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ABSTRACT

We examine the radial entropy distribution and its scalismg 31 nearby galaxy clusters from the RepresentaMiéM-Newton
Cluster Structure SurveyREXCESS), a sample in the temperature range 2-9 keV selected in Xarainosity only, with no bias
toward any particular morphological type. The entropy pesfare robustly measured at least ouRigy in all systems and out to
Rsooin thirteen systems. Compared to theoretical expectafionsnon-radiative cosmological simulations, the obsewistributions
show a radial and mass-dependent excess entropy, suchehexdess is greater and extends to larger radii in lower syasems.
At Rsgo, the mass dependence and entropy excess are both negligibie the large observational and theoretical uncerieént
Mirroring this behaviour, the scaling of gas entropy is Eveér than self-similar in the inner regions, but steepeith vadius,
becoming consistent with self-similar Btoo. There is a large dispersion in scaled entropy in the inngions, apparently linked
to the presence of cool cores and dynamical activity; atelargdii the dispersion decreases by approximately a faftovo to
30 per cent, and the dichotomy between subsamples disapddeaare are two peaks in the distribution of both inner slapé,
after parameterising the profiles with a power law plus camtstnodel, in central entrof{,. However, we are unable to distinguish
between a bimodal or a left-skewed distributiorkgfwith the present data. The distribution of outer slopes isnadal with a median
value of 098, and there is a clear correlation of outer slope with teatpee. Renormalising the dimensionless entropy profiles b
the gas mass fraction profilg.d< R), leads to a remarkable reduction in the scatter, implylrag §as mass fraction variations with
radius and mass are the cause of the observed entropy safuemd scaling properties. The results are consistent thtpicture
of a cluster population in which entropy modification is cally concentrated and extends to larger radii at lower miassling
to both a radial and a mass-dependence in the gas massHtdmitovhich is increasingly self-similar at large radiubeTobserved
normalisation, however, would suggest entropy modificaegitleast up tdR;q00, and even beyond, in all but the most massive systems.
We discuss a tentative scenario to explain the observed/imeiaf the entropy and gas mass fraction in REXCESS sample, in
which a combination of extra heating and merger mixing naain# an elevated central entropy level in the majority oftbpulation,
and a smaller fraction of systems is able to develop a coel.cor

Key words. Cosmology: observations, Cosmology: dark matter, Gataxieister: general, (Galaxies) Intergalactic mediuma(sr
galaxies: clusters

1. Introduction processes is substantial. It can be seen most readily inethe r

' ) .. lation between the X-ray luminosity and temperature, wliich
The first order model of structure formation — that of hieh&C he first order scenario scales simplyLz& T2, but which is ob-

cal, dgrk _matterld(?[[]nmated gr?v;_tatt_lor}al collari_se - :,st?]@m af served to scale as* T3 (e.g.[Pratt et al. 2009, and references
reproducing only theé gross statistical properties ol thevge. ,q e implying a progressive suppression of lumiryosit
cluster population. In this scenario, the intracluster imed low temperature svstems
(ICM) is heated to X-ray emitting temperatures by shocks and” perature sy o .
compression as it falls into the potential well of the darki-ma In recent years, spatially resolved observations have/atio

P P us to examine in more detail the impact of nongravitatioma} p

ter, and the resulting X-ray cluster population is selfimand cesses on the ICM, mainly through radial profiles and mapping

ts(;:?éee-;rbeaeéir}rroeril ggjlgf;r?(’)f;;%gﬂ %rr?(ﬁf;’;ﬁ/?go%'{:;%yt In this context, the entroplt of the ICM is of considerable in-
gas, serve to modify the X-ray properties of the ICM with terest because the observable X-ray characteristics afstec!
to these expectations (see, €.g.,/Voit 2005; Borgani & ks@vt 1 Keeping with convention, we use the X-ray astronomer'sremt

2009, for recent reviews). Thefect of these nongravitationalthroughout this paper. Defined Ks= KT/n2?, wheren, is the electron

e
number density, this quantity is related to the true entropya loga-

Send gprint requests toG.W. Pratt, e-mailgabriel .pratt@cea.fr rithm and an additive constant.
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Table 1. Basic cluster datakK(R;) is the entropy measured at the radius corresponding tdtgermtrasts. Cool core and morphological
classification from Pratt et al. (2009).

Cluster z kT Ms00 K (0.1 R00) K (Rz500) K (R1000 K (Rso0) CC Disturbed
RXCJ0003.80203  0.0924 :stg;ﬁ 2.11’:5%‘ 27335+ 1767 61988+ 5040 91329+ 11431 ..
RXCJ0006.0-3443  0.1147 .Bltg% 3.95j8;$% 46936+ 5582  78671+8054 104090+ 9814 ... v
RXCJ0020.7-2542  0.1410 .ﬂjg;ig 3.84’:8182 34710+ 2849  72797+5846 108523+ 14363 149866+ 687.71
RXCJ0049.4-2931  0.1084 'WBES 1.62;8;8 s 19106+ 1402 44217+ 7437 64711+ 8213 .
RXCJ0145.0-5300  0.1168 .ﬂtgzég 4.37j8;8g 36572+ 2631  84065+5867 140017+ 16617 ... v
RXCJ0211.4-4017  0.1008 .OBig;ﬁ 1.00:8;83 14117+ 883 30939+ 2219 52267+ 4723 68720+ 13445 .
RXCJ0225.1-2928  0.0604 .Ezai% 4 0.96‘:8:8 3 17395+ 1333 54612+ 11466 74710+ 8197 .. v
RXCJ0345.7-4112  0.0603 .2858;% 0.97j8;8g 17530+ 1391 38426+ 3858 48123+ 40.90 v
RXCJ0547.6-3152  0.1483 nggg 4.961*8;8g 32496+ 1661 84216+ 6188 112897+ 9651 e
RXCJ0605.8-3518  0.1392 .gsig;ﬁ 3.87j8:88 23861+ 1312  63188+3269 116771+ 15717 174533+46231 ..
RXCJ0616.8-4748  0.1164 mﬁg}g 2.70;8;92 34861+ 3907 63908+ 4011 93962+ 77.66 135727+ 22437 v
RXCJ0645.4-5413  0.1644 %iggg 7.38§8;gj 3 34948+ 2752 94130+ 7996 146299+ 15842
RXCJ0821.80112  0.0822 ;Bljg;% 1.31j8;g 3 28587+1908 43636+ 4557 61755+ 56.35 ..
RXCJ0958.3-1103  0.1669 %igigg 4.17j8;gjg 22023+ 3322 87557+29768 142119+ 61850 N
RXCJ1044.5-0704  0.1342 53;8;82 2.27j8;85 16467+ 6.09 44765+ 2165 72202+ 8478 102175+ 12741
RXCJ1141.4-1216  0.1195 53;8;88 2.27j8;8% 19766+ 7.26 55771+ 2524 84948+ 7407  101640+9166
RXCJ1236.7-3354  0.0796 7z7t8;8g 1.33;8;85 17913+ 656 46968+ 2536 84980+ 13302 e ..
RXCJ1302.8-0230  0.0847 @ig?gg 1.89:8;83 31002+ 1616 74195+ 4399 77902 + 89.95 68430+ 5230 v v
RXCJ1311.4-0120  0.1832 '@tggg 8.41j8;8§ 33747+1026 104438+5640 165359+ 11617 v
RXCJ1516.30005 0.1181 .‘ssig;% 3.28‘:8:8 4 32183+1645  67365+3514 100469+ 9687 .. .
RXCJ1516.5-0056  0.1198 mig;% 2.59j8;8 s 31475+ 2264 71259+ 5151 72824+ 5437 73228+ 5080 ... v
RXCJ2014.8-2430  0.1538 Et8:88 5.:«;8;8;8g 26367+1280  72664+3970 115845+ 9611 v .
RXCJ2023.0-2056  0.0564 Wﬁgigg 1.21t8;8_7 24864+ 1510 52738+ 5861 65784+ 42.38 ... v
RXCJ2048.1-1750  0.1475 c&fg;ﬂ 4.32;8;8g 40974+3568  74370+4676  100616+5329 108697+ 79.89 v
RXCJ2129.8-5048  0.0796 smjg;&é 2.26;8;88 44152+3194  64440+5366 86148+ 67.50 e v
RXCJ2149.1-3041  0.1184 4Bf8:8; 2.25t8;8g 19626+ 985 51399+ 3271 76282+ 8024 106245+18545 ..
RXCJ2157.4-0747  0.0579 wgigg 1.29j8;8g 39050+ 4035 65944+ 6591 67583+ 23,62 .. v
RXCJ2217.7-3543  0.1486 etzjg;% 3.61j8;gi 28204+ 1359 61069+ 3487 87297+ 6241 107681+ 107.72 .
RXCJ2218.6-3853  0.1411 Bﬁg?gg 4.92i8;gjé 26303+ 1224 85914+ 6435 161020+ 22547 227844+ 86221 v
RXCJ2234.5-3744  0.1510 EQi%% 7.3&8;88 45139+2873  81338+4242 117094+ 97.12 e .
RXCJ2319.6-7313  0.0984 .565'0 1.56'0 13395+ 7.23 38037+ 3290 63712+ 6610 101721+21139 v

