII, N VI and CVI as well as the 1s–3p
lines of O VII, seen only in the LETG/HRC-S spectrum. None of these features is visible
in both LETGS configurations, not all of these lines have exactly the same redshift and
some of the lines (O VII 1s–3p and the nitrogen lines) are problematic from a physical
point of view.

Self-consistent assessment of the significance of the line features

In the previous section we have put several question marks to the significance and
reliability of the nine z = 0.011 and z = 0.027 line identifications as derived from the
LETGS spectra by N05. Nevertheless, some of the features identified by these authors
indeed show negative residuals at the predicted wavelengths for these components,
with a nominal statistical significance as determined correctly by N05.
However, the actual significance of these detections is much smaller, and actually as

we show below, the redshifted components are not significant at all. This is due to two
reasons.
First, N05 fitted line centroids for each component separately, and then determined

the significance for each line individually. However, for all lines belonging to the same
redshift component, the wavelengths are not free parameters but are linked through
the value of the redshift. Although N05 later assess the significance of the components
by fixing the wavelengths of the relevant lines, they first have established the presence
of redshifted components and their redshift values by ignoring this coupling. Their
argument for “noise” in the wavelength solution of in particular the LETG/HRC-S de-
tector is not relevant here; first, our improved treatment of the LETGS gives smaller
noise, but more importantly, if there is noise, then for each potential line the amplitude
and direction of the noise are unknown, and therefore there is no justification for ad-
justing the line centroids by eye or by chi-square: the true wavelength alinearity might
just have the opposite sign. The only way to do this unbiased is to couple the lines
from different ions even before having found the redshifted components.
The most important problem is however the number of trial redshifts that have been

considered. N05 started by looking to> 3σ excesses in the data in order to identify the
two redshift systems. However, a > 3σ excess has only meaning for a line with a well-
known wavelength based on a priori knowledge. For example, knowing that there is a
highly ionised system with a given redshift in the line of sight makes it justified to look
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for O VIII or O VII absorption lines at precisely that redshift. Here this a priori knowl-
edge is lacking (only a posteriori circumstantial evidence based on galaxy association
or association H I Lyα absorption is presented). In a long enough stretch of data from
any featureless spectrum there will always be several statistical fluctuations that will
surpass the 3σ significance level. The significance of any feature with unknown wave-
length is therefore not determined by the cumulative distribution F(x) of the excess x
(with F′(x) usually a Gaussian) at a given wavelength. Instead it is given by the dis-
tribution G(x) of the maximum of F for N independent trials, which is G(x) = FN(x).
For a large number of trials, F has to be very high to get a significant value of G.

The number of independent trials N is of order of magnitude W/Δλ, with W the
length of the wavelength stretch that is being searched, and Δλ the instrumental Full-
Width at Half Maximum (FWHM). However, this is only an order of magnitude esti-
mate. The precise value depends on the shape of the instrumental line spread function
and the bin size of the data.

By using a Monte Carlo simulation we have assessed the significance of line detec-
tions for the present context. We start from a simple featureless model photon spec-
trum. This spectrum is binned with a bin size δ of 0.015 Å. For each spectral bin i, the
deviations di of the observed spectrum from this model spectrum are normalised to
their nominal standard deviations σi such that xi = di/σi has a standard normal dis-
tribution with mean 0 and variance 1. Given the high count rate of the spectrum, the
approximation of the Poissonian distribution for each bin with a Gaussian as we do
here is justified. All xi are statistically independent random variates. In fact, we even
do not use any specific model spectrum, but directly draw the random variates xi.

In this approach, quantities such as the flux, exposure time and spectral slope are
irrelevant, since we consider here only residuals in terms of σ. Of course, the underly-
ing basic assumption is that the continuum changes only on much larger wavelength
scales than a resolution element of the LETGS, which is justified given the high spec-
tral resolution of the LETGS and the power law continuum of Mrk 421. This approach
allows us also to combine the LETG/HRC-S and LETG/ACIS spectra as if it were one
spectrum (the line spread functions for both instruments are very similar and can be
treated to be the same for both for the purpose of this simulation).

We consider 7 spectral lines, centred on restframe wavelengths λj equal to 12.1, 13.4,

21.6, 22.0, 24.8, 28.8 and 33.7 Å, and generate the xi for the wavelength range between
λj and λj(1+ zmax) with zmax the redshift of Mrk 421 which we approximate here by
0.03. Then we do a grid search over redshift (step size 0.0003 in z) and for each red-
shift we determine the best fit absorption line fluxes. The fluxes are simply determined
from a least squares fit taking account of the exact line profile φ(λ) (Eqn. 6.1). As we
are looking for absorption lines, we put the normalisation of the line to zero whenever
it becomes positive. We then calculate the difference Δ in χ2 between the model in-
cluding any absorption lines found, to the model without absorption lines. As the fit
always improves by adding lines, Δχ2 is always negative. For each run, we determine
the redshift with the most negative value of Δχ2, i.e. the most significant signal for any
redshift. We repeat this process 106 times and determine the statistical distribution of
Δχ2 by this way (see Fig. 6.4).
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Figure 6.4: Probability density function (lower panel) and cumulative probability den-
sity function (upper panel) for the maximum improvement−Δχ2 in LETGS fits includ-
ing absorption lines at 12.1, 13.4, 21.6, 22.0, 24.8, 28.8 and 33.7 Å, when a redshift range
between z = 0 and z = zmax is searched. Here results for 3 values of zmax are shown:
dotted line: zmax = 0.015; thick solid line: zmax = 0.03 (appropriate for Mrk 421);
dashed line: zmax = 0.06.
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Our results are almost independent of the chosen bin size δ for the spectrum (we ver-
ified that by numerical experiments). In the context of Mrk 421, the median and peak
of the distribution are close to 10. This corresponds to a “5σ” detection if no account is
taken of the number of trials. Components with apparent significances stronger than
5.8 or 8.9σ as obtained by N05 for the z = 0.011 and z = 0.027 systems, respectively,
have probabilities of 40 and 6 % to occur by chance. Thus, the z = 0.011 component is
not significant at all. Furthermore, as we show below in the next section, the z = 0.027
is not as significant as reported by N05.

The significance of the line spectra from spectral simulations

The two peaks at z = 0.011 and z = 0.027 are indeed reproduced by our new analysis
of the LETGS spectra (Fig. 6.1; Sect. 6.2.1). While the peak at z = 0.011 has a signifi-
cance similar to the value quoted by N05, the z = 0.027 component is less significant.
This is mainly because we omitted the O VIII wavelength range because of the reasons
mentioned earlier. Note that both troughs are not very narrow; this corresponds to the
slightly different redshifts found for the lines of N05.
We also took the same continuum spectrum and used it to make a simulation (Fig. 6.1).

The simulated spectrum shows three peaks of similar strength, at z = 0.001, z = 0.007,
and z = 0.019. In both the fitted true spectrum of Mrk 421 and the simulated spec-
trum, the strongest peak in terms of Δχ2 is in excellent agreement with the predictions
as shown in Fig. 6.4.
We conclude that based on the Chandra data alone there is not sufficient evidence

for a significant detection of the WHIM towards Mrk 421. This does of course also
imply that a true WHIM signal must be much stronger or more significant than the
detections of N05 before it can be regarded as evidence for the existence of the WHIM.

6.3.2 Association of the z = 0.011 component with a Lyα absorber.

A strong argument in favour of the existence of the z = 0.011 WHIM component is its
association with a Lyα absorption system. Penton et al. (2000) found an absorption line
with an equivalent width of 86± 15 mÅ at 1227.98 Å, identified as H I Lyα at a redshift
of z = 0.01012± 0.00002. Savage et al. (2005) have studied extensively UV spectra of
Mrk 421 obtained by FUSE and HST but they could not find any other H I lines neither
any associated metal lines. However, Savage et al. argue that this line could be hardly
anything else than Lyα. At the given redshift, the system should be a H I cloud in a
galactic void.
From our analysis of the apparent z = 0.011 system (Sect. 6.2.1), we found as a best

fit redshift z = 0.0118± 0.0004. This is higher than the value quoted by N05 because of
our improved wavelength solution of the LETGS. The difference of 500± 120 km s−1
between this X-ray redshift and the Lyα redshift corresponds to 0.036 Å at the wave-
length of the O VII resonance line. This is almost equal to the spectral resolution of the
LETGS at that wavelength and definitely inconsistent with our current understanding
of the LETGS wavelength scale.
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We conclude that there is no evidence for a direct physical connection between the
putative z = 0.011 X-ray absorption component and the Lyα absorber. A similar con-
clusion was also reached by Savage et al. (2005), based on the narrowness of the Lyα
line which implies a low temperature and the absence of any O VI absorption in the
FUSE spectra. Even the evidence for a more loose association of both systems, for ex-
ample in different parts of a larger filamentary structure, is not convincing: over the
redshift range of 0 ≤ z ≤ 0.03, the probability that the most significant statistical X-ray
fluctuation would occur within |Δz| < 0.0017 from the only known intervening Lyα
system is 11.2 %.

6.3.3 The final argument: no lines in the RGS spectrum

We have shown above that based on the Chandra data alone there is insufficient proof
for the existence of the z = 0.011 and z = 0.027 absorption components reported by
N05. The lack of evidence does not imply automatically that these components are not
present, but just that their presence cannot be demonstrated using LETGS data.
However, if these components really would exist at the levels as reported by N05,

then adding more data like our combined RGS data set should enhance the signifi-
cance, but the opposite is true: the RGS spectra show no evidence at all for both ab-
sorption components. Taking the weighted average of the equivalent widths of the
O VII lines obtained by all instruments, we find for the z = 0.011 and z = 0.027 compo-
nents equivalent widths of 1.0± 0.6 and −0.2± 0.6 mÅ, respectively (see Table 6.2), to
be compared to 3.0± 0.9 and 2.2± 0.8 as reported by N05. Hence, the column densities
of any component are at least two times smaller than reported by N05.
The lack of evidence for both components in RGS spectra was also reported by Rava-

sio et al. (2005), based on a smaller subset of only 177 ks. Our analysis uses 4 timesmore
exposure time.
Finally, while we were writing our paper, a preprint by Williams et al. (2006) ap-

peared. These authors use 437 ks RGS data, only half of our exposure time. They also
do not find evidence for the two absorption systems, but attribute this to “narrow in-
strumental features, inferior spectral resolution and fixed pattern noise in the RGS”. As
we have shown in the accompanying paper (Rasmussen et al. 2007) these statements
lack justification when a careful analysis is done.

6.3.4 The 22.02 Å feature

Both the RGS and the LETGS spectra seem to indicate the presence of an absorption line
at 22.02 Å, with combined equivalent width of 2.1± 0.6 mÅ (Table 6.2). This feature
was identified as z = 0 absorption from OVI, based upon the almost exact coincidence
with the predicted wavelength of that line (Williams et al. 2005). However, as Williams
et al. point out, the equivalent width is about 3 times higher than the value predicted
from the 2s–2p doublet at 1032 and 1038 Å. Williams et al. then offer three possible
explanations for the discrepancy.
The first explanation, wrong oscillator strengths of the K-shell transitions by a factor
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of 2–4, can be simply ruled out. These strong transitions can be calculated with much
higher precision.
The second explanation invokes a large fraction of O VI in an excited state. This

would suppress the 2s–2p UV lines relative to the 1s–2p X-ray lines. Apart from the
fact that this situation is hard to achieve in a low density plasma (one needs almost
LTE population ratios), there is another important argument against this. The X-ray ab-
sorption lines from the 1s2 2p configuration are shifted by 0.03–0.05 Å towards longer
wavelength as compared to lines from the ground state 1s2 2s (A.J.J. Raassen, private
communication). Thus, in this scenario the X-ray line should shift by a measurable
amount towards longer wavelengths, which is not observed.
The third explanation offered by Williams et al. invokes intervening O VII at z =

0.0195. Given the lack of other absorption lines from the same system, Williams et al.
argue that this is unlikely.
Our strongest argument against a real line is however its significance. Using the

known column density derived from the FUSE spectra, (2.88± 0.14) × 1018 m−2 by
Savage et al. (2005), we estimate that the corresponding z = 0 1s–2p line of O VI should
have an equivalent width of 0.64 mÅ. Subtracting this from the observed equivalent
width, the “unexplained” part has an equivalent width of 1.5± 0.6 mÅ, i.e. a 2.5σ
result. However, similar to our analysis of the Chandra data, it is easy to argue that
given the number of redshift trials this significance is insufficient to be evidence for
redshifted OVII. Moreover, any systematic uncertainties would reduce its significance
even further.

6.4 Conclusions

We have re-analysed carefully the Chandra LETGS spectra of Mrk 421, the first source
for which the detection of the X-ray absorption forest has been claimed. We have sup-
plemented this with an analysis of additional LETGS observations as well as with a
large sample of XMM-Newton RGS observations, amounting to a total of 950 ks obser-
vation time. We find that there is no evidence for the presence of the z = 0.011 and
z = 0.027 filaments reported by N05. Moreover, the association with an intervening
H I Lyα absorption system is not sufficiently supported.
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Abstract

We present an analysis of new Suzaku data and archival data from XMM-Newton of
the cluster of galaxies Sérsic 159-03, which has a strong soft X-ray excess emission com-
ponent. The Suzaku observation confirms the presence of the soft excess emission, but
it does not confirm the presence of redshifted O VII lines in the cluster. Radial pro-
files and 2D maps derived from XMM-Newton observations show that the soft excess
emission has a strong peak at the position of the central cD galaxy and the maps do
not show any significant azimuthal variations. Although the soft excess emission can
be fitted equally well with both thermal and non-thermal models, its spatial distri-
bution is neither consistent with the models of intercluster warm-hot filaments, nor
with models of clumpy warm intracluster gas associated with infalling groups. Using
the data obtained by the XMM-Newton Reflection Grating Spectrometers we do not
confirm the presence of the warm gas in the cluster centre with the expected properties
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assuming the soft excess is of thermal origin. The observed properties of the soft excess
emission are consistent with the non-thermal interpretation. While the high density of
relativistic electrons associated with the peak of the soft emission in the cluster centre
might have been provided by an active galactic nucleus in the central cD galaxy, the
underlying population might have been accelerated in diffuse shocks.

