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ABSTRACT

We aim to determine the intrinsic variety, at a given masshefproperties of the intracluster medium in clusters ofxgels. This
requires a cluster sample selected independently of thecinster medium content for which reliable masses andesulest X-ray
data can be obtained. We present one such sample, consitBdggalaxy clusters selected independently of their Xpayperties

in the nearby (M50 < z < 0.135) Universe and mostly with 14 log Msq0/M, < 14.5, where masses are dynamically estimated. We
collected the available X-ray observations from the arehignd then observed the remaining clusters with the lowgvaand Swift
X-ray telescope, which is extremely useful for samplingustdr population expected to have low surface brightnessfouhd that
clusters display a large range (up to a factor 50) in X-rayihasities withinrsgy at a given mass, whether or not the central emission
(r < 0.15r5q0) is excised, unveiling a wider cluster population than saeunayev-Zeldovich surveys or inferred from the popolati
seen in X-ray surveys. The measured dispersiorbiglex inLy at a given mass.
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1. Introduction Our current (and future) understanding of the complex
physics involved in the cluster formation (see, e.g., Maugh

The X-ray observations of the hot intracluster medium (ICMBt al. 2012), as well as the cosmological power of surveys, ar
of galaxy clusters provide quantities such as its mass, éempseverely &ected by these systematics that can be understood
ature (), and X-ray luminosity x). The analysis of the scal- only with the aid of cluster samples that are not X-ray select

ing relations between these physical quantities givesidens Future cosmological surveys (e.g., e-Rosita), designedpply
able insight into the physical processes occurring in thigl IClarge amounts of data from clusters, will benefit from an aateu
(e.g., Rosati et al. 2002; Voit 2005). Scaling relationsjute the  understanding of the biases associated with the X-ray tiafec

basis for cosmological estimates based on galaxy clusteys ( Pecause the biases can only be understood with the aid ¢éclus
Vikhlinin et al. 2009). samples that aneot X-ray selected.

Scaling relations have generally been derived for X-ray se- A population of clusters under-represented in X-ray sekbct
lected samples. However, it is becoming generally appt@tiasamples have been already discovered among SZ-selected clu
(Pacaud et al. 2007; Stanek et al. 2006; Pratt et al. 20@8s (Planck collaboration 2011, 2012). The size of the imjss
Andreon, Trinchieri & Pizzolato 2011; Andreon & Moretti 201 population is not yet quantified; moreover, the SZ selecition
Eckert et al. 2011; Planck Collaboration 2011, 2012; Maughaot a satisfactorily alternative because being based otCie
et al. 2012) that X-ray selected cluster$en a biased view of content it can miss clusters with low gas fractions. Andr&on
the cluster population because, at a given mass, brigh@@r-t Moretti (2011) studied a color-selected cluster samplefandd
average clusters are easier to select and include in a samglgrge variety (® dex) of X-ray luminosities at a given richness.
while fainter-than-average clusters are easily misseX-tay Given that richness correlates tightly with mass (e.g., r&od
selected samples, the amplitude of the bias cannot be dem & Hurn 2010; Andreon 2015), this suggests that there is alarg
from the data (and selection function) alone, and input frogariety in thelLy at a given mass. So far, however, this is based
non-X ray selected samples is needed to break the degenegtindirect evidence because the mass of the studied custsr
between the intercept and the scatter of the scaling rektionot been directly measured.

Alternatively, a strong prior on one of the parameters, for e

ample based on numerical simulations, should be adoptgd (e. To firmly establish the variety of intracluster medium prepe
Vikhlinin et al. 2009). In spite of the interest on the subjard ties of galaxy clusters of a given mass and to break the degene
the general awareness of the biases induced by the X-ray setges between the parameters of the X-ray cluster scaliatjoak
tion, a sample of clusters observed in X-rays whose selejo is paramount to assemble cluster samples having threadsatu
at a given mass, independent of the cluster ICM contentlis sfi) observed in X-ray; 2) with known mass; and 3) whose selec-
missing in the literature. In this respect, Sunayev-Zeiclo(SZ) tion is, at a given cluster mass, independent of the intsaeiu
based surveys do not seem to represent an alternative,tgeen medium content. If masses are derived from the X-ray daga, th
they also use the ICM to select the clusters, thus, they mag mone should account for the covariance between X-ray lunitinos
clusters with low gas fractions. and mass induced by the double use of the same photons.
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000 Fig. 2. Binned X-ray image of CL3013 and CL2007 in the [0.5-2] keV

—2000 0 2
Av [km 871] band observed for about 9.5 ks each with XRT on Swift. Thegs-cl
ters have identical masses, velocity dispersions, andhifgdsut X-ray
luminosities difering by a factor 15. The circle shows the 0.83 Mpc

Fig. 1. Velocity distribution of the galaxies in clusters CL3013sth radius (therseo value).

togram) and CL2007 (points). error-bars to the histograensiwown
with the shading. In this purely illustrative figure, ertaars are simply
y/n-based.