-0.03

& Temperature in keV, measured in thel®— 0.75] Rsqo aperture
P Mass in units oh;2 10 Mo, estimated from thélseo — Yy relation given in EqriJl (Arnaud etlal. 2009).

are just manifestations of its distribution in the dark raatio-

higher than expected from gravitational collapse at least®

tential well. Entropy is generated during the hierarchassem- Rpsoo (Pratt et all 2006; Nagai etlal. 2007; Sun et al. 2009), and
bly process, yet is modified by any other process that cangeghaperhaps further (Pratt etlal. 2006; Sun et al. 2009), everoup t
the physical characteristics of the gas. It is thus a quatitat relatively high masses. In addition, indications for exces-
preserves a record both of the accretion history of a clastdr tropy have been found at large radius in intermediate rédshi
of the influence of non-gravitational processes on the pt@se groups |(Jeltema et al. 2006), and the first measurement®of th
of its ICM, and as such it is a useful tool for our understagdirentropy evolution have been undertaken (Ettori &t al. 2004)

of the thermodynamic history of the cluster population. In the present paper we re-investigate the entropy with

Early measurements of the entropy based primarily XCESS (Bohringer et all 2007), a representative sample of

ROSATand ASCAdata indicated that groups had flatter erss.local € < 0.2) clusters drawn from the REFLEX catalogue
tropy profiles than cluster scale objects (David etal. 1986y (Bohringer etall 2004), all of which have been observedwit
measurements of the entropy all Bsgo revealed an entropy- XMM-Newton The properties of theEXCESS sample allow us
temperaturei{ — T) relation that was shallower than expecteEP define a robust local _reference for entropy structure aati_s
(Ponman et all_1999; Lloyd-Davies ef al. 2000; Ponmanlet §19- REXCESS was designed to be representative of any high-
2003). These data alsdfarded the first indications for exceSﬁqua.“ty local X-ray survey, thus clusters have been sefetrte
entropy above that expected from gravitational collapsenev!UMinosity only, ensuring no morphological bias, in suchayw
at large radius in group-scale objedts (Finoguenovlét 21220 2 t0 sample the X-ray cluster luminosity function in an oyl
Ponman et dl. 2003). The adventdfIM-NewtorandChandra Manner. Moreover, distances were optimised so Mg falls
has allowed relatively high resolution spatially resolvada- We"WlthlntheXMM-NeWIOI'fle|d of_\_/lew, increasing the preci-
surement of the entropy to be obtained across a wide rangeP{ Of measurements at large radii as compared to moreyiearb
cluster and group masseés (Pratt & Araud 2008aRsti etal. CUSters, which often fill the field of view and for which back-
2005: [Pratt et all 2006 Morandi & Ettofi_ 2007; Nagai et aground modelling is consequently more complicated.

2007;/ Zhang et al. 2008; Sanderson et al. 2009; Johnson et al.In the following, we first examine the normalisation of the
2009). Recent results have suggested that the entropydsdndentropy with respect to predictions from non-radiativemos
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logical simulations — such ‘adiabatic’ simulations inatudnly using the non-parametric method introduced in _Croston. et al
gravitational processes —finding a systematic entropyssdtat (2006). These were converted to gas density by calculating
is greater at small radii and in lower mass systems. Thedensi a conversion factor in XSPEC using the temperature in the
able dispersion at small radii appears linked to whetheustet [0.15- 1] Rsoo aperture, and subsequently corrected to take into
possesses a cool core or is morphologically disturbed. Tdsmsmaccount radial variations of temperature and abundanciv¢o g
dependence disappearsRato, implying that entropy scaling is the final deprojected, PSF-corrected radial density profile
self-similar, with a normalisation that is approximatebnsis-
tent with predictions. Parameterising the profiles in teoha
power law plus constant model, there are two peaks in tha-dis

bution of central entropy but there is no strong evidenceitha prgjected 2D temperature profiles were derived from spestra

is bimodal. The distribution of outer slopes is unimodal &m&l tacted in logarithmically-spaced annular bins centredttun
slope depends on temperature. We then link the entropygcalpeak of the X-ray emission. Binning was such that the first bin
and structural properties to a systematic variation in gasent a5 defined to have a significance of38bove background, and
with total mass and with radius. Finally, we discuss mecérasi subsequent bins were defined so as to lRygR,, = 1.33- 1.5
which could bring about the observed entropy charactesisti gepending on the quality of the observation. The instrualent
and propose a tentative scenario to explain the observespgnt anq particle background was subtracted from each annutus us
distributions. _ ing custom stacked, recast data files accumulated from -obser
~ We adopt aA\CDM cosmology withHo = 70 km s* Mpc™  yations obtained with the filter wheel in the CLOSED position
(e, hzo = 1), Qu = 0.3 andQ, = 0.7. All uncertainties are (F\WC), renormalised using the count rate in a high energgban
quoted at the 68 per cent confidence level. free of cluster emissi¢h After subtraction of the FWC spectra,
all spectra were grouped to a minimum of 25 counts per bin.

We then fitted the FWC-subtracted spectrum of an annular
region external to the cluster emission with a physicallytimo
2.1. Sample description and subsample definition vated model of the cosmic X-ray background, consisting af tw

o . ~ MEeKaL components plus an absorbed power law with a fixed
A full description of the REXCESS sample, including siope ofl' = 1.4 (see Lumb et al. 2002; De Luca & Molehdi
the XMM-Newton observation details, can be found i004). Spectra were fitted in the.po- 10] keV range using?
Bohringer et al. 1(2007), and the preliminary data analysiatistics, excluding the [1.4-1.6] keV band (due to theiAé!
is_described in_Croston etiall_(2008). Two of the objectg, a|| three detectors), and, in the EPN, the [7.45-9.0] kavid
RCXC J0956.4-1004 and RXC J2157.4-0747 (the Abely902  (que to the strong Cu line complex). In these fits thekiML
supercluster and a bimodal cluster, respectively), dyspm- models are unabsorbed and have solar abundances, and the tem
plex morphologies which preclude their use for the presstil  perature and normalisations are free parameters; the frwer
profile analysis. Basic cluster parameters are listed it€TAb  component is absorbed by the Galactic absorption in the-dire

On occasion in the following, we will subdivide the samtjon of the cluster and since it has a fixed slope, only its redm
ple into cool core and non-cool core systems, or accordingifation is an additional free parameter in the fit. This bétng
whether the clusters are morphologically relaxed or useda hackground model, with renormalisation appropriate tarétie
These subsamples were established to cull approximately gt the surface area of the extraction regions (correctedtigy
most extreme thirty percent of the full sample in each catgaps, etc.), is then added as an extra component in eactaannul
gory and are defined aslin Pratt et al. (2009). Thus clustebs Wit. This is our standard fit.
central densityE(2) ?neo > 4 x 1072 cm™® are classifie as We then vary the power law index in such a way as to mimic
cool core systems (181), and those with centre shift parameteg .. 10 per cent variation in the [2-10] keV flux and refit the spec-
(w) > 0.01Rsoo (derived with the central regions excised) argym of the external region. The annular spectra were refitte
classified as morphologically disturbed (32). Both the cen- ysing this new cosmic X-ray background model, and the change
tral densitiesneo and centroid shift parametéw) are given in i the cluster temperature in each annulus relative to tvedstrd

¢£-2.2. Temperature profiles

2. Sample and analysis

Haarsma et all (2009). fit was treated as a systematic uncertainty and added in guadr
ture to the statistical errors in each annulus.
2.2, Data analysis To deproject and PSF-correct, we assume that the 3D tem-

perature profile can be represented by a parametric model

Event lists were processed using version 7.0 of thadapted from Vikhlinin et al. 2006) that is convolved with a
XMM-Newton SAS. All data products were extracted fromresponse matrix which simultaneously takes into accoumt pr
event lists that were generated, cleanesitern-selected, jection and PSF redistribution. This model was projecteking
vignetting-corrected, and point source-removed as desgiin  into account the weighting scheme proposed by Vikhlinird€20
Pratt et al.|(2007). see alsd Mazzotta etlal. 2004) to correct for the bias inredu
by fitting isothermal models to multi-temperature plasmasem
sion, and fitted to the observed 2D annular temperature @rofil
Uncertainties were estimated from Monte Carlo randonusati
The procedure used to calculate the gas density profiles, phi the projected temperature profile assuming a Gaussi#i dis
extensive analysis of their properties, is described ih iful bution defined by the uncertainties on each data point, s th
Croston et al.|(2008). In brief, surface brightness prafiten- corrected to take into account the fact that parametric tsode
tred on the peak of the X-ray emission, were extracted frégn 3tend to over-constrain the 3D profile. Full details of the idep
bins in the [0.3-2] keV band and deprojected and PSF codecte
3 Our adoption of FWC data allows the use of a physical model for

2 E(2) is the ratio of the Hubble constant at redshift z to its pnésethe X-ray background, in contrast to our previous analysighvused
value,E%(2) = Qu(1+ 2)° + Q4. a blank sky background (Pratt eflal. 2007). The results ansistent.

