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Abstract

Context. X ray clusters are conventionally divided into two classesol core” (CC) and “non-cool core” (NCC) objects, on thesisa
of the observational properties of their central regiorecddt results have shown that the cluster population is dain@avagnolo
et al. 2009).

Aims. We want to understand whether the observed distributiotusters is due to a primordial division into two distinctssas or
rather to diferences in the way these systems evolve across cosmic time.

Methods. We systematically search the ICM of NCC clusters in a sub&wiithe B55 flux limited sample of clusters for regions
which have some characteristics typical of cool cores, matoe entropy gas and high metal abundance.

Results. We find that most NCC clusters in our sample host regions risgent of CC, i. e. characterized by relative low entropy gas
(albeit not as low as in CC systems) and a metal abundancesXe have dubbed these structures “cool core remnarisg gie
interpret them as the remains of a cool core after a heatiegtédAGN giant outbursts in a few cases and more commonly engxg
We infer that most NCC clusters have undergone a cool coreeptharing their life. The fact that most cool core remnargsfannd

in dynamically active objects provides strong support &nseios where cluster core properties are not fixed “aloihitut evolve
across cosmic time.
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1. Introduction population is bimodal (Cavagnolo et al. 2009), but thereaise
some intermediate objects which are not easily classifiaggP
. . ).
e o e ) S O of i open guestions in the sy of gy clustes cor.
The f : h werized b t of fies: cerns the origin of this distribution. The original modelian

€ former areé cnaraclerized by a set of properues. a pror‘B|'evailed for a long time assumed that the CC state was a sort
nent surface brightness peak, usua_lly roughly c0|nc_|det11 Wof “natural state” for the clusters, and the observatioweal f
the center of the large scale X-ray isophotes and with the §poq \yere explained within the context of the old “coolirayf!
sition of the brightest central gala_xy .(BCG)'. assomat_edwm odel: radiation losses cause the gas in the centers ofthese
decrease of the temperature profile in the inner regions an{igps to.cool and to flow inward. Clusters were supposed tdrive
positive gradient of the metal abundance profile. In theradantthiS state until disturbed bya“ﬁ\erger” Indeed, mergeesvary
regions of these clusters, the cooling time is significasrihaller nergetic events that can shock-heat (Burns e’t al. 1997and
than the Hubble time, but the radiative losses are balanyedfﬂe ICM (Gomez et al. 2002; Ritchie & Thomas 2602). through
some form of heating, which in the currently prevailing sén these processes they. were ,supposedﬁoiemtly destroy. cool-

e et N o Sl o, Afer e mergers,clsters e supposed ok
9 y 9 : go back to the cooling flow state in a sort of cyclical evolatio

acterized by the lack of these observational features.r8kive With the fall of the “cooling flow” brought about by theMM-
dicators based on these observational characteristics thean Newton andChandra observations (e. g. Peterson et al. 2001 and
proposed to classify clusters into these categories: engpera- Molendi & Pizzolato 2001), doubts .Wére cast also oﬁ the inter
tureldrzoopoéSanderson et al. Z?OE’ 2009D), c.oo|.|ng[t)|me (Baysi etation of mergers as the dominant mechanism which could
(29585'- D )’glfot;npogggg 0 ht else twof crr]|ter|a (dunn_ e qansform CC clusters into NCC. More generally speaking, th

» unn aian ) the slope of the gas density pr uestion arose whether the observed distribution of alsistas

file at a given radius (Vikhlinin et al. 2007) and core entrop ; L AR i |

. ue to a primordial division into the two classes or rathexio-
(Cavagnolo et al. 2009). In a recent paper (L_ecgardl et ;5_1920 Iutionarypdi‘ferences during the history of the clusters.
hereafter Paper 1), we suggested a robust indicator tOIfyasﬁ\/lc(:arthy etal. (2004, 2008) noticed the absence of systeats t

clusters (see also Sect. 3), based on pseudo-entropy BtRdige o hie ohserved NCC clusters in cosmological simulstion
The classification based on this indicator improves theitra :

tional classification scheme based on the temperature drdp g. == . Py
is essentially equivalent to classifications based on tlodirap thibution. They proposed that early episodes of non-gatihal

time. Increasing attention has been devoted to the statisfi pre-heating may explain the dichotomy; they envisage agstn

; ; ) . > in which NCC clusters have been pre-heated to levels greater
CC, .bOth in the local Universe and at h|ghe_r redshifts. Wﬂ_nte than~ 300 keV cnt and do not have enough time to develop a
precise results depend strongly on the indicator used ssitja

: ; ; cool core, while CC clusters have been pre-heated to lower le
0 ’
clusters, the fraction of CC is considered to be about 50%@f ty, "5 need an additional source of present-day heatinfj-to o
clusters population. There are some indication that thetetu
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set cooling. With this model, McCarthy et al. (2008) expén et al. 2007 and many others).

observed entropy and gas dengitiyandra profiles for CC and In this paper, we present a systematic two-dimensionaaisal
ROSAT gas density profiles for NCC. O’Hara et al. (2006) supsf a sample of 35 clusters observed wikiM-Newton, to look
ported the primordial model, showing that the scatter ifisga for and characterize regions with a significant metal exaess
relations is larger for CC clusters than for NCC, suggedtiagg NCC clusters, like the ones found in Paper I. The outline ef th
CC are not more relaxed than NCC systems. Moreover the twaaper is as follows: in Sect. 2 we describe the sample and the
body idealized simulations by Poole et al. (2008) showed thdata analysis, in Sect.3 we discuss the classification sehem
mergers cannot produce extended “warm” cores and cannot ded we define “CC remnants” in Sect. 4. We interpret our result
stroy metal abundance gradients. in Sect. 5, and we summarize our findings in Sect. 6. Quoted con
However, the evolutionary “merger” scenario has been oonti fidence intervals are 68% for one interesting parametersanle
ously supported by observations. For instance, Sandetszin eotherwise stated. All results are given assumingGDM cos-
(2006) compared temperature and cooling time profiles offe samology withQ, = 0.3, Q, = 0.7, andHg = 70 km s Mpc™.

ple of clusters observed bghandra with indicators of merger

activity and suggested that mergers may be the primaryrfacto )

in preventing the formation of CCs. More recently, Sanders@. Data analysis

et al. (2009a) have shown in a large sample of objects tha\(-the2 1. The sample

ray/BCG projected fiset correlates with the gas density profile, ™
which can be considered to be an indicator of the CC stateelf tThe starting point of the sample of galaxy clusters desdribe
X-ray/BCG dfset “measures” the dynamical state of the clustahis paper is the “B55” X-ray flux limited sample (Edge et al.
this resultimplies that the cool core strengths diminishesore  1990). In order to have a significant coverage of the cluster
dynamically disturbed clusters. Another indicator of dyneal within EPIC field of view, we have eliminated the nearest
activity is the presence of extended radio halos on Mpc sgalelusters and considered only those with redshift 0.03. Then
whose origin is likely related to turbulent acceleratioiveln by we analyzed all publicXMM-Newton observations, including
mergers (Ferrari et al. 2008 for a recent review). None of tmeosaics and multiple observations, as described in Sezt. 2.
clusters which are found to host a radio halo (on Mpc scates)We discarded observations where, after soft proton clganin
a complete survey (Venturi et al. 2008; Brunetti et al. 2089) the afective exposure time (MOSAMOS2+ pn) is lower than

be classified as a CC object. These relations are indeedtexipe25 ks, except in the case of mosaics where observations with
if mergers can #iciently destroy cool cores. texp < 25 ks have been used for images but not for spectral
An interesting model has been proposed by Motl et al. (2004halysis.

who suggested a double role for mergers in the cluster fornige list of the clusters which remained after our selection ¢
tion process: while they can shock-heat the ICM, they also eéria is given in Table 1. A644, A2244 have not been observed
ficiently mix the ICM and participate in the formation of CCshy XMM-Newton, while all the observations of A3391, A1736,
by providing cool gas. By analyzing simulated temperatme aA2142, A2063 and A1651 are badly contaminated by soft
surface brightness maps, they find that observational Biggg protons {ep < 25 ks) and have been discarded. The cluster
of a cool core may disappear after mergers, but that cool gaggnus A has been discarded in a second phase of the analysis
remains in the systems at all time. Indeed, mergers are ¢ompkcause of the presence of the radio galaxy QSO B198715,
cated phenomena during which the ICM of the interacting obeaturing large hotspots well detected in X-rays, whichnan
jects is mixed. Also the simulations by Ascasibar & Markekit be easily subtracted from the core spectrum.

(2006) on the formation of cold fronts showed that an interac

ing subcluster may donate its cool gas to the main cluster and

that, during the merging processes, many hydrodynaffécts
contribute to the mixing of the gas.

