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ABSTRACT

Achieving a robust determination of the gas density profileluster outskirts is a crucial
point in order to measure their baryonic content and to usenths cosmological probes.
The difficulty in obtaining this measurement lies not onlyhe low surface brightness of the
ICM, but also in the inhomogeneities of the gas associatedutmps, asymmetries and ac-
cretion patterns. Using a set of hydrodynamical simulatioin62 galaxy clusters and groups
we study this kind of inhomogeneities, focusing on the oneshe large scale that, unlike
clumps, are the most difficult to identify. To this purposeinteoduce the concept eésidual
clumpinessCyr, that quantifies the large-scale inhomogeneity of the ICKershowing that
this quantity can be robustly defined for relaxed systems;lvegacterize how it varies with
radius, mass and dynamical state of the halo. Most impdytamt observe that it introduces
an overestimate in the determination of the density profdenfthe X-ray emission, which
translates into a systematic overestimate of 6 (12) per icetfie measurement a¥/,,s at
Ragp for our relaxed (perturbed) cluster sample. At the same, titreeincrease of’z with
radius introduces also &2 per cent systematic underestimate in the measurementof th
hydrostatic-equilibrium mass\y,.), which adds to the previous one generating a systematic
~8.5 per cent overestimate ify.s in our relaxed sample. Since the residual clumpiness of
the ICM is not directly observable, we study its correlatiith the azimuthal scatter in the
X-ray surface brightness of the halo, a quantity that is welistrained by current measure-
ments, and in thg-parameter profiles that is at reach of the forthcoming SZerpents.
We find that their correlation is highly significants(= 0.6 — 0.7), allowing to define the
azimuthal scatter measured in the X-ray surface brightpesfle and in they-parameter as
robust proxies o’z . After providing a function that connects the two quangifiee obtain
that correcting the observed gas density profiles usinginetsghal scatter eliminates the bias
in the measurement dil,,s for relaxed objects, which becomes: 2 per cent up to R,

and reduces it by a factor of 3 for perturbed ones. This me#lod/s also to eliminate the
systematics on the measurementd4f, and f,.s, although a significant halo to halo scatter
remains.

Key words: Cosmology: large-scale structure of Universe — X-raysaxjak: clusters — meth-
ods: N-body simulations.
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1 INTRODUCTION

Clusters of galaxies are the most massive virialized syst@hthe
Universe, they form in the knots of the cosmic web from which
they continuously accrete material in the form of dark nmatias
and galaxies. Their importance for astrophysics is crusiaice
they enclose information on the large-scale structure &bion (see
Kravtsov & Borganil 2012, for a review) and provide consttsin
on cosmological parameters which are independent withemtsp
to cosmic microwave background (CMB), type-la supernovae a
galaxy surveys (see, e.g., Allen ellal. 2011, and referethegsin).

The precision with which clusters can be used as cosmolog-
ical probes depends on the accuracy in the measurementsiof th
mass, not only in terms of the total mass but also for its bagyo
fraction f,, = My /M. If the value of f, measured inside clus-
ters matches the cosmic or@y{<2,,) it can be used to obtain an
independent estimate 6f,,. However we know that the assump-
tion of fi, ~ Q,/Qm holds only at large radii thus requiring the
achievement of accurate observations also of cluster iotgskn
the recent years this point raised a great interest of thiestsi-
cal community towards the study of clusters around and ke:ytom
virial radius.

When moving outside the core the intracluster medium (ICM)
is often affected by the presence of inhomogeneities and sub
structures, whose impact on the observed properties has bee
studied with a statistical approach (see, e.g., Jeltema[2085;
Bohringer et all 2010; Andrade-Santos et al. 2012). Thigcdlfy
in observing cluster outskirts lies in the very low X-ray fewe
brightness of the ICM, that drops below the diffuse extragat X-
ray background at ~Rood] (see Roncarelli et al. 2006a,b). A pos-
sible method consists in stacking the images of differejeab, as
done by Eckert et al. (2012) who measured the density prafilds
the azimuthal scatter in the X-ray surface brightness of @B RT-
PSPC objects, showing a clear segregation between Coel-Cor
(CC) and No-Cool-Core (NCC) systems over the radial range 0.
0.8 R200, With the first ones exhibiting a scatter of 20-30 per cent,
which corresponds to density variations of the order of ICcpat.
Above 0.8R200, the azimuthal scatter increases up to values of 60—
80 per cent both in CC and NCC clusters, suggesting that thgsre
rience common physical conditions in shaping their X-ragfesie
brightness profiles. However the limit of the stacking tégha is
that it does not allow a precise determination of the tentpeza
profiles of single objects. In this framework a great stepvéod
has come from th8uzakwX-ray satellite that, thanks to its very low
instrumental background, provided the first robust spectpical
analyses of the regions closef, for the brightest objects (see,
e.g., George et al. 2009; Bautz etial. 2009; Hoshinolet al0201
Kawaharada et al. 2010; Simionescu etal. 2011; Humphrely et a
2012; Sato et al. 2012). These works also highlighted theemee
of a substantial azimuthal scatter, likely associated tmngls or
inhomogeneities on the large scales, induced by major an eve
minor mergers that can cause sloshing and swirling motians i
the ICM (see also _Sanders & Fabian 2012; Churazoviéet al.l 2012;
Simionescu et al. 2012).

A promising complementary view with respect to X-
rays can come from the observations of the thermal Sunyaev-
Zeldovich effect (SZ, Sunyaev & Zeldovich 1970; Birkinshaw
1999;| Rephaeli et al. 2005). The SZ signal is associatedno te
perature fluctuations in the CMB spectrum that are directty p

1 In this work R2qg is defined as the radius enclosing an average density

equal to 200 times the critical density of the Univergse= %

portional to the integral of the electron pressure alonglitie of
sight. The SZ effect, in combination with the X-ray emissioan
therefore probe the triaxial structure of the gas (De Fiih al.
2005%;| Morandi et al. 2012; Sereno etlal. 2012). Moreoverhéf t
source is sufficiently extended to be resolved spatiallynevith
the large beams available with present instruments suétaask
(as for nearby, hot systems like Corna, Planck Collabor&@sif?)
or multi-pixel bolometer arrays (as th&PEX-SZexperiment,
Basu et al. 2010, dBolocamat the Caltech Submillimeter Obser-
vatory, Sayers et al. 2012) it can be used also to directhyr itife
pressure profile, under the assumption of the spherical stryraf
the ICM distribution, out to a significant fraction of theairradius
(see also Walker et al. 2012; Eckert et al. 2013).

From the theoretical point of view the modelisation of clus-
ter outskirts is affected by different uncertainties widspect to
cluster cores. On one side different feedback mechanismmoto
affect significantly the behavior of temperature and dgngib-
files, with gravity that constitutes the dominating phykipeo-
cess|(Roncarelli et al. 2006b). On the other hand, the pceseh
shocks and turbulence may lead to the break of the hydrosiauii-
librium (see, e.gl. lapichino & Niemeyear 2008; Vazza et &0%,
Burns et all 2010; Nagai & Lau 2011, and references theréin).
addition to that, hydrodynamical simulations showed hosvdhter
ICM is affected by the presence of clumps (Roncarelli &t@D6D;
Nagai & Lau| 2011) and inhomogeneities (Kawahara et al. [2008;
Vazza et all 2011) that may bias the reconstruction of ths-clu
ters’ properties and explain the observed azimuthal sqate also
Vazza et al. 2012; Zhuravleva et lal. 2013). These largeesnhb-
mogeneities, both in gas densities and temperatures,sgrensible
for half of the~ 30 per cent underestimate in the X-ray recon-
structed hydrostatic mass, as highlighted by numericalilsitions
(see, e.gl, Rasia etlal. 2012; Piffaretti & Valdarnini 2008)e re-
maining part is mostly due to the residual bulk motions ofi @i,
that preserve energy in non-thermalised form, not traeaaith the
measures of the density and temperature profiles alone dspe,
Rasia et dl. 2006; Battaglia etial. 2012; Nelson et al. 2042 ref-
erences therein), but potentially detectable with sgtiaisolved
X-ray spectroscopy (see, e.g., the works on the Coma ctubter
Schuecker et al. 2004 and Churazov et al. 2012).