As detailed in Table 2, many of our sample clusters were al-
The purpose of this work is to build, observe, and analyZeady detected by the previous generation of X-ray teleszop
one such cluster sample. To this end, in 2011 our team starél surveys (e.g., REFLEX and NORAS; Bohringer et al. 2000,
an observational program with the X-ray telescope on board2004), some are listed in the Abell et al. (1989) catalog and
Swift, dubbed X-ray unbiased cluster survey (XUCS). Witls th Some are also in the Planck cluster catalog (Planck colioor
program, we were able to uncover a wider range in luminasitid015). This information, not used to select the sample,viergi
relatively to what expected on the basis of the Represeatatfor completeness and it also illustrates that the cluselected
XMM-Newton Cluster Structure survey (REXCESS), or evefre real structures present in other catalogs.
Plank selected clusters. The impatient reader may want to We collected the few X-ray observations present in the
quickly browse§2 (sample selection), re&@® (which illustrates XMM-Newton or Chandra archives and we observed 28 clus-
the main conclusion of the paper with an example), skip tble-te ters with Swift (individual exposure times between 9 and 81 k
nical analysis ir§4, and read the results based on the whole samotal exposure time- 0.35 Ms, see Table 1). Swift has the ad-
plein§5. vantage of a low X-ray background (Moretti et al. 2009), nngki
Throughout this paper, we assufdg = 0.3, Q5 = 0.7, and it extremely useful for sampling a cluster population expddo
Ho = 70 km s Mpc™1. Results of stochastic computations arbave low surface brightness (Andreon & Moretti 2011).
given in the formx+y, wherex andy are the posterior mean and
standard deviation. The latter also corresponds to 68 %valte
\tl)vi;ause we only summarize posteriors close to Gaussiaisin 51 The straightforward comparison
To illustrate the diversity in ICM properties of clusters af
given mass in the simplest possible way, we consider twe clus
ters, CL3013 and CL2007. We chose these two clusters because
Our sample, named XUCS, consists of 34 clusters in the véhey have identical masses (IMgoo/Mo = 14.28) and veloc-
nearby universe (050 < z < 0.135) extracted from the C4 ity dispersions (600 kys; see Fig. 1); very similar redshifts
catalog (Miller et al. 2005) in regions of low Galactic ahgor (z = 0.115 and (109); similar number of galaxies within the
tion. The C4 catalog identifies clusters as overdensitigtén caustics ¢ 150); and X-ray data of the same depth9(5 ks with
local Universe in a seven-dimensional space (positiorshiéil Swift XRT; see Table 1) in directions having the same Gatacti
and colors; see Miller et al. 2005 for details) using SDS% daabsorption. The Swift XRT images shown in Fig. 2 indicatd tha
(Abazajian et al. 2004). Among all C4 high-quality clusterthe X-ray emission of the two clusters is vastlyfelrent. We col-
(> 30 spectroscopic members within a radius of 1.5 Mpc, 36cted 1027 net photons in [0.5-2] keV band for CL3013, and 65
on average) with a (dynamical) mass Mg> 14.2 M,, (derived for CL2007 within 0.83 Mpc (corresponding to thgo value).
from the C4o, > 500 knys), we selected the 34 nearest (to miniThe more detailed analysis presente@4nl confirms the large
mize exposure times) which are also smaller than the Swift XKa factor~ 16) difference in luminosities (total and core-excised)
field of view (rsgp < 9 arcmin). and that the dierence is not due to a cool core in CL3013 be-
The XUCS cluster sample is listed in Table 1. There is neause the latter has-al0 times larger count rate at all radii.
X-ray selection in our sample, meaning that 1) the probigbili  As discussed in detail i§5, CL3013 and CL2007 fer too
of inclusion of the cluster in the sample is independent®kit much in X-ray luminosity to obey the low-scatter scalingitin
ray luminosity (or count rate), and that 2) no cluster is kapt of X-ray selected cluster samples, such as the Represantati
removed on the basis of its X-ray properties XMM-Newton Cluster Structure survey (REXCESS) sample
(Boheringer et al. 2007), even after taking the X-ray séect

* Our original program targeted a slightly larger cluster pm of the |atter into account. This is the main result of this kyor
However, because of the approximation in the coordinatesdiin which we now illustrate for the full sample.

the optical C4 catalog, the center of a few clusters fell tse to
XRT field-of-view boundaries, or in some cases, was missedether.
Furthermore, the dynamical analysis of two of the originlaisters scale, making the derived masses of the individual clustersliable.
shows that they are two parts of the same dynamical entityeat,§o  For this reason, we removed these two targets from the sample

2. Sample selection
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Fig. 3. Optical (-band) image of CL1209 (left-hand panel) and CL3000 (rigétd panel) with superimposed X-ray countours in the [( ke¥
band, the latter smoothed with a Gaussian witk 45 arcsec. The two clusters are among the X-ray faintesh&r imass. The circle radius is
equal torsgo. North is up, east is to the left.
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Fig. 4. X-ray radial profile ([0.5-2] keV band) of the clusters CL30(left-hand panel) and CL2007 (right-hand panel). Thevamarks thersgg
value.

4. Collective analysis of the full sample data using the standard data reduction procedures (Meteitti
2009; XMMSAS' or CIAQ®).

In the following, we describe the analysis procedures topmate As shown in Figs. 2 and 3, clusters in our sample show a vari-

the mass and X-ray luminosity in the [0.5-2] keV band of thety of X-ray morphologies. CL3000 shows affiset between the

clusters of our sample. galaxy number density distribution and the X-ray emissiee(

Fig. 3), a bit like the Bullet cluster (Clowe et al. 2004). @2

is a bimodal cluster formed by two distinct clumps of X-ray
4.1. X-ray analysis emitting gas and galaxies (each one peaked on its own bright-

est cluster galaxy; BCG hereafter) of comparable richness a
A few clusters of our sample were observed with XMM-Newto-ray luminosity. The other clusters show a range of morphol
(EPIC-MOS1 and 2; Turner et al. 2001) and Chandra ACISgies from regular (CL1209, see Fig. 3) to bimqaatgulars, as
(Garmire et al. 2003; see Table 1 for detjilsvhich also reports evaluated from the available number of photons (the median i
effective exposure times (after flares cleaning). The remginid00 photons within 5500 < I < rspp @and 550 withinr < rsgo
clusters were observed with the X-ray telescope (XRT) omdoan the [0.5-2] keV band)
the Swift satellite (Gehrels et al. 2084)We reduced the X-ray Point sources are detected by a wave detection algorithm,

and we masked pixeldtacted by them when calculating radial

profiles and fluxes. In our analysis, we used exposure maps to

2 XMM obsid 0206430101 (Pl C. Miller), 0201751301 (PI. P-
Mazzotta), 0201902101 (P! H. Boheringer), and 065381060M(ng 4 httpy/xmm.esac.esa.ifsas
Sun); Chandra obsid 4990 and 4991 (PI Bower), 5823 (Pl Dasjahu 5 httpy/cxc.harvard.edgiag
and 13376 (P1 Murray). 6 The radiug, is the radius within which the enclosed average mass
3 Swift proposals id 8110004, 9120007, and 1013012 (Pl S$ensity isA times the critical density at the cluster redshift. It is com
Andreon), about one third of them executed on Italian time. puted during the dynamical analysis§#.2.2.