Recently, we found an unexpected and interesting resutt fraye retrieve Observation Data Files (ODF) from th&M-

the analysis of the metalicity profiles in a large sample ab€l Newton archive and process them with SAS software version
ters (Paper I): some clusters that cannot be classified a8G s7.0. The event files produced by this standard analysis teakniq
a metal abundance excess at their center, without a sigmtificare then cleaned to remove soft proton flares with a double fil-
temperature decline or an X-ray brightness excess. We st&fljetering process. As a first step, we produce the light curve in a
that at least some NCC clusters have spent part of theirdiseshard energy band (10-12 keV) and remove all time periods with
CC objects and that consequently a complete primordiaraepacount rates exceeding a fixed thresholdd® ctg's for the MOS
tion of the two classes of objects cannot be the case. _ detectors and.050 ctg's for the pn. This procedure allows the
However, further analysis is needed on this result to use it femoval of most flares, but softer flares may survive. In the se
gain insight on th_e origin of the Q|str|but|on of CC-NCC obond step, we apply a clipping technique to the histogram ob-
jects. We would like to characterize these regions better agined from the light curve in the 2 5 keV energy range. For
to know if and to what extent they are common in the populgach observation, we have calculated the “in over out raigs

tion of NCC objects. The results in Paper | as well as those d@e Luca & Molendi 2004), to identify observations badly eon
scribed above comparing observations and simulation,a@ed taminated by a quiescent soft proton component. As outiimed
on “uni-dimensional” properties (entropy and metal aburuga paper |, the ratio has been calculated in an external anatilus
profiles). Indeed, global properties and unidimensionafif's E > 9 keV to reduce the contribution of the cluster emission
are easy to derive and it is possible to compare them quantijgich fills all the FOV, especially for the nearest objectse W
tively, but they inevitably result in a loss of informatiodany have discarded only one observation (and therefore théeclus
thermodynamic maps are now available in the literaturecvhi A2065) where the Bs of the two MOS is larger than.@. After
show that spherical symmetry is not generally fulfilled inssl  soft proton cleaning we filter the event files according tdeuat
ters, and which reveal the presence of regions with “anousélo and flag criteria, and we remove by sight brightest point sesir
characteristics outside of the cores (e.g Sun et al. 2002580 Since we are mainly interested in characterizing the thelgmo

2.2. General data reduction
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namic properties of the ICM in the central and brightestorgi use an absorbed mekal model (WABS*MEKAL), where Mg

of the clusters of our sample, advanced procedures to treat i fixed to the input galactic valdi@nd the redshift is allowed to
background (Leccardi & Molendi 2008b) are not strictly necvary in a small range (widtk 0.02) around the nominal value.
essary. This is also the reason why we could discard onlybademperature, metal abundaf@nd normalization are the free
contaminated observations witlyg)R> 2.0. As background event parameters of the fit (following the prescription in Lecdagd
files, we merge nine “blank sky” field observations, as is conhMolendi 2008a even negative values are allowed for the metal
monly done, and we extract images and spectra for the baekundance). Best fit results obtained from the three ingnisn
ground in the same way than for the source observations. \Afed from multiple observations of the same region are thenav
calculate a normalization fact@ for each cluster observationaged together with a weighted mean. This enables us to peoduc
to take into account possible temporal variations of thérins the projected temperature, metal abundance and surfagie-bri
mental background. The normalization factor is the coutd raness profiles for each cluster.

ratio between source and background observations in amexte Finally, we perform a deprojection of the profiles, followithe

ring (10 — 12) beyond 9 keV. Background images and specttachnique described in Ettori et al. (2002), to derive thredh

are scaled by before the subtraction from source images artimensional density and temperature profiles. Combiniegith
spectra. we obtain entropy and cooling time profiles.

2.3. Two-dimensional analysis 2.4.2. IN and OUT regions

For all the clusters in our sample we prepared two dimensioda order to classify clusters according to the scheme desdri
maps of the main thermodynamic quantities, starting frofCEPIN Paper |, we extracted spectra in an IN region and an OUT
images. To do this we have used a modified version of tieference region, whose radii are defined as a fixed fracfion o
adaptive binning+ broad band fitting technique described ifRiso (r < 0.05Ryg0 and 005Ryg0 < ' < 0.2Rysg0, respectively).
Rossetti et al. (2007), where we have substituted the CiappelRiso has been calculated as

& Copin (2003) adaptive binning algorithm with the weighted KT \Y/2

Voronoi tessellation by Diehl & Statler 2006 (Rossetti 2006 R, g, = 1780(—) h(z)*kpc, 1)
Especially in clusters undergoing major mergers, whereetlse SkeV

no sph(_arical symmetry, maps are a fundamen_tal toql to Selﬁ}ﬂere h(2) = (Qm(l + 23 + Q,)Y2 and KT is the tempera-
interesting regions for a proper spectral analysis, whscheic- re of the cluster (Arnaud et al. 2005; Leccardi & Molendi

essary to. Comp'emer.‘t the thefmoo!)/”.am,,'ca' |nformat.|or.1 wi 08b). This mean temperature has been first calculated star

g:;ggﬁ{nfgln':;ﬁwgsﬁnh(I)Tiﬁgsv’ 3) ggtnedct ?ﬁgﬁgﬂﬁéﬁg ing from the profiles (eventually excluding the bins of thmte

. perature drop in CC clusters). After the extraction of theTOU

in some of our clusters. spectra, we have re-calculat®ggsy using as mean temperature
Tou, i.€. the temperature obtained with a spectral fit in the re-
gion 005Rgp < r < 0.2Ry50. We have then calculated the dif-

2.4. One-dimensional analysis ferences between the new estimate @Rjgy and the old one.
_ Once converted in arcseconds, we have compared tfgsetice
2.4.1. Profiles with the XMM-Newton point spread function: if the two esti-

ectral extraction antd anlgates of QZRlaO differed by more t_han 15 we extracted again
Spectra with the newR g and iteratively repeated the procedure
ntil the diferences were smaller than the PSF. In the case of the
ur clusters without radial profiles (A754, A2256, A3266&dan

As a first step, we have performed sp
ysis in concentric annuli. As discussed in Sect. 2.3, thenm
drawback of this technique is that the assumption of spakri
symmetry is not always fulfilled in our clusters, and in som 6 ' X

- ; 7), the first estimate of the mean temperatures has lezen
cases even the choice -Of the center can have a strong im %r%ed) directly from the temperature mapf)s The list of thalfinp
on the observed properties. Therefore we have used thedher :

. . - dR1gp can be found in Table 2.
dynamic maps (Sect. 2.3) to identify those clusters whege thout 3NA180 €3 )
deviations from the spherical symmetry are larger, and hdS discussed in Sect. 2.3, the choice of the center has been pe

decided not to perform radial analysis in four well known gier ormed starting from the thermodynamic maps. More Specifi-

ing objects: A3667 (Briel et al. 2004), A2256 (Sun et al. 2p02f:ally' we have selected as a center the position of the mimimu

A754 (Henry et al. 2004) and A3266 (Finoguenov et al. 2006)" g‘oe psrﬁ!in‘?'%'er?frggﬁcr%aeps- In most ‘;afgscetgf position °L§|le
For the remaining clusters of the sample, where we do not O%qﬁilepi)rll otlhler Lélusterls tlherevi\g a si niflijcant dis I(:i]acemlat]‘t)
serve large displacements between the surface brighteass [3” 9 P ’

. lly smaller then the radius of the IN regions, with the ex
and the entropy minimum, we select as center of symmetry faua .
surface brightness peak, even if the large scale isophates hcept|0n of A3667. Moreover the choice of the position of the e

another center. This allows a better description of the IGdpp gggg nmc;?lsrim#i?igzinetlceantt:rr t'ﬂzt\e/:ﬂgfotpteh:ur;ae%%gré%rga' i rp
erties in the more central regions of the clusters. 9 y P by,

: except for the case of A3667. This is a well studied merging-cl
We extract spectra from annular regions around the seleeted tgrr] (Vikhlinin et al. 2001, Briel et al. 2004): the low-enfrpgas

ter. For each instrument (MOS1, MOS2 and pn) and each reg ncentrated at the position of a prominent cold frontuabo

S
we extract source and background spectra, and we generat ; : .
effective area (ARF) file. Then we associate a redistribution m ppgﬁgifg)from the surface brightness peak (see the Figure in

trix file to the spectrum, appropriated for the instrumerd,an
the pn case, for the position of the selected region in thecdet 1 The only exception is A478, where we found &elience of about
tor. a factor of two between the galactic value4@1G* cn?, Dickey &
We perform spectral fitting, using the XSPEC v11.3 packageyckman) and the best fit value.{2LG** cn?)

separately for each spectrum in the energy range 0.5-10/MeV. 2 For solar abundances we refer to Anders & Grevesse (1989)
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Figure 1: Comparison of temperature and emission meastios far S
the clusters in our sample. The solid line represents theskioid used 1.0f
to divide clusters between low entropy clusters and nondotvopy [
clusters, corresponding 8y /Sout = 0.45. The symbols and colors are 0.8
asin Table 1. [
e s o 0.6 i
3. Classification schemes N I
N b
As in Paper | we plot the temperature ratids\/Tout) versus 0.4
the emission measure ratidsNl,n/EMoyt) for the clusters of i
our sample (Fig. 1), and we use pseudo-entropy ratios tdelivi 0ok H U g
clusters into two classes (Table 2). We recall here the diefimi a ! )
of the pseudo-entropy rafio 0.0 I ! ]
oSN _ Ty ( EMin )‘1’3 @ 00 02 04 06 08 1.0 12 1.4
~ soutr  Tout \EMour ) s/Sour

