Astronomy & Astrophysicenanuscript no. 0944 © ESO 2009
February 26, 2009

Galaxy cluster X-ray luminosity scaling relations from a
representative local sample (REXCESS)

G.W. Pratt, J.H. CrostoA, M. Arnauc® and H. Bohringefr

1 Max-Planck-Institut fir extraterrestriche Physik, GiesbachstralRe, 85748 Garching, Germany

2 Centre for Astrophysics Research, Science and Technolegga®ich Institute, University of Hertfordshire, Collegak, Hatfield
AL10 9AB, UK

3 Laboratoire AIM, DAPNIAService d’Astrophysique - CERSM - CNRS - Université Paris Diderot, Bat. 709, CEA-Sgcla
F-91191 Gif-sur- Yvette Cedex, France

Received 22 Sept 2008; accepted 23 Feb 2009
ABSTRACT

We examine the X-ray luminosity scaling relations of 31 bgagalaxy clusters from the RepresentatX®M-Newton Cluster
Structure SurveyREXCESS). The objects are selected in X-ray luminosity only, optignsampling the cluster luminosity function;
temperatures range from 2 to 9 keV and there is no bias towargarticular morphological type. To reduce measuremesitesc
we extract pertinent values in an aperture correspondifyotp estimated using the tight correlation betwégn(the product of gas
mass and temperature) and total mass. The data exhibit paweelations between bolometric X-ray luminosity and tengture,
Yx and total mass, all with slopes that are significantly stetn self-similar expectations. We examine the possialses for the
steepening, finding that structural variations have leffect and that the primary driver appears to be a systematiatiaar of the gas
content with mass. Scatter about the relations is domiriateli cases by the presence of cool cores. The natural kbgaid scatter
about the raw X-ray luminosity-temperature relation isw@hb per cent, and that about the X-ray luminosityrelation is 40 per
cent. Systems with greater morphological substructurey slirmilar scatter about scaling relations than clusterh legs substructure,
due to the preponderance of cool core systems in the redulstec subsample. Cool core and morphologically distubesiems
occupy distinct regions in the residual space with respetiie best fitting mean relation, the former lying systenadiiicat the high
luminosity side, the latter lying systematically at the llmminosity side. Simple exclusion of the central regionwss to reduce the
scatter about the scaling relations by more than a factavafThe scatter reduces by a similar amount with the use afeh&ral gas
density as a third parameter. Usi¥g as a total mass proxy, we derive a Malmquist bias correcta lominosity-mass relation and
compare with other recent determinations. Our resultatdithat luminosity can be a reliable mass proxy with cdiatote scatter,
which has important implications for upcoming all-sky ¢krssurveys, such as those to be undertaken Ridhck andeROS TA, and
ultimately for the use of the cluster population for cosngital purposes.
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1. Introduction andGinga allowed further investigation with increasingly better

S . . . uality data.
The X-ray luminosity is an observationally attractive gtitgn g y

because of the relative ease with which it can be measured, The density squarea) dependence of the X-ray emission
and thus it is a key parameter for cosmological applicationseans that luminosity measurements are very sensitiveeto th
of the galaxy cluster population. For a fully virialised ster exact physics of the gas near the cluster core. Mechanisths su
formed through pure gravitational collapse, the X-ray lnos- as rapid radiative cooling or merging can change the theymod
ity L is determined solely by the mass and distribution of gammic state of this core gas, introducing scatter into thi®ua

in the intracluster medium (ICM), and the X-ray temperaflire luminosity scaling relations. Since our knowledge of theab

is determined by the depth of the potential well in which thiite extent of the scatter limits the constraints that capuien
ICM rests. Correlations between these two basic quantittese cosmological models with the cluster population, the miagis
found in the very early days of X-ray observations of clusterof the scatter, its source(s), and how to correct for it danst
even while the thermal nature of the emission was still undepme of the most important open issues in the study of ckister
debate (Mitchell et al. 1977; Mushotzky et al. 1978; Henry &see e.g. Lima & Hu 2005). Fabian et al. (1994) were the first to
Tucker 1979). Initial results from these works suggestatltthe note that the fiset of a cluster from the mean relation was con-
slope of the luminosity temperature relation was steepan thnected to the presence of a cool core, motivating examimatio
expected from gravitational collapse alone. The launchhef tof methods to correct for thigtect. Markevitch (1998) derived
EXOSAT and Einstein observatories enabled the first systenguantities corrected for the presence of cooling cores bojuex
atic studies of large samples of clusters (Edge & Stewarfl 19%ion of the emission from the central region and the intrtidnc
David et al. 1993), and the subsequent launcROBAT, ASCA of a second spectral component in the temperature estimatio
Arnaud & Evrard (1999) determined the luminosity tempemtu
Send offprint requests to: G.W. Pratt, e-mailgwp@mpe .mpg . de relation using clusters specifically chosen to have wealoar n
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existent cool cores. More recerff@ts have aimed at reducingThe basic characteristics of the clusters discussed irpapgr

scatter by using the peak surface brightness as a third pae&amare given in Table 1.

(O’Hara et al. 2006). At the same time it had long been susplect

that merging events also contributed to scatter about thmm% Scali

relation. This &ect has been investigated with increasingly s¢&1- S¢aling

phisticated numerical simulations, which have shown tHatev |n order to estimate cluster quantities consistently, winde

major mergers can indeed boost both luminosity and tempefaem in terms oRsqq, the radius at which the mean mass density

ture, the boosting appears to be short lived and the net mawens 500 times the critical density at the cluster red$hifvhile

in the luminosity temperature plane is approximately pat& Rso, can be estimated from the total mass profile derived un-

the mean relation (Ricker & Sarazin 2001; Ritchie & Thomager the assumption of hydrostatic equilibrium (HE), thespre

2002; Hartley et al. 2008). sample contains clusters in a wide variety of dynamicakstat
In the present paper we re-investigate the luminosity scalnd consequently the HE assumption may not be valid in all

ing relations withREXCESS (Bohringer et al. 2007), a samplecases (see the discussion in Pratt et al. 2007). Insteadtive es

of 33 local ¢ < 0.2) clusters drawn from the REFLEX cata-mateRs, using Yx as a mass proxy. This quantity, defined as

logue (Bohringer et al. 2004), all of which have been obsérvthe product 0Myg 500, the gas mass withiRsqo, and the spectro-

with a single satelliteXMM-Newton, with the aim of minimis- scopic temperature in the.fl6— 1] Rsgo region, is the X-ray ana-

ing effects due to instrumental cross calibration uncertainti@gggue of the integrated SZ signél;, and has been shown to be a

The unique sample selection strategy, in which cluster® hagw scatter mass proxy in the numerical simulations of Ksavt

been selected by luminosity only, in such a way as to haveeclas al. (2006) even in the presence of significant dynamidal-ac

to homogeneous coverage of luminosity space, delivers an @p. Recent observational investigations using a variétlaster

timal sampling of the luminosity function of the cluster pep samples have demonstrated tifatis indeed a low-scatter mass

lation with no bias towards any particular morphologicgley proxy (Maughan 2007; Arnaud et al. 2007), and the theoretica

Moreover, distances were optimised so that the angulae stal results have been verified in independent numerical sinouisit

the objects is such thatRsoo falls well within theXMM-Newton  (Poole et al. 2007; Yang et al. 2008). We estinRyg iteratively

field of view, allowing detailed local background modelltogoe  from the Msgo—Yx relation derived fronKMM-Newton observa-

undertaken, increasing the precision of measurementsg# laions of a sample of 10 nearby morphologically relaxed local

radii as compared to more nearby clusters which often fill thgusters by Arnaud et al. (2007), viz.,

field of view. Since the basic selection criterion is X-rayniu

nosity, REXCESS should be representative of any local, unbi-

ased high-quality X-ray survey, of the type applicable wiitgy h(2*°Msoo = 104550045

of cosmological models.

In the following, we first use the representative nature ef thyhich was derived using substantially similar methods tséh
REXCESS sample to investigate the raw luminosity scaling relatescribed in this paper. TleEXCESS gas density profiles from
tions, finding that the slopes are steeper than expected §aB \hich Mg,sis derived are discussed in Croston et al. (2008).
is heated purely by gravitational processes and that apotines Note that there is ar 8 per cent normalisationfiset of
are the dominant contributor to scatter about them. Digdite the observed relation when compared to the relation detiyed
data into subsamples, we investigate tffea of cool cores and Nagai et al. (2007) from numerical simulations. Howeveritan
morphological disturbance on a cluster’s position withpeet  grative measurement &0 from the simulatedVisoo—Yy rela-
to the mean relation, finding that the former lie systemdlied  tion changes the values of the temperature and luminosigssy
the high luminosity side, and the latter lie systematicallyhe than 1.5 per cent on average, due to the steep drop of emission
low luminosity side. We then investigate twafleirent methods with radius. Simulations also suggest@per cent scatter about
to minimise scatter: 5|mple_exclu5|on_ of the central_ regtm_ﬂ the Msoo—Yx. Using randomisation assuming a 1.5 per cent rel-
use of the central gas density as a third parameter in sdaling ative change in the measured quantities due to this sceier,
fitting, finding that both methods result in a significant redu have verified that the slopes and normalisations of theragali

tion in the dispersion about the best fitting relations. yaste |aws do not change, and that the maximum change in the scatter
examine the physical causes of the steep slope of the luminggout the relations is only 7 per cent.

ity scaling relations, concluding that variations of gastemt
with total mass are most likely the dominant reason why these o

are steeper than expected. Our Appendix detailsthecess ~2.2. Luminosities and temperatures
survey volume calculations and a first attempt at corredting

Malmquist bias in the luminosity-mass relation. remainder of this paper, were derived for two aperturesh@)

We adopt 2ACDM cosmology withHo = 70 km s Mpc™,  giire cluster emission interior Rs00 (hereafter;) and (ii) in
Qu = 03 andQ, =07, and all uncertainties are quoted at thg,q [0.15-1Rs, aperture (hereaftdr,). We estimated the count
68 per cent confidence level. All logarithmic quantities@ien aie from surface brightness profiles in the [0.3-2] keVdhan
to basee, and the quantity. refers to the bolometric [0.01-10054 ysed the best fitting spectral model estimated in the same
keV] X-ray luminosity. aperture to convert the count rate to bolometric ([0.01}k6¥)

luminosity. At 3o significance, the surface brightness profiles
2. Data analysis are detected outto at leas8Bsoo for all clusters. For 11 clusters,
) ) ) ~ we extrapolated the surface brightness profile using a plamer

Full details of the sample, includingVIM-Newton observation with a slope measured from that of the data at large radius. As

details, can be found in Bohringer et al. (2007). Two of thgan be seen in Table 1, in most cases the need for extrapuitio
REXCESS clusters, RXC J0956.4-1004 (the Abell 9902 su-

percluster) and J2157.4-0747 (a bimodal cluster), disptag- ' Msgo = 500c(2)(41/3)RS,,, Wherepe(2) = h*(2)3H3/8nG and
plex morphology and are excluded from the present analysi§2) = Qu(l + 2° + Q,.

