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1 INTRODUCTION

ABSTRACT

Using a set of hydrodynamical simulations of 9 galaxy clusters with masses in the range
1.5 x 104M¢, < Myjr < 3.4 x 10%°M,,, we have studied the density, temperature and X-ray
surface brightness profiles of the intra-cluster medium in the regions around the virial radius.
We have analyzed the profiles in the radial range well above the cluster core, the physics
of which are still unclear and matter of tension between simulated and observed properties,
and up to the virial radius and beyond, where present observations are unable to provide
any constraints. We have modeled the radial profiles between 0.3Rxqp and 3Rxpo With power
laws with one index, two indexes and a rolling index. The simulated temperature and [0.5-2]
keV surface brightness profiles well reproduce the observed behaviours outside the core. The
shape of all these profiles in the radial range considered depends mainly on the activity of the
gravitational collapse, with no significant difference among models including extra-physics.
The profiles steepen in the outskirts, with the slope of the power-law fit that changes from
-2.5t0 -3.4 in the gas density, from -0.5 to -1.8 in the gas temperature, and from -3.5 to -5.0
in the X-ray soft surface brightness. We predict that the gas density, temperature and [0.5-2]
keV surface brightness values at Rygpp are, on average, 0.05, 0.60, 0.008 times the measured
values at 0.3Roq0. At 2Rxg0, these values decrease by an order of magnitude in the gas density
and surface brightness, by a factor of 2 in the temperature, putting stringent limits on the
detectable properties of the intracluster-medium (ICM) in the virial regions.

Key words: cosmology: miscellaneous — methods: numerical — galaxies: cluster: general —
X-ray: galaxies.

From an observational point of view, the measurement of the
properties of the ICM is possible only where the X-ray emission

Galaxy clusters form in correspondence of the highest peaks of the
fluctuations in the cosmic dark matter density field and collapse un-
der the action of gravitational attraction to define structures with a
mean density enhanced with respect to the cosmic value by a fac-
tor of few hundreds. They reach the virial equilibrium over a vol-
ume with a typical virial radius that indicates, as a first approxima-
tion, the regions where the pristine gas accretes on the dark matter
halo through gravitational collapse and is heated up to millions de-
grees through adiabatic compression and shocks. This intracluster-
medium (ICM), that represents about 80 (15) per cent of the bary-
onic (total) cluster mass (e.g. Ettori et al. 2004), becomes, then,
X-ray emitter mainly through bremsstrahlung processes, thus al-
lowing one to trace and characterize the distribution of the baryonic
and dark matter components.
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can be well resolved against the background (both instrumental and
cosmic). At the present, data permit to firmly characterize observ-
ables like surface brightness (see Mohr et al. 1999; Ettori & Fabian
1999) and gas temperature (see Markevitch et al. 1998; De Grandi
& Molendi 2002; Pointecouteau et al. 2005; Vikhlinin et al. 2006;
Zhang et al. 2006) out to a fraction (~ 0.5 —0.6) of the virial radius.
Only few examples of nearby X-ray bright clusters with surface
brightness estimated out to the virial radius are available, thanks to
the good spatial resolution, the large field-of-view and the low in-
strumental background of the ROSAT/PSPC instrument (Vikhlinin
et al. 1999; Neumann 2005). However, since the regions not-yet re-
solved occupy almost 80 per cent of the total volume, they retain
most of the information on the processes that characterize the ac-
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Figure 1. From top to bottom: maps of the projected gas density, mass-weighted temperature and soft (0.5-2 keV) X-ray emission of the g1 cluster (csf model)
for the 100 per cent (left) and 95 per cent (right) volume-selection scheme. The circles indicate the virial radius. The size of the side of each map is 12 Mpc,
so they cover roughly up to 2.5Rxq0.

© 2006 RAS, MNRAS 000, 1-12



3

Table 1. List of main physical parameters of the 9 clusters taken from the ovisc runs. The objects are divided into 2 subsamples according to their virial mass.
Note that Ty;; is the average mass-weighted temperature of the gas up to Ryir while Txgp is the temperature of the gas at Ropo.

Sample A: My, > 1015M,,
Cluster name gl g8 g51 g72

Sample B: My < 1015M,,
g676 0914 gl542 93344 6212

Myir (10%°M,) 212 339 1.90 1.96

015 017 0.15 0.16 0.16

Ruir (Mpc) 337 394 325 328 140 146 140 143 143
Tuir (keV) 649 989 578 544 125 128 118 126 122
Rooo (MpC) 248 291 239 240 104 108 104 105 105
Togo (keV) 418 752 418 4.09 082 103 083 088 084

cretion and evolution within the cluster of the main baryonic com-
ponent (Molendi 2004).

In the present work, we study the distribution of the ICM
density, temperature and surface brightness in a set of simulated
galaxy clusters by looking at their radial profiles in the range be-
tween 0.3 — 3 x Rogol. We avoid considering the regions where the
clusters evolve a core with active cooling and suspected feedback
regulation, being this balance still matter of tension between the
present simulated constraints and the observed counterparts (e.g.
Borgani et al. 2004). Therefore, we concentrate our analysis on
cluster volumes where the gas density and temperature suggest that
radiative processes are not dominant and the main physical driver
is just the gravitational collapse, that is expected to be well de-
scribed in the present numerical N-body simulations. We consider
objects extracted from a dark matter only cosmological simulation
that were resimulated at much higher resolution by including the
gas subjected to gravitational heating and other physical treatments
like cooling, star formation, feedback, thermal conduction and an
alternative implementation of artificial viscosity.

