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1 INTRODUCTION

ABSTRACT

We estimate the ‘non-gravitational’ entropy-injection profiles, AK, and the resultant energy
feedback profiles, AE, of the intracluster medium for 17 clusters using their Planck Sunyaev—
Zel’dovich and ROSAT X-ray observations, spanning a large radial range from 0.2rsyy up
to ry00. The feedback profiles are estimated by comparing the observed entropy, at fixed
gas mass shells, with theoretical entropy profiles predicted from non-radiative hydrodynamic
simulations. We include non-thermal pressure and gas clumping in our analysis. The inclusion
of non-thermal pressure and clumping results in changing the estimates for 7599 and rpo9 by
10-20 per cent. When clumpiness is not considered it leads to an underestimation of AK =
300keV cm? at rso0 and AK ~ 1100 keV cm? at 799. On the other hand, neglecting non-thermal
pressure results in an overestimation of AK &~ 100keV cm? at rsoy and underestimation of
AK =~ 450 keV cm? at ra. For the estimated feedback energy, we find that ignoring clumping
leads to an underestimation of energy per particle AE ~ 1keV at rsop and AE ~ 1.5keV
at ryo0. Similarly, neglect of the non-thermal pressure results in an overestimation of AE =~
0.5keV at rsop and underestimation of AE = 0.25keV at ry00. We find entropy floor of AK
~ 300keV cm? is ruled out at &30 throughout the entire radial range and AE ~ 1keV at
more than 30 beyond rsq, strongly constraining intracluster medium pre-heating scenarios.
We also demonstrate robustness of results w.r.t. sample selection, X-ray analysis procedures,
entropy modelling, etc.

Key words: galaxies: clusters: intracluster medium — cosmological parameters.

property that unlike X-ray emission it is independent of redshift
and does not suffer from cosmological dimming. With the current

Clusters of galaxies are the largest evolved structures in the universe
and, as such, qualify for being important cosmological probes. The
abundance of galaxy clusters provides sensitive constraints on the
cosmological parameters that govern the growth of structures in
the universe (Holder et al. 2001; Gladders et al. 2007; Vikhlinin
et al. 2009). In this regard, X-ray observations provide a useful tool
for identifying and studying galaxy clusters (Birzan et al. 2004;
Pratt et al. 2010; Eckert et al. 2013a,b). Galaxy clusters can also be
observed in the microwave band through Sunyaev—Zel’dovich (SZ)
effect (Sunyaev & Zeldovich 1972, 1980), which results from the
up-scatting of cosmic microwave background photons by hot elec-
trons in the intracluster medium (ICM). The SZ effect has a unique
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and upcoming data from Planck, the SZ cluster surveys have be-
come a robust probe for determining cosmological parameters and
global properties of ICM (Eckert et al. 2013a; Planck Collaboration
V 2013b; McCarthy et al. 2014; Planck Collaboration XX 2014;
Ettori 2015).

However, in order to obtain robust cosmological estimates using
such techniques one requires the precise knowledge of the evolution
of galaxy clusters with redshift and the thermodynamical properties
of ICM. In the simplest case, where one considers a pure gravi-
tational collapse, the cluster scaling relations are expected to fol-
low simple self-similarity (Kaiser 1986). Correlations between the
X-ray properties are widely used to probe the self-similarity in
the galaxy clusters. For example, the luminosity—temperature (L,—
T) relation for self-similar models predicts a shallower slope
(L, o< T?) than observed (L, o< T°) (Edge & Stewart 1991; Marke-
vitch 1998) implying a break in the self-similarity in galaxy clusters.
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Similarly, studies of the scaling relations involving SZ effect
also show discrepancies between observations and predictions
from a pure gravitational model (Holder & Carlstrom 2001;
Battaglia 2012). Such studies have revealed the importance of
the complex non-gravitational processes, such as injection of en-
ergy feedback from active galactic nuclei, radiative cooling, su-
pernovae and star formation, influencing the thermal structure of
ICM, particularly in low-mass (temperature) clusters (Roychowd-
hury et al. 2005; Voit et al. 2005; Chaudhuri et al. 2012, 2013).

The first direct evidence for non-gravitational entropy in galaxy
clusters and galaxy groups was given by David et al. (1996) us-
ing ROSAT Position Sensitive Proportional Counter (PSPC) obser-
vations. The observations showed that there was excess entropy
compared to that expected from gas collapsing in a gravitational
potential. Motivated by these findings, several groups have drawn
similar conclusions using both numerical and semi-analytical mod-
els with an entropy floor of the order of 300-400 keV cm? (Ponman
et al. 1999; Tozzi & Norman 2001; Chaudhuri et al. 2012, 2013;
Eckert et al. 2013a). Although, SNe feedback are essential to ex-
plain the enrichment of the ICM to the observed metallicity level
and heavy-element abundances, they provide insufficient amount
of energy per particle as compared to recent observations. More-
over, they are also inefficient to quench cooling in massive galaxies
(Springel et al. 2005). There is a growing evidence that active galac-
tic nucleus (AGN) feedback mechanism provides a major source of
heating for the ICM gas, thereby reducing number of cooling flow
clusters (McNamara & Nulsen 2007; Gaspari et al. 2011; Chaudhuri
et al. 2012, 2013; Gaspari et al. 2014). The AGN-jet simulations
show that such mechanisms can overcome the cooling flow over a
cosmological time-scale and produce results similar to observations
(Gaspari et al. 2012, 2014; Li et al. 2015).

Moreover, it has been found with Suzaku observations that the
entropy profile flattens out at large radii (Hoshino et al. 2010;
Simionescu et al. 2011; Eckert et al. 2013a; Fujita et al. 2013). This
entropy decrement can be related to the gas clumping (Simionescu
et al. 2011; Eckert et al. 2013a, 2015), presence of non-thermal
pressure (Fusco-Femiano & Lapi 2014; Su et al. 2015), accre-
tion/merger shocks in outskirts of clusters (Hoshino et al. 2010;
Cavaliere et al. 2011), loss of kinetic energy of gas due to the cos-
mic ray acceleration (Fujita et al. 2013; Su et al. 2015) or due to the
rapid temperature decrease in the outskirts of clusters as a result of
the non-gravitational processes (Fusco-Femiano & Lapi 2014).

It is convenient to define an entropy profile! of gas as,
K,(r) = kTne(r)~ o P(r)p(r)~", where k is the Boltzmann con-
stant, and the exponent y = 5/3 refers to the adiabatic index. With
this definition, K, remains unchanged for all adiabatic processes and
can therefore probe the thermal history of gas. Purely gravitational
models predict entropy profiles in clusters of the form K,(r) o< r!"!
(Voit et al. 2005). However, as pointed, several recent observations
found deviations from this expected entropy profile, especially at
inner and outer radii (Voit et al. 2005; Cavagnolo et al. 2009; Pratt
et al. 2010; Eckert et al. 2013a) as a result of non-gravitational
feedback. To allow a meaningful interpretation and to estimate de-
gree of feedback, one needs to compare recent observations with
theoretically expected profiles with no feedback.

