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ABSTRACT

We investigate the regularity of cluster pressure profildh REXCESS, a representative sample of 33 local< 0.2) clusters
drawn from theREFLEX catalogue and observed wiMM-Newton. The sample spans a mass range dfQ < Msy < 10°M,,
whereMsgg is the mass corresponding to a density contrast of 500. Weeedan average profile from observations scaled by mass
and redshift according to the standard self-similar modet] find that the dispersion about the mean is remarkably dovess
than 30 per cent beyonddRsq, but increases towards the center. Deviations about the mearelated to both the mass and the
thermo-dynamical state of the cluster. Morphologicallgtdibed systems have systematically shallower profiletevaioioling core
systems are more concentrated. The scaled profiles exhibdidual mass dependence with a slope @.12, consistent with that
expected from the empirically-derived slope of thigo—Yx relation; however, the departure from standard scalingedses with
radius and is consistent with zeroRyoo. The scatter in the core and departure from self-similarsnsasling is smaller compared
to that of the entropy profiles, showing that the pressuréésquantity leastféected by dynamical history and non-gravitational
physics. Comparison with scaled data from several statBeofitt numerical simulations shows good agreement outkiledre.
Combining the observational data in the radial rang8301]Rsoo With simulation data in the radial range [1-y, we derive

a robust measure of the universal pressure profile, thaty imnalytical form, defines the physical pressure profile oéters as a
function of mass and redshift up to the cluster ’boundargind this profile and direct spherical integration of theesled pressure
profiles, we estimate the integrated Compton paraméserd investigate its scaling wittdsoo andLy, the soft band X—ray luminosity.
We consider both the spherically integrated quantigy(R), proportional to the gas thermal energy, and the cyliradlijdntegrated
quantity, Ye,i(R) = YszDZ, which is directly related to the Sunyaev-Zel'dovich (SEget signal. From the low scatter of the observed
Yspr(Rs00)—Yx relation we show that variations in pressure profile shapeatiintroduce extra scatter into tg,(Rsoo)—Msoo relation

as compared to that from th—Msqg relation. TheYsyn(Rso0)—Msoo and Yspr(Rso0)—Lx relations derived from the data are in excellent
agreement with those expected from the universal profiles pitofile is used to derive the expectég—Msqo andYs—Lx relations
for any aperture.
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1. Introduction As the gas pressure is directly related to the depth of the
) _ _ gravitational potentialYszD3 is expected to be closely related
Galaxy clusters provide valuable information on cosmology, the mass. Numerical simulations (e.g., da Silva et al4200
from the nature of dark energy to the physics driving galaxy a 1oy et al. 2005; Nagai 2006; Bonaldi et al. 2007) and analyti
structure formation. Clusters are filled with a hotionised that 5| models (Reid & Spergel 2006) of cluster formation intéca
can be studied both in X-ray and through the thermal Sunyagyat the intrinsic scatter of th¥s,—M relation is low, regard-
Zel'dovich (SZ) efect, a spectral distortion of the cosmic Miyegs of the cluster dynamical state (see also Wik et al. 2008)
crowave background (CMB) generated via inverse COmpi@Re exact details of the gas physics. However, the norniaisa
scattering of CMB photons by the free electrons. Its magi@itu 5 the relationdoes depend on the gas physics (Nagai 2006;
is proportional to the Compton paramejea measure of the gasgonadi et al. 2007), as does the exact amount of scattedethe
pressure integrated along the line-of-sight, (or/mec?) [Pdl,  tajls of which are still under debate (Shaw et al. 2008). Give
whereorr is the Thomson cross-sectiathe speed of lightne  that this relation, and the underlying pressure profile kasein-
the electron rest mass aRd= neT is the product of the electron gredients for the use of on-going or future SZ cluster sus¥ey
number density and temperature. The total SZ signal, iatedr cosmology, and provide invaluable information on the pbys
over the cluster extent, is proportional to the integrateth@ton  the intra-cluster medium (ICM), it is important to calibeahese
parametelsz, YszD3 = (or/mec?) [ PdV, whereDj is the an-  quantities from observations.
gular distance to the system.
In recent years, SZ observational capability has made spec-
Send  offprint  requests  to: M.  Arnaud, e-mail: tacular progress, from the first spatially resolved (sirdish)
Monique.Arnaud@cea. fr observations of individual objects (Pointecouteau et b9l
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2001; Komatsu et al. 1999, 2001) to the first discovery of nelay Finoguenov et al. (2006) and Johnson et al. (2009). In the
clusters with a blind SZ survey (Staniszewski et al. 2009luster regime, Finoguenov et al. (2005) analysed the 2B-pre
Spatially resolved SZE observations directly probe the smasure distribution in a flux-limited sample of 6 hotT(k> 7keV)
weighted temperature along the line of sight. By contrash-t clusters az ~ 0.3 showing fluctuations at the 30% level around
peratures derived from X-ray spectra, by fitting an isotredrmthe mean profile, scaled by temperature. To our knowledge, th
model to a multi-temperature plasma emission along the lioaly study of pressure profiles scaled by mass is that of Netgai
of sight, are likely to be biased (Mathiesen & Evrard 2001al. (2007), who use@handra X-ray observations to derive a uni-
Although schemes to correct for thisfect have been definedversal pressure profile, with the external slope derivethfru-
(Mazzotta et al. 2004; Vikhlinin 2006), it remains a potahti merical simulations. However, their sample was restritbeubt
source of systematics. (KT > 5keV) relaxed clusters, which are all cool core systems,

Stacking analysis of WMAP data around known X—ray clussnd contained five objects. For the reasons mentioned albove,
ters has allowed statistical detection of a scaled pregsure is of considerable interest to extend this analysis to data f
file (Afshordi et al. 2007) or a spatially resolved decremertdrger and more representative sample of the cluster ptpula
(Lieu et al. 2006; Atrio-Barandela et al. 2008; Diego & Pidde In this paper we do this by investigating the regularity of
2010), showing clear discrepancies with the predictionsifrae  cluster pressure profiles witteEXCESSs (Bohringer et al. 2007),
ple isothermaBb—model. Pressure or temperature profiles of inda representative sample of 33 local € 0.2) clusters drawn
vidual clusters have started to be derived from combinelyaisa from the REFLEX catalogue (Bohringer et al. 2004) and ob-
of X-ray and SZE imaging data, using non-parametric deprojeserved withXMM-Newton. We derive an average profile from
tion methods (Nord et al. 2009) or more realistic models tharbservations scaled by mass and redshift according to the se
thes-model (Kitayama et al. 2004; Mroczkowski et al. 2009)imilar model and relate the deviations about the mean to bot
Interestingly, the profiles are found to be consistent witffifes the mass and the thermo-dynamical state of the cluster 8pec.
derived using X-ray spectroscopic data (see also Jia e0@8;2 Comparison with data from several state of the art numerical
Halverson et al. 2009). However, such studies are stillictstl  simulations (Sec. 4) shows good agreement outside theatentr
to a few test cases, particularly hot clusters. regions, which is the most relevant aspect for Yag estimate.

TheYsz—M relation has been recently derived by Bonamenteéombining the observational data in the radial rang@{Q] Rsoo
et al. (2008), an important step forward as compared to pusvi with simulation data in the radial range [1+&} allows us to
work based on central decrement measurements using heterogrive a robust measure of the universal pressure profile et
nous data sets (McCarthy et al. 2003; Morandi et al. 200¢Juster 'boundary’ (Sec. 5). Using this profile or direct sgh
however, quantities were estimated wittasgo ~ 0.44Rs00  cal integration of the observed pressure profiles, we etgithe
1 and assuming an isothermgd-model, which may provide spherically and cylindrically integrated Compton paraeneind
a biased estimate (Hallman et al. 2007). In addition, the fiisvestigate its scaling withfy, Msoo andLy, the soft band X—ray
scaling relation using weak lensing masses, rather thaayX—fuminosity (Sec.6).
hydrostatic masses, has now appeared (Marrone et al. 2009) We adopt aACDM cosmology withHy = 70 km/s'Mpc,
although constraints from these data are currently weak. Qn = 0.3 andQ, = 0.7. h(2) is the ratio of the Hubble con-

stant at redshifz to its present valueilo. Tx is the temperature

In this context, statistically more precise, albeit indite measured in the [@5—Q75] Rsop aperture. All scaling relations
information can be obtained from X-ray observations. A kegre derived using the BCES orthogonal regression methdd wit
physical parameter %y, the X—ray analogue of the integratedootstrap resampling (Akritas & Bershady 1996), and uadert
Compton parameter, introduced by Kravtsov et al. (208%). ties are quoted throughout at the 68 per cent confidence level
is defined as the product dgseo, the gas mass withiRseo
and Tx, the spectroscopic temperature outside the core. The
local Msoo—Yy relation for relaxed clusters has recently beefr 1€ REXCESS data set
calibrated (Nagai et al. 2007; Maughan 2007; Arnaud et @ .description of theRexCESS sample, including{MM-Newton
2007; Vikhlinin et al. 2009), with excellent agreement &veld observation details, can be found in Bohringer et al. (300fe
between various observations (e.g., see Arnaud et al. 20&b clusters RXCJ0956.4-1004 (the Abell 9902 superclus-
However, the link betweex andYsz depends on cluster struc-ter) and J2157.4-0747 (a bimodal cluster) are excluded from

ture through the present analysis. Cluster subsample classificatitowfethe

Yer D2 definitions described in Pratt et al. (2009): objects witin-ce
SZ8a _ 97 1 (neT) 1) ter shift parametefw) > 0.01Rsqo are classified as morpho-
Yx MeC? My (NedRgoo T X logically disturbed, and those with central density) > neo >

h h le brackets d | q .4 x 10"%cm~3 as cool core systems.
where the angle brackets denote volume averaged quantities The gas density profilesi(r), were derived by Croston et

From Eq. 1, itis clear that an understanding of the radiaspre,; - (500g) from the surface brightness profiles using the-non
sure distribution and its scaling is important not only as@e 3 rametric deprojection and PSF-deconvolution techriioe-

of the ICM physics, but also for exploitation of these dat®fH 4 ceqd by Croston et al. (2006). The density at any radius-of in
resolution measurements of the radial density and temperatq ot i estimated by interpolation in the log-log plartee pro-
distribution are now routinely available from X—ray Obs®iUns - oy ;re to extract the 2D temperature profiles is detailedatt P
but the pressure profile structure and scaling have beeivefa o 5 '(2009). The 3D profiled,(r), were derived by fitting con-
little studied. The pressure profiles of groups have beetiexiu volved parametric models (Vikhlinin et al. 2006) to theséada

1 Here and in the followingM;, andR; are the total mass and radiust@king into account projection and PSffeets (Pointecouteau et

corresponding to a density contrastas compared too(2), the critical &l- 2004) and weighting the contribution of temperature pom
density of the universe at the cluster redshift; = (4r/3)5p.(z)RS. Nents to each ring as proposed by Vikhlinin (2006) to corfect
Msgo corresponds roughly to the virialised portion of clustensd is the spectroscopic bias mentioned above. A Monte Carlo proce
traditionally used to define the 'total’ mass. dure is used to compute the errors, which are then correated t
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Fig. 1. The pressure profiles of tTREXCESS sample. Pressures are 2 U
estimated at thefEective radii of the temperature profile (points with ¢ 0.2 1
errors bars). A line connects the data points for each altsguide the «g 0.1
eye. The data are colour coded according to the spectrastmppera- 5 L
ture, Tx (see color bar). %0,0..u L R
° 0.01 0.10 1.00
take into account the fact that parametric models overicains Radius (Rsgp)

the 3D profile. Full details will be given in a forthcoming pa-_. )
per. As the temperature profiles are measured on a lower reés: 2. The scaled pressure profiles of tREXCESS sample, colour
lution radial grid than the density profiles, the pressurgiles, coded according to the (thermo)dynamical state (see lapelSec. 2).