The pseudo-entropy ratio is well correlated with the entrop ]

ratio (see Appendix A), and therefore it is a useful and eas?lgu'ﬁe 2:Upper panel: Metal abundance profiles of LEC clusters as a
to-calculate indicator of the variation of the physicaletr function of the pseudo-entropy ratio, in the regions of sptextrac-
dimensional entropy in the cores of galaxy clusters. tion. The symbols and colors are as in Table_twer panel: Mean

As in Paper |, we compare our pseudo-entropy cIassificatig or weighted abundance profile for LEC clusters. Erros lstwiow the

ith | . lassificati h based n all) error on the average, while dotted lines show threstatter
with two alternative classification schemes, based on the CQqnd the mean. In both panels, the horizontal dashedhifiesites the

properties (Col. 6 in Table 2) and on the dynamical state.(C@hean value of outer regions of galaxy clustérs: 0.23Z, (Leccardi

7 in Table 2). More specifically, in Col. 6 we divide clusterg Molendi 2008a) and the vertical dashed line indicates tlected

into three classes: cool core (CC), intermediate systeM§)(l threshold ofs/sour under which all LEC cluster show a significant
and non-cool core (NCC), where CC feature a prominent sarfametal abundance excess.

brightness peak and a temperature gradient, NCC posséssmei

of these properties, while INT show only one of these observa ] ] ) )
tional features. In Col. 7 we divide clusters into two classea- For the purposes of this paper, we are interested in sepgrati
jor mergers (MRG) and clusters showing no evidence of a nfluisters with a low entropy core (LEC) from the rest, this tyw

jor mergers (NOM). We consider as evidence of a major mergté¢ have defined only one threshold to divide LEC from non-
the presence of cluster-widefilise radio emission, multi peaked-EC objects. With our selected thresholgh(/ sour = 0.45) we
velocity distribution of galaxies and significant irreguities on ~ can state that all LEC clusters are known to be CC and do not
the surface brightness and temperature maps. The lack s# thghow any evidence of a merger (except A85, probably undergo-
properties is not sficient to state that an object is relaxed, this i§1g @ merger in an early stage, which has ritéeted the obser-
why we prefer to consider these objects as “not observed-meYgtional properties of the core, see Paper I). Non-LEC etsst
ers”. We refer to Paper | for more details on the classificatide almost all non-cool core systems, and many of them show
schemes and also for the necessary references. Slgnlflcant indications of a major merger. As already dlseﬂls

the fact that some of them do not show significant merger fea-

tures does not mean that they are relaxed.

3 X-ray astronomers usually define as “entropy” the quarSity
Txnz2"3, wheren, is the electronic density ant the deprojected tem-
perature of the ICM (Ponman et al. 1999). In this paper, weahseef-
inition of “pseudo-entropy’s = T * (EM)~Y/3, whereT is the projected 4. Cool core remnants
temperature anBM is the emission measure, i. e. the normalization of
the MEKAL model in XSPEC per units of area (see Rossetti 2@07 The central regions of LEC clusters in our sample are charac-
for more details). terized by low-entropy (by definition), often accompanied b
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Table 2: Properties of the clusters in the sample: redsdsfderived from NED), “mean” temperature (i.Bsyt) andRygo. Col. 5 lists the values
of sin/soutr We have derived, Col. 6 and Col. 7 list alternative clasdificeschemes (see text). The first 14 entries are LEC clysténige the
remaining are non-LEC.

Name Redshift Temperature Rygo o Core CI. Dyn. CL
(keV) (Mpc)

A2199 0.0301 401+ 0.025 1.58 4216+ 0.0033 CcC NOM
A496 0.0329 490+ 0.038 1.75 (B109+ 0.0028 CcC NOM
2A0335+096 0.035 349+ 0.009 1.49 @644+ 0.0007 CcC NOM
A2052 0.035 884+ 0.014 1.33 4274+ 0.0028 CcC NOM
A4059 0.047 P68+ 0.028 1.55 %394+ 0.0044 CC NOM
Hydra A 0.054 413+ 0.024 1.43 4138+ 0.0040 CcC NOM
A85 0.055 5491+ 0.048 1.82 3857+ 0.0050 CcC MRG
A1795 0.062 516+ 0.026 1.80 (B524+ 0.0023 CcC NOM
A3112 0.075 4319+ 0.033 1.59 B855+ 0.0038 CcC NOM
A2597 0.085 391+ 0.018 1.43 B568+ 0.0026 CC NOM
A478 0.088 7057+ 0.034 2.03  (B706+ 0.0024 CcC NOM
PKS0745-191 0.103 765+ 0.12 2.11 02957+ 0.0056 CcC NOM
A2204 0.152 7412+ 0.092 2.01 @972+ 0.0046 CcC NOM
A2029 0.077 6173+ 0.056 1.90 505+ 0.0057 CcC NOM
A4038 0.030 057+ 0.015 1.35 093+ 0.0037 INT NOM
A576 0.039 3777+ 0.044 1.52 06226+ 0.0135 INT MRG
A3571 0.039 @53+ 0.045 1.95 06220+ 0.0078 INT NOM
A119 0.044 6032+ 0.082 1.92 07621+ 0.0279 NCC MRG
MKW3s 0.045 3325+ 0.018 1.42 %4860+ 0.0039 CcC NOM
Al1644 0.047 4156+ 0.056 1.59 6318+ 0.0132 INT NOM
A3558 0.048 521+ 0.025 1.78 06155+ 0.0057 INT NOM
A3562 0.048 444+ 0.032 1.62 06089+ 0.0083 NCC MRG
Triangulum Australis 0.051 924+ 0.095 2.36 6845+ 0.0164 NCC NOM
A3158 0.060 003+ 0.042 1.71 07488+ 0.0153 NCC MRG
A399 0.072 584+ 0.109 1.88 07086+ 0.0319 NCC MRG
A401 0.074 7268+ 0.084 2.07 07028+ 0.0212 NCC MRG
A2255 0.081 6197+ 0.154 1.91 8853+ 0.0714 NCC MRG
A1650 0.084 $%27+0.0539 1.78 (5323+0.0089 INT NOM
A1689 0.183 12+ 0.102 2.13 M724+ 0.0089 INT NOM
A2319 0.056 $62+ 0.091 2.32 6643+ 0.0113 NCC MRG
A3532 0.055 4839+ 0.104 1.70 07285+ 0.0336 INT NOM
A3667 0.056 561+ 0.029 1.81 06378+ 0.0078 NCC MRG
A754 0.054 644+ 0.102 2.27 6289+ 0.0120 NCC MRG
A3266 0.055 7351+ 0.081 210 6772+ 0.0170 NCC MRG
A2256 0.057 5709+ 0.0763 1.85 300+ 0.0197 NCC MRG

Notes * Properties and the references for the clusters not includds® sample in Paper |. A496: CC and no evidence for a majogen¢Tamura
et al. 2001 and references therein). A478: CC and no evidem@major merger (Sanderson et al. 2005 and referencesiihePKS0745-
191: CC and no evidence for a major merger (Chen et al. 2003efadences therein). A3532: INT (moderate temperature)daad no
evidence for a major merger (the indications of optical swictures, Bardelli et al. 2000, are infBaient to claim a major merger). A3667:
NCC and MRG (evidence of radio relics Rottgering et al. 19fical substructures Owers et al. 2009, and disturbedtb@ynamical maps
Briel et al. 2004; Vikhlinin et al. 2001). A3266: NCC and MR@&veén if extended radio emission has not been detected, ROOtE there
are evidences of optical substructures, Quintana et a6,18%9l disturbed thermodynamical maps Finoguenov et a6)2@2256: NCC and
MRG (radio halo and relic, Kim 1999, optical substructuistrington et al. 2002, and disturbed temperature mapseSain2002; Bourdin
& Mazzotta 2008).