Previously, Chaudhuri et al. (2012, 2013) estimated the non-
gravitational energy deposition profile up to 509 by comparing the
observed entropy profiles with a benchmark entropy profile without

! Thermodynamic definition of specific entropy being S = In Kg/ 21 con-
stant.
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feedback (Voit et al. 2005) for the REXCESS sample of 31 clusters
(Pratt et al. 2010) observed with XMM-Newton. They found an ex-
cess mean energy per particle of 2.74 and 1.64 keV using benchmark
entropy from adaptive mesh refinement (AMR) and smoothed par-
ticle hydrodynamics (SPH) simulations respectively, along with a
strong correlation for AGN feedback. Our study extends their work
by going beyond rsq0. Here, we consider the joint data set of Planck
SZ pressure profile and ROSAT gas density profiles of 17 clusters
(Eckert et al. 2013a,b; Planck Collaboration V 2013b) to estimate
the excess entropy and feedback energy profiles up to 9. Recent
simulations show significant level of non-thermal pressure from
bulk motion (Rasia et al. 2004; Battaglia 2012; Shi et al. 2015) and
gas clumping (which by definition is measured by C = ( pg) /{ pg)z)
(Nagai et al. 2011; Eckert et al. 2013a, 2015; Battaglia et al. 2015)
in the outer regions of ICM. We, therefore, incorporate both these
factors in our calculations.

This paper is a continuation of our recent work Igbal et al. (2017)
wherein we showed that pre-heating scenarios are ruled out at more
than 30 statistical level. In this work, we present a detailed study
of the excess entropy profiles along with feedback energy profiles
and discuss the effect of non-thermal pressure and clumping in
our estimates. We also look at sample selection, cool-core versus
non-cool-core clusters, effects of boundary conditions, choice of
benchmark theoretical entropy profiles, choice of X-ray methodol-
ogy, etc.

The paper is organized as follows: In Section 2, we describe the
cluster sample used in this work. In Section 3, we describe the
self-similar non-radiative model for galaxy clusters. Section 4 is
dedicated to the determination of excess entropy and energy profiles,
and the effects of the non-thermal pressure and gas clumping on their
estimates. In Section 5, we check the robustness of our results. In
Section 6, we compare the feedback profiles for AMR and SPH
benchmark entropy profiles. Section 7 gives the comparison of our
results with the previous estimates. Finally, the conclusions of our
work is given in last section. Throughout this paper, we assume
cosmology where (£2,,, 24, Hp) = (0.3, 0.7, 70).

2 CLUSTER SAMPLE AND DATA SET

In this work, we have studied a sample of 17 clusters in the red-
shift range (0.04-0.2) that are common in Planck Collaboration V
(2013b) and Eckert et al. (2012). Based on their central entropy
(Cavagnolo et al. 2009), six of these clusters are classified as cool-
core (Ky < 30keV cm?), while the remaining 11 are non-cool core.

This sample was earlier used by Eckert et al. (2013a,b)> where
they have shown that the thermodynamic state of the ICM can
be accurately recovered by using the Planck SZ pressure profile
(Planck Collaboration V 2013b) and ROSAT PSPC gas density pro-
file (Eckert et al. 2012).% Since the SZ signal is proportional to the
integrated pressure (gas density), unlike the X-ray signal, which
is proportional to the square of density, it decreases more gently
at large radius and therefore can provide more accurate pressure
profiles in the cluster outskirts. This allows us to accurately recover
the temperature profile beyond rsop. We use parametric profiles

2 www.isdc.unige.ch/~deckert/newsite/Dominique_Eckerts_Homepage.

html

3 The cluster ‘A2163’ from Eckert et al. (2013a,b) sample has been left out
as its estimated feedback profile was found hugely different from others.
This cluster has been found to be in a perturbed state (Soucail 2012).
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obtained by them in this work (see Eckert et al. 2013a for more
details) which were obtained by fitting a functional form to the pro-
jected emission-measure data (Vikhlinin et al. 2006) and Planck SZ
pressure data (Nagai et al. 2007). The errors were obtained through
Monte Carlo Markov Chain, with direct sampling of the posterior
temperature, entropy and gas fraction distributions.

Eckert et al. (2013a) also obtained deprojected profiles by es-
timating density profile through ‘onion peeling’ technique (Kriss
et al. 1983; Eckert et al. 2012) and interpolating the SZ pressure
profile. Correction for edge effects were also applied along with
median smoothing regularization for minimizing the roller-coaster
effect (McLaughlin 1999). The error bars were recovered by per-
turbing the original profile using a Monte Carlo and recomputing
the deprojected profiles each time.

Since the parametric profiles are forced to be regular, this reduces
the cluster to cluster scatter and the errors. At smaller radii the
angular resolution of both Planck and ROSAT is insufficient to
obtain reliable constraints. Therefore, the parametric fitting was
only performed on the data beyond 0.2r5y) and were found to be
consistent with the deprojected profiles.

3 THEORETICAL MODELS

3.1 Cluster model

We use the hydrostatic equation to obtain the total mass profile
M, (7) in the galaxy clusters

r? dP,(r)
Gp,(r) dr

where p, and P, are density and thermal pressure of the ICM,
respectively. dPy(r)/dr is calculated by using the best-fitting gen-
eralized NFW (GNFW) pressure profile (Planck Collaboration V
2013b). The quantities rsgp and r,gp Where obtained by first interpo-
lating the M, (r) profile and then iteratively solving*

my = 4/3r3 A p(2). )

The virial radius, ry(myi, 2), is calculated with the help of the
spherical collapse model (Bryan & Norman 1998). If required, the
mass profile is obtained by linear extrapolation in logarithmic space.

Recent simulations suggest that a significant non-thermal pres-
sure contributes to the total energy of the ICM gas, mainly due to
bulk gas motions and turbulence in the ICM gas (Vazza et al. 2009;
Battaglia 2012; Shi et al. 2015). While non-thermal pressure is
small in the inner region, its relative importance steadily increases
with radius, becoming a significant fraction of the total pressure
in the outer region (Lau et al. 2009). It has been found from both
observations and simulations that ms is underestimated by about
10-20 per cent, if one uses the hydrostatic equation without non-
thermal pressure (Rasia et al. 2004; Shi et al. 2015). From the
recent numerical simulations, we model the non-thermal pressure
fraction in the power-law form similar to that given in Shaw et al.
(2010)

M (r) = —

)

f@r,z)
1= f(r,2)
where Py, is the total gas pressure, f(r,z) = a(z)(-=)",

7500
a(z) = ag(l + ) for low-redshift clusters (z < 1) with

Pu(r,2) = f(r.2) P = Py(r), €)

4 A is defined such that ra is the radius out to which mean matter density
is Apc, where p. = 3H2(z)/ 87 G being critical density of the universe at
redshift z.
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Figure 1. Upper panel: Variation of Py /Py as a function r/rsq for all the
clusters. Py is obtained by using the best-fitting GNFW pressure profile
from Planck Collaboration V (2013b). Solid lines represent NCC clusters
and dashed lines represent CC clusters. Lower panel: Comparison between
Eckert et al. (2015) and Battaglia et al. (2015) clumping profiles for the
average case.

ap=0.18 £ 0.06, B = 0.5 and n, = 0.8 £ 0.25 (Shaw et al. 2010).
In upper panel of Fig. 1 , we have plotted P,/P, as a function
r/rs00. It can be seen that P, becomes ~50 per cent of the thermal
gas pressure P, in the cluster outskirts. Since non-thermal pressure
is not negligible beyond r5(, one should take it into account in order
to properly study the cluster physics in the outer regions.