2.2.1. Gas density profiles
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Fig. 1. Entropy profiles of th&EXCESS sample, colour coded according to spectroscopic temperateiasured in the [05-0.75] Rsgo aperture.
Solid lines show the profiles derived from direct measuramdotted lines show the entropy extrapolated into the eémégions assuming an
isothermal distribution at the temperature of the inner 3Eagoint (see text). On the left, the profiles are plottedhysjral units; on the right,
they are plotted in units of scaled radiBs estimated from thé/sq—Yx relation given in Eqri]1. In the right hand plot, dashed limesk, from
left to right, radii corresponding t0.DRxq0, Ras0o(~ 0.45Rs00) andRygoo(~ 0.7 Rsoo)-

jection and PSF correction of the temperature profiles, gkis ~ 5h;§ kpc, which compares favourably with the typical reso-

tensive tests of the robustness of the method, will be detail lution of ~ 2 kpc in theChandraanalysis of Cavagnolo et al.

a forthcoming paper. (2009). The left hand panel of Figurke 1 shows these entropy pr
files plotted in physical unitshgg kpc).

2.2.3. Entropy profiles

2.3. Scaling
Since the density profiles are determined on a radial gridgef s ] )
nificantly higher resolution than that of the temperatuiifes, In order to compare cluster profiles on a common radial seade,
we determined the best fitting parametric 3D temperaturfi@ro €xpress them in terms &, the radius within which the mean

on the same gr|d as that of the deprojected’ deconvo|ved[¢enmass denSity i8 times the critical denSity atthe cluster redﬂ“ft
2/3 For practical purposes, we generally scald&ig, the efective

profile and calculated the entrogy,= kT/ng'°, accordingly. L ‘ : i >
In all cases, in the very central regions a single temper4iting radius for high quality observations froXMM-Newton
' dChandra Since the sample contains systems in a variety of

ture bin encompasses a region covered by several density ical stat We esti
file bins (the median number is 5). Given that the centralidens. ynamical states, we us& as a mass proxy. We estimaRen

; iy ; ; teratively as described in_Kravtsov ef al. (2006), from the
of the galaxy cluster population exhibits a dispersion oftap ! LS : ke X
two orders of magnitude and the overall density profile clean dated calibration of thé/lseo-Yx relation obtained by combin-

by up to three orders of magnitude from the centre to the otftd the Arnaud et alL(2007) results f_rom nearby relaxedtetss
skirts (e.g.[ Croston et dl. 2008), while the temperaturesa with REXCESS data_from morphologically relaxed systems. The
only by a factor of 2-3 (e.d.. Pratt et al. 2007), it is cleaattthe full sample of 20 objects (8 from Arnaud etlal. 2007 and 12 from
characteristics of the density drive the properties of thteopy REXCESS) is comprised of all systems for W.h'Ch the mass pro-
profiles. In order to examine the behaviour of the central e I-;"S are :neasured $t Ieallst.doyvr? to a density condras50.
tropy, we assume a constant central temperature, with the va' ¢ "¢SU tingVlso0 — Y relation is:

given by the 3D temperature of the first shell. A similar pro-

cedure was used by Donahue et lal. (2005)land Cavagnolo eEh)*®Msy, = 10145670010
(2009) and our adoption of this approach allows us to compare

directly with their results. Note that for systems with poentral - ¢qnsistent with that derived By Arnaud et dl. (2007) but with
temperature profile resolution this extrapolation is onBakly  jmproved accuracy on slope and normalisation (Arnaudlet al.
model dependent, since it essentially concerns the dstss- [5009). We also use the spectroscopic temperadtumeeasured in

tems, which have rather flat central temperature profiles (sge [0.15—0.75] Rsporegion, to investigate the scaling properties
Figure 3 of_ Arnaud et al. 2009). When this scheme is applied

the XMM-Newtonprofiles have a typical central resolution of 4 M; = 6p.(2) (4r/3)RE, wherep(2) = E?(2) 3HZ/87G.

Yx

2x 10 Mg keV

0.561+0.018
] oMo, (1)
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T T T
1,00: 1.00
(=3 (=3
3 3
S S
N N
~ 0.10 ~ 0.10¢
o 7 Cool core
0.01¢ 0.01F / Morphologically disturbed
0.01 0.10 1.00 0.01 0.10 1.00
R/Rspo R/Rspo

Fig. 2. Dimensionless entropy profiles of tlREXCESS sample compared to theoretical expectations from noratiadisimulations. The ob-
served profiles have been renormalised by the charactefisti as defined in Equatidd 3. Line styles are as for Fiflire 1. Thhathline depicts
the best fitting power law fit to the the median entropy profiléhie radial range [Q — 1]Rxqo for the clusters formed in the non-radiative sim-
ulations of Voit et al.|(2005). The dot-dashed line représéime same relation corrected for a 13 per cent underestiofdtue mass due to the
use of hydrostatic equilibriunieft panel:clusters arranged according to temperature. The thiclkbiae represents the median of all observed
dimensionless profiles. The shaded grey area corresporihis tegion enclosed by the median profile and typical scaftére SPH simulations

in Moit et al. (2005).Right panel:subsamples identified, defined as in Secfiion 2.1. Black psofienote clusters that are neither cool core nor
morphologically disturbed.

of the entropy and associated profiles. These values are ive3. Comparison to theoretical expectations

Table[d. o
) ) 3.1. Normalisation
The right hand panel of Figufg 1 shows the entropy pro-

files plotted in terms oRsgo. Plotting them this way explicitly We first address the question of tabsoluteentropy normal-
shows the temperature dependence of the entropy distibirnti isation with respect to theoretical expectations in theeaafs
the outer regions, and that despite the wide range of cesniral purely gravitational structure formation. Any deviatiofiem
tropy values, clusters clearly become more structurattyilar the predicted normalisation would point to the influence of
with increasing radius. Beyond®Rsq, the relative dispersion non-gravitational processes on the thermodynamics of@h |

in scaled entropy profiles is constant at approximately 30 peurthermore, radially resolved entropy profiles can be used
cent. assess the radial extent of the change in ICM propertiesaue t
trhon—gravitational processes, if any. In the following, wenpare

¢

files of any physical quantity should coincide, and so messu € norm_allsa_tlon of our obse_rved entropy profiles to thiécak
of these quantities at any scaled radius should correlate wfxpectations in order to elucidate the mass dependenceaand r

global cluster parameters such as temperature or masstdrhe sd'al extent_of thgsef‘f‘ec_:ts. . : o
dard self-similar scalings até o« E(2)%3T for temperature and Numerical simulations which only implement gravitational

K « E(2)~23 M2/ for mass. Departures from these expectatio%ocesses make very specific predictions for both the nermal

: : 3} g iSation and shape of galaxy cluster entropy profiles. Vot et
are the direct result of the action of non-gravitationalg@sses LZOOES) discuss such simulations, pointing out that oncedca