In the work presented here we study the gas inhomogeneities
present in the outskirts (close 00 and beyond) of galaxy clus-
ters and groups using a set of hydrodynamical simulatioitb,the
objective of analyzing how the different physical processay af-
fect the degree of density fluctuations, together with tHe haass
and its dynamical status. We concentrate our efforts in dfinid
tion of the density inhomogeneities associated to larg¢edtuctu-
ations, for which we introduce the conceptresidual clumpiness
i. e. the clumpiness of the ICM after obvious clumpy struesur
have been removed. We discuss how this phenomenon may bias
high the X-ray density profile measurements and explorethfer
first time, the possibility of obtaining a direct measurebrthis
quantity via the analysis of the observed azimuthal scatténe
X-ray andy-parameter profiles of single objects. This method of
estimating the residual clumpiness of the ICM allows us tppse
a technique to reduce this bias and, therefore, to improweta-
cision of the measurement of the total mass and of the gasahass
galaxy clusters.

This paper is organized as follows. In the next Section we de-
scribe the set of hydrodynamical simulations used for oudyst
In Sectio B we characterize the gas inhomogeneities ofiour s
ulated haloes, we provide the definition of the residual gimass
(Cr) and we study its dependence on cluster properties. Sétion
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presents our results on the correlation between the azahsithat-
ter and large-scale inhomogeneities of cluster outskirtSection
we quantify how the residual clumpiness biases the measntsm
of the gas mass, the hydrostatic-equilibrium mass and thérge
tion of the haloes and present a method to correct them ulsing t
observed azimuthal scatter. We summarize and draw our concl
sions in Sectiofl6.

2 THE SIMULATED CLUSTERS

The clusters object of our work belong to a set of 29 high{tegm
re-simulations of galaxy cluster regions. A detailed digsion of
the whole procedure to obtain them can be fourid in Bonafedk et
(2011). Here we provide a summary.

2.1 Simulation parameters

The cosmology assumed is a flaR€DM model withQ,, = 0.24
andQa = 1 — Q. = 0.76, a Hubble parametgt = 0.72 (be-
ing the Hubble constanitl, = 100h km s™! Mpc™1); we fix
the primordial power spectrum of the DM fluctuations withpgo
n = 0.96 and normalization coherent witly = 0.8.

model of| Springel & Hernquist (2003) which also includes en-
ergy release by supernovae (SNe). Other feedback soudaden
heating from a spatially uniform, time dependent UV backgid
(Haardt & Madau 1996) and metals released by type-Il and-type
la SNe and AGB stars according to the model of Tornatorelet al.
(2007). Finally, a kinetic feedback associated to galagjécta is
implemented assuming a mass upload proportional to théatar
mation rate and a wind speed®f = 500 km s~ !,

(iii) AGN: like CSF, but with wind speed reduced tg, = 350

km s~! and including also the feedback associated to gas accretion
onto supermassive black holes (BHs). Its implementatiosins

ilar to the one of Springel (2005), with the inflow of matteath
proceeds at Bondi rate up to the Eddington limit. In our impe-
tation SPH particles stochastically selected for progdiacretion

into the BH feed it only with 1/4 of their mass at time, thus mim
icking a more continuous flow of material. The amount of kimet
energy released by each BH particle is given by

@)

beinge, ande¢; the radiative efficiency and the fraction of energy
coupled to the gas, respectively. In our implementatiosehgo
free parameters were fixedat = 0.1 ande; = 0.05, increasing

to e = 0.2 when the accretion rate is smaller than one-hundredth

. -5
Efccd = 61r€f]\JBH 5

With these assumptions we carried out a large dark-matter of the Eddington limit (see also_Sijacki et al. 2007; Fabjbale

(DM) only simulation using thesADGET-3 code, an evolved ver-
sion of GADGET-2 (Springel 2005), with a periodic box ofAL*
Gpc on a side and then identified the clusters in4he 0 out-
put with aFriends of Friend{FOF) algorithm, with linking length
fixed to 0.17 times the mean inter-particle separation. The L
grangian regions aroundR.i: from the centre of the 24 most
massive objects (all with/,;; > 10'5h~' My) were identi-
fied, traced back to their initial positions and then re-dated
at higher resolution using the zoomed initial conditionshtéque
(Tormen et al. 1997). These re-simulations were run addiedy-
drodynamical part by turning on th®moothed Particles Hydro-
dynamics(SPH) code implemented i@BADGET-2. This was done
assuming, = 0.045, with mass resolutions &4 x 103 A" 'Mg
and1.6 x 10® h~'M, for the DM and gas particles, respectively,
and with a Plummer-equivalent softening length for the geav
tional force fixed tos = 5h~! kpc in physical units at < 2
and kept fixed in comoving units at earlier times.

In order to add statistics at the lower mass scales, anogter s
of 5 galaxy clusters with mass@g,oo = 1—5x 10** A~ M was
selected at = 0 and re-simulated with the same method, reaching
a total of 29 re-simulated regions.

2.2 Feedback models

The set of 29 re-simulations was run with three differentgphy
cal implementations. More detailed descriptions of thdsgsigal
models can be found In Planelles et al. (2012).

(i) NR: non-radiative runs. They do not include any physical pro-
cess except gravitation and hydrodynamics. Although Uistea
they are useful as a test to check the impact of the variousigddy
mechanisms.

(i) CSF: runs including cooling, star formation, metal enrichment
and galactic winds. The radiative cooling rates are contpfak
lowing the procedure of Wiersma et al. (2009), consideritsp a
the contribution of metals in the hypothesis of a gas in (phot
)ionisation equilibrium by using theLouDY code [(Ferland et al.
1998). Star formation is followed according to the multapbh

2010). We will take this model as our reference one.

2.3 Definition of the halo sample

Since the volume of each of the 29 re-simulations enclosphers
ical region of radius much larger than the virial radius @& thain
object, it is common to find other haloes included in the final
z = 0 outputs. Hence, in order to increase the statistical signif
icance of our results and to characterize better also tharass
objects, we included in our sample all the ‘secondary’ haleih
Moo > 10™ b~ Mg in at leastone of the three runs. The values
of Moo were computed starting from the FOF catalogues and ap-
plying a Spherical Overdensitglgorithm. This increases our halo
sample to a total of 62 objects in different mass ranges. @bgiam

of their masses is shown in F[g. 1.

In order to study the dependence of the clumpiness on the
mass of the halo and on its dynamical properties, we divide ou
objects into subsamples: given the amplitude of our ing#&hple,
this can be done without losing statistical robustnessaltiqular
we will adopt the following two definitions:

- clusterggroups(28 and 34 objects, respectively), according to
their Mao being higher/lower thas x 10** A Mg,

- relaxedperturbed (30 and 32 objects, respectively), accord-
ing to a definition based on the clumpiness and describeddn Se

tion[3.3.

The histogram of Fid.]1 shows also these classifications. It i
worth to mention that clusters tend to be slightly more pbed
(16 and 12 relaxed) than groups (16 and 18) due to their mareac
dynamical state.