Similarly, it has been seen that gas clumping results in an over-
estimation of the observed gas density (0, 0bs) and hence underes-
timation of the entropy and total mass profiles. It has been found
from various observations and hydrodynamical simulations that the
clumping factor is negligible in the innermost cluster regions but
radially increases with /C ~ 1-2 around r200 (Mathiesen 1999;
Nagai et al. 2011; Vazza et al. 2013; Battaglia et al. 2015). How-
ever, few works have also reported either smaller or higher val-
ues of clumping factor (Fusco-Femiano & Lapi 2013; Walker
et al. 2013; Fusco-Femiano & Lapi 2014; Urban et al. 2014).
Eckert et al. (2015) found that the azimuthal median is a good
tracer of the true 3D density (0gwe) and showed from both hy-
drodynamical simulations that their method recovered the pg e
profiles with deviations less than 10 per cent at all radii. They re-
covered the average JC =125 at 200, Which is consistent with
the recent results. Lower panel of Fig. 1 shows the consistency
of Eckert et al. (2015) clumping profile with that of Battaglia
et al. (2015).

We have also calculated the total mass profile M, by includ-
ing non-thermal pressure P, in equation (1) and correcting the
density profile using Eckert et al. (2015) clumping profile. In Ta-
ble 1, we give estimates of rsop and rpy obtained by using para-
metric density profiles along with Planck best-fitting GNFW pres-
sure profile (Planck Collaboration V 2013b). For comparison, we
have also given Planck rso values from Planck Collaboration XI
(2011) which are consistent with our estimates within 10 per cent
for most of the clusters. Moreover, we find that the average scal-
ing ry0 = 1.52r509 (Pointecouteau et al. 2005; Arnaud et al. 2010;
Eckert et al. 2013a) is in excellent agreement with our results with
small scatter.

MNRAS 472, 713-726 (2017)
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Table 1. Values of rsoo and rpg in kpc.

Pp=0 Pp #0

Cluster Z State r g(])?)an 7500 200 1500 200
A85 0.052 CcC 1206 1300 (105) 2319 (72) 1422 (147) 2390 (51)
Al19 0.044 NCC 1114 1026 (49) 2070 (113) 1101 (64) 2188 (46)
A401 0.075 NCC 1355 1265 (53) 1883 (140) 1340 (61) 2038 (182)
A478 0.088 CC 1326 1309 (56) 1923 (153) 1390 (65) 2100 (214)
A665 0.182 NCC 1331 1162 (56) 1846 (123) 1262 (69) 2036 (144)
Al1651 0.084 NCC 1135 1165 (62) 1946 (250) 1247 (81) 2186 (61)
A1689 0.183 NCC 1339 1368 (54) 1877 (103) 1449 (60) 2010 (125)
A1795 0.062 CcC 1254 1246 (58) 1864 (151) 1337 (69) 2058 (202)
A2029 0.078 CcC 1392 1332 (58) 1989 (154) 1421 (68) 2182 (207)
A2204 0.152 CcC 1345 1307 (52) 1877 (124) 1388 (60) 2035 (161)
A2218 0.171 NCC 1151 1001 (35) 1496 (105) 1058 (43) 1624 (139)
A2255 0.081 NCC 1169 1252 (73) 1827 (122) 1352 (82) 1971 (143)
A2256 0.058 NCC 1265 1314 (50) 1781 (95) 1390 (56) 1905 (116)
A3112 0.070 CcC 1062 1015 (40) 1459 (97) 1076 (45) 1586 (132)
A3158 0.060 NCC 1124 1037 (43) 1521 (100) 1105 (48) 1656 (133)
A3266 0.059 NCC 1354 1478 (121) 2592 (85) 1652 (166) 2683 (35)
A3558 0.047 NCC 1170 1126 (64) 2017 (252) 1217 (83) 2269 (49)

Columns (1), (2), (3) and (4) shows cluster names, redshift, state and rs¢( values from Planck Collaboration
XI(2011), respectively. Columns (5) and (6) shows values rsog and r2gg for Pp = 0 case. Columns (7) and

(8) shows values of rso, 1200 for Py 7 O case.

The numbers in brackets indicate increase in rsog and g if clumping is taken into account.

3.2 Initial entropy profile

Standard models of large-scale structure show that matter is shock
heated as it falls into clusters under the influence of gravity and
predict that the entropy of gas (K ) should behave as a power law,
with entropy profiles flattening near cluster cores. Voit et al. (2005)
performed several non-radiative SPH and AMR simulations in or-
der to study the main features of the entropy profiles. They found
differences in entropy profiles in the inner cores but the differences
were small for r > 0.2rypp in SPH and AMR simulations. They
found that the simulated non-radiative scaled entropy profile can be
described by a simple power law form in the range (0.2—1)rp¢ with
a slightly higher normalization for AMR case. For the inner radii,
Voit et al. (2005) found a large discrepancy in the scaled entropy
profiles between the SPH and AMR simulations. A flat entropy
core has been observed in the centre of non-radiative galaxy clus-
ters in Eulerian grid codes (AMR) which is absent in Lagrangian
approaches (SPH). However, after accounting for certain hydrody-
namical processes (i.e. shocks and mixing motions) the results of
SPH simulations match with that of AMR case (Mitchell et al. 2009;
Vazza et al. 2011; Power et al. 2014). We use AMR and SPH me-
dian entropy profiles obtained by Voit et al. (2005) for our baseline
model described by

K 1.1
T (i) , @
Koo 7200

in the range (0.2—1)r,0 plus by a flatter core below 0.2r,y which is
much more pronounced in case of AMR simulations. q is equal to
1.32 and 1.41 for SPH and AMR respectively and K is given by

may 7 /113
Koy = 144 (m) (7) h(z)—2/3 keV cm?, (®)]
b

where f;, is the universal baryonic fraction and /(z) = H(z)/Hy, H(z)
being Hubble constant at redshift z.

In order to calculate the initial (without feedback) density (or gas
mass) and temperature profiles, one solves the hydrostatic equation
with appropriate boundary condition (Chaudhuri et al. 2012, 2013).