_ i . . . Black profiles denote clusters that are neither cool coremarpholog-
P(r) = ne(r)T(r), are estimated at the weighteffeetive radii ically disturbed. The radii are scaled®goo and the pressure #sq as

(Lewis et al. 2003) of each annular bin of the 2D temperatugfgfined in Eq. 5, wittMsgo estimated from thé/lsp-Yx relation (Eq. 2).
profiles. They are presented in Fig. 1. Full lines: measured pressure profile as in Fig. 1 with datatp@mit-
Since the sample contains systems in a variety of dynagsd for clarity. Dotted lines: extrapolated pressure (g€t The thick
ical states, we choose to u¥® as a mass proxy rather thangrey line is the average scaled profile and the grey areasponels to
the hydrostatic mass. Extensive discussion of how thisccouhe+1o dispersion around it. Middle panel: ratio of the averagdilgro
affect our results is presented in Sec. 3.4. For each clusgrcool core (blue) and disturbed (red) systems to the ovavarage
Msgo is estimated iteratively from thBlsoo—Yx relation, as de- Profile. Bottom panel: The solid line is the statistical dispion as a
scribed in Kravisov et al. (2006). We used the updated cgffF00 & 202, < i POIEL M8, A0 o ine:
. B . . . . 500_ X . = .
frrr?ggg gtf atlre(gﬂgg(’?_)Yga{gI%trgoﬂé;r%t;ilpeelgxgg (C:|(l),l r:tzlgnogbég(:\{ uadratic sum of the two dispersions. Dashed line: dispersbtained
with XMM-Newton with new REXCESS data (Arnaud et al., in Msoo estimated from the standard slopfgoo-Ys refation (Eq. 3).
prep). The sample comprises 20 clusters: 8 clusters froraudn .
etal. (2007), excluding the two lowest mass clusters wihbgg 3 Scaled pressure profiles
estimate requires extrapolation, and the 12 relaxesCESS

. ) 3.1. Scaled profiles
clusters with mass profiles measured at least dowh+0550.

The derivedVisoo—Yx relation The scaled pressure profiles
0.561:0.018 P(r) r
A Y, _ X) = —= wherex= — 4
h(z)2/5 Msoo = 1145670010 : h7(% Mo (2) p( ) Pso0 Rs00 ( )

2x 104h,o Mo keV o . .
] ) ) ) . are presented in Fig. 2. The pressure is normalised to the cha
is consistent with the relation derived by Arnaud et al. (200 acteristic pressur®sqo, reflecting the mass variation expected

but with improved accuracy on slope and normalization. in the standard self-similar model, purely based on grtwita
The slope diers from that expected in the standard selfNagai et al. 2007, and Appendix A).

similar model ¢ = 3/5) by only ~ 20~. We will thus also con-
sider theMspp—Yx relation obtained by fixing the slope to its

standard value: Psoo = 1.65x107°h(2)%°

Msoo 23
S EEEe— h2 keV cm’3 5
3x 10%h;1 M@} 7 ®)

For comparison we also plot in Fig. 3 the scaled temperature
profiles,t(X) = T(r)/Tx as well as the scaled density profiles,

3/5
Yy 1

haM 3
2x104h52Mokev| 0 )

h(z)2/5 M500 - 1014562&0009
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Fig. 3. The scaled density (top left panel) and temperature (tdpt panel) profiles of th&(REXCESS sample. Each profile is colour coded
according to the cluster (thermo)dynamical state (seddab& Sec.2). The radii are scaledRgo, estimated from thdlsoo—Yx relation (Eq. 2).
The density is scaled to the mean density witRig, and the temperature By, the spectroscopic temperature measured in tH&{@Q75] Rsoo
aperture. In each panel, the thick black line is the averegked profile. Dotted lines in the top right panel: extrapedigpart of the profiles. Bottom
panels: logarithmic deviation of the scaled temperatuas the average scaled profile versus the correspondingtasvior the density, at each
effective radius of the temperature profile annular bins. Dateesponding t@/Rsgo < 0.2 andr /Rsoo > 0.2 are plotted in the left and right panels,
respectively. The deviations are anti-correlated in thre.co

ne(X). Note that the density profiles have been normalised to tBe2. Average scaled pressure profile
mean density withirRsgo, SO that the dispersion is only due to

variations in shape We computed an average scaled pressure prefilg, from the
The resolution in the center and radial extent of the pressunedian value of the scaled pressure in the radial range where
profiles are determined by that of the temperature profites, data are available for at least 15 clusters without extiatjmoi
practice the #ective radius of the inner and outer annular tenfabout [003-1] Rspo). However, to avoid a biased estimate of
perature profile bins, which varies from cluster to clussae( the average profile in the core, where the dispersion is lange
Fig. 2). In particular, the peaked emission of cool coreteliss more peaked clusters are measured to lower radii (Fig. B, it
allows us to measure the profiles deeper into the core than if@portant to include all clusters in the computation. Fas fhur-
disturbed clusters, which have moredfdse emission (see alsopose, we extrapolated the pressure profiles in the core tising
Sec. 3.3). best fitting temperature model used in the deprojection ef th
temperature profile. The extrapolated part of the profile péot-
ted as dotted lines in Fig 2 and Fig. 3. This extrapolatiomiy o
weakly model dependent since it essentially concernsriistl
2 The normalisation of the density profiles, scaled accordinthe ~clusters (Fig. 2), which are observed to have rather flatragnt
standard self-similar model, varies with mass as shown Imston et temperature profiles (Fig. 3). The average profile is plodiea
al. (2008). thick line in Fig. 2. The dispersion around it is defined astiis
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or minus standard deviation from the average profile, coetpuffiles, but their dispersion will be underestimated. Let unde

in the log-log plane. the intrinsic scatter of th#lsoo—Yx relation,oogmy, as the stan-
dard deviation of log¥lsog) from the value from the best fitting
relation at a giverlyx. We can estimate the additional disper-
sion due tooegmy from the dfect on the average scaled pro-
For a perfectly self-similar cluster population, the sdaggo- file of a variation of logMsoo) by £0iogmy. SinceRsgo o« Méé‘:‘)
files should coincide. The dispersion around the averadedca,,q p, M22 the profile is translated in the loa-loa plane
profile is less than 25% beyond the corex 0.2Rsqg) and in- ) 500 * Mso D g o9 p

; - " by £1/3010gmy @nd £2/305gmy along the x and y axis, re-
creases towards the center (Fig. 2, bottom panel). Th'$d'5pspectively?gAssumingnog,Myogz 0.04 (about 10%, Kravtsov et

sion reflects avariation.of shape with cluster (thgrmo)dyingl al. 2006; Arnaud et al. 2007), the additional dispersiond@n
state, as clearly seen in Fig. 2: shallower profiles, at allira \,its) computed from the tierence between the translated pro-
are observed for morphologically disturbed clusters witle  fje5 at a given scaled radius, is plotted in the bottom pafel o
cooling core clusters have the most concentrated profilles. TFig. 2. It is non-negligible beyond the core, but the totahir-
typical difference between the average profiles of these two PN, estimated by summing quadratically this additiowaitd-
ulations is~ 20% in the outskirts and as high as a factor of foygtion is expected to remain below 30%. It is negligibletia t
at 003 Rsoo (Fig. 2, middle panel). , . gore, where the dispersion is dominated by structural tiaria.
When compared to the density profiles (Fig. 3, top—left rina|ly the Msgo—Yx relation being derived from mass
panel) the pressure profiles are distinctly more regular agdiimated using the hydrostatic equilibrium, we expectf@seo
present Ies§ dispersion in the core. For instance, thert_ilspe etween that relation and the 'trudflsp—Yx relation. The
at 004Rs is 0.28 dex and (4 dex for the scaled density andyy. . “used in this study are thus likely to be underestimated.
pressure, respectively. The reason lies in the anti-aiio#i De- e dfect of such a bias is to translate all the scaled profiles
tween the deviation of scaled temperatures and densives frioqeiher (provided that it is a simple factor independent of
their respective average scaled profite) andt(x), as shown a4q) This will not fiect any shape or dispersion analysis but

Fig. 3 (bottom-left panel). For data interior to< 0.2Rso0.  the normalisation of the mean scaled profile will be biasedh hi
a Spearman rank test finds a probability of A€hat the anti- This is further discussed in Sec. 4.3 and Sec. 7.3.

correlation between log{(x) — log(n(x)) and log{(x) — log(t(x))
occurs by chance. The correlation disappears at largewattiii
a probability of 0.6 for > 0.2Rsq0 (Fig. 3, bottom-right panel).
Qualitatively, this is the result of the well-known fact thaol

3.3. Dispersion, radial structure and dynamical state

We now turn to the question of the variation of the pressure
profiles with mass. From the definition &g, any deviation
from the standard self-similar scaling will appear as aataon
of the scaled profilep(x) with mass,p(x) = p(x, Msog). It will
@lso translate into a non-standard slepg,, for the Msgo—Yx
relation. From Eq. 6, and assuming that the shape does not var
with mass, we expect that the normalisationpgk) increases

slightly with mass a¥x /MZL3, i.e. asMZ with:

objects have flatter density cores and constant or incrgésin-
perature toward the center (Fig. 3, top panels).