3 DENSITY INHOMOGENEITIES
3.1 The gas clumpiness

A commonly used indicator of the degree of inhomogeneity of a
medium is its clumpiness. Even if it is normally used to measu
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Figure 1. Distribution of Mg for the sample of 62 simulated haloes in our refere@¢@N) run. Cluster names correspond to the ones given in Bon&feal=
(2011), with the addition of D25-D29 that indicate the lowsmabjects re-simulations. The main haloes of each re-ationlare dubbe®XX-a(bold face)
while their satellites are indicated with letters frednto —ein decreasing mass order. The vertical dashed line indicatemass limit o6 x 104 h=1Mg
used to separate groups (34 objects) and clusters (28)c®mrked in red correspond to perturbed (32) haloes, Wlikek indicates relaxed (30) ones, as

defined in Sectiop 3]3.

the amount of small clumps in an approximately uniform mediu
its general definition allows us to use it also to quantifydh@unt
of inhomogeneity associated to large-scale density flticios

The clumpiness or clumping fact@r of a fluid element is
defined by the following formula:

_<p’>v
T o<p>i

; 2
where p is the fluid density and the brackets>y indicate the
average calculated over its volume. The clumpiness isfireree-
fined as being equal to unity for a perfectly uniform medium an
> 1 otherwise, with higher values indicating higher levelsrdfo-
mogeneities. When writing explicitly the integrals, €d) ¢an be
expressed as as

v

C=—

M2/,
where M andV are the mass and volume of the gas element, re-
spectively. Since we are using SPH simulations, for a givstadce
r from the cluster centre, we compufgr) by converting eq.{3)
into

prdv ®)

_ > mips v

C(r) > o) shell

4)

between- andr + dr, m; andp; are the mass and density, respec-
tively, of thei-th SPH particle andunen = 37[(r + dr)® — r’]is
the volume of the shell used to compute the quantity.

For the purpose of our work, for every halo we compute the
clumpiness and the other physical quantities in the réanger <
2R200, in 50 equally spaced bins.

3.2 Separating small clumps from large-scale
inhomogeneities: the residual clumpiness

The amount of clumpiness of the ICM is caused by two different
phenomena: the presence of small dense clumps and theydensit
fluctuations on larger scales associated to asymmetriég iatge-
scale accretion pattern, with the first one that constittiteglomi-
nating contribution. Here we describe a method that progesuli

to isolate these two components in order to treat them seghara
This aspect is particularly important when we consider that
physical properties of clumps and their abundance deperttieon
processes of cooling and star formation and, consequeh#yr,
presence in our simulated clusters is subject to the uringes
associated to the implementation of physical models in ooyt
namical codes. Moreover, several works (see, e.g.. Mitehall
2009;| Sijacki et all. 2012, and references therein) highdidthow

where the sund_, is computed over the particles with distance SPH simulations produce a higher quantity of dense clumgis wi
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respect to Eulerian ones. This is associated to the diffenameri-
cal viscosity, intrinsic in the codes themselves, that eawslower
dissipation efficiency in SPH simulations.

To this purpose, we follow the volume-selection scheme de-
scribed in| Roncarelli et al. (2006b) to compute the profilés o
galaxy clusters close to and beyortdy,. This method consists
in sorting the SPH particles belonging to a given radial loicoad-
ing to their physical density. Then, starting from the md&ude
one, we sum up their volumes (definedgs= m;/p;) until we
reach a fixed fraction, 99 per cent in our case, of the totaimel of
the radial bin and consider only these particles to compgutthe
remaining particles are identified as clumps and considsepd-
rately in our computation. This procedure proved to be &ffedn
excising all the dense and cold clumps that are highly degend
on the physical assumptions, as well as the small X-ray brigth
gions that are usually masked out in observational analybas
providing a good description of the global properties of tG&
such as density, temperature and X-ray surface brightisegstiie
discussion in_Roncarelli et al. 2006b). Recently, a simalgroach
has also been applied to Eulerian simulations by Zhuradéed.
(2013) who approximate the density distribution of the gadif-
ferent radial bins with a lognormal distribution and marlchsnps
the cells with density above values fixed in terms of éhef the
distribution (see alsb Khedekar etlal. 2012). In fact, alttoap-
plied in completely different numerical simulations (ghdsed and
SPH), the two methods are formally identical, with theiretirold
of feur = 3.5 that matches our 99 per cent criterion. For what
concerns the possible biases caused by unresolved clurspywga
have verified that they have a small impact on our resultsnieoe
details about this point and about the clumps physical ptiase
we refer to the AppendixJA. We use this method to defina¢isé-
ual clumpinessissociated to large-scale perturbatiafig,, and to
separate it from the total one: this allows us to note thatvéhge of
C'r is about one order of magnitude lower with respeaftmside
Ra00 (see the discussion in Section]3.3).

We have also checked that in most of the cases lowering the

threshold value to 95 per cent (i.e. increasing by a factd tife
volume of gas considered as small-scale clumps) produags ne
gible changes irCz. However, when the cluster is perturbed by
the presence of a large halo (e.g. an infalling group), lovgethe
density threshold for the clumps identification can chamgsfinal
result by up to 50 per cent in the radial bins correspondintié¢o
halo distance. A sketch of the application of this methodhéxs in
Fig.[2 for two different cases. These X-ray surface brighsmaaps
show that when cutting the 1 per cent densest volume (fronctop
middle panels) we are able to remove all obvious clumpy &ires
that are associated to the brightest peaks. When cutting fer
cent of the volume (bottom panels) the surface brightnessire
almost unchanged for a relaxed halo (left) while for a dyreabhy
perturbed one (right) the infalling halo on the bottom righpro-
gressively removed, indicating that it is difficult to defim@recise
threshold to separate the two components. The effect oneffivd-d
tion of Cr can be clearly seen in the plot of Fig. 3, where we show
the residual clumpiness as a function of radius computethfse
two haloes by adopting the two different volume thresholdilev
for D17-a the value ofCr is almost independent on the threshold
chosen up taR200, for D12-a the presence of the infalling halo at
r ~ 0.5R200 produces a difference of about 0.25.

For this reason we use the difference between the valag;:of
computed with these two limits to introduce another useflbh
classification. We sort our haloes according to the maximeiiar r
tive difference betwee@®(r) andC?®(r) for r < Rago and split

D12—a (perturbed)
D17—a (relaxed) A

— 99%
--- 95%
/ ‘\\

\
.
\
‘
,
,

O [T I T T I T

o
o

r (Rao)

Figure 3. Residual clumpiness as a function of distance from the eentr
computed for the two haloes shown in the maps of Eig. 2: D1Gkack
lines, lower values) and D12-(red lines, higher values). The value of
Cr has been computed adopting two different thresholds fowdheme-
clipping method: 99 per cent (solid lines) and 95 per censtfdd lines).
The physical model assumed is the reference SiGN).

our 62 haloes roughly into two equal subsamples: we defindoa ha
asrelaxedwhen this difference is less than 8 per cent, ped
turbedotherwise. In this way, we end up with 32 perturbed haloes
and 30 relaxed ones. For this last set we can consider oue @élu
C'r torepresent a robust estimate of the amount of inhomogdeseit
associated to large-scale asymmetries. We also verifiddotita
classification has a good correspondence with an obsenaddite
classification based on X-ray images. We refer the readempto A
pendixB for the details on this point.

3.3 Dependence on physics and environment

We show on the top panel of Figl 4 the results of the clumpiness
as a function of radius for our whole sample of objects, caegbu
considering the three physical implementations describesiec-
tion[Z.:2. When radiative cooling is include@$Fand AGN mod-
els) the level of clumpiness is very high and ranges from close

to the centre up te- 10 close toR200. When extending to outer re-
gions the value of” increases exponentially reaching values of the
order of 100 aRR200, With no significant difference when includ-
ing BH feedback. When neglecting gas coolindgRj, the values
drop down by a factor of 5-10 over the whole range, indicatirag
the value ofC is mainly associated to small cold clumps.