MNRAS 472, 713-726 (2017)

Considering non-thermal pressure component, we rewrite the hy-

drostatic equation as

d(Pein + Pocn) P\ GM(<r)

g,th nt,th - _ g,th m M2/5M3/5 tot (6)
dr Ko m pie r? ’

where Py, = ngnkTy is the initial (theoretical) thermal pres-
sure of the ICM, Ty, is the initial ICM temperature and M,y is
the sum of two terms, Mq = Mupermal + Mion-thermal- Since en-
ergy injection only effects the gas mass profile, one can assume
the dark matter profile and hence total mass profile to remain
constant during the feedback processes. For the boundary condi-
tion we assume the gas fraction (fy) to be 0.9f, at virial radius
(Crain et al. 2007). On the addition of non-thermal pressure, the
initial entropy profile is increased due to the overall increase in
the normalization and therefore, the deviation from the observed
entropy decreases.

It is important to note that initial entropy profile also depends
on the baryonic fraction through K,po. Most of the previous esti-
mates of the entropy floor were based on the WMAP7 estimates
of f, = 0.167 and since the Planck predicts relatively lower value
of fiy, = 0.156 (Planck Collaboration III 2013a; Planck Collabora-
tion XIII 2015), this will further increase the initial entropy profile
thereby decreasing the estimates of excess entropy.

3.3 Estimates of total feedback energy

In this section, we estimate the total mechanical feedback energy. It
is important to note that for a meaningful interpretation, one should
compare the theoretical and observed entropy profiles at the same
gas mass (m,) instead of same radii in order to provide an allowance
for redistribution of gas on account of feedback processes (Li
et al. 2011; Nath & Majumdar 2011; Chaudhuri et al. 2012, 2013).
Considering a transformation from the baseline configuration to
new configuration i.e. AK(mg) = K ops(mg) — Kgm(my), the ad-
ditional thermal energy per particle in ICM corresponding to the
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m
g 9,500
Figure 2. This plot shows variation of Tobs/Tth as a function mg/mg 500

for all the clusters (considering clumping and Py # 0). Solid lines represent
NCC clusters and dashed lines represent CC clusters.

transformation is given by

kTys AK ; i
AQiew = b (isochoric)
y—-1) Kg_obs
_ kTws BP(B-1 AK (isobaric), O

B (1 - %) (ﬁ5/3 - 1) Kg,nhs

where 8 = Tobs/Tih- For a value of 8 = 2, the ratio between AQjcum
in two cases is 1.14. This implies that if the observed temperature
Tops(mg) deviates from the theoretically calculated value Ty,(m,)
by a factor <2, then the two above-mentioned estimates of energy
input per unit mass differ by only a factor of 1.2. Fig. 2 shows the
ratio B = Tops/Tw for all the clusters and is mostly in the range
0.5 < B < 1.2. We choose the expression for the isobaric process in
our estimates. Moreover, we find using isochoric expression instead
does not make any notable difference. The total excess energy per
particle in ICM can be found by including the change in potential
energy term in last equation

®)

M, M,
AEicm = AQicm + Gum,, ( wi(rm) mm(’m)) ’

I'th Fobs

where ry, and rops are theoretical and observed radii respectively
enclosing the same gas mass.

The total feedback energy per particle in ICM can be found after
adding the energy lost due to cooling i.e.

AFEfecaback = AEicm + A Ecool- (&)
We approximate the energy lost in ICM in a given mass shell as
AEc o = ALy tagev (10)

where ALy is the bolometric luminosity emitted by the ICM in
a given shell that is obtained by considering cooling function Ay
given in Tozzi & Norman (2001) and 7, is the age of the cluster
that we have fixed at 5 Gyr (Chaudhuri et al. 2013). Ay is calculated
using theoretical (initial) temperature and density profiles. We found
using observed profiles instead of theoretical profiles does not make
any notable difference in our estimates.
The total amount of energy deposited, for the whole cluster is

1
Efecdback = / A Efeedback M7 dmgs (1 1)
gutp

Non-gravitational feedback in galaxy clusters 717

where p, = 0.6 is the mean molecular weight of gas and m,, is mass
of proton. Dividing the total energy in the ICM by the total number
of particles in the ICM, we estimate the average energy per particle
(Efeedback)-

4 RESULTS AND DISCUSSION

In this section, we study the entropy and energy deposition profiles
(in terms of AK and AEfeapack profiles) in the galaxy clusters up
to ry00 (mg/Mmg 500 = 1.6) using the methodology discussed in the
previous section. We also investigate the impact of the non-thermal
pressure, gas clumping and baryonic fraction on our estimates. All
the figures that follow assume AMR entropy profiles and Planck
estimates of the universal baryonic fraction f, = 0.156 unless stated
otherwise. We shall refer to the case where we assume f, = 0.156
and consider both non-thermal pressure and clumping as a fiducial
case. The results obtained using SPH baseline entropy profiles are
shown in Appendix A.

4.1 AK and AE profiles

In Fig. 3, we show AK profiles of all the individual clusters as a

function of my /mg, 500 and Fig. 4 shows the corresponding A Efeedpack

profiles. The weighted average profiles are shown in the Figs 5 and 6.
In general, we find that for both AK and AEfeeqpack»

(i) The average profile for full sample is positive in the inner
regions, but it becomes negative in the outer regions.

(ii) The inclusion of clumping factor increases overall profiles,
due to the increase of observed entropy profiles.

(iii) The inclusion of non-thermal pressure decreases overall pro-
files up to rsp and in the outer radii the profiles actually unexpect-
edly increase.

(iv) The average profiles of CC and NCC clusters differ sig-
nificantly. CC clusters have much higher values compared to the
average.

Given the negative values of AK at the outer radii, the corre-
sponding profiles of AE per particle would also be negative. On
the face of it, the result would be physically meaningless. However,
one should note that ICM gas loses energy due to radiation and the
amount of energy lost due to radiation can be added to offset the
negative values. Solid red line and dashed red line in Fig. 5 show
the average profiles with and without taking into account energy
lost due to cooling, respectively. The difference in these two curves
is small beyond rsyy because of the fact that gas density is small
in those regions and therefore radiative cooling cannot explain the
profiles going below zero in the outer region.

Tables 2 and 3 give the estimates of average feedback energy
per particle € feedback in the ranges 0.27‘5(]()—}"5[)(), 0.2]’5()()—}’2()() and
rs00—T200 Using Planck and WMAP estimates of the baryonic frac-
tion. It can be seen that the inclusion of non-thermal pressure affects
the estimates of €feegback bOth in the inner and outer regions of the
cluster and that clumping has a substantial effect only in the cluster
outer regions. In the next two subsections, we show as to how the
proper incorporation of both clumping and non-thermal pressure
can lead to meaningful estimates of the feedback profiles.