Table 1. Cluster sample and results of the analysis.

Id ra dec z  logMsgo err N log Msgo err n Telescope  texp logLx err logLx err
[Mo] dex [Mo] dex ks ergst dex ergst dex
1) 2 ®3) 4 (5) ® O 8 (9 (@10 a1 (12) (13) (14 (15) (16)
CL2081 0.167 14550 0.093 1439 0.09 94 13.94 0.28 11 Swift 5 9. 4244 011 42.09 0.19
CL2015 13.966 -9.986  0.055 1436 0.09 214 1427 0.12 61  Swift 9.0 42.97 0.05 42.79  0.06
CL2045 22.887 0.556  0.079 13.86  0.10 66 13.95 0.16 45  Swift .110 43.20 0.03 43.11 0.04
CL2010 29.071 1.051  0.080 1434 0.09 179 1439 0.12 92  Swift 4 9 4325 0.04 43.10 0.05
CL2007 46.572 -0.140  0.109 1428 0.09 164 1422 0.14 57  Swift 9.1 42.84  0.09 42.68 0.12
CL3023 122535 35.280 0.084 14.05 0.09 173 1431 0.17 44 tSwif 9.6 43.08 0.04 42.88 0.05
CL3030 126.371 47.130 0.127 1452 0.15 364 14.67 0.07 156 ftSwi  16.5 44.05 0.01 43.93 0.02
CL3009 136.977 52.790 0.099 13.89  0.09 72 13.39 0.24 17  Swift 8.4 42.97 0.05 42.70  0.08
CL1209  149.161 -0.358  0.087 14.03 0.09 115 1429 0.15 43  XMM 944 4254 0.02 42.23  0.03
CL3053 160.254 58.290 0.073 13.52 0.27 99 13.63 0.20 31  Swift 14.4 42.61 0.08 42.48  0.07
CL3000 163.402 54.870 0.072 1458 0.09 180 14.18 0.15 59  tSwif 8.8 4351 0.03 43.35 0.05
CL3046  164.599 56.790 0.135 14.62 0.09 172 14.63 0.15 104 ft Swi 9.0 44.46  0.01 44.37 0.01
Chandra 7.7 44.48 0.01 4437 0.01
CL1033  167.747 1.128  0.097 13.83 0.12 77 13.79 021 20  Swift .0 9 4315 0.04 43.05 0.05
CL1073  170.726 1.114 0.074 1420 0.09 149 14.15 0.12 63 Chand 21.7 43.17  0.03 43.10 0.03
Swift 14.6 43.03 0.05 42,95 0.06
CL3013 173.311 66.380 0.115 1428 0.13 148 1429 0.12 111 ft Swi 9.7 44.05 0.01 43.89  0.02
CL1014  175.299 5.735 0.098 14.40 0.09 120 14.40 0.16 51  Swift 12.0 43.47  0.03 43.31 0.04
CL1020 176.028 5.798 0.103 13.94 0.35 29 1461 0.14 43 Swift .8 6 43.74 0.02 43.61 0.03
CL1038  179.379 5.098 0.076 14.21  0.09 95 1428 0.13 54 Swift .7 8 4343 0.03 43.37 0.03
CL1015 182.570 5.386  0.077 13.85 0.19 79 14.14 0.15 37 Swift 7.31 4365 0.01 43.55 0.01
CL1120 188.611 4.056  0.085 14.02  0.09 50 1433 0.21 25 Swift 091 4263 0.09 4250 0.11
CL1041  194.673 -1.761  0.084 1431 0.09 370 1458 0.11 153 n@ha 38.2 4439 0.01 4417  0.01
CL1132  195.143 -2.134  0.085 13.79 0.24 42 13.70 0.17 27  Swift 9.6 42.34 0.10 42.04 0.15
CL1052  195.719 -2.516  0.083 1431 0.09 262 1457 0.10 96 XMM 954 4365 0.01 43.39 0.01
CL1009  198.057 -0.974  0.085 14.00 0.26 236 14.28 0.12 56 @han 20.9 43.38 0.01 43.24  0.02
CL1022  199.821 -0.919 0.083 13.86 0.12 87 1356 0.16 36 XMM 231 4255 0.10 42.55  0.10
CL3049 203.264 60.120 0.072 13.63 0.10 49 13.86 0.23 32  Swift 12.3 43.09 0.03 42.97 0.03
CL1030  206.165 2.860 0.078 14.16  0.09 86 1412 0.21 41  Swift 3.11 4275 0.06 42.54  0.09
CL1001  208.256 5.134  0.079 1430 011 171 14.57  0.09 124  tSwif 31.0 43.87 0.01 43.79 0.01
CL1067  212.022 5.418 0.088 13.92 0.38 57 1429 0.14 42  Swift 091 43.33 0.04 43.25 0.04
CL1018  214.398 2.053 0.054 13.68 0.24 123 14.27 0.10 79  Swift 9.7 42.83 0.04 42.73  0.05
CL1011  227.107 -0.266  0.091 1423 0.17 48 1446 0.14 42 Swift 13.7 42.96  0.05 42.77  0.07
CL1039  228.809 4386  0.098 1432 0.16 76 14.63 0.13 68 XMM 011. 4352 0.02 43.42 0.02
CL1047  229.184 -0.969 0.118 14.01 023 121 13.81 0.23 28  tSwif 8.8 43.71  0.03 43.63 0.04
XMM 39.6 43.78 0.01 43.70 0.01
CL3020 232311 52.860 0.073 1412 0.14 81 14.18 0.18 53 Swift 7.3 43.30 0.04 43.20 0.04

The table lists: cluster id (col 1); coordinates (cols 2 apdédshiftz (col 4); caustic massédsoo (col 5 and 6); number of galaxies within the caustics (colVé)pcity-dispersion based
massedMsgg (col 8 and 9); number of galaxies withiagg and|Ay| < 3500 knis (col 10); X-ray telescope used (col 11jfeetive exposure time (col 12); X-ray luminosity (< rsgp) in the

[0.5,2] keV band (col 13 and 14); core-excised X-ray lumityokx (0.1rs500 < I < rs0) in the [0.5,2] keV band (col 15 and 16).

calculate the #ective exposure time accounting for ditheringTable 2. Literature names

vignetting, CCD defects, gaps, and excised regions. .