However, when comparing our results with observational es-
timates one must consider that the cold dense g&8 at 10°
K does not produce any observable clumpiness in X-ray images
This makes the plottetlR profile model a reference for the ob-
served value of” without considering any detection of emitting
clumps. For this reason we conclude that the value 8 obtained
by|Simionescu et all (2011) for the Perseus cluster is ndistiea
since it is sufficient to exclude cold gas from our simulasido
obtain significantly lower values.

The lower panel of Fid.]4 shows the values(t§, which cor-
responds to the value of the clumpiness computed after isgply
the 1 per cent volume-clipping described in Secfion 3.2 hwits
method the difference associated to the physical impleatients
disappears almost completely, even for thie model: this indi-
cates that large-scale inhomogeneities do not depend qrhire
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Figure 2. Bolometric (0.1-10 keV) X-ray flux (in units of counts'$ cm~2) of a relaxed cluster (D17-a, left column) and a perturbee (@i2-a, right
column). The size of each map 2300 per side. In the first row all the particles have been consitien the second and third ones the volume cut has been
applied considering the 99 per cent and 95 per cent threstesdectively.
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Figure 4. Upper panel: gas clumpiness of our simulated haloes as tidanc
of distance from the centre, for tHe&GN (solid line), CSF(dashed) and the
NRmodel (dot-dashed). The values represent the median ofjé2tsbthe
grey-shaded region encloses the quartiles ofAN model (the quartile
regions of the other two runs have similar sizes). Lower paswme as
upper panel but for the residual clumpiness, i.e. afteryapglour volume-
clipping method.

ical process that occur in the ICM, but on the intrinsic dyieh
properties of the halo itself. In this case the mediarCaf com-
puted on the whole sample has a value very close to 1 (e.gsalmo
uniform medium) close to the centre and grows constantlyoup t
1.3-1.4 atR200. There is a significant variance between the differ-
ent haloes with about 25 per cent of objects having values b#4.
OutsideR2o the value ofCr reaches- 2 at 2Rz, together with
an increase of the dispersion between the objects: thictetfiee
intrinsic difference between the environment of the clisstand
groups’ outskirts that can contain or not infalling haloes @c-
creting filaments.

This independence with respect to the physical implementa-
tion is partially in contrast with what obtained by Zhurardeet al.
(2013) that observe a slightly higher degree of inhomodegradi
the bulk in their NR runs, of the order &dC = 0.1 — 0.2. In
fact, also in our simulations we see a smal({ ~ 0.04) sys-
tematic excess in oulR model, associated to the hot-dense tail
of the ICM distribution. This discrepancy probably indiea@ dif-
ferent cooling efficiency in the simulations analysed herd by
Zhuravleva et al. (2013).

It is interesting to see how the trend @% varies when con-

—— Clusters (28)
- - - Groups (34)

1.0
r (Rao)

2.5

—— Relaxed (30)
- — - Perturbed (32)

1.0
" (Raoo)

Figure 5. Upper panel: residual gas clumpiness, i.e. after applyimg t
volume-clipping method, for clusters (solid line) and greydashed line)
as a function of distance from the centre for our referencdehdhe val-
ues represent the median of the sample (28 and 34 objeqgtectizely),
and the grey-shaded region encloses the quartiles of tistecdusample.
Lower panel: same as upper panel but with relaxed (30 objsatil line)
and perturbed (32 objects, dashed line) haloes.

sidering the mass of the halo and its dynamic status. We show i
the top panel of Fid.]5 the results 6fzx computed when separat-
ing the haloes according to their mass into groups and cbittee
Sectiof2.B). Clusters have on average a higher valdgzobf the
order of~ 0.1, with larger differences outsidB2qo: this is due to
the fact that massive objects have higher probability ofetony
material even at later epochs, while galaxy groups are digzdiyn
older, more dynamically stable and, therefore, more unifd/hen
separating relaxed and perturbed objects according to &fimid
tion (see Sectioh 3.2) the difference is even more remaekaisl it
can be seen in the bottom panel of Kifj. 5. While close to the cen
tre the two samples have very similar valuestg, the presence
of accreting structures pushes the residual clumpinessrainbed
objects beyond 1.5 d®200. On the other side, relaxed haloes show
all the same trend witl'z raising linearly to 1.3-1.5 aR200: the
residual clumpiness of these objects should be considerad -
dicator of the amount of inhomogeneities common to all haloe
even the more dynamically stable, and connected to theartise
from spherical symmetry and to the density fluctuations caged
to the large-scale accretion patterns.

We observe as well that the differences(i associated to
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the clusters/groups classification can be explained cdeipléy
the different correlation with the relaxed/perturbed dineg. clus-
ters have higher values 6z because they are on average more
perturbed than groups), making the latter classificati@nrttore
interesting for our purposes. We note also that the trenatsviie 1.9
observe are similar to those foundlby Zhuravleva et al. (RQ¥&:

refer to their 'bulk CSF’ results), both in terms of radiapéedence

2.0

—— - 0g (0.3-0.8 keV) 1

ogg (0.5—2 keV) /
—— oy, (2-10 keV) 5
— 9 e

s

and with respect to the dynamical state of the haloes. < 1.0
4 THE AZIMUTHAL SCATTER AS A DIAGNOSTIC OF 0.5
THE RESIDUAL CLUMPINESS
4.1 The azimuthal scatter ool . . | R L
. . . . 0.0 0.5 1.0 1.5 2.0
As said, the clumpiness of the ICM is not a directly measerabl r (Rogo)

guantity. Here we investigate the possibility of obtaineny esti-
mate from the observed azimuthal scatter of the X-ray andr8Z p

over theN sectors at distance from the centre. In our case we
fix N = 12, so that each sector corresponds to 30 degrees: this i\
value is enough to account for all of the main azimuthal flaetu |

2.0 j
files of the haloes. [ 1
Following|Vazza et al| (2011), we define the azimuthal scatte S éﬁﬁ :
of an observable quantity as 15l LT MR I
N _ 2 r 1
1 xi(r) — :r(r)) i /1
oe(r) = 4| = (_7 , (5) ~ |
N ~ z(r) <ok |
S} = |
where N is the number of azimuthal sectors,(r) is the radial [ ]
profile of the quantity in a given sector aadr) is the average 3 :
0.5~ —

tions associated to typical ICM inhomogeneities (see tiseud- O'%O S 0‘5 S W‘O A 1‘5 o
sion in'Vazza et al. 20111). For the purpose of our work we @l@rsi ' ' G ' '
the scatter in the X-ray surface brightness (computed fierdifit

bands) and in the thermal SZ effect. Figure 6. Upper panel: azimuthal scatter of theparameter (solid line) and

We compute the X-ray surface brightness for every halo inthe of the X-ray surface brightness in the 0.3-0.8, 0.5-2 and kel bands
same 50 radial bins and in the 12 different sectors by asgumin (dashed, dotted and dot-dashed line, respectively) asctidarof distance
an APEC emission modell (Smith et gl. 2001), by fixing the red- from the cluster centre. The values represent the mediapuieth over the

shifﬁ of our clusters toz = 0. Since ourAGN model follows whole sample of 62 haloes in 12 azimuthal sectors. Lowerlpaame as
also the enrichment of metals with the recipe_of Tornatomglet ~ UPPer panel but for the 2-10 keV surface brightness only,pded with
(2007), we consider also the contribution from differeneriiv three different physical implementation&GN (solid line), CSF (dashed)

and NR (dot-dashed). The grey-shaded area encloses the quatitbe

cal species in the computation of the emissivity of the SPH pa
clusters sample for our reference model.