We organize this paper in the following way: in the next Sec-
tion, we describe our dataset of simulated clusters and their differ-
ent physical properties; in Section 3 we discuss the results on the
slopes of the gas temperature, density and surface brightness pro-
files in the outskirts (i.e. r > 0.3Rxqp) of the simulated objects and
compare our results with the present constraints obtained from X-
ray observations of bright clusters. We summarize and discuss our
results in Section 4.

2 THE SIMULATED CLUSTERS

For the purpose of this work we use a set of 9 resimulated galaxy
clusters extracted from a dark matter (DM)-only simulation of a
“concordance” ACDM model with Qi = 0.3 and Qa = 0.7, using
a Hubble parameter h = 0.7 (the Hubble constant being Hp = h 100
km s~*Mpc—1) and a baryon fraction of Q, = 0.019h~2. The ini-
tial conditions of the parent simulation, that followed the evolution
of a comoving box of 479h~1 Mpc per size, were set considering a

1 In this paper we define the typical physical quantities of clusters as fol-
lows: Rooo (Rsoo) is the radius of a sphere centered in a local minimum of
the potential and enclosing an average density of p =200(500)p¢r, with per
being the critical density of the Universe. The virial quantities are defined
using the density threshold obtained by the spherical collapse model with
the cosmological parameters of the simulations. So the virial radius Ry
encloses an average density of pyir =~ 104p¢ (see Eke et al. 1998, eq. 4).
Consequently the virial mass My, is the total mass (DM plus baryons) of
the cluster up to R;.
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cold dark matter power spectrum normalized by assuming g = 0.9
(see Yoshida et al. 2001). Our simulations were carried out using
GADGET- 2 (Springel 2005), a new version of the Tree-Smoothing
Particles Hydrodynamics (SPH) parallel code GADGET (Springel
et al. 2001) which includes an entropy-conserving formulation of
SPH (Springel & Hernquist 2002) and a treatment of many physi-
cal processes affecting the baryon component that can be turned on
and off to study their influence on the thermodynamics of the gas.
In the volume of the parent simulation 9 different haloes were iden-
tified, spanning different mass ranges: 4 of them with the typical
dimension of clusters and 5 of small clusters or group-like objects.
Then using the ”Zoomed Initial Conditions” (ZIC) technique (Tor-
men et al. 1997) they were resimulated by identifying their corre-
sponding Lagrangian regions in the initial domain and populating
them with more particles (of both DM and gas), while appropri-
ately adding high-frequency modes. At the same time the volume
outside the region of interest was resimulated using low-resolution
(LR) particles in order to follow the tidal effects of the cosmolog-
ical environment. The setup of initial conditions of all the resimu-
lations was optimized to guarantee a volume around the clusters of
~ 5R;r free of contamination from LR particles. This was obtained
using an iterative process as follows. Starting from a first guess of
the high-resolution (HR) region that we want to resimulate, we run
a DM-only re-simulation. Analyzing its final output, we identify
all the particles that are at distances smaller than 5 R, from the
cluster centre in order to identify the corresponding Lagrangian re-
gion in the initial domain. Applying ZIC, we generate new initial
conditions at higher resolution and run one more DM-only resimu-
lation. This procedure is iteratively repeated until we find that none
of the LR particles enters the HR region, which could be possible
because of the introduction of low-scale modes. Thus we can safely
say that these resimulations are representing the external regions of
our cluster without any spurious numerical effect.

These resimulations are set to have a mass resolution of
mpm = 1.13 x 10°h~IM;, for DM particles and mgas = 1.69 x
108h~1IM, for baryons, so that every resimulated cluster is re-
solved with between 2 x 10° and 4 x 108 particles (both DM
and gas) depending on its final mass. All the simulations have
a (Plummer-equivalent) softening-length kept fixed at € = 30h1
kpc comoving at z > 5 and switched to a physical softening length
£ =5h~1 kpc at lower redshifts.

In order to study the impact of different physical processes on
the clusters properties, we simulated every cluster using 4 different
sets of physical models:

(i) Gravitational heating only with an ordinary treatment of gas
viscosity (which will be referred as the ovisc model).

(if) Gravitational heating only but with an alternative implemen-
tation of artificial viscosity (Ivisc model), following the scheme
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proposed by Morris & Monaghan (1997), in which every gas parti-
cle evolves with its own viscosity parameter. With this implemen-
tation the shocks produced by gas accretion are as well captured as
in the ovisc model, while regions with no shocks are not character-
ized by a large residual numerical viscosity. As already studied in
Dolag et al. (2005), this scheme allows to better resolve the turbu-
lence driven by fluid instabilities, thus allowing clusters to build up
a sufficient level of turbulence-powered instabilities along the sur-
faces of the large-scale velocity structures present in cosmic struc-
ture formation.

(iii) Runs which implement a treatment of cooling, star for-
mation and feedback (csf model). The star formation is followed
by adopting a sub-resolution multiphase model for the interstellar
medium which includes also the feedback from supernovae (SN)
and galactic outflows (Springel & Hernquist 2003). The efficiency
of SN to power galactic winds has been set to 50 per cent, which
turns into a wind speed of 340 km/s.

(iv) Runs like csf but also including thermal conduction (csfc
model), adopting the scheme described by Jubelgas et al. (2004).
This implementation in SPH, which has been proved to be stable
and to conserve the thermal energy even when individual and adap-
tive time-steps are used, assumes an isotropic effective conductivity
parametrized as a fixed fraction of the Spitzer rate (1/3 in our simu-
lations). It also accounts for saturation which can become relevant
in low-density regions. For more details on the properties of simu-
lated clusters using this model, see also Dolag et al. (2004).

