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The	entropy	profile	in	
observa2ons	

Entropy	quan0fies	the	history	of	
the	energy	deposited	in	the	intra-
cluster	medium.	
	
Gravity	drives	structure	forma0on.	
	
Simply	gravity-only	models		do	not	
explain	the	observed	gas	profiles	
from	the	core	to	the	outskirts.	
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Figure 8. Mean entropy radial profiles at z = 0 for the sample of massive clusters in our NR (left panel), CSF (middle panel) and AGN (right panel)
simulations. Mean profiles are computed separately for the unrelaxed and relaxed subsamples of simulated clusters (black continuous and red dotted-dashed
lines, respectively). Error bars correspond to the 1σ scatter around the mean profile. We compare our results with the observed cluster entropy profiles by
Eckert et al. (2013), which are represented by the coloured areas indicating the average scaled profile ±1σ dispersion around it. The thinner solid black line
in all panels shows for reference theK ∝ r1.1 profile.

cluster regions (r >
∼ 0.1R500), the slope of the entropy profiles of

the simulated clusters in the NR set is consistent with the observed
ones (and close to theK ∝ r1.1 scaling), although with a somewhat
lower normalisation. At smaller radii there is more scatter both in
observations and in simulations. At these radii, the entropy pro-
files of simulated clusters agree with those of the set of relaxed CC
clusters analysed by Eckert et al. (2013), independently of their dy-
namical state.

As for the clusters in the CSF and AGN simulations, both re-
laxed and unrelaxed systems show entropy profiles that are also
broadly consistent in slope with the theoretical self-similar scal-
ing at large cluster-centric radii (r ! 0.3 − 0.4 R500), thus sup-
porting the idea that gravity dominates the ICM thermodynamics
in outer cluster regions. For inner regions the slope of the profiles
in simulations decreases and approaches that of the observed pro-
files of NCC clusters. Both in the CSF and in the AGN simulations
the profiles for relaxed and unrelaxed systems are virtually iden-
tical. Therefore, although introducing star formation and feedback
changes the entropy level in the central cluster regions, such ef-
fects are unable to create the observed diversity between CC and
NCC systems. Furthermore, the similarity of the profiles obtained
for the CSF and AGN simulations indicates that cooling is respon-
sible for setting the entropy level below which gas cools and form
stars, while the nature and efficiency of feedback determines how
much of this gas drops out of the hot phase.

3.3.3 Pressure profiles

The analysis of the temperature and entropy profiles demonstrates
that clusters have a variety of behaviours in central regions, depend-
ing on the presence and prominence of cool cores (e.g. Pratt et al.
2010), but outside of core regions they behave as a more homo-
geneous population and follow the expectations of the self-similar
model. A good illustration of the homogeneity of the ICM proper-
ties is represented by the pressure profiles.

In Fig. 9 we show the mean radial pressure profiles obtained
for the sample of clusters in our three sets of simulations. The
pressure profiles have been scaled by the ‘virial’ pressure P500 as

predicted by the hydrostatic equilibrium condition (see Nagai et al.
2007a):

P500 = 1.45× 10−11 erg cm−3

!

M500

1015 h−1M⊙

"2/3

E(z)8/3 .

(13)
In addition, in order to highlight the differences among the different
physical models, they have been scaled as well by (r/R500)

3. With
this scaling, the height of the pressure profiles corresponds to the
contribution per radial interval to the total thermal energy content
of the cluster (Battaglia et al. 2012a).

We compare our mean profiles with the X-ray obser-
vations of the REXCESS sample by Arnaud et al. (2010),
and with the SZ data from Planck Collaboration et al. (2013).
Planck Collaboration et al. (2013), taking advantage of the all-sky
coverage and broad frequency range of the Planck satellite, studied
the SZ pressure profiles of 62 nearby massive clusters detected at
high significance in the 14-month nominal survey. Most of these
clusters were individually detected at least out to R500. Then, by
stacking the radial profiles, they statistically detected the radial SZ
signal out to 3R500.

From Fig. 9 we see that the effect on pressure profiles of
radiative cooling, star formation and different forms of feedback
is generally relatively small, with all simulation models agreeing
rather well with observational results. To first order, pressure pro-
files should just reflect the condition of hydrostatic equilibrium
within the potential wells that are established during the cosmolog-
ical assembly of clusters, thus following a nearly universal profile
(e.g. Nagai et al. 2007a; Arnaud et al. 2010). As such, they should
be relatively insensitive to the details of the thermodynamical sta-
tus of the ICM. This is the reason why mass proxies associated
with pressure, such as the integrated Compton–y parameter or the
aforementioned YX , are considered as robust mass proxies.