7.1 Introduction

In the past 10 years, extreme ultraviolet (EUV) and soft X-ray observations (with EUVE,
ROSAT, BeppoSAX, XMM-Newton) unveiled emission in excess of that expected from
the thermal intracluster medium (ICM) in a number of clusters of galaxies. The first
papers reporting the discovery of the excess EUV emission from clusters interpreted
their finding as thermal emission from warm diffuse gas (Lieu et al. 1996a,b; Mittaz
et al. 1998). However, the large mass of the warm gas required to explain the soft ex-
cess emission, which would cool very rapidly at the derived temperatures, was a prob-
lem for the model (Mittaz et al. 1998). As an alternative explanation for the cluster soft
excess inverse Compton (IC) emission by cosmic-ray electrons scattering off the cos-
mic microwave background (CMB) was proposed (Hwang 1997; Ensslin & Biermann
1998; Sarazin & Lieu 1998; Lieu et al. 1999). Kaastra et al. (2003a) reported the discov-
ery of soft excess and O VII line emission around five clusters observed with XMM-
Newton. They attributed this component to emission from intercluster filaments of the
Warm-Hot Intergalactic Medium in the vicinity of the clusters. Nevalainen et al. (2007)
reanalized the XMM-Newton data of 4 clusters with a reported soft excess emission
using the newest calibration and found that the XMM-Newton EPIC instruments dif-
fer on the magnitude of the soft excess in all clusters. While EPIC/MOS data still show
soft excess emission in all clusters reported by Kaastra et al. (2003a), EPIC/pn data
show the soft excess emission only in the cluster Sérsic 159-03 and the redshifted O VII

line emission is not observed in the reprocessed data. Nevalainen et al. (2007) conclude
that the possibility that the reported O VII line emission in the outskirts of these clus-
ters is due to heliospheric or geocoronal charge exchange emission, as suggested by
Bregman & Lloyd-Davies (2006), cannot be ruled out.
The rich southern cluster of galaxies Sérsic 159-03, also known as ACO S1101, was

discovered by Sérsic (1974). It is a nearby (z=0.0564; Maia et al. 1987) X-ray bright clus-
ter with a luminosity of LX = 5.35× 1044 erg s−1 in the 0.5–2.0 keV band (de Grandi
et al. 1999). The cluster is relaxed with no obvious peculiarities in the X-ray morphol-
ogy (Kaastra et al. 2001). The temperature profile peaks at kT = 2.7 keV at a radius of
∼ 2.5′ from the core (de Plaa et al. 2006). The temperature drop in the core is relatively
modest and the temperature outside the radius of 4′ drops rapidly by at least a factor of
∼ 2 (Kaastra et al. 2001; de Plaa et al. 2006). Sérsic 159-03 has the strongest soft excess
emission of all clusters observed with XMM-Newton, with the detection well above
the calibration uncertainty. Its soft excess was discovered using ROSAT PSPC data by
Bonamente et al. (2001) and confirmed by two independent XMM-Newton observa-
tions (Kaastra et al. 2003a; Bonamente et al. 2005; Nevalainen et al. 2007). Analysing
a deep (122 ks) XMM-Newton observation, Bonamente et al. (2005) show that strong
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soft excess emission is detected out to the radial distance of 12′ (0.9 Mpc). They inter-
pret their data using two models: by invoking a warm reservoir of thermal gas, and
by relativistic electrons that are part of a cosmic ray population. In their conclusions
they slightly favor the thermal interpretation. Based on the analysis of the same data
set, de Plaa et al. (2006) propose as a potential source of the soft excess non-thermal
emission arising from IC scattering between CMB photons and relativistic electrons,
that are accelerated in bow shocks associated with ram pressure stripping of in-falling
galaxies.
Here we analyse the soft excess in Sérsic 159-03 using a new deep Suzaku (Mitsuda

et al. 2007) observation, together with two archival XMM-Newton (Jansen et al. 2001)
observations. We analyse the Suzaku XIS1 (Koyama et al. 2007) data in order to obtain
a confirmation of the soft excess with an independent instrument. We compare the ob-
served soft excess flux in the three analysed observations and determine the systematic
uncertainty on its value. Furthermore, Suzaku has a superior spectral redistribution
function at low energies, which allows us to resolve the oxygen line emission with un-
precedented accuracy. The detection of O VII line emission with Suzaku would prove
the thermal origin of the soft excess emission and determining its redshift would allow
us to confirm its cluster origin. We also take advantage of the excellent statistics of the
archival XMM-Newton observations, which allow us to analyse the spatial distribution
of the soft excess emission in the cluster.
The paper is organised in the following way. In section 2, we describe the Suzaku

and XMM-Newton data of Sérsic 159-03 and discuss the spectral modeling. In section
3, we fit the soft excess emission detected by Suzaku with thermal and non-thermal
models, we compare the soft excess flux detected by Suzaku with the flux detected
during two XMM-Newton observations. Furthermore, we exploit the higher signal-
to-noise and good spatial resolution of the XMM-Newton observations to investigate
the spatial structure of the soft excess emission by analysing radial profiles and 2D
maps, and we search for possible lines from warm gas in the cluster core with the
Reflection Grating Spectrometers (RGS) on XMM-Newton. In section 4, we discuss
the physical interpretation of the results and finally, in section 5, we summarise the
main conclusions. In the Appendix we describe the details of the calibration of the
contaminating layer on the optical blocking filter of the XIS1 detector on Suzaku.
Throughout the paper we use H0 = 70 km s−1Mpc−1, ΩM = 0.3, ΩΛ = 0.7, which

imply a linear scale of 73 kpc arcmin−1 at the cluster redshift of z = 0.0564 (Maia et al.
1987). Unless specified otherwise, all errors are at the 68% confidence level for one
interesting parameter (Δχ2 = 1). Upper limits are at the 2σ confidence level. The ele-
mental abundances are given with respect to the proto-solar values of Lodders (2003).

7.2 Observations and data analysis

7.2.1 Suzaku data

Sérsic 159-03 was observed with Suzaku between April 26–28, 2006 with a total expo-
sure time of 64 ks.
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Figure 7.1: Suzaku XIS image of Sérsic 159-03 in the 1–4 keV band. The data obtained
by the four XIS detectors were combined. The white circles indicate the extraction
regions for the spectral analyses: circular region with a radius of 3′ (the smaller circle),
and annulus with inner and outer radii of 3′ and 8′, respectively.

We analyse the data obtained by the back illuminated XIS1 detector, using event
files of version 1.2 products. We only use the XIS1 data and not the remaining 3 front
illuminated XIS detectors (0, 2, 3) in order to reduce the systematic uncertainties. The
XIS1 detector has the largest effective area and is best calibrated at the low energies of
all XIS instruments. XIS1 has also the best studied radial profile of the contamination
of the optical blocking filter.

The XIS CCD camera covers the 0.2–12 keV energy range with an energy resolution
of 40 eV at 0.5 keV and 130 eV at 5.9 keV. It has a square field of view of 18′×18′. Its
advantage is the absence of a low energy tail in the pulse-height distribution function,
which makes it an excellent instrument to study line emission at low energies.

The image of Sérsic 159-03 in the 1–4 keV band is shown in Fig. 7.1. Vignetting
effects were not taken into account for this image and the background events were not
subtracted. Suzaku XIS1 has a relatively broad point spread function with a half-power
diameter of 2.3′ (Serlemitsos et al. 2007). Therefore, the extraction regions also have to
be correspondingly large. The circles indicate two regions, that we used for spectral
analysis. The spectra were extracted from a circular region with a radius of 3′ centred
on the cluster and from an annulus with inner and outer radii of 3′ and 8′, respectively.
We extracted the spectra using XSELECT distributed with HEASOFT 6.1.1.
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To subtract the instrumental background, we extracted spectra from night Earth ob-
servations. The level of the instrumental background is anti-correlated with the cut-off
rigidity (COR) value at the position of the satellite. We extracted night Earth spec-
tra for each 1 GeV c−1 interval of COR and added them weighted by exposure time
for the given COR range in the source observation. The background spectra were ex-
tracted from the same detector region as the source spectra in order to avoid possible
systematic effects due to spatial variation of the instrumental background. Cosmic
background components are included in the spectral fitting phase (see Sect. 7.2.4).
The spectral redistribution files (RMF) were created using ‘xisrmfgen’. The ancillary

response files (ARF) were created using ‘xissimarfgen’, which is based on ray-tracing
(Ishisaki et al. 2007). We created a separate ARF for both extraction regions. For the
incident flux distribution, we adopted the XIS image of the cluster in the 1.0–4.0 keV
band. The effective area of the XIS detectors below 1 keV is affected by carbon and oxy-
gen contamination of the optical blocking filter. The contamination is time and position
dependent. To model the column and the position dependence of the contaminant, we
use the ”ae xi1 contami 20061016.fits” contamination table, which contains the radial
profiles and the best estimated values of the contaminating column for different time
periods. For the precise value of the contaminating column density in the time of our
observation, we use the values determined using simultaneous calibration observa-
tions of the blazar PKS 2155-304 performed by Chandra LETGS/HRC, XMM-Newton
and Suzaku on May 1st 2006, only 3 days after our observation (see the Appendix
for the details of the analysis). We found that the column densities of the contami-
nation that are suggested by the XIS team (NC = 3.5× 1018 cm−2, NO = 5.9× 1017
cm−2) are not consistent with the calibration observation of PKS 2155-304. The car-
bon and oxygen contaminating columns determined using the simultaneous observa-
tion of Suzaku and Chandra LETGS/HRC are NC = (3.78± 0.05) × 1018 cm−2 and
NO = 6.30 ± 0.08 × 1017 cm−2, for the centre of the field of view. Since the most
probable composition of the contaminant is C24H38O4, the C/O ratio was fixed in the
fitting process to 6 (see Appendix for the details). The contaminating columns deter-
mined using the simultaneous Suzaku and XMM-Newton EPIC/pn observation are
NC = (4.11± 0.06)× 1018 cm−2 and NO = (6.2± 0.5)× 1017 cm−2, for the centre of the
field of view. This analysis shows, that there is ∼10% uncertainty in the value of the
contaminating column.
In order to provide a more conservative estimate for the soft excess, we will adopt

in this paper the values for the contaminating column in the centre of the field of view
determined by the simultaneous observation of Suzaku and Chandra LETGS/HRC:
NC = 3.78× 1018 cm−2 and NO = 6.30× 1017 cm−2. These values correspond to the
nominal values in the standard contamination file for July 1st 2006. To illustrate how
sensitive the best fit soft excess flux is to the precise value of the contamination, we
will also compare our results in Sect. 7.3.2 with those obtained assuming the nominal
column densities in the contamination file for the date when our observation was per-
formed (NC = 3.5× 1018 cm−2) and for September 1st 2006 (NC = 4.2× 1018 cm−2).
We note that while the former value is too low and is not consistent with the values ob-
tained from the analysis of the cross-calibration data, the second value is only slightly
higher than that obtained by the cross-calibration of EPIC/pn and XIS1.
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We inspected the solar proton flux measured with the ACE andWind satellites dur-
ing our observation. The proton flux increases in the last 24 ks of the observation to
∼109 s−1 cm−2, the level at which the XIS1 spectrum is affected in Fujimoto et al. (2007).
In order to investigate the possibility of the contamination of our data by charge ex-
change emission in the Earth’s magnetosphere, we extracted a spectrum using only the
first 40 ks, with a low proton flux. We compared it with the spectrum extracted from
the remaining 24 ks of the Suzaku observation. We verified that the spectrum did not
change and that the elevated soft proton level in the second part of the observation did
not cause a detectable contamination by charge exchange emission. Hence we used the
whole observation in our analyses.

7.2.2 XMM-Newton data

Sérsic 159-03 was observed with XMM-Newton on May 5, 2000 and on November
20–21, 2002 with a total exposure time of 60 ks and 122 ks, respectively. The data
were reduced with the 7.0.0 version of the XMM Science Analysis System (SAS). The
data processing and the subtraction of the instrumental background for the European
Photon Imaging Cameras (EPIC) was performed as described in de Plaa et al. (2006).
Cosmic background components in the EPIC data are included in the spectral fitting
phase. The RGS data were processed as described in de Plaa et al. (2006).

7.2.3 Spectral analysis

For the spectral analysis we use the SPEX package (Kaastra et al. 1996). We fix the
Galactic absorption in our model to the value deduced from H I data NH = 1.79×
1020 cm−2 (Dickey & Lockman 1990). We use the Verner et al. (1996) cross-sections in
our model of Galactic absorption. For the spectral fitting of the cluster spectra, we use
the wdemmodel (Kaastra et al. 2004), which proved to be the most successful in fitting
cluster cores (e.g. Kaastra et al. 2004; de Plaa et al. 2005; Werner et al. 2006b; de Plaa
et al. 2006). This model is a differential emission measure (DEM) model with a cut-off
power-law distribution of emission measures versus temperature. In our analysis, we
fit both a thermal plasma model (MEKAL) and a non-thermal power-law model to the
soft excess emission. In our spectral fits both the cluster and the soft excess emission
are free parameters.
Unless specified otherwise, we use the 0.4–7 keV energy range for the spectral anal-

ysis of the Suzaku XIS1 data and the 0.4–10 keV band for the XMM-Newton data. The
Suzaku and the two XMM-Newton data sets are fitted separately.