In the pure gravitational collapse scenario, the scaled p

on the thermodynamics of the ICM. For comparison with prevy -
ous work on entropy scaling relations, the entropy was nredsu y the characteristic entropy of the halo,
for all clusters at radii equivalent taDRyg0, Ros00 (= 0.45Rs00) 1 [ 27 G2Mago 2/3
andRyo00 (= 0.72Rsg0), estimated from the scaling relations preKzoo = > | 5T ] , (2
sented in_Arnaud et al. (2005), via interpolation in the log- bH(2)

plane. In addition, ifRsqo falls within the radial range encom-where f, is the baryon fraction, the simulated SPH profiles,
passed by the centre of the outer temperature annulus (13 syisen fitted in the [AL — 1] Rygp radial range, scatter about a me-
tems), we also calculated the entropyRage. Uncertainties on dian scaled profile described by the baseline power lawioalat
the entropy were estimated from the quadratic sum of thesrri(R)/Kog0 = 1.32 (R/Roo0)** with approximately 20 per cent
associated with the deconvolved density and temperature pdispersion. We note that non-radiative simulations do met p
files. These values are listed in Table 1. dict power law profiles down to arbitrarily small radii; india
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O. 1R200 Cool core i\f :: R25oo
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a = —0.27 £ 0.05

K/Kso0

01 o = —-0.19 £ 0.05 a = —0.05 + 0.18
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h'?O 1\/1500 (MQ)

Fig. 3. Dimensionless entropl/Ksoo as a function of mashlsy, for different fractions of scaled radius. The solid lines show thvegpdaw fit to
the data at each scaled radius with expongrthe dashed lines give the expected values from the powerdition K/Ksoo = 1.42 (R/Rsog)**
fitted to the non-radiative numerical simulation$ of Voigét(2005). The band indicates the typical dispersion ofthailated profiles about this
relation at the radii indicated. The dot-dashed lines shmwstime relation adjusted for a 13 per cent mass underestitunatto the assumption
of hydrostatic equilibrium. Cool core and morphologicatlisturbed subsamples are indicated. There is a clear sggnedn central entropy
properties of the subsamples at B,q, Which disappears at larger scaled radius. The dimensismetropy aRsq is slightly higher than, but
approximately consistent with expectations from simpkvgational collapse, independent of mass.

significant flattening is generally found interiorfo< 0.2Rsgp.  For our assumed, = 0.15 andRsoo/Rz00 = 0.659 derived from
In addition, grid-based simulations consistently find &argn- an NFW profile withcsgo = 3.2 (the mearc measured for a
tropy cores than SPH simulations even in the non-radiatige ¢ morphologically relaxed cluster sample lby Pointecouteal e
which appears to be due tofidirences in particle mixing be- ), the baseline relation becomes

tween the two dferent computational methodmgﬁ 11

[2009). However, beyond 0.1 Rygo, the agreement between sim- K(R)/ Ksoo = 1.42 (R/Rso0) (4)

ulatlons is better than 10 per cent (Voit el al. 2005; MittBebl.  Note that this baseline relation was derived from simula-
2009). In the following, since we only compare at and beyonghns where the true masses were known, while our masses
01R200, we compare to the SPH results only. are calculated from anM-Yy relation derived from hy-

Assuming an abundance af= 0.3Z, and mean molecular drostatic mass estimates of morphologically relaxed sys-
weightu = 0.596, the characteristic entropy can be rewritten: tems. Pffaretti & Valdarnini (2008, and references therein) and
Arnaud et al. [(2009), applying hydrostatic mass estimaies t
large number of simulated clusters, argue that such masases c
be underestimated byl3 + 16 per cent on average. In this case
the normalisation factor in Eqil 4 becomes 1.47.

Msoo 2/3 1 2/3
Ksoo = 106 keV cm? | ———— 2\ B Rts, 3
500 (1014 h;é Mo) ( fb) ( ) 70 ( )
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Table 2. Best fitting parameters for the entropy-temperature angeydmass relations.

Radius C a Tink

(keV cnT?) raw int
Entropy-temperature relation
0.1Rxgo 347+23 089+0.15 0262+0.040 Q254+0.041
Ras00 783+15 0Q76+006 0120+0.021 Q083+0.118
Ri000 1152+ 27 083+0.06 0093+0.015 ...
Rsoo 1489+ 125 Q092+0.24 0265+ 0.055
Entropy-mass relation
Ras00 864+27 042+005 0155+0.025 Q136+0.031
Rio00 1308+ 52 048+0.04 0119+0017 Q052+0.162
Rsoo 1748+ 237 062+0.17 0265+0.055 0221+0.160

T is the spectroscopic temperature in thelf)- 0.75] Rsqo region; masses are estimated from Me- Yy relation given in EqniJ1. Data were
fitted with a power law of the fornE(2)"K = C x (A/Ag)?, with Ag = 5 keV and 53 x 10'* M, andn = 4/3 and 23, for temperature and mass
repectively. Fits used orthogonal BCES regression withrsrestimated using bootstrap resampling. The raw andsitriogarithmic scatter

about the best fitting relations are given in the final two nuis.

Figure [2 shows the dimensionless entropy profilesguilibrium,K(Rsoo)/Ksoo = 1.47. The lack of mass dependence
K(R)/Ksgo. Clearly, the observed profiles do not coincideand agreement with the normalisation from simulations vss a
The central regions show the most dispersion and the profitested for a sample of cool core clusters/ by Nagai et al. (2007)
tend to converge towards the non-radiative prediction @fela For the present representative sample, given the largetance
radius, but those of the lowest mass systems converge slow#ss it is not possible to test the predictions more thordygh
in other words, their slopes are shallower (discussed inemamderlining the need for robust, high quality, spatiallgotred
detail below). This is a manifestation of the fact that the@py entropy measurements at and bey&ggb.
modification extends to larger radii in lower temperature
systems, consistent with the expectation that non-gtaital
processes have a greatéieet at the low mass end of the clusteB.2. Entropy scaling relations

population. . . . :
To better quantify the above, FiguFe 3 shows the dimensicRor comparison with previous work, we also examined the

less entropyK/Ksoo Versus mass for various fractions of Sca|eantropy-tem]|3erf:1jture_ ﬁnd entrop;q-mas? rrellaticons. S,?aﬁh?
radius. Also overplotted in each panel is the expectatiomfr 1ONS were fitted with a power law of the for(2)'B =

a i _ 4
Equatior®. As expected, it can be seen that BRGyo, the ex- C(A/A0)", with Ao = 5 keV and 83 x 104 M, for T andM
cess with respect to the theoretical prediction from gedicinal '€SPECtively, and fixed to the expected scaling with redshift

collapse is strongly mass-dependent, with the least masys- (n=4/3forT and 23 for M). Data were fitted using the orthog-

tems exhibiting the strongest deviation. The mass depeedefnal BCES minimisation technique (Akritas & Bershady 1996)
becomes less pronounced as we proceed towards the Outeyvllg]unci_ertamUes on each fit parameter estimated fromsig
gions of the ICM, such that &sq0, the mass dependence is enf€Sampling.

The best fitting slopes and intercepts for the entropy-

tirely consistent with zero and the measured values scattaut _ _ r
the theoretical prediction. Indeed, at this radius, the/wtight temperature and entropy-mass relations at various scatéd r

negative slope can be attributed to the single lowest mass dare listed in Tablg]2. The evolution of these slopes withéasr
point, which drives the fit. ing radius mirrors the behaviour of the dimensionless gmytro
At small radii there is large amount of scattefikinc = discussed above; in the inner regions the relations aréosreal

0.26 + 0.04 about the best fitting regression line). Dividing th¢han self-similar with large scatter, while Réoo the relations

data into subsamples elucidates the origin of this scaltere is are compatible with self-similar (although with relatiydarge

a clear segregation in subsamples, with cool core systeavs-shuncertainties given the limited number of data points).

ing the least deviation from the baseline prediction whilerm Comparing to previous work, a wide variety of slopes have

phologically disturbed systems show the most deviatiore Theen found from fits to the entropy-temperature relation at

subsample segregation disappears as we push outward thogdIR,q, ranging from very shallowa = 0.49+ 0.15/Pratt et dl.

and there is no evidence for any segregation at or befRasd  [2006;a = 0.50 + 0.08:[Nagai et dl. 2007) to very steep &

The full radial behaviour of this trend is explicitly illustted in  0.92+ 0.12:/Sanderson et lal. 2009;= 0.85+ 0.19: this work).

the right hand panel of Figuie 2. We simply note that cool core-only samples tend to yield-shal
Interior to Rsoo, the observed entropy is always higher thalower slopes than statistically-selected samples, a fachéd

the baseline prediction. However Ry, the median dimension- out in the present data, for which the entropy temperature re

less entropy i% (Rso0)/Ksoo = 1.70+0.35, where the uncertainty lation at 01 Ry for the cool core subsample has a slope of

comes from the standard deviation of the points. This ihlllg « = 0.63+0.94, while the morphologically disturbed subsample

higher than, but consistent with both the baseline prestiotif has a slope of = 1.22+ 0.76. Beyond QL Ry, both the slope