3.4. Dependence on mass and mass-proxy relation 1 5

Since we derivedMsgg from the Mspo—Yx relation, the scaling @p = m T3 0.12 (7)
quantitiesRspp and Psgp and the pressure profiles are not in- X

dependent, as they are both related to the product of the ¢msthe best fitting slopeyy, = 0.561 (Eg. 2).

density and temperature. We first examine how this nfégcha We show in the left-top panel of Fig. 4 the scaled profiles
our results. From the definition of the pressée)=ne(r)T(r), colour coded as a function d¥. There is some indication that

and noting thatPspp Mgé% and thatYx = MgsooTx o hotter (thus more massive) clusters lie above cooler system

(ne(r))r Ty o {Ne(r))re, Tx Msoo, Where the angle brack- 10 better quantify this, the right-top panel of the figure who
etg de;‘;§§°§ \,O|umee ave;g{’ge withRaoo, the scaled pressurethe variation withMsqo of the scaled pressure(x), for differ-

p(X) = P(XRso0)/ Psoo is proportional to ent scaled radiix = r/Rsgo. At each radius, we fitted the data
with a power lawp(x) « Mggg. The pivot of the power law,
b(x) P(XRso0) (N&(NT(N)Rree Yx (6) Where the pressure equals the average scaled va{ides p(x),

(P(Mrgo  Ne(NReeoTx M3

s is aboutMsgp ~ 3 x 10*M,. Although the slopes at various

] ] o i radii are consistent within the errors (Fig. 4, right top @arwe
This equation makes explicit the link between the scale8-pre\ote a systematic decrease with radius frefx) = 0.22+ 0.16
sure profiles and th®lsoo—Yx relation. The first two dimension- gt y = 0,1Rs0 to a(x) = —0.01 + 0.16 at Rsgo. This varia-
less terms in the right hand part of the equation purely dépejion can be adequately represented by the analytical esipres
on the internal gas structure withiR3oo. They determine the av- () = ap + (), with:

erage shape of the scaled profile. The third term dependseon th

global cluster scaling properties betweén and Msq and de- (x/0.5)°

termine both the normalisation of the average scaled praxfite ap(X) = 0.10— (ap + 0-10)m 8
the 'typical’ mass dependence of the profiles (discusseteat t ' '
end of the section). yielding to scaled profiles varying with mass as:

Using Msgg values derived from th®lsoo—Yx relation, rather
than the ’true’Msqg value, is equivalent to assuming a perfect
correlation betweeMsgy and Yy, i.e with no scatter. Provided P(X, Msoo) = p(X)
that the correcMsgg—Yx relation is used and that,gmy does
not depend on mass or dynamical state, use oMkg—Yx re- This corresponds to a break of self-similarity in shape:dbe
lation will not introduce a systematic bias into the scaleo-p parture from standard mass scaling, likely to be due toffieets

Msoo

3x10%“h;i Mo

ap+ap(X)
} C)
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Fig. 4. The scaled pressure profiles of tREXCESS sample, colour coded according to spectroscopic temperataasured in the [05-Q75]
Rsoo aperture (left panels, same coding as in Fig. 1). Right ganetresponding scaled pressure estimatediardnt values of scaled radii plotted
as a function of cluster mass. Full lines: power law fit at esadled radius, with the best fitting slope given in the latli2tgted line: value for the
average scaled profile at that radius. The cluster mab&gg, are estimated from thBlso—Yx relation, either the best fitting empirical relation
(Eq. 2, top panels) or the relation obtained from fixing thogslto its standard value (Eg. 3, bottom panels).

of non-gravitational processes, becomes less pronourscega  We then compared to the results obtained usiagy derived
move towards the cluster outskirts and is consistent with a& from the self-similaMsoo—Yx relation with slope & (Eq.3). The
Rso0. Such a behaviour was also noticed in the entropy profilssaled profiles are plotted in the bottom panel of Fig. 4. 1s th
(Nagai et al. 2007; Pratt et al. 2010). case, we do not expect any dependencp(gf with Msqg, and
Note, however, that the mass dependence is weaker for this is indeed the case: the slopggx) are consistent with zero
pressure than for the entropy: the pressure slopes are amutat all radii (right bottom panel). The dispersion in scaled-p
times smaller than those of the entropy (Fig. 4 and Pratt.et files is also smaller (see Fig. 2 bottom panel). In that cdee, t
2010, their Fig. 3) and the break of self-similarity has a kg dispersion is only due to structural variations, while i tion-
nificance. The comparison with a constant slope model givestandard case, the mass dependeng&x)falso contributes to
F-test probablility of ®. The mean slope (00 + 0.02) and the the dispersion.
slopea(x) at all radii are consistent with the expectetiDvalue.
In a good approximation, the mass dependence of the scaled pr

files can then be modelled by a simple variation in normatisat <-2- Comparison to Chandra results for relaxed clusters

Mso0 ap=012 In Figure 5, we plot the pressure profiles presente_d in Nagai e
m] (10) al. (2007), derived fronChandra data analyzed by Vikhlinin et

X 70 7O al. (2006). We only consider clusters with measukég, val-
wherep(X) is the average scaled profile derived in Sec. 3.2. ues, excluding MKW4 T = 1.4keV) and A2390% = 0.23)

P(X, Ms00) = p(X)
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o o T o T lites. The comparison also illustrates the importance ouer-

4 ingarepresentative cluster sample to measure the averafije p
1 anddispersion in the core.

4. Comparison with numerical simulations
4.1. The data set

We consider three large samples of simulated -clusters
at redshift zero extracted frooACDM cosmological N-
bodyhydrodynamical simulation€Xy = 0.3, Q5 = 0.7). The
4 data set includes the samples from Borgani et al. (2004 here
1 after BO), Pifaretti & Valdarnini (2008, PV) and Nagai et al.
(2007, NA). All simulations include treatment of radiativeol-
W ] ing, star formation, and energy feedback from supernovioexp
\\ | sions. The three simulated data sets are fully independeht a
4 derived using dferent numerical schemes and implementations

REXCESS relaxed E X .
- relaxed & cool core 1 of the gas physics (see references above for full descniptio
Chandro VO6 (T,>2keV) 1 This allows us to check the robustness of the theoreticaipre
—— ] ———— I3 tions of the pressure profiles by comparing the three siradlat
| data sets. The fact that the NA simulation was undertaken on
--------------------------------------------------------------------------------------------------------------- a mesh-based Eulerian code, while the PV and BO simulations
e s i were derived from particle-based Lagrangian codes isquarti
X 1 larly relevant, considering some well known cluster-sadike

— — crepancies between the numerical approaches, such asimsee
0.01 0.10 1.00  the entropy profiles (see, e.g., Voit et al. 2005; Mitchelbkt
Radius (Rsqq) 2009, and references therein). The star formation algoréhd
the SN feedback model are also quité&elient both in imple-
érdentation and in feedbackieiency.

ratio

Fig. 5. The scaled pressure profiles (green lines) derived fromlikh
et a!. (2006)Chandra data on relaxed cl_usters compa(ed to t_he scal | der t id : ith i iatelyv |
profiles of theREXCESS sample excluding morphologically disturbed | . N orderto avoid comparison with Inappropriately Iow mass
clusters (same colour code as in Fig. 2). The thick greereddine OPj€cts we impose th&@EXCESS lower mass limitMsoo >
is the averageChandra profile. Bottom panel: ratio of that average]-014 Mo, leading to a final number of simulated clusters of 93,
Chandra profile to that of REXCESS for all morphologically undis- 88, and 14 for the BO, PV, and NA samples, respectively. We
turbed objects (dotted line) or only cool core clusters! (fak). computed the pressure profile for each cluster using the-mass
weighted gas temperature, since the deprojection of therobd
profile takes into account the spectroscopic bias (Sec.®. T
which fall outside thé'x andzrange ofREXCESS, respectively. assumed baryon densities adg = 0.0390.049 0.043 for the
We used the publishedsyo values, derived from the hydrostaticBO, PV, and NA samples, respectively. The assumed baryon
equilibrium (HSE) equation, and computed the pressure frofaction, f, = Q,/Qn has a direct impact on the gas density
the best fitting parametric models of the density and temipega and thus pressure profile at a given total mass. We thus cor-
profile given in Vikhlinin et al. (2006), in the radial rangétbe rected the gas profiles by the ratio between the assifpelue
observed temperature profile. Since tigandra data set only and the WMAPS5 value (Dunkley et al. 2009) for each sample.
contains relaxed clusters, they are compared toRIERCESS  To scale each individual pressure profile we consider bath th
profiles excluding morphologically disturbed objects. ‘true’ RSM and M3 values and the hydrostatic valug&SE and

All Chandra profiles, except orglie within the range of the \qHse = MHSE(<500HSOE)_ The former are derived from the total

REXCESS profiles. The bottom panel of Fig. 5 shows the ratigh33s distribution in the simulation. The latter was derifrech

of the averageChandra profile to the averag&EXCESS pro- e gas density and temperature profiles and the hydrostatie
file. The agreement between the average profiles, both ireshggyiym equation, using the same procedure for all clustass
and normalisation, is nearly perfect beyond the core, witee i previous work (e.g., Biaretti & Valdarnini 2008, and refer-
dispersion of thg scaled p_roflles is lower. However, on &y@&ra gnces therein), we find tha"SE underestimates the true mass.
the Chandra profiles are slightly more peaked towards the CeRye find a mean bias for the sﬁﬂole sample-df3 per cent with a
ter (dotted line in bottom panel of Fig. 5) and have a smallgfspersion of-16 per cent; the average bias estimated for the dif-

dispersion than the ‘relaxe@REXCESS clusters. Better agree- forent simulations agrees within a few percent at all raijér
ment is found with the averageexCEess profile for cool core  than 01Rs,

clusters (full line in bottom panel of Fig. 5). This is not ptis-

ing, since all clusters in th€handra data set present the central

temperature drop characteristic of cool core clusters. 4.2. Comparison of numerical simulations
This good agreement is an indication of the robustness

; : \Rfe derive the average scaled profile for each simulation, and
scaled pressure profile measurements with current X-ray}-sa

the dispersion around it, from the median value and 16 and 84
% The outlier is A133, a relaxed cooling core cluster (Vikdiret perpentlles of the scaled pressure d|§tr|but|9n ata .gnzatesl

al. 2005). This cluster appears to present a general defigam Its 'adius. We also compute an average simulation profile. Sirece

pressure at all radii is low as compared to other clustersedisas its average profile computed from the total sample would be Hiase

gas mass fractionfgassoo = 0.083+ 0.006 to be compared to a weightedby the number of objects in the largest data set, we average th

mean for the rest of Chandra sample df1®+ 0.010[stdeV]). three mean profiles from each simulation data set, and eaécul
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Fig. 6. The scaled pressure profiles derived from numerical sinamlist Fig. 7. Comparison of theREXCESS scaled profiles with the pre-

of Borgani et al. (2004) (pink), Nagai et al. (2007) (blueji&ifaretti& diction of numerical simulations. Black lineREXCESS data (as in

Valdarnini (2008) (green). Black line: overall averagefipeasee text). Fig. 2). Thick black line: averageEXCESS scaled profile. Red line:

coloured lines: average profile for each simulation with ¢tbéoured average simulation profile and dispersion around it (oranga) using

area corresponding to the dispersion around it. Bottom|paatéo of the hydrostatic mass. Dotted red line: same using the trigs.rBattom

each simulation average profile to the overall average profil panel: ratio of these average simulation profiles toRIEXCESS av-
erage profile.