4.2 Importance of gas clumping

In the outer regions, the level of clumping in gas profile can be
significant which can also lead to biased estimates of density and
hence in entropy measurements. Fig. 6 shows the comparison of
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Figure 3. Excess entropy AK as a function mg/myg, 500 using benchmark AMR entropy profile. Left-hand panel: without clumping, right-hand panel: with
clumping. Upper panel: P, = 0, lower panel: Py, # 0. Thin dashed lines represent NCC clusters and dashed red lines represent CC clusters. The error bars are
given at 1o level. Note that for meaningful comparison, we have scaled x-axis of all cases with same mg, 500 as that of fiducial case (i.e. with clumping and Py

#0).

average AK and A Ef.cqback profiles for various cases. One can clearly
see the implications of correcting the entropy by using the clumping
profile from Eckert et al. (2015) on our estimates. The addition of
clumping factor raises AK and hence A Ejecqnack profiles as expected.
Here, the increase is not negligible and makes the average profile
become more or less consistent with zero in the outer regions for P,
# 0 case. However, for the pure thermal case, the profiles are still
negative in the outer regions to a significant level which we ascribe
to the neglect of non-thermal pressure in the next subsection.

Comparing the average AK feedback profiles with and without
clumping, one can see that ignoring the clumping correction leads
to a decrease of AK ~ 300keV cm? at rsoy and AK ~ 1100keV
cm? at ryg. The energy feedback profiles on the other hand are un-
derestimated by A Efeeapack =~ 1 keV at rsgp and AEfeegback = 1.5 keV
at rygo. Similarly, from Tables 2 and 3, it is also evident that the
average feedback energy per particle, €feedback, 1S underestimated by
0.5keV in the region 0.2}"500—}‘500 and 1.2 keV in the region s500—1200
if clumping correction is neglected.

4.3 Importance of non-thermal pressure

Although, the inclusion of the non-thermal pressure decreases the
feedback profiles up to rsop due to the overall increase in the
normalization (K»go) in the benchmark entropy profiles; however,
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as seen from Fig. 6, it unexpectedly increases beyond that. The
cross-over occurs around (1.1-1.2)rs5p9. This can be understood as
follows: Due to the neglect of the non-pressure, the M, profile
is underestimated which in turn results in the underestimation of
theoretical gas mass as f, 1, = 0.9f;, is fixed at the virial radius. This
implies for the given observed gas mass shell the corresponding
theoretical gas mass for P, = 0 case will occur at larger radius as
compared to P, # 0 case and will, therefore, have higher theoret-
ical entropy leading to decrease in feedback profiles. Below rsg,
the increase in Koy term dominates (since non-thermal pressure is
small) and therefore, there is an overall decrease in the feedback
profiles for P, # O case.

From Fig. 6, it is evident that ignoring the non-thermal pressure
leads to an overestimation of AK & 100 keV cm? at rso and under-
estimation of AK & 450keV cm? at ra. This in turn leads to an
overestimation of AE =~ 0.5keV at rso and underestimation of AE
~ (0.25keV at ryy. Similarly, one can see from Tables 2 and 3, if
non-thermal pressure is ignored then the €feegnack 1S OVerestimated
by 0.6 keV in the region 0.2rs500—rs09 While it has a negligible effect
in the region rsgo—r200-

In Fig. 7, we show the effect on the feedback profile by changing
the normalization ay and slope n, in the non-thermal pressure.
We find that changing the normalization from 0.18 to (0.10, 0.26)
gives around (10 per cent, 30 per cent) mass difference at rsyy. The
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and Py # 0).

change in normalization and slope has a small effect on the profiles
and our results are still consistent with zero line given the error
bars. We also observe that other parametrization of non-thermal
pressure such as that of Shi et al. (2015) and Rasia et al. (2004)
lies within the normalization 0.10-0.26 band of our non-thermal
pressure model. Therefore, our results are independent of the non-
thermal parametrization.

5 ROBUSTNESS OF RESULTS

5.1 CC and NCC clusters

Fig. 8 shows the AK and AFEjeegvack profiles for CC and NCC pop-
ulations with and without taking into account P+clumping. The
higher value of AK and AEf.eaback profiles for CC clusters can be
interpreted in terms of the gas mass fraction. Eckert et al. (2013b)
found that the observed gas mass fraction profile in the CC clusters
was systematically lower than NCC clusters. Since, the theoretical
value f, i is fixed at 0.9f, at virial radius and the observed value of
Seobs for CC clusters is relatively smaller than NCC clusters, this
means that for a given observed gas mass mg o5, the corresponding
theoretical gas my for CC clusters will also occur at a relatively

smaller radius with a smaller value of theoretical entropy. This will
thus result in a relatively higher degree of feedback and up to a
much larger radii in CC clusters compared to NCC clusters.

Higher estimates of the feedback profiles in the CC clusters can be
due to larger rate of gas removal as a result cooling and simultaneous
inflow of high entropy gas to the cluster cores (a sort of ‘cooling
flow’). Moreover, removal of gas due to cooling that corresponds to
stellar formation also changes the mapping of the observed gas mass
enclosed with radius to the mass shell in the theoretical prediction.
This could again contribute to the apparent entropy excess in CC
clusters relative to NCC clusters especially in the cluster cores.
However, the replacement of cool gas with gas at high entropy
occurs mostly in the inner region (few hundred kpc) which we
have not considered in our analysis, and is unlikely to cause much
difference.

Another potential origin of the apparent entropy excess in CC
clusters could be due to the differences in the shape of the non-
thermal pressure profile. Since cool-core clusters tend to have more
relaxed centres than NCC clusters, steeper gradient would lead to an
overestimation of total mass and hence a smaller value of observed
gas fraction. However, this should compensate with the higher gas
density of CC clusters in the inner regions. Moreover, as can be seen
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Figure 5. The average AE profile for the entire sample with and without
adding energy lost due to cooling.

from Fig. 7 the change in normalization and slope of the non-thermal
pressure has a small effect in the feedback profiles suggesting this
is not the case.

5.2 Full sample and sub-sample

There are four clusters (i.e clusters 1, 6, 16 and 17) that have rela-
tively large value of the AK profile in the outer regions (particularly
for the clumping case) that correspondingly give a large thermal en-
ergy profile AQjcm. However, we see that after taking into account
a potential energy term the AEf.apack profiles for such clusters be-
come close to zero (or even negative). In order to see the effect of
such clusters, we have plotted in Fig. 9 average AK and A Efecgback
profiles for the full sample along with the sub-sample which do not
include these clusters. We find that the average feedback entropy
become consistent with AK = 0 line at 1o beyond rsgy for the

sub-sample. Moreover, average AK and AFEjecqnack profiles for the
sub-sample and full sample are always consistent with one another.

5.3 Choice of boundary condition

In Fig. 10, we show the comparison of the entropy feedback profiles
for two different boundary conditions, i.e. universal baryonic frac-
tion f; at virial radius to be 0.156 (from Planck) and 0.167 (from
WMAP). The larger value of the f, from WMAP would result in an
overall increase of feedback profiles. This is because higher value
of f;, at the virial radius will increase the total theoretical gas mass
profile (as total mass remains constant). Therefore, a given theoret-
ical gas mass shell would occur at a smaller radius having a lower
value of entropy leading to an increase in feedback profiles. It is
clear from Fig. 10 that the entropy feedback profiles for the WMAP
boundary conditions is significantly higher at the outer regions (AK
~ 300 keV cm?).