Literature names

Since Swift observations are taken withffdrent roll an- —=g1
gles and sometimesfirent pointing centers, the exposure mapcL200s
may show large dierences at very largeffeaxis angles. To CL2045
avoid regions of too low exposure, we only consider region%ggég
where the exposure time is larger than 50% of the centrakvalu cL3023
Furthermore, we truncate the radial profile when one-third ongggg
the circumference is outside the 50% exposure region defineg 1209
above. We take the position of the BCG closest to the X-raycL3053

peak as cluster center (the northern one in case of bimoat ¢l S 3090
ter CL1022). CL1033

To measure the surface brightness profile, we extract the di§L1073

tance from the cluster centeof individual photon in the [0.5-2] gﬁgﬁ
keV band, and we individually fit them (i.e., without any raldi  cL1020
binning, as detailed in Andreon et al. 2008, 2011; a simifar a ¢-1038

proach is followed in CIAO-Sherpa), with the following gene 8&2;8

alizedB model adapted from Vikhlinin et al. (2006): CL1041
S(r) o So(r/re) (1 + (r/r)?) ¥*05+/2 4 C 1 S

whereSy, r¢, andC are the central surface brightness, core ra-<-199°

. . CL1022
dius, and the background constant, respectively.d parame- ¢ 3049
ter models the power-law-type cusp typical of cool-coretdts Cﬂggg

and is a parameter requested by the data of some of our dusteg ;5
Chandra data also require us to excise the inner 3-5 arag@nre cLiois

because of the BCG emission. Our fit accounts for vignettinggﬂgéé
excised regions, background level, variation in exposime,t & i0a7