A closer look at Fig. 9 shows that radiative cooling cre-
ates a decrease of pressure with respect to the non-radiative case,
at r∼< 0.2R500. As a result, the average pressure profile for the
NR case tends to be somewhat higher than the observed one. At
these small radii the two radiative simulation sets produce results
that are close to each other and in good agreement with both X-
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Figure 8. Radial entropy at z = 0 (bottom panel) for each simulation as indicated and difference between each simulation and the reference G3-MUSIC
simulation (top panel). The dashed line corresponds to R2500 and the dotted line to R500 of the reference G3-MUSIC values. The error bars on G3-SPHS
(black) and G3-MUSIC (red) are calculated from the scatter between snapshots averaged over 0.27 Gyrs.
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Figure 8. Mean entropy radial profiles at z = 0 for the sample of massive clusters in our NR (left panel), CSF (middle panel) and AGN (right panel)
simulations. Mean profiles are computed separately for the unrelaxed and relaxed subsamples of simulated clusters (black continuous and red dotted-dashed
lines, respectively). Error bars correspond to the 1σ scatter around the mean profile. We compare our results with the observed cluster entropy profiles by
Eckert et al. (2013), which are represented by the coloured areas indicating the average scaled profile ±1σ dispersion around it. The thinner solid black line
in all panels shows for reference theK ∝ r1.1 profile.

cluster regions (r >
∼ 0.1R500), the slope of the entropy profiles of

the simulated clusters in the NR set is consistent with the observed
ones (and close to theK ∝ r1.1 scaling), although with a somewhat
lower normalisation. At smaller radii there is more scatter both in
observations and in simulations. At these radii, the entropy pro-
files of simulated clusters agree with those of the set of relaxed CC
clusters analysed by Eckert et al. (2013), independently of their dy-
namical state.

As for the clusters in the CSF and AGN simulations, both re-
laxed and unrelaxed systems show entropy profiles that are also
broadly consistent in slope with the theoretical self-similar scal-
ing at large cluster-centric radii (r ! 0.3 − 0.4 R500), thus sup-
porting the idea that gravity dominates the ICM thermodynamics
in outer cluster regions. For inner regions the slope of the profiles
in simulations decreases and approaches that of the observed pro-
files of NCC clusters. Both in the CSF and in the AGN simulations
the profiles for relaxed and unrelaxed systems are virtually iden-
tical. Therefore, although introducing star formation and feedback
changes the entropy level in the central cluster regions, such ef-
fects are unable to create the observed diversity between CC and
NCC systems. Furthermore, the similarity of the profiles obtained
for the CSF and AGN simulations indicates that cooling is respon-
sible for setting the entropy level below which gas cools and form
stars, while the nature and efficiency of feedback determines how
much of this gas drops out of the hot phase.

3.3.3 Pressure profiles

The analysis of the temperature and entropy profiles demonstrates
that clusters have a variety of behaviours in central regions, depend-
ing on the presence and prominence of cool cores (e.g. Pratt et al.
2010), but outside of core regions they behave as a more homo-
geneous population and follow the expectations of the self-similar
model. A good illustration of the homogeneity of the ICM proper-
ties is represented by the pressure profiles.

In Fig. 9 we show the mean radial pressure profiles obtained
for the sample of clusters in our three sets of simulations. The
pressure profiles have been scaled by the ‘virial’ pressure P500 as

predicted by the hydrostatic equilibrium condition (see Nagai et al.
2007a):

P500 = 1.45× 10−11 erg cm−3

!

M500

1015 h−1M⊙

"2/3

E(z)8/3 .

(13)
In addition, in order to highlight the differences among the different
physical models, they have been scaled as well by (r/R500)

3. With
this scaling, the height of the pressure profiles corresponds to the
contribution per radial interval to the total thermal energy content
of the cluster (Battaglia et al. 2012a).

We compare our mean profiles with the X-ray obser-
vations of the REXCESS sample by Arnaud et al. (2010),
and with the SZ data from Planck Collaboration et al. (2013).
Planck Collaboration et al. (2013), taking advantage of the all-sky
coverage and broad frequency range of the Planck satellite, studied
the SZ pressure profiles of 62 nearby massive clusters detected at
high significance in the 14-month nominal survey. Most of these
clusters were individually detected at least out to R500. Then, by
stacking the radial profiles, they statistically detected the radial SZ
signal out to 3R500.

From Fig. 9 we see that the effect on pressure profiles of
radiative cooling, star formation and different forms of feedback
is generally relatively small, with all simulation models agreeing
rather well with observational results. To first order, pressure pro-
files should just reflect the condition of hydrostatic equilibrium
within the potential wells that are established during the cosmolog-
ical assembly of clusters, thus following a nearly universal profile
(e.g. Nagai et al. 2007a; Arnaud et al. 2010). As such, they should
be relatively insensitive to the details of the thermodynamical sta-
tus of the ICM. This is the reason why mass proxies associated
with pressure, such as the integrated Compton–y parameter or the
aforementioned YX , are considered as robust mass proxies.

A closer look at Fig. 9 shows that radiative cooling cre-
ates a decrease of pressure with respect to the non-radiative case,
at r∼< 0.2R500. As a result, the average pressure profile for the
NR case tends to be somewhat higher than the observed one. At
these small radii the two radiative simulation sets produce results
that are close to each other and in good agreement with both X-
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Figure 10. Radial entropy profile at z = 0. Format similar to Fig. 8.