5.4 Choice of observed X-ray profiles — parametric versus
deprojected

Eckert et al. (2013a) found that the parametric and deprojected den-
sity profiles are similar and the difference is less than 10 per cent.
We show the AK profiles for all the clusters using deprojected data
in Fig. 11. We find parametric and deprojected profiles have sim-
ilar values of entropy difference from the base theoretical entropy
profiles except at the cluster outskirts.

6 AMR VERSUS SPH BENCHMARK
THEORETICAL PROFILE

Given the current status, it is difficult to judge whether SPH or
AMR is more accurate since both these methods are known to have
some demerits. For example SPH suffers from a relatively poor
shock resolution and noise on the scale of the smoothing kernel.
AMR simulations may suffer from overmixing due to advection

Table 2. Average feedback energy per particle €feedback for AMR case with Planck fi, = 0.156.

Without cooling energy

Energy per particle (keV)
With cooling energy

c Py 0.2-1rs00 0.2-1r200 75007200 0.2-1rs00 0.2=1r200 75001200
Full sample
0 0 0.39 £+ 0.20 —0.29 £ 0.21 —1.33 £ 0.23 0.80 £ 0.20 —0.02 £ 0.21 —1.27 £ 0.23
0 Nonzero —0.31 £ 0.19 —0.73 £ 0.20 —1.35 £ 0.21 0.09 £ 0.19 —0.46 £ 0.20 —1.29 £ 0.21
Nonzero 0 091 £ 0.18 0.60 £+ 0.19 0.06 £+ 0.20 1.29 £+ 0.18 0.85 £ 0.19 0.11 £ 0.20
Nonzero Nonzero 0.35 £ 0.17 0.23 £ 0.17 0.03 £ 0.18 0.72 £ 0.17 0.46 £ 0.17 0.05 £ 0.18
NCC clusters
0 0 —0.25 £ 0.24 —1.08 £ 0.26 —2.35 £ 0.30 0.16 £ 0.24 —0.80 £ 0.26 —2.28 £ 0.30
0 Nonzero —0.97 £ 0.23 —1.51 £ 0.25 —2.35 £ 0.27 —0.56 £ 0.23 —1.24 £ 0.25 —2.28 £ 0.27
Nonzero 0 0.27 £ 0.24 —0.15 £ 0.27 —0.88 £ 0.30 0.65 £ 0.24 0.09 £+ 0.27 —0.82 £ 0.30
Nonzero Nonzero —0.21 £ 0.23 —0.42 £ 0.25 —0.76 £ 0.27 0.15 £ 0.23 —0.17 £ 0.25 —0.71 £ 0.27
CC clusters
0 0 1.73 + 0.38 1.06 + 0.38 0.11 + 0.36 2.14 + 0.38 132 + 0.38 0.16 + 0.36
0 Nonzero 1.03 + 0.36 0.63 + 0.35 0.12 + 033 144 + 0.36 0.89 + 0.35 0.17 + 0.33
Nonzero 0 2.52 £+ 0.39 2.36 £ 0.41 2.02 £ 0.44 2.88 + 0.39 2.60 £ 0.41 2.06 £ 0.44
Nonzero Nonzero 2.20 £+ 0.41 1.97 £ 0.41 1.68 £+ 0.34 2.60 £+ 0.41 223 + 041 1.73 £ 0.41

Columns (3)—(5): €feedback in the ranges (0.2—1)rs0, (0.2—1)ra00 and rspo—r200 respectively without taking into account energy lost due to cooling.
Columns (6)—(8): €feedback in the ranges (0.2—1)rs0p, (0.2—1)r200 and rspo—r200 respectively after taking into account energy lost due to cooling. The
errors are given at lo level. For meaningful comparison, €feedback for Ppe = 0 case are also calculated up to same radii as that of non-thermal case

(i.e.r500 and 200 of Pm 75 0).
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Table 3. Average feedback energy per particle €feedback for AMR case with WMAP f, = 0.167.
Energy per particle (keV)
Without cooling energy With cooling energy

Cc P 0.2-1rs00 0.2-1r200 7'500~7200 0.2-1rs00 0.2-1r200 7'500~1200

Full sample
0 0 0.89 4+ 0.20 022 + 0.21 —0.79 £+ 0.21 1.30 £+ 0.20 0.49 + 0.21 —0.72 £ 0.21
0 Nonzero 0.17 + 0.19 —0.22 £ 0.19 —0.83 £+ 0.20 0.58 + 0.19 0.04 £+ 0.19 —0.77 £ 0.20
Nonzero 0 1.35 £ 0.19 1.11 £ 0.19 0.71 £ 0.19 1.73 £ 0.19 1.37 £ 0.19 0.76 £ 0.19
Nonzero Nonzero 0.72 + 0.18 0.66 + 0.17 0.56 + 0.17 1.10 &+ 0.18 0.89 + 0.17 0.59 + 0.17

NCC clusters
0 0 0.26 + 0.24 —0.56 + 0.26 —1.83 £+ 0.26 0.68 + 0.26 —0.28 £+ 0.26 —1.70 £+ 0.29
0 Nonzero —0.45 +£ 0.23 —0.99 + 0.24 —1.83 £ 0.25 —0.04 £+ 0.23 —-0.72 £ 0.24 —1.76 £ 0.25
Nonzero 0 0.73 £+ 0.25 0.41 4+ 0.26 —0.12 £+ 0.29 1.11 £ 0.25 0.67 + 0.26 —0.07 £ 0.29
Nonzero Nonzero 0.16 + 0.24 0.05 + 0.25 —0.11 £+ 0.26 0.54 + 0.24 0.30 + 0.25 —0.06 £+ 0.26

CC clusters
0 0 2.28 + 0.38 1.69 + 0.38 0.88 4+ 0.36 2.69 + 0.38 1.94 £ 0.38 0.93 £+ 0.36
0 Nonzero 1.55 + 0.36 1.22 + 0.35 0.77 + 0.32 1.96 + 0.36 1.48 + 0.35 0.82 + 0.32
Nonzero 0 2.98 + 0.40 2.88 + 0.42 2.68 + 0.45 3.34 4+ 0.40 3.12 + 042 2.72 + 0.45
Nonzero Nonzero 2.70 £ 0.41 2.53 £ 042 2.33 £ 042 3.10 £ 0.41 2.80 £ 0.42 2.38 £ 0.42

Columns (3)—(5): €feedback in the ranges (0.2—1)rs09, (0.2—1)r200 and rsoo—r200 respectively without taking into account energy lost due to cooling.
Columns (6)—(8): €feedback in the ranges (0.2—1)rsop, (0.2—1)r200 and rspp—r200 respectively after taking into account energy lost due to cooling. The
errors are given at lo level. For meaningful comparison, €feedback for Ppe = O case are also calculated up to same radii as that of non-thermal case (i.e.