Yx

2x 10" Mg keV

0.548+0.027
] hiv, ()

Bolometric X-ray luminosities, referred to &sthroughout the
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Table 1. Cluster propertiesRsgo Was estimated iteratively using tihdsqo—Yy relation derived for a sample of 10 morphologically relaiechl
clusters by Arnaud, Pointecouteau, & Pratt (2007). The hasity is the bolometric [0.01-100] keV luminosity. All quiities are calculated
assumindy = 0.3,Q, = 0.7, andhy = 0.7.

Cluster z T Ly T, L, T3 Yy Rs00 Ryet CcC Disturbed
(1) (2) (3) 4) ©) (6) ) (8) (9 (10 (@1) (12)
RXC J0225.80203 0.0924 :B5f§:§§ 1.88t§:§i 3.64f§:§§ 1.16f§:§i 3.87f§:i§ 7.69:”%2; 876.7 0.84 ... e
RXC J0006.0-3443 0.1147 .®' 4,13 4,60 3.18" 5.18 2274 1059.3 0.93 ... v

810 083 =818 883 -89 T8
RXC J0020.7-2542  0.1410 .60 6.52+ 5.24 407 5.55 2241 1045.3 1.07
RXCJ0049.4-2931 01084 (@010 17808 27988 10088 30388 50988  Tgo73 003

RXCJ0145.0-5300 01168 83013 50008 55108 38888 56381t 0661788 10803 123 v
RXCJ0211.4-4017  0.1008 .C27j836§ 0.81j8?8% 2.02j339jg 0.4&8?8% 2.o7j835'531 2.038?35 685.0 1.33 ...
RXCJ0225.1-2028  0.0604 .40%8 051880 o188 03988t 56788 50088 go39 001 . v

RXCJ0345.7-4112  0.0603 .ngf838§ 0.77j8?8% 2.15j839jg 0.37j8?8% 2.30j835'5S 1.91j8¢955 688.4 089 Vv
RXCJ0547.6-3152  0.1483 .C&j&?l 8.97t8¢83‘ 5.6&83% 5.76j8¢83‘ 6.06j339§1 35.54j913S 1133.7 1.32
RXC J0605.8-3518  0.1392 .Bngf& 9.54t8f8ﬁ 4.81j85B 4.26j8f8ﬁ 4.91j85i1 22.39j8f5‘28 1045.9 1.17
RXCJ0616.8-4748  0.1164 2p010 23888 416815  10g88 41781 178988 “9395 195 .
RXC J0645.4-5413  0.1644 .sﬁsjg;ig 188&8;95 6.97f8;15 11.39§8;8S 7.27ﬁ8;1§ 7]_61i%% 1280.0 1.28
RXCJ0821.80112 0.0822 :58j8;53 0.77j8;gjg 2.4418318 0.54j8;8% 2.8418318 3.34j53g 755.9 0.93
RXCJ0958.3-1103  0.1669 B0l 1156058 5g5dts 55018 3088 280428 10774 078

N

v
RXC J1044.5-0704  0.1342 .@ngf% 7.42j8}gjg 3.528538 3.00j8fgjg 3.57j8533 11.77t538 9319 109 v
RXCJ1141.4-1216 0.1195 @003 375000 34088 170880 35488 “g50818  gg5, 125
RXCJ1236.7-3354 00796 .7o0s 103881 o578 gp88 57388 597818 7535 g9 . T
RXCJ1302.8-0230 00847 @00 13881 597888 g3l 3,488 50785 gu07 120 o v
RXCJ1311.4-0120 0.1832 @00 360600 82488 151388 g448% gg1gfsl 13707 131 o
RXCJ1516.30005 0.1181 41008 41208 419808 "57788 4985 159788 9599 129
RXCJ1516.5-0056 0.1198 S5007 231700 34088 17788 57488 750984 9370 137 o
RXCJ2014.8-2430  0.1538 78000 210600 56300 75288 573818 398988 11553 100 o
RXCJ2023.0-2056  0.0564 217060 061800 246012 04088 27288 58188 7395 g6 v
RXCJ2048.1-1750  0.1475 86055 51300 45088 44008 5018 260188 10780 1.8 v
RXCJ2120.8-5048 00796 .@ole 14600 36491 11900 3830l ge7d® 900 003 ... v
RXCJ2149.1-3041 01184 2500 35600 340008 15880 350807 gg58% gges 126 v
RXCJ2157.4-0747 0.0579 45008 045000 230088 037880 576887 3078 7515 (97 v
RXCJ2217.7-3543  0.1486 8B005 612000 44508 37088 1e58%0 503785 10556 133
RXCJ2218.6-3853  0.1411 @01 94308 5gg88 55088 168% 343688 11301 104 v
RXCJ2234.5-3744 01510 78015 191500 695811 193688 73088 704318 12835 115 0
RXCJ2319.6-7313  0.0984 22083 20008 248888 “qo78d 55280 45788 7g37 111 o v

Columns: (1) Cluster name; (2)cluster redshift; (3Y1: spectroscopic temperature of tRe< Rspgregion in keV; (4)L1: luminosity in theR < Rggo
region in units of 1¢* erg s*; (5) T,: spectroscopic temperature in thellB- 1] Rsgo region in keV; (6)L,: luminosity in the [015— 1] Rsoo region

in units of 13* erg s*; (7) Ts: spectroscopic temperature in thel®— 0.75] Rsgo region in keV; (8)Yyx in units of 132 M, keV; (9) Rsqo in kpc;

(20) ratio of the detection radius of the surface brightmeesile at 3 significanceRyer, t0 Rsoo; (11) Systems classified as cool cores on the basis
of central density vs. cooling time (see Sect. 2.3); (12)e3ys classified as disturbed on the basis of the centre shitpetekw) (see Sect. 2.3).

minimal. Measured luminosities for both apertures aremive Spectroscopic temperatures were measured in thé [0
Table 1. Errors take into account statistical factors, uagaties 0.75]Rsgo aperturé (referred to hereafter a%s) from itera-

in Rsgp and extrapolation uncertainties. These were estimatiéon about theMsgy — Yx relation of Arnaud et al. (2007).
from Monte Carlo realisations in which the above procedur&emperatures in the full aperture and in thel )~ 1] Rsoo aper-
including extrapolation, was repeated for 100 surfacettnigss ture (hereaftelf; andT,, respectively) were then calculated by
profiles, the profiles anBsgo values each being randomised acre-extraction of spectra in the relevant regions. In alesathe
cording to the observed uncertainties. A PSF correctionimmas spectra were fitted with a MKaL model with an absorption fixed
plemented by using the gas density profile derived from regtthe HI value (excepting RXC J2014.8-2430, which was found
ularised deprojection of the surface brightness as destiilb to have a significantly higher absorption than that indid&item
Croston et al. (2006); the correction was obtained from#iie r the HI value). The three EPIC cameras were fitted simultane-
of the observed to PSF-corrected count rates in each apertously in the [0.3-10] keV band, with the regions around the in
The correction is negligible in the full aperture but can pea strumental lines (1.4-1.6 keV for all cameras and 7.45-9 f@V

13 per cent for strong cooling core systems in the core-eletlu the pn camera) excluded from the fit. Temperatures for adiethr
aperture. apertures are listed in Table 1.

We have also calculated luminosities in thel[8 2.4] keV
and [Q5 - 2] keV bands for ease of comparison with previous
soft X-ray survey results frofROSAT. Luminosities and their 2 Note that this aperture is more appropriate for comparisitm ais-
associated scaling relations are given in Appendix B. tant clusters, which often have poor signal to noise in theraegions.




4 G.W. Pratt et al.: X-ray luminosity scaling relations ot fRREXCESS

Table 2. Observed bolometric X-ray luminosity scaling relationsr Each set of observablek, @), we fitted a power law relation of the form
h(2"L = C (A/A0)%, with Ay = 5 keV, 2x 10" M, keV and 2x 10'* M., andn = -1, —9/5 and-7/3 for T, Yyx and M, respectively. Results are
given for the BCES (¥X) and BCES orthogonal fitting methods (see Section 2.4).iftimsic natural logarithmic scatter about the best fiftin
relation in the In-In plane is also given for each fitSinceM is derived fromYy, the values of the scatter in tlhe— M relation are identical to

those for thel. — Yy relation.? Corrected for Malmquist bias (see Appendix B).

Relation Fitting Method
BCES (YX) BCES Orthogonal
C (1044 €rg S_l) a Oin L intrinsic Cc (1044 €rg S_l) a OinL,intrinsic
R < Rsoo
All
Li—T1 6.07+ 058 270+0.24 0663+0.116 713+1.03 335+0.32 0733+0.135
Li-T3 562+046 288+0.23 0525+0.097 6.27+0.67 342+0.27 0560+0.115
L1—Yx 520+0.36 099+0.05 0384+ 0.060 535+0.38 104+0.06 0383+0.061
Li—My 181+013 181+010 =2.. 174+013 196+011 2..
L,—My MBP 145+ 012 190+0.11 =2.. 1.38+0.12 208+0.13 2..
Cool core
L—T1 1115+242 271+048 0432+0.108 1279+ 380 315+0.63 0479+0.135
L1—Yx 771+ 058 104+0.07 0234+0.103 784+0.65 106+0.09 0236+0.107
Non-cool core
Li—T1 478+0.29 289+0.21 0267+0.058 497+0.29 306+0.19 0285+ 0.068
L1—Yyx 427+020 096+0.05 0214+0.035 432+020 098+0.05 0214+0.036
Disturbed
Li—T1 418+ 059 249+056 0497+0.215 543+274 319+0.78 0646+ 0.346
L1—Yyx 3.72+027 092+0.09 0245+0.120 385+032 096+0.08 0249+0.123
Regular
Li—T1 726+0.86 262+0.21 0578+0.118 797+1.28 313+0.33 0634+0.142
L1—Yyx 6.15+ 042 097+0.05 0302+0.058 6.21+044 100+0.05 0303+0.059
0.15< R< Rspo
All
L—T, 389+018 278+0.13 0269+ 0.055 406+022 294+015 0279+0.059
Lo—T3 331+0.16 284+0.17 0331+0.068 348+0.21 307+0.18 0346+0.075
Lo—Yyx 3.05+0.07 097+0.03 0156+0.038 3.06+0.07 098+0.03 0156+ 0.038
Lo—My 1.09+005 177+005 =*@ 1.08+004 180+005 =*@
Cool core
LT, 431+042 258+023 0242+0.110 446+ 056 270+026 0247+0.113
Lo—Yyx 3.36+0.16 096+0.04 0144+0.098 3.38+0.17 097+0.05 0145+0.098
Non-cool core
LT, 374+021 289+0.18 0231+0.035 388+022 302+0.19 0237+0.039
Lo—Yyx 291+0.06 097+0.03 0114+0.027 292+0.06 098+0.03 0114+0.027
Disturbed
LT, 358+041 288+0.37 0295+0.080 4,00+ 073 318+0.38 0312+0.090
Lo—Yyx 277+0.07 099+0.04 0111+0.096 279+0.08 099+0.04 0111+0.096
Regular
L—T>, 413+021 268+0.11 0225+0.070 420+0.23 276+0.11 0231+0.075
Lo—Yyx 324+0.08 094+0.02 0115+0.045 324+0.08 094+0.02 0115+0.045

L./T;: luminositytemperature interior tBsqo; Lo/ T>: luminositytemperature in the [Q5-1] Rsop aperturelTs: temperature in the [25-0.75] Rsgo
aperture;My: mass measured from tivso—Yy relation of Arnaud et al. (2007).