The masses, radii and temperatures? of the 9 clusters for the
ovisc model are summarized in Table 1. The other models have
similar results for masses and radii with variation of few percent
between the models while temperatures have larger variations with
csf and csfc models having slightly higher temperatures (~ 8 per
cent). In our following analyses we will separate the clusters into
two different samples: sample A (4 clusters) and B (5) according to
their virial mass being larger or smaller than 101°M.,,, respectively.

When considering the environmental properties of these
haloes, we must point out that the 4 objects of sample A are among
the most massive clusters of the volume of the parent simulation
while the 5 groups were chosen at random with the only condition
to be far away from the 4 clusters. At the end of the resimulations
all the haloes of sample B appear to be isolated, e.g. there is no
halo with mass M > 10135h—1M,, at distance lower than 5Ry;;; on
the contrary the big clusters have several small structures inside the
volume of their resimulation and all of them underwent significant
merging activities. As we will see in Section 3, this aspect is im-
portant to understand the different properties of the X-ray profiles
of the two samples.

2 Notice that in this paper we prefer to quote all the temperatures by us-
ing the mass-weighted estimator because it is more related to the energetics
involved in the process of structure formation. As shown in earlier papers
(see, e.g. Mazzotta et al. 2004; Gardini et al. 2004; Rasia et al. 2005), the
application of the emission-weighted temperature, even if it was originally
introduced to extract from hydrodynamical simulations values directly com-
parable to the observational spectroscopic measurements, introduces sys-
tematic biases when the structures are thermally complex. We verified that
the use of the spectroscopic-like temperature of Mazzotta et al. (2004) does
not produce significant changes in our results for kgT >1 keV.

2.1 Preparation of the dataset

Focusing our attention on the cluster outskirts, we do not consider
in our study the effects of the cluster core on the overall proper-
ties, avoiding to deal with the theoretical, numerical and observa-
tional uncertainties on the physics of the X-ray emitting plasma
in the cluster central regions. Furthermore we must take into ac-
count that the mass enclosed in a given radial bin in the external re-
gions of clusters (r > Ropp) is dominated by the presence of dense
subclumps of the typical dimension of galaxies or small galaxy-
groups (M < 1013M). Evidences of the existence of these clumps
in the regions inside Rygp have also been shown by X-ray observa-
tions, but it is still not clear whether the frequency and the emission
properties of the simulated clumps agree with the observed ones:
this is due both to the low surface brightness of these objects that
makes them difficult to resolve and to uncertainties in the theoret-
ical modeling (e.g. simulations including cooling tend to produce
more clumps and simulations with feedback from SNe end up with
smaller clumps than non-radiative ones).

Anyway, since (i) we are interested only in the average prop-
erties of galaxy clusters and (ii) these small clumps are generally
masked out in observational works, a direct comparison of our
simulations with theoretical and observational results requires the
introduction of a method to exclude these cold and dense clumps
from our analysis. It is quite difficult to define a precise and unique
criterium to identify these condensed regions in the simulation
volume from their dynamical and thermodynamical properties,
therefore we decided to identify the volumes corresponding to
non-collapsed regions. For this purpose we proceed in the follow-
ing way: for every shell that corresponds to a radial bin of the
profile, we sort the gas particles in decreasing volume order (i.e.
starting from the more diffuse particles and going up to the denser
ones, being the volume associated to the i-th particle defined as
Vi = Mgas/Pgasi) then we compute the profiles calculating the
mean of a given quantity considering only the particles summing
up to a given percentage of the total volume of the shell. In order
to identify the physical properties of the regions excluded by our
analysis, we plot in Fig. 1 as an example the maps of the projected
density, mass-weighted temperature and soft (0.5-2 keV) X-ray
surface brightness of the gl cluster considering (i) all the particles
and (ii) those that are within the 95 per cent volume of each radial
shell. We can clearly see from these maps that the volume-selective
method actually separates the cold and dense clumps from the rest
of the object. Anyway these maps show that this criterion is much
more effective in excluding dense regions than cold ones. However,
since the X-ray emission is strongly dependent on the density of
the gas, we can safely say that it well mimics the observational
technique of masking the bright isolated regions.

We also study the shapes of X-ray surface brightness profiles
of our simulated clusters. Since we are interested in the outskirts
of galaxy clusters we cannot adopt a pure bremsstrahlung emis-
sion model because in the corresponding temperature ranges (T <
1 keV) line emission gives a significant contribution. Therefore in
order to calculate the profiles we adopt a MEKAL emission model
(Mewe et al. 1985; Liedahl et al. 1995) assuming a gas metallicity
Z = 0.2Z;, (using the solar value tabulated in Anders & Grevesse
1989) constant for every particle of the simulation: although this
value can be an underestimate of the metallicity of the clusters’ cen-
tre (see De Grandi et al. 2004, for more detail), the chosen model
can be considered a good representation of the spectral properties
of the clusters’ external regions. In the following analyses we con-
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Figure 2. Radial profiles for different quantities as estimated for the g1 cluster. From top to bottom: gas density (normalized to the cosmic mean density,
< p >= Qppc), Mass-weighted temperature and X-ray surface brightness for the soft (0.5-2 keV) and the hard (2-10 keV) band calculated considering the
clusters at z= 0. Left column: ovisc model. Right column: csf model. These profiles are obtained from different prescriptions: the black line shows the average
of all the gas particles, the orange lines are averages of the different volume percentages from 10 to 90 per cent and the green lines are from 91 to 99 per cent.
The extragalactic unresolved background from Hickox & Markevitch (2006) in the [0.5-2] keV and [2-8] keV band of is indicated by the shaded region in the
soft and hard X-ray surface brightness panels, respectively.
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sider the objects at redshift z= 0. To compute the surface bright-
ness profiles, we adopted the same volume-selection scheme of the
density and temperature profiles with the only difference that, since
we want to obtain the surface brightness profiles of our objects, we
need to take into account the two-dimensional projection on the sky
plane. To this purpose, we consider circular ring sections instead of
spherical shells: for every ring, we select all the particles that fill
a given volume fraction f, we calculate their luminosity and we
obtain Lt by summing all of them. Finally we normalize it to take
into account also for the remaining volume and use the normalized
luminosity Lying = ':fi to calculate the surface brightness (see the
effects of this method on the [0.5-2] keV X-ray surface brightness
shown in the bottom panel of Fig. 1). This method works efficiently
for subtracting almost all the relevant substructures in the surface
brightness profiles, except for two massive subhaloes present in the
g1 cluster simulation at a distance of 2-3 Rygg from the center; only
for this cluster we excluded two separate angular regions (45 de-
grees wide each) from the computation of its X-ray surface bright-
ness profiles.