7.2.4 Modeling of the X-ray background emission

We correct for the Cosmic X-ray Background (CXB) during spectral fitting. Kuntz &
Snowden (2000) distinguish 4 different background/foreground components: the ex-
tragalactic power-law (EPL), the local hot bubble (LHB), the soft distant component
(SDC) and the hard distant component (HDC). The EPL component is the integrated
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Table 7.1: The unabsorbed soft Galactic foreground flux in units of 10−12 erg s−1 cm−2
deg−2 in the 0.3–10 keV band. The column RASS shows the fluxes derived from the
parameters reported by Kuntz & Snowden (2000). In columns Suzaku A and B, we
report the values derived from two offset pointings near A2218 by Takei et al. (2007b).
The values in column S159-03 were derived using XMM-Newton data in the 9′–12′
annulus around the cluster Sérsic 159-03 by de Plaa et al. (2006).

Component RASS Suzaku A Suzaku B S159-03
LHB kT 0.082 0.08 0.08 0.07
LHB flux 1.22 1.74 3.35 2.23
SDC kT 0.068 – – –
SDC flux 0.87 – – –
HDC kT 0.127 0.16 0.25 0.20
HDC flux 2.44 1.85 2.06 12.20
total soft flux 4.53 3.59 5.41 14.43

emission of faint discrete sources, mainly distant Active Galactic Nuclei (AGNs). The
LHB is a local supernova remnant, in which our Solar System resides. It produces
virtually unabsorbed emission at a temperature of ∼106 K. The soft and hard distant
components originate at larger distances. They might be identified with the Galactic
halo, Galactic corona or the Local group emission and are absorbed by almost the full
Galactic column density. In the first column of Table 7.1 we show the fluxes and tem-
peratures for the Galactic foreground derived from the parameters reported by Kuntz
& Snowden (2000), based on the Rosat All Sky Survey data. Using the spectral band
above 0.4 keV we can not reliably distinguish the SDC emission from the LHB compo-
nent. Therefore, at temperatures below 0.1 keV we only consider the contribution of
the LHB.

Using data obtained by XMM-Newton, De Luca & Molendi (2004) found that the
photon index of the EPL is Γ = 1.41± 0.06 and its 2–10 keV flux is (2.24± 0.16) ×
10−11 erg cm−2 s−1 deg−2 (90% confidence level). By fitting the spectra extracted from
the 9′–12′ region around Sérsic 159-03 and assuming a photon index of Γ = 1.41, de
Plaa et al. (2006) found a 2–10 keV EPL flux of 2.26× 10−11 erg cm−2 s−1 deg−2 (corre-
sponding to a 0.3–10.0 keV flux of 3.14× 10−11 ergs cm−2 s−1 deg−2). We adopt these
values in our model of the EPL background. While the measured mean variation in the
EPL emission in the 2–10 keV band in the sky is only ∼ 3.5%, the intensity of the soft
emission in the 0.2–1.0 keV band varies by ∼ 35% from field to field (Lumb et al. 2002;
Kaastra et al. 2003a). Unfortunately, the emission from Sérsic 159-03 fills the entire field
of view of both Suzaku and XMM-Newton, which does not allow us to determine the
properties of the local background directly from an annulus in the outer part of the
field of view of the instruments. As shown in Table 7.1, de Plaa et al. (2006) found, by
fitting the spectra extracted from the 9′–12′ region around the cluster, a flux of the HDC
emission which was more than 5 times higher than the HDC flux in the soft band mea-
sured by ROSAT (Kuntz & Snowden 2000), and determined from two Suzaku blank



138 The soft-excess emission in the cluster of galaxies Sérsic 159-03

Figure 7.2: Left panel: Suzaku XIS1 spectrum of the 3′–8′ annulus around the cluster.
The total model and its components are plotted separately. The soft excess emission is
fittedwith a thermal model. The dash-dotted line indicates the subtracted instrumental
background, the dotted line indicates the cosmic X-ray background, the dashed line
shows the thermal emission associated with the soft excess, the dash-dotted-dotted-
dotted line indicates the cluster emission and the full line indicates the total model.
Right panel: The same spectrum as on the left panel, with the soft excess modelled as
non-thermal emission.

field observations (Takei et al. 2007b). Since the flux at low energies in the outer parts
of the cluster is not consistent with the values determined in other fields, large part of
it may still be associated with the soft excess emission, which we are looking for.
We inspected the ROSAT all sky survey data in the 3/4 keV band (0.5–0.9 keV; which

is less affected by the variations in the Galactic absorption) and in the 1/4 keV band
(0.1–0.4 keV) around Sérsic 159-03 and found that the variations in the soft emission
around the cluster are small and there is no indication of a strongly elevated level
of Galactic foreground. The ROSAT count rates in the vicinity of Sérsic 159-03 are
consistent with those in the Suzaku offset pointing B at the cluster Abell 2218 (Takei
et al. 2007b). Therefore, for the soft foreground emission, we adopt the fluxes reported
for the offset pointing B by Takei et al. (2007b). The sum of the adopted fluxes of the
soft foreground components is ∼ 20% higher than the average soft X-ray background
flux determined by Kuntz & Snowden (2000) from the ROSAT observations.

7.3 Results

7.3.1 Thermal and non-thermal models of soft excess emission

We analyse the Suzaku XIS1 spectra extracted from the two regions shown in Fig. 1:
a circular region with a radius of 3′, and annulus with inner and outer radii of 3′ and
8′, respectively. We fit the cluster emission with the multitemperature wdem model
(see Sect. 7.2.3). The excess emission at low energies can be formally fitted as strongly
subgalactic absorption column density (NH). When fitting the cluster spectra with free
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Table 7.2: Fit results for the Suzaku XIS1 data of Sérsic 159-03. We fit the multi-
temperature wdem model to the cluster emission, combined with both thermal and
non-thermal models to describe the soft excess in a circular region with a radius of 3′
centred on the cluster core and in an annulus with inner and outer radii of 3′ and 8′,
respectively. For the Galactic absorption we use a value of 1.79× 1020 cm−2. Emission
measures (Y =

∫
nenHdV) are given in 10

66 cm−3 and the power-law normalisations
(NNT) are given in 10

51 photons s−1 keV−1. The absorbed fluxes (F) were determined
in the 0.3–10.0 keV band using an NH value of 1.79× 1020 cm−2, and they are given
in 10−10 ergs s−1 cm−2 deg−2. Abundances are given with respect to the proto-solar
values of Lodders (2003).

Par. 0′–3′ 0′–3′ 3′–8′ 3′–8′
therm. non-therm. therm. non-therm.

Ycl 15.8± 0.2 14.9± 0.5 3.71± 0.09 3.2± 0.3
Fcl 30.68± 0.38 29.03± 1.02 1.03± 0.03 0.92± 0.06
kTmean 2.61± 0.08 2.56± 0.09 2.41± 0.14 2.37± 0.19
O 0.46± 0.12 0.64± 0.08 < 0.30 0.51± 0.15
Si 0.48± 0.04 0.50± 0.04 0.21± 0.07 0.25± 0.08
S 0.38± 0.05 0.41± 0.06 < 0.52 0.15± 0.11
Ar 0.31± 0.13 0.35± 0.14 < 0.32 < 0.36
Ca 0.72± 0.18 0.78± 0.19 < 0.62 < 0.46
Fe 0.58± 0.02 0.60± 0.02 0.39± 0.03 0.41± 0.04
Yexc 0.6± 0.2 – 1.25± 0.25 –
kT 0.31± 0.05 – 0.19± 0.01 –
O 0.3 – 0.11± 0.04 –
NNT – 3± 1 – 2.0± 0.7
Γ – 2.11+0.27

−0.15 – 2.41+0.33
−0.19

Fexc 0.48± 0.13 2.42± 0.76 0.08± 0.01 0.23± 0.08
χ2 / ν 203/128 212/128 154/108 164/108
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NH, we obtain for the inner extraction region an absorption column density of NH =
(1.15± 0.20) × 1020 cm−2 and for the outer region we obtain a 2σ upper limit of NH <
1.4 × 1019 cm−2. Both values are well below the Galactic value toward the cluster
NH = 1.79× 1020 cm−2 (for an extensive discussion on absorption toward Sérsic 159-
03 see Bonamente et al. 2001). In the rest of the analysis, we fix the NH in our spectral
model to the Galactic value.
In order to describe the soft excess emission, we try to fit both thermal and non-

thermal models. Both the parameters of the cluster component (ICM emission mea-
sure, temperature structure, and abundances) and of the soft excess emission are free
to vary in the fitting process. When fitting the soft excess emission with the thermal
model, we fix the abundances of the warm-hot gas other than oxygen to 0.3 solar and fit
its emission measure, temperature and oxygen abundance. In the non-thermal model,
the power-law emission caused by relativistic electrons is assumed to contribute both
to the soft excess and some part of the higher energy emission. When fitting the soft
excess emission with a non-thermal component, we fit the photon index and the nor-
malisation of the power-law.
In Table 7.2 and in Fig. 7.2, we show the best fit results using both thermal and non-

thermal models to fit the soft excess. We also show the best fit results for the cluster
emission, including the best fit abundance values for 6 elements. When fitting the data
from the inner extraction region the oxygen abundance of the soft excess component
is not constrained by the data and we fix its value to 0.3 solar together with the other
abundances. The best fit temperature of the warm component does not depend on
the adopted abundance values. For lower adopted metallicity, the best fit emission
measure of the warm gas will increase and for higher metallicities it will decrease. The
soft excess flux in the cluster centre is higher than in the outer extraction region, which
indicates that the soft excess peaks at the cluster core.
As we show in Table 7.2 and in Fig. 7.2, thermal and non-thermal models fit the

data statistically equally well. We note that the reduced χ2 values of our best fit mod-
els are relatively high because we did not include systematic errors on the data in the
spectral fitting process and at the high number of counts of our dataset the system-
atic errors dominate over the statistical errors. Clear detection of a redshifted O VII

line emission would be an unambiguous proof for the thermal origin of the soft excess
emission. Since XIS1 has a much better spectral redistribution function at low energies
than EPIC, we use its data for the outer extraction region to search for the redshifted
O VII line emission. In order to model the broad soft excess we fit a power-law, and sub-
sequently add a narrow Gaussian at the expected energy of the O VII intercombination
line at the cluster redshift. We find that the power-law describes the soft excess emis-
sion sufficiently well and there is no need for the additional Gaussian. This way, we
find a formal upper limit on the O VII line emission from the cluster of 1.69× 10−7 pho-
tons cm−2 s−1 arcmin−2, which is comparable to that found by Takei et al. (2007b) for
the cluster Abell 2218. This demonstrates the sensitivity of XIS for lines at low ener-
gies. Although the thermal model of the excess emission which already contains the
O VII line emission (with a line flux of (6.4± 1)×10−7 photons cm−2 s−1 arcmin−2) is
consistent with the data, we can not confirm the presence of the redshifted O VII line
emission which would be the clear proof for the thermal origin of the soft excess. In
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Figure 7.3: The residuals of the best fit cluster model in the 0.9–7.0 keV band to the
spectra obtained by Suzaku XIS1, EPIC/MOS, and EPIC/pn from the 3′–8′ annulus
around the cluster, extrapolated to low energies. All instruments show a soft excess
emission below 1 keV.

subsection 7.3.5 we show that the O VII line emission is also not present in the RGS
data, as would be expected given the spatial distribution of the excess emission (see
Sect. 7.3.3).

7.3.2 Comparison with XMM-Newton soft excess detections and the
systematic uncertainties

In order to determine the level of consistency between XMM-Newton EPIC and Suzaku
XIS1 below 1 keV, we fit separately for each instrument the cluster spectra extracted
from the 3′–8′ annulus in the 0.9–7.0 keV band with the multitemperature wdemmodel
(see Sect. 7.2.3) and plot the residuals for each instrument extrapolated to low energies.
The residuals for Suzaku XIS1, EPIC/MOS, and EPIC/pn are shown in Fig. 7.3. We
clearly see that all instruments consistently show a soft excess emission below 1 keV.
We note that the observed excess is well above the calibration uncertainties. Observa-
tions of calibration sources with XMM-Newton do not show significant positive resid-
uals below 1 keV.
In order to determine the flux in excess of the tail of the hot bremsstrahlung emis-

sion below 1 keV, we fit the soft excess emission with a thermal model (kT = 0.19 keV,
metallicity of 0.3 solar and emission measure as a free parameter), as a convenient
empirical model. In order to provide a consistent comparison of the soft excess level
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Table 7.3: The absorbed soft excess flux in units of 10−11 erg s−1 cm−2 deg−2 in the 0.3–
1.0 keV band, determined using an NH value of 1.79× 1020 cm−2. The soft excess was
modelled with a thermal model. We show the soft excess in two extraction regions.
The datasets obtained during the first and second observation with XMM-Newton are
labelled EPIC 1 and EPIC 2, respectively. For the XIS1 instrument, we report the soft ex-
cess fluxes obtained for 3 different contaminating columns. See the text for the details.