2.3. Subsamples 2.3.1. Cooling time classification

In an approach similar to that used by O’Hara et al. (2006), we
use gas density and cooling time profiles to classify coationg
We further subdivide the sample to elucidate tffeas of cool systems. Croston et al. (2008) describe the gas densityaotd ¢
cores and merger-related phenomena on the scaling redation ing time profiles of the present sample, which are fully depro
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Fig. 1. Definition of cluster subsamplekeft: Central cooling time vs. central gas density,. The dotted line delineates the threshold we use to
define cool core systemb(z)2ngo > 4 x 1072 cm3, teoq < 10° years.Centre: Histogram of centre shift parametéw), evaluated in the [0.15-

1] Rsoo aperture. Clusters witkw) > 0.01Rsqg are classified as morphologically disturb&ight: Emission measure profiles of tiREXCESS
sample, scaled according to the standard dependence oerttome and expected evolution with redshift. Systemssiflad as cool core and as
morphologically disturbed are indicated (see Sect. 2.3).

jected and PSF-corrected using the non-parametric metkod ohorphologically regular. In total, 321 clusters are defined as
scribed in Croston et al. (2006). We estimate the centraflgas morphologically disturbed.

sity ngp from ap model fit to the deconvolved, deprojected gas The diferent subsample classifications are indicated in
density profiles interior to 03Rsq0. Figure 1 shows the central Table 1 and illustrated in Figure 1. In general, the presafce
cooling time versusi o, Which exhibits a strong correlation, asa cool core is anti-correlated with indications for morpigital
expected since the cooling time is derived from the gas tensidisturbance. However, two clusters possess both a coobeate
We classify clusters according to their central gas demgity display evidence for morphological disturbance (RXC J1802
such that those with(2)™2 ngo > 4 x 1072 cm™3 (equivalent to -0230 and RXC J2319.6 -7313). A gallery of the cool core
those with a centrdEM valueEMcen > 20x 107 cm™® Mpc in - and non-cool core systems, sorted {w), can be found in
the right hand panel of Fig. 1) are defined as cool core systerRgyures A.1 and A.2, respectively, in Appendix A.

10/31 clusters are classified as such. Figure 1 shows that these

systems have central cooling timigs,o < 10° years. 2.4. Fitting procedure
For each set of observableB, @), we fitted a power law rela-
tion of the formh(2"B = C(A/A0)%, whereh(z) is the Hubble
The sample also contains clusters in a wide variety of dynalmi constant normalised to its present day value anehs fixed to
states (Bohringer et al. 2007; Pratt et al. 2007). To ingatt the the expected scaling with The fit was undertaken using linear
effect of dynamical state on the relations, we have calculatkd vregression in the log-log plane, taking the uncertaintielsdth
ues of centroid shiftw), defined as the standard deviation of thgariables into account. Assuming a linear relation of thenfo
projected separations between the X-ray peak and the a@ntrd = aX+b, and a sample dfl data pointsY;, X;) with errorsoy,

2.3.2. Morphological classification

at each radius in the [D— 1] Rsqp region: andoy,, the raw scatter was estimated using the error weighted
orthogonal distances to the regression line:
2
1 1
(W) = [— Qi = ()P x5, 2 1
N-1 Z RSOO Grzaw = m Z Wi (YI _ axi _ b)2 (3)
whereA; is the projected distance between the X-ray peak and =
centroid in thd th aperture. where
Introduced by Mohr et al. (1993), this quantity was found to o2
A X A o
be the most sensitive indicator of dynamical activity in the W i and o2 = 0\2{i + azc)z(i_ (4)

merical simulations of Poole et al. (2007). We calculaterméds
in circular apertures of radii x 0.1 x Rsgo with n = 2,3...10,
excluding the central regions to avoid biases associatddam+ The intrinsic scatter was computed from the quadrattecénce
hanced emission from cool cores (although exclusion oféime ¢ between the raw scatter and that expected from the statistic
tral region does not have a significaffiteezt on the results). The uncertainties.

centroid shift(w) is then defined as the standard deviation of As Figures 2-5 show, the uncertainties in the present data se
the projected separations between the X-ray surface logght are entirely negligible compared to the intrinsic scaterthat
peak and the centroid in units Bfog. A forthcoming paper will error weighting of individual data points will have n@ect on
discuss these results in more detail. For the current aisathe the resulting fits. In the following we use the BCES regrassio
distribution of(w) for the present sample is shown in the centrahethod (Akritas & Bershady 1996), which takes into account
panel of Figure 1. We classify clusters with) > 0.01Rspoas measurement errors in both coordinates and intrinsicescitt
morphologically disturbed, and clusters with) < 0.01Rsgpas the data and is widely used in astronomical regressionngivi

T (WN)IY, Vo?
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results that may easily be compared with other data setd fituter regions. In contrast, all of the clusters with the Isine=n-
using the same method. tral emission measure are classed as disturbed.

It is well-known that dfferent regression methods give dif-
ferent slopes even at the population level (e.g., Isobe &080; .
Akritas & Bershady 1996). It is therefore of paramount impor®-2- The L =T relation
tance to choose the regression method best suited to théndat@ the left-hand panel of Figure 2 we show the-T; relation
hand. With the present data set, there is no easy answer todB&ined withT; and bolometric.; derived from all emission
question of which quantity to treat as the dependent variabtl interior to R (i.€., equivalent to a raw, uncorrected relation).
which to treat as the independent variable. In cosmologigél |n many cases the errors are smaller than the points, a testa-
theoretical applications, the mass of a cluster is its mostid- ment to the exceptional quality of the data. The best fittioger
mental property. Given the tight mass-temperature relq8ay., |aw relations derived from the BCES fits are overplotteddits
Arnaud et al. 2005), it is reasonable to assume Thatclosely |isted in Table 2. The BCES (X) slope, 270+ 0.23, is consis-
coupled to the mass. However, as will be seen below, there ige@it with previous determinations such as those of Markhvit
large intrinsic scatter i, presumably due to baryon physics(1998, 264+ 0.16), Arnaud & Evrard (1999,.88+0.15), Allen
One possible minimisation method would thus treats the de- & Fabian (1998, D+0.3) and Novicki et al. (2002,.82+0.32).
pendentvariable. A second possible minimisation methadavo The slope derived from the BCES orthogonal fi83+ 0.32 is
be to assume thdtoth variables are quasi-independent, and tSomewhat steeper, although only at slightly more thayecon-
treat them symmetrically. sequence of the very large scatter in the data. The relatibns

In the following, we thus give the results from the BCEQ\rnaud & Evrard (1999) and Markevitch (1998) are also plot-
(YIX) fitting method, which minimises the residualslin and ted in the Figure: their normalisations are notably lowet that
from the BCES orthogonal fitting method, which minimises thund in the present work, due to their being a non-cool core
squared orthogonal distances. In the case of maximum scagi@ster sample and cool core-corrected sample respactivel
(the raw, uncorrectetl;—T; relation), the BCES (¥) method The central panel of Fig. 2 shows the histogram of the log
typically gives slightly shallower slopes than the orthogb space residuals from the best fitting relations. The lokyaic
BCES methodl As the scatter decreases, the various regressig#htter about the,—T; relation isoy, . ~ 0.7+0.1in both cases,
methods give results which agree very well within thesr Un-  and is dominated by the intrinsic component, the statitssicat-
certainties (Table 2). Uncertainties on all fit parameteit @s-  ter being negligible. Although the residuals present arctkaw
sociated scatter are determined from 10 000 bootstrap meamtowards higher luminosity systems, the KS probability et
of the data. Since measurement errors are at the ber cent residuals are drawn from a Gaussian distribution are 0.15 an
level, we give only estimates of the intrinsic dispersionutithe 0.10 for the BCES (¥X) and orthogonal fits, respectively. This
best fitting relations. result does not strongly exclude the Gaussian hypothesis, u
derlining the need for a larger sample to better understaed t
scatter (although note that Novicki et al. 2002 find that tige |

3. Results space residuals of a larger sample are consistent with as@aus

3.1. Scaled emission measure profiles distribution with a similaro to that found for the present sam-
o ple).

The emission measur& M) was calculated from the surface” "y s interesting to investigate the factors driving the wer

brightness profiles extracted in the [0.3-2] keV band via: large scatter about thie,—T; relation. The right hand panel of
an(1+ 2 S((%) Figure 2 shows the log space deviations from the best fitting

EM(r) = : r = da(2)8, (5) Li—Ta relations for the cooling core sample (blue stars), and

[,z for the morphologically disturbed subsample (red squaies)

both cases, the subsamples clearly populdterdint regions of
the residual space: cool core systems are preferentiajtda
above the main relation, while morphologically disturbgg-s
tems lie below it. The best fitting power law relations to thei4
vidual subsamples are listed in Table 2. Cool core clustare b
statistically identical slope to that of the non-cool coystems,

and to that of the sample as a whole. The cool core subsample
has a higher normalisation than the non-cool core subsample
significant at the> 2o level, suggesting that the primarffect

of a cooling core is to move a given system orthogonally from
the standard relation. However, the logarithmic scatteuathe

whereS(0) is the surface brightnesda(2) is the angular dis-
tance at redshift, and[{T, 2) is the emissivity, which has been
calculated taking into account absorption and the instnime
sponse (e.g. Neumann & Arnaud 1999). We then scaleé Me
profiles according to their expected evolution with redshifd
dependence on temperatutgyl « h(2)-3T-¥2, shown in the
right hand panel of Figure 1. The behaviour of the scaled lpofi
is very similar to that seen in the gas density profiles diseds
in Croston et al. (2008): outside the central regions, tspet:
sion rapidly decreases and the profiles begin to show iriditat
of simila_rit.y. The relative dispersion in scaled profiles)wlg a cooling-core only relationd,, = 0.48 + 0.13 for the BCES
grﬁnasxﬁﬂ%n%?quéﬂ?fég»c enct).rglls rfgg)g?(;r? 52 an%gaR?ﬁ?r’wmtJ]m ﬁ())frthogonal fit) is higher than that about the non-cool coke re