4.3. Comparison of REXCESS profiles with simulations

Figure 7 compares the observed scaled profiles with thegredi
tion of the simulations. We first consider the simulated pesfi
scaled using the hydrostatic quantitRiE andMSE, since the
Taking into account that the profiles vary by more than 5 oghservations rely on hydrostatic mass estimates. Notewbat
ders of magnitude from the cluster center to the outskilts, tused theMsgo—Yx relation calibrated from a sample of relaxed
agreement between the three simulations is exceptionatidg clusters, while for the simulations we USRQOSOE and MSHOSOE for
The profiles agree within 20% betweerf.1 and~ 3RZ} (Fig.  the whole sample. However we checked that, when considering
6 lower panel). As expected, largefférences are found in theonly relaxed clusters, the median bias My changes by only
core, where non-gravitational processes are more impatah 2%, the main #ect being a factor of 2 decrease in its dispersion.
where the dierences in their implementation in the codes will  The simulation prediction and theexCESS data agree well
become more evident. The BO profiles are available only upiipthe external partr(> 0.2Rsqq), with the observed profiles ly-
the virial’ radius, ~ 2.03RZ0 but the PV and NA profiles are ing within the dispersion around the average simulatiorfilero
traced up to 1827, where they deviate significantly, but still(Fig. 7). Remarkably, the observed and simulated average pr
agree within the (%spersion. However, théeliences are sytem-files are parallel above.4Rsy (i.€ they have the same shape),
atic with the PV profiles lying below the NA profiles. This maywith a normalisation fiset of only~ 10% (Fig. 7, bottom panel).
hint at a diference in the way in which Lagrangian and Euleriafihe slight underestimate of the pressure in the simulatisns
codes behave in the IGM-WHIM regime. Note also the flattesimilar to the dfset observed for th¥soo—Yx relation and may
ing of the pressure profile in the outskirts, arourRES), which  be due, at least in part, to over-condensation of hot gasein th
is likely to define the actual boundary of the cluster, where ¢old dense phase (see discussion in Arnaud et al. 2007). As we
meets the intergalactic medium. In the following we will tisis  move towards the center, the agreement progressively diegjra
boundary to compute the total integrated SZ sigwgl, In spite the simulations predicting more peaked profiles than thdse o
of the diference in the pressure in the outskirt, there is goagrved (Fig. 7 bottom panel). This behaviour was also ndtice
agreement olYsz between the simulations: the SZ signal withirby Nagai et al. (2007) when comparing their simulations with
5Rs00 computed from the average PV and NA profileSaliby Chandrarelaxed clusters, and it is also observed for the temper-
—15%, and+9%, respectively, from the value computed usingture profiles (see Pratt et al. 2007). As mentioned aboee, th
the average simulation profile. core properties are most sensitive to non-gravitatioradesses

the dispersion from all available profiles. The results\dstius-
ing the true mass are shown in Fig. 6.
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and these discrepancies are again likely to reflect the featt t
modelling of the processes is still inadequate. 102k

The average simulation profile derived using the true mass E
for each simulated cluster is also shown in the figure (dotted i
lines). As compared to the scaling based Rif§F and MESE, 10'k
the scaled profile of each cluster is translated to the lafttan E
the bottom in the log-log plane. The average profile lies welo
the profile based on the hydrostatic values, as expectedtfrem
mean bias betweeW S\ andMESF. The diset with the observed 8
profile in the outer region becomes more significant, abo%.30 o

In conclusion, there is an excellent agreement in shape -1
tween the simulated and observed profiles for the clustesrout 10 :
regions, which is the most relevant aspect for Ygg estimate. E
The better agreementin normalisation with the simulatiginen 2
using the hydrostatic mass suggests that the hydrostatay X- 1077
masses used to scale the observed profiles are indeed uirderes F
mated.

1005—

10_35—

il L MR | L L1 d

5. The universal pressure profile i

As pointed out by Nagai et al. (2007), an analytic clustespre 0.01 2’10? R 1.00

sure profile model is useful both for analysis of SZ obseovei adius (Rsoo)

and for theoretical studies. Of prime interest is a modelfier rig 8. GNFW model of the universal pressure profile (green line). It

average scaled profile of the entire cluster populationnEarby is derived by fitting the observed average scaled profile énrtial

clusters it can be derived from the present dataREECESS range [003—1Rsq0, combined with the average simulation profile be-

sample being a representative sample. yond Rsqo (red line). Black lines:REXCESS profiles. Orange area:
We considered the generalized NFW (GNFW) model prdglispersion around the average simulation profile.

posed by Nagai et al. (2007):

Po
(C500X)” [1 + (C500%X)?] B-7)/a

Msoo
3x 10%hzg Mo
xp(x) h5,keVem3

r/ 3+apt+ap(X)

p(X) = (11) = 1.65x 103h(2®3 [

The parametersy(a, 8) are respectively the central slope<

rs), intermediate sloper (~ rs) and outer sloper(> rs), where with x = r/Rsgo, ap andap(x) from Eq. 7 and Eq. 8, ang(x)

I's = Rsoo/Cs00, and they are highly correlated with. In order from Eq. 11 with parameters from Eq. 12. The second term in the

to constrain the parameters, it is essential to considede vé- mass exponent;p, corresponds to a modification of the standard

dial range, including both the core € 0.1Rso) and the cluster self-similarity (i.e., the steeper mass dependence of g,

periphery ( > Rsoo). In particular3 remains essentially uncon-while the third termej(X) (Eq. 8), introduces a break in self-

strained when considering only data within< Rsoo, resulting similarity (i.e., a mass dependence of the shape). The latte

in large uncertainties in the profile model beydRdo and thus second orderféect, which can be neglected in first aproximation.

on the corresponding integrated SZ signal. We also fitted each individual observed cluster profile with
Taking advantage of the good agreement between obsemy& GNFW model, fixing the3 value to that derived above

tions and simulations in the outer cluster regions, we thets Eq. 12), as well as the average scaled profile of the cool core

fined an hybrid average profile, combining the profiles from oland morphologically disturbed clusters. The best fittingapa

servations and simulations. It is defined by the observexhgee eters are listed in Appendix C, where we also provide plots of

scaled profile in the radial range. B—1Rsoo derived in Sec. 3.2 each individual cluster profile with its best fitting model.

and the average simulation profile in the [1R4}, region. For

the simulations, we used the profile based on the hydrostatic ) )

guantities and renormalised it byl0% to correct for the ob- 6. Integrated Compton parameter scaling relations

served dset with the observations at > 0.4Rso0. We fitted g 1. pefinitions and method

this hybrid profile with the GNFW model in the log-log plane,

weighting the ‘data’ points according to the dispersione Blast In this section we discuss scaling relations directly ratevor

fitting model is plotted in Fig. 8, with parameters: SZE studies. We will consider the volume integrated Compton

parametetY, for both cylindrical and spherical volumes of in-
[Po, Cs00, > @, 8] = [8.40313/%,1.177,0.3081 1.0510 5.4905]  (12) tegration. The spherically integrated quantityw(R), propor-
tional to the gas thermal energy, is defined as:
Using the dimensionless ‘universal’ profilg(x) (Eg. 11 and

R
Eq. 12), and taking into account the mass dependence est\astBH(R) LA 47 P(r)rdr (14)
lished in Sec. 3.4, we can describe the physical pressufﬂaepro mec? Jo
of clus_ters as a function of mass and redshift (assuminglatdn and the cylindrically integrated quantityey(R) = YszD2, di-
evolution): rectly related to the SZ signal within an apertdre R/Da, is:
aptap(X)
Mso0 Pree oT R Ro 2 P(r)r'dr’

P(r) = Psoo| ———— X 13 = —L bl

(r) 500[3X 1014h73M®} p(X) 13) Yoi® = fo 2 |52 (15)
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Ry
= Yspr(Ro) — % jF; 47 P(r) Vr2 — Rerdr I Cool core

Morphologically disturbed

whereR, is the cluster radial extent. In the following, we adopt 10~*k
Ry, = 5Rsqp, as suggested by numerical simulations (Sec. 4.2).
Note that the total SZ signal is then equivalentlyy(5Rso0) OF <~
Yeyi(SRs00)- 8
For each cluster, the spherically integrated Compton parar®
eter can be readily computed from the observed pressuréeproftt
The Ysph scaling relations can then be directly derived from th'ézcﬁ
data for integration radii up t®so, the observed radial range.— -5}
They are presented below in Sec. 6.2. Such a derivation is nog
possible forYey (or the totalYsz signal): it involves integration >
along the line of sight up tB, = 5Rs0q, i.€., beyond the observed
radial range. However, using the universal pressure prafite
can compute the volume integrated Compton param¥éteor
any region of interest, and derive the corresponding sgabn
lations (presented below in Sec. 6.3). The two approachves gi -6
fully consistent results, as shown below. -

Finally, for convenience, we also define a characteristic 107° 107° 107
Compton parameteiYsqo, corresponding to the characteristic (o1/mec?)/(1em,) Yy (35’2 Mpc?)
pressurdéPsog (see Appendix A):

’ —
=¥ Yfphi
e sph\''2500/ ~ "7 77

Fig.9. The Ysu—Yx relations fromREXCESS data. Yspr(R) is the
spherically integrated Compton parameter, witRigoo (Squares) and

o1 4 Rsoo (circles).Yx = Mys00Tx is the product of the gas mass withRg
Yeqn = —— — P 1 500 Yx 9,500 ! x p g 0
500 mec? 3 Rgoo 500 (16) and the spectroscopic temperatiixge Data points are colour-coded ac-
M 5/3 cording to cluster dynamical state. Lines: best fitting pokarer.
= 2.925x% 1(Tsh(2)2/3 [ﬁ} h;g‘ I\/lpC2
x 70 7O As mentioned in the introduction, théy—Yx relation de-
pends on the internal cluster structure (Eq. 1). %Qr(Ros00),
6.2. Observed Yspi—Yx and Yspr—Msoo relations we obtained:
CrerY. 1.036:0.020
The values foNsph(R25_oo) and Ysph(Rsoo)_, derived from t_he ob- Yeph(Reso0) = 1070-272:0.097 % h;g/z Mpc? (18)
served pressure profiles, are given in Table QR is de- h;o/ Mpc?