and Poisson fluctuations using the likelihood in Andreonlet a cL3020

Al117,PSZ2G126.72-72.82

A208, RXCJ013140033, MCXCJ0131.¥0033

A279

A412

A628

A655, RXCJ0825:54707, MCXCJ0825.84707, PSZ2G172.635.15
XCLASS 1943

RXCJ1053.#5452, MCXCJ1053.¥5452

A1132, MCXCJ1058#46647, PSZ2G149.254.18
A1189

A1238, RXCJ1122489106, MCXCJ1122.80106
A1302, MCXCJ113346622, PSZ2G134.7618.91
A1346, PSZ2G261.882.85

Al1424, MCXCJ1157+40503
ZWCL1207.50542, RXCJ1210-80523, MCXCJ1210.80523

A1650, RXCJ1258.6-0145, MCXCJ1258.6-0145,
Hydra, PSZ2G306.6651.06

A1663, RXCJ1302.8-0230, MCXCJ1302.8-0230, PSZIB33+60.26
A1692, RXJ1218:80515
2P10.084J1319.3-0055

A1780

A1809, MCXCJ1353:40509, PSZ2G339.47%63.56

A1864

MKW6

A2026, XMMXCSJ1508.4-0015

A2048

A2051, RXCJ1516.5-0056, MCXCJ1516.5-0056, PSAWGMH45.13

(2008). The parametgris fixed at 23 because our data cannot



constrain all parameters for all clusters. For the otheampa= history: Beers et al. (1990) reduced the impact of the contam
ters, we took weak priors, and, in particular, we took a umifo inating population by using lower weights for objects in the
prior for Sp andC, constrained to be positive (to avoid unphyswings of the distribution. Andreon et al. (2008), Wojak et al
ical values), and a Gaussian prior rwith the center equal to (2011), and Andreon & Waever (2015) modeled the probabil-
rsoo/5 (suggested by Ettori et al. 2015), with a 30% sigma (i.gty that an object belongs to the interesting, or contaniggat
re € (0,rs00) with 99 % probability). A posteriori, all (posterior population based on relative velocity from the barycentaich
mean)r. are well within this range. improves the velocity dispersion estimates upon previqus a
As an example, Fig. 4 shows the observed surface brightngsgaches (Andreon et al. 2008 and Andreon 2010). Here, we
profile, the fitted generalized beta model, and its 68 % uncéwther refine the method with the full cluster centric dista in-
tainty for the two clusters shown in Fig. 2. CL3013 has no cormation (i.e., not just the information that the galaxyriside
core and a 10 times larger count rate than CL 2007, at all radithe considered radial range) in addition to velocity infatian.
as mentioned ig3. First, we only consider galaxies withitv < 3500 ks
By integrating the fitted model within the ranges® < rsgp andr < rppo because outside this range galaxies are unlikely
and Q15r500 < I < I'spp and assuming a 3.5 keV temperature, wt® be virialized cluster members. Second, following presio
obtain the X-ray luminosity withimsgg, Lsoo = Lx(< I'spg), and works, we model the distribution in the velocity space as a
the core-excised luminosity,soqce = Lx(0.15 < r/rsgo < 1), sum of a Gaussian (for cluster members) and a uniform dis-
listed in Table 1. AdoptingT = 8 keV would only change the tribution (for foregroungbackground galaxies) zeroed outside
derived luminosities by 01 dex. This ensures that our concluAv = 3500 ks because we discard galaxies wih > 3500
sions below are not resulting from temperature variatibaswe kmy/s. Third, we model the distribution in the radial directiah a
have neglected across the sample. The small&st4y, radius a King profile (for cluster members) plus a constant (for fore
is 49 arcsec, much larger than PSF of the used instrumgr@s (groungbackground galaxies), zeroedrat ryq0 because galax-
arcsec), so that the contribution of any cool-core flux sditbut ies at larger radii are discarded from the sample. By fitting-a
of the excised region is negligible. dial profile, we improve upon previous approaches because we
For all but two clusterssqg is smaller than the radius of theuse the radial information in full. The radiuggo is, however,
(conservatively taken) last point in the surface brighsrsfile, unknown. We derive it through simple iterations; we first gido
Nag. For CL2015 and CL3000 it is marginally outside it and wé radius of 20 arcmin, and we derivg from galaxies within
measure the extrapolation based on the best-fit model to e his region, then we convest, in Mzgo using theoy — Mzgo re-
8 %. The error on the uncertain extrapolation is automdyicalation in Evrard et al. (2008). Sinaggg « M;{)f), we then select
accounted for by ourx computation (via Eq. 1). only galaxies within this,go, and repeat the procedure two more
Although our radial profile model is very flexible in describtimes. Convergence is already achieved at the first iteratio
ing the surface brightness profile of clusters, it assumesi-a u  We fit the spatial-velocity model to the (unbinned) position
modal X-ray emission and, therefore, cannot deal with the kind velocity data by means of a Marcov-Chain Monte-Carlo
modal CL1022 cluster. For this cluster, the X-ray lumingsst sampler. We adopt uniform prior on parameters, zeroeddritsi
derived by simple aperture photometry centering the apeedn  the physically acceptable range. Table 1 lists the derilester
the northern clump (and ignoring gaps, regions unobsereed Inass (obtained from the measuregd using theMygo — oy in
cause of other sources, variation in exposure time, ets)aA Evrard et al. 2008, and then Msgg assuming a Navarro, Frenk,
check, we derive the X-ray luminosities of CL1132 and CL101&nd White 1997 profile with concentratien= 5), the number
in a similar way, i.e., by simply counting photons in the ireagof fitted galaxies, and velocity barycenter. With= 3, masses
and with the same limitations as before. We found resultsisen would differ by about @4 dex, a diference negligible compared
tent with those derived by fitting a radial profile, which piges to our errors. The median number of fitted galaxies (position
more reliablely errors however. and velocities) withinrygg is 51, the interquartile range is 32.
Three clusters have data from two X-ray telescopes and Whe median mass of the cluster sample isNego/Mo is 142,
compared the resulting luminosities from thefelient instru- the interquartile range is 0.4 dex. As mentioned, the pritisab
ments. CL3046 has identical luminosities, the other twastelts tic approach ffers more precise measurements and more robust
differ by an amount that is negligible for our purposesQ1 estimates of the uncertainties than older approachestigdie-
dex). Similarly, the luminosities within the REXCESS (Rt cause more information in the data is used.
al. 2009)rsq of the two clusters in common with REXCESS are  For a few clusters the assumption of a background popula-
consistent. tion of galaxies uniformin velocity is not satisfied by thaalbe-
cause of the presence of velocity-coherent structuresafadint
or a group). In these cases, we narrowed the radigloarve-
locity ranges to make our assumption valid. The causticyaisl
Data for the dynamical analysis are drawn from th& §DSS described below and an attentive inspection of the spaaseph
data release (Alam et al. 2015), Galaxy And Mass Assemi§agram is quite useful to recognize these structures.
(Liskie et al. 2015; Baldry et al. 2014), 2dF (Colless et 80 2), Fig. 5 shows the observed data, the fitted model, and its 68
6dF (Jones et al. 2009), Rines et al. (2013), Hill & Oegerf® uncertainty for the two clusters in Figs 1, 2, and 4.
(1993), Miller et al. (2002), and Pimbblet et al. (2006). Boe-
locity dispersion and caustics analyses below assume titerce
fixed at the location of the BCG closest to the X-ray peak.

4.2. Dynamical analysis

4.2.2. Caustics masses

Caustic masses withinygg, Moo, have been derived follow-
4.2.1. Velocity dispersion based masses ing Diaferio & Geller (1997), Diaferio (1999) and Serra et al

(2011). Basically, the caustic technique performs a messent
The determination of a dispersion in presence of interlopf the line-of-sight escape velocity and has the advantégeto
ergoutliergbackground is a well-known problem with a longassuming virial equilibrium, assumed instead when esiimgat
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§5.4 for details).
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Fig. 6. Caustic masses (ordinate) vs velocity dispersion basedeva
(abscissa). The blue line indicates equality and it is ndtta the data.

velocity-dispersion-based masses. It only uses redsiftpm-
sition of the galaxies to identify the caustics on the refigti

agram (clustrocentric distance vs. line-of-sight velgcitvhose
amplitude is a measure of the escape velocity of the cluBher.
mass of a spherical shell within the radiug just the integral

of the square of the caustic amplitude times the filling fact
F, taken to be b in agreement with Diaferio & Geller (1997)

and Diaferio (1999). A byproduct of the caustic techniguiés
construction of a binary tree that arranges the galaxieaitki-
cally, according to their binding energy. This tbd useful for
recognizing possible structures in the considered fieldolce

convergence on the cluster under study (instead of a nearby fa

distinct cluster in the field), we fixed the cluster centerfed t
opticafX-ray center.
Table 1 lists the cluster masskg, derived from the caus-

S

Eight XUCS clusters have caustic masses also derived in
Rines et al. (2006; 2013). Six out of eight clusters have prgss
in agreement atdt level or better, the remaining two clusters at
~ 1.50.

While positions and velocities are used by both the caus-
tic analysis and velocity dispersion determinations,rthse is
very different. For example, the dynamical analysis uses galax-
ies withinr,go, while this restriction does not apply to the caustic
technique, which instead mostly uses galaxies atr,g (and
the twor,po are not necessarily the same). Furthermore, while
we assume a uniform distribution in velocity space when we de
rive masses from the velocity dispersion, the caustic tiegken
does not make this assumption.

Masses inferred from velocity dispersions agree extremely
well with those inferred from caustics (see Fig. 6). The mean
v is 1.3 and the average scatter is 1.1 times the value expected
based on the quoted errors. Furthermore, we understanddhe r
son for the diference of the masses of the two clusters with the
largest diferences+{ 20): CL3000 is likely to have underesti-
mated caustic errors and the velocity dispersion of CL1@18 i
likely overestimated because of a possible backgroundtitglo
structure not accounted for.