K (Rso0)/Ksoo = 1.42 (Eqn[4) and the same prediction correctegnd the normalisation of the relations are in very good agese

for a 13 per cent mass bias due to the assumption of hydmstatith recent determinations (Nagai etlal. 2007; Sun gt alS200
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showing the excellent consistency betwe@iM-Newtonand Table 3. Entropy profile parameterisation with a model of the form
Chandraresults. K(R) = Ko + Kio0(R/100h7 kpcy'. Entropy is measured in units of
None of the studies listed above give constraints on entrokgV cnr?.
evolution. In this context, our results underline the need f
representative samples, to establish tffeats of non gravita-
tional processes and dynamical state on the evolution inghe
tral regions. Furthermore, precise measurements at ladieS  rxc J0003.80203 30331+ 220 196254393 077+ 0.02
(R > Ruso0) are needed to establish the baseline entropy evolu-RXC J0006.6-3443 988+ 2602 28010+3012 058+ 0.05

Cluster Ko K100 «

tion in the absence of non-gravitationﬂe}:ts_ RXC J0020.7-2542 1745+ 10.39 8707+9.76 115+0.07
RXC J0049.4-2931 395+232  14170+346 Q76+ 0.02

RXC J0145.0-5300 2405 + 5.49 6339+540 140+0.05

RXC J0211.4-4017 198+ 158  11887+257 (083+0.02

4. Radial entro py structure RXC J0225.1-2928 987 +1.93 7907+ 374 154+0.06
RXC J0345.7-4112 03+044 15359+ 168 084+001

Various semi-analytical models and cosmological simaretiof RXC J0547.6-3152 1430+321 11199+ 449 108+0.03
clusters formed in the absence of non-gravitational pmees RXCJ0605.8-3518 48+067 13962+ 165 099+001
. ; RXC J0616.8-4748 226+ 600  26872+9.09 Q058+ 0.02

have shown that outsuje the central regidRs>( Q.l R200, orl~l RXG JO645.4-5413 4954265 145404445 1034 0.02
0.15Rsq) , entropy profiles follow a power law witk(R) oc R RXC J0821.80112 o 26D5+ 266 048+ 001
(Tozzi & Norman| 2001; Borgani et al. 2005; Voit et al. 2002, RXCJ0958.3-1103 278+ 189  11786+358 115+0.04
2005; [ Mitchell et al.. 2009). Simulated profiles flatten in the RXCJ1044.5-0704 .. 1165£053 Q95+000
very central regions due to entropy mixing (Wadsley &t abe20 S;gjﬂgé;‘:g%i égii (1)%; ﬁgzgf gzg ggif 8‘8;
Mitchell et al. 2009). Observed profiles are also found galher  rxc J1302.8-0230 801042 20991+192 Q96+ 001
to have similar external slopes (elg., Pratt et al. 2006; 3@t RXC J1311.4-0120 490+ 145  13489+210 110+001
2009) and to flatten in the central regions in high resolution RXCJ1516-0005 8833+£3.68  16548+536 081+0.02
Chandra observations| (Donahue et al. 2006; Sanderson et al. RXCJ1516.5-0056 481519~ 22909+ 7.74 66+ 002
5009 Cavaanolo et bl ‘2009) In the followi ! 5 RXC J2014.8-2430 ¥5+026  12161+1.00 114+001
9, g Al - wing, we Investiega gy c 32023.0-2056 527+3.02 19429+ 441 069+ 0.02

the central entropy slope and a parameterisation of thegntr  rxc J2048.1-1750 3796+ 6.31 1453+ 244 187+ 0.09
profiles, and relate this to global cluster properties. RXCJ2129.8-5048  1509+56.32 23296+5620 054+ 0.09
RXC J2149.1-3041 26+069  13622+153 099+ 001

RXC J2157.4-0747 924+1542 29440+1904 052=+0.04

4.1. Central slope RXC J2217.7-3543 635+325  15535+4.88 082+ 0.02
RXC J2218.6-3853 980+ 1.92 8084+291 136+0.03

The left hand panel of Figui@ 4 shows the probability density RXCJ2234.5-3744  30687+6.98 6201592  119+005
distribution of the logarithmic slopéIn K(R)/dInR of the en-  "X¢J2319.6-7313 88026 10524093 098001
tropy profiles measured at@¥5Rsq00, Wwhere we have directly
measured data for all but two systems. The distribution show

two peaks, with the larger peak at a slope~06.4, containing

approximately 23 of the sample, and a smaller peak at a slope

of ~ 0.9, which comprises the cool core systems defined in the

subsample classification scheme discussed in Sdclibn&d.. Extremely stable to fitting ranges and clearly does not d&pan
peaks in the distribution of inner logarithmic slope wersoal the entropy of the central region or the value<gho.

found in theChandraanalysis of Sanderson et al. (2009, in their

case, at M5Rsqg).

4.2.2. Distribution of central entropy, Ko

4.2. Parameterised fitting The histogram oKy values for theREXCESS sample is shown
as a probability density in the right hand panel of Fiure Heve
4.2.1. Model the bins are 0.15 dex and clusters witK@consistent with zero

(i.e., pure power law profiles) are shown at the extreme left o
H1e plot. For theReXCESS sample, the number of systems with
Ko consistent with zero atd3significance is three for a con-
ant central temperature (10 per cent of the sample), siensi

A power law is the simplest parameterisation of the entrapy p
files, but Figurd L shows that such a description is cleary i
adequate to describe the majority of the profiles in the pntesé‘

sample if the core regions are included in the fit. A possibiy: 4
more interesting parameterisation is to instead model the dVith Cavagnolo etal.(2009), who analysed a large number of
tropy profiles with a power law plus a constak(R) = Ko + handraarchive observations and who also used a constant cen-

K100(R/100h52kpcy (as introduced by Donahue ef al. 2pos)tral temperature assumption. S
whereK, represents the typical excess of core entropy above the!/Cavagnolo et all (2009) found that the distribution of cantr
best fitting power law at large radii. In this case, to enshet t €ntropies in their sample is bimodal with peaks of approxétya
the same radial range is fitted in all cases, and to ensureé¢he he same amplitude &, ~ 15 keV cnf andKo ~ 150 keV
cision of the powerlaw fit at large radii, the profiles wereefitt cm?, and a distinct gap betweefy ~ 30— 50 keV cnf (see
between R, — Rigog. The results of fitting the power law plusalso Reiprich & Hudson 2007). The peak values are indicated i
constant model are listed in Talile 3. The external power fawFigure[4 by a dashed line. The distribution REXCESS cen-
tral entropies also exhibits two peaks, although there aldes

5 Our earlier results suggested somewhat shallower refatitRige,  differences in their positions and amplitudes. In particutere
(Pratt et all 2006). The flerence can be traced to the increased pred€ more clusters with a higKo than with a lowKo, and the
sion on the temperature profileS@ded by the present data, especiallypositions of both peaks are shifted somewhat to lokgwith
at low mass. respect to those found by Cavagnolo et al.
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Fig. 4. Central regions of th@EXCESS entropy profilesLeft panel: Probability density plot of the logarithmic slope of the diy profile
measured at a fiducial radius aD@5Rsq. Clusters with a steep slope correspond to cool core systEmessolid line is a kernel density plot with
a smoothing width of 0.13Right panel:Probability density plot of the central entropy excess a&bapower lawKo, from a power law plus a
constant model fiK(R) = Ko + K100 (R/100h73 kpcY', to the entropy profiles. The solid line is a kernel densityt plith a smoothing width of 0.1.
Cool core clusters have the smallest valuekef
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Fig. 5. Outer regions of th&REXCESS entropy profilesLeft panel:Probability density plot of outer slope values,from a power law plus a
constant model fik(R) = Ko + Ky00(R/100h73 kpcy', to the entropy profiles. The dashed line shows a value ofThé.solid line is a kernel
density plot with a smoothing width of 0.Right panel:Entropy profile slope vs temperature in thel®— 0.75] Rsoo aperture. Cool core and
morphologically disturbed subsamples are indicated.