fined asRy500 = 0.44Rs5qp from the scaling relations presented]_ " L
: : : : he best fitting slope is slightly greater than one ¢aeffect),
in Arnaud et al. (2005). The integration was performed utiieg reflecting the stronger mass dependence of the pressurke profi

MC deconvolved density and model temperature profilesyallo. .
ing us to propagate the statistical errors, including timaReyo. in the centeri( < Rysog) as compared the expectation from the

We checked that using instead the best fitting GNFW model flylsoo—Yx relation (Fig. 4 and Sec. 3.4). The intrinsic dispersion

each profile gives consistent results within the statikticeors. 'S “logiay = 0.054+ 0.006, with the morphologically disturbed

Note that the errors oMsg take into account the statistical erclusters lying below the mean relation and the relaxed efsst

rors on the relevant X-ray data, but not the uncertaintiethen YiNg above it, a consequence of the shallower profile of the

Msoo—Yx relation itself. The latter are therefore not included i&()rmer as compared to the latter (Fig. 2). When we move to
S

the statistical errors on the slope and normalisation of¢fee pr(Rso0), the best fitting slope (003 0.008) becomes consis-
tions. tent with unity, i.e the shape variation with mass, whenaged

i ; - within Rsgo, has essentially ndect (see also below). The intrin-
Figure 9 shows th&sp—Yx relations withYx = MgsooTx, 500 y ( )

; SP! X ‘*sic dispersion is no longer measurable, the dispersionrisiso
together with the best fitting power law. We normalis&dby ©  yent with that expected from the statistical errors. This drect

consequence of the high similarity of the pressure profies b

or 1 19 Mpc yond the corer( > 0.2Rs00), While the core typically contributes
Cxsz = o =1416x 107 YINSY, (17) by less than 10% t&sp(500) (see below and Fig. 11). Fixing
MeC pefTp © the slope to one, the best fitting normalisation gives:
for pe = 1.148, the mean molecular weight of electrons for a 0.%eor(Re00) _ 0.924+ 0.004 (19)

solar abundance plasma. Note that Ygg—Yx relation depends Cxsz Yx

only weakly on the assumedsoo—Yx relation, via the estimate Note that this ratio is nothing more than the raffyy/Tx, of
of Rsop Only. For some clusters, the computatior'gf(Rsoo) '€~ the gas mass weighted temperaturdo It is less than unity,
quires extrapolation: by more than 20% for 8 clusters anthén s found in other studies (Vikhlinin et al. 2006), and as etz
worst case, RXC J2157.4-0747, the profile of which is meaburgyr decreasing temperature profiles.

only up toRger ~ 0.6Rs00, Yspr(Rsoo) is larger by a factor B than Figure 10 shows th¥spr(Rso0)~Msoo data together with the
the value withinRger. However, the best fittindspn(Rs00)—Yx re-  pest fitting relation:

lation is stable to the inclusion or exclusion of clusteiguieing
extrapolation, the best fitting parameters being condistehin

the errors.

M500 1.790+0.015
h(2)72/3Ysph(R500) — 10473%0003 ]

— 0 h-5/2 Mpc?(20
3x 104 ht M, o Mpe (20)
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o ' L the behavior of the pressure profileses(u) decreases with
A radius or equivalently the departure from standard masds sca

------- 1 ing becomes less and less pronounced as we move towards the

"""""" Total cluster outskirts — the relation is expected to become ahvel
with increasing integration radius, closer to the standzaif
similar relation & = 5/3). The relations for various mass scal-
ings can be compared in Fig. 10, fér(Rsoo) and Yspr(5Rs00)
(i.e the totalYsz signal). The &ect of the self-similarity break
is small. In the mass rang®lspo = [10*Mg, 10"°Mo], Yspn
varies, as compared to the value computed neglectingftieiste
by [-7%, +8%],[-1%, +0.5%] and [-6%, —6%)], for an integra-
tion radius ofRz500, Rso0 @and Rsgp, respectively. When taking
into account the self-similarity break, the correspondifigc-
tive slopes of theYsy—Msgo for that mass range are84, 178
and 173, as compared to/&my, = 1.78 ignoring the &ect.
The dfect is fully negligible for the¥spn(Rso0)—Msoo relation, as
found above directly from the data; it is at most equal to the s
tistical uncertainty on Aamy, = 1.78+0.06 (Eqg. 2) and we will
neglect it in the following.

In that case, and combining Eq. 21, 7 and 16, Yga-Msgo

relation for an integration radius &fRsoo can be written as:

107

107°¢

h(z)™ Y (h3’? Mpc?)

Mroczkowski et al.,, 09 O i
| ]

107

1015
MSOO (h;(; MO)

a

Fig. 10. The Ys7—Msqo relations. Thin black line: power laWspr(Rsoo)—  h(2)7*/*Yepr(X Reo0) = Ax [%] (22)

Msog relation best fitting theREXCESS data (black points). Lines: 3x 10"h;g Mo

Yspn(Rs00)—Msoo relation (dashed line)Yeyi(Rsoo)—Mseo relation (rela-

tion betweenYszD3 within a Rseo aperture andVisqg; full line) and where

Yoy (BRs00)—Msqo relation (relation between the tot#;D3 signal and ) 5 1

Msoo; dash-dotted line) derived from the universal GNEW scalesp ¢ 1.78; Ac=2.925x107°1(x) hzgMpc® (23)

sure profile and for dierentMsq Scaling: standard self-similar scaling X 5
3p(u) u“du

0

(a = 5/3; green), maodified scaling taking into account the nondseth 1(X) (24)
slope of theMgo—Yx relation_ (x_: _1.78; blue), and further taking into
account the break of self-similarity of the pressure prahepe (see jth p(u) from Eq. 11 and 12. Numerical values for I(x) of
text, red). Blue squaresY{,(Rsoo), Msog) measurements for 3 C"JSters:particular interest aré(1) = 0.6145 andI(5) = 1.1037. The
from top to bottom, A18357 = 0.25), A1914 ¢ = 0.17), and CL f . A ) :
. . ormer gives the normalisation of t Rs00)—Msgo relation,

1122683332 { = 0.89). They were derived by Mroczkowski et al. 317t )i 162 Ihe normatisation of gﬁ;’g(e %OeO)m . faroras)
(2009) from a joint analysis of SZA and X-ray observationihgsa h Xh ) I'. . derived f di p he d
GNFW model. with the normalisation derived from a direct fit to the data

(Eq. 20). The latter gives the normalisation, 1&g = —4.491,

of the relation for the totaYSzD,i signal, assuming a cluster ra-
SinceMsqg is derived from théisgo—Yx relation, this expression dial extent of Rggo.
does not contain more information than thg(Rso0)—Yx rela- Similarly, the relation for the SZ signal within an apertofe
tion, combined with the calibration of thdsoo—Yx relation. As  xRsqq is obtained from Eq. 15, 13 and 16:
expected, the normalisation and slope are consistent wih t

obtained by combining Eq. 2 and Eq 19, and, similar to tkshe 3 ) Ms0o ¢
Yepr{Rs00)—Yx relation, the scatter is consistent with the stati A(2)"“"Ysz(XxRsoo) D = Bx 3x 104h1 M, (25)
tical scatter. 70
with

6.3. Scaling relations from the universal pressure profile @ = 178 B=2925x 107 I(X) h;é Mpc2 (26)
6.3.1. Y, h_MSOO and YszDz—M5oo relations 5

N , A , I = 1(5) - f 3p(u) VU2 - X udu @27)
Let us first consideYspn derived from the universal pressure pro- X

file. Combining Eq. 14, 13 and 16: for a cluster extent of Bsoo. For an aperture oRspo, J(1) =

Msoo r 0.7398 or logBx) = —4.665. The correspondingszD5—Msoo

_— 21) relation is plotted in Fig. 10. We also show measurements for
3x 1040 I M, (21) P g

YspH(R) = Ysoo[
A1835 = 0.25), A1914 ¢ = 0.17), and CL J122683332
X 5 (z = 0.89), derived by Mroczkowski et al. (2009) from a joint
X ﬁ 3f(u, Msqo) p(u) u”du analysis of SZA and X-ray observations using a GNFW pressure
profile model. Although the measurement errors are stifjdar
with f(u, Msog) = (Msgo/3 x 10Mh72 My)?¥. This term in the consistency with the present scaling relation is an @mcp
the integral reflects the break of self-similarity in the gmere ing sign of the validity of our determination of the scalirey r
profile (Sec. 5). Neglecting thisfect, the correspondings,— lations. Since the clusters cover a wide redshift rangerther
Msoo relation, for any integration radius, is a power law of slopsuggests a standard self-similar evolution, as assumeg!.i25
a =5/3+ap = 1/amy, (EQ. 7 and 16). Taking into account this  Uncertainties on the above relations, that are established
effect, the relation is no longer a simple power law. Followingombining observational and theoretical data, cannotéessed
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Fig. 11. Spherically integrated Compton paramedp«(R), as a func- ( ) x[0.1-24] ( 7 J / )
tion of scaled integration radius, normaliseddgszYx. Full line: uni-  Fig. 12. The Ysp(Rsoo)—Lx relations.Ly is the [01-24] keV luminosity
versal GNFW scaled pressure profile (Eq. 11 and 12). Dottegt li within Rsqo. Full line: power law relation best fitting thREXCESS
GNFW model obtained by Nagai et al. (2007) fGhandra relaxed data forLyx corrected for Malmgquist bias (black points). Dotted line:
(T > 5keV) clusters. Dashed-dotted line: isotherrgaimodel with  relation computed by combining thépn(Rso0)—Msgo relation derived
B =2/3 and a core radius 0fZRso. from the universal pressure profile (Eq. 22) and ltheMsg relation.

Dash-dotted Line: best fittings,(Rso0)—Lx for uncorrected.x.

rigourously. Rough estimates of the statistical errorstoade-

rived by combining the errors on th&p(Rsoo)—Yx andMsoo—  agreemertis very good in the outskirts, as it is for the profiles

Yx relations, with the latter largely domipant. This giwes: (Fig. 5), with a slightly higher assymptotic value due ttigrsly
178+ 0.06 ora = 1.78+ 0.08, further adding quadratically thegmajler value ofs.

systematic fect of the pressure self-similarity break discussed
above. The logarithmic error on the normalisation at thetis
+0.024 (+6%).