0.32 at 05 Rsgo. The latter is somewhat smaller than that foundﬁltlon at slightly more thand, reflecting the wide variety of

by Neumann & Arnaud (1999), who used a relation taken froﬁ?o"ng ck?re s;rengths n Ithe presler_n sarrlplg.zgheolggamhm
numerical simulations to calculaRegp, scatter about the non-cool core relatian,( = 0.29+ 0.07, or

Tog1o ~ 0.15), is in good agreement with that found by Arnaud

The two subsamples form distinct classes in the plot. T ; X
cool core systems, unsurprisingly, show very strong cént Evrard (1999), from a sample which contained only non-cool
X : gore systems.

emission and also appear to scale somewhat more tightlyein A similar trend is seen when the clusters are divided accord-
% The BCES (YX) method gives precisely the same results as tHBd to the morphology parameter. Firstly, it is clear frorgifie 2

modified weighted least squares (WLSS) method describedrtt P that the disturbed clusters preferentially populate thelenve-
et al. (2006). lope of thel;—T; relation. The slopes of the relations are statis-
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Fig. 2. Left: L,—T; relation for theREXCESS sample (quantities derived from all emission interioRgg). The error bars are smaller than the
points in many cases. The best fitting power law relationeerfrom the BCES (¥) (red line) and BCES orthogonal (blue line) are overpldtte
the shaded region corresponds to tbeuhcertainty on the latter. The dashed and dot-dashed Iiegb@relations of Arnaud & Evrard (1999) and
Markevitch (1998), respectivelZentre: Histogram of the log space residuals from the best fittifify relation, derived from each fitting method
as indicatedRight: Log space residuals for both fitting methods as indicateali@g core clusters (blue stars) and morphologically dtstd
clusters (red squares) occupy two distinct regions in tbeiplboth cases.
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Fig. 3. Left: L,—T, relation for theREXCESS sample (quantities derived from emission in th&5Rse0 < R < Rsoo aperture). The best fitting
power law relation derived from the BCES orthogonal fittingthod is overplotted as a solid line (the BCESX)results are very similar);
the shaded region corresponds to tleeuhcertainty on the fit. The dashed and dot-dashed lines aneltions of Arnaud & Evrard (1999) and
Markevitch (1998), respectivelZentre: Histogram of the log space residuals from the best fittisig relation, derived from the BCES orthogonal
fit method. The solid curve is a Gaussian with, = 0.28, corresponding to the scatter about the best fittingioglaRight: Log space residuals.
Cooling core clusters (blue stars) and morphologicallyudized clusters (red squares) are less obviously segregate the central region is
excised.

tically identical for both subsamples, and in agreemertitiat aperture; best fitting slopes and normalisations are given i
of the entire sample, but the normalisation of the relaxed-saTable 2.

ple is higher at the & level than that of the unrelaxed sample. The BCES (YX) slope, 278+ 0.13 is similar to the relation
This is partly due to the predominance of cool core systems¢y} it derived from all emission interior 500, and the slope
the relaxed subsample, although disturbed cool core sgsiem o he BCES orthogonal fit,.94 + 0.15 is slightly steeper but in
exist. The logarithmic scatter about the reIat|ons.|s vamjlar, good agreement within thesluncertainties, as is the normali-
aton ~ 0.65, although they are not well constrained. sation. This relation is in excellent agreement, both imtebf
slope and normalisation, with those of Markevitch (1998) an

The clear segregation of the cooling core clusters from tfgnaud & Evrard (1999), which are overplotted in the same

rest of the population (Fig. 2), together with the small tiega F'9ure.

segregation of dynamically disturbed systems and thetsiraic However, the logarithmic intrinsic scatter, = 0.27+0.06
similarity at large radius (Fig. 1, right hand panel), sugfgbat is smaller, as expected, by a factor of two. The central pahel
simply excluding the central region should tighten the lnosi- Figure 3 shows the histogram of the log space residuals from
ity scaling relations. Figure 3 shows the-T> relation derived the best fitting BCES orthogonal relation. The overplottede
from emission excluding the core region, where both the lums a Gaussian with rawy,. = 0.27, corresponding to the scat-
nosity and temperature are estimated in tHi®s00 < R< Rs5pp  ter about the relation. The KS test probability the residwzake
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Fig. 4. Left: L;—Yx relation for theREXCESS sample, with luminosity derived from all emission interiorfRsq. The error bars are smaller than
the points in many cases. The best fitting power law relatenived from the BCES orthogonal fitting method is overpldtés a solid line (the
BCES (YX) results are very similar); the shaded region correspomtise 1o uncertainty on the fit. The dashed line is the fit derived by dfen
(2007) from observations of 115 galaxy clusters in@mandra archive. The agreement is excelle@entre: Histogram of the log space residuals
about the best fitting orthogonal BCES relati®ght: Log space residuals of theffirent subsets. Blue stars: cooling core clusters; red sguar
morphologically disturbed systems.
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Fig. 5. Left: Lo—Yx relation for theREXCESS sample, with luminosity derived from emission in thd®Rs00 < R < Rsqo aperture. The best
fitting power law relation derived from the BCES orthogon#irfg method, which takes into account errors in both comtdis and intrinsic
scatter in the data, is overplotted as a solid line (the BOE®)(results are very similar); the shaded region correspondise lo uncertainty on
the fit. The dashed line is the fit derived by Maughan (200 7Anfabservations of 115 galaxy clusters in tBieandra archive. The agreement is
again excellentCentre: Histogram of the log space residuals about the best fittittgpgonal BCES relation. The solid curve is a Gaussian with
onL = 0.16, corresponding to the scatter about the relafimht: Log space residuals of theffrent subsets. Blue stars: cooling core clusters,
red squares: morphologically disturbed systems.

drawn from a Gaussian distribution is 0.54 for the BCES agthoclusters still tend to be found towards the upper envelogbef
onal fit. distribution, which is reflected in their slightly highermnealisa-

The scatter is clearly reduced on exclusion of the core r#@n compared to non-cool core systems (although this isiget
gions. The relative fiect of the change in luminosity and temificant). The slopes are stable however, and in agreememt wi
perature in the reduction of scatter can be estimated sitmply those found for the relation derived from all emission ifter
comparing the values estimated in the two apertures. We fifdRsoo. In common with the full emission sample, morpholog-
(T1/T2) = 1.02+ 0.07 and(L;/L,) = 1.62 + 0.31 for the full |caIIy_d|s_turl?ed clusfters ten_d to describe the Iqwe_r emelof
sample, indicating that the change in temperature is a véry i€ distribution, having a slightly lower normalisatioraththe
nor efect compared to the change in luminosity. Unsurprisingfll sample, although this is not significant, and a similaps.
however, the change in temperature is negative for coolsyse
tems (T1/T2) = 0.96 + 0.07), while it is positive for non-cool
core objects(T1/T2) = 1.05+ 0.05).

Table 2 also lists the fits to theftBrent subsamples. ScattetYx is an interesting quantity because simulations suggest tha
decreases markedly (by approximately a factor of two) fer tideviations in Mgassopo and T for a given system are anti-
cool core subsample, as expected, but it also decreases saoeaelated with respect to the self-similar expectatideading
what (~ 15 per cent) for the non cool core subsample. Cool cote a reduction in scatter (although thus far this is empiica

3.3. The L — Yx relation
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Fig. 6. L — Msqq relation for theREXCESS sample, with the mass estimated from tje— M relation of Arnaud et al. (2007).eft: Relation
for all emission interior tdRsq. Centre: Relation for emission in the [05 — 1] Rsqp aperture. The best fitting power law relation derived from th
orthogonal BCES fit method is overplotted as a solid line. @&shed line is the fit derived by Maughan (2007) from obs@matof 115 galaxy
clusters in theChandra archive.Right: Relation corrected for Malmquist bias as described in AppeB.

untested). Thaly is the X-ray analogue of the integrated SZ3.4. The L — Msqg relation
Comptonisation paramet¥g; makes the calibration of its rela- . i o
tionship with the X-ray luminosity of prime importance foret It is interesting to make a first examination of the slope amd n

interpretation of data from the upcoming all-sky surveysrfr malisation of the. — Mso relation for the present sample. Since
the Planck andeROSI TA satellites. we do not have independent measures of the mass, we use the

Msoo— Yx relation of Arnaud et al. (2007) to estimate the masses

The L;—Yx relation, where the luminosity is derived fromof the clusters in the sample. For the purposes of this initia
all emission interior tRsg0, is shown in Figure 4; the best fit- vestigation, we ignore the impact of the intrinsic scatteou
ting power law values are given in Table 2. Because of thiee Msgo — Yx relation because it is at present noffsuently
smaller scatter in these data, both BCES fitting methods gmell quantified; X-ray calibrations are necessarily ava#afor
consistent results. Our relation is in good agreement itha@f relaxed cluster samples only, and weak lensing calibratioa
the Chandra archive study of 115 galaxy clusters by Maughaat present lacking sticient dynamic range in mass. The present
(2007): the slopd = 1.10+ 0.04 is consistent with our BCES approach allows us to verify the slope and normalisatiornef t
orthogonal valuep = 1.04 + 0.06, and the normalisation atrelation under the given assumptions, to check the cohereinc
Yx = 2x 10 MykeV is only 14 per cent lower than ours. Thethe slopes, and to compare with previous work using simpar a
intrinsic logarithmic scatter is),. = 0.38+ 0.06, considerably proaches.
less than about thie-T relation (note that sinc¥ is calculated The measured. — M relations are summarised in Table 2
using the temperature estimated in thelf)- 1] Rsoo aperture, and the relations obtained for bolometticmeasured in both
this will tend to damp scatter somewhat). However, the tedid apertures are plotted in Figure 6. The slopes of the relgtion
histogram about the best fitting orthogonal BCES relatidot-p ~ 1.8, are consistent with the T andMsgo— Yy relations, as ex-
ted in the central panel of the same Figure, has a KS probabilyected. Comparing our measurements of the slope and normal-
of only 0.09 of being compatible with a Gaussian distribatio  isation with those of Maughan (2007), we find excellent agree
ment in slope for the relation derived from all emission inte
rior to Rsgo, athough our normalisation is somewhat higher (by
Y< 20 per cent). When the core emission is excluded, the slope
of Maughan’s relation (53 + 0.08) is somewhat shallower than