. X-ray luminosity vs masses

The left-hand panels of Fig. 7 show the X-ray luminodityg
(bottom panels) and the core-excised X-ray luminosiygce
(top panels) vs mass for our cluster sample.

We fit the data above with a linear relation with intrinsictsca
r and errorswith the JAGS Marcov-Chain Monte-Carlo sam-
pler, which adopts weak priors on parameters. For coresegci
luminosities we found

tic M2go by assuming a Navarro, Frenk, and White 1997 profilgg Lsoace = (0.82+ 0.33)(logMspo/Mo — 14.2) + 432+ 0.1 ,(2)
with concentratior = 5, as foro,-based masses. To account for

systematic errors, mostly due to the intrinsic triaxialisture of
halos, we adopt as mass error the maximum between 20%
the statistical error (Serra et al. 2011 fiGid & Miller 2013).

with an intrinsic scatter of 80+ 0.07, and a very similar result
#mctotal luminosities

The median number of members within the caustics is 116 ajg) Lsyo = (0.85+ 0.31)(IlogMsgo/Mo — 14.2) + 433+ 0.1, (3)

the interquartile range is 45. The median mass of the cleater

ple is logMsoo/Mo is 14.2 and the interquartile range is 0.4 dex. 8 The fitting code is distributed in Chapter 8.4 of

Andreon & Waiver 2015, in Andreon & Hurn 2013 and

7 CausticApp is publicy available at also available at httywww.brera.mi.astro ft-andreop

httpy/personalpages.to.infryitserrgcausticapp.html.

BayesianMethodsForThePhysicalSciefcesiel8.4.bug
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The variety seen in XUCS is also larger than that seen by
Fig.7. X-ray luminosity ([0.5-2] keV band) vs Masslop panels: Hicks et al. (2013): the few clusters studied by these asthor
core-excisedBottom panels: non-core excised.eft-hand panels: our  occupy the lowLx side of the REXCESS distribution, while our
(XUCS) sampleRight-hand panels: REXCESS sample. The solid (red) clusters go well below. The large variety is indirectly comied
and dotted lines are the REXCESS Malmquist-bias correcehrand  py Andreon & Moretti (2011), who observed ab0dex scatter
estimated scatter. The solid blue line surronded by a yedlading in- at a given richness, which is known to be a low scatter proxy of

dicates our fit to our data. The shading indicates its 68% rtaiogy .
and the dashed blue dashed lines indicate the fit medae intrinsic  112SS (€-9., Andreon & Hurn 2010; Andreon 2015). That sample,
however, lacks direct measurements of mass.

scatter.

5.1. Is variety correlated to X-ray morphology?

with an intrinsic scatter of @7 + 0.07. Luminosities are ex- Inspection of the X-ray images of clusters with low X-ray ium
pressed in erg~s and the scatter accounts for both the noishosity for their mass do not show any obvious relation betwee
ness of mass and X-ray luminosity. These results are robushiorphology of the X-ray emission and the location of the tglus
the modeling of the scatter: we find indistinguishable rasoy in the Ly — Msgo plane. For example, CL3000 (see Fig. B Gex
replacing the assumed Gaussian scatter with a Studenstit di below the mean REXCESS relation) is an irregular clustet, an
bution with 10 degree of freedom, which is more robust to thgased on the displacement between X-ray emission and gajaxi
presence of outliers because has more extended tails (&mdran interacting cluster. However, CL1001 shows a similar-mor
2012b details how to implement it). We find the same scattghology but it falls close to the REXCESS mean. Furthermore,
when we restrict our attention to lddsgo/ Mo > 14. while CL2007 (see Fig. 2, 1.0 dex below the mean REXCESS
The right-hand panels of Fig. 7 show X-ray luminosity vselation) is irregular and of low luminosity for its mass, 209
mass, but for the REXCESS (Pratt et al. 2009) cluster safi-0 dex below the mean REXCESS relation) is also of low lu-
ple. This sample is composed of X-ray selected clustersen thninosity but its X-ray appearance is fairly regular (see. Big
range 006 < z < 0.17. By construction, plotted points tendTherefore, this suggests no obvious relation between thayX-
to be above the fit line because the line represent the scalingrphology and position in thex-mass plane. Paper Il will
relation inclusive of a correction for the X-ray selectiam€- more accurately explore this evidence.
tion. The XUCS sample, is, as mentioned, X-ray unbiased and
largely overlaps REXCESS in redshift.(& < z < 0.17 vs
0.05 < z < 0.14). The mass ranges are also largely overla

ping: 70% of XUCS and 50% of REXCESS clusters are in thEigure 8 shows the X-ray luminosity vs mass scaling relation
14 < logMspo/Me < 14.5 range. While the REXCESS sam-for XUCS and for the subsample of new (i.e., not previously
ple tightly obeys the luminosity-mass scaling, the XUCSt®u  known) Planck clusters (Planck collaboration 2011). Masse
sample shows a much larger diversity in luminosity at a givePanck cluster are (as REXCESS) based on the pseudo-peessur
mass. parameteryy (Kravtsov et al. 2006). The relation defined by
The scatter observed in XUCS is 2.Z56p) and 7 (soace) the Planck clusters also shows a larger variety than REXCESS
times the one inferred in REXCESS accounting for the X-rgylanck collaboration 2011). While they do not reach the am-
selection. Therefore, the observed scatter found in oupkamplitude displayed by this sample, the more extreme poiniss |
cannot be simply explained within the scatter derived antou 0.5 dex ( 30) below the best-fit REXCESS relation. In XUCS,
ing for the X-ray selection bias. Rather, with this samplehaee CL2081 (logMsp0/Me = 14.4) is of by 1.4 dex, and almost
unveiled a cluster population exhibiting a larger rangerofgp half of the whole sample is more than 0.3 dex fainter than the
erties for the same mass. This is true also if we consider tREXCESS mean (long dashed line). Although the two data sets
log Ms5p0/Mg > 14 mass range (see Fig. 7). are sampling complementary parts of the mass function ¢Rlan

8;2. A variety larger than pointed out by Planck?