We also compare with the result obtained with an isothermal
p—model, with3 = 2/3 and a core radius of = 0.2Rs00 (Arnaud
et al. 2002). The dierence is only 10% s but the model di-
verges at high radii. This clearly shows that the tad signal
derived assuming an isotherngaimodel is very sensitive to the
assumed extent of the cluster. It will also be always overest
mated by such a model, as emphasized by Hallman et al. (2007).
It is instructive to study in more detail the radial depenoeaf  As anillustration, assuming a cluster extent @3Rsqq, the top—
Ysph Yspr(R) varies with radius a$(x) (Eq. 24 withp(u) from  hat virial radius often used in the litterature, fhemodel gives
Eg. 11 and 12). By construction its normalisation scale$ wik total Ysz signal 17 higher than the universal pressure profile.
mass a¥yx. Figure 11 shows the variation ¥§,(R) with scaled This over-estimate depends on the choice of3hmodel shape
integration radius, normalised @xszYx, so that we areféec- parameters. It decreases with decreasing core radius enehs
tively probingYsp(R) at fixed mass. ing 3 value. Itis still a factor of % forre = 0.1 RsppandB = 0.75

At large radii, the integrand in(x) varies agp(u)u?du o u=2  and reaches a factor of2forr = 0.3Rsgp andg = 0.6.
for an outer pressure profile slope®t 5. As a resultYspH(R)
converges rapidly beyoriggo and the total SZ signal is not very
sensitive to the assumption on cluster extent. Assumingis cl

ter extent of &Rsoo, 6Rs00 Or even 10@soo, rather than Bsoo,  The scaling between the SZ signal and the X—ray luminoisity,
changes the total signal by or#2%,+1.3% and+4%, respec- s an important relation for comparing X—ray surveys suctnas
t|vgly. On the other hand, _the figure shows the domlnfant EONTROSAT All Sky Survey and future or on going SZE surveys, such
bution of the external regions s, 50% of the contribution 55 thePlanck survey. The luminosity withifRsoo and in the soft-

to Yspr(Rsoo) comes fromR > 0.53Rsoo while the region within  yang [01-24] keV, most relevant for X—ray Surveys, has been
0.1Rs00 and 02Rsgo contributes by only 2% and.S% respec- estimated foREXCESS clusters by Pratt et al. (2009); here we
tively. This will be even more pronounced for thfez signal (in-  ysed the values both corrected and uncorrected for Malmquis

tegration within a cylindrical volume). _ bias. Figure 12 shows the correspondtiggi(Rsoo)—Lx relations.
We also plotYs,n(R) for the GNFW model obtained by Nagai

et al. (2007) fromChandra data (for the corrected parameters,
[12.2,1.3,0.4,0,9,5.0], published by Mroczkowskietal. 2009). 4 Note, however, that (Nagai et al. 2007) assumed a stand#rd se
It is slightly larger in the center, as expected from the mokgmilar mass scaling of the presure profile. TheVsqo relations derived
peaked nature of the scaléthandra profiles (Sec. 3.5). The from their profiles would dfer from ours in terms of slope.

6.3.2. Behavior of Yspn(R) and comparison with the
isothermal S—model

6.4. The Y—Lx relations
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Table 1. h(2)"2/3Yepr(Rs00)-N(2)~"/Lx and updatedi(z)="/3Lx—Msqo re-
lations (see text)Ly is the [Q1-24] keV luminosity within Rsgo. MB:
relations corrected for Malmquist bias. For each obseevabt, B, A),
we fitted a power law relation of the for = C(A/A)?, with Ay =
10*h-2 erggs and 3x 10“ h;1 M, for Lx andMsqo, respectivelyoriog;:
intrinsic scatter about the best fitting relation in the llogplane.

Relation log,C a Tlog;
Yepr(Rso))-Lx—MB ~ —4.940+0.036 107+0.08 0190+ 0.025
Lx—Mso—MB 0.193+0.034 176+ 0.13 0199+ 0.035
Yspn(Rs00)—Lx -5.047+0.037 114+008 0184+0.024
Lx—Ms00 0.274+0.032 164+ 0.12 0183+0.032
We fitted theREXCESS data with a power law:
h(@PLx |",_
h(2)"?3Yspr(Rs00) = C | ——————| h>2*Mpc? 28
( ) Sph( 500) 1074 h;g ergs sl 70 p ( )

13

7. Discussion
7.1. Departure from standard self-similarity

The present work is based on a representative sample ofynearb
clusters. The sampl&eXCESS, was chosen by X-ray luminos-
ity alone, without regard to morphology or dynamical stée.
for the entropy (Pratt et al. 2010), the depth of the obsemat
allowed us to probe the scaling behavior of the pressure pro-
files out toRsgo. Both points are essential for a complete picture
of the modification of the standard self-similarity due tmno
gravitational processes, including its radial behavior.

The behaviour of the pressure profiles, with respect to stan-
dard self-similarity with zero dispersion, resembles tater-
ally found for other quantities such as the entropy or dgnjt
regularity in shape outside the core 2) increased dispeigio
side the core linked to coolingfects and dynamical state and
3) departure from standard mass scaling that becomes less pr
nounced towards the cluster outskirts. However, the |diter
deviations are less pronounced than for the entropyoerat&n-
sity, showing that the pressure is the quantity ledi&céed by
dynamical history and non-gravitational physics. Thistter
supports the view thafs is indeed a good mass-proxy.

The best fitting parameters are given in Table 1. The intinsi

scatter around the relation is important, more than 50%gcefl

7.2. Robustness of the universal profile

ing the important scatter, at givéf, of the soft band luminosity We combined observational and simulation data to derive the

computed without excising the core (see Pratt et al. 20099. T

best fitting relation is consistent with the relation expedirom

combining theYspn(Rsoo)—Msoo relation derived from the univer-

sal pressure profile (Eg. 22) and thg—Msqg relation. For con-

sistency, the latter was updated (parameters given in Tgble

using presenisyg values derived from the updatdtho—Yx re-
lation (Eqg. 2). The slope and normalisation (taking intocaod

the diferent pivot used) are consistent with those published

Pratt et al. (2009).
For practical purposes, the scaling¥afz(x Rsoo) D% or that

universal pressure profile. The convergence of various ap-
proaches to determine scaled cluster profiles supportscthe r
bustness of our determination of the universal profile,ipart
larly of its shape. This includes the agreement between-inde
pendent simulations, between these simulations and tisempre
observed data based on a representative cluster samplaisand
the agreement between the presskitM-Newton data and pub-
i¥hed Chandra data for clusters of similar thermo-dynamical
state. As a result, we believe that quantities which purely d
pend on the universal profile shape are particularly robndt a

of the total SZ signal with_x is of more direct interest than we|| converged. This includes the typical SZ decrement ferofi
the Yspr(Rsoo)—Lx relation. In view of the good agreement of theyr relations between the Compton parameter estimated in var

latter with the universal profile model, thé-Ly relation, for
any integration region of interest, can be safely deriveddy
recting the normalisation in Eq. 28 by the model ratioYofo
Yspr(Rsoo). This ratio is simplyl (x)/1(1) for the spherically inte-
grated Compton parameter, e.f5)/1(1) = 1.796 for the total
SZ signal, andl(x)/1(1) for theYsz(X Rsoo) Di signal.

6.5. Comparison with standard self-similar relations

ous apertures.

However, the universal profile beyomyg is purely based
on simulations and thus less secure than witjg. While the
standard non-gravitational processes currently impléetem
numerical simulations are known to introduce small modifica
tions of the profiles at large radii with respect to the adimba
case (Nagai et al. 2007), other less explored processesimay a
fect the profiles. In particular, the electron-proton eipudition
time is larger than the Hubble time in the outskirts (Fox & boe

TheY-Mso relations derived above do not seem to deviate mudi§97) and if the electron temperature is indeed smaller then

from standard self-similarity (Fig. 10). A fully consistestan-
dard (ST) model, with standard slopyfeMsq relations, is ob-
tained when using the standard slddeyo—Yx relation (Eq. 3),

ion temperature, this will feect the pressure profile and lead to
a decrease in the totdk; signal (Rudd & Nagai 2009). The
pressure profile interior tBsq is directly based on observations

as shown in Appendix B. The universal profile and scaling-re/qut derived from temperatures estimated using azimuttzatly
tions obtained in that case are given in the Appendix, tagetrf'aged spectra. These have been corrected for the spegiosc

with a detailed comparison of the presently derived scaliag
lations with the ST relations. In summary, théfeience for the
Y-Msqg relations mirrors that for th®lsq0—Yx relation. As com-
pared to values derived from the ST relatidhis lower at low
mass and higher at high mass. Typically, thestence for the to-
tal Ysz signal ranges from-19% t0+6% in the [13*-10"] M,
mass range. On the other hand, ¥ _x relations, which only
depend on cluster internal structure, are essentially dmees
in the two models : the dierence is less than 5% in the.I6
10]10* erggs luminosity range.

bias due to projection but not for azimuthal variations. iHigs-
olution SZ data with improved sensitivity are needed to prob
any remaining systematidfects due to the spectroscopic bias,
and to directly observe the shape of the pressure profilertatyo
Rsoo0, Which is out of reach of current X—ray observatories.

7.3. Y—Msqq relations

The cluster masses have been estimated using the mass-proxy
Yx. The absolute normalisation and slope of ¥ieMsqg rela-
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tions, derived using the universal profile, thus rely on thdar-
lying observationally definetlsoo—Yx relation. Initial compari-

within 20%, between A and Rsq, for pressures varying by
4 orders of magnitude in that radial range.

son withYsz(Rsqg) data for 3 high mass systems, measured with- Comparison with observed scaled data shows good agree-

SZA by Mroczkowski et al. (2009) and analysed with a reaisti
analytic pressure profile, indicates good agreement. A kaytp
is to extend this type of analysis to larger samples and ladiec
lower mass systems.

We further emphasize that tHdso0—Yx relation was cali-

ment outside the core regions, which is the most relevant as-
pect for theYs; estimate. The average simulation profile lies
parallel to the observed data, with only a sligffiset ¢ 10

per cent) when the simulated profiles are scaled using the
hydrostatic mass.

brated from hydrostatic mass estimates using relaxed bjec— This motivates us to combine the average observed scaled

The Y-Msqg relation we derive is technically ¥—X—ray mass
relation and is expected toftér from the ‘true’Y—Msqg relation

profile in the [003 — 1] Rsoo radial range with the average
simulated profile in the [+ 4] Rsgp range. This hybrid pro-

by the dfset between the ‘true’ mass and the hydrostatic mass file is fitted by a generalised NFW model, which allows us

for relaxed objects.

to define a dimensionless universal ICM pressure profile.