The residual distribution for the fierent subsamples mirrors
that of theL,—T; relation: cool core clusters lie preferentiall
above and morphologically disturbed systems lie preféatiynt

below. This factis reflected in theffﬁr.ent normalisations found j "p~Eg orthogonal measurement3(L+ 0.05), at the~ 20
When. fitting the O“fe.re“F subsamples._ the cool core systems hafé‘?/el. However, the normalisations are in excellent agesgm
the highest normalisation and the disturbed systems thestow In the right r’land panel of Figure 6 we compare the Eawh

However, the slope of the relation, when fitted t&felient sub- : . N
samples, is remarkably stable at 0.96-1.06, and the sldyzb ogﬁte'cégtmtgrtggetgggegﬁg {ﬁgt?jaet%r?; l}/(l)a;lw}cgjges)tzbﬁskg\?e
subsamples are statistically indistinguishable. and [05 — 2] keV bands, plus comparison with the results of
Figure 5 shows theo—Yy relation, determined with the core Vikhlinin et al. (2008), are given in Appendix B. The cornect
emission excluded. Once again there is excellent agreemenbas the &ect of steepening the relation slightly due to the under-
both slope and normalisation between our relation and thatfépresentation of low-luminosity clusters on tEXCESS sam-
Maughan (2007). The relation is very tight: the intrinsigde Ple.
rithmic scatter is only, . = 0.16+0.04, and the KS probability The scatter is, by definition, identical to that about the
that the distribution of residuals is compatible with a Gaais is Yy relation, and is in excellent agreement with that found by
0.93. For the dierent subsamples, Table 2 shows that the slopéikhlinin et al. (2008) from a similar analysis of a largerxtu
are remarkably similar, ranging from 0.94 to 0.99, and thegro limited sample of nearby clusters. Note that if«c MY, then
law normalisations for the best fitting models are segrebata a first order estimate of the scatter in massijgy ~ OnL/Y.
similar manner to the luminosity temperature relatiohaligh However, this will only be true i6, . is measured at fixell for
with much reduced significance. a complete sample. Using the measuremenyof at fixedT or
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Table 3. Best fitting parameters for the three parameter scalingisala core emission is excluded: in this case, the normalisatitifrs
fits. Fits were measured using standard regression withseestimated  fer in all cases by less thansb, although morphologically dis-
using bootstrap resampling. Data were fitted with a powerdéthe v, heq systems still have the lowest normalisation. In camm

np _ a B i — 4 X . .
'CZOLT(;{SZ,)VIL ;n%gA_/ Af’% (_'15)/5 ;Vr']tg_@“}?;fg’r I_<I_e\¢X2g<né%|1 'r\g%ggc\:{i\?enlg with O’Hara et al. (2006), we find that clusters with greaterm
(o]} - ’ ’ ’ )

andD is the central gas density. The logarithmic intrinsic ssaabout Phological substructure do not exhibit more scatter aboak s

the best fitting relations is given in the final column. ing relations than clusters with less substructure. Thisastly
a consequence of the fact that morphologically regulaesyst
Relation C a B Oin L.intrinsic contain a preponderance of cool core clusters. This resultav

also suggest that the maiffect of merging is to move systems

Li-Tifleo  2745+£145 261+036 036+010 047004 Z5nq the relation rather than orthogonal to it. In this esht

Li—Yx—eo 1390+1.13 099+004 026+003 022+0.02

L;-M-ney 484+114 182+007 0264003 ... we note that numerical simulations predict quasi-simaltars
' boosting in temperature and luminosity at certain epoctes af
L1/T1: luminositytemperature interior tRsoq. merging event, which would indeed tend to move clustersgalon
the relation.

In common with most previous investigations, we find that
the vast majority of the scatter in all relations is due tophes-
ence of cool cores, which lie systematically above the biisifi
relation with an dfset that appears to be related to the strength of
the cool core. A fit to the cool core system#dis from a fit to
the whole sample only by a normalisation factor. Howeveg, th
scatter about the best fitting cool core subset relation aglye
3.5. Relations including a third parameter twice that about the non cool core subset relation, reflgdtie

) ) different cool core strengths.
The presence of a cool core is clearly the factor which con- Excluding the central emission leads to a significant reduc-
tributes most to the scattering of a given cluster about &8t btjon of the scatter about all relations. For example, thetsca
fitting relation. Figure 1 shows that the central density is & apout theL—T relation decreases by a factor of two on exclusion
very reliable indicator of cool core strength. FollowingHara of the core, and the reduction in scatter is similar forlthe Yy
et al. (2006), it thus follows thateo may be taken into accountre|ation. Correcting for the presence of a cool core by agsym

Yx introduces covariance af and Yy into the relations, which
would modify the first order scatter estimate. Nevertheltss
scale of this first order estimate of the scatter in massig ~
0.20- 0.37 for the full aperture and only;, y ~ 0.09—0.16 for
core extracted quantities.

as a third parameter in the scaling relations. a power law dependence of central density with luminosity
Fitting a scaling relation of the form: affords an alternative method to reduce scatter. The reduietion
h@"'L = C(A/Ag)*(no)? ©6) scatter obtained by the usemy is of the same order as that ob-

tained from simple core exclusion. We note that core exatusi
ay be dfficult in the case of distant clusters or those detected
th very low signal to noise, and in these circumstancesiy m
_be preferable to use the central density or surface brigbtte
Heduce scatter about the scaling relations.

whereh(2) is the Hubble constant normalised to its present déy
value anch was fixed to the expected scaling witrand solving V!
for a,  and the normalisatio@, allows us to investigate the in
fluence of central density. o on the scaling relations. For eac
relation the fit was undertaken using standard linear regres
in the log-log plane. We determine the best fitting valuesasid 4.2, Siope of the relations
sociated & uncertainties via 1000 bootstrap resamplings of the o )
observed data set, and the raw scatter was estimated using'fh€ X-ray luminosity of a cluster can be written (Arnaud &
error weighted orthogonal distances to the regression line ~ Evrard 1999):

The resulting best fitting relations are summarised in Table _ g2 A
Dependencies on the main scaling parameterYy and M) L(T) = T MIMMAMIAT) (7)

are similar to those derived for the two-parameter fits tee€or where A(T) is the cooling function(T), introduced by

excluded quantities, as expected. The scatter is Com[aaa'rablAmaud & Evrard (1999), is equal ,@5as>/<pgas>2’ with the an-

that derived from a two-parameter fit to core-excluded guant . o P
ties for all relations. gle brackets denoting an intrinsic volume averd@@.) is thus a

Thus the technique of using the central gas density apmargignensionless structure factor which depends only on thgadp

be a promising method for reducing scatter about the luritinosdistribution of the gas density (e.g., clumpiness at snlles
scaling relations. shape at large scale, etc). With the set of additional asgsongp

(i) pure bremsstrahlung emissioA(T) o« TY?]; (ii) virial equi-

librium [M o T%¥?]; identical internal cluster structur€@[T) =
4. Discussion C1]; constant gas mass fractiofyf{T) = C;], we arrive at the
standard self-similar expectation for the luminosity-perature
relation,L o T2. The self-similalL — Yx relation can be obtained
The REXCESS data have allowed us to investigate the sourc&®m combination of the gas mass-luminosity and luminesity
and magnitude of the scatter about the various relationgyustemperature relations to givie « YQ’S. Combining the self-
a data set which should be representative of any X-ray selecsimilar mass-temperature and luminosity-temperaturaioeis
sample of clusters. leads to a dependence of luminosity with mask of M¥/3,

For all emission interior tdsgo, morphologically disturbed In common with most previous work on the subject, we find
systems tend to lie below the best fitting relation to therentithat the slope of th&—T relation of theREXCESS sample is
whole sample; however, this is mainly due to ttigeet of cool steeper than the prediction from the expectations of selfies
core systems in the full sample, which tend to increase its naollapse models. The steeper slope is found consistentyl in
malisation. A fairer test is to compare the subsamples when subsamples, and in all cases the statistical precisioneofiéta

4.1. Scatter about the relations, and correcting for it
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. d . Fig.7. Structure factor
R ATl QMbin = (PZas/(Pgas®, €S-
o

Q(T)bin

° ° o timated from the gas density
P ] profiles, versus temperature.
Left: Quantities estimated from
] all emission interior to Rsgo.
1F b 1r b Right: Quantities estimated in
1 H 1 the [015 — 1]Rse aperture.
There is_no significant depen-
dence ofQ(T)in ON temperature

1 10 1 10 on a Kendall'sT test in either
T < Ry (KeV) T [0.15-1] Rsgo (keV) case.

°
°
°

Q(T)bin [O~15‘1] R500

allow us to rule out the self-similar predictions. We find 88n  seen in the&keXCESS analysis of Croston et al. (2008) is one ex-
results for the. — Yy relation, where the observed slope-o1.0 ample. At the same time Croston et al. have shown that the tem-
is significantly steeper than the self-similar expectatib0.8, perature dependence of the relative dispersion of scakedeya

and for theL — Msq relation, where the observed slope of 1.8ity profiles has all but disappeared af Bsoo, suggesting that

is steeper than the expected value of 1.3. These facts imaty tclusters become increasingly structurally similar at éangdii.

one or more of the assumptions listed above does not hold fdris is borne out in the present data when we examine the more
the real cluster population. powerfully diagnostic structure fact@(T)pin = (p535>/<pgas)2,

The assumption of pure bremsstrahlung is not strictly vallihere the average is taken over the radial gas density profile
since line emission becomes increasingly important asetime t This quantity is identical to that presented in Arnaud & Hura
perature decreases, having ttieet of flattening the relation as (1999) except that we use a fully deconvolved, deprojected g
lower temperature systems are boosted in luminosity. Whie density profiles rather thafi-model fits. Q(T)pin effectively
lower temperature limit of theexcess sample, 2 keV, should Probes the variation of the large scale shape of the gastgensi
suffice to minimise thesefkects, systematic fierences in the With temperature, that is to say, variation of the gas cotreen
metallicity between objects may serve to change the terhpera tion with mass. However, singg.qr) is derived from spheri-
dependence of the X-ray emission from the expected valueGaly symmetric deprojection of the surface brightnesdijero
T2, We tested this using the measured temperatures and ab}&f'tonstructiorpgagr) is /(PéaQ, where(p2,y is the average

dances of th&@EXCESS sample, finding a best fitting power law ° , A .
relation of 0.5, in full agreement with the expected depende Within each radial shell. Thus we emphasise QEk)jyin is only