Dataset 0′–3′ 3′–8′
EPIC 1 5.95± 0.35 0.86± 0.08
EPIC 2 6.03± 0.23 1.12± 0.06
XIS A 0 0.23± 0.07
XIS B 4.8± 1.3 0.75± 0.08
XIS C 7.4± 1.3 1.29± 0.10

between the different observations and between the two extraction regions we fit the
same model to all datasets. The ICM emission measure, temperature structure and
abundances are free parameters in the fitting process. As reported by Bonamente et al.
(2005) and by Nevalainen et al. (2007), there is a disagreement between the XMM-
Newton instruments on the level of the soft excess. We find that the spread in the best
fit soft excess flux determined by fitting separately the data obtained by the individ-
ual instruments during the two XMM-Newton observations is smaller than 30%. In
Table 7.3, we report the intensity of the soft excess in the 0.3–1.0 keV band, obtained
from individual observations by XMM-Newton and Suzaku, in the two extraction re-
gions shown in Fig. 1. The two observations with XMM-Newton EPIC are indicated
as “EPIC 1” and “EPIC 2”, respectively. In order to indicate the possible systematic
uncertainties in the results obtained with XIS1, for this instrument we report the soft
excess fluxes obtained for 3 different contaminating columns: for the nominal value in
the time of our observation (indicated as “XIS A”; NC = 3.5× 1018 cm−2), for the best
fit contaminating column indicated by the simultaneous calibration observation with
Suzaku and Chandra LETGS/HRC (indicated as “XIS B”; NC = 3.78× 1018 cm−2), and
for the upper limit of the contaminating column indicated by the calibration observa-
tions (indicated as “XIS C”; NC = 4.2× 1018 cm−2). We see that all observations show
the soft excess emission in the 3′–8′ annulus, and except “XIS A”, the 0.3–1.0 keV fluxes
are ≈ 1.0× 10−11 erg s−1 deg−2. Except of “XIS A”, the soft excess flux in the cluster
centre is a factor of ∼6 higher than in the outer extraction region. For “XIS A”, we
detect in the cluster core excess absorption (NH = 2.25× 1020 cm−2) instead of excess
emission. However, as we described in the Sect. 7.2.1 and as we show in the Ap-
pendix, the simultaneous calibration observation with Suzaku, Chandra LETGS/HRC
and XMM-Newton performed only 3 days after our observation allowed us to rule
out the low value for the contaminating column with which the “XIS A” values were
determined. The analysis of the simultaneous calibration observations shows that the
contamination is between the values that were assumed in the determination of the
fluxes indicated as “XIS B” and “XIS C”. Taking into account the differences in the soft
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Figure 7.4: Left panel: Radial profiles of the flux of the hot ICM and of the soft excess
emission in the 0.3–1.0 keV band derived from XMM-Newton data. The soft excess
is modelled as thermal emission (kT = 0.19 keV). Central panel: Radial profile of the
fraction of the soft excess flux relative to the hot ICM flux in the 0.3–1.0 keV band. The
soft excess is modelled as thermal emission. Right panel: The radial distribution of the
deprojected electron density of the warm gas, assuming the soft excess is of thermal
origin and assuming spherical symmetry of its distribution.

excess flux below 1 keV shown in Table 7.3, we conclude that the soft excess flux is
(6.0± 2.0) × 10−11 erg s−1 cm−2 deg−2 and (1.0± 0.3) × 10−11 erg s−1 cm−2 deg−2 in
the inner and outer extraction region, respectively. The∼20% uncertainty in the Galac-
tic foreground flux introduces an additional ∼10% systematic uncertainty to the soft
excess flux determined for the 3′–8′ extraction region.

7.3.3 Radial distribution of the soft emission

We determine the radial profile of the soft component using XMM-Newton EPIC spec-
tra extracted from circular annuli, centred on the core of the cluster. We use annuli with
outer radii of 0.5′, 1′, 2′, 3′, 4′ and 6′. The cluster emission in each annulus is modelled
with the multi-temperature wdemmodel (see Sect. 7.2.3).
To account for projection effects, we deproject our spectra under the assumption of

spherical symmetry. First, we fit the spectrum in the outermost (6th) annulus and de-
termine the normalisation, temperature and iron abundance of the hot cluster gas and
the normalisation of the soft excess component. We determine which fraction of this
emission is projected in front and behind of the 5th annulus. We include the projected
emission of the 6th shell, with fixed parameters, in the model for the 5th annulus. In
the sameway, in themodel for each annulus, we include the projected hot ICM and soft
excess emission from all intervening shells. For the soft excess component, we try to
fit both a power-law and a thermal plasma model. For the temperature of the thermal
model and for the differential photon index of the non-thermal model, we adopt the
best fit values obtained by fitting the spectrum extracted from the 3′–8′ region around
the cluster (kT = 0.19 keV and Γ = 2.41), where the relative contribution of the soft
excess emission is high and allows for the best determination of its spectral properties.
On the left panel of Fig. 7.4 we show the radial profile of the projected soft excess

and hot ICM flux in the 0.3–1.0 keV band. We model the soft excess emission with
a thermal model. On the central panel we show the radial profile of the fraction of
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Figure 7.5: Left panel: Radial profile of the relative fraction of non-thermal emission in
the 0.3–10 keV band, if the soft excess is modelled as non-thermal emission. In order
to illustrate the systematic uncertainties, we plot the EPIC/MOS and EPIC/pn data
separately. Central panel: The radial distribution of the deprojected electron density
of the hot ICM plasma. The soft excess was fitted with a power-law model. Right
panel: The radial distribution of the deprojected density of the relativistic non-thermal
electrons.

the soft excess flux relative to the ICM flux in the 0.3–1.0 keV band. Fig. 7.4 shows
that while the soft excess emission peaks at the core of the cluster, the soft excess flux
relative to the cluster emission is increasing with radius beyond ∼3′.
Using the thermal description of the soft excess emission and assuming that the

warm gas resides in the same shells as the hot ICM plasma, we calculate the electron
density of the warm gas in each shell (see the right panel in Fig. 7.4). Using this depro-
jected thermal electron density profile, we obtain a total mass for the warm gas in the
central region within a radius of 2′ (150 kpc) of Mwarm = 4.4× 1011 M�. The mass of
the hot ICM in the same region is Mhot = 2.6× 1012 M�.
On the left panel of Fig. 7.5 we show the relative contribution of the non-thermal

flux between 0.3–10 keV, assuming the soft excess is of non-thermal origin. In order
to illustrate the uncertainties in the radial profiles, we indicate the values obtained by
EPIC/MOS and EPIC/pn separately. The plot shows that there are systematic differ-
ences in the best fit flux of the soft excess component determined using EPIC/MOS
and EPIC/pn, however, both instruments show the same radial trends. The best fit
values of the soft excess in the radial bins have a systematic uncertainty of the order
of ∼40%. The secure determination of the soft excess flux depends critically on the
instrument calibration.
Using the non-thermal description for the soft excess emission, we calculate the

average density of the hot ICM (see the central panel in Fig. 7.5) and the luminosity
of the power-law component in each of the investigated shells. We use the deprojected
luminosities of the power-law component to determine the energy in the population
of relativistic electrons for each of the shells (Lieu et al. 1999):

Ee = 8× 1061L42
(
3− μ

2− μ

)
γ
2−μ
max − γ

2−μ
min

γ
3−μ
max − γ

3−μ
min

ergs, (7.1)

where L42 is the luminosity of the non-thermal radiation in units of 10
42 ergs s−1, γmin

and γmax are the Lorentz factors corresponding to the lower and higher limits of the
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Figure 7.6: Left panel: Radial profile of the ratio of the density of the relativistic electrons
and of the hot ICM plasma. Right panel: Radial profile of the ratio of the pressure of the
relativistic electrons and the hot ICM plasma.

energy range of XMM-Newton (0.3–10 keV) and μ is the index of the differential num-
ber electron distribution. For the Lorentz factors we adopt values γmin = 600 and
γmax = 3500, using the relation γ = 300(E/75 eV)1/2, where E is the energy to which
a CMB photon is up-scattered by a relativistic electron with a Lorentz factor of γ. The
relationship between the differential photon index Γ of the observed power-law emis-
sion and the index of the electron distribution is μ = −1+ 2Γ. We calculate the density
of the relativistic electrons in the given shell by dividing the energy density in relativis-
tic electrons by <γ>mec2, where <γ> is the average Lorentz factor (≈ 1000) and me
is the rest mass of an electron.
The deprojected densities of the relativistic electrons are shown on the right panel of

Fig 7.5. On the left panel of Fig. 7.6, we show the radial distribution of the ratio of the
density of relativistic electrons and of the hot ICMplasma. On the right panel, we show
the radial distribution of the ratio of the non-thermal to thermal electron pressure,
where the pressure of the non-thermal electrons was calculated as P = Ee/3V.
The relative density and relative pressure of the relativistic electrons peaks strongly

in the core of the cluster in the area with a radius of 2′.

7.3.4 2D maps of the soft excess emission

In order to determine the 2D distribution of the soft excess emission and to look for its
spatial variations, we extract 25 spectra using XMM-Newton EPIC from a rectangular
grid with a bin-size of 3′ in the 15′×15′ region centred on the core of the cluster. For
each bin, we compute a spectral redistribution file and an ancillary response file. We
fit the spectrum of each bin individually. We model the hot ICM plasma emission
with the multi-temperature wdem model and the soft excess emission with a thermal
component (kT = 0.19 keV, metallicity Z = 0.3 solar). As shown on the left panel of
Fig. 7.7, we confirm the peaked distribution of the emission of the soft component.
We also find no significant azimuthal variations in the soft excess emission. On the
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Figure 7.7: Left panel: Map of the emission measure of the soft excess in the inner
15′×15′ region of the cluster. The units are 1063 cm−3 arcmin−2. Central panel: Map of
the ratio of the hot ICM plasma emission measure and soft excess emission measure
in the same region as the previous map. Right panel: Optical Digitalised Sky Survey
image of the central region of the cluster that we used to derive the map of the soft
excess emission. The extraction regions for the maps and the X-ray contours from
Suzaku XIS1 are overplotted. Both the soft excess and the cluster emission peak on the
central cluster galaxy.
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central panel of Fig. 7.7, we show the ratio of the emission measure of the warm gas
and of the hot ICM.We again see that although the soft excess emission strongly peaks
in the cluster core, its relative contribution is there the smallest and increases with the
cluster radius. Both the soft excess and the cluster emission peak on the central cluster
galaxy. On the right panel of Fig. 7.7, we show an optical Digitalised Sky Survey image
of the region of the cluster used to derive the map of the soft excess emission with
overplotted extraction regions and X-ray contours from Suzaku XIS1.

7.3.5 Search for line emission from the warm gas with RGS

Figure 7.8: RGS spectrum extracted from a 4′ wide stripe centred on the cluster core.
The thick and the thin lines depict the best fit models of the RGS data without and with
the warm gas component, respectively. Note the mismatch between the two models at
∼ 23 Å, the energy of the redshifted OVII emission.

Both the radial profiles and the 2D maps of the soft excess emission show that the
emission is strongly peaked on the cluster core. If the soft excess emission is due
to cooling gas in the core of the cluster, we could detect its presence via redshifted
O VII lines with the RGS detector on XMM-Newton. We fit the RGS spectrum ex-
tracted from a 4′ wide stripe centred on the cluster core with the wdem model (for
the details of the RGS spectroscopy of Sérsic 159-03 see de Plaa et al. 2006). We ob-
tain a good fit with parameters consistent with those reported by de Plaa et al. (2006).
The RGS spectrum is shown in Fig. 7.8, with the best fit wdem model depicted by the
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thick line. By fitting a Gaussian at the expected wavelength of the O VII intercombi-
nation line at the cluster redshift, we find a 2σ upper limit for the O VII line flux of
1.4× 10−6 counts s−1 cm−2 arcmin−2 (assuming O VII emission from a circular region
with a radius of 2′).
Using the sum of the deprojected emission measures of the warm gas obtained for

the 3 extraction regions within the inner 2′ of the cluster (Yexc 2′ = 3.7× 1065 cm−3),
we model the thermal spectrum of the soft excess emission. In the model we assume
the parameters (kT = 0.19, Z = 0.3) used in Sect. 7.3.3 to determine the deprojected
radial distribution profiles. The thin line in Fig. 7.8 shows the best fit model to the RGS
spectrum with the warm gas component included in the model. The model for the
warm gas predicts an O VII line flux of 3.2× 10−6 counts s−1 cm−2 arcmin−2. This line
flux, and thus the presence of warm gas with kT = 0.2 keV, metallicity of 0.3 solar, and
mass of Mwarm = 4.4× 1011 M�, can be ruled out using the RGS at the 4.6σ confidence
level.

7.4 Discussion

7.4.1 Presence of the soft excess

Although the systematic uncertainties in the determined soft excess flux are large (about
30%), the Suzaku observation confirms the presence of the soft excess emission in
Sérsic 159-03 and the flux derived using Suzaku data is within the systematic uncer-
tainties consistent with that found with XMM-Newton. The presence of the soft ex-
cess in this cluster is now established by Suzaku, by two independent observations
with XMM-Newton and by a previous detection with ROSAT. The flux of the soft ex-
cess emission in the 9′–12′ radius is at least as large as the total flux of the Galactic
foreground emission (it is more than 5 times larger than the flux of the hard distant
foreground component) and the soft excess strongly peaks on the cluster core. The
observed high flux and the radial distribution of the excess emission rule out the pos-
sibility that it is due to a wrong subtraction of Galactic foreground emission, or due
to charge exchange emission as previously suggested (Bregman & Lloyd-Davies 2006).
We conclude that the soft excess emission is present and is intrinsic to the cluster of
galaxies Sérsic 159-03.

7.4.2 Thermal or non-thermal origin?

Thermal models

Wefind that the soft excess emission peaks strongly on the central cD galaxy of Sérsic 159-
03. If the observed soft excess would be due to warm-hot intergalactic medium (WHIM)
intercluster filaments, then the densest central part of the filament would have to be
exactly along our line of sight to the cluster core and as shown by Bonamente et al.
(2005), for an assumed density of n = 10−4 cm−3 in its centre, the filament would be
several hundred megaparsecs long. For smaller assumed densities it would be even
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longer than 1 Gpc. This scenario is not consistent with current cosmological models
and observations. By comparing the observed properties of the soft excess emission
reported in the literature with the predictions based on models of the WHIM by Cen &
Ostriker (1999), Mittaz et al. (2004) concluded that the emission of theWHIM in current
models is 3–4 orders of magnitude too faint to explain the soft excess.
The preferred interpretation of Bonamente et al. (2005) for the soft excess is warm

gas with a density of 10−3–10−2 cm−3 in a clumpy intracluster medium with a volume
filling factor much smaller than 1 as suggested by Cheng et al. (2005). According to
this interpretation the warm gas would have a cooling time shorter than the Hubble
time and the soft excess would be a dynamical phenomenon observable due to recent
infall of smaller groups. However, only a model where the subgroup is falling in just
along our line of sight would be consistent with the centrally peaked distribution of
the soft emission, without significant azimuthal variations. But in that case, we would
not observe the soft excess out to large radii as we do. This model is not consistent
with the observations.
From observations, the thermal interpretation can only be confirmed by the presence

of O VII line emission at the cluster redshift. However, the Suzaku observation does not
confirm the presence of these lines. The XMM-Newton RGS data rule out the presence
of the large amount of warm gas in the cluster core deduced from the deprojected
radial profiles assuming Z = 0.3 and kT = 0.19 at the 4.6σ confidence level. Using
the RGS, we found an upper limit for the O VII line flux in the cluster core of 3.2×
10−6 counts s−1 cm−2 arcmin−2.