7500 and rz0p of Py # 0).
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Figure 6. Comparison of average AK and AE profiles for different cases considered in this work. The error bars are given at 1o level.

errors in the presence of bulk flows. Apart from the slightly smaller
normalization of the entropy profile ay, the AMR simulations pre-
dict a much higher flatter entropy core than the corresponding
SPH simulations (Voit et al. 2005). However, it has been recently
pointed out by many authors that, after resolving certain hydro-
dynamic processes, the results of SPH simulations exactly match
with AMR simulations (Mitchell et al. 2009; Vazza et al. 2011;
Valdarnini 2012; Power et al. 2014; Biffi & Valdarnini 2015). We
nevertheless use SPH-simulated entropy in our estimates to com-
pare it with that of AMR case. The feedback profiles and feed-
back energy per particle for SPH case are shown in the Figs Al
and A2 and Tables Al and A2 respectively in Appendix A. In
Fig. 12, we compare the average excess entropy and energy profiles
for both AMR and SPH cases. As can be seen, SPH case pre-
dicts much higher values of AE in the inner regions of the cluster
because of the absence of flatter entropy profile as is present in
AMR case.

The AK and A Efeeanack feedback profiles at the outer radii contain
information of past events in the cluster and hence are ideal to
probe for any signature of pre-heating that may have taken place at
high redshifts much before the cluster formation. This is because
of the fact that feedback processes from AGNs or supernovae are
unlikely to affect the gas properties there. However, we should also
point that our estimated A Efeeaback profiles correspond to the change
from the initial theoretical model to the observed configuration in
the collapsed systems. Pre-heating (if any) at high redshift when
the density of gas was small would actually require much smaller
energy input to bring it to final observed state (McCarthy et al. 2008).
Therefore, A Efeeqnack Would represent an upper limit on pre-heating
energy.

It has been found that pre-heating scenarios (at z & 4-6) typically
require feedback energy of ~1keV per particle or an entropy floor
of >300keV cm? to explain break in the self-similarity scaling rela-
tions (Borgani et al. 2001; Tozzi & Norman 2001; Pipino et al. 2002;
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Finoguenov et al. 2003). Our results show that given the uncertain-
ties, the values of AE at the outer radii are comparable to zero
for both AMR and SPH cases (see Fig. 12). For our fiducial case,
we see that in the range rsoo—r200, the average energy per particle
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€feedback = 0.05 &= 0.18 for the AMR case and €feeqpack = 0.62 £ 0.18
for SPH case. This implies that pre-heating scenarios that predict
1 keV energy per particle are ruled out with more than 30 for AMR

case and at around 20 for SPH

case. Considering AK profiles, we
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Figure 12. Comparison of feedback profiles for AMR and SPH cases. For meaningful comparison, we have scaled x-axis of all with same mg, 509 as that of

fiducial case (i.e. with clumping and Py # 0).

Non-gravitational feedback in galaxy clusters 723

find for most of the cluster region an entropy floor >300keV cm?
is ruled out at ~3¢ for the AMR case. However, no such strong
constrains are possible for the SPH case and that AK ~ 300 keV
cm? is consistent with 1o as seen in the left-hand side of Fig. 12.

7 COMPARISON WITH PREVIOUS RESULTS

It is important to distinguish between the profiles of K with re-
spect to shells at fixed position (Pratt et al. 2010; Ettori 2013), and
with respect to shells with a given gas mass interior to it (Nath &
Majumdar 2011; Chaudhuri et al. 2012, 2013). This aspect is
demonstrated in Fig. 13. The right-hand panel shows the entropy
profiles with respect to fixed radii, and the left-hand panel shows
the entropy with respect to shells with a given gas mass interior to
it. The differences between the profiles (w.r.t. /7509 and mg /Mg, 500)
are striking and noteworthy. The observed entropy profiles (solid
brown line) show an enhancement of entropy in the inner region, but
drop below the theoretical profile in the outer region. In this case,
the inclusion of non-thermal pressure would seem to exacerbate the
situation and the deviation of observed profile becomes acute. How-
ever, one see that after accounting for the clumping correction, the
recovered entropy profiles (solid black line) show an excess com-
pared to theoretical entropy profile with respect to gas mass for most
of the cluster region. Comparing entropy profiles at the same radii,
we find the deviations between theoretical and clumping corrected
entropy profiles become negligible beyond 0.5r5¢. It is also worth
mentioning here that for theoretical entropy profiles the cross-over
between P, = 0 and Py, # O cases is around (1.1-1.2)rsy as also
seen in average AK and AFE profiles (see Fig. 6).

Earlier, Chaudhuri et al. (2013) determined the feedback profile
up to rs09. They found total feedback energy Efedback Scales with
the mean spectroscopic temperature as Ejeegpack o< 7272 %% and
Efeedvack o T>'7 %11 for the SPH and AMR baseline profiles, re-
spectively. They showed that Efeeanack cOrrelates strongly with the
radio luminosity Ly of the central radio sources and estimated en-
ergy per particle to be 2.8 + 0.8 keV for the SPH simulations and
1.7 £ 0.9keV for the AMR simulations which is much greater than
our estimate. Notice that they did not consider non-thermal pressure
and clumping and their calculations included cluster cores which
results in the higher estimates of energy per particle.

5 T T T T T T T
\
With clumping
4 .‘%\\ AMR, P_=0 -
-

T AMR, P_=0

3r ‘I\ ___SPH,P =0 ]
N nt

%I X ___SPH,P_#0

AEfeedback (keV)

) . . . . . . .

g mg,SOO
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Figure 13. Comparison between entropy profiles with respect to fixed radii (left-hand panel) and with respect to shells with a given gas (right-hand panel).
The observed average entropy profiles with and without clumping correction are shown in black and brown lines, whereas theoretical profiles with and without
non-thermal pressure are shown in blue and red lines, respectively. Note that for meaningful comparison, we have scaled K, mgy and r with same Ksoo, g, 500

and rso as that of fiducial case (i.e. with clumping and Py # 0).

8 CONCLUSIONS

Recent studies have revealed that non-gravitational processes play
an important role in modifying the thermodynamic properties of
the ICM. It has also been observed that there is an entropy en-
hancement in galaxy clusters which is believed to be a result of
the non-gravitational feedback from active galactic nuclei, radiative
cooling, supernovae, etc. We have studied the fractional entropy
enhancement and the corresponding feedback energy in the ICM
for a sample of 17 galaxy clusters by comparing the observed en-
tropy profiles with that of AMR and SPH non-radiative simulations.
Unlike, previous work by Chaudhuri et al. (2013) where they esti-
mated the feedback energetics up to radius <rsq, our study goes
up to 0. Since around 30 per cent of the total cluster mass (and
almost 80 per cent of the cluster volume) is outside of 75, this study
has important implication on the ICM thermodynamics and feed-
back processes. The cluster outskirts have many features that are
not significant into cluster cores. These include deviation from the
hydrostatic equilibrium and gas clumping. Therefore, our analysis
takes both non-thermal pressure and clumping into account which
are important to study the energetics of ICM in the outer regions.