In Fig. 2, we show the gas density, temperature and surface
brightness profiles into two different bands for a massive clus-
ter (gl) assuming two different physical models: the “ordinary-
viscosity non-radiative” (ovisc) and the “cooling + star formation +
feedback” (csf) one. We plot the average profiles together with the
ones obtained with different cuts in volume. The profiles in Fig. 2
show that eliminating the fraction of mass concentrated in 1 per
cent of the volume is sufficient to make the gas density, temperature
and surface brightness profiles much more regular than the average
ones that consider all the particles in the shell. For these reasons
in the following analyses, we will mainly concentrate in fitting the
99 per cent—volume profiles and discuss the results obtained by cut-
ting the volume at different percentages in Appendix A. By the way
we also note that the temperature and density profiles obtained with
this method for the ovisc model well reproduce the shape of the the-
oretical profiles obtained by Ascasibar et al. (2006), if we assume
a polytropic index y ~ 1.18 — 1.20.

In Fig. 3 we compare the 99 per cent volume profiles for
one of the largest and the smallest cluster of the samples using
the four different physical models. As already noted in Borgani
et al. (2004), radiative cooling and star formation selectively re-
move low-entropy gas from high-density regions. Consequently
models with cooling tend to produce clusters less dense at the cen-
tre (r < 0.1Rpp): in these regions we find that the gas density in
non-radiative models is higher by a factor of ~ 3.5 in the most
massive clusters and more than 5 in less massive ones. The same
cooling processes generate a lack of pressure near the centre of the
clusters that heats the infalling gas up to a factor of ~ 1.8 higher
than in non-radiative simulations for all mass scales (see also Tor-
natore et al. 2003). As a result, the X-ray emission in the inter-
nal regions is significantly reduced in the csf and csfc models. The
external regions of the clusters are less affected by the different
physics because the low-density gas is less prone to cooling and
feedback effects. As we will show later, this makes the results on
the external regions of clusters only slightly dependent on the phys-
ical model adopted in the simulation (see also Romeo et al. 2006,
for influences of other physical processes).

In Fig. 4 we compare the 99 per cent volume profiles for the
4 most massive clusters of the dataset (sample A). The density pro-
files have a very similar shape up to about 2Ryqg indicating a uni-
versal function. The regularity of the 99 per cent volume profiles
extends also for distances > 3Rppp. The temperature profiles are
more irregular (note that the temperatures are normalized using

Tooo, the temperature at Rpgg ): the bumps present in the gl pro-
file near the centre and in g72 at r ~ 1.7Ryq are an effect of shocks
at r ~ 0.6Rogp and r ~ 2.1Ryqq, respectively, due to recent major
mergers.

In Table 2 we show the ratios between the values of the 99 per
cent volume profiles at different radial distances and their values
at 0.3Rj, obtained with the ovisc model. The regularity of these
profiles can be seen by the low dispersion between the values of
the clusters of the same sample.

3 RESULTSON THE OUTER SLOPESOF THE RADIAL
PROFILES

To describe the behaviour of the radial density and temperature pro-
files in the cluster outskirts, we adopt a broken power-law relation
given by the expression

ax P if X < Rp/Reoo
= ~(by—b

Ra00

)

in its logarithmic form, where r is the distance from the centre,

X=r/Rogo and &, by, by and Ry are the free parameters, repre-

senting the normalization, the inner slope, the outer slope and the

radius at which the slope changes, respectively. The fit is computed
in the interval 0.3 < x < 2.7. We fit the profiles for the 9 clusters
separately and then calculate the average and dispersion for every

parameter. The best fit relations for the ovisc model are shown to-
gether with the profiles of single clusters in Fig. 5.

The gas density profiles show a change in the slope of the
power law at about 1.1-1.3 Ryqp, with an internal slope of 2.4-2.5
with no significant dependence on the physical model or the volume
selection scheme adopted (see the Appendix for details on the effect
of different volume cuts) and also a very low dispersion between
the different objects. This indicates that the behaviour of the density
profiles is well determined from outside the core to more than Ryo.
In the outskirts the slope increases up to by ~ 3.4 for all the models
showing more dispersion between the 9 haloes due to the fact that
in these regions the influence of the environment is becoming more
important with respect to the potential well of the cluster itself.

In the temperature profiles, the steepening towards the exter-
nal regions is more prominent and the cutoff is around r = 1.3 —
1.5Rygg with significant dispersion between the clusters. The best
fitinternal slope is significantly affected by the physics: the profiles
obtained with non-radiative simulations have slopes of by ~ 0.4
while csf and csfc models produce steeper profiles with slopes of
b1 ~ 0.6. Also in the outskirts the non-radiative models tend to
produce slightly shallower profiles with the difference less signifi-
cant due to the higher dispersion between the different haloes. The
different slopes of the profiles is an effect of the cooling that creates
an higher gradient of temperature as can be seen in Fig. 3.