Non-thermal model

The data are consistent with the non-thermal description of the soft excess. If the soft
excess is of non-thermal origin, the total energy in the relatitivistic electrons producing
X-ray emission between 0.3 and 10.0 keV within 8′ (600 kpc), calculated using equa-
tion (7.1), and using the luminosities and photon indeces determined in Sect. 7.3.1, is
∼2× 1060 ergs. If we assume that the relativistic electrons have the same differential
electron distribution down to energies with Lorentz factors of γ ∼ 200, below which
the electrons loose energy rapidly due to Coulomb losses, the total energy in relativistic
electrons will still not exceed 1× 1061 ergs. The total thermal energy within the radius
of 600 kpc of the cluster is 3× 1063 ergs, which means that even if the energy in the rel-
ativistic ions is as much as ∼30 times higher than that in relativistic electrons, the total
energy in cosmic ray particles will only account for 10% of the thermal energy of the
ICM. The distribution of the relativistic electrons peaks on the central cluster galaxy.
Outside the region with a radius of 2′ (150 kpc), the density of non-thermal electrons
relative to the electron density of the hot ICM stays constant. The relative density and
pressure of the relativistic electrons at the central cluster galaxy are ≈ 10 times higher
than in the outer parts. This result is in agreement with that of Bonamente et al. (2005).
The high non-thermal electron density in the cluster core might have been provided

by an AGN in the central cD galaxy. Our best fit power-law photon indices in the
inner and outer extraction region of Γ = 2.11 and Γ = 2.41, respectively, correspond to
differential electron number distributions of μ = 3.22 and μ = 3.82, respectively. These
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are steeper than the distribution of the Galactic cosmic-ray electrons (μ ∼ 2.7). The
steepening of the power-law distribution might indicate that the relativistic electrons
suffered radiative losses (Sarazin 1999). Relativistic electrons emitting in the observed
energy range via IC emission have relatively long lifetimes. The respective inverse
compton tIC and synchrotron lifetimes are: tIC = 2.3× 109 (γ/103)−1 (1+ z)−4 yr and
tsyn = 2.4× 1010 (γ/103)−1 (B/1μG)−2 yr (e.g. Sarazin 1999).
The relativistic particles could be seeded by jets of active galaxies, then transported

outwards whilst undergoing in-situ second order Fermi acceleration by turbulent Alfven
waves (Lieu & Quenby 2006). The presence of relativistic particles at large distances
from the cluster core might also be explained by shock acceleration. For example by
accretion shocks or as suggested by de Plaa et al. (2006), by shocks associated with
ram pressure stripping of infalling galaxies. Diffuse shocks accelerate both electrons
and ions and the energy in ions could be ∼20–50 times larger than the energy in elec-
trons (Bell 1978). If we take this into account, then the pressure in the cluster center
will be close to equipartition with the hot ICM pressure. However, if a significant frac-
tion of the relativistic electrons associated with the central peak is originating in AGN
electron/positron jets then the pressure in the relativistic particles might still be below
pressure equipartition in the cluster core.
Recently, Bagchi et al. (2006) reported that the ring-shaped non-thermal radio emit-

ting structure found at the outskirts of the rich cluster of galaxies Abell 3376 may trace
the shock waves of cosmological large scale matter flows. The giant radio structures
in Abell 3376 are probably due to merger or accretion shocks near the virial infall re-
gion of the cluster, which is the transition zone between the hot cluster medium and
the WHIM. Radio sources, like that in Abell 3376 may also be the sites where magnetic
shocks accelerate cosmic ray particles (Bagchi et al. 2006). The example of Abell 3376
and of other clusters with radio halos shows that in clusters of galaxies electrons are
accelerated to relativistic energies with a Lorentz factors of the order of 104 even at
large radii. The strong soft excess in the outer parts of Sérsic 159-03 might be due to
accretion shocks. In order to get a more complete picture about the physical processes
in Sérsic 159-03, it is important to obtain radio data of the cluster, that will probe the
population of the relativistic electrons with higher energies than those the presence of
which we infer from the detected soft excess emission.
Clusters of galaxies are more complicated than previously thought. If the soft excess

emission is of non-thermal origin, as our data suggest, then the non-thermal compo-
nent needs to be taken into account in the overall mass and energy budget of galaxy
clusters. Reduction of the emission measure of the hot cluster gas in the outer parts
of the cluster by 40% means that the amount of gas in the outskirts is 20% less than
indicated by models which do not take into account the presence of the non-thermal
emission. The cluster masses are calculated by assuming hydrostatic equilibrium, not
taking into account the possible non-thermal pressure. The non-thermal pressure may
be high enough to affect the estimates of the total cluster mass.
If a substantial fraction of the central 2–10 keV emission of some clusters of galaxies

is of non-thermal origin, it will not only account for the detection of soft and hard
excesses, but also for the significantly less than expected Sunyaev-Zel’dovich effect,
that emerged from a comparison ofWMAP and X-ray data for a large sample of nearby
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clusters (Lieu et al. 2006; Afshordi et al. 2007). Because for an equal pressure of thermal
and relativistic electrons the Sunyaev-Zel’dovich decrement is much smaller due to the
relativistic electrons (e.g. Enßlin & Kaiser 2000).

7.5 Conclusions

We have analysed new Suzaku XIS1 spectra and archival XMM-Newton EPIC and RGS
spectra of the cluster of galaxies Sérsic 159-03. We found that:

• The Suzaku observation confirms the presence of the soft excess emission and
its derived flux is consistent with the values determined using XMM-Newton.
Suzaku does not confirm the presence of the redshifted O VII lines in the cluster.

• Radial profiles and 2Dmaps show that the soft excess emission has a strong peak
at the position of the central cD galaxy and the maps do not show any significant
azimuthal variations. Although the soft excess emission can be fitted equally
well with both thermal and non-thermal models, the spatial distribution of the
soft emission is not consistent with any of the viable thermal models: intercluster
WHIM filaments, or models of clumpy warm intracluster gas associated with
infalling groups.

• Using the XMM-Newton RGS data we do not confirm the presence of the warm
gas in the cluster centre as inferred from the deprojected EPIC density profiles
and we put upper limits on the O VII line emission from the cluster core.

• The observed properties of the soft excess emission are consistent with the non-
thermal interpretation. While the high density of relativistic electrons associated
with the peak of the soft emission in the cluster centre might have been provided
by an AGN in the central cD galaxy, the underlying population might have been
accelerated in diffuse shocks.
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7.6 Appendix: The contamination layer on Suzaku XIS1

We analysed the data obtained during a simultaneous XMM-Newton EPIC/pn, Chan-
dra LETGS/HRC and Suzaku XIS1 observation of the blazar PKS 2155-304. The ob-
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servation was performed on May 1–2, 2006, only 3 days after our observation of the
cluster of galaxies Sérsic 159-03. This observation allows us to determine the thickness
of the contaminating layer in the centre of the field of view of Suzaku XIS1 at the time
of our observation. Combining the best fit central value with the radial contamina-
tion profile, that is determined by the XIS team, we can determine the contaminating
column in each analysed region at the time of our observation.

7.6.1 Data reduction

We used version 1.2 cleaned event files to extract the XIS1 spectrum. The spectrum
was extracted from a circular region with a radius of 250 detector pixels. Although
the region is not fully covered in the observation due to the 1/4 window observation
mode, the loss of flux is only a few percent and independent of the energy. Hence, we
can neglect this effect. Since PKS 2155-304 is a highly variable object, we only used
the time intervals when both XMM-Newton EPIC/pn and XIS1, or Chandra LETGS
and XIS1 data were available. The RMF file for XIS1 was created using “xisrmfgen”.
We used the ARF file “ae xi1 xisnom6 20060615.arf” (this file is distributed by the XIS
team), which does not take into account the contamination on the optical blocking filter
(OBF).
The XMM-Newton data were reduced using SAS 7.0.0. After selecting only those

time intervals when both Suzaku and XMM-Newton were observing the source, we
analysed 8.6 ks of data from both satellites. The EPIC/pn observation was performed
in the small window mode. We verified that the obtained spectrum is not affected by
pile-up.
Chandra LETGS/HRC data were reprocessed according to the standard procedure

of CIAO 3.3.0 with CALDB 3.2.3. After selecting only those periods when both LETGS
and XIS1 data were available, we analysed 17.8 ks of data from both satellites. The
spectra of plus and minus orders were merged. We created ±1st–8th order response
files (RMFs and Grating ARFs). In order to take into account the overlap of the dis-
persed photons of each order, we adopted the sum of ±1st–8th order response files as
the response for the LETGS spectrum.

7.6.2 Simultaneous Suzaku XIS1 and XMM-Newton EPIC/pn obser-
vation

We fitted the spectra using the SPEX spectral fitting package. The source spectrum
was fitted with a broken power-law. For the Galactic absorption model, we used the
“hot” model of SPEX, where we set the abundances in the absorber to the proto-solar
values of Lodders (2003). We fixed the hydrogen column density in the model to the
best determined value of NH = (1.36± 0.10) × 1020 cm−2, which was found using a
dedicated H I observation toward this blazar (Lockman & Savage 1995). We fitted the
EPIC/pn spectrum in the 0.35–10 keV band. Our best fit low energy power-law photon
index is Γ = 2.61± 0.01. The break in the spectrum is at 2.0± 0.3 keV and its best fit
value is ΔΓ = −0.11± 0.03.
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We used the best fit model determined using EPIC/pn for the XIS1 data. The
XIS1 spectra were fitted in the 0.35–7 keV band. In order to find the best fit absorp-
tion column on the OBF of XIS1, we included in the model free C I and O I absorb-
ing columns. Their best-fit values are NC = (4.11 ± 0.06) × 1018 cm−2 and NO =
(6.2± 0.5) × 1017 cm−2.
The contamination values determined using the EPIC/pn are only slightly lower

than the nominal values from the standard contamination file for September 1.

7.6.3 Simultaneous XIS1 and Chandra LETGS/HRC observation

We fitted the LETGS and the XIS1 spectra simultaneously using the SHERPA spectral
fitting package. The fitting range was 0.17–2.0 keV for LETGS and 0.35–7.0 keV for
XIS1. The spectrum of PKS 2155-304 was modelled as a power-law convolved with
Galactic absorption (wabs model). The model was additionally convolved with C I
and O I absorption by the contamination on the OBF of XIS1. Since the most proba-
ble composition of the contaminant is C24H38O4, the C/O ratio was fixed in the fitting
process to 6. We fixed the hydrogen column density in the model to the best deter-
mined Galactic value of NH = (1.36± 0.10) × 1020 cm−2. The spectra were well fit-
ted with a photon index of Γ = 2.54± 0.01. The best fit contaminating columns are
NC = (3.78± 0.05) × 1018 cm−2 and NO = 6.30× 1017 cm−2. Note that the photon
index and the flux are consistent between LETGS and XIS1 if they are fitted separately.
We verified that we obtain consistent values for the absorbing column also with the
NH as a free parameter. We also tried broken power-law model which did not improve
the fit significantly.
The contaminating columns determined using the LETGS are very similar to the

nominal values from the standard contamination file for July 1.
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H. Böhringer 2

1 SRONNetherlands Institute for Space Research, Sorbonnelaan 2, NL - 3584CAUtrecht,
the Netherlands
2 Max-Planck-Institut für Extraterrestrische Physik, 85748 Garching, Germany
3 Astronomical Institute, Utrecht University, P.O. Box 80000, NL - 3508 TA Utrecht, the
Netherlands
4 ESO, Karl-Schwarzschild-Str. 2, 85748 Garching, Germany

Received 19 February 2008, Accepted 17 March 2008

Accepted for publication in Astronomy & Astrophysics Letters

Abstract

About half of the baryons in the local Universe are invisible and - according to simu-
lations - their dominant fraction resides in filaments connecting clusters of galaxies in
the form of low density gas with temperatures in the range of 105 < T < 107 K. This
warm-hot intergalactic medium has never been detected indisputably using X-ray ob-
servations. We aim to probe the low gas densities expected in the large-scale structure
filaments by observing a filament connecting the massive clusters of galaxies A 222
and A 223 (z = 0.21), which has a favorable orientation approximately along our line-
of-sight. This filament has been previously detected using weak lensing data and as
an over-density of colour-selected galaxies. We analyse X-ray images and spectra ob-
tained from a deep observation (144 ks) of A 222/223 with XMM-Newton. We present
observational evidence of X-ray emission from the filament connecting the two clus-
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ters. We detect the filament in the wavelet-decomposed soft-band (0.5–2.0 keV) X-ray
image with a 5σ significance. Following the emission down to the 3σ significance level,
the observed filament is ≈ 1.2 Mpc wide. The temperature of the gas associated with
the filament, determined from the spectra, is kT = 0.91± 0.25 keV, and its emission
measure corresponds to a baryon density of (3.4± 1.3) × 10−5(l/15 Mpc)−1/2 cm−3,
where l is the length of the filament along the line-of-sight. This density corresponds
to a baryon over-density of ρ/ 〈ρC〉 ≈ 150. The properties of the gas in the filament are
consistent with results of simulations of the densest and hottest parts of the warm-hot
intergalactic medium.