R e A RR AR background subtraction, we recompute the CL1067 X-raydumi
nosity using the background from a pointing 31 arcmin away
from the cluster. The X-ray luminosity increases h@®dex,

1.5 times the quoted error and ten times smaller than needed t
explain the observellx scatter at a givetM. To summarize,
we are confident that the cluster X-ray luminosities areipetg
measured and cannot be the source of the observed scatter.
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5.4. Is variety due to wrong cluster masses?

TheLyx-mass scaling explored thus far uses masses derived from
caustics, which does not assume the hydrostatic equitibriar
a relaxed status for the cluster. The noise and bias of causti
masses have been characterized by a few independentteams wh
use diterent simulation methods and assumptions. Serra et al.
(2011) used hydrodynamic simulations and find a biag¥o
at aboutrpgp (~ 10% at most radii), uncertainties on individual
g XUCS, oM determinations of about 25% (at abogto), and errors in agree-
SN NN R AR N ment with the uncertainties above.fierd & Miller (2013), via

13 135 14 145 15 155 N-body simulations, also found a small bias (smaller thar) 4%

log Msag, [Myo] and uncertainties on individual determination of aboutl’504.

Fig.9. X-ray luminosity ([0.5-2] keV band) vs velocity-dispersio Gifford, Miller, & Kern (2013) confirmed and extended these re-

based masse%op pand!: core-excised luminositieBottompanel: non-  Sults with N-body simulations populated by galaxies usifg d

core-excised luminosities. Shading, solid line and dastueddor are ferent semianalytic prescriptions. Svensmark et al. (2Qising
uncertainty on the mean model, mean model, and mean motiet N-body simulations, found no bias and-al5% scatter. To ex-

intrinsic scatter, respectively. plain the observed variancelir at a given mass, caustic masses
should have a scatter of 300% (in addition to the quoted €yror
Observations also indicate that caustic masses cannot be

above, and XUCS below, 109s00/M> = 14.5), the variety in much noisier than their quoted error (i.e., cannot have bave
the X-ray luminosity at a given mass that we see is larger thgarstimated errors) because they correlate with almostaites
observed by Planck, suggesting either that Planck is ongilin with richness (Andreon 2015), which in turns correlate$wait
ing part of the population unveiled by XUCS or that the seattgnost no scatter with weak-lensing mass (Andreon & Congdon
is mass-dependent. An SZ-selected sample is expectedtesh@(14). This latter correlation adopts fixed-aperture nmasel,
reduced variety of X-ray properties from numerical simioka$ therefore, the source of the tight relation cannot beféecein-
(Angulo et al. 2012) because the ICM that is emitting in X4y troduced using mass-related apertures suchogs
also responsible for the inverse Comptdteet; this makes the  |n spite of the evidence provided by previous authors that
two observables, and selections based on them, correlated. caustic masses and error are accurate and well understabid, a
addition to our accounting of the mass noisiness in our aigly
we want to test our results further by considering massegater
from the galaxy velocity dispersion.
In this section and in the following sections we investigate Figure 9 shows the luminosity-mass scaling relation using
possible reasons for theftirent behaviour of the XUCS andthese masses. By fitting the data we found scaling relation co
REXCESS samples, starting with the exploration of possile sistent with those measured with caustic masses, namely: fo
accuracies in thex determination. core-excesed luminosities

In Sect. 3 we show two clusters with similar mass but very
different X-ray luminosities. It is very hard to explain afei- 09 Lsoace = (1.00+ 0.28)(logMsoo/Mo — 14.2) + 431+ 0.1,(4)
ﬁggﬁi’ elg ef:;((;:risas gu?tglodg(t): r;tnsélr;gg?lﬁg ;g rrtiecclflgrc,llzl‘ttg ti)V\:ZI Iuvmvith an intrinsic scatter of. @4+ 0.07, and for total luminosities
number of photons collected in the image of CL2007 is of abojdfy | -, = (0.85+ 0.31)(logMsgo/Mo — 14.2) + 433+ 0.1, (5)
700, inclusive of background and other sources. In Sect. 4.
we showed thaty derived by aperture counting is consistenvith an intrinsic scatter of @7 + 0.07. In particular, both scat-
with our more elaborate analysis accounting for exciseibrey ter estimates are in agreement with those derived with icaust
gaps, variation in exposure time, etc, and that we obtaigisen masses, confirming the variety found there.
tent values using tlierent telescopes. Ol is also consistent These X-ray luminosities are still measured within thg
with that derived by REXCESS for the two clusters in commomadius derived from caustics. In order to check that thetsicest
Finally, a lack of knowledge of the X-ray temperatufieatsLx  not due to mismatched apertures, we also adopted radiiedkeriv
to a negligible level (M1 dex) that is 50 times too small to exfrom velocity dispersions (seg4.2.1). The large variety dfx
plain the observed.B dex scatter. values at a given mass is still there. Finally, we checketiitha

To have overly faint clusters we must have overestimatath the Munari et al. (2013) relation in place of the Evrardilet
their backgrounds. A plot of théy residuals vs background(2008) relation (to convert velocity dispersions in maysiees
value shows that this is not the case: overly faint clustersat not dfect the scatter at all. Indeed, it can be easily shown mathe-
have larger values of estimated background, and, furthermanatically that the scatter is ufiacted by whatever velocity dis-
all XRT background estimates are within 15%, thanks to the spersions vs masses relation is used, provided it is a cargino
bility of the low Swift X-ray background. To further checkeh function.
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5.3. Is variety due to wrong X-ray fluxes?