With the present study based on a mass proxy, we cannot Combined with the empirical mass scaling of the profiles,

assess the intrinsic scatter of the ‘tri&pr(Rso0)—Msoo rela-

tion. However, an upper limit is the quadratic sum of the scat

ter of the Yx—Msgq relation and that of th&spr(Rso)—Yx rela-
tion. Note that the latter is purely due to variations in ptes
profile shapes. Our measure of thgn(Rsoo)—Yx relation, using
Yspr(Rsoo) directly derived from spherically integration of thet
pressure profiles, exhibits dispersion consistent with<the
statistical scatter. Our study thus does show that vanatio
pressure profile shapes do not introduce an extra scattethiat
Yspr{Rs00)—Msqo relation as compared to that of tNg—Msg re-
lation. Actually, the scatter of thép—Msgg relation might even
be smaller than that of th¥—Msg relation: the tightness of
these relations seems to arise from the empirical eviddrate t
density and temperature are anti-correlated4ggldepends on
their local products as opposed to a global productfar

8. Conclusions

The present work is the first examination of the properties of

the ICM pressure for eepresentative sample of nearby clusters
covering the mass range f0< Msoo < 10'° M,,. Scaling the in-
dividual pressure profiles by mass and redshift accordirigego
standard self-similar model, we derived an average scakest p
sure profile for the cluster population and relate the dewiat

about the mean to both the mass and the thermo-dynamical stﬁ

of the cluster:

this universal profile defines the physical pressure profile o
clusters, up to the cluster boundary, as a function of mags an
redshift, assuming self-similar evolution.

This universal profile is then used to predict the scaling-rel

ions involving the integrated Compton parameter

The expected’sph(xR500)—M500 or Ysz(XRsoo)—M5oo relations

are derived for any aperture. The slope is the inverse of the
empirical slope of theMsoo—Yx relation. The normalisation

is given by the dimensionless integral of the universal fgofi
within the region of interest expressed in scaled radiug. Th
corresponding/sz—Lx relations can be derived by combin-
ing the relevan¥—Msqg relation with the empiricalx—Msgg
relation.

— TheYspn(Rs00)—Msgo andYspr(Rsoo)— Lx relations derived di-

rectly from the individual profiles are in excellent agreeme
with those expected from the universal profile.

We confirm that the isothermgt-model over-estimates the

Y signal at given mass. This overestimate depends strongly
on the assumption on cluster extent and reaches a factor of
nearly two at Rsoo.

As a matter of practical application, the universal pressur

profile is given in Eqg. 11 with parameters in Eqg. 12. For clus-
[s of given mas#lsqp andz, the physical pressure profile can
en be derived from Eq. 13 and the spheri¢gi(R) or cylindri-

cal Y,i(R) quantities can be estimated for any radius of interest

— Cool core systems exhibit more peaked pressure profil§ing EQ. 22-24 and Eq. 25-27, respectively. These equsation
while morphologically disturbed systems have shallow&@n be used as is wheé¥sgo is estimated for relaxed systems

profiles.

using the HSE equation, and for all clusters usiigy derived

— As a result, the dispersion is large in the core region, readfPm mass-proxy relations. The preferred relations woeldhe

ing approximately 80 per cent allBRsq0. However, as com-

Msoo—Yx and theMsgo—Lyx, whereLy is the core—excised bolo-

pared to the density, the pressure exhibits less scatesyd r Metric luminosity (Pratt et al. 2009), as both these refetidis-

of the anticorrelation of the density and temperature grsfilPlay low scatter, compared to the relation betwskgo and the
interior to Q2 Rsgo. Outside the core regions, the dispersiof!l aperture soft band.x. A typical application would be to
about the average profile is remarkably low, at less than Bfedict the SZ signal of a known X—ray cluster with measured

per cent beyond.Q Rsoo.

Lx or Msqg, or to estimate the mass and thus X-ray properties

— We find a residual mass dependence of the scaled profiggnewly discovered SZ clusters. Other applications ineltite
with a slope of~ 0.12, consistent with that expected fron@nalysis of low $N andor poor resolution SZ observation of X-

the empirical non-standard slope of tMgoo—Yx relation.

ray clusters, e.g., allowing to optimise the integratioeryre

However, there is some evidence that the departure frgiid use a realistic decrement shape. On the other handscare i
standard scaling decreases with radius and is consistént vieeded when knowledge of the 'true’ mass is important, &g.,
zero atRsgo. We provide an analytical correction to the meaRredicting cluster number counts for future SZ surveys @4n

slope that accounts for this second ordéeet.

selection function modelling. The above to¥gb—Msqo relation

should be corrected_ by_the bias between the true mass and the
The observational data are compared to and combined WilE mass aRsoo, which is typically~ 13% as determined from

simulated data to derive the universal ICM pressure profile:

comparison with current numerical simulations.

A major open issue is the pressure evolution. With the

— Simulated scaled profiles from three independent setstef staresent study based on a local cluster sample, we could only
of the art numerical simulations show excellent agreemeassume standard self-similar evolution. Because the S¥akig
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is not subject to redshift dimming, on going SZ surveys are eRratt, G.W., Croston, J.H., Amaud, M. & Béhringer, H. 208&A, 498, 361
pected to detect many new clusters at high z. Of particular ifratt, G.-W., Amaud, M., Biaretti, R. etal. 2009, A&A, 511, A85

terest is thePlanck survey, which, thanks to its All-Sky cov-
erage, will detect massive, thus rare, clusters, the bgstisb

Rudd, D. & Nagai, D. 2009, ApJ, 701, L16
Reid, B. & Spergel, D. 2006, ApJ, 651, 643
Shaw, L., Holder, G. & Bode, P. 2008, ApJ, 686, 206

for precise cosmology with clusters. SZ follow-up, at thestbestaniszewski, ., Ade, P.A., Aird, K.A., et al., 2009, Ap017 32
possible resolution, and sensitive X—ray follow-up (parérly  Vikhlinin A., 2008, ApJ, 628, 655
with XMM-Newton) will be crucial to assess possible evolutiorYikhlinin A., 2006, ApJ, 640, 710

of pressure profile shape and measure the evolution d¥lthe-

Vikhlinin, A., Burenin, R., Ebeling, H. et al. 2009, ApJ, 690033
Vikhlinin A., Kravtsov, A., Forman, W., et al.2006, ApJ, 64891

Yx andYsz—Msqo relations. Further progress, in particular on thegit, M., Kay, S. & Bryan G., 2005, MNRAS, 364, 909

mass bias and on the intrinsic scatter of Yad\ relation, is ex-

Voit, G.M. 2005, Rev. Mod. Phys., 77, 207

pected from the wealth of high quality multi-wavelengthalatWik, D.R., Sarazin, C.L., Ricker, P.M. & Randall, S.W., 20@%®J, 680, 17

that will be available in the coming years.

Acknowledgements. We would like to thank Stefano Borgani, Daisuke Nagai,

and Riccardo Valdarnini for providing us with the simulatiata and for helpful
discussions and useful comments on the manuscript. We th&relin for en-

Appendix A: Characteristic self-similar quantities
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from a simple self-similar model. The characteristic tenape
ture is Kl'sopo = 1My G Msgo/2 Rsoo, the temperature of a sin-
gular isothermal sphere with madssgo. Here,u is the mean
molecular weight andn,, the proton mass. We recall thislisoo
is defined as the mass within the radRegg at which the mean
mass density is 500 times the critical densjy(2), of the
universe at the cluster redshiftlsopg = (47/3) RéOOSOOpC(z)

with pc(2) = 3H(2?/(8rG). H(2) is the Hubble constant,
H(2 = H(0)vQm (1 + 2% + Qp andG is the Newtonian con-
stant of gravitation. The characteristic gas densitpgspo =
5001 pc(2), i.€., the ratio of the gas density to the dark matter
density is that of the Universe baryon fractiés The electron
density isng 500 = pg,500/ (e Mp) Whereue is the mean molecular
weight per free electron.

The characteristic pressui®sgg, is then defined as:

Psoo = NesookTs00 (A.1)
3 [500GY4HER]"? u 23
- = [f LS (A.2)

and the corresponding characteristic integrated Com rcamp-
eter is:

o1 4n o1 T8 MsookTs00
Y, — _ P = A3
50 = -7 3 Ry Psoo ME T e (A.3)
2/3
V500G H
A 2 (A.4)
Me C2 4 He

Numerical cofficients given in the corresponding Eq. 5 and
16 are obtained fofg = 0.175,u = 0.59 andue = 1.14, the
values adopted by Nagai et al. (2007), allowing a direct com-
parison with their best fitting GNFW model. Note that the éxac
choice for these parameters does not matter, and does nbt nee
to reflect 'true’ values, as long as the same convention id use
throughout the study (e.g., when comparing observed arad the
retical scaled profiles or observed scaled profiles frofiieint
samples or instruments).

Appendix B: The standard self-similar case

In this Appendix, we summarise results (hereafter ST rgpult
obtained wherMsqg is estimated for eacREXCESS clusters
using theMsgo—Yx relation with a standard slope (Eg. 3). The
other physical parameters are consistently estima®egd, Yx