8.1 Introduction

According to the standard theory of structure formation, the spatial distribution of
matter in the Universe evolved from small perturbations in the primordial density
field into a complex structure of sheets and filaments with clusters of galaxies at the
intersections of this filamentary structure. The filaments have been identified in optical
surveys of galaxies (e.g. Joeveer et al. 1978; Baugh et al. 2004; Tegmark et al. 2004), but
the dominant fraction of their baryons is probably in the form of a low density warm-
hot gas emitting predominantly soft X-rays.
The existence of this warm-hot intergalactic medium (WHIM) permeating the cosmic-

web is predicted by numerical hydrodynamic simulations (Cen & Ostriker 1999; Davé
et al. 2001), which show that in the present epoch (z � 1− 2) about 30% to 40% of
the total baryonic matter resides in the filaments connecting clusters of galaxies. These
simulations predict that the WHIM spans a temperature range of 105 < T < 107 K and
a density range of 4× 10−6 cm−3 to 10−4 cm−3, which corresponds to 15–400 times
the mean baryonic density of the Universe. Gas at these temperatures and densities is
difficult to detect (Davé et al. 2001).
Several attempts have been made to detect the WHIM both in absorption and emis-

sion, but none have succeeded in providing an unambiguous detection. Marginal de-
tection of O VIII and Ne IX absorption features in XMM-Newton RGS spectra of distant
quasars was reported in the vicinity of the Virgo and Coma clusters and interpreted
as indication of the presence of dense and hot WHIM concentrations near the clusters
(Fujimoto et al. 2004; Takei et al. 2007a). A blind search for WHIM was performed by
Nicastro et al. (2005b), who reported the discovery of two intervening systems at z > 0
in absorption along the line-of-sight to the blazar Mrk 421 in the Chandra Low Energy
Transmission Grating Spectrometer (LETGS) spectra. However, Kaastra et al. (2006)
carefully reanalysed the LETGS spectra, confirmed the apparent strength of several
features, but showed that their detection was not statistically significant. Furthermore,
the results reported by Nicastro et al. (2005b) were neither confirmed by later Chandra
LETGS observations nor by the XMM-Newton RGS data ofMrk 421 (Kaastra et al. 2006;
Rasmussen et al. 2007). The detection of the WHIM in absorption using current instru-
mentation will remain difficult, because the expected absorption features are weak.
In the large searched redshift space to distant blazars, statistical fluctuations with a
strength comparable to the strength of absorption lines expected from the WHIM will
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therefore always appear. A search for the WHIM from the densest and hottest parts of
the large-scale structure filaments with current instruments is more realistic in emis-
sion than in absorption.
Searches in emissionwith ROSAT and XMM-Newton have found several candidates

for WHIM filaments (Kull & Böhringer 1999; Zappacosta et al. 2002; Finoguenov et al.
2003; Kaastra et al. 2003a). However, the association of the detected soft emission with
the WHIM has always been difficult and uncertain. In some cases, there is still a pos-
sible confusion with the Galactic foreground emission, or with the Solar-wind charge
exchange emission that also produces O VII lines and soft emission in excess of cluster
emission.
Since the X-ray emissivity scales with the square of the gas density, X-ray emis-

sion studies are most sensitive to the densest gas concentrations of the WHIM that
are located, according to simulations, near clusters of galaxies. The most appropriate
method to study the physical properties of the WHIM is therefore to target distant bi-
nary clusters in which the connecting filament bridge is aligned approximately along
our line-of-sight. A filament between cluster pairs observed with such a favourable
geometry has a higher surface brightness than filaments observed at a different ori-
entation angle. By observing the variation of the surface brightness in X-ray images
extracted in the low energy band, the presence of a WHIM filament can be revealed as
a bridge between the clusters. This is a differential test with respect to the background
and it is less sensitive to systematic uncertainties.
Themost promising target for detecting the warm-hot gas in a filament is a close pair

of massive clusters of galaxies, A 222/223, at redshift z ≈ 0.21, separated by ∼14′ on
the sky, which corresponds to a projected distance of ∼ 2.8 Mpc. Assuming that both
clusters are part of the Hubble flow without peculiar velocities, the observed redshift
difference of Δz = 0.005± 0.001 (Dietrich et al. 2002) translates to a physical separation
along the line of sight of 15 ± 3 Mpc. Dietrich et al. (2005) reported indications of
a filament connecting both clusters using weak lensing, optical, and X-ray (ROSAT)
data. They found an X-ray bridge with a linear extent of about 1.3 Mpc in projection,
connecting the clusters at a 5σ significance level, and an over-density of galaxies in the
filament at a 7σ significance level. In the weak lensing image, the filament was present
at a 2σ significance.
We present results of a new, deep (144 ks) XMM-Newton observation of the bridge

connecting the two clusters. We confirm its presence by both imaging and spectroscopy,
and we estimate the temperature, density, entropy, and the total mass of the gas in the
filament. Throughout the paper we use H0 = 70 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7,
which imply a linear scale of 206 kpc arcmin−1 at the redshift of z = 0.21. Unless spec-
ified otherwise, all errors are at the 68% confidence level for one interesting parameter
(Δχ2 = 1).

8.2 Observations and data analysis

The pair of clusters Abell 222/223was observedwith XMM-Newton in two very nearby
pointings centred on the filament on June 18 and 22, 2007 (revolutions 1378 and 1380)
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Table 8.1: The CXB components determined in a region free of clusters emission out-
side of the virial radii of the clusters. The unabsorbed fluxes are determined in the
0.3–10.0 keV band. f indicates parameters kept fixed during spectral fitting.

Comp. kT/Γ Flux
(keV / phot. ind.) (10−12 erg cm−2 s−1 deg−2)

LHB kT = 0.08 f 3.4± 1.1
GH kT = 0.17± 0.03 2.9± 0.9
EPL Γ = 1.41 f 22 f

PL Γ = 0.78± 0.16 49± 7

with a total exposure time of 144 ks. The calibrated event files were produced using
the 7.1.0 version of the XMM-Newton Science Analysis System (SAS). After removing
the time intervals affected by high particle-background, we obtained 62.6 ks of good
time for EPIC/MOS and 34.4 ks for EPIC/pn.

8.2.1 Image analysis

We coadded the final 0.5–2.0 keV and 2.0–7.5 keV images from all instruments and
both pointings. The background was subtracted and the images were corrected for
vignetting. The chip number 4 in EPIC/MOS1 was excluded from the analysis because
of the anomalously high flux in the soft band (for more details see Snowden et al. 2008).
To eliminate the flux pollution from the faint point sources due to the large wings of
the point-spread function (PSF) of XMM-Newton, we applied an image-restoration
technique (Finoguenov et al. in prep) that uses a symmetric model for the PSF of
XMM-Newton calibrated by Ghizzardi (2001). The flux from the extended wings of
the PSF of sources detected on small scales (sum of the 8′′ and 16′′scale) was estimated
by performing a scale-wise wavelet analysis (Vikhlinin et al. 1998). This estimated flux
was used to subtract the PSFmodel prediction from the larger scales and to accordingly
increase the flux on the smaller scales. The uncertainties in the point-source subtraction
were added to the total error budget to reduce the significance of the residuals.

8.2.2 Spectral analysis

We extracted the filament spectrum from a circular extraction region with a radius of
1.6′, located between the clusters, and centred at a projected distance of 5.76′ (1.19Mpc)
from both cluster cores. We determined the background spectrum using two inde-
pendent sets of regions to provide a consistency check. We used, firstly, a circular
region of 3.2′ radius, located at a projected distance larger than 1.6 Mpc from both
clusters, which is beyond their virial radii determined using weak lensing analysis
(r200 = 1.28± 0.11 Mpc for A 222 and r200 = 1.55± 0.15 Mpc for A 223; Dietrich et al.
2005). Secondly, we extracted two other circles of 1.6′ radii located on the same central
chip of the EPIC/MOS detectors. Both circles are located at the same projected distance
to one of the clusters as the extraction region centred on the filament. Using the same
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chip and the same projected distance to the clusters for determining both the source
and the background spectra ensures the best possible subtraction of the instrumental
and X-ray background components. Point sources were excluded from the spectral ex-
traction regions. For the identification of point sources, we also used archival Chandra
data (45.7 ks). The regions used for spectral extraction, for both the filament and the
background, are indicated in Fig. 8.1.
We subtracted the instrumental background from all spectra using closed-filter ob-

servations. Since the instrumental background level changes from observation to ob-
servation and increases with time over the years, we normalised the closed-filter data,
for each extraction region, by the 10–12 keV count rate for EPIC/MOS data and by
the 10–14 keV count rate for EPIC/pn data. We then modelled the spectra for each
background region set with the components described below, and used these models
to subtract the cosmic X-ray background from the filament spectrum.
We analysed the spectra using the SPEX package (Kaastra et al. 1996) in the 0.35

to 7 keV band for EPIC/MOS and 0.6–7 keV band for EPIC/pn, ignoring the 1.3–
1.8 keV band because of the presence of strong instrumental lines. We fixed the Galac-
tic absorption in our model to the value determined from H I radio data (NH = 1.6×
1020 cm−2, Kalberla et al. 2005). We modelled the background with four components:
the extragalactic power-law (EPL), to account for the integrated emission of unre-
solved point sources (assuming a photon index Γ = 1.41 and a 0.3–10.0 keV flux of
2.2× 10−11 erg s−1 cm−2 deg−2 after extraction of point sources, De Luca & Molendi
2004); two thermal components, to account for the local hot bubble (LHB) emission
(kT1 = 0.08 keV) and for the Galactic halo (GH) emission (kT2 ∼ 0.2 keV); and an
additional power-law to account for the contamination from the residual soft proton
particle background. The best-fitted fluxes, temperatures, and photon indices of the
background components, using the 3.2′ circular extraction region, are shown in Ta-
ble 8.1.
Wemodelled the spectrum of the filament with a collisionally-ionized plasmamodel

(MEKAL), the metallicity of which was set to 0.2 Solar (proto-Solar abundances by
Lodders 2003), which the lowest value found in the outskirts of clusters and groups
(Fujita et al. 2008; Buote et al. 2004). However, since the average metallicity of the
WHIM is unknown, we report results also for metallicities of 0.0, 0.1, and 0.3 Solar.
The free parameters in the fitted model are the temperature and the emission measure
of the plasma.

8.3 Results

8.3.1 Imaging

Wedetect the filament in the wavelet-decomposed soft-band (0.5–2.0 keV) X-ray image
with 5σ significance. In Fig. 8.1, we show the wavelet-decomposed image produced
by setting the detection threshold to 5σ and following the emission down to 3σ (for
details of the wavelet decomposition technique see Vikhlinin et al. 1998). There is a
clear bridge in the soft emission between the clusters, which originates in an extended



160 Detection of hot gas in the filament connecting Abell 222/223

component. We note that no such features are detected in any XMM-Newton mosaics
of empty fields in observations of similar but alsomuch larger depths. We do not detect
the bridge between the clusters in the 2.0–7.5 keV image.
To verify our result, we created an imagemodelling the X-ray emission from the two

clusters without a filament with two beta models determined by fitting the surface-
brightness profile of A 222 and A 223. We then applied the wavelet-decomposition
algorithm to this image, which did not reveal a bridge such as that observed between
A 222 and A 223.
If the emission in the bridge between the clusters originated in a group of galaxies

within the filament, then this group would be well resolved in the image. Groups of
galaxies at the redshift of this cluster emit on spatial scales of≈0.5′ as shown in Fig. 8.1
by the six extended sources detected at the 4σ significance aroundAbell 222/223marked
by ellipses numbered from 1 to 6. The filament seen in the image is about 6′ wide,
which at the redshift of the cluster corresponds to about 1.2 Mpc.
The observed filament is about an order of magnitude fainter than the ROSAT PSPC

detected filament reported by Dietrich et al. (2005). The ROSAT detection was based on
an image smoothed by a Gaussian with σ = 1.75′, and the filament could be the result
of the combination of emission from the cluster outskirts and from a few previously
unresolved point-sources between the clusters.
The point-sources (mostly AGNs) detected by XMM-Newton and Chandra do not

show an overdensity between the clusters, and the uniform contribution from the
distant unresolved AGNs was subtracted from our image. Our detection limit for
point sources is ∼ 0.8× 10−15 erg s−1 cm−2, which corresponds to a luminosity of
1041 erg s−1 for the faintest resolved galaxy at the cluster redshift. The number of X-ray
emitting galaxies with this luminosity required to account for the observed emission in
the filament would be ∼ 10 times larger than expected from the distribution function
of Hasinger (1998), assuming a filament over-density of ρ/ 〈ρ〉 ∼ 100.

8.3.2 Spectroscopy

The clusters of galaxies Abell 222 and Abell 223 are bright and relatively hot. The
temperature of A 222, extracted from a region with a radius of 2′ is 4.43± 0.11 keV
and the temperature of southern core of A 223 extracted within the same radius is
5.31± 0.10 keV. However, we focus here on the bridge connecting the two clusters.
As shown in Fig. 8.2, the spectrum extracted from the filament shows, between∼ 0.5

and ∼ 1.0 keV, ∼ 30% emission in excess of the background model, which was deter-
mined outside the cluster virial radii (see Table 1). We fit this excess emission with a
thermal model with a temperature of kT = 0.91± 0.24± 0.07 keV, where the first error
is the statistical error and the second error is due to the uncertainty in the background
level, which was determined by varying the background components in the spectral fit
within their 1σ errors. The best-fit emission measure of the filament, which is defined
to be EM =

∫
nH nedV, where nH and ne are the proton and electron number den-

sities and V is the volume of the emitting region, is (1.72± 0.50± 0.45) × 1065 cm−3.
Assuming that both errors have a Gaussian distribution, the emission measure of the
plasma in the filament within our extraction region is EM = (1.72± 0.67)× 1065 cm−3
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(2.6σ). Fitting individually EPIC/MOS and EPIC/pn the best-fit temperatures are
0.94± 0.23 keV and 0.85± 0.30 keV, respectively, and the statistical significance of the
excess emission is 3.5σ and 1.8σ. The derived emission measure depends on the as-
sumed metallicity. For a higher metallicity, we obtain a lower emission measure (for
Z = 0.3 Solar, EM = 1.3 × 1065 cm−3), while for a lower metallicity the emission
measure is higher (for Z = 0.1 Solar, EM = 2.4× 1065 cm−3 and for Z = 0 Solar,
EM = 4.13× 1065 cm−3). The plasma temperature does not change significantly as
a function of the assumed metallicity. The 0.3–10.0 keV luminosity of the filament,
within our extraction region, is 1.4× 1042 erg s−1. In the COSMOS survey, a number
of groups have been detected at these luminosities and redshifts, but their typical spa-
tial extent (r500 ∼ 1.3′, Finoguenov et al. in prep.) is much smaller than that of this
filament.
By determining the background properties using the two extraction regions at the

central chip of EPIC/MOS and fitting only the EPIC/MOS data, we obtain a best-fit
emission measure and temperature for the filament of EM = (1.7± 0.6) × 1065 cm−3
and kT = 0.80± 0.19 keV. These values are consistent with those obtained using a
background region located at a larger distance on a different part of the detector. This
minimizes chip-to-chip variations in the instrumental noise and allows to include some
residual cluster emission in the form of an increased best-fit flux of the power-law
model component. However, part of this increased power-law flux could be due to
emission from the filament in the background regions, resulting in an oversubtraction
of the filament.