a temperature decrease and a surface brightness excess. Tiaglial profile as a function of the pseudo-entropy ratio facte
regions are also characterized by a high metal abundanee: tEC cluster. The pseudo entropy ratio is similar to the one de
mean iron abundance in the cores of LEC clusters is signifined in Equation 2, with the one ftierence that the tempera-
cantly larger than the typical value of outer regions of gwla ture and emission measure of a given annulus replageand
clustersZ = 0.23Z; (Leccardi & Molendi 2008a), even if EM, i.e. S(r)/sout = T(r)/Tout * (EM(r)/EMout) 3. In
with a ~ 20% scatter (De Grandi & Molendi 2009). It haghe lower panel of Fig. 2, we plot the mean error weighted abun
been shown that the excess abundance can be entirely pcodutace profile as a function of the pseudo-entropy ratio fer th
by the BCG galaxy that is invariably found in these system<£C clusters and the one scatter around the average of the
(De Grandi et al. 2004). At present, we are not aware of amglues. Low entropy ICM is characterized by a a significant
galaxy cluster with central regions characterized by a low emetal abundance excess, although the scatter is quite flarge
tropy gas without a metal abundance excess. A close relat®s,: < 0.4. The plots show that all LEC clusters show a sig-
between entropy and metal abundance must consequently exicant metal abundance excess with respect to the outen mea
and also generally speaking between the thermodynamics aatleZ = 0.23Z (Leccardi & Molendi 2008a) in regions char-
the chemical properties of the ICM. An example of this relaacterized by a pseudo entropy ratio smaller th&1{€orrespond-
tion can be seen in Fig. 2, where we plot the metal abundaring to physical radir < 0.07R;g0).
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In Paper | we found that some clusters without a low-entropy
core presented an unusually high metal abundance in the@-IN

gion (as already discussed, such high abundances areltgpica L2} = E LR EE S EEERE 38R 82T
LEC). We concluded that the most likely explanation for thghh 1085222500 R2NQ0RE R0~ 0100
central abundance of these anomalous non LEC systems was tha v E ]
at some time in the past they hosted a cool core (i.e. lonwepptr 0.8F < a
gas and metal abundance excess) that was subsequentlgl heate ¢ $

up. Indeed, a heating event that does not completely distupt & 06L 1
cool core will most likely leave behind a region charactediz N [ :

by a high metalicity and by an entropy that, albeit not as low 04k " s * } b
as the one found in the central regions of LEC systems, will be Tl © et

lower than that found in other regions of the cluster. We em- 0ok o + ,}i“
phasize that metals are reliable markers of the ICM in theesen i

that once they have polluted a given region of a cluster,ithe t 00t L L
scale over which they will diuse is comparable to the Hubble

time (Sarazin 1988). Thus metals trace the ICM where theg hav

been injected. The presence of these regions has also been pr

dicted by the simulations of Motl et al. (2004), who suggéste

that even if the observational cool core signature may gisap

cool gas (and we may add “low-entropy and metal rich gas”) re- 0.8F 7T T T T T
mains in the merging systems at all times. 07E + 3
Since in LEC clusters a metal abundance excess is invaiaably B
sociated with ICM with a low pseudo-entropy, we have system- 0.6F 3
atically selected the regions with the lowest pseudo-ggtra- S
tio in non-LEC systems, with the aim of finding regions polssib S 05F & 3
characterized by a high metalicity. In practice we have areg N e
two-dimensional pseudo-entropy ratio maps for the 21 nBG-L 0.4F i E
clusters of our sample , by dividing the pseudo-entropy maps *

for the pseudo-entropy in the OUT region derived with sgdctr 0.3 3 + + E
analysis. In these maps we have identified regions charzedter 0.2 FTTTTT T s it 3
by as/soutr < 0.8 (as shown in Fig.2 all LEC clusters show

a metal abundance excess in regions with entropy ratios), O.1En T T, T T
and we have extracted and analyzed spectra in these reg®ns ( 0.4 0.5 0.6 0.7 0.8 0.9
described in Sect. 2.4.1) to investigate their metali¢?geudo- S/Sour

entropy ratio maps and figures of the selected regions are pro

vided in Appendix B. _ _ _ _

In all the objects (21) of our subsample of non-LEC clusters, Figure 3: Metal abundance in the regions selected for sgemtalysis
find regions characterized by an entropy ratio smaller th&n Of?rt;heessleﬂggztﬁgo%??;iso'?ntTﬁeSf‘erg%ﬁé‘é%ﬂfggﬁg;‘;&ﬁgﬂ?gl
'ltﬂeF(I:?Ljs?e\;vse(ggltjIttzzgigo?tbeu dnﬁwa{']z:k?leln3;h(1egeol;?§££21;9r ﬁr!e represents the reference value for the metalicity ¢diotegions of

y : I lusterg = 0.2 L di & Molendi 2008a). Symbol d

AL689, MKW3s, A4038, AL650, A1644, A3558, A576, A754 300 CIUSterd = 0232 (Leccard: & Molend; 2008a). Symbols an
A3562, A3571, A3667 and A2256) show a significant excess

(> 30 c.l.) with respect to the reference valde = 0.237;

(Leccardi & Molendi 2008a). In the remaining nine clustergn the lower panel of Fig. 3 we plot the metal abundance as
the metal abundance is statistically consistent with tHer+e g function of the pseudo entropy rat#sour wheres is the
ence value. Amongst these objects, we will consider asersistpseudo-entropy in the region used for spectral analysiis It
without metal abundance excess those where the metaliCitypiorth noting that the clusters with no indication of a signifi
measured with a good statistical accuracy, more specifitf® cant metal abundance excess are those where the selected re-
six clusters wher& > 0.4Z can be excluded at a confidencgjions show the highest/soyt, with the notable exception of
IeveI > 20 (A2319,A3266, A399, A401, A119 and A3158) WEA2319 (red filled Square)_
will no more consider in this paper the three objects (A353%p better characterize the systems in our sample, we have com
Triangulum Australis and A2255) where the error bars on thfared the entropy maps with the galaxy distribution and more
metal abundance are too large to discriminate between the &ypecifically the low-entropy regions with the position okth
classes (the observations of these clusters are the shuffte& BCG (Col. 3 in Table 3 and Figures in Appendix B). The
sample, see Table 1). . name and positions of the BCGs are derived from the lit-
The most likely interpretation is that the low entropy higheZ  erature (Coziol et al. 2009; Lin & Mohr 2004; Gudehus &
gions found in many of our non-LEC systems are what remaipggyi 1991; Postman & Lauer 1995). If12 clusters with “CC
of acool core after a heating event. We dub these structuoes “ remnants” (namely A1650, MKW3s, A4038, A1644, A3558,
core remnant§;amore detailed discussion of how they forme@dl3562, A3571, A1689 and A576) the BCGs are located in
and of alternative scenarios is provided in Sect. 5. the low-entropy high metal abundance regions. In A3667 and
A2256, the positions of the BCGs do not coincide with the “CC
4 The term “remnant of cool cores” has been recently used bgd=us 'emnant”, which IS moreover not QbV|0US|y associated to any
Femiano et al. (2009) to describe structures similar to tieseve detect galaxy concentration (a more detailed study of the galasgy di
albeit without information on the metal abundance. tribution in A3667 by Owers et al. 2009 found essentially the
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same results). In A754 the BCG is located00 kpc west of the . _ _

selected regions, but in the “CC remnant” we find the ell'qjticTaﬁlr? dg'ngoiﬁe;gf; ?anli(t);N vevmlrg% L%?I%n\?v.elr\:vfi?é. ZYW‘ff Ittr!?e r&%tgl

gBalaXK. ZrTA'A?P?XbJ'Ogh?g1t923-09b415?:tl-h(see Flggre In Aplfemtf%t{md in the low-entropy r’egion and “N” if it is elsewhere.uSters in
), W IcN 1S the brightest member of the secondary peax In tj§;icq are “AGN CC-remnant”, while clusters in bold typedmerger

galaxy distribution (Fabricant et al. 1986). The positidrttis ¢ remnant (Sect. 5 for these definitions).

secondary galaxy concentration, possibly associatedet@Ct®

A . . L Cluster Metal Abundance (solar) BCG

remnant, coincides also with a clump in the dark matter idistr AT650 03972 00721 Y
bution, as derived with gravitational lensing (Okabe & Usuet MKW3s 0.459+ 0.009 Y
2008). For the non-LEC objects where we do not observe a sig- A4038 2 0.402+ 0.008 Y
nificant metalicity excess, we find that in63systems (A119, Al1644 2 0.703+ 0.049 Y
A401 and A3158) the low entropy regions are not obviously as- A1689 0.298+ 0.017 Y
sociated to the BCGs. In the remaining 3 clusters (A399, 8326 A3558 0.350+ 0.010 Y
and A2319) the BCGs are located in the low-entropy regions AST6 0.520+0.035 Y
where we do not find evidence of a metal excess. AT54 0.314+0.021 N
The main reason why we compared the position of CC remnants ﬁgg% g'ggf 8’8% ¥
with the galaxy distribution is that galaxies, and more #pec A3667 0327+ 0.012 N
cally BCGs, are responsible for the metal abundance exdess o A2256 0.351 + 0.038 N
served in LEC clusters (De Grandi et al. 2004). However, the A2319 Q242+ 0.012 Y
galaxy distribution may also provide information on the [sha A3266 0232+ 0.039 Y
of the potential well of the clusters. Indeed, in relaxedstaus A399 0221+ 0.053 Y
BCGs are located at the bottom of the potential well and their A401 0262+ 0.044 N
positions coincide with the centroid of the X-ray isophctesl A3158 Q275+ 0.077 N
with the brightness peak of their host clusters. We have com- Al119 0242+ 0.078 N
pared the position of CC remnants with the position of the X- ﬁgéggz g-igf 8533

ray peak, the centroid of X-ray isophotes and the positicihef Triangulum Australis 0.369+ 0,151