The assumption of virial equilibrium leads to the expected Partial estimator of(T) which does not probe more subtle
relation M o« T¥2 between total mass and temperature. ects such as variations of the gas clumpiness with mass, or

topic of vigorous debate in previous years, several reqent pUPstructuring at smaIIAscaIe.
vestigations of the X-ray mass-temperature relation haea/a In Figure 7 we plotQ(T);in versus system temperature for
percent-level agreement in normalisation and that theeslsp both apertures considered in the present work. The evidence
not greatly diferent from the self-similar expectation (Arnaudh correlation betwee@(T)pin and system temperature is very
et al. 2005; Vikhlinin et al. 2006), although it may be slight weak on a Kendall's test, being significant at only 8 per cent
steeper (Arnaud et al. 2005; Sun et al. 2008). for the full aperture and- 15 per cent for the [A5 — 1] Rsoo
The question of structural regularity has also receiveatjua aperture. Interestingly, the standard deviatiorQ¢T )pin in the
tative tests in recent years. For instance, there is nowarging [0-15 — 1] Rsoo aperture o5y = 0.14, gives an observational
evidence that the total mass density profiles of galaxy etsst limit of the variation of cluster structure outside the coggions
and groups scale quasi-self-similarly with a mass deperelest fixed temperature. Thatitis only on the order of 15 per aent
that is in good agreement with predictions from numerical-si gues for a cluster population of remarkable structurallsirity.
ulations (eg., Pointecouteau et al. 2005; Vikhlinin et &0@; Itis thus unlikely that a systematic dependence of clustacs
Gastaldello et al. 2007). On the mass scales we are corrgidefHre on temperatufmass can be a major cause of steepening of
here, the variation of the total mass density concentratim the L—T relation of the present sample. However, tifieet of
mass is in fact consistent with zero (Pointecouteau et &520a systematic dependence of gas structure at smaller scéile wi
Vikhlinin et al. 2006). This would imply that a variation ois- ~ temperaturgnass remains an open issue. More detailed assess-
ter dark matter structure with mass cannot be responsibteéo ment of the gas clumpiness requires combining X-ray data wit
steepening of the—T relation, at least in the mass range coverdtigh quality SZ data.
by the present data. A more likely explanation is if the gas mass-temperature re-
However, the baryonic components of clusters are subjecti@tion Mgas — T deviates from predictions (or equivalently, if
somewhat dferent physics, and there are indications that thbe gas mass fractiorfgas = Mgs00/Msgo varies with mass),
large scale ICM density structure is temperatun@ss depen- as was discussed in previous work basedRQ®AT data (e.g.,
dent. The clear correlation of the slope of the gas densdfiler Neumann & Arnaud 2001; Mohr et al. 1999). Recent results
measured in the radial range.30- 0.8] Rsoo with temperature on the relaxed cluster sample of Arnaud et al. (2007) and on
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Fig. 8. Gas mass fraction vs madsft panel: Trend of gas mass fraction versus mass derived from X-raypunements of 41 groups and clusters
with high quality hydrostatic mass estimates (Arnaud e2@07; Vikhlinin et al. 2006; Sun et al. 2008). Grey points actual measurements;
black points are mean values in logarithmic mass bins. Tl lge is the orthogonal BCES fit to the unbinned déftassoo o« M2, Right panel:
Approximate gas mass fraction versus mass measurementeREXCESS sample, where the masses have been estimated fromMstae- T
relation of Arnaud et al. (2005). Black points again showrfean trend for three logarithmic mass bins. The solid lirthéssame as in the left
panel. The band illustrates the WMAP 5-Year baryon fractionstraints (Dunkley et al. 2009).

the REXCESS sample itself (Croston et al. 2008) have showitself in an increase in ICM entropy and consequent suppres-

that Mg 500X T2, in agreement with previous work, thus im-sion in luminosity at lower masses. The two most likely pbgbi

plying a steeper dependence than the self-similar predici possibilities are a variation with mass in th&aency of con-

Mgas o T¥2, Such a dependence Mgas on T would imply version of baryons into stars ar situ non-gravitational energy

fgasoc M3 for a self-similarM o T%2 relation. input from e.g., supernova feedback or AGN (e.g. Puchwein,
The left hand panel of Figure 8 shows thgssoo— Msgorela-  Sijacki, & Springel 2008; Bower, McCarthy, & Benson 2008),

tion for 41 systems ranging from 3Bto 105 M,, for which gas ©' & comblnapor) of Fhe two. In a forthcoming paper we will use

mass fraction estimates derived from hydrostatic mass meas the entropy distributions to probe the source(s) and extetiie

ments are available (Arnaud et al. 2007; Vikhlinin et al. 00 €Ntropy redistribution. _ _ _

Sun et al. 2008). The trend of mean gas fraction with mass is Better constraints in the group regime are still requiresd, e

evident to the eye. To better illustrate this, we have digittee Pecially in the light of the increased scatter apparentydbere

data into five approximately equal logarithmic total massshi (Osmond & Ponman 2004; but see Sun et al. 2008).

and calculated the mean and standard deviation of the gas mas

fraction measurements in each bin. A BCES orthogonal fit to

the combined (not binned) data set in log-log space yields t§. Conclusions

relation:
We have presented a detailed study of the luminosity scading
lations ofREXCESS, a galaxy cluster sample selected by X-ray
32 _ luminosity in such a way as to optimally sample the cluster X-
h(2™In fgassoo = (~2.37+0.03) ray luminosity functionREXCESS contains objects of fierent
+(0.21+ 0.03)x In (M/2 x 10* M) dynamical states with a range of core X-ray propertiesyallo

ing us to investigate theffect of the presence of these systems

with o = 0.12 + 0.03 dispersion. The right hand panel ofn the scaling relations. The homogeneous nature of the sam-
Figure 8 shows the corresponding trend fgfssoo With clus- ple data, _vvhlch have all been observeql with Fhe same sa_telllt
ter mass for thekExCESs sample, where the data values havl® @pproximately the same depth, combined with an analpsis a
been estimated using thé-T relation of Arnaud et al. (2005). Proach based on extraction of relevant quantities withalest
Dividing the data into three mass bins and averaging the rtures, has been designed to minimise measuremergrscatt
mass fraction measurements in each bin yields the thickl sofVe found the following results:
points, which are in good agreement with the best fitting-rela
tion to the combined data from hydrostatic estimates dsails — The slope of the luminosity-temperature, luminosttyand
above. luminosity-mass relations are all steeper at greater ti®an 9

The trend infy,simplies a decrease in gas content in poorer per cent confidence, than expected for self-similar gravita
systems relative to higher mass systems, a fact which nssife tional collapse scenarios.
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— The dependence of the radially averaged structure factor scatter of 47 per cent; tHe— Yy — neg relation has a scatter
Q(T)in ON temperature, where both quantities have been es- of 22 per cent.
timated for the first time withifRsqg, is not significant either — UsingYx as a mass proxy, a Malmquist bias corrected lumi-
when measured from all emission, or from core-excluded nosity mass relation fOREXCESS is steeper than the raw
emission. This suggests that, contrary to previous results relation due to the under-representation, for a given nudss,
structural variation cannot be a significant contributoth® low luminosity clusters in the sample.
steepening of the relations unless there is a very strong tem
peraturgmass dependence of gas clumpiness. Furthermore, The behaviour of the observed luminosity scaling relations
the scatter iMQ(T)pin measured in the [@5 - 1] Rsoo aper- thus appears to be driven principally by a mass dependence of
ture is~ 15 per cent, illustrating the remarkable structurdhe total gas content. Plausible physical explanationthi@de-
similarity of the present sample in the outer regions. pendence are a variation with mass in tfeceency of con-

— There is strong evidence for a decrease in gas mass ce@rsion of baryons into stars om situ heating after accretion.
tent in poorer systems relative to higher mass systems, @reater understanding of the source of the dependenceewill r
in other words, a dependence of the gas mass fraction @uire deep observations of a similarly representative samwip
total mass. Thisféect is clearly seen in th®gas— T rela-  group scale haloes, to measure accurate luminosities abe pr
tion of the present sample (Croston et al. 2008) and has béke underlying physical causes; furthermore, precisdiation
seen in many previous samples. Using the total mass detgfrthe evolution of the scaling relations is needed, idealty a
mined from published hydrostatic estimates of a combinesimilarly-selected distant cluster sample, to probe tfeceover
sample of clusters and groups spanning®400° M., we time.
find that the gas mass fraction depends on total mass such
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factor. However, there is nearly two times more logarithmigshringer, H., Schuecker, P., Guzzo, L., et al. 2004, A&254367
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g S : MNRAS, 386, 2015
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ray luminosity- temperature relation, the natural lodamiic  Maughan, B. J. 2007, ApJ, 668, 772
scatter is 30 per cent, a reduction of more than a factor gichell, R. J., lves, J. C., & Culhane, J. L. 1977, MNRAS, 185P
two. Similarly significant reductions are seen in other-rel%oﬂr’ j j l'\:/lat:ﬂ.‘"’a”t' DéeééGe'('jer’AMéJiégg:gAAS’Jéfﬁg
tions. After exclusion of the core, the scatter in Iuminpsit yashorio, R F. Serlemitsos, b J, Boldt, E. A, HOI, S.SSmith, B. W.
temperature and luminosityx relations is well described 1978, ApJ, 225, 21
with a Gaussian distribution &t 85 per cent confidence. A Nagai, D., Kravtsov, A. V., & Vikhlinin, A. 2007, ApJ, 668, 1
reduction in scatter can also be achieved by considering ffgimann, D. M. & Arnaud, M. 1999, A&A, 348, 711
central gas densityleo, as a third parameter in the scalingﬁe“ma””’ D M. & Arnaud, M. 2001, A&A, 373, L33

. . _ . Novicki, M. C., Sornig, M., & Henry, J. P. 2002, AJ, 124, 2413
relations. Thel — T — neg relation has a natural logarithmiCoHara, T. B., Mohr, J. J., Bialek, J. J., & Evrard, A. E. 200@J, 639, 64
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Osmond, J. P. F. & Ponman, T. J. 2004, MNRAS, 350, 1511 The classical problem is the selection bias of an X-ray flux-
gsfﬁggbgt-vegffée, Xr.ﬁ:\ud;nlz/il’ %L, F?rta?tl- éoc\)/\Y/ ZR?J’EEAASégsf:%Z limited sample, where the more luminous clusters are sainple
Poole. G. B.. Babull, A. McCarthy, 1. G., et al. 2007, MNRABN3437 from a larger volume thar_1 the less Ium|r_10us cI_uste_rs. Thuos fo
Pratt, G. W.. Arnaud, M., & Pointecouteau, E. 2006, A&A, 4489 any cluster property that is correlated with luminosity dea-
Pratt, G. W., Bohringer, H., Croston, J. H., et al. 2007, A&&1, 71 tures a finite scatter, the more luminous clusters will abvbg
Puchwein, E., Sijacki, D., & Springel, V. 2008, ApJ, 687, L53 over-represented with respect to the less luminous chistéis
Reiprich, T. H. & Bohringer, H. 2002, ApJ, 567, 716 effect has previously been accounted for in flux-limited susvey