ticles (the details of the procedure are described in Retficat all
2012). For what concerns the SZ scatter, the method to cantipeit
value of they-parameter from our SPH simulation is the same as . o
in[Roncarelli et al.[(2007). For these computations we arsice around 0.5-1 keV, that has the peak of its emission at SOfyX-r

ering all the SPH particles, without applying the volumiping energies. , , ,
method (see Sectién3.2). It is interesting to note that when studying how the azimutha

We show in the upper panel of Figl 6 the azimuthal scatter SCatter varies with respect to the assumed physics and teatbe
as a function of distance from the centre for the value ofghe  classifications, the trend is very similar with respecCte, rather
parameter and the surface brightness in three differemypbands.  than the global clumping facta' (refer to Sectior 313). For in-
At each distance we show the median computed over the whole Stance, the lower panel of Figl 6 shows that the valuewgf is
sample of 62 haloes in tl&GNmodel. The general observed trend 2/most independent of the assumed physical model. Wheinigok
is an increase of the azimuthal scatter with radius, withvéidae at the dependence on the mass and the dynamical status @fiche h
of &, going from~ 0 at the centre te- 0.3 at Rao0. The scatter  (UPper and lower panels of Fid 7, respectively) we can seteci
associated to the X-ray surface brightness is 2—3 timeshihall average galaxy clusters show a slightly higher azimuthatteg
distances, with lower energy bands (0.3-0.8 and 0.5-2 kavipg while perturl_:)ed systems have valuescofvhich are higher by a
higher values with respect to the hard 2-10 keV band, indigat ~ actor of 2 with respect to relaxed onesffoo.
that these inhomogeneities are associated to gas at temmesra

4.2 Correlating the clumpiness with the azimuthal scatter
2 Since we are interested in the azimuthal scatter of the Xstajace

brightness and not in its absolute value, fixing the redslist effect only in Since we have shown that clumpiness and azimuthal scatter ha
the definition of the X-ray bands. similar radial trends, here we address directly the questioether
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Figure 7. Upper panel: azimuthal scatter of the 2-10 keV surface brigh
ness for clusters (solid line) and groups (dashed) as aifumof projected
distance from the centre for our reference model. The vaiejeesent the
median of the two samples (28 and 34 objects, respectivahg the grey-
shaded region encloses the quartiles of the clusters sainpher panel:
same as upper panel but with relaxed (30 objects, solid éind)perturbed
(32 objects, dashed line) haloes.

a tight correlation exists between these variables ancittkxists
a possible relation that can connect one with the other.

To this purpose we perform a statistical analysis of thesie va
ables by computing the Spearman’s rank correlatignof C' and

of C'r with the scatter in the X-ray and SZ profiles of our clusters.

We restrict our analysis to the interv@ll5 < r/Rago< 1.5, in
order to cut out the core, and to the sample of the relaxeahditw
which the definition ofC'z is more robust. Given the large sample
of haloes available, these restrictions do not affect thastness of
our computation. The results are shown in Table 1.

Table 1. Spearman’s rank correlationd) of the values ofC and C'r
(second and third column, respectively) with the azimuswtter in the
X-ray surface brightness in different bands (second totfotow, respec-
tively) and in they-parameter profiles (fifth row). The values analysed
are taken from the 30 relaxed haloes considering the binkdnrange
0.15 < r/R200< 1.5.

c  COr
osp (0.3-0.8 keV) 0.32 0.59
osi (0.5-2 keV) 0.30 0.60
osp (2-10 keV) 0.23 0.61
oy 0.35 0.68

one. On the other side, when clumps are excised, the dereseist g
also hotter thus the correlatid@riz —osp increases at higher energy.

More in the detail, we show in Fif] 8 the correlation between
Cr and the scatter in the 2-10 keV band (top panel): although
there is a significant dispersion, the trend of increasingpiness
with increasing value ofsg is clear. The same applies also when
considering the scatter in theparameter (bottom panel). When
analysing the dispersion of the relation, it is clear alsottend of
higher values o for increasing radii (indicated by the different
colors), as already discussed for F[ds. 4[and 5.

Since it is not possible to defireepriori the relation between
scatter and clumpiness, we proceed empirically by introduthe
following function

est o T
OR (Uv 7") =1+ oo + 0 (6)
that connects the azimuthal scatterand the distance from the
centerr with an estimate of the clumpinegss*®. The choice of
this expression is made in order to have a simple increasing-f
tion of botho andr (which holds foroy, > 0 andry, > 0), and
CE (o =0,7r=0) = 1.

Given the two free parametersy andro, for every observ-
able quantity object of our analysis (i.e. azimuthal scatt¢he X-
ray surface brightness and in thegparameter) we determine their
best-fit values by fittirﬁthe expression of ed.](6) using the points
displayed in Fig[B, i.eCx as a function ofc andr. Again, we
restrict this calculation to the 30 relaxed clusters anchéorange
0.15 < r/R200< 1.5. The results are shown in Figl 8, together
with the residuals, for the 2-10 keV band and for thparameter.

It is clear that the best-fit function provides a good globedatip-
tion of the relationCr—(o, r), with almost all of the points that
have an estimate within 10 per cent of the true value. Furibes,

we note how the diagonal dashed line corresponding to keast-fi
lation in the limit of» = 0 defines well the “forbidden” region of
the Cr—o plane, below the line itself. Tabld 2 shows the best-fit

The main conclusion that can be drawn from these values is values for all the three X-ray bands and for the thermal S&ceff

that the azimuthal scatter of both X-ray and SZ profiles hasra v
high degree of correlation with the values@g , i. e. with the inho-
mogeneities on the large scales: in fact, the values ef 0.6—0.7
indicate that it is possible to descrild&: as a monotonic increas-
ing function ofo, andosg. On the other side when considering the
correlation of the different azimuthal scatters with th&talumpi-
ness,C, the correlation still exists although being much weaker. |
is worth to point out also how the trend with the X-ray energy i
opposite in the two cases. Since clumps embed lower temyperat
ICM, softer bands are more correlatedXavith respect to the hard

5 IMPROVING MASS ESTIMATES

We have shown in the previous section that it is possible to ob
tain an estimate of the large-scale inhomogeneitigs)(from the
azimuthal scatter in the X-ray surface brightness gimhrameter.

3 In the fitting procedure we omit to assign errors to our data.
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ACg/Cq

r/Raoo

ACr/Cq

Figure 8. Upper panel: correlation between the azimuthal scatterer2t

10 keV band and’'z . The points considered correspond to the sample of
the 30 relaxed haloes in the ran@d5 < r/R2o0< 1.5 (a total of 990
points, 33 for each halo) and their colors indicate the fadigtance, in-
creasing from blue to red. The quantities indicateg &ndrg in units of
Ra200) are the best-fit values obtained using the formula of[@qa@) the
lower part shows the residuals with respect to the modering®f relative
difference in the clumpiness value. The diagonal dasheditidicates the
relationCr= 1 + o/00, i.e. the best-fit formula in the limit of = 0.
Bottom panel: same as upper panel but for the scatter ip-frerameter.

The question that arises is whether it is possible to uselikerged
value ofo(r) as a function of the distance from the cluster centre, to
improve the estimates of the gas density profile and, corsetyy

the measurement dffg.s and Mp..