4.2.3. Entropy slope outside the core The right hand panel of Figuid 5 shows the distribution of

slopes versus temperature. The Spearman rank correlation ¢
The left hand panel of Figuifd 5 shows the histogram of fittegificient is 0.53 with a significance of2x 102 indicating a
values of the outer profile slopeobtained from the power law significant correlation of slope with temperature. This iesin
plus constant model. While there is a quite substantialshbod likely a manifestation of the well-known dependence of oute
values in entropy profile slope, ranging from extremely lslval density profile slope on temperature (see Croston| et al!, 2608
(@ ~ 0.5) to extremely steem(~ 1.9), there is no indication for the present sample). Thefidirent subsamples are indicated in
bimodality in the distribution of outer entropy slope whéret the Figure by blue stars (cool core systems) and red squares
profiles are modelled in this way. The median slope for theggow(morphologically disturbed systems). Clearly the cookcsub-
law plus constant model fits is®B, which is slightly shallower sample has a very small scatter in outer entropy slope; iitiadd
than the canonical value of 1.1 (indicated by the dasheditinethere is a more pronounced trend with temperature, illtesiray
the Figure). Itis lower still than the value of 1.2 which wasifid the fact that the Spearman rank fogent for this subsample is
by\oit et al. (2005) when fitting the [@ — 1] Rygo radial range.
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0.77 with a significance of.9x 1073. The morphologically dis- Chandradata, which has sub-arcsecond resolution in the cen-
turbed subsample has a very large scatter, incorporatitigbe tre of the detector, meaning that no PSF correction was reede
upper and lower extremes in outer slope values. The tiglgerarHowever, while their density profiles were deprojected,rthe
of slopes in the cool core systems, together with the widgeantemperature profiles were not. For flat central temperatista-d
of slopes in the morphologically disturbed systems, sutgdbat butions, this will not substantially change the resultimgrepy.
the core and external properties of the ICM are linked. However, for steeply declining central temperature distiions,
neglect of projection ffects will tend to lead to an overesti-
mate of the temperature of the inner annulus (see e.g., Fig. 8
of|Pointecouteau et al. 2004), and thus of the central enfiap
5.1. Bimodality? the assumption of constant central temperature. The fimtte
of neglecting deprojection would be to shift the peakkinto
higher values in th€handraanalysis, as observed.

We note that the dierences in the central entropy distribu-
pns ofREXCESS and Cavagnolo et al. (2009) are unlikely to be

5. Discussion

Two peaks are seen in the central regions ofRE&CESS sam-
ple, which are visible both in the distribution of logaritinen-
tropy slope at M75Rs500 and in the distribution oKq from pa-

:ﬁcr)r:jegle (rllzsigﬂ?gjg :?oer gr?;g(:: (\ql\llJlg]n&zﬁg/vgiroﬁvga?ilgc?ncvwms?ﬁue to resolutionf@ects. We extracted surface brightness profiles

results of_Cavagnolo etlal. (2009), we performed a maximu'lﬁg‘ ? bins V.Vh'le Cgvﬁ%mkaxelt/li/'i E\IZOOQ) usedtains, mlglanlrjg
likelihood fit of the 29 clusters for whicKy is constrained. The hat hor a gl;]/_er;lre S Ilt, 0 h X ﬁwto?entropé/ profiies in
fitting was performed on the unbinned data in log space, usifigt "ave a higher resolution than those fr@imandra Our 33
themcrLust andrrrpistr packages in version 2.9 of thestatisti- sgveusa resolution _Of 3'?"1% kpc.for the present sam-
cal software environmeltWe considered three fiierent mod- Pl€. depending on redshift, with a median value di# kpc.
els: a single Gaussian, a left-skewed distribution, andubdo Given that entropy cores extend typically to 30 kp@handra
Gaussian (i.e., a bimodal distribution), and used the Bagés- observations olf cool core systems (Donahue et aI._ZOOEsethe
formation criterion (BIC| Schwaliz 1978) to distinguishween Should be easily detectable with the current data if thegtexi
them. A diference in BIC of between 2 and 6 indicates pos|—_|owever,Cha_ndran‘oIIow-up observations would _stlll be _desw-
tive evidence against the model with the greater BIC valag; v @ble to quantify the cores of these systems at higher résojut
ues above 6 indicate strong evidence against the modelndth 81d particularly to investigate if there is indeed a turmomen-
greater BIC value. The BIC values are -67.53, -63.32 and)&3 [ropy at very small radius in systems where we are unable to
for the single, left-skewed and double Gaussian distrimstire- detect this &ect.
spectively. Thus while the single Gaussian distributiotlésrly We also do not find any bimodality in the distribution of
the worst description of the data, on the basis of this test, aouter power law sloper, consistent with the increased self-
given the limited number of data points at our disposal, we casimilarity of the profiles in the outer regions. In this coxtté
not definitively distinguish between a bimodal and a leftssied  is important to underline the fact that our fitted model cetesl
distribution ofKg. of a power law plus an additive constant, and is thufedént
The best bimodal distribution fit yields Gaussian means #em the simple power law model fitted by e.g., Sandersoniet al
Ko ~ 3 andKo ~ 75 keV cnf, with an amplitude ratio (2009).
of 1:3. If we associate these values with the peaks found by
Cavagnolo et all (2009), then they are somewlisied to lower
values and the amplitude ratio isfldirent (Cavagnolo et al.

found peaks at 15 and~ 150 keV cnt, with an amplitude ratio The clearlink between the lack of a cool core and the preseince
close to 1:1). The shift of the higher central entropy peakie  morphological disturbance established by #ExcEss sample

to a number of clusters in tireexCESs sample that fall directly gives important clues to the processes at play in givingtaisee

in the Ko ~ 30 - 50 keV cnf gap found by Cavagnolo etlal. It gpserved distribution of central entropies. It seems pavaal
may be that these clusters have a more ‘typical’ valukgfor  hat the profiles of cool core systems, where non-gravitatio
the general population. Given that the Cavagnolo et al. gi)zooprocesses play an important role, resemble most closetycthe
sample was archive limited, and given that prevailing Sogb  ragiative baseline, while those of the unrelaxed objectmse
cal trends in cluster research have for many years led tOLEfO‘broperties are expected to be dominated by gravitatiora pr
on extreme cool cores and spectacular mergers to the extluglesses. deviate the most from the baseline.

of more mundane objects, it may well be that clusters with a5 ,,ssible explanation for the form of the cool core profiles

more typ|ctalt.central elntr(\;\s)y dotn(;]t exist thtiret %Ut do r?glls js that in these systems, AGN heating is gentle and serves pri
a representative sample. Ve note noweveriinal L.avagnoio e rily to balance cooling, thus preserving the increasorgf

also detected bimodality in a complete flux-limited subskﬂampmc the entro : : . .
. S X py profiles. If this were indeed the case, it would

of their data (although at much reduced significance), with t. P ; . .

peaks shifted slightly lower relative to those of the fultlzive imply that AGN heating is achieved via mechanisms such as

; . weak shocks (e.d., Fabian etlal. 2003), or buoyant bubblgs (e
sample. Alternatively, the recent 2009 Januahandracalibra- j=p\ 276\ et Al 2001), rather than via catastrophic exphesi

tion update may fber a more prosaic, albeit partial, explanation: : . .
Since theé Cavagnolo eflal. analysis predates this updatierho, Ve Can envisage two scenarios that could explain the proper-

systems with flat central temperature distributicd & 4 kev), Ues Of the morphologically disturbed clustersRexcess and

would have a systematically higher temperature, and hemce e link between the lack of a cool core and the evidence that
tropy. ' a cluster is unrelaxed. One explanation is that a combinatio

The shift of the lower central entropy peak appears to be dﬁétr? hleatting an? dyr:a(;nicz:ll activity hi‘ﬁ conspiLedI to_ﬁ;?p
to technical diferences connected to the treatment of tempel%le-n rai entropy elevated and so prevent the morphologt

ture profiles. Cavagnolo etlal. derived their entropy prefitem turbed systems in theeXCESS from ever forming a cool core
in the first place. This is possible because post mergerrdistu

6 http://www.r-project.org bance persists for longer in these clusters, as in a dist o

5.2. Maintaining the distribution of central entropies
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Fig. 6. Implied Spitzer conductivity suppression factor as a fiomcbf Fig.7. Gas mass fraction profiledpd{< R). Total mass profiles
radius. The dierent cluster subsamples are indicated; line styles arear® calculated for an NFW profile with a concentratiog, = 3.2
for Figure[d. The dashed line indicates the threshold betleermally  (Pointecouteau et al. 2005), normalised to gy, estimated from
unstable and conductively stable regimes. Eqgn.[d.