BCGs (Figures in Appendix B). In most cases (namely A1650,
MKW3s, A4038, A1644, A1689, A576, A3562, and A3571)Notes: 2 Even if the central entropy of this cluster is within the feac
these three points lie within the low entropy regions evethef of AGN outbursts, it also shows some indications of on-gaimg

do not necessarily coincide with one another. However,érréh teraction and cannot be unambiguously associated to théN“AG
maining clusters one or more of these indicators is sigmifiga CC-remnant class” (see tex).The BCG 2MASSX J09083238-
offset from the CC remnant. A754 and A2256 have a very dis- 0937470 is not associated to the CC-remnant, which however
turbed morpho|ogy’ and the x_ray centroid does not coincide coincides with the pOSition of the elllptlcal galaxy 2MASSX
with the CC remnant or with the BCG. In A3667 the centroid 309091923-09415919. Due to the large |ndeterm|nat|on of the
roughly coincides with the brightness “peak” and the BCQ, bu metlaldabtl;]ndance esumfate, vvtelcobuld dnot unamblguputst%td%t_ec
the CC remnant isfiset by almost 500 kpc. Itis apparent that in exclude the presence of a metal abundance excess in tha.obje
these last three cases the low entropy metal rich regionscdre

in equilibrium within the cluster’s potential well, and tiedéore

we are observing a rapidly evolving situation. in rapidly evolving objects. It is therefore necessary tacer
these transient structures back to an equilibrium staten fro
which they recently evolved.

Another possible objection is that the low-entropy struesu
We have shown in Sect. 4 that 12 out of 21 non-LEC objects @fay not be embedded in the ICM but rather in groups along the
our sample host regions characterized by low entropy anil hi@'le of sight of the clusters. However, in the cases where the
metal abundance with respect to the mean values in the ol@@! core remnants are associated to the BCGs or to a galaxy
ICM. Such conditions are usually verified in the cores ofxeth concentration (see Sect. 4), the redshifts of the galaxies a
LEC clusters, albeit with stronger gradients (i.e. the@mrof ~consistent with the mean readshift of the clusters. In tresa
the ICM reaches smaller values). We have dubbed these ésatiyhere there is no galaxy concentration obviously assatiate
“cool core remnants”, since we have interpreted them as tifethe low entropy regions, these features would have to be
remains of a cool core after a “heating event”. interpreted as “gas-only” groups superposed on the linegbt.s
One may argue that these structures have evolved similatly B the interpretation of the low-entropy regions as CC remtsia
independentely of LEC systems and that there is no needde tréhe “heating event” is responsible for smoothing the entrop
them back to known structures such as LEC. In the “primotdia@radient of the cores of LEC clusters. We have identified two
scenario, where non-LEC clusters startel with different possible mechanisms: interaction with the central AGN and
early conditions and are now slowly cooling to become LEQD€rgers.

the low entropy and metal-rich regions could be interpreted

“progenitors” of cool cores, rather than as remnants. Henev

this scen_ario dc_)(_as not expla_in why in some cases thesemact 5.1. CC remnants and central AGNs

are not in equilibrium within the potential well of their Hos

clusters and are not associated to the BCG or to a giantiedlipt Interactions between the central AGN and the ICM have been
galaxy. On the contrary, these issues are naturally adettéss observed withChandra and XMM-Newton in many LEC clus-

the “evolutionary” scenario if we consider thffexts of mergers ters, and these interactions are now considered as thagainc
both on the ICM and on the galaxy distribution (Sec. 5.2).  mechanism preventing the formation of cooling flows (Peters
Moreover, we should pay attention to the fact that most as¢he& Fabian 2006 and references therein). In some cases, pdwerf
structures are found in clusters undergoing major mergexs, AGN outbursts may significantly increase the entropy canten

5. Discussion
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5.2. CC remnants and mergers

0.8["" T As shown in Sect. 5.1, eight out of 12 clusters featuring a

metal abundance excess have core entropies too large tobe pr
duced even by the most powerful AGN outbursts. Therefore, we
need another mechanism which could have produced the CC-
remnants that we observe today. The fact that most of these
clusters (namely A754, A3667, A2256, A3562 and A576) show
strong indications of a major merger suggests that mergintgic
provide the necessary heating to produce these features. Th
indications are not as strong for the remaining three dlaste
(A1689, A3558 and A3571; in Table 2 they are classified as “in-
termediate” and “no observed merger”). However, as shown in
L 1 the notes reported below, they all possess some pecultarésa
boL which suggest that they are undergoing some kind of interac-

00 02 04 06 08 1.0 12 tion. It is therefore natural to define this class of eigheaks as

S/ Sour “merger CC remnants”.

0.6

0.4r

e

0.2

Figure 4: Error weighted metal abundance profile as a funaifcthe Notes on A1689, A3558 and A3571

pseudo entropy ratios for LEC clusters (blue squares) anthé&four

clusters with low central entropy (red circles). Dottedelinshow the A1689 This cluster has been considered for a long time by X-

onec scatter of the data. ray astronomers as an example of a relaxed cluster due to
its spherical shape (Figure in Appendix B) and very peaked
surface brightness profile (e.g. Peres et al. 1998). However
analysis of the distribution of the velocities of the ga&sxi

of some galaxy clusters, transforming a low entropy core int showed two distinct peaks, suggesting a line of sight su-

a non-LEC object. This is possible for systems where the core perposition (Girardi & Mezzetti 2001). More recently, an

entropy has been raised to a relatively small vadgie: (30 — analysis ofXMM-Newton data by Andersson & Madejski

50) keV cnt (Voit & Donahue 2005). In our subsample of non-  (2004) showed asymmetric temperature and redshift distri-

LEC clusters according t€handra measurements (Cavagnolo ~ bution, which, combined with optical data, could suggest an

et al. 2009) only A1650, A4038, MKW3s and A1644 have a 0On-going merger. ) ) _

core entropy smaller than 50 keV érand are therefore within A3558 Rossetti et al. (2007) classify this cluster as an inter-

the reach of powerful AGNs. AGN heating is the most plausi- Mediate object, since it has some characteristics of CC, but

ble explanation for increasing the entropy in the cores 8% it also shows some indications of an on-going merger, like
(Donahue et al. 2005; Voit & Donahue 2005) and for MKW3s asymmetry in the temperature and entropy distribution and
(radio lobes have been observed in this cluster, Giacineie. substructures in the 3-D galaxy distributions (Bardellakt

2006). We will consider these clusters as “AGN CC-remnants” 1998). Due to the very peculiar environment in which it is
The remaining two non-LEC clusters with a relatively low een  located (the core of the Shapley Supercluster), thesertsatu
tral core entropy, A4038 and A1644, are controversial dbjec ~ May be explained as the results of multiple minor mergers or
showing some indications of ongoing interactions conttary ~ Of a past &-axis major merger with A3562.
A1650 and MKW3s, which look relaxed at all wavelengths (se&3571 This cluster has a regular morphology in X-rays (Figure
Table 2 in Paper I). A4038 does not have a large temperature in Appendix B), but we do not observe a temperature de-
drop at the center, but it has a low central cooling time. This crease inthe center. This is why itis often classified as a “no
is why some authors classify it as a cool core (Peres et aB)199 cool core” object (O’Hara et al. 2006; Sanderson et al. 2006)
and others as a non-cool core (Sanderson et al. 2006). Ipthe o~ On the basis of its radio and optical properties, Venturiet a
cal, Burgett et al. (2004) found some indications of sulzstme (2002) suggest that this cluster is a late stage merger.
on large scales. A1644 is probably an advand&ewis merger
with two subclumps clearly visible in the X-ray image and som  We recall here the main results concerning the position of
indications of on-going sloshing of the cool core of the maithe merger CC remnants with respect to the centroid of X-ray
subclump (Reiprich et al. 2004). The interpretation of A&03emission and to the galaxy distribution (Sect. 4 and Table 3)
and Al1644 is not straightforward, since merging eventsdouin 5/8 clusters (namely A3558, A3562, A3571, A1689, A576)
have contributed to the heating of the cores (see Sect.5.2). the BCGs and the X-ray centroid are located in the low-entrop
In AGN CC remnants, the low entropy regions coincide with thieigh metal abundance regions. In A754 the CC remnant is asso-
centers of the clusters and with the positions of the BCGs aistted with a secondary peak in the galaxy distribution Hvait
expected. In Fig. 4 we compare the error weighted mean magént elliptical galaxy), but it is alsoftset from the position of
abundance profile of LEC clusters with the same profile fornothe large scale X-ray centroid. In A3667 and A2256 the CC rem-
LEC clusters withsy < 50 keV cn?. In the innermost bins (low- nants are not obviously associated with any galaxy conagor
est entropy ratios), the mean profile of this class of clgsiger and they are not found at the centers of their host clustees (s
significantly larger than in LEC clusters, although the sas figures in Appendix B). These filerent results do not contra-
large. This is consistent with a scenario where a localizat-h dict our interpretation since thefect of the merging processes
ing in the inner regions of clusters has increased the eptadm  both on the collisional ICM and on the non-collisional dartm
without substantially modifying the metal abundance, itesy ter and galaxies depends on many parameters such as the merge
in ICM with enhanced metalicity for its entropy. state, the mass-ratios and the impact parameter. Therafoite

in A3667 and A2256 the low entropy and high metal abundance
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5.3. Non LEC clusters without metal abundance excess