Ricker, P. M. & Sarazin, C. L. 2001, ApJ, 561, 621 : .
Ritchie, B. W, & Thomas, P. A. 2002, MNRAS, 329, 675 in works by e.g., Ikebe et al. (2002); Stanek et al. (20063aBd

Rykoff, E. S., Evrard, A. E., McKay, T. A., et al. 2008, MNRAS, 38782 €t al. (2007); Vikhlinin et al. (2008). In the case REXCESS,
Stanek, R., Evrard, A. E., Béhringer, H., Schuecker, P.,&d\ B. 2006, ApJ, the survey geometry is more complex, and has propertiestbf bo
648, 956 _ a flux- and a volume-limited sample.
S“?ar“ﬂ'i’vv-‘)é%(% ';"é'zoD)O”ah”e' M., Jones, C., & Forman, W. 2088J, in press The basis for the calculation of the biafeet is the sur-
Vikhlinin, A., Burenin, R. A., Ebeling, H., et al. 2008, Apkubmited V€Y Selection function, which for our case specifies the size
(arXiv:0805.2207) the sampling volume as a function of X-ray luminosity. The se
Vikhlinin, A., Kravtsov, A., Forman, W., et al. 2006, ApJ, 4691 lection function is given by three ingredients (i) the skgar
Ya'(‘g'rxé'\'/-_o\gésﬂg';‘;;' P. M. & Sutter, P. M. 2008, ApJ, submitte coyered by REFLEX 4 4.24 st) and the luminosity intervals
) ) and redshift shells defined for thREXCESS sample selection,
(ii) the incompleteness of the sky coverage due to low expo-
sure regions of the ROSAT All-Sky Survey (RASS), and (iig th
Appendix A: Cluster image gallery, sorted by cool flux measurement error which in_trodyces a dispersi_on betwee
o the observed and true X-ray luminosity. For the luminositd a
core and (w) classification redshift boundaries we use the definitions given in Table 1 of

As an aid to visualisation of the sample, in this Appendix wBOhringer et al. (2007). For those bins containing morsteits
present the images of each cluster that were used to cacufi@n the four clusters per bin selected REEXCESS we use an
the centroid shift parameteéw). We remind the reader thayy —aPpropriate fractional weighting factor. The incompletss is
was evaluated with the centrallRso excised, to avoid biasing 9IVen by the sensitivity function in Table 8 of Bohringerast

as a result of the highly peaked surface brightness of cael c§2004), illustrated in Fig. 23 of Bohringer et al. (2001)ieh
systems. The images are derived from the three EPIC desec@fcounts for the fact that not the complete redshift shedgin
and have been corrected for vignetting; in addition, panrses Step (i) is sampled, but there is an incomplete coveragealue t
have been removed and replaced by Poisson noise sampled fi@f Of sensitivity in some areas with low exposure/andhigh
counts in an annulus surrounding the excised source. interstellar column density\Ny. An additional factor must be

Figures A.1 and A.2 show the resulting images. Contou ed in connection with the sensitivity function simEXCESS
increase in steps of/2. As in the originalREXCESS paper clusters were selected to have at least 30 counts in the RASS;

e : this is taken into account as explained in Bohringer et2410(,
(Bohringer et al. 2007), the colour table of each panel &est : ; AN
by a factor ofL[0.1 — 2.4]°22, derived from the theoretical rela- 2004). For the first seven bins we used a further restrictidhe

. 0o ;
tionships between surface brightness and radys{ R), radius REXCESS selectionNy < 6 x 10°* cn1™2, so for th_ese bln_s we
and massR o« M¥3) and luminosity and mas (¢ M¥?) have recalculated the sky coverage for the restricted skpme

Clusters are divided into cool core and non cool core su 1eeting theNy criterion. This and some other corrections are
samples and then arranged in order of increasing centrdid S%:‘mall in our case (e.g., the part of the sky covered up to the-no

P 9 9 al flux-limit for a minimal detection of 30 photons incress
parametekw). Cool core systems generally appear more moj;

holoaically undisturbed: however. the increase in molotie ™M 78% to 79.5% for the lowNy region), and will not signifi-
phologically un » O » ¢ ko - ntly afect the final results here, but it is nevertheless important
cal complexity is always evident at higher values(wf. Note

o to have all thesefiects under control.
that two clusters are classified as both cool core and morpho- ; : . :
The resulting selection volume function shown in the left

logically disturbed: RXC J13020230 and RXC J2319 'ﬂ7313'hand panel of Figure B.1 is a step function for the 9 luminosit
Figure A.1 shows that they exhibit both centrally peake bins of REXCESS, with the steps slightly tilted due to correction

brightness and morphological complexity, as expected. (ii). Folding in the scatter between measured and intrihsig-
nosity, which is assumed to bel0%, smooths the step function.
Appendix B: Survey luminosities and associated Itis mon_otonlcally increasing with X-ray luminosity. It mhes_
. . that luminous clusters are more represented than less dursin
scaling relations systems withinREXCESS. This can then be straightforwardly
B.1. Introduction included in a weighting factor for the clusters offdrent lumi-
nosity for a given mass. One approach is to give each cluster
Past (e.g.ROSAT) and future (e.g.eROSITA) X-ray survey a weighting factor inverse to the selection volume ratiohsf t
satellites are primarily sensitive in the soft X-ray banditis measured and nominal luminosity for given mass beforeditin
Appendix we give the soft band luminosities of tREXCESS  scaling relation. Or, as we do here, we can follow a recipéana
sample, together with the scaling relations between lugiiyo ogous to that described by Vikhlinin et al. (2008, Apendi2).
and temperature andx. All quantities are calculated as de-where the mean bias for given mass is calculated via,
scribed in Section 2.2,

Bias (InL|InLg) = (InL)—InLg

+00
Selection fects can bias the observed scaling relations if not all - Lw AlnL pnLiin Lo) VseinL) din L
clusters are completely sampled in a well defined test volume f:: p(InL|InLp) Vse(INL) dinL

B.2. Correction for selection bias
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RXCJ2149.1-3041 RXCJ0958.3-1103 RXCJ1311.4-0120 RXCJ0345.7-4112 RXCJ1141.4-1216

3 arcmin 3 arcmin 3 arcmin 3 arcmin

3 arcmin

RXCJ2319.6-7313

RXCJ2014.8-2430 RXCJ0605.8-3518 RXCJ1044.5-0704 RXCJ1302.8-0230

3 arcmin 3 arcmin 3 arcmin 3 arcmin 3 arcmin

Fig. A.1. Cool core clusters, sorted from top left to bottom right iderrof increasing centroid shift paramet@v). The images are derived from
the three EPIC detectors and have been corrected for viggeRoint sources have been removed and replaced by Paisgsssampled from

counts in a surrounding annulus. Contours increase in sfep. The colour table of each panel is scaled by a facta8f (see Bohringer et al.

2007 for details). Note that RXC J13@2230 and RXC J2319 -7313 are classified as both cool core arghologically disturbed.

whereLy is the mean (zero scatter)for given massAInL = rected relation has a 25 per cent higher normalisation thai t
InL - InLo, and p(InL|In Lo) characterizes the scatter bfin  of Rykoff et al. at our fiducial pivot point of & 10'* M. The
the mass - luminosity relation, assumed to be lognormally dinormalisation of the Reiprich & Bohringer relation has ae p
tributed, and given by the observed scatter inltheMy relation cent lower normalisation than our corrected relation atsérae
(Table 2). The bias factor is shown as a function of lumiryasit mass scale.
the right hand panel of Figure B.1. The right hand panel of Figure B.2 shows the corrected
A final subtlety is that the luminosities used as the basis [f.5-2] keV band relation compared to the results derived by
the REXCESS selection, and thus for the bias calculation abov#ijkhlinin et al. (2008) using the same Malmquist bias cofrec
are those calculated as in the original REFLEX catalogues&h tion procedure on a sample of clusters observed @hhandra
were iteratively calculated in the [0.1-2.4] keV band in e (the Chandra Cluster Cosmology Project, CCCP). The agree-
tection aperture and extrapolated to an assumed radiBs@f ment in normalisation is good at low/M, but at higheri./M
and are thus not equivalent to the luminosities derived i ththe Vikhlinin et al. relation is somewhat below ours (by appr
paper (see Bohringer et al. 2004 for luminosity calculatie- imately 40 per cent at 8 keV, or:810'* M,,).
tails; the appropriate REFLEX luminosities for the&EXCESS The REXCESS and CCCP slopes are slightifiedent, al-
sample are given in Table 3 of Bohringer et al. 2007). We fikough it is important to note that they are in agreementiwith
a linear relation in log-log space between the present loskn their 1o uncertainties. The bias correction itself does not play
ties and those from REFLEX, findirgreriex = 1.15X ([0.1 - 3 part because there is excellent agreement in the magnitude
2.4]keV Lrexcess)**. The bias correction factor for the approof the scatter about the — M relation from the two samples.
priate luminosity, Bias (I| In Lo), is then applied to each dataywe use a dierentMsgo — Yx relation to estimate masses, al-
pointin the sample and the relation is refitted. ~ thoughin practice thefect of this diference will be small since
The Malmquist bias-corrected bolomettic- My relationis  our relation is in good agreement with theirs. One partial ex
shown in the right hand panel of Figure 6, and the corresporglanation could be due to the systematiset in measurements
ing fitted power law relation is given in Table 2. The correnti betweenChandra and XMM-Newton, in which, at high temper-
steepens the relation somewhat, due to the under-repagisent atures,Chandra overestimates the temperatfirSince in both
atagiven mass, of low luminosity clusters in tREXCESS sam- cases masses are derived frym = MgasT, this will have the
ple. effect of boosting the higher ma&handra points at a given lu-
minosity, leading to a flatter relation than the one we finceher
The dfect is of order 20 per cent at 8 keV for a mass calculated
from theM — Yy relation, which alleviates the fiierence some-
The corrected relations for the two survey bands are alsngiwhat. Finally, the samples contairfiigirent clusters. The individ-
in Table B.2. The left hand panel of Figure B.2 shows the rawal samples probe slightly filerent mass ranges &EXCESS
and corrected [0.1-2.4] keV band relation compared to prewiontains more lower mass systems, while the local CCCP sampl
ous determinations from an X-ray hydrostatic analysismgsg contains more higher mass systems. In additiofiedinces in
isothermality (Reiprich & Bohringer 2002) and a stackechlve the number of cool core systems, and their distributionsectioe
lensing analysis (Rykbet al. 2008). We convert thelr— Myoo  mass range, could change the slope. In particuls®eKXCESS
relations toMsgg using a standard NFW model with a concen-
tration parameter ofsoo = 3.2, the average concentration de- 4 A Comparison of Cluster Temperatures Derived from Chandra
rived from the total mass profiles of the morphologicallyuleg and XMM-Newton http://cxc.harvard.edu/cal/memos/hrma_
cluster sample discussed in Pointecouteau et al. (2005c@u  memo.pdf

B.3. Comparison to other results
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Fig. A.2. Non-cool core clusters, sorted from top left to bottom righbrder of increasing centroid shift parametegv).

has more cool core systems at higher mass than CCCP, their

higher luminosity would make thReXCESS relation slightly

steeper.
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Table B.1. Cluster properties in the soft X-ray band suitable for sysvBsqo was estimated iteratively using tiso—Yx relation derived for a
sample of 10 morphologically relaxed local clusters by AichaPointecouteau, & Pratt (2007). Luminosities are givetme [Q1 — 2.4] keV band
appropriate foROSAT, and also the [® — 2] keV band. All quantities are calculated assumiyg = 0.3, Q5 = 0.7, andhy = 0.7.