with less entropy contrast, buoyancyfdrences will not be as __We note that high central entropy non-cool-core systems are

state will happen more slowly. be a consequence of the presence of very dense cores which are
The second explanation is simply that the morphological}ff"y hard to disrupt (e.g. Gomez etial. 2002; Poole et alEp00

disturbed systems in theExCESs were originally cool core Ne presence of these dense cores, of which in some cases mul-

systems, and that mergers have disrupted the entropy steuctiPl€ instances may be present in the same system (Bomraige

in the central regions. Given time, they should relax back SJ"_'U preparation), at variance with observations, map{io

a cool core state, but we are seeing them before the cool cBfdiciencies in the modelling of the complex interplay beswe

can re-establish itself. We note that such a scenario iscstgrp 9ravitational and non-gravitational processes in theseilsi-

in terms of timescales by the observed relationship betiteen 10NS.

lack of cool cores, clear evidence of dynamical disturbaarmb

the presence of radio halo emission (e.g. Govonietal.'2004)3 | inking entropy and gas mass fraction

The ongoingREXCESS radio follow-up will be extremely use-

ful in determining if this possibility can explain the cleanti- Entropy modification is generally discussed in terms of e¢hre

correlation of cool cores and disturbed morphology. basic mechanisms: early heating (‘pre-heating’), where th
Furthermore, it is possible that the timescale for coolingas is heated before accretion into the dark matter potentia

to (re-) establish itself is impaired by conduction. Figiifle Well, presumably either by early supernovae/andAGN ac-

shows the conduction suppression factpexpressed in terms tivity (e.g.|Kaiser 1991; Evrard & Henry 1991); internal bhea

of the radius (in kpc) and the entropy (in keV &mviz., f. ~ ing after accretion by the same or similar mechanisms (e.g.

625 (RZ/K3) (Sanderson et al. 20@)“ is clear that non-cool- Metzler & Evrarg 1994 Bower et al. 2008), radiative COO'[ng

core clusters can be stabilised since conductivity wouktirte the gas (e.g. Pearce etlal. 2000), where the lowest entrapy ga

be suppressed at most by only a factorfof~ 0.1 to locally found in the centre of the cluster condenses and cools obeof t

counteract cooling (Figurie 6), while this will not béfective ICM. All of these processes act to change the total amourasf g

in the centres of most cool core systems, where the threshtfldhe central regions of a cluster, either through makimgate

for conductive stability {. = 1) is exceeded (a similar resultdifficult to compress into the halo (early heating), through con-

was found byl Sanderson ei al. 2009). Thus conduction coiction of gas to the outer regions (internal heating), ooufgh

also contribute to sustaining the elevated central entimpgst- Physical removal of the gas to form stars (cooling).

merger systems long after the initial disruption. In Figure[T we show the gas mass fraction profifgs(<
R) = Mgas(< R)/M (< R) for the present sample. Gas masses

7 Note that this equation only holds at the limit of conductivermal  have been calculated from the gas density profiles (Crostah e
balance, i.e. where the radius exactly matches the Fielgtheat all 12008). Total mass profiles were calculated assuming an NFW
radii. profile with concentratiosog = 3.2, the average concentration
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Fig.8. The dimensionless entropK/Kse rises with fg(R) = Fig. 9. Entropy profiles multiplied by the gas mass fraction profilee

Mg/ (fsMsqg), the fraction of a cluster’s baryons in the ICM within ra-dashed line is the predicted entropy distribution from tbe-radiative
diusRin all clusters. However, the entropy distribution showdemc simulations of Voit et &l (2005).

temperature dependence. The dashed line illustrates thedified en-

tropy distribution for a cluster oMsoy = 8 x 10'* M,, (approximately

the mass of the most massive cluster in the present samgde)yéng @ hand side of the plot is due to a systematic lack of baryors)(ga
concentratioresoo = 3.2 and gas in hydrostatic equilibrium in the clus-in low temperature systems relative to high temperaturesys
ter potential with a density profile identical to that of trerkimatter. The consequence of entropy modification is thus to remove
gas (or prevent gas from accreting) in such a way as to leave
both a radiabnda mass dependence in the gas mass fraction. It
derived from the total mass profiles of the morphologicadlyg-r is interesting to see whether correcting for thieet might bring
ular sample of Pointecouteau et al. (2@)Bormalised taVlsgg  the entropy profiles of our sample into agreement with the pre
estimated from Eqri.]1. There is a clear dependencigebn dictions from simulations. In Figui€ 9 we show the dimension
temperaturgnass, throughout the observed temperature randgsgs entropy profiles multiplied by the gas mass fractioriilgro
in the sense that hotter, more massive systems have higber {as(< R), a renormalisation that is equivalent to correcting si-
mass fractions throughout the ICM. In addition, there isemcl multaneously for the globaind radial dependence of the gas
dependence of gas mass fraction with radius in all systenas, anass fraction. Once renormalised in this way, the profilesa&r
only the most massive clusters have gas mass fractions whighst fully consistent, both in slope and normalisationhvifte
approach the universal value at the highest radii we aretableexpectation from non-radiative simulations, and the disipe
probe. drops dramatically. Slightly better agreement can be fatite
In Figure[8 we plot the dimensionless entrdgyKseo as a Simulated relation is multiplied by a factor to take into asnt
function of fg (< R) = Mgas/(fp Msoo), the fraction of a cluster’s the hydrostatic masdiset found in numerical simulations.
baryons in the ICM within radiu®. fy is calculated assuming  The above results can be explained in a number of ways.
f, = 0.15 (Qph? = 0.022 andQ, = 0.3), and using total masses ! here may be a blas_ of gas accretion W|t_h mass, for instanee du
estimated from Eqfi] 1. Overplotted for comparison isiamod- to early heating, which makes it morefiitult to compress the
ified entropy distribution from the models bf Voit et dl. (2002)9as into lower mass haloes. Once accreted, the gas may be re-
derived for a cluster oMsgo = 8 x 10'* M,, (approximately the mov_ed fro_m the hot phase by rad|at_|ve cooling, which actsemor
mass of the most massive cluster in the present samplejnassgfficiently in the densest central regions. However for thisimec
ing a concentrationsgo = 3 and gas in hydrostatic equilibrium in@nism to be wholly responsible for the observed entropy @rop
the cluster potential with an identical density profile tattbf the ties would require it to #iect the gas to a considerable fraction
dark matter. This particular representation makes expioih Of Rsoo and to be preferentiallyfgcient in low mass systems.
the dependence of the entropy distribution on baryon (gas) f Finally, there may be expulsion of material from the centeal
tion, and the magemperature dependence of the baryon (ga@ions towards the outskirts, perhaps via convection duento e
fraction itself. The gradual translation of the profilestie teft €rgy injection from supernovae or a central AGN, with thedow
est mass systems experiencing the most central gas remaval d
8 The dependence of concentration on total mass is negligible t0 their shallower potential wells.
the mass range we consider hére (Pointecouteall et al 206t Bt al. The mass dependence of the total baryon fraction provides a
2007). way of discriminating between the competing processesdf-c
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ing is the dominantfect, then the total baryon fraction should. Conclusions

be almost constant across the mass range from groups to clus- . .
ters as the low entropy gas is converted into stars. Howsier Our data represent a considerable advance over those used in

ply cooling out the low entropy gas would greatly exceed tHBOSt previous analyses of the entropy structure and scaling
observed mass in stars, and would lead to a galaxy IuminoquVSters- The sample of 31 clusters spans the temperange ra
function completely at odds with observations. If insteattee [2-9] keV and includes systems with a variety of entropy ehar
heating dominates, then the baryon fraction should be Idarer aCteristics. The objects have all been observed to appedglyn
lower mass, group-scale systems, as either early heatikgsma{he same d_epth with the same instrument, aIIowmg us to probe
compression of gas into these haloes léBsient or AGN activ- (€ properties of the entropy out to significant fraction&e

ity expels gas from their shallow potential wells. The obeer (at!€asRiooofor all systems, and at least outRgoo for thirteen
anti-correlation in the relative dependencies of gas arg siith  SyStéms), which is essential to determine the radial extthie

total mass implies that there is more mass locked in stars&HeCt Of non-gravitational processes on the ICM.

systems which contain less gas (Lin efal. 2003; Gonzalez et a Inthe innerregions, there is a mass dependent entropysxces
2007; Giodini et all_2009). However, recent results sugtiestt With respect to theoretical expectations derived from azlegi-
there is still a~ 30 deficit of baryons with respect to that meacal numerical simulations including only gravity. At largedii,
sured by WMAP on galaxy group scalés (Giodini €f al. 2009he mass dependence weakens and the dispersion drops dra-
implying that both coolingndheating must contribute to chang-matically. The mass dependence disappeaRsaf and the en-

ing the thermodynamic properties of the ICM. tropy normalisation is, within the relatively large obsatienal
and theoretical uncertainties, in agreement with the egtieos

from non-radiative numerical simulations. This behavigumir-
5.4. Speculative scenario rored in the entropy scaling relations, which are non-seifiar
at small radii but are compatible with self-similarRpo. While
similar results were found for a sample of cool core clusters
by Nagai et al.[(2007), it is important to note that in the grou
fegime, at temperatures lower than 2 keV, the entropy nermal