In Fig. 2, we also show the soft (0.5-2 keV) and hard (2-10
keV) X-ray surface brightness profiles of the gl object for the dif-
ferent physical models. These plots indicate that models with cool-
ing produce a higher number of clumps that dominate the soft X-
ray emission in the external regions. These clumps are indeed those
that are well eliminated by our selection in volume. We also obtain
that the cluster surface brightness at z= 0 reaches the value of the
unresolved X-ray background estimated by Hickox & Markevitch
(2006) of 1.76 +0.32 in the [0.5-2] keV band and 3.5+ 1.7 in the
[2—8] keV band in units of 10712 erg s~ cm~2 deg~2, at approxi-
mately 0.8Rypp and 0.4Ryxqg in the soft and hard band, respectively;
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Figure 3. From top to bottom: comparison between the gas density (normalized to the cosmic mean density, < p >= Qppc), mass-weighted temperature, soft
and hard X-ray surface brightness profiles extracted from the 99 per cent volume of the clusters g1 (left column) and g6212 (right column) simulated by using 4
different physical models. A dashed line indicates the functional form from Vikhlinin et al. (2006, eq. 9) that well reproduces the behaviour of the temperature
profile of nearby bright galaxy clusters observed with Chandra. The functional form is normalized to the average values of the temperature obtained from the
4 models at 0.5Rp00. The extragalactic unresolved background from Hickox & Markevitch (2006) in the [0.5-2] keV and [2-8] keV band of is indicated by
the shaded region in the soft and hard X-ray surface brightness panels, respectively.
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Figure 4. Comparison between the 99 per cent volume profiles of density (normalized to the cosmic mean density, < p >= Qppc) (top panels) and mass-
weighted temperature normalized to Tooo (lower panels) for the clusters gl (red), g8 (blue), g51 (green), g72 (orange). Left and right columns refer to the ovisc

and csf model, respectively.

Table 2. Ratios between the profile values at different radial distances and their values at 0.3Rpn0. We show the average and the standard deviation between

the two cluster samples for the ovisc model.

Radial distance (Ropo) 0.3 0.5 0.7 1.0 2.0 3.0
Sample A

p 1.0 0.31+0.02 0.127 4+0.004 (4.8+0.2)x1072 (5.640.8)x10% (1.7£0.5)x 103

T 1.0 0.88+0.06 0.72+0.06 0.60+0.06 0.34+0.09 0.16+0.03

SBlo.5-2jkev 1.0 0174003 (40+11)x1072 (844+1.2)x10% (23£0.9)x10~* (6.3+4.3)x10°°

SBi2_10kev 1.0 0154002 (3.2+0.1)x1072 (5540.1)x10~% (7.1+18)x10> (6.4+5.7)x 107
Sample B

p 1.0 0.31+0.02 0.13+0.02 (48+0.7)x1072  (6.0+02)x10% (1.6+0.2) x1073

T 1.0 0.84-+0.04 0.72+0.04 0.58+0.03 0.29+0.06 0.14+0.02

SBlo.5-2jkev 1.0 0164002 (42+11)x1072 (7.941.0)x10"% (1.8409)x10™* (1.5+1.0)x107°

SBi2_10kev 1.0 0114001 (21+07)x1072 (23404)x107% (1.7+14)x10°> (5.6=+7.2)x 107"

considering the effect of redshift dimming and that, according to
the recent results of Roncarelli et al. (2006), a significant fraction
of this background can be due to the diffuse gas of non-virialized
objects, the perspective of observing the regions around the clusters
virial radius is extremely challenging.

Since we observe a steepening of the slope of the X-ray pro-
files going to the external regions, we fit them with a rolling-index
power law function

b X+bpin/bmax

y= ax~ max x+1 R

@

where X = r/Rogo, and a, byin and bmax are the free parameters,
with byin and bmax representing the slope in the two asymptotic

cases, X — 0 and x> 1, respectively. We fit the two samples sepa-
rately in the interval 0.3 < r/Ropo < 2.7. The results for the 4 phys-
ical models are quoted in Tab. 3. The average best-fit values on the
slopes of the surface brightness of the objects simulated with the
ovisc model are shown in Fig. 6. Overall, the fits well reproduce the
shape of the surface brightness in the interval 0.3 < r/Ropo < 2.7.
Our sample of galaxy “groups” (sample B) presents a soft X-ray
profile that is (i) shallower in the centre (Gning ~ 2.7, b a ~ 3.4)
and (ii) steeper in the outskirts (bmaxg ~ 7.3, bmaxa ~ 5.5) than
the one estimated in the sample of massive clusters (sample A).
The following reasons can be considered to explain this behaviour:
(i) the ICM temperature of the objects in sample B at Ryqg is be-