8.4 Discussion

We detect X-ray emission from a bridge connecting the clusters A 222 and A 223. The
temperature of the gas associated with this bridge is kT = 0.91± 0.25 keV. If this gas is
the intra-cluster medium (ICM) at the cluster outskirts, then assuming an emitting vol-
umewith a line-of-sight depth of 2.5Mpc, our best-fit emissionmeasure corresponds to
a density of∼ 1× 10−4 cm−3 and the entropy of the gas is s = kT/n2/3 ∼ 420 keV cm2.
Because of heating by accretion shocks, the cluster entropies rise towards the outskirts
to values higher than 1000 keV cm2 outside 0.5R200 (Pratt et al. 2006), and the entropy is
expected to rise further out to the virial radius. The low entropy of the bridge implies
that the emitting gas is in a filament that has not yet been reached by the shock-heating
operating on the ICM in the cluster outskirts.
If the redshift difference between the clusters is only due to the Hubble flow, their

line-of-sight distance difference is 15± 3 Mpc. Assuming that the observed emission
originates in hot gas within the filament connecting the clusters, the mean baryon den-
sity of the gas is 3.4 × 10−5(l/15 Mpc)−1/2 cm−3, where l is the length of the fila-
ment along the line-of-sight, which corresponds to 150 times the mean baryon density
of the Universe. From this density, assuming l = 15 Mpc, and the temperature of
kT = 0.91 keV, we obtain an entropy s = kT/n2/3 ∼ 870 keV cm2. For a filament with
a cylindrical shape, which is 1.2 Mpc wide as indicated by the images, and assuming a
constant density, we obtain a baryon mass of 1.8× 1013 (l/15 Mpc)1/2 M�. Assuming
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a baryon fraction of 0.16, the total mass of the filament is ≈ 1.1× 1014 M�.
The inferred properties of the gas in the filament are remarkably consistent with

the results of the simulations by Dolag et al. (2006). They predict that within a dis-
tance of ≈ 15 Mpc from a massive cluster, filaments connecting clusters have a baryon
over-density of ρ/ 〈ρC〉 > 100 inside a radius of ≈1 Mpc from the centre of the fila-
ment. They also found that the temperature of the gas along the bridges connecting
some nearby clusters can be around 107 K, which is the temperature of the gas that
we see between A 222 and A 223. The predicted X-ray surface brightness of filaments
according to Dolag et al. (2006) is at most 10−16 erg s−1 cm−2 arcmin−2. However,
this predicted surface brightness was derived for zero metallicity (for a metallicity of
Z = 0.2 Solar, the predicted X-ray flux would increase, due to line emission, by a fac-
tor of ∼ 1.6) and for the case of looking at the filament edge on. Line emission and
a favourable geometry could increase the surface brightness to our observed value of
10−15 erg s−1 cm−2 arcmin−2.
If the observed redshift difference is entirely due to peculiar velocities, Δz = 0.005

would correspond to Δvr = 1500 km s−1, and both clusters would be at the same dis-
tance, in which case the virial radii of the clusters would partially overlap and they
would be at the onset of a merger. However, if this is the case, then we would not ex-
pect to observe such a large amount of gas at these low temperatures between the clus-
ters. Most of the mass from a previously present filament would have been accreted
by the clusters and the gas in the interaction region would have been compressed and
shock-heated to temperatures significantly higher than those observed. We therefore
conclude that the redshift difference cannot be attributed entirely to peculiar velocities.
The temperature and average density of the observed gas associated with the fila-

ment indicates that we are detecting the hottest and densest phase of the WHIM. It is
only detectable because of the favourable geometry of the massive filament connecting
two large clusters of galaxies. According to simulations (e.g. Davé et al. 2001), how-
ever, the dominant fraction of theWHIM resides in a lower temperature, lower density
phase, and its existence still remains to be proven observationally. The detection of the
dominant fraction of the WHIM will be possible only using dedicated future instru-
mentation (e.g. see Paerels et al. 2008).
To further investigate the physical properties of the densest and hottest gas phase

permeating the cosmic web, the observed sample of cluster pairs for which the large-
scale structure filaments can be observed along our line-of-sight needs to be enlarged
by other promising systems.
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Figure 8.1: Wavelet-decomposed 0.5–2.0 keV image of Abell 222 (to the South) and
Abell 223 (the two X-ray peaks to the North). We show only sources with > 5σ detec-
tion, but for these sources we follow the emission down to 3σ. The filament connecting
the two massive clusters is clearly visible in the image. The regions used to extract the
filament spectrum and to determine the background parameters are indicated by dark
and light circles, respectively. Extended sources detected at the 4σ significance around
Abell 222/223 are marked by ellipses numbered from 1 to 6.
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Figure 8.2: The spectrum of the filament between the clusters A 222/223 - the data
points on the top were obtained by EPIC/pn and below by EPIC/MOS. The contribu-
tions from the X-ray background and from the filament to the total model are shown
separately.



Chapter 9

Summary

In the previous chapters I present the results of my research focused on the study of the
chemical evolution of the intra-cluster medium (ICM) and on the evolution of clusters
of galaxies in the context of the cosmic web.

9.1 Chemical enrichment of the intra-cluster medium

As I summarized in the previous chapters, clusters of galaxies are excellent laborato-
ries to study the chemical enrichment history of the Universe. The measured metal
abundances in the ICM provide constraints on the nucleosynthesis and on the star for-
mation history.
Using deep XMM-Newton observations of the cluster 2A 0335+096, I investigated

the temperature structure of the ICMusing multi-temperature plasmamodels, derived
accurate temperature and abundance profiles and 2D maps, and determined accurate
global abundances of 9 elements. The spatially resolved 2D spectroscopy revealed a
dynamically complex cluster core. I showed that the measured abundance values can
be reasonably well reproduced using the theoretical supernova nucleosynthesis mod-
els. However, the observed Ca abundance is higher than that expected from the mod-
els. The reconstruction of the observed abundances with theoretical yields suggests
that ∼25% of all supernovae enriching the ICM were Type Ia (SN Ia) and ∼75% were
core-collapse supernovae (SNCC).
We followed up these enrichment studies on a sample of 22 clusters observed with

XMM-Newton. The results of these studies, which demonstrate the power of X-ray
spectroscopy of the hot gas in clusters of galaxies for constraining the supernova mod-
els, are summarized in the PhD thesis of Jelle de Plaa and in de Plaa et al. (2007).
Based on our studies of this sample, in Chapter 4 I show that - interestingly - while the
abundance ratios do not show a significant trend with the cluster mass, the absolute
abundances are on average higher in the cooler clusters than in the more massive hot
clusters. These results suggest that while the star formation efficiency is decreasing
with the cluster mass, the initial mass function stays constant.
While it is well known that elements from O up to the Fe-group are primarily pro-

duced in supernovae, the main sources of C and N are still being debated. By combin-
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ing the RGS data obtained in two deep XMM-Newton observations of M 87, we deter-
mined relatively accurate C and N abundance values. The small O/Fe ratio and large
C/Fe and N/Fe ratios found in M 87 suggest that the main sources of C and N are not
themassive stars that also produce large quantities of O, but the low- and intermediate-
mass asymptotic giant branch stars. The observation of a wide range of spectral lines,
including Fe XVII emitted below∼0.9 keV and Fe XXIV emitted above∼1 keV indicates
the presence of multi-phase gas in M 87. The investigation of the multi-phase nature of
the gas in the arms of M 87 was followed up with 2D spatially resolved spectroscopy
using XMM-Newton EPIC. The results of this research were published in Simionescu
et al. (2007b).

9.2 Evolution of clusters of galaxies in the context of the
cosmic web

My research on the evolution of clusters of galaxies in the context of the cosmic web
focuses on the investigation of merger histories of clusters in the high density envi-
ronments of superclusters, on the problem of the excess soft X-ray emission in clusters
of galaxies, and on the search for the so called warm-hot phase of the intergalactic
medium (WHIM), where 30% to 40% of the baryons in the local universe reside.
I studied XMM-Newton data of the cluster of galaxies Abell 3128 in theHorologium-

Reticulum supercluster. The most obvious feature of the X-ray morphology of A 3128
is the presence of two X-ray peaks, separated by ∼12′, with similar surface brightness
and core radii. Previous studies showed that while the Northeast (NE) X-ray peak has
an Fe abundance smaller than 0.15 times the solar value and is not associated with
any bright galaxies, the Southwest (SW) X-ray peak is centered on a compact group of
galaxies and has an iron abundance of 0.6 times solar. It was proposed that the NE peak
might be the surviving ICM of a group of galaxies that has fallen into the cluster A 3128
supersonically (Mach number 6; Rose et al. 2002). By detecting the redshifted Fe-K line,
I found that the NE X-ray peak observed toward A 3128 is a distant luminous cluster
of galaxies at redshift z = 0.44. Our subsequent optical spectroscopic observation of
a distant radio bright galaxy in the centre of the NE X-ray peak with the Magellan
telescope also revealed a redshift of z = 0.44, confirming the association of the galaxy
with the cluster seen in X-rays. The properties of the SW X-ray peak suggest that it is
the core of a group merging with A 3128 along our line of sight. Based on 2D maps of
thermodynamic properties of the intra-cluster medium determined after subtracting
a model for the background cluster, I determined the new centre of the gravitational
potential of the cluster A 3128.
The existence of the WHIM was never before unambiguously proven observation-

ally in X-rays. In Chapter 6, we showed that the reported (Nicastro et al. 2005a,b) ab-
sorption features attributed to two WHIM filaments along the line of sight toward the
blazar Mrk 421 observed with the Chandra LETGS are statistically not significant. The
decreased significance is due to the inclusion of the number of trials (potential lines
and redshift intervals) in the calculation of the significance, that was ignored in the
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discovery paper. We also showed that the results reported by Nicastro et al. (2005a,b)
are not supported by later Chandra observations and by the XMM-Newton RGS data
of Mrk 421.
The strongest excess soft X-ray emission was detected with both ROSAT and XMM-

Newton in the cluster Sérsic 159-03. Analyzing high quality spectra obtained by Suzaku
and XMM-Newton, I found consistent soft excess fluxes with all instruments in all
observations of this cluster. However, the Suzaku data did not confirm the initial
detection of the O VII line emission and the XMM-Newton RGS observation did not
show OVII line emission either. I concluded that a non-thermal model provides the
best explanation for the observed properties of the soft excess in Sérsic 159-03. This
non-thermal emission might be due to inverse-Compton scattering of the cosmic mi-
crowave background photons on relativistic electrons. The emission peak at the cluster
centre may be due to particle acceleration by the AGN. The excess soft X-ray emission
at large radii may be due to electrons accelerated in accretion shocks in the transition
region between the hot ICM and the WHIM. Assuming that the total energy in rela-
tivistic ions is 30 times larger than that in the relativistic electrons (as for the cosmic
rays detected in our Solar System), the total energy in cosmic ray particles needed to
explain the excess emission within the radius of 600 kpc will only account for 10% of
the thermal energy of the ICM.
Together with collaborators in India, I will further investigate this possible non-

thermal cluster emission in Sérsic 159-03 using GMRT radio data which we obtained
during observations performed in November 2007. With this low frequency radio ob-
servation, we expect to detect synchrotron emission produced by the higher energy
end of the population of relativistic electrons observed in X-rays via inverse-Compton
scattering. If the excess soft X-ray emission in this cluster is indeed of non-thermal
origin, then this observation will be crucial for our understanding of this long debated
phenomenon.
In Chapter 8 I present observational evidence of X-ray emission from the filament

connecting the massive clusters of galaxies Abell 222 and Abell 223. The temperature
of the gas in the filament is kT = 0.91± 0.25 keV and the emission measure corre-
sponds to a baryon density of (3.4± 1.3) × 10−5(l/15 Mpc)−1/2 cm−3, where l is the
length of the filament along the line of sight. The properties of the gas in the filament
suggest that we are detecting the densest and hottest parts of the warm-hot intergalac-
tic medium.
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Chapter 10

Nederlandse Samenvatting

In de voorafgaande hoofdstukken heb ik de resultaten gepresenteerd van mijn onder-
zoek gericht op de chemische evolutie van het intra-cluster medium (ICM) en van de
evolutie van clusters van melkwegstelsels in de context van het kosmische web.