5.1 Correcting the gas density profile

The estimate of the gas density profile-) from the X-ray surface
brightness is affected by the problem that the correspgnelinis-
sivity ex (r) in a fixed band depends on the squared gas density:
ex x< p? >y. Given the definition of eq[12), an observer that
ignores the residual clumpiness of the gas and assumescgher
symmetry obtains

px(r) =V Cr(r) p(r) ,

which corresponds to a systematic overestimate.
If we consider the observed azimuthal scatter profilg;),

@)

and use the relation of edy](6) to obtain an estimat€'ef we can
correct our measurement of the density profile as follows

px(r)
st (o, r)

p(r) = ®)

As examples, we show in Figl 9 the application of this method
to the two clusters of Fidll2. The relaxed DaZluster (left panel)
shows reconstructed density profiles very close to the talef),
with differences smaller than 2 per cent upReoo. On the other
side, the corresponding uncorrected X-ray profile overestes the
true value by 5-10 per cent over the whele- 0.4 R2o range.

When looking at the D12 cluster (right panel), the presence
of the disturbing structure still produces an overestinoatae cor-
rected density profiles of about 5—-10 per cent in correspurelef
the clumpiness peak. However, even in this case the imprenem
with respect to the originghx profile overestimate is remarkable,
through all the radial range.

This method can be directly applied to the observed density
profiles and scatter of Eckert et al. (2012). In fact, theyaoigd a
measurement ofsg in the soft 0.5-2 keV band in their 31 ROSAT-
PSPC objects (we refer to their Fig. 7, entire sample) up:te . By
using this quantity to estimate the residual clumpinesybtain an
approximate value af’s'= 1.2 atr ~Raq0, that corresponds to an
overestimate ofv 8 per cent in the gas density. This consideration
leads to mitigate the existing conflict between their obsénden-
sity profiles and the simulated ones, although not enougblte s
the problem completely.

5.2 Correcting the gas mass bias

If its gas density profile(r) is known, then the gas mass of the halo
enclosed byR2oo can be obtained from the following formula:

R200 5
Mgas = 47r/ p(r)rodr. 9)
0

However, the density bias described by €q. (7) reflects also
into the gas mass estimate,

Ra200
Mgas,x = 4 VCOr(T)p(r) r2dr , (20)
0
that leads to a bias in the gas mass measurement
Mgas,x — M,
b(Myys) = 8252~ 838 11
(M) = —E20— a1

which is always> 0 reaching null value only in the limit of a per-
fectly uniform medium Cr= 1).

Given our set of simulated clusters and groups, we can obtain
the expected value df( My.s) from their density and clumpiness
profiles. The results are shown in the top panel of [Eig. 1Gcaip
values correspond to overestimates of 5-10 per cent, wétimtire
perturbed haloes that can reach overestimates around Z#+30
cent.

If we substitute in eq.[{9) the corrected density profile of

4 Here we are considering the density profiles after applyirgvblume-
clipping method described in Sectibn 3.2, so we are implicssuming
that small clumps have been efficiently removed in X-ray ola@®ns.
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Figure 9. Sketch of the gas density correction method applied to tledwsters shown in the maps of Fig. 2: DaTleft panel) and D12 (right panel).
We show the radial dependence of the relative differencesdes the true gas density and the uncorrected measureityd@adid line), the density after
applying the X-ray and SZ corrections (dot-dashed and dditte, respectively). The horizontal dashed line showsidial case of perfect density profile

reconstruction fp = 0).

eq. [8), we obtain a new estimate of the gas mass

_ Ra200 )
Mgas = 471'/ p(r)ridr =

Cr(r)

2
N7 d
Gty "

=dr (12)

0
Ra200
0

est

which provides a good approximation &f,.s as much a&'y
an accurate estimate of the residual clumpiness.

We verify the accuracy of this method by applying it to our
simulated haloes. The central and bottom panels of[Ely. @ sh
the distribution of the bias after applying the correctimnsid-
ering the scatter in the 2-10 keV band surface brightnessrand
the y-parameter, respectively. We report in Table 2 the values of
the median of the corrected and uncorrected bias distoibsitio-
gether with their dispersion also for the other two X-ray dmn
for our sample of 30 relaxed haloes. In all cases the systesnat
for relaxed systems is completely eliminated, with the halbalo
scatter which is reduced as well. A very small number of highl
perturbed haloes keep having overestimates of 10-20 perthen
reflects the presence of other types of asymmetries in tHdgzo
not directly associated to the clumpiness of the ICM. Ndadess,
when calculating the median and the quartiles of the whotgpéa
distribution, as shown in Talé 3, we can see that our methstilli
effective even if applied “blindly” to all objects.

In Fig.[11 we show the radial dependenceb@i/,.s) and of
the corresponding bias after applying the X-ray and SZ ctioes.
Even close to the core, the uncorrected bias is significant(
per cent) and it grows linearly up to 10 (20) per ceniRat, for
relaxed (perturbed) systems. We observe that already taindiss
corresponding tdRso0 (= 0.7R200) the expected overestimate is
already close to the values &boo, with differences of the order
of 2 per cent. When applying the corrections, we can clea®/ s
that for relaxed objects the systematics is completely emhavith
value a of0 & 2 per cent up to Rzo. Even for perturbed haloes
the improvement is consistent (a factor-08) through the whole
radial range.

is

5.3 Correcting the hydrostatic-equilibrium mass bias

A frequently used method to determine the total mass of agala
cluster relies on the assumption that the ICM is in hydrastgui-
librium. The measured density and temperature profilestas t
used to determine the total mas,.(< r) enclosed by a given

radial distance
n dlogT(r) . (13)
dlogr

_ ksT(r)r

th(< 7“) = G,um
P

dlog p(r)
dlogr

whereT'(r) is the (mass-weighted) temperature profile, ani$

the mean molecular weight in units of the proton masg, This
method is known to be affected by several systematics asdci

to the break of the spherical symmetry and to the presence non
thermal pressure sources that affect particularly clusteskirts
(see Sectiofll). Here, instead, we focus on determining it b
associated to the residual clumpiness of the ICM.

It is easy to show that when accounting for the gas density
bias of eq.[{I7), the X-ray measured hydrostatic-equilirionass
Mye,x formula contains an additional term associated'tg, thus
becoming

_ ksT(r)r (dlogp(r) = dlogT(r)
Muex(<r) = Gump dlogr + dlogr
1 dlog Cr(r)
2 dlogr ' (14)

SinceCx () generally grows withr (see Figd. ¥ arfd 5), unliker)
andT'(r), this turns into an underestimate of the value\éf.. To
study this effect in detail, for every object of our sample coe-
pute the true value oMy, and My, x by adopting the following
procedure. We first fi’(r) in the range 0.8-1.Rq00, With the
formula of Vikhlinin et al. (200@ Then, in the same radial range,
we fit p(r) and the biased densifyx (r) profiles with ag-model

5 Here we consider only the external part of their profile, the. formula
of their eq. (4), after fixingr = 1 andb = 2, thus leaving only three free
parameters: normalisation, core radius and the exteropesl However,
since our objective is to determine the bias associatedcetartbertainties in
the density profile, any possible effect introduced by chamthe tempera-
ture fitting procedure is negligible.
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Table 2. Best-fit values of the parameterg andrg (second and third column, respectively, within units of R2og) of the reIationCS“ (o,7), beingo the
azimuthal scatter of the surface brightness in the threayXbands (second to fourth row) and the scatter ofytparameter profiles (fifth row). The fourth
column shows the median (in percent units) of the distrimstiof bias in the value a¥/gas at R2go for our sample of 30 relaxed haloes, together with the
difference with respect to the upper and lower quartiledi¢amted as error), after the clumpiness correction of[€2). (The fifth and sixth column show the
same quantities for the distribution 81, and fgas, respectively. In the last row we report the values corredpm to the uncorrected biases.