To quantify the amplitute of the error an, needed to ex- XUCS reveals an unexpected variety in X-ray luminosity at
plain the scatter of th&x-mass relation, let us consider agaira given mass, up to a factor 50. The scatter in X-ray luminos-
the clusters CL3013 and CL2007. The slope of the scaleoelatity (total or core-excised) is.B dex. The observed range (and
between core-excised luminosity and mass.#1Pratt et al. spread) in XUCS is about five times larger than the spread in-
2009), the slope between mass and velocity dispersion s cléerred from REXCESS after accounting for the X-ray selettio
to 3 (e.g., Evrard et al. 2008; Munari et al. 2013). Thereforef the latter. We are not just recovering those clusters know
from scaling relations, the velocity dispersion of CL30h8@ld to be missed in X-ray selected samples, but a broader popula-
be almost twice the velocity dispersion of CL2007 (as showion missed altogether by REXCESS. The variety we observe in
by the blue solid line in Fig. 5, the velocity distributionathis XUCS also seems larger than in the new Planck cluster sample.
expected to match the cluster X-ray luminosity). Cleatiysis This suggests that either Plank is only partially probingfill
ruled out by the data. population seen by XUCS, although the two surveys cover com-
plementary parts of the cluster mass function, or that th&eic
in Lx at a given mass is mass dependent (larger at lower masses).

Various tests have shown that our X-ray luminosities are re-
As already remarked, several works (Plack Collaboratidil20 liable and not the cause of the observed variety. Furthesniogr
Andreon & Moretti 2011; Hicks et al. 2013) find a more varieusing core-excised X-ray luminosities, we verified thatthe-
gate cluster population than inferred from the REXCESS samty is not due to a central luminosity excess. Masses areeatkri
ple, i.e., that the REXCESS scatter underestimates thiestzie  independently of the X-ray data. In particular, we use daust
ter in Lx at a given mass. Here we want to focus on a relevamtasses, which have the advantage of not assuming virial equi
assumption at the base of the mass derivation. Pratt etd19§2 librium nor a relaxed status for the cluster, or velocitypaission-
derive masses fromfx = MgsT, where the product is largely based masses, which have reliable errors. In both cases, we
driven by the change iVigs becausd changes by about 25% found the same variety of ICM properties at a given mass.
for most of the REXCESS sample, whiMy.s variations are of - \ye known that clusters show a variety in their ICM prop-
about 100%. The gas mass dndare derived from the same X-gties and in fact there are many individual examples of the
ray photons, in particular, from two closely related ragiaifiles  erecrs of AGN feedback (e.g., VOig & Donanhue 2005), star
(of ne and n?), inducing a covariance between the-derived o mation (e.g., Nagai 2006), mergers (Rowley et al. 200%),
mass and_x because of the double use of the same INforMggative cooling and other nongravitationafexts on the ICM
tion. In fact, Maughan et al. (2007) find a linear relationd®n  ,-onerties. However, the frequency with which these preees
log Mgas and logLx with a negligible (3 %) scatter. Said simply,occyrs in the general cluster population cannot be infefed
a cluster brightefainter for its mass also has a largenaller 5, etherogenous collection of clusters and requires aryXima
Yx—based mass, moving mostly along the — My, relation, }%ssed sample. In XUCS, we found a scatter &f00dex at a

5.5. Could be the REXCESS scatter underestimated?

giving a fa_lse impression of a small variance in the REXCESS{en mass, indicating a much more etherogenous population
sample. Since only the orthogonal component of the scadi®er ky, previously believed based on X-ray or SZ selected szsnpl
been measured and reported by Pratt etal. (2009), the @niadg 1 ig |eft to a future paper to study the implications of thegka
scatter underestimated thg scatter at a given mass. scatter above on our understanding of the complex ICM pBysic
The above (neglected) covariance is a general feature of {igre we just mention that past numerical simulations attethp
Lx vs My, analysis, and applies té« based Planck masses ing infer which physical processes are running in clustend tae
Fig. 6: th'e variety in the Planck_sample may be Iarge_( thanggb_grid physics) by matching slope, intercept, and scatiab-
appears in Fig. 6. Instead, caustic masses are not deriiegl Ugerved and simulated scaling relations (e.g., Young et0dl1p
X-ray phot_ons_. This kind of covariance is absent_for our masgyr larger observed variety prompts some stochasticityo&sc
Lx determination and our scatter is not underestimated fdr ﬂb?usters) of the importance of thefitirent processes, or asks us
reason. to enlarge the range of values of parameters addressinglbhe s
grid physics currently kept fixed or bounded in a narrow range
(e.g., Pike et al. 2014).

It is believed that X-ray luminosity is a reliable mass proxy

To firmly establish the variety of intracluster medium prajes  With controllable scatter (e.g., Maughan 2007, Pratt e2@09),

of clusters of a given mass and to break the degeneracies \WBich has important implications for cluster surveys sush a
tween the parameters of the X-ray cluster scaling relaisims- Planck and eROSITA, and ultimately for the use of the cluster
portant to assemble cluster samples with the followingefiea- Population for cosmological purposes. At first sight, theiety
tures: 1) observed in X-ray; 2) with known mass; and, 3) who§€en in our sample severely reduces the use of X-ray luminos-
selection is, at a given cluster mass, independent of thecins-  ity, including the core-excised one, no longer a mass prdxy o
ter medium content. Having masses derived independerttiyeof moderate scatter. This has an obvious consequence oringferr
X-ray data is also useful to neglect the covariance indugetd Mmass from the observable, and a subdieat on the knowledge
double use of the X-ray photons. The sample, XUCS, presenfdhe selection function, which is central for cosmologteats,

in this paper €fers, for perhaps the first time, an X-ray unbiof X-ray selected samples. Since the scatter is large, iafg h
ased view of the cluster population because the clusterlgamp to characterize the fraction of the population seen by tieesu
assembled independently of the ICM content; at a given ma§¥) the other end, it might be possible to identify subsamples
clusters are in our sample independent of their X-ray lusityo  clusters with a lower variance at a given mass, for exanipbesg

It consists of 34 massive clusters (IBfgoo/M > 135 with 70%  With log Mseo/Mo > 14.5, which may show a smaller spread, as
of the clusters within 14 log Msgo/Ms < 14.5) in the nearby Fig. 8 may suggest, and perform cosmological tests usiragthe
Universe (005 < z < 0.135), observed in X-ray, with abundantVe defer a more detailed discussion to a later paper, wheethe

spectroscopic data (116 galaxies within the caustics orageg, Sults of our current X-ray observing campaign on more massiv
and reliable masses. clusters will be completed.

6. Summary and Discussion
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