Cluster z T, L[0.1-24], L[05-2], T, L[0.1-24], L[05-2],
(1) (2) (3) (4) (5) (6) (7) (8)
RXCJ0003-0203 0.0924 3529 1.02+001 0.63+090 3547009 0.65001 0.40r000
RXCJ0006-3443  0.1147 wg?g 1.961*%%% 1.21i§f§? 4-60f§f§§ 1-58i§5§3 0-97f§5§?
RXCJ0020-2542  0.1410 G901 2.93:00 1.81:0%1 5240 1.92:00 1.18:9%
RXC J0049-2931  0.1084 .(mjs;ﬁ 1.06j3;8% 0.65j3;8% 2.791355-’ 0.628:8% 0.3&8;3%
RXC J0145-5300  0.1168 .53j33g 2.26j3;8% 1.4@3;8% 5.51183% 1.7618;3% 1.0918;3%
RXCJ0211-4017  0.1008 .@7f3;3§ 0.55j8;88 0.34j3;835 2.028;5'53 0.338;35 0.201833Ej
RXC J0225-2928  0.0604 .@3-98 0.333;89 0.21j3;88 2.61j8-9g o.1918;38 0.128:88
RXC J0345-4112  0.0603 .29‘_‘8f82 0.51’:8:8% 0.323;88 2.15j3?'jg 0.25j8;38 o.15j8;38
RXCJ0547-3152  0.1483 _@8‘9‘1‘ 3.88f885 2.4@889 5.6818-9? 2.58i8-88 1.59i8-89
RXCJ0605-3518  0.1392 .asigf’% 4.728185 2.94j818i 4.811835 2.07j8385 1.2&838}
RXCJ0616-4748  0.1164 .z|2j8f98 1.24j8f8% 0.76j8f8i 4.16ijB 0.9&858% 0.60j858%
RXC J0645-5413  0.1644 .%jsig 7.57f3;83‘ 4.69j3;8% 6.97j8;ig 4.57j8;3% 2.8@8;3%
RXCJ0821#0112 0.0822 zssisﬁs o.49t3;8f 0.30j3;88 2.44j8;ig 0.36j8;3? 0.228;35
RXCJ0958-1103  0.1669 .$4j3;9? 5.30j8;837 3.2&8;83 5.85j8;gig 2.3118;8% 1.4@8;8‘9,
RXCJ1044-0704  0.1342 .zmjgﬁ% 4.24j8;8Z 2.62j8;831 3.528;33 1.7018;3? 1.0418;81
RXCJ1141-1216  0.1195 .mjs;gg 2.14j3;8% 1.333;85 3.4018;33 0.97f8:8% 0.6018339j
RXCJ1236-3354  0.0796 .mjs;gg 0.64j3;8% 0.40j3;38 2.5?8;9? 0.3918;3Ej 0.2418;38
RXCJ1302-0230  0.0847 .97f3;83 0.833;3% 0.51j3;38 2.928;33 0.5118;38 0.3118;38
RXCJ1311-0120  0.1832 .ans;gg 124818;8§ 7.76f8;89 8.2418;% 5.49i8;88 3.4118389
RXCJ1516-0005 0.1181 .4538:88 2.08f8;8§ 1.28§8;8§ 4.18i8;3’g 1.4518;8% 0.89i8;8}
RXCJ1516-0056  0.1198 .5500! 130881 0o 88t 340888 102881 o8
RXCJ2014-2430  0.1538 .218§88g 10.24188% 6.34f885 5.6318-9? 3.38ﬁ8-8% 2.09i8-85
RXC J2023-2056  0.0564 _mtsfgs o.39i8}8§ 0.24t8}85 2.4&855 0.26i858? 0.16i8583
RXCJ2048-1750  0.1475 .@5j8;93 2.55j8;3% 1.57f3;89 4.59f8;355 2.2118;8% 1.3618;39
RXCJ2129-5048  0.0796 .&js;% 0.79j8;3% 0.49j8;3% 3.641839g 0.65j8:8% o.4118;8%
RXCJ2149-3041 0.1184 367004 206000 107881 340:8% 09188 05608
RXCJ2157-0747  0.0579 .@8:83 0.29§8:8gj O.18i8:86 2.3oi8-98 o.25t8;83 o.15t8;88
RXCJ2217-3543  0.1486 .816j8;88 2.9858;89 1.84j839 4.45j8588 1.89;8;39 1.16j8;39
RXCJ2218-3853  0.1411 .8§4j8ﬁ 4.138;3% 2.56j8;3% 5.8&8;38 2.4418;8% 1.5118;8%
RXCJ2234-3744  0.1510 .Wsjs;ﬂ 7.20j3;8i 4.47j8;35 6.9518;5 4.96j8;8i 3.o7j8;85
RXCJ2319-7313  0.0984 227003 1347081 goB8l 5 4088 06388 03g08E

-0.03 -0.01 -0.01 -0.08 -0.01 -0.01

Columns: (1) Cluster name; (2) cluster redshift; (3)1: spectroscopic temperature of tRe< Rgo region in keV; (4)L[0.1 - 2.4];: [0.1 — 2.4]
keV band luminosity in th& < Rsoo region in units of 1¢¢ erg s*; (5) L[0.5 - 2];: [0.5 - 2] keV band luminosity in th&® < Rsgo region in units
of 10* erg s*; (6) T,: spectroscopic temperature in thel®— 1] Rsoo region in keV; (7)L[0.1 — 2.4],: [0.1 — 2.4] keV band luminosity in the
[0.15 - 1] Rsoo region in units of 16 erg s*; (8) L[0.5 — 2],: [0.5 — 2] keV band luminosity in the [A5 - 1] Rsgo region in units of 1¢* erg s*.
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Table B.2.Observed soft X-ray band luminosity scaling relations fa full REXCESS sample. For each set of observablesA), we fitted a
power law relation of the forrh(2)"L = C(A/A0)%, with Aq = 5 keV and % 10 M, keV, andn = —1,-9/5 and-7/3 for T, Yyx andM, respectively.
Results are given for the BCES |¥) and BCES orthogonal fitting methods (see Section 2.4).ifitisic natural logarithmic scatter about the
best fitting relation in the In-In plane is given in each cds®inceM is derived fromYy, the values of the scatter in the- M relation are identical
to those for the. — Yy relation.? Relations corrected for Malmquist bias.

Relation Fitting Method
BCES (YX) BCES Orthogonal
Cc (1044 erg S_l) a Oln L,intrinsic C (1044 erg S_l) a Oln L,intrinsic
R < Rsoo
L[0.1-24],-T; 286+0.27 224+ 022 0665+0119 | 3.46+0.55 300+035 0757+0.144
L[0.5-2];-T; 177+0.17 224+ 022 0666+0.119 | 214+0.34 301+035 0758+0.144
L[0.1-24];-Yx 252+0.18 084+ 005 0411+0.070| 2.60+0.20 090+ 006 0412+0.071
L[0.5-2];-Yx 156+0.11 084+ 0.06 0413+0.07 1.61+0.12 090+ 006 0414+0.071
L[0.1-24];-My 1.03+0.08 153+ 010 a.. 0.98+0.07 171+012 &,
L[0.1-2.4];-My MB?  0.83+0.07 162+ 011 a.. 0.78+ 0.07 183+0.14 2.
L[0.5-2];-My 0.64+0.05 153+ 010 a.. 0.61+0.05 172+012 a..
L[0.5- 2];-My MBP  0.51+0.04 162+ 012 a.. 0.48+ 0.04 183+0.14 a..
0.15<R< Rsqg
L[0.1-24],-T, 1.85+0.09 232+0.13 0278+0.056 | 1.95+0.12 252+016 0293+0.062
L[0.5-2],-T, 1.14+0.05 234+013 0276+0.056 | 1.20+0.07 253+016 0291+0.062
L[0.1-24],-Yx 150+0.04 082+ 0.03 0174+0044 | 1.51+0.04 083+0.03 0175+0.044
L[0.5-2],-Yx 0.92+0.02 082+ 0.03 0173+0.044 | 0.93+0.03 083+0.03 0174+0.044
L[0.1-24];-My 0.63+0.03 149+ 005 a.. 0.62+0.03 152+ 005 2a..
L[0.5-2];-My 0.39+0.02 149+ 005 &, .. 0.38+0.02 153+ 005 a...

L1/T;: luminositytemperature interior tRsqo;
L,/T,: luminositytemperature in the [@5 - 1] Rsoo aperture;
My: total mass estimated from thdsqo — Yx relation of Arnaud et al. (2007).
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Fig. B.1. Left panel: Survey volume for the(REXCESS sample. The dashed line is the raw survey volume; the sai@is the volume folded
with an assumed measurement error of 10 per cent on the lsityinBight panel: Malmquist bias for the(REXCESS sample as a function of
luminosity.
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Fig. B.2.Left panel: TheL[0.1-2.4] - My relation compared with previous determinations from X-mggirostatic analysis assuming isothermality
(Reiprich & Bohringer 2002) and stacked weak lensing asialfRykdT et al. 2008). The points are the bias-corredkX CESS values.Right
panel: Malmquist bias corrected[0.5 — 2] — My relation compared with the results from Vikhlinin et al. @@). The best fitting relation is given
in Table B.2. All fits have been undertaken with the BCES agtimal fitting method.