08[ T T T
L Of the 21 objects of our sample which are classified as non LEC,
06 six feature regions with pseudo-entropy ratios smallen (8,
I but without a significant metal abundance exc&ss (0.4Z at
5 I more than 2 confidence level). We will discuss in this section
~. 04F some of the properties of these systems.
™ r As shown in Table 2, we have strong indications of ongoing
I mergers for five out of six objects, namely A2319, A399, A401,
02k A119 and A3266. The remaining cluster, A3158, shows some
3 indications of ongoing interactions based mainly on thexal
distribution (Johnston-Hollitt et al. 2008). These clustdo not
ool ..o have a CC remnant, and this could mean that they have never

00 02 04 06 08 10 12 developed a cool core, as in thescenario proposed by McLCarth

etal. (2008). However, we should note that while in thisfipoi-

dial” scenario NCC may indlierently be relaxed or non-relaxed

objects, in most objects of this class (if not all) we havendu

Figure 5: Error weighted metal abundance profile as a funaifathe indications of on-going interactions.

pseudo entropy ratios for LEC clusters (blue squares) anthéoclus- The fact that most of these clusters show indications of@ingy

ters with merger CC remnants (red circles). Dotted linesvsthe one  interactions could suggest that they may have had a lovopptr

o scatter of the data. core that has been completely erased during the merger.event
As shown in many simulation works, th&ects of a merger on
the structure of the ICM depends on many parameters, such as

gas may have completely decoupled from its galaxy concentthe mass ratio, the impact parameter and the structure dafithe

tion and possibly dark matter halo (such as in the “bullaisel teracting subclusters. Therefore it is not surprizing thatome

ter”, Clowe et al. 2006), in A3558, A3562, A3571, A1689, A57@ases the merger calffieiently destroy the low entropy core,

and A754 this gas has not been completely displaced from while in others it leaves a CC remnant.

gravitational potential well. Another possibility is thae are We recall here than in three clusters (A399, A3266 and A2319)

currently observing a late stage of a merger in the latteegys, the BCGs are located in the low-entropy region where we do not

where the low entropy high metal abundance gas is slowly mdind evidence of a metal excess (see Table 3). The interfmetat

ing back to the center of the cluster. of this class of clusters is an interesting task: we speeulait

Two main mechanisms can contribute to the formation of either the LEC state from which they evolved was charaadriz

CC remnant during a merger event: shock-heating and mby a metal abundance profile showing only a moderate excess

ing. Mergers are expected to drive moderately supersonicksh or, alternatively, that the mixing may have been mdtective in

waves in the ICM, which, being irreversible changes, inseeathese clusters than in those where we observe CC remnants. We

the entropy of the system. If one of the merging subclustads hrecall that metalicity profiles of LEC clusters show a largats

a CC before the merging event, shock-heating may significanter: as can be seen also in Fig. 2, while the central metal-abun

increase the entropy of the core, but in some cases this hektnhce of some clusters can reach almost solar values, irsdthe

ing may not be sfiicient to reach the entropy values observed ireaches only @ Z. Assuming a constant degree of mixing in all

some non-LEC clusters. With a very simplified calculatiosdzh clusters, itis clear that it would be easier to detect a nestedss

on Rainkine-Hugoniot jump conditions, we estimate that&ko in regions where gas with ~ Zx has mixed with the ambient

with a Mach number of + 3 can increase the mean entropy igas than in regions where mixing has occurred between ICM

the cores only to a factor of up to8L Mergers also drive motions with Z ~ 0.4Z; and ICM withZ ~ 0.2Z,. Therefore systems

in the ICM in which low entropy metal-rich gas may be put iike A399, A3266 and A2319 could be remnants of “metal poor

contact with high-entropy metal poor ICM. The mean entropy €C”, where “poor” means that the metal abundance is lower

the resulting mixed ICM will be lower than the ambient entropwith respect to other CC objects. Alternatively, these ddug

(but higher than the typical core entropy), and its metakeon systems where metals have been mixed méieiently than in

could be larger than in the ambient gas. However, since iker@thers where an abundance excess is detected.

a significant spread in the metal abundance values of coecollt is interesting to note that the fraction of objects whéeBCG

mixing may also #iciently disrupt small abundance gradientss not associated to the low-entropy regions is higher istels

We recall here that metals are frozen in the ICM, and theeef@showing noZ excess (&) than in merger CC remnants/&2,

mixing with metal poor ICM is the only possible way of reduceven if we should note that this fterence is not statistically

ing the metal abundance. significant. As shown in many simulations and in the case of

In Fig. 5 we compare the mean metal abundance profile for cldke “bullett cluster” (Clowe et al. 2006), in violent majoreng-

ters with merger CC remnants with that of LEC clusters, as @érs the collisionless galaxy population may completelyodete

Fig. 4 for AGN CC remnants. In this case the mean profiles affem the collisional ICM. It is natural to assume that thege v

consistent but the scatter in clusters with CC remnantsgeta lent mergers are also mor&ective in mixing the gas and there-

Indeed, we did not expect the same results as in Fig. 4 (i.&. dare in completely erasing metal abundance gradients. il th

with enhanced metalicity for its entropy) because, cogttar scenario, the three clusters showing no metal abundanesxc

AGN heating, merger heating does néfeat only the central re- and no BCG associated, namely A119, A3158 and A401, should

gions of clusters and therefore the entropy ratios are neatiifi be those that have undergone the most destructive intenacti

a non-trivial way. Moreover, we cannot neglect tlkeet of gas However, this speculation needs further verification wikirger

mixing, both on the entropy and on the metal abundance. = sample of clusters.
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Figure 6: Metal abundance profiles of non-LEC clusters amation  Figure 7: Cooling time in the inner.@6Ryg, for the clusters of the

of the pseudo-entropy ratio in the regions of spectral eiiza. The sample for which we have performed radial analysis and dgsgtion.
symbols and colors are as in Table 1. The dashed horizon&lrdi- Horizontal dashed line is the Hubble time.

cates the mean value of outer regions of galaxy clustets0.237,

(Leccardi & Molendi 2008a), while the vertical dashed linarks the

th(eshold pseudo- entropy ratio used to select regiongerteal anal- A3266, A2256, A3667 and A754). The cooling time is gener-
ysis. ally larger than the Hubble time for non-LEC clusters, imithg
those of most clusters with a CC-remnant (A576, A3571, A3562
A3558, we do not have this 3-D information for A3667, A754
and A2256). Therefore these clusters would appear to bdeinab

One may speculate whether our selection based on the pseligiélevelop a new low-entropy core. _
entropy ratio< 0.8 is dfective in identifying all the regions The coollng time show_n_ln Fig. 7 is a mean value calculated in
with a large metalicity. Indeed, a possible counter-exanpl a large region. If the mixing of the ICM is not completeles-

our choice of using an entropy ratio threshold for the saact tive, clumps of cool gas may reside in these regions, anceiseth
of regions for spectral analysis would be the observatioa ofclumps the cooling will be much morefective. In this case,
large metal abundance associated with high entropy gas, dgishould consider the measured cooling time only as an upper
generally speaking the lack of anti-correlation betweerainelimit, and itis possible that the cooler gas could contrettotthe
abundance and pseudo-entropy ratio. formatlo_n of a low entropy core on time scales shorter than th
In Fig. 2 we have shown that the metal abundance excesdifbble time. Any future observation of these clumps of ca g
LEC clusters is typically found in regions witkysour < 0.8. will be useful to test the possibility of a “return journeys the

In a few cases, an excess is detected also in regions wiaC state.

s/soutr ~ 1, but not at larger values. Moreover, the metal

abundance is always anti-correlated with the entropy. )

We have performed the same test on the subsample of non-LESUmmary and Conclusions

clusters, using the results of spectral analysis in radialli \ye have presented a systematic two-dimensional analytieof

centered on the surface brightness peak (Fig. 6). We do Rafropy and metal abundance of a sample of nearby clusters ob
include in this figure the four highly disturbed clUSterSUaTICh  conyenf u it XVIM. Nanton P yeu

we have not performed spectral analysis in radial annuls It

interesting to note that we do not find a single region where a \We have analyzed the observations of a sample of 35 clus-
significant metal excess is associated to a pseudo entrtipy ra ters. Following the prescription in Paper I, we have claasgifi
larger than 1. If a metal abundance excess is observed, it is 14 of them as low-entropy cores. In the remaining 21 non-
invariably associated with ICM with a low pseudo-entropjaa LEC objects we have performed a systematical analysis of
the entropy maps and selected regions with a pseudo-entropy
ratio lower than B for a proper spectral analysis. All the
clusters in our subsample host regions with these character
istics.