© 2006 RAS, MNRAS 000, 1-12



1000
A

v 100k
N 3
S 3
10F

E 1

0.5 1.0 2.0
r/Raoo

Temperature (Tz0p)

ovisc

0.1 L

0.5 1.0 2.0
r/R200

Figure 5. Profiles (99 per cent volume) of the 9 clusters obtained with the ovisc model. The orange lines are for the 4 clusters of sample A, the green lines are
for the 5 groups of sample B. We fit the data with a broken power-law relation of eq. 1 in the interval 0.3 < r/Rago < 2.7 and plot (black line) the relation

assuming the average of the best-fit parameters between the 9 objects.
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Figure 6. X-ray surface brightness profiles (99 per cent volume, [0.5-2] and [2-10] keV band) of the 9 clusters for the ovisc model. The orange lines are
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relation of eq. 2 in the interval 0.3 <r/Rooo < 2.7 and plot (black lines) the relations assuming the average of the best-fit parameters between the objects of
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low 1 keV (see Table 1) and decreases at r > Rpqgp to values that

becomes comparable to (and less than) the lower end of the [0.5-2]

keV band here considered, resulting in a cut-off of the soft X-ray

signal. This also explains the steeper slope of the hard X-ray pro-

files in the less massive objects; (ii) the higher cooling efficiency
in groups, with respect to rich clusters, enhances the selective re-

moval of low-entropy gas from the hot phase, thus producing shal-

lower profiles of X-ray emitting gas; (iii) as discussed at the end
of Section 2, while our clusters are the most massive objects in the

volume of the parent simulation and are still accreting material, the

“groups” appear to be isolated, thus with less evidence of recent ac-

cretion activity. This results in slightly shallower profiles near the
centre.

3.1 Comparison with observational constraints

Our results on the external shape of the gas density, temperature
and surface brightness profiles in simulated galaxy clusters can be
compared with recent estimates obtained for nearby X-ray bright
objects. Neumann (2005) discusses the outer slope of the soft X-
ray surface brightness in 14 clusters observed with ROSAT/PSPC.
In order to compare our results with the ones of that work, we fit the

© 2006 RAS, MNRAS 000, 1-12

99 per cent volume X-ray profiles in different intervals for the two
clusters samples with a single power-law function, S(x) = axb,
where a and b are the two free parameters and X = r/Rppo. We
avoid to consider the interval 0.1 < x < 0.3, owing to the fact that
this region is very model-dependent and cannot be represented by a
single power-law relation. Our results are listed in Table 4 together
with the corresponding results (bgps) of Neumann (2005). In the
interval 0.3 < x < 1.2, for the sample of clusters labeled ”4” that
better matches the virial temperatures of our sample A, Neumann
(2005) measures a slope of 3.7940.38 in good agreement with our
average values of (3.78,4.03), being the lower values measured in
objects simulated with the inclusion of extra-physics (models csf
and csfc). In the interval 0.7 < x < 1.2, the observational constraints
are looser and are between 5.73j:‘2‘g for the 7 most massive clus-

ters in the Neumann’s sample and 7.227 123 for the whole dataset.
Our constraint of =~ 4.3 —4.5 lays on the lower end of this distribu-
tion, but still just 1o away from the results obtained for the hottest
sample. The sample B shows profiles with mean slopes consistent
with those obtained in sample A within the measured dispersion
(see Table 4).

For what concerns the temperature profile, a comparison can
be done with the functional form that reproduces the behaviour
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Table 3. Distribution of the best-fit values of the rolling-index power-law functions (see eq. 2) of the soft (0.5-2 keV) and hard (2-10 keV) X-ray surface
brightness profiles separated between the two samples A and B and for different physical models. The profiles are extracted from the 99 per cent volume-
selection scheme and fitted over the radial range 0.3 <r/Rapo < 2.7.

Soft X-ray band

[0.5-2] keV
Sample A Sample B
Brmin Brmax Brmin Brmax
ovisc 345+0.39 5.67+0.67 2.82+0.38 7.21+1.43
Ivisc 3.36+0.33 5.73+0.80 2.73+0.79  7.72+1.93
csf 3.49+021 5.33+0.57 250+0.28 7.14+1.14
csfc 2.76+0.28 6.36£1.09 1.99+050 7.80+1.76
Hard X-ray band
[2-10] keV
Sample A Sample B
Bin Drmex Brmin brmax
ovisc 3.10+0.55 7.97+1.01 342+071 9.82+2.50
Ilvisc  3.08+0.29 7.87+0.90 336+1.72 10.48+5.26
csf 3.25+041 7.56+0.73 3.25+043  9.69+2.66
csfc 1944036 9.31+2.11 2.87+1.71 10.95+5.79

Table 4. Distribution of the best-fit values of the power-law slopes of the X-ray surface brightness profiles separated between the two samples Aand B (b and
bg, respectively), the two X-ray bands and different physical models. The profiles extracted from the 99 per cent volume-selection scheme and fitted over the
different radial ranges Xmin — Xmax (in units of Ropp.) Values of bgpg are the observational constraints in the same radial range from Neumann (2005) (see text

in Section 3.1).

Soft X-ray band

Hard X-ray band

[0.5-2] keV [2-10] keV
Xmin — Xmax ba bg Dobs ba bg
ovisc  03-12  405+0.03 4.09+001 3.79+0.38 4.46+0.05 5.23+0.03
lvisc ~ 0.3-12  4.044+0.04 4.1440.09 4474005 5.3240.17
csf 03-12  3.99+000 3.81£0.02 450£0.02  5.07+0.04
csfc  03-12  379+0.02 3.57+0.04 4.19+£0.03  5.03£0.12
ovisc  07-12 4494019 476+032 573133 5154041  6.42+0.76
lvisc ~ 07-12 4544032 4.66+0.19 5.26+0.44  6.20£0.75
csf 07-12  431+028 4.45+0.11 5.18+0.37  5.92+0.13
csfc  07-12  429+017 4.35+0.14 4.89+£024  6.42+0.61
ovisc 12-27  515+0.62 6.37+0.93 6.95+0.88 8.43+1.70
lvisc ~ 12-27 5214059 6.77+0.95 6.88+£0.54 9.01+2.72
csf 12-27  490+0.53  6.23+0.67 6.70+£0.74  8.40£152
csfc 12-27  567+0.63 6.58+0.88 8.14+132 9.14+3.36

of the deprojected X-ray temperature profile at r = 0.05Rgo of
13 low-redshift clusters observed with Chandra as presented in