00 1o b(Mgas)%  b(Mpe) %  b(feas) %

ogp (0.3-0.8 keV) 2285 551 +0.027027 0567168 40.267%3%
osp (0.5-2 keV) 16.02 5.87 40.087522 —0.3871'¢5  +0.067238
osp (2-10 keV) 765 7.08 —0.58T05% 40557187 —0.4572359

1.40 1.84 3.02
oy 2.83 825 —0.3470% 40957157 —1.597902
No correction +6.117178 —2.227152 18457557

Table 3. Same as Tablgl 2 but for the whole sample of 62 haloes. Thefibest-andrg are not quoted here since we assume the same values of thedrela
sample.

b(Mgas) % b(Mne) % b(fgas) %

osp (0.3-0.8 keV) +1.45%33% 0357358 42327720

osp (0.5-2 keV) +1.427299 —0.617258  42.1875%%
osB (2-10keV) +0.607276  10.64%23%  10.847338
v +0.82°3 7 +1.237307 —0.05755)
No correction +8~26f§_gi _2.23t§:§g 11.154:2:%?

(Cavaliere & Fusco-Femiario 1978) and use these resultsnie co when measuring the gas fractigh.s. In fact, being the measured
pute My and M, x, respectively, with eq[{13) far =Rago. value

The top panel of Fig. 12 shows the distribution of the expcte
value ofb(My.) for our sample of simulated clusters and groups. M
While it is confirmed that for the majority of the cases (45 rove feas,x = Mgas’x ,
62) the residual clumpiness introduces an underestimate the he,X
clumping factor of single objects can be affected by locaktens
(i.e. Cr(r) is not perfectly monotonic), we end up with about a  the corresponding bias is
quarter of our sample in which the measurefi. is higher than
the true value. As a general remark, the median effect oftab@u
per cent is small when compared to the other systematicsyihd b(fgus) = feas, X — feas _ O(Mgas) — b(Mne) (16)

(15)

respect to the intrinsic dispersior 6 per cent difference between feas 1+ b(Mhne)
the upper and lower quartile). We note, however, that fomtlost
disturbed systems the error can reach 10 per cent or morthgr ei
direction.

We repeat the same procedure done H@¥/,.s) (see Sec-

When computing the value &f fg.s) atr =R200 for our sam-
ple of 62 haloes, we can see from the distribution shown in the
tion[5.2) to see whether our clumpiness-correction metisoef- top panel of FiglIB that this results in a systematic ovemese
fective in reducing the value df( Mi.). The results for the three ~ ON average of about 10 per cent. The ICM inhomogeneitiesecaus
X-ray bands and for the SZ effect are shown in Téble 2[@nd 3 and also a large spread in the measured value, with 11 objectadhav
in the central and bottom panel of Fig12 for the hard 2-10 keV 0(feas) > 0.2 (three are outside the plot range).
band and for the SZ effect only, respectively. Also in thisewe We verify the efficiency of our bias-correction method fexs
observe a global improvement of the measurements, withythe s by computing the expected valuetff..) once the corrected val-
tematics that disappear in all cases. On the other side,atioett ues ofb(Mgas) andb(Ms.) (see Section5l2 and $.3, respectively)
halo scatter is not significantly reduced. are used in eq[{16). We show the results in Table 2[and 3 and in
the central and bottom panel of F[g.]13 (2-10 keV band and SZ
effect only, respectively). Again, in all cases the avelsigs is sig-
nificantly reduced, wittvsg for the 2-10 keV band and, that
provide the best results. In this case, as#@¥/..), the applica-
The two biases associated to the residual clumpiness pisdyide- tion of our method allows also to reduce the scatter in thesoreal
scribed (positive bias fak/,.s and negative foi\/1,.) add together values.

5.4 Correcting the gas fraction bias
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Figure 10. Top panel: histogram of the estimated gas mass bias assbciat
to the residual clumpiness for our sample of 62 clustersuRed haloes
are marked by the shaded areas. Central and bottom paneils: asatop
panel but after the correction obtained by estimating theevaf C'z from

the scatter in the 2—10 keV surface brightnessapdrameter, respectively.

6 SUMMARY AND CONCLUSIONS

In this paper we have analyzed a set of 62 simulated clustets a
groups, obtained with different physical prescriptionghwhe ob-
jective of providing a global characterization of their digy in-
homogeneities in the regions close to the virial radius. \&eeh
described a method that allows to separate the ICM clumpiags
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Figure 11. Bias in the value ofMz.s as a function of distance from the
centre for our reference physical model without correcfmwlid lines) and
with the correction obtained by estimating the valu€gf from the scatter

in the 2-10 keV surface brightness apgarameter (dotted and dot-dashed
lines, respectively). The black lines represent the medfahe 30 relaxed
objects and the grey-shaded regions enclose the quartilles oncorrected
and of the X-ray corrected biases (the quartile region ofSHecorrected
bias has a similar size). The red lines represent the medikre Vor the
perturbed sample. The horizontal dashed line correspantisetvalue of
b(Mgas)=0.

sociated to small clumps from a “residual” one that corresisao
large-scale inhomogeneities, and discussed how the teeEnds
on the mass and the dynamical state of the halo. Finally, we ha
discussed how the presence of large-scale inhomogeneatidsias
the estimates oM g.s, Mne and fqas and provided a method to re-
duce this bias by using a directly observable quantity: #ieathal
scatter in the X-ray surface brightness profiles or in thentla¢ SZ
ones {-parameter profiles).

Our results can be summarized as follows.

(i) As expected, the degree of global clumpiness in our simdilate
objects depends mainly on the presence/absence of radiatil-
ing, making about one order of magnitude difference. Oncding
is included, additional feedback mechanisms do not chaiggé-s
icantly the clumping factor.

(i) When considering only the contribution of emitting gas, we
obtain values o€~ 2 — 3 at R200. When compared to the value of
~ 16 claimed by _Simionescu etial. (2011), we conclude that their
estimate can not be reproduced by our models, even negjahgn
possibility of identifying emitting clumpy structures.
(iii) We introduce the concept aksidual clumpinessCr, to
qguantify the amount of large-scale inhomogeneities (dapar
from spherical symmetry, presence of filaments), that spoeds
to the bulk clumpiness once obvious bright condensed cluanps
masked out. This quantity is independent of the physical ehod
assumed, while it is sensitive to the dynamical state of tie: ne-
laxed objects hav€'r ~ 1.2 at Rag0, While dynamically perturbed
ones have on averagez ~ 1.5.

(iv) The residual clumpiness of the ICM causes a significant over-
estimate in the measurement &f,.s from X-ray observations of
the order of~ 5 — 10 per cent for the more relaxed objects up to
~ 20 — 30 per cent for the more perturbed ones.

(v) A smaller negative bias of about 2 per cent is present also
in the measurement df/;,.. Consequently, the combination of the
two biases results in an overestimatefgfs, with average values
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Figure 12. Same as Fid. 10 but for the bias in the hydrostatic-equilitri
mass. One perturbed haloes, D)3s not shown since its values are outside
the plot range being, from top to botto(My.) = —0.22, —0.21 and
—0.19, respectively. D2% is also outside the plot range in the top and
central panels witth(My.) = —0.25 and—0.17, respectively.

of ~ 10 per cent, and an intrinsic scatter-of9 per cent (interquar-
tile range). These biases are lower when compared to otlogrkn
systematics.

(vi) The residual clumpiness correlates wel & 0.6 —0.7) with
the azimuthal scatter of the X-ray surface brightness anteo§-
parameter profiles. This allows us to obtain an analyticahfda to

[ ] reloxed
10+ perturbed —
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Figure 13. Same as Fid.10 but for the bias in the gas fraction. Three per-
turbed haloes, D0&; D18-a and D27a, are not shown in the top panel
since their values are outside the plot ranbgfzas) = 0.35,0.33 and
0.65, respectively. D2%& is outside the plot range also in the central panel,
havingb( fgas) = 0.30.

estimate it as a function of two observable variables: thmathal
scatter and the radial distance.