2014), gas is expected to account for around 11-12 per cent of the
total mass at Rcrit

500 , which corresponds to approximately 65-70 per
cent of the cosmic ratio.

Some AGN codes are in tension with these observations and
have ⌥gas > 90 per cent (which corresponds to more than 15 per
cent of gas with respect to the total mass). All the other codes are
largely compatible with these results, and these include include
methods both with and without AGN feedback. Moving inward
to smaller radii, Zhang et al. (2010) and Vikhlinin et al. (2009)
find lower values (around 9-10 per cent) at Rcrit

2500, in keeping with
the general trend of falling gas fractions seen in all simulations
(whether NR or not). These values are achived in our comparison
by the same set of codes that were found to be in agreement with
observational results at Rcrit

500 .

Nevertheless, in a recent work Gonzalez et al. (2013) sug-
gested that massive clusters may have a higher gas content than
what was reported by most of observational studies, estimating a
gas fraction around 14 per cent for Mcrit

500 > 2⇥1014M�: these re-
sults would support the high gas fraction obtained by codes includ-
ing AGN, such as RAMSES-AGN, AREPO-IL and G3-X. This is
supported also by Pratt et al. (2009), which suggests at the same
overdensity fgas ⇠14 per cent for massive clusters, measuring val-
ues up to 16 per cent for individual clusters.

5.2 Stars

Here we do not examine the stellar component in detail, i.e., the
properties of the galaxies, but defer such an analysis to a compan-
ion paper, (Elahi et al., in prep.). Instead we only focus on the over-
all stellar profiles presented in Figures 12-13. These figures show
that the stellar distribution does not extend as far as the gas or dark
matter distributions and that galaxies dominate the baryonic con-
tent of the central regions. As before, however, the profiles show
major code-to-code scatter and systematic differences, and gener-
ally a clear separation between codes including and not including
AGN feedback, with one notable exception, G3-PESPH. The pro-
files of the star density are shown in Figure 12. All the codes which
only include stellar feedback and not AGN show very concentrated
stellar densities, around a factor of 5 larger than those of the codes
which do include AGN. G2-MUSICPI is the code with the highest
stellar density within R

crit
2500.

Unlike the gas densities, the disagreement does not vanish at
the cluster outskirts: gas density profiles are mainly determined by
gravity in the outskirts, while star formation is determined by local
cooling/feedback. The residuals are flat and non-zero out to well
past Rcrit

500 , as shown in the upper panel of Figure 12; at Rcrit
200 there

is still an order of magnitude difference between the code with
the highest stellar density (AREPO-SH) and that with the lowest
(RAMSES-AGN).

Similarly to the case of the gas component, we define the star
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Zoom-in	simula2ons	 Bonafede+12	
24	massive	clusters	+	5	groups	
GADGET3	with	modifica0ons:	
•  Ar#ficial	conduc#on	term	
•  A	high-order	interpola0ng	kernel	
•  A	0me-dependent	ar0ficial	
viscosity	

Metal-dependent	radia0ve	cooling	
Kine0c	feedback	from	SN	(v=350	km/
s)	
Metal	produc0on	from	SNII,	SNIa,	
AGB:	
C,	Ca,	O,	N,	Ne,	Mg,	S,	Si,	Fe,	Na,	Al,	
Ar,	Ni	
AGN	feedback	with	cold	and	hot	
accre0on	

NOT	INCLUDED	
•  Infla0on	of	bubbles	
of	high-entropy	gas	
from	the	shocks	of	
sub-rela0vis0c	jets	

•  Gas	circula0on	and	
turbulence	triggered	
by	the	bubbles	

•  Magne0c	field	
•  Thermal	Conduc0on	
•  Cosmic	ray	
•  Proper	treatment	of	
metal	diffusion	

•  Metal	deple0on	due	
to	dust	forma0on	

✔	
✖	



BH	accre#on	model	

It	is	the	cold	mode	that	drives	BH	accre0on/AGN	feedback	

Tcold/hot=5x105	K	
Steinborn	et	al.	2015	
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BH	feedback	model	
SubGrid	model	based	on		

theore0cal	predic0ons	by	Churazov	et	al	2005,	
Narayan	&	YI	1995,	Gaspari	et	al.	2013	
observa0ons	by	Russel	et	al.	2013,	Mezcua	&	Prieto	
2014,	Davis	&	Laor	2011,	Chelouche	2013	

Con0nuous	transi0on	
between	the	feedback	
processes	ac0ng	in	the	so-
called	radio	mode	and	
quasar	mode	through	
combina0on	of	mechanical	
ouklow	and	radia0on.	

Steinborn	et	al.	2015	
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New	HYDRO:	Ar#ficial	diffusion	
Cold	Blob	test	

Beck	et	al.	2016	

Standard:	numerical	surface	tension	as	
well	as	too	much	AV	prevent	mixing	.	

Kelvin-Helmholtz	instabili0es	
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CC	in	Pral	et	al.	2010	

NCC	in	Pral	et	al.	2010	

Entropy	
	K=kT/ne2/3	

Observed	entropy	
profiles	
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CC	in	Pral	et	al.	2010	

CC	in	Simula0on	