Vikhlinin et al. (2006, see their equation 9):

(d/0.045)19 +0.45 1

T D009 1 {15 (@/0.620%"

©)

where d = r /Rsgg. We overplot this function normalized to the av-
erage temperature value at 0.5Rpqg to our profiles in Fig. 3.
While it is known that in general hydrodynamical simulations

cannot reproduce the steepening of the observed temperature pro-
files at the centre (see Borgani et al. 2004, 2006, for more detail),
we can see that the agreement in the external regions is good for the

most massive clusters, as already noted by Markevitch et al. (1998)

and De Grandi & Molendi (2002). The non-radiative models show

a good agreement with this form, so that when we normalize the

function at 0.5Ryqq the difference between the values quoted in Ta-

ble 2 is less than 1o up to 2Ryqg for both clusters and groups. We

only find small deviations from the observed profile that become
more significant at r < 0.3Rxo for simulations including cooling

and at r > Rpgg Where non-thermalized accreting material is domi-

nant. The latter effect is particularly evident in low-mass systems.

© 2006 RAS, MNRAS 000, 1-12



3.2 Implicationson X-ray propertiesof the cluster virial
regions

Using our profiles we can predict the steepness of the profiles
in the external regions of galaxy clusters. We fit the soft (0.5—
2 keV) and hard (2-10 keV) X-ray profiles also in the interval
1.2 < r/Rpypp < 2.7. The results are shown in Table 4. Our profiles
are steeper in the external regions for all the models and for both

the cluster samples: the steepening is more evident in sample B

suggesting a break of self-similarity at the scales around 2Rpgg. As

already noted at the end of Section 3, this is mainly due to the fact

that the temperature in the external regions of the haloes of sample

B drops below 0.5 keV resulting in a cutoff of the soft X-ray sig-

nal. From the fit with a rolling power-law, the values of bnax can

be associated to the asymptotic behaviour at r > Rpgg. We measure

a slope of the surface brightness that ranges from about ~ 7.5 in

groups to ~ 5.8 in clusters. In terms of the 3 value of the —model

(e.g. Cavaliere & Fusco-Femiano 1978), B ~ (1 + bmax)/6, it ap-

proaches an estimate between 1.4 in groups and 1.1 in clusters, the

latter being a 40 per cent steeper than the observed values at ~ Rygg

(Vikhlinin et al. 1999; Neumann 2005).

4 SUMMARY AND CONCLUSIONS

Using a set of hydrodynamical simulations, performed with the
Tree+SPH code GADGET- 2, composed by 9 galaxy clusters cov-
ering the mass range 1.5 x 101*M, < My, < 3.4 x 1015M,, and
adopting 4 different physical prescriptions with fixed metallicity,
we have studied the behaviour in the outer regions of the gas den-
sity, temperature, soft (0.5-2 keV) and hard (2—10 keV) X-ray sur-
face brightness profiles paying particular attention to the logarith-
mic slope. Outside the central regions, where a not-well defined
heating source can partially or totally balance the radiative pro-
cesses, the physics of the X-ray emitting intracluster plasma is ex-
pected to be mainly driven by adiabatic compression and shocks
that take place during the collapse of the cosmic baryons into ac-
creting dark matter halos. These processes are properly considered
in cosmological numerical simulations here analyzed, allowing us
to investigate on solid basis the expected behaviour of the cluster
outskirts.
Our main findings can be summarized as follows:

(i) the behaviour of the profiles in the external regions of clusters
(r 2 Rogo) does not depend significantly on the presence or absence
of cooling and SN feedback. Only the inclusion of a model of ther-
mal conduction can introduce non-negligible changes in the values
of the slopes of the profiles. This shows that the mean behaviour of
the X-ray emitting plasma in the cluster outskirts is mainly due to
the gravitational force.

(ii) The gas density profile steepens in the outskirts changing the
slope of the power-law from ~ 2.5 to ~ 3.4 at about 1.2Ryqg. The
temperature profile varies the slope of the power-law like functional
form from 0.4 in non-radiative models and 0.6 in models with cool-
ing and feedback, to about (1.7 —1.9) at ~ 1.3 — 1.6Rxp.

(iii) The surface brightness in the outskirts profiles appear to be
dominated by the presence of subclumps of cold and dense material
that we exclude from our analyses. After removing these objects,
the surface brightness in the [0.5-2] keV presents a profile with a

3 Note that, as in the rest of the paper, the values of the slopes here quoted
are in fact negative slopes.
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slope that steepens towards the external regions. Fitting the profiles
with a power-law function in different radial ranges between 0.3
and 2.7 Rypp We obtain slopes between 4 and 5.5 in the 4 most mas-
sive systems and between 3.8 and 6.5 in the 5 objects with masses
~ 10M..

(iv) We introduce a new rolling-index power-law functional (eq.
2) which fits well the X-ray surface profiles in the interval 0.3 <
r/Rooo < 2.7. From the results of these fits, we obtain that our sam-
ple of groups of galaxies (sample B) has soft X-ray profiles shal-
lower in the centre (bming ~ 2.6, bmina ~ 3.3) and steeper in the
outskirts (bmax g ~ 7.4, bmax,a ~ 5.8) than our sample of clusters
(sample A). This is mainly an effect of the drop out from the pass
band of the soft X-ray emission, due to the low ICM temperature
of the objects in sample B at the virial radius.