We show that neglect of clumping and non-thermal pressure can
lead to an underestimation of rso9 and ry99 by 1-20 per cent. Sim-
ilarly, we find an under/overestimation of feedback profiles. We
find that the effect of clumping is much more pronounced than
the non-thermal pressure and neglecting it always leads to an un-
derestimation of feedback profiles. The neglect of clumping leads
to an underestimation of entropy AK &~ 1100keV cm? and feed-
back energy per particle AEedpack = 1keV at ryg0. The neglect of
non-thermal pressure on the other hand leads to an overestimation
in the inner regions and underestimation in the outer regions. The
omission of the non-thermal pressure results in an underestimation
of entropy AK ~ 450keV cm? and feedback energy per particle
AEfecdback =~ 0.25keV at ryy. Further, we find that the feedback
energy profiles are centrally peaked which can be related with AGN
feedback models and more or less flatten out in the outer regions
becoming consistent with zero.

Finally, to check the robustness of our results, we compared the
feedback profiles for different cases: CC and NCC clusters, the full
sample and a sub-sample, parametric and deprojected cases. We

MNRAS 472, 713-726 (2017)

find the much higher value of feedback profiles for the CC clusters
compared to NCC clusters. However, since CC clusters comprise
a much smaller sample one, therefore, needs to improve/verity the
estimates by considering a larger sample. We also find that the
choice of the universal baryonic fraction from WMAP and Planck
can have implications on the estimates of the feedback profiles.

In order to obtain any robust estimates of cosmological param-
eters from large SZ surveys and SZ power spectrum, one needs to
properly incorporate the non-gravitational feedback. Therefore, it
is utmost important to understand the nature and extent of the non-
gravitational feedback in galaxy clusters, out to the virial radius, so
as to properly calibrate the scaling relations and theoretical cluster
models. In principle, one can consider different parametrizations
of excess entropy and feedback energy to see the effects of the
non-gravitational feedback on ICM thermodynamics.
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APPENDIX A: SPH RESULTS
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Figure A1. AK and AE profiles for SPH case.
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Figure A2. Comparison of AK and AE profiles for SPH case.
Table A1. Average feedback energy per particle €feedback for SPH case with Planck fi, = 0.154.
Energy per particle (keV)
Without cooling energy With cooling energy
C Pry 0.2-1rs500 0.2-1r200 500 — 1200 0.2—1rs500 0.2-1r200 7500—7200
Full sample
0 0 1.61 £0.21 0.86 + 0.22 —0.25 £ 0.22 2.03 + 0.21 1.13 + 0.22 —0.19 £ 0.22
0 Nonzero 0.84 +0.20 0.19 + 0.20 —0.79 £ 0.21 1.25 +£ 0.20 0.46 + 0.20 —0.73 £ 0.21
Nonzero 0 2.03 +0.20 1.59 £+ 0.20 0.85 + 0.20 241 £+ 0.20 1.84 + 0.20 0.90 £+ 0.20
Nonzero Nonzero 1.39 £0.19 1.10 £ 0.19 0.61 £ 0.18 1.77 £ 0.19 1.31 £ 0.19 0.62 £ 0.18
NCC clusters
0 0 0.95 +0.25 0.01 + 0.26 —1.41 £ 0.28 1.37 + 0.25 0.28 + 0.26 —1.34 £ 0.28
0 Nonzero 0.18 £ 0.24 —0.64 £ 0.25 —1.89 £ 0.27 0.59 + 0.25 —0.36 £ 0.25 —1.82 £ 0.26
Nonzero 0 1.38 +0.26 0.85 + 0.28 —0.04 £ 0.30 1.76 £+ 0.26 1.10 + 0.28 0.01 + 0.30
Nonzero Nonzero 0.78 £ 0.25 0.42 + 0.26 —0.15 £ 0.28 1.16 £ 0.25 0.68 + 0.6 —0.10 £ 0.28
CC clusters
0 0 321 +£041 2.57 + 0.40 1.67 £+ 0.36 3.62 + 0.41 2.83 + 0.40 1.72 + 0.36
0 Nonzero 2.44 +0.39 1.85 + 0.37 0.96 + 0.34 2.85 + 0.39 2.11 £ 0.37 1.01 + 0.34
Nonzero 0 381 £0.44 3.50 £ 045 297 £+ 048 4,18 + 0.44 3.74 + 045 3.01 + 0.48
Nonzero Nonzero 3.65+045 325 £ 045 2.61 £ 0.44 4.05 + 0.45 3.51 £ 045 2.66 + 0.44
Table A2. Average feedback energy per particle €feedback for SPH case with WMAP fi, = 0.167.
Energy per particle (keV)
Without cooling energy With cooling energy
C Py 0.2-1r500 0.2-1r200 5001200 0.2-1rs00 0.2-1r200 7500—7200
Full sample
0 0 2.02 +0.21 1.31 £ 0.22 0.23 4+ 0.22 243 + 0.21 1.58 + 0.22 0.30 4+ 0.22
0 Nonzero 1.25 +£0.20 0.64 + 0.20 —0.26 £ 0.20 1.67 + 0.20 0.91 + 0.20 —0.20 £ 0.20
Nonzero 0 2.38 +0.20 2.04 £ 0.20 1.49 + 0.20 2.75 + 0.20 2.30 + 0.20 1.54 + 0.20
Nonzero Nonzero 1.72 £ 0.20 1.51 + 0.19 1.17 £ 0.18 2.09 + 0.20 1.73 £ 0.19 1.18 &£ 0.18
NCC clusters
0 0 1.38 +0.25 0.49 + 0.26 —0.86 £ 0.27 1.80 + 0.25 0.77 + 0.26 —-0.79 £ 0.27
0 Nonzero 0.62 +0.24 —0.15 £ 0.25 —1.32 £ 0.25 1.04 + 0.24 0.12 + 0.25 —1.25 £ 0.25
Nonzero 0 1.74 +0.27 1.34 £+ 0.28 0.69 + 0.30 2.12 + 0.27 1.60 + 0.28 0.74 4+ 0.30
Nonzero Nonzero 1.12 £ 0.26 0.89 £+ 0.26 0.50 £ 0.27 1.50 £+ 0.26 1.15 £ 0.26 0.55 + 0.27
CC clusters
0 0 3.63 +0.42 3.08 £ 041 2.27 + 0.37 4.03 £+ 042 334 £ 041 2.32 + 0.37
0 Nonzero 2.87 +0.40 2.35 + 0.38 1.63 + 0.34 3.28 £ 0.40 2.61 + 0.38 1.68 + 0.34
Nonzero 0 4,14+ 045 393 £+ 0.46 3.56 £ 0.49 451 £ 045 4.17 £ 045 3.60 + 0.49
Nonzero Nonzero 4.04 + 0.46 3.73 £ 046 326 £+ 045 4.45 4+ 0.46 4.00 + 0.46 3.31 £ 045
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