10.1 Chemische evolutie van het intra-cluster medium

Zoals ik in de vorige hoofdstukken heb samengevat, zijn clusters van melkwegstelsels
uitstekende laboratoria om de geschiedenis van de chemische verrijking van het Uni-
versum te bestuderen. De gemeten metaal abundantie in het ICM leggen beperkingen
op aan de nucleosynthese en de stervorming-geschiedenis.
Door gebruik te maken van diepe XMM-Newton waarnemingen van het cluster

2A 0335+096, heb ik de temperatuurstructuur van het ICM onderzocht met behulp
van multi-temperatuur plasma modellen, nauwkeurige temperatuur en abundantie
profielen en 2D kaarten afgeleid en de precieze globale abundantie voor 9 elementen
bepaald. De ruimtelijk opgeloste 2D spectroscopie laat een dynamische complexe clus-
ter kern zien. Ik heb laten zien dat de gemeten abundantie waarden redelijk goed gere-
produceerd kunnen worden met behulp van de theoretische supernova nucleosyn-
these modellen. De waargenomen Ca abundantie is echter hoger dan wat voorspeld
wordt door de modellen. De reconstructie van de waargenomen abundantie waarden
met de theoretisch voorspelde opbrengsten, suggereren dat∼25% van alle supernovae
die het ICM verrijken Type Ia (SN Ia) zijn en ∼75% zogenaamde core-collapse super-
novae (SNCC) zijn. We hebben deze verrijking studie opgevolgd met een verzameling
van 22 clusters waargenomen met XMM-Newton. De resultaten van deze studie, die
duidelijk de kracht van Röntgen spectroscopie laten zien voor het begrenzen van su-
pernova modellen, zijn samengevat in het proefschrift van Jelle de Plaa en in de Plaa
et al. (2007). Gebaseerd op onze studie van deze verzameling, laat ik in Hoofdstuk 4
zien dat interessant genoeg, de abundantie ratios geen significante trend laten zienmet
de massa van het cluster, maar dat de absolute abundanties zijn gemiddeld genomen
hoger in de koelere clusters dan in de meer massieve hete clusters. Deze resultaten
suggereren, dat terwijl de stervorming efficiency afneemt met de massa van een clus-
ter, de initiële massa functie constant blijft.
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Alhoewel het algemeen bekend is dat elementen van O tot de Fe-groep primair in
supernovae worden geproduceerd, zijn de belangrijkste bronnen voor C en N nog on-
derwerp van discussie. Door RGS data van twee diepe XMM-Newton waarnemingen
van M 87 te combineren, hebben we relatief nauwkeurige waarden voor de C en N
abundanties kunnen bepalen. De kleine O/Fe verhouding en grote C/Fe en N/Fe
verhoudingen zoals bepaald in M 87, suggereren dat de belangrijkste bronnen van
C en N niet de massieve sterren zijn, die ook veel O produceren, maar de lage- en
gemiddelde massa asymptotische reuzentak sterren zijn. De observatie van een breed
scala aan spectraal lijnen, inclusief Fe XVII uitgezonden beneden ∼0.9 keV en Fe XXIV
uitgezonden boven ∼1 keV, tonen de aanwezigheid van een multi-fase gas in M 87
aan. Dit onderzoek aan het multi-fase gas in M 87, werd opgevolgd met 2D ruimtelijk
opgeloste spectroscopie met XMM-Newton EPIC. De resultaten van dit onderzoek zijn
gepubliceerd in Simionescu et al. (2007b).

10.2 Evolutie van clusters vanmelkwegstelsels en het kos-
mische web

Mijn onderzoek van de evolutie van clusters vanmelkwegstelsels in de context van het
kosmische web focust zich op het onderzoek van de samensmeltingsgeschiedenis van
clusters in de hoge dichtheid omgeving van superclusters, op het probleem van het
exces aan zachte Röntgen emissie in clusters van melkwegstelsels, en op het zoeken
naar de zogenaamde warme-hete fase van het intergalactische medium (WHIM), waar
30% tot 40% van alle baryonen in het lokale universum verblijft.
Ik heb XMM-Newton data van het cluster Abell 3128 in het Horologium-Reticulum

supercluster bestudeerd. Het meest opvallende aan de Röntgenmorfologie van A 3128
is de aanwezigheid van twee Röntgen pieken, ∼12′ uit elkaar, elk met een ongeveer
gelijke oppervlaktehelderheid en straal van de kern. Eerdere onderzoeken lieten zien
dat terwijl de noordoostelijke (NO) piek een Fe abundantie kleiner dan 0.15 maal de
zonswaarde en niet geassocieerd wordt met heldere melkwegstelsels, is de zuidwest-
elijke (ZW) piek gecentreerd op een compacte groep van melkwegstelsels die een ijzer
abundantie heeft van 0.6 maal de zonswaarde. Het voorstel was dat de NO piek het
overgebleven ICM is van een groep van melkwegstelsels dat supersoon in het cluster
A 3128 is gevallen (Mach getal 6; Rose et al. 2002). Door de roodverschoven Fe-K lijn
te detecteren, vond ik dat de NO piek waargenomen in de richting van A 3128 bij een
helder veraf gelegen cluster van melkwegstelsels hoort op een roodverschuiving van
z = 0.44, daarmee de associatie van het melkwegstelsel met het cluster zoals gezien
in het Röntgen bevestigend. De eigenschappen van de ZW piek suggereren dat het de
kern is van een groep die aan het samensmelten is met A 3128 langs onze gezichtslijn.
Door gebruik te maken van 2D kaarten van de thermodynamische eigenschappen van
het ICM, met een correctie toegepast voor het cluster op de achtergrond, heb ik het
nieuwe gravitationele centrum van het cluster A 3128 bepaald.
Het bestaan van het WHIM was nog niet eerder ondubbelzinnig observationeel

aangetoond in Röntgen straling. In Hoofdstuk 6, hebben we laten zien dat de gerepor-
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teerde (Nicastro et al. 2005a,b) absorptie kenmerken toegekend aan twee WHIM fila-
menten langs de gezichtslijn in de richting van de blazar Mrk 421 zoals waargenomen
met de Chandra LETGS, statistisch niet significant zijn. De afname van de significantie
komt doordat we het aantal testen (potentiële lijnen en roodverschuivingsintervallen)
meenemen in de bepaling van de significantie, wat niet gedaan was in het oorspronke-
lijke artikel. We hebben ook aangetoond dat de resultaten zoals weergegeven in Nicas-
tro et al. (2005a,b) niet ondersteund worden door latere Chandra en XMM-Newton
RGS data van Mrk 421.
De sterkste zachte Röntgen emissie is waargenomen met zowel ROSAT als XMM-

Newton in het cluster Sérsic 159-03. Door spectra van een hoge kwaliteit, verkre-
gen met Suzaku en XMM-Newton, te analyseren heb ik consistente zachte Röntgen
fluxen gevonden met alle instrumenten in alle waarnemingen van dit cluster. Echter,
de Suzaku data hebben niet de initiële detectie van de OVII lijn emissie bevestigd en
de XMM-Newton RGS waarneming laat ook geen O VII lijn emissie zien. Daaruit con-
cludeer ik dat een niet-thermisch model de beste oplossing is voor de waargenomen
eigenschappen van het zachte exces in Sérsic 159-03. Deze niet-thermische emissie kan
ontstaan zijn door inverse-Compton verstrooiing van de kosmische achtergrondstral-
ing door relativistische elektronen. De emissie piek bij de cluster kern zou een gevolg
kunnen zijn van deeltjesversnelling door de AGN. De exces zachte Röntgen emissie
op grotere afstanden zou een gevolg kunnen zijn door elektronen die versneld worden
in accretie schokken in het overgangsgebied tussen het hete ICM en het WHIM. Als
men aanneemt dat de totale energie van de relativistische ionen 30 keer zo groot is dan
de energie van de relativistische elektronen, dan is de totale energie van de kosmische
straling deeltjes die nodig is om het exces aan emissie binnen een straal van 600 kpc te
verklaren slechts 10% van de thermische energie van het ICM.
Samen met collega’s in India, zal ik deze mogelijk niet-thermische cluster emissie

in Sérsic 159-03 verder onderzoeken door gebruik te maken van GMRT radio data die
we hebben verkregen tijdens waarnemingen in November 2007. Als het exces aan
zachte Röntgen emissie in dit cluster inderdaad van niet-thermische oorsprong is, dan
zal deze waarneming van cruciaal belang zijn voor ons begrip van dit lang besproken
probleem.
In Hoofdstuk 8 presenteer ik observationeel bewijs voor Röntgen emissie van het fil-

ament dat de massieve clusters van melkwegstelsels Abell 222 en Abell 223 met elkaar
verbindt. De temperatuur van het gas in het filament is kT = 0.91± 0.25 keV en de
hoeveelheid emissie die gedetecteerd is corresponderen met een baryonen dichtheid
van (3.4 ± 1.3) × 10−5(l/15 Mpc)−1/2 cm−3, waarbij l de lengte is van het filament
langs de gezichtslijn. De eigenschappen van het gas in het filament suggereren dat we
het gas met de hoogste dichtheid en met de hoogste temperatuur van het warm-hete
intergalactische medium detecteren.
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Finoguenov, A., Matsushita, K., Böhringer, H., Ikebe, Y., & Arnaud, M. 2002, A&A,
381, 21

Forman, W., Jones, C., Churazov, E., et al. 2007, ApJ, 665, 1057
Fujimoto, R., Mitsuda, K., McCammon, D., et al. 2007, PASJ, 59, 133
Fujimoto, R., Takei, Y., Tamura, T., et al. 2004, PASJ, 56, L29
Fujita, Y., Tawa, N., Hayashida, K., et al. 2008, PASJ, 60, 343
Fukazawa, Y., Makishima, K., Tamura, T., et al. 1998, PASJ, 50, 187
Fukazawa, Y., Ohashi, T., Fabian, A. C., et al. 1994, PASJ, 46, L55
Gastaldello, F. & Molendi, S. 2002, ApJ, 572, 160
Ghizzardi, S. 2001, http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0022-1-
0.ps.gz

Giacconi, R., Branduardi, G., Briel, U., et al. 1979, ApJ, 230, 540
Gilfanov, M. R., Sunyaev, R. A., & Churazov, E. M. 1987, Soviet Astronomy Letters, 13,
3

Grevesse, N. & Sauval, A. J. 1998, Space Science Reviews, 85, 161
Gustafsson, B., Karlsson, T., Olsson, E., Edvardsson, B., & Ryde, N. 1999, A&A, 342,
426

Hamuy, M., Phillips, M. M., Suntzeff, N. B., et al. 1996, AJ, 112, 2438
Hasinger, G. 1998, Astronomische Nachrichten, 319, 37
Heger, A. & Woosley, S. E. 2002, ApJ, 567, 532
Henry, J. P., Finoguenov, A., & Briel, U. G. 2004, ApJ, 615, 181
Humphrey, P. J. & Buote, D. A. 2006, ApJ, 639, 136
Humphrey, P. J., Buote, D. A., & Canizares, C. R. 2004, ApJ, 617, 1047
Hwang, C.-Y. 1997, Science, 278, 1917
Irwin, J. A. & Sarazin, C. L. 1995, ApJ, 455, 497
Ishisaki, Y., Maeda, Y., Fujimoto, R., et al. 2007, PASJ, 59, 113



176 References

Ivanov, V. D., Hamuy, M., & Pinto, P. A. 2000, ApJ, 542, 588
Iwamoto, K., Brachwitz, F., Nomoto, K., et al. 1999, ApJS, 125, 439
Jansen, F., Lumb, D., Altieri, B., et al. 2001, A&A, 365, L1
Jenkins, E. B., Bowen, D. V., Tripp, T. M., et al. 2003, AJ, 125, 2824
Joeveer, M., Einasto, J., & Tago, E. 1978, MNRAS, 185, 357
Johnstone, R. M., Allen, S. W., Fabian, A. C., & Sanders, J. S. 2002, MNRAS, 336, 299
Kaastra, J. S. 1992, An X-ray Spectral Code for Optically Thin Plasmas (Internal SRON-
Leiden Report, Updated Version 2.0)

Kaastra, J. S., Ferrigno, C., Tamura, T., et al. 2001, A&A, 365, L99
Kaastra, J. S., Lieu, R., Tamura, T., Paerels, F. B. S., & den Herder, J. W. 2003a, A&A,
397, 445

Kaastra, J. S., Mewe, R., & Nieuwenhuijzen, H. 1996, in UV and X-ray Spectroscopy of
Astrophysical and Laboratory Plasmas p.411, K. Yamashita and T. Watanabe. Tokyo
: Universal Academy Press

Kaastra, J. S., Mewe, R., & Raasen, A. A. J. 2003b, in New Visions of the X-ray Universe
in the XMM-Newton and Chandra Era, ed. F. A. Jansen, Vol. in press (ESA)

Kaastra, J. S., Steenbrugge, K. C., Raassen, A. J. J., et al. 2002, A&A, 386, 427
Kaastra, J. S., Tamura, T., Peterson, J. R., et al. 2004, A&A, 413, 415
Kaastra, J. S., Werner, N., Herder, J. W. A. d., et al. 2006, ApJ, 652, 189
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775
Kapferer, W., Ferrari, C., Domainko, W., et al. 2006, A&A, 447, 827
Kapferer, W., Kronberger, T., Weratschnig, J., & Schindler, S. 2007a, A&A, 472, 757
Kapferer, W., Kronberger, T., Weratschnig, J., et al. 2007b, A&A, 466, 813
Katgert, P., Mazure, A., den Hartog, R., et al. 1998, A&AS, 129, 399
Kellogg, E., Gursky, H., Leong, C., et al. 1971, ApJ, 165, L49
Kellogg, E. M. 1973, in IAU Symposium, Vol. 55, X- and Gamma-Ray Astronomy, ed.
H. Bradt & R. Giacconi, 171

Kikuchi, K., Furusho, T., Ezawa, H., et al. 1999, PASJ, 51, 301
Kirsch, M. 2006, http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0018.pdf
Koyama, K., Tsunemi, H., Dotani, T., et al. 2007, PASJ, 59, 23
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Simionescu, A., Böhringer, H., Brüggen, M., & Finoguenov, A. 2007a, A&A, 465, 749
Simionescu, A., Werner, N., Finoguenov, A., Böhringer, H., & Brüggen, M. 2007b, A&A
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