and Tx simultaneously in the iteration process used to derive
Msgo (Sec. 2), andYsp(Rsoo) from integration of the pressure
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Table B.1. Power law relations to convert physical parameters of 1-3F My, ' ' 3
REXCESS clusters from those derived using the empirigiho—Yx re- 1'1 £ 3
lation (Eq. 2) to those derived using the standard slopdiceléEq. 3). -2 1'0 E 3
For each observabl®, the conversion follows the formQ®T/Qy) = 8 0‘9 E E
C(Q/Qo)* where the pivotQp is 3 x 10'M,, S5keV, 2x 10'M, keV 08k 3
and 2x 107° Mpc? for Msgo, Tx, Yx and Yepr(Rsoo), respectively. 07E , ,
10" 10"
Relation C @ Yy (h3e/2 Mg keV)
MS%)TO— Msoo 0.968 1089 . . i}
TS Ty 1.002 Q992 1 J - 3 3
Y-y 0995 1017 . YarlRopo) .. =
Yo (Rsoo)~Yspor(Rsoo) 0991 1031 £ 1ok s E
= 0.9E o mzzEREEE 3
0.8 ; - _;
Table B.2. h(2)2/*Yap(Rso0)-h(d) /3Lx andh(z) /Lx-Msoo relations ~ O+/ &= : 3
for Msoo estimated using the standard sldde,o—Yx relation (Eq. 3).
Same notations as in Table 1.
1.3E 3
1.2E c
Relation log,C a Tlog; o 1.1 £ 3
Yspn(Rso))-Lx—MB ~ —4.947+0.037 108+0.08 0192+ 0.025 = 1.0F =
Lx—Mso—MB 0.215+ 0035 161+012 0199+0035 *“ og9E E
Yepr(Rs00)—Lx -5.056+0.038 116+0.08 0184+ 0.024 0.8k 3
Lx—Msgo 0.295+0.032 150+0.11 0183+0.032 0.7 .. L 3
1014 1015
Mso0 (h;(; Mo)
profiles up toRsqo. For practical purposes, the baseline param- ]g E Y oon(Rsgo) ' E
eters obtained using the best fitting empiribédo—Yx relation 1 T Y*otal E
(Eq. 2) can be converted to the ST values using the power law i 1 o Er=mmmmm . SR
lations givenin Table B.1. The luminosity is kept unchanged, ~ o0.9F 3
the difference irRsoo values (at most £%), having a negligible  0.8F E
impact due to the steep drop of emission with radius. 0.7 . . :
In the ST case, the scaled pressure profiles do not show any 0.1 s 1.0 “ 2 10.0
significant dependence on mass, as shown in Sec. 3.4. In other h(z)™ Lyfo.-24 (107 hyg ergs/s)
Worqs’ the pressure profiles follow a standard self-sinmiass Fig.B.1. Ratio of the scaling relations derived using the empirical
scaling: Msoo—Yx relation (Eq. 2) to those derived using the standard slope re
tion (Eq. 3). From top to bottonMsgg as a function o¥y; Yy, Yspr(Rsoo
P(r) = Psoop (r/Rso0) (B.1) and g[oth;\IYiz asa funpction oMsqg; Lx as a function oMsqg; YsﬁhERs(,O;

with Psoo defined by Eq. 5. The GNFW parameters of the unf"d totalYsz as a function ot.x.

versal profilegp(x), derived as described in Sec. 5, are:

[Po. Cs00, 7, @, 8] = [8.130 K%, 1.156 0.3292 1.0620 5.4807]  (B.2)

As a result, the integrated Compton parameters also foll(¥w int i . fint ¢ be derived byeor
standard self-similarityy o« MZ2. TheY-Msgo relations derived ;o\ &Y I"egration region oFInierest, can be deriver by

. . ; . ing the normalisation of th¥&spn(X Rsoo)—Lx given in Table B.2
from the universal pressure profile can be written as: by the model ratio o to Yepr(Rsoo), as described in Sec. 6.4,
Yspr(X Rsoo)

Ys00 ! (X) (B.3) Figure B.1 compares the scaling relations derived in the pa-
Ysz(XRso0) D2 = Ys00J(X) per with the ST relations derived in this section. The enopiri
slope of theMspo—Yx relation being smaller than the standard
with Ysgo given by Eq. 16 and(x) or J(x) defined by Eq. 24 value,Msqo at a givenYy is higher at lowYyx and smaller at high
and Eq. 27, respectively. For the GNFW parameters given Wy (top panel). Equivalentlyyx at given mass is smaller at low
Eqg. B.2, the numerical values of1), 1(5) andJ(1) are 06552, mass, by~ —16% atMsgo = 10'*M,, and higher at high mass,
1.1885 and 07913, respectively. Th¥spn(X Rsog)—Msog relation by ~ +10% atMsqo = 10'M,, (second panel). The behavior of
derived from a direct fit to the data has a slope 66B+ 0.013, Ysz closely follows that ofYyx (same panel) simply because the
fully consistent with 33. Over the [16*~10'°] M, mass range, ratio of the two purely depends on the shape of the universal p
it differs by less than.B% from that derived from the universalfile. This shape is barelyfieected by the small ffierence irRsoo
profile (Eq. B.3). values used to scale the physical pressure profiles. Sipilhe
We also derived the observg(Rsog)—Lx relation, as well  Ysz—Lx relation only depends on cluster internal structure and is
as thel.x—Msgo corresponding to the modifiddsgg values. The essentially the same in the two models (bottom paiYep(Rsoo)
best fitting power law parameters are given in Table B.2. Th&slightly higheflower at lowhigh Lx following the change of
former is consistent with the relation expected from conmgn Rsog at givenLy. As theMsog—Yx is shallower than the ST rela-
the Lx—Msgg relation with theYspn(Rso0)—Msoo relation derived tion, theMsoo—Lx is also shallower (thus high&gqo at low Lx)
from the universal pressure profile (Eq. B.3). TVx relation, or equivalently thex—Msqg is steeper (third panel).
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Table C.2.Best fitting GNFW parameters for the average pressure pro-
file of the REXCESS sub—samples of cool core and morphologically
disturbed clusters (Eq. 11). The external slope parangeteas been

fixed to 549.
Sub-sample Po Cs00 a Y
Cool-core 249 1128 12223 07736

Morphologically disturbed 202 1083 14063 03798

Appendix C: Pressure profiles and best fitting
model

Here we list the physical cluster properties and the pararaef

the GNFW model best fitting each profile (Table C.1). Indiatu
profiles and their best fitting model are plotted in Fig. C.13-C
We also provide the GNFW parameters for the average scaled
profile of the cool core and morphologically disturbed chust

in Table C.2.

17
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Table C.1.Cluster physical parameters. Column (2)-([3s0 is the radius corresponding to a density contrast of 50imastd iteratively from
the Msg—Yx relation (Eq. 2), wher&x = MgsooTx is the product of the gas mass withge and the spectroscopic temperatiisge Column (4)
and (5): spherically integrated Compton parameter wiBio, andRsq, respectively. Column (6Psq0 as defined by Eqg. 5. Column (7) to (10)
give the best fitting GNFW parameters for the pressure psofite. 11). The external slope paramegidias been fixed t0.89 (see text). Redshift
zandMsg values can be found in Table 1 of Pratt et al. (2010).

Cluster Rsoo Yx Ysph(Res00) Ysph(Rs00) Psoo Po Cs00 a Y x*/dof
(Mpc) (10“MykeV) (105 Mpc?) (10°5Mpc?)  (103keV cnT3)
RXC J0003.80203 0879 (0763+0.030 Q410+0.009 0990+ 0.036 1466 393 133 141 0567 Q3/9
RXC J0006.6-3443 075 235+ 0.13 1030+ 0.050 306+ 0.16 2292 327 110 141 Q408 Q0/1
RXC J0020.7-2542 056 2253+ 0.072 1419+ 0.034 280+0.11 2331 2026 216 137 Q035 37/7
RXC J0049.4-2931 800 Q0477+0.022 Q277+0.010 Q630+0.037 1254 858 131 107 Q422 Q2/4
RXC J0145.0-5300 112 2819+ 0.097 1193+ 0.029 389+ 0.18 2461 973 106 106 Q000 11/4
RXC J0211.4-4017 684 0203+0.006 Q101+0.003 Q267+0.010 Q902 897 104 093 0267 30/6
RXC J0225.1-2928 683 0185+0.014 Q087+0.004 Q237+0.017 Q832 1928 119 088 Q000 54/5
RXC J0345.7-4112 685 (0188+0.009 Q109+ 0.003 Q227+ 0.009 Q836 368 165 167 0690 11/7
RXC J0547.6-3152 148 359+ 0.11 1976+ 0.037 454+ 0.14 2799 852 174 151 (0260 38/6
RXC J0605.8-3518 .059 2285+ 0.070 1264+ 0.025 313+ 0.14 2338 423 088 096 0659 11/6
RXC J0616.8-4748 047 1194+ 0.044 (0515+0.014 1627+ 0.060 1784 406 116 143 0234 14/3
RXC J0645.4-5413 302 7291+ 0.248 360+ 0.11 993+ 047 3722 1110 Q094 089 0265 25/5
RXC J0821.80112 (0753 0325+0.017 Q171+0.007 Q400+ 0.019 1053 172 137 201 0860 15/1
RXC J0958.3-1103 076 264+ 0.25 172+0.11 342+ 0.40 2553 413 177 207 Q719 Q0/3
RXC J1044.5-0704 039 1189+ 0.024 Q732+0.010 1550+ 0.051 1820 708 127 105 0644 137/7
RXC J1141.4-1216 893 0879+0.018 Q491+0.007 1199+ 0.046 1597 442 108 108 0652 153/6
RXC J1236.7-3354 @58 (0335+0.011 Q162+0.003 Q479+ 0.020 1062 4776 Q72 061 0000 32/4
RXC J1302.8-0230 B850 0625+0.020 Q305+0.007 Q800+ 0.039 1349 363 109 121 0519 148/6
RXC J1311.4-0120 351 927+ 0.17 5610+ 0.084 1160+ 0.30 4169 2313 116 078 0399 171/7
RXC J1516-0005 1010 1689+ 0.050 Q927+0.013 2211+0.083 2035 448 152 165 Q474 41/5
RXC J1516.5-0056 032 1105+ 0.038 Q479+ 0.015 1494+ 0.054 1740 257 109 151 0465 12/4
RXC J2014.8-2430 176 4133+ 0.097 2293+ 0.056 559+ 0.23 2971 494 075 082 0684 88/7
RXC J2023.0-2056 @40 0281+0.014 Q149+0.005 Q358+0.016 Q968 400 136 141 Q515 Q2/2
RXC J2048.1-1750 .095 2782+ 0.084 1104+ 0.024 373+0.12 2542 434 133 176 Q000 107/3
RXC J2129.8-5048 003 0856+0.043 0357+0.016 1147+0.051 1508 921 094 100 Q000 Q2/0
RXC J2149.1-3041 891 (0864+0.024 Q429+0.009 1135+0.051 1585 996 071 Q71 0446 33/6
RXC J2157.4-0747 053 Q0311+0.012 Q122+0005 Q411+0.015 1007 146 124 254 0491 Q1/1
RXC J2217.7-3543 .031 2023+ 0.050 1079+0.021 2611+0.077 2260 2770 118 081 0133 Q2/5
RXC J2218.6-3853 147 351+ 0.14 1796+ 0.049 494+ 0.29 2751 2729 106 082 Q000 10/4
RXC J2234.5-3744 .B07 722+ 0.17 4300+ 0.075 882+ 0.25 3647 2504 201 123 Q000 106/5
RXC J2319.6-7313 @93 Q0445+0.018 Q194+0.004 Q612+0.026 1207 3389 017 033 0065 19/5
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Fig. C.1. Pressure profiles for the entirlEXCESS sample with the best fitting GNFW model (red line). The dottedical line indicatesRsoo

for each cluster.
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