The results presented in this paper support the “evolutidna — In most non-LEC objects (¥21) the low entropy regions
scenario of the CC-NCC dichotomy: most non-LEC clusters are characterized by a significant metal abundance excess

5.4. Metal abundance and entropy distribution

5.5. Cooling times

have likely “evolved” from a LEC state. It is therefore natlitio with respect to outer regions of galaxy clusters. For sitef t
ask ourselves if this is a “one way trip”, i. e. whether onctiac remaining clusters we can exclude with high confidence an
ter has undergone a merger it remains a non-LEC clusteréor th abundance larger thandZ, while for three objects the er-
rest of its life or it has the possibility of reforming a lowteopy ror bars are too large to discriminate between the two ctasse
core, as in the old cyclic vision of cooling flows-mergers. We have interpreted the low-entropy high metal abundance

In Fig. 7 we plot the cooling time in a central bin of a ra- regions that we found in 12 clusters as the remains of a cool
dius Q05R;go for the clusters of the initial sample for which we  core after a heating event, and we have dubbed them “CC
have performed radial analysis and de-projection (i. eluekieg remnants”.
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— For two clusters, A1650 and MKW3s, the most likelyBauer, F. E., Fabian, A. C., Sanders, J. S., Allen, S. W., &dtine, R. M. 2005,
heating mechanism is AGN feedback. As shown by Voit MNRAS, 359, 1481

& Donahue (2005), clusters with a core entropy of Berrington, R. C., Lugger, P. M., & Cohn, H. N. 2002, AJ, 12262
50 keV cnf are within the reach of powerful AGN outbursts Bourdin, H. & Mazzotta, . 2008, A&A, 479, 307
p Briel, U. G., Finoguenov, A., & Henry, J. P. 2004, A&A, 426, 1

— In 8/12 clusters with a CC remnant, the core entropy is tQfunetti, G., Cassano, R., Dolag, K., & Setti, G. 2009, toegngn A&A, astro-
large to be produced by giant AGN outbursts. In all these phy0909.2343
clusters we have found indications of on-going interactjonBuote, D. A. 2001, ApJ, 553, L15

. ; ; rgett, W. S., Vick, M. M., Davis, D. S., et al. 2004, MNRASZ 605
and five of them are probably undergoing a major merg Urgs, J. O., Loken, C., Gomez, P., et al. 1997, in Astronam@&ociety of

Therefore the most likely heating mechanism for this class ne pacific Conference Series, Vol. 115, Galactic ClustaliGg Flows, ed.
of objects is merging, which can shock-heat and mix the N. Soker, 21+
ICM. In most of these clusters, the CC remnant is associatéeppellari, M. & Copin, Y. 2003, MNRAS, 342, 345

; ; ; At ; Cavagnolo, K. W., Donahue, M., Voit, G. M., & Sun, M. 2009, 182, 12
with the BCG or with a giant eII_|pt|caI galaxy, which couIdChen’ Y.. Ikebe, ., & Bohringer. H. 2003, A&A, 407, 41
be responsible for the production of the metal excess dfjgue D Bradat M. Gonzalez A. H.. et al. 2006 ApJ, 64809

ing the LEC phase. In A3667 and A2256 the merging mayoziol, R., Andernach, H., Caretta, C. A., Alamo-Martinkz A., & Tago, E.
have completely decoupled the low-entropy metal-rich gas2009, AJ, 137, 4795 . _
from its associated galaxy concentration. In A754, A225ge Grandi, S., Ettori, S., Longhetti, M., & Molendi, S. 2004A, 419, 7

and A3667 the position of the CC remnant does not coinci@é ﬁ:igd'A' S&f‘ﬂmg:]ed?d's’ 82'0200409/_’\(;‘?2?‘;&‘;?7A&A' astrgq909.1224

with the centroid of the X-ray emission, indicating that thejen| s. & Statler, T. S. 2006, MNRAS, 368, 497
low-entropy metal-rich ICM is not in equilibrium within the Donahue, M., Voit, G. M., O'Dea, C. P., Baum, S. A., & Sparks, BV 2005,
potential well of the host clusters. ApJ, 630, L13

_ ; i P nn, R. J. H. & Fabian, A. C. 2008, MNRAS, 385, 757
In six objects out of 21 we have not found a significant metgﬁnn’ R.J. H.. Fabian, A. C.. & Taylor, G. B. 2005 MNRAS, 36843

excess In 'Fhe_l()W, entropy rgglons. Since most of ,these C“E%' e, A. C., Stewart, G. C., Fabian, A. C., & Arnaud, K. A. 199INRAS, 245,
ters show indications of major mergers, we have interpretedssg
them as clusters where the metal abundance gradient Béwi, S., De Grandi, S., & Molendi, S. 2002, A&A, 391, 841
been erased by the leIng f0”0W|ng mergersl Fabncant, D., Beers, T. C, Ge”er, M. J., et al. 1986, A@-B1$30
Ferrari, C., Govoni, F., Schindler, S., Bykov, A. M., & RepliaY. 2008, Space

The results prese_nted in this paper strengthen those Sh‘owr&ir‘]%;ﬁgr?gvﬁi\{:el\flv:ﬁr:illfstr?,SM. J., Miniati, F., Briel, U. &,Jones, C. 2006,
Paper I. Indeed, in Paper | we found a metal abundance exap; ‘g3’ 790

cess in a small fraction of non-LEC clusters. Thanks to the twrusco-Femiano, R., Cavaliere, A., & Lapi, A. 2009, to appieaApJ, astro-
dimensional analysis presented in this paper, we have faund ph0909.2943

metal abundance excess in most objects. We conclude that nfgeintucci, S., Mazzotta, P., Brunetti, G., Venturi, T., Bardelli, S. 2006,
non-LEC objects have spent part of their life as Iow—entropg Astronomische Nachrichten, 327, 573

. . . irardi, M. & Mezzetti, M. 2001, ApJ, 548, 79
cores. After a heating event the LEC signature disappeats, Bomez, P. L., Loken, C., Roettiger, K., & Burns, J. O. 200p,JA569, 122

the “CC-like” ICM (i. e. characterized by large metal abunda Gudehus, D. H. & Hegyi, D. J. 1991, AJ, 101, 18
and low entropy, albeit not as low as in LEC) remains in the sydenry, J. P., Finoguenov, A., & Briel, U. G. 2004, ApJ, 615118
tems and can be identified in two-dimensional entropy map§hnston-Holitt, M., Sato, M., Gill, J. A., Fleenor, M. & Brick, A.-M. 2008,

e U o MNRAS, 390, 289
In the framework of the alternative “primordial” scenaritet ;y, « 11999, Journal of Korean Astronomical Society, 3

low entropy metal rich regions could be interpreted as “Breg Leccardi, A. & Molendi, S. 2008a, A&A, 487, 461
itors” of cool cores that are now evolving (slowly coolingdan Leccardi, A. & Molendi, S. 2008b, A&A, 486, 359 '
increasing their metalicity) to become LEC. However, tlug-s Leccardi, A., Molendi, S., & Rossetti, M. 2009, to appear i&A& astro-

nario does not explain why most of these regions lie in dynarﬂﬁpgc_)?lg',‘\‘ﬂsogh“r (EaJpezro% 4, Apd, 617, 79

ically active objects and why at least three of them are fdond maccacaro, T., Gioia, I. M., Wolter, A., Zamorani, G., & SkeJ. T. 1988, ApJ,
a configuration of non-equilibrium fiset from the center of the 326, 680
clusters. Conversely, this issue is naturally addresstnyjf are Mccaorghy, I. G., Babul, A., Bower, R. G., & Balogh, M. L. 2008NRAS, 386,
the results of a merger event in the evolutionary scenario. McCarthy, 1. G., Balogh. M. L., Babul, A., Poole, G. B., & Ham D. J. 2004,
The results summarized above strongly support scenariesawh Apd, 613, 811
cluster core properties are not fixed “ab initio”, but evad®oss Molendi, S. & Pizzolato, F. 2001, ApJ, 560, 194
cosmic time. Motl, P. M., Burns, J. O., Loken, C., Norman, M. L., & Bryan, @004, ApJ,
606, 635
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o +b?o%, whereb is the best-fit value for the slope of the linear
relation between the two data sets (in this chse 0.792, Eq.
A.1). The mean value of the residual distribution is comrsist
with zero (0021), with an intrinsic dispersiom = 0.043.

Appendix B: Figures of individual clusters

In this Appendix, we provide details for the low-entropy alet
rich regions in the clusters with CC remnants. For each etust
we show the EPIC X-ray flux image in thed0- 2 keV energy
range (see Rossetti et al. 2007 for details), the pseudomnt
ratio image and the optical image taken from the DSS.