The representative nature of tRexXCESS sample has brought
to light some intriguing points outlined above, which allow
to propose a tentative scenario. It seems that about twdsthir=2. X
of the REXCESS clusters possess a significantly higher centrgftion of morphologlcally relaxed systems has been foue:to
entropy than that expected from current non-radiative adsgs  S'gnificantly higher than predicted (Sun et al. 2009). _
ical simulations and consequently do not possess a coadireg ¢ In .the inner regions therg is con5|derable dispersion, with
A combination of extra heating and continuous ICM mixing du distinct segregation in residuals, in the sense that oo c
to merging may have kept these systems on a higher adial&ﬁi?ters show the least deV|a_t|0.n and.morphologlcallyjdltmd .
leading to the observed high central entropies. Some early YStems show the most deviation with respect to expectation
tra heating may have occurred in the protocluster phasehwh{fom non-radiative simulations. This dependence disafspaia
would coincide with the peak in AGN activity at~ 2 - 3. In =~ Ri000- This clear association of unrelax_ed morphology and el-
this scenario the lower entropy envelope traced by the ramh-c evated central entropy would suggest either that cool cames
core systems (see Figiie 2) could indicate the level of eatha destrpyed by mergers, or that cool cores have never beertoable
heating. The distribution of central entropy above thisdoen- form in these systems. _

velope would then be produced by later heating and gas mixing Fitting the entropy profiles with a power law plus constant
during mergers, with the least relaxed objects having tghdri model allows us to constraia, the power law slope at large
central entropy, as observed. These processes will irfbitoita-  radius, and alsdo, the central excess of entropy with respect
tion of a stable cool core and naturally lead to redistributf t0 this power law. With the current data we cannot statilfica
the gas to the outskirts, acting mostimportantly in low ngss  distinguish between a bimodal distribution or a left-skeles-

tems, corresponding to the observed behaviour of the gas migpution of Ko in log space; however, there is certainly no ev-
fraction. idence for strong bimodality in the present sample. Theidist

) bution of outer entropy slopes is unimodal, with a mediapslo
In contrast, about one third of tREXCESS sample possess ot 0 98. Cool cores have a narrow range of outer entropy slopes
a cool core. The clear association of the BCG with the bottbm @.8-1.2) while morphologically disturbed systems haveteim
the potential we!l_(Haarsma etlal. 2009) and their regulaay(- wider range of outer slopes (0.5-1.9), suggesting a linkben
morphology testifies to the relaxed nature of these obj@bEsse he properties of the cores and the outer regions of clusters
systems presumably experienced a less chaotic early dgabmi |, seeling to explain the structural and scaling behaviour

history leading to a modest entropy elevation due to mixihg (¢ yhe entropy we looked at the gas mass fraction profiles of
any), and may have undergone less _early extra heatlng,lagowthe sample. These are strongly mass dependent. Furthermore
them to develop a cool core atarelatively young age. Tha@ty, o gag mass fraction increases with radius in all casesof pl
reduction of entropy due to cooling while the gas is stillt ¢ 4o gimensionless entropy versus baryon fraction eitiyiic

hot phase, due to the co_mb|nat|0n O.f a temperature drop ws the dependence of entropy on gas mass. Renormalising
the consequent increase in gas density needed to keep lesgil jimensionless entropy profiles by the gas mass fraction p
balance, may bring the profiles into line with the observedgro ;. fad< R), effectively correcting simultaneously for both the

law behavior. However, cooling must be.“m.'t.Ed by Some fmehfnass and radial dependence of the gas mass fraction, dramati
tuned feedback process to prevent a significant fractiomef t

gas from disappearing from the hot phase, which would Ieadﬁa”y decreases the dispersion in scaled profiles and bifiregs

. ! . X : 0 agreement with predictions from non-radiative sintiolas.
a netincrease in entropy, at variance with the observations 1,5 provides further evidence for the underlying reguyaaif

Our scenario bears some resemblance to the model propdéectluster population, which has importantimplicaticorstheir
by/McCarthy et al.[(2008), although with increased emphasis use as cosmological probes.
merger mixing as a process for setting and maintaining pptro  The implication is that variations of gas content with mass
levels in non-cool core systems. and radius can explain the observed properties of the gntrop
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distributions, and by implication, the suppression of Inasity Jeltema, T. E., Mulchaey, J. S., Lubin, L. M., Rosati, P., 8nBiiger, H. 2006,
in low mass systems (e.g.. Pratt etlal. 2009). Various physic ApJ, 649, 649

mechanisms can impose this behaviour, but the mass andl ra%iiﬁs”esror"\i Rl'égfngin'32-3315‘4””09”9”0"' A. 2009, MNRAS, 3987
dependenc_e would strongly argue _for a combmat_lo_n of both 8% avtsov, A. V., Vikhlinin, A., & Nagai, D. 2006, ApJ, 650, 82

tra energy input and radiative cooling. However, it is N8@&g  Lin, Y.-T., Mohr, J. J., & Stanford, S. A. 2003, ApJ, 591, 749

for these mechanisms to be capable fieeting the physical Lloyd-Davies, E. J., Ponman, T. J., & Cannon, D. B. 2000, MNRA&15, 689
properties of the gas at least upRayoo and perhaps beyond,Lumb. D. H., Warwick, R. S., Page, M., & De Luca, A. 2002, A&8S 93

. . . Mazzotta, P., Rasia, E., Moscardini, L., & Tormen, G. 200NRAS, 354, 10
in order to explain the observedisets with respect to EXPEC-\icCarthy, I. G.. Babul. A., Bower, R. G., & Balogh, M. L. 2008NRAS, 386,

tations from non-radiative numerical simulations. We d&ca  13g9
tentative scenario to explain the observed behaviour okthie Metzler, C. A. & Evrard, A. E. 1994, ApJ, 437, 564
tropy and gas mass fraction in tREXCESS sample, based on Mitchell, N. L., McCarthy, I. G., Bower, R. G., Theuns, T., &&in, R. A. 2009,

a combination of extra heating and merger mixing maintajnin, MNRAS, 395,180 -

elpvated central entropy levels in the majority of the pafiah, Nagai, D., Kravtsov, A. V., & Vikhlinin, A. 2007, ApJ, 668, 1
with a smaller fraction of systems able to develop a cool core pearce, F. R., Thomas, P. A., Couchman, H. M. P., & Edge, AOGO2MNRAS,

In the near future, our ongoiNGEXCESS radio follow-up 317, 1029

will help shed light on the relationship between mergingvityt E:gg;gg: Ro Jetzer P, Kaastia, J. 5 & 7amura, T. 2005, A&3S, 101
and the_IaCk of cool cores. LOOkmg further ahead, Qbsm“at' Pointecouteau, E., Arnaud, M., Kaastra, J., & de Plaa, J 28RA, 423, 33
of a similarly selected sample of galaxy groups, which areemopgintecouteau, E., Amaud, M., & Pratt, G. W. 2005, AZA, 435,

sensitive to theféects of non-gravitational processes, would helponman, T. J., Cannon, D. B., & Navarro, J. F. 1999, Nature, 895
to establish the magnitude of their impact at low massesigge Ponman, T.J., Sanderson, A. J. R., & Finoguenov, A. 2003, M8IF843, 331

ol ; Poole, G. B., Babul, A., McCarthy, I. G., Sanderson, A. J.&Eardal, M. A.
spatially-resolved measurements of the entropy at lardiisa 2008, MNRAS, 391, 1163

(R > Rsop) Will be a further essential test of theoretical modp 4t G W, & Amaud, M. 2003, A&A, 408, 1
els. Furthermore, a full census of the baryonic matter aatos pratt, G. W., Arnaud, M., & Pointecouteau, E. 2006, A&A, 4489
entire mass range forapresentativeample of groups and clus-Pratt, G. W., Bohringer, H., Croston, J. H., et al. 2007, A&&1, 71

ters is essential to determine the relative contributiothefdif- Pratt, G. W, Croston, J. H., Amaud, M., & Bohringer, H. 20B&A, 498, 361
ferent processes in pIay Reiprich, T. H. & Hudson, D. S. 2007, in Heating versus Caplin Galaxies

and Clusters of Galaxies, ed. H. Bohringer, G. W. Pratt, ikoguenov, &
P. Schuecker, 3834
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