(vii) This relation provides a method to correct the gas density es
timates, making it possible to improve consistently theusacy

of the M,.s measurements. With this method the systematics de-
scribed above disappears completely for relaxed haloes fnat-
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side the cluster core upf2qo. For perturbed clusters/groups the
overestimate is reduced by a factor of about 3.

(viii) Finally, this method works also in eliminating the bias asso
ated to the measurementifi,. and fq.s. However a large intrinsic
scatter (5—7 per cent, in terms of interquartile range) betwthe
different objects remains.

Overall, our results show how the study of the outskirts of
galaxy clusters and groups is important for the measureofehe
gas mass and gas fraction, and how the combination of siibugat
and observations can improve their precision. A possibiereskon
and improvement of this analysis may be investigating thieeta-

tion of C'r with other inhomogeneities parameters such as the halo

ellipticity, or by determining how th€'z (o, r) relations may vary
as a function of the observed relaxation parameters of theéa
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APPENDIX A: INDENTIFYING CLUMPS WITH
OBSERVATIONS

Our volume-clipping method, described in Section 3.2 andemo
in detail in_lRoncarelli et all (2006b), allows us to sepals®veen
the gas belonging to clumps and to the bulk of the clustercbarse
theoretical considerations. Here we provide more infoiomabn
the physical properties of these clumps and investigate wiich
extent they may be detected in simulated X-ray surface bréegs

cant biases in th€'z determination.

We show in Fig[Al thel” — p scatter plot of the SPH parti-
cles in the outskirts of the D17-a relaxed cluster. The arhofin
gas that our algorithm associates to the clumpy phase (rdd an
green points) corresponds to about the 3 per cent of the gatl
mass insideR2oo for this halo. We verified that in perturbed sys-
tems it is slightly higher (4-5 per cent). By analysing thetpthe
multi-phase nature of these clumps shows up clearly. Pattieof
gas is associated to the cold star-forming phage at10®p, and
T = 10* — 10°K. These particles are responsible for most of the
global ICM clumpiness (see the comments on Eig. 4) but woatd n
influence any X-ray measurement since their temperatuoe igtv
to produce any significant emission. The majority of clumptipa
cles, which usually embed the previous ones, are insteaidlath
temperature > 10°K) and can eventually produce a detectable
X-ray emission.

The maps of Fig_AR show the 0.5-2 keV surface brightness,
up to 2R200 Of the bulk (left panel) and of the clumps (right) of
the D17-a relaxed cluster, as defined by our method. The beeat
mogeneity of the bulk map shows clearly that no clumpy stmect
is missed by our filtering method and that any possible datéet
inhomogeneity must necessarily be associated to the climapep
The possibility of detecting them depends on how much thgirad
is brighter with respect to the bulk one. To this purpose venid
fied the map regions where the signal-to-noise ratio excaedhie
of 3, by considering the bulk map as a reference for the nbisst
of the clumpy structures are at least partially identifiethvthis
method, with an increasing efficiency towards the outskirts

In Fig.[A3 we show the surface brightness of the identified
clumps as a function of distance from the centre, comparéketo
average cluster surface brightness profile. Since thealgdrt of
these clumps is usually very bright, in most of the cases tvair-
age surface brightness exceeds the cluster one by more thas 5
clear also, that these structures can be identified als@eusqo,
since their signal is well above the unresolved X-ray baokgd,
at least in the case of a massive halo.

As a drawback of our method, when in a given radial bin no
clear clumpy structure is present we consider as clumpsaistall
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Figure A2. Maps of the soft (0.5-2 keV) X-ray surface brightness of tig @ cluster for our reference model in units of count$ sm=2 arcmin—2. Each

map is centered on the cluster centre and encloses a squéfe@f per side.
method (99 per cent volume). Right panel: the gas which istified as 'clumps’
clumps signal is more than 3 times the bulk one, mimickingNtS3 threshold.

fraction of diffuse gas whose signal is not high enough todesi
tified. This happens in particular in the regions close todietre
where the ICM is more uniform, as it can be seen both in the righ
panel of FiglA2 and by the red points of Fig.JA2. A precise de-
termination of the fraction of clumps that would be missedési
X-ray observations clearly depends on instrumental detail is
beyond the aim of our work which focuses on the large-scale in
homogeneities. However, using our mock maps we can provide a
estimate of the amount of missed clumpy gas, together vetimit
fluence on the bias of the gas mass measurements. We verdted th
the detected clumpy ICM (e.g. green particles in Eigl A2)his t
~20 per cent of the total amount of gas associated to clumps by
our volume-clipping method. In order to have an estimatetof i
impact on the mass gas measurement, we repeated our amglysis
reducing by a factor of 5 the volume threshold (i.e. the Orxpat

of the volume of each bin). We obtained a valué@i/z.s) = 7.7

per cent for the relaxed sample, with respect to the preidliésee
Table[2) obtained with our more conservative thresholdréfoee,
given the relatively small difference, we conclude thatithpact

on our results of any unresolved clumpy gas is minor witheesp
to the one associated to large-scale inhomogeneities.

APPENDIX B: RELAXED AND PERTURBED HALOES
FROM AN OBSERVATIONAL POINT OF VIEW

In Section[3.2 we have described our classification of sitadla
haloes intaelaxedandperturbedaccording to the robustness of the
determination of”'z . Here we explain how this criterium, which is

Left panel: the gas which is identified as 'bulk’ by theoretical filtering
(one per cent volume). The contours eselhe regions where the projected

COSMOS 200ks

SB (counts s™' ¢cm™ arcmin™?)

1077

1oL

N
o

Figure A3. Soft (0.5-2 keV) X-ray surface brightness of the clumpsédgre
diamonds) identified with the method shown in Hig. A2 as a fioncof
distance from the centre. The black solid line represertstierage surface
brightness of the cluster bulk. The red dashed lines ineliteé¢ measure-
ments of the unresolved X-ray background in the same bandtiheCOS-
MOSsurvey (Elvis et gl. 2009~200ks exposure, upper line) and from the
4Ms ChandraDeep Field South (Cappelluti et/al. 2012, lower line).

based on purely theoretical considerations, actually nestevell
with a possible classification done with observational rodsh

To this purpose we have created a 0.5-2 keV band sur-
face brightness map for each of our simulated objects. Wwello
inglCassano et al. (2010), we have then computed, over thed rad
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Figure B1. Power-ratioPs / Py versus the centroid shift estimated from
the 0.5-2 keV surface brightness maps in the radial rangel @k for
the sample of our 62 simulated clusters and groups. The tjeztshindi-
cated with arrows have values outside the plot range. Theltgbed lines
indicate the limits ofw = 0.025 andP3 /Py = 10~ that provide the best
match between the two definitions of relaxed/perturbedsh@ee text).

range0.1 — 1R200, the centroid shiftw, defined as the standard
deviation, in units ofR20, Of the projected separation between
the X-ray peak and the centroid, and the power-r&ig P, (see
Buote & Tsei 1995), that is the lowest normalized moment ef th
X-ray surface brightness clearly connected to substrast{see,
e.g./Bohringer et al. 2010). We show in Hig]B1 the positbour
simulated systems in thB; / Py vs w plane. Haloes defined as re-
laxed according to our definition (marked in black) have cerage
lower values of all the parameters, thus sitting on the Idefécor-
ner of the plot, while perturbed ones tend to show a high vadue
at least one of the two parameters.

The dashed linesy( = 0.025 and P; /Py = 10~ ") show the
limits that roughly correspond to the best match betweertwioe
classifications. When defining observationally the relakatbes
as the ones laying on the bottom-left quadrant of the plat, @ar-
turbed otherwise, we end up with 53 over 62 haloes matchiag th
corresponding theoretical definition.
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