(v) We compare our results on the shape of the temperature and
soft X-ray surface brightness profiles with the present observational
constraints. By using the functional form of Vikhlinin et al. (2006)
(eq. 9) extrapolated beyond Rsgg, we verify that there is a good
agreement with the simulated profiles over the radial range 0.3 —
2Ry00. On the surface brightness profile in the [0.5-2] keV band,
we measure a slope in the outskirts that is consistent within 1o with
the values estimated from ROSAT/PSPC data in Neumann (2005).

(vi) From the overall shape of the simulated profiles, we pre-
dict that (see Table 2) (1) the ICM temperature profile decreases
with radius reaching at Rpgg average values of 0.60 times the value
measured at 0.3 x Ryqg, (2) the estimated gas density at Rygg is
4.8 x 1073 times the gas density measured at 0.3Rz0, (3) the sur-
face brightness in the soft band is about 1012 erg s—1 cm—2 deg—2
at Rogp at z=0, that is a factor of few below the extragalactic unre-
solved X-ray background (see Hickox & Markevitch 2006).

This last item shows that the perspective to resolve the X-ray
emission around the cluster virial regions is extremely challenging
from an observational point of view, even at low redshift, unless
tight constraints on all the components of the measured background
can be reached (see also Molendi 2004). Considering the similarity
of the surface brightness profiles of the objects of the same mass,
the observational technique of stacking the images of different clus-
ters (e.g. Neumann 2005) can help in enhancing the statistics of the
profiles in the outer regions.

Overall, our results show how the study of simulated objects
can give indications on the requested capabilities of future exper-
iments in order to resolve the cluster virial regions. On the other
hand, since the behaviour of the slopes have shown to be mainly in-
dependent of the physical models adopted in our simulations, any
discrepancy between our results and observations of the clusters
virial regions could provide useful hints on the presence of addi-
tional physics (e.g. turbulence, magnetic fields, cosmic rays) influ-
encing the thermodynamics of the ICM.

Finally, the work presented here further demonstrates the com-
plementarity between numerical and observational cosmology in
describing the properties of highly non-linear and over dense struc-
tures.
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APPENDIX A: EFFECTSOF VOLUME CUTTING IN
DENSITY AND TEMPERATURE PROFILES

In this appendix we will briefly discuss the effects of the volume—
selection scheme adopted in this paper. We show in Table Al and
A2 the results for the fits of the density and temperature profiles
calculated with different cuts in volume using a broken power-law
function of eq. 1 in the logarithmic form.

For the density profiles the internal slope does not depend
much on the physics or the volume cutting scheme adopted: this
shows that our method does not introduce any bias to the results of
density for the internal regions of clusters. The external slope for
the density profiles does not show any significant dependence on
the physics but it decreases regularly when we include more and
more cool and diffuse gas: this indicates that to obtain a fair repre-
sentation of the cluster temperature in the outskirts it is necessary
to consider the 99 per cent volume profiles. If we include all the
gas particles the value of by continues to go down, but the profiles
begin to show features due to the cold and gas and the x2 of the fit
increases. For this reason and since the 99 per cent profiles show a
remarkable regularity, as already said in the comments to Fig. 2, we
can assume these as representative of the global cluster properties,
although there may be some small systematic uncertainties due to
our method.

As already discussed in Section 3, the presence of cooling in
the simulations creates steeper temperature profiles at the centre,
and this can be seen by the different values of by in Table A2.
Again, like for the temperature profiles, the value of the internal
slope is not influenced by the volume selection scheme. On the
contrary the values of b, are much less affected by the physics but
show an increasing trend when adding colder gas, considering also
a significant scatter between the 9 clusters. The difference between
the 99 and 100 per cent values for by is particularly evident with
the ovisc model, but, again, given the higher values of the x2 and
the regularity of the 99 per cent profiles, we can draw the same
conclusions as for the density profiles.

© 2006 RAS, MNRAS 000, 1-12
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Table A1. Best-fit results for the inner slope by, outer slope by and break radius Ry, of the gas density profiles fitted with a broken power-law. The profiles are
computed considering different cuts in volume, from 50 to 100 per cent.

Volume cut 50% 80% 90% 95% 99% 100%
by

ovisc 247+0.03 250+0.03 250+0.03 2474+0.03 246+0.03 2.554+0.02

csf 2.42+0.02 245+0.01 2434002 237+0.02 246+0.03 2.48+4+0.03
b2

ovisc 3.86+055 3.78+0.43 3.71+0.39 3.60+0.37 3.38+0.29 3.124+0.32

csf 3.85+045 3.76+0.37 3.66+0.33 353+0.32 341+019 2.98+0.38

Ro/Ra0o
ovisc 1.124+0.14 1.20+0.14 1.204+0.15 1.144+0.15 1.14+020 1.234+0.14
csf 1.15+0.14 1.244+0.12 1.23+0.13 1.10+0.16 1.314+0.28 1.34+0.15

Table A2. Like Table Al but for the mass-weighted temperature.

Volume cut 50% 80% 90% 95% 99% 100%
by

ovisc 0.43+0.03 0.43+0.02 0.47+0.02 0.48+0.02 041+0.02 0.544+0.03

csf 0.47+0.05 055+0.02 0554002 0.55+0.02 057+0.02 0.59+4+0.02
b2

ovisc 1.30+0.63 1224053 1.31+054 149+051 1.73+055 2.15+0.65

csf 1.354+0.67 1.38+051 1.4640.47 1.624+0.49 190+046 2.07+0.64

Ro/Ra0o
ovisc 1214024 1.19+025 1.334+0.21 1.404+0.17 1.29+024 1.4940.18
csf 1.20+0.24 1444022 1.46+020 148+0.18 156+0.18 1.50+0.17

© 2006 RAS, MNRAS 000, 1-12