0.2r

0.2 0.4 0.6

Pseudo entropy ratio

0.8 1.0

Figure A.1: Entropy ratio versus pseudo-entropy ratio
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Appendix A: Relation between Pseudo-Entropy and
Entropy ratios

We have used the entropy profiles for the 31 clusters in our
sample for which we have performed radial analysis to test if
the pseudo-entropy ratios (defined in Paper I) are good indi-
cators of the behavior of the true three dimensional entropy
(S = Tx/nZ®). We have therefore calculated the entropy ratio
Sin/Sout, Starting from the three-dimensional entropy profiles
obtained with the de-projected temperature and densitfjlgso

We show in Fig. A.1 that there is a strong correlation between
the “true” entropy ratio and the “pseudo” entropy ratios. fitle

ted the points in Fig. A.1 with a linear model taking into agab

the errors on both coordinates (with the IDL Astrolib progesl
FITEXY.PRC), and we found

SiN
ouT

As expected, the entropy ratios are smaller than pseudogmnt
ratios, since projectionfiects smooth out the gradients.

In order to quantify the scatter around the best fit relatioa,
have applied to the residuals a maximum likelihood algarith
that postulates a parent distribution described by a medman
intrinsic dispersion (Maccacaro et al. 1988). To do this aeeh
calculated an “Bective error” on the y coordinate, which takes
into account the errors on both coordinates, definedréq: =

SiN
Sout

= —0.051+ 0.004+ (0.792+ 0.011)x (A.1)

5 httpy/idlastro.gsfc.nasa.ggftp/pro/mathfitexy.pro
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Figure B.1: Abell 1650Upper left panel: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comtiilne “CC-remnant”, i. e. it marks the bins where the pseedtvepy ratio is< 0.8.
The green circle (lower left) and “X” mark the position of tBEG. The scale refers to the pseudo-entropy ratio map.
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Figure B.2: MKW3s.Upper left panel: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comtiilne “CC-remnant”, i. e. it marks the bins where the pseedtvepy ratio is< 0.8.
The green circle (lower left) and “X” mark the position of tBEG. The scale refers to the pseudo-entropy ratio map.
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Figure B.3: A4038Upper left panel: X-ray fluximage Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours @idrLower

left panel: optical image (zoom), with X-ray contours overlaid. The bec in the first panel marks the region zoomed in in the otherpganels.
The red polygon in the other two panels is the contour of the-f€mnant”, i. e. it marks the bins where the pseudo-entrapyg is< 0.8. The
green circle (lower left) and “X” mark the position of the BCThe scale refers to the pseudo-entropy ratio map.
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Figure B.4: A1644Upper left panel: X-ray fluximage Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours @idrLower
left panel: optical image (zoom), with X-ray contours overlaid. The bec in the first panel marks the region zoomed in in the otherpganels.
The red polygon in the other two panels is the contour of the-f€mnant”, i. e. it marks the bins where the pseudo-entrapyg is< 0.8. The
green circle (lower left) and “X” mark the position of the BCThe scale refers to the pseudo-entropy ratio map.
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Figure B.5: Abell 1689Upper left panel: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comtiilne “CC-remnant”, i. e. it marks the bins where the pseedtvepy ratio is< 0.8.
The green circle (lower left) and “X” mark the position of tBEG. The scale refers to the pseudo-entropy ratio map.
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Figure B.6: Abell 3558Upper left pandl: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
White regions have no data because of point sources subtréRiossetti et al. 2007).ower left panel: optical image (zoom), with X-ray contours
overlaid. The red box in the first panel marks the region zabmén the other two panels. The red polygon in the other twaefsis the contour
of the “CC-remnant”, i. e. it marks the bins where the pseedtepy ratio is< 0.8. The green circle (lower left) and “X” mark the position of
the BCG. The scale refers to the pseudo-entropy ratio map.
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Figure B.7: Abell 576 Upper left panel: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comtiilne “CC-remnant”, i. e. it marks the bins where the pseedtvepy ratio is< 0.8.
The green circle (lower left) and “X” mark the position of tBEG. The scale refers to the pseudo-entropy ratio map.
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Figure B.8: Abell 754Upper left panel: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the upper right panel is the corabthe “CC-remnant”, i. e. it marks the bins where the pseerdtopy ratio is

< 0.8. The blue circle and X show the position of the BCG, whiledheen circle and X show the elliptical galaxy 2MASSX J09023:9941591.
The scale refers to the pseudo-entropy ratio map.
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Figure B.9: Abell 3562Upper left pandl: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comtiilne “CC-remnant”, i. e. it marks the bins where the pseedtvepy ratio is< 0.8.
The green circle (lower left) and “X” mark the position of tBEG. The scale refers to the pseudo-entropy ratio map.
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Figure B.10: Abell 357 1Upper left pand: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comtiilne “CC-remnant”, i. e. it marks the bins where the pseedtvepy ratio is< 0.8.
The green circle (lower left) and “X” mark the position of tBEG. The scale refers to the pseudo-entropy ratio map.



Mariachiara Rossetti and Silvano Molendi: Cool core rentsiangalaxy clusters 23

0.6 0.7 0.8 0.9 1 11 12 13 1.4 15 16

Figure B.11: Abell 3667Upper left panel: X-ray flux image, Upper right pandl: Pseudo entropy ratio map (zoom), with X-ray contours overla
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comfiine “CC-remnant”, i. e. it marks the bins where the pseuttcopy ratio is< 0.8.
The yellow circle (lower left) and “X” mark the position ofélBCG. The scale refers to the pseudo entropy ratio map.
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Figure B.12: Abell 2256Upper |eft pand: X-ray flux image.Upper right panel: Pseudo-entropy ratio map (zoom), with X-ray contours aidrl
Lower left panel: optical image (zoom), with X-ray contours overlaid. The bex in the first panel marks the region zoomed in in the other tw
panels. The red polygon in the other two panels is the comtiilne “CC-remnant”, i. e. it marks the bins where the pseedtvepy ratio is< 0.8.
The green circle (lower left) and “X” mark the position of tBEG. The scale refers to the pseudo-entropy ratio map.
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Table 1: Observations analyzed for the clusters in the sarhipthe case of multiple observations, the one indicatéld wusually
the longest) is the one used for spectral analysis. The exptisne in the third column is the sum of the exposure timebh@three
instruments after SP cleaning. In Col. 4 we list the symbots@olors used to mark each cluster in the figures of the ptresger.

Cluster Observation ID  Exposure time (ks) Symbol
A4038 0204460101 78.1 Black open triangle
A2199 0008030201 42.8 Black open square
0008030301 11.2
0008030601 11.3
A496 0135120201 47.2 Black open circle
2A0335+096 0147800201 230.8 Black filled triangle
A2052 0109920101 85.1 Black filled square
A576 0205070401 42.7 Black filled circle
0205070301 28.1
A3571 0086950201 435 Blue open triangle
Al19 0012440101 541 Blue open square
MKW3s 0109930101 99.2 Blue open circle
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Table 1: continued.

Cluster Observation ID  Exposure time (ks) Symbol
Al644 0010420201 42.0 Blue filled triangle
A4059 0109950101 32.4 Blue filled square
0109950201 64.9
A3558 0107260101 126.4 Blue filled circle
A3562 0105261301 116.6 Red open triangle
0105261501 45.0
0105261601 52.5
0105261701 57.7
0105261801 23.6
Triangulum Australis 0093620101 27.3 Red open square
0093620201 8.3
0093620301 31.8
Hydra A 0109980301 52.2 Red open circle
A754 0136740101 40.6 Light blue open square
0136740201 14.8
0112950401 31.8
0112950301 34.8
A3266 0105260901 66.5 Light blue open circle
0105262001 13.7
0105262101 16.2
0105261101 33.1
0105262201 9.1
0105261001 5.8
0105260701 56.4
0105260801 56.7
0105262501 17.3
A85 0065140101 34.6 Red filled triangle
A3532 0030140301 27.7 Green filled star
A3667 0206850101 162.9 Light blue open triangle
0105260101 15.4
0105260601 62.5
0105260401 45.6
0105260301 47.2
0105260501 38.6
0105260201 31.8
A2319 0302150101 27.0 Red filled square
0302150202 28.2
A2256 0141380201 33.1 Light blue filled circle
0112950601 25.3
0112951501 28.1
0112951601 30.9
0141380101 24.4
A3158 0300210201 33.2 Red filled circle
0300211301 1490
A1795 0097820101 97.3 Green open triangle
A399 0112260101 27.9 Green open square
A401 0112260301 34.7 Green filled triangle
A3112 0105660101 64.6 Green filled square
A2029 0111270201 30.8 Green filled circle
A2255 0112260801 25.1 Pink open triangle
A1650 0093200101 75.0 Pink open square
A2597 0147330101 144.3 Pink open circle
A478 0109880101 136.7 Pink filled triangle
PKS0745-191 0105870101 34.3 Pink filled square
A2204 0112230301 51.2 Pink filled circle
0306490101 17%
0306490201 30
0306490301 227
0306490401 297
A1689 0093030101 106.7 Pink filled star
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Notes: 2 We used both observations of A2319 to increase the stati8tRince these observations have been performed after the
degradation of CCD 6 in MOS1 in 2005, we did not consider theSM@etector and the exposure time given in the table is just
MOS2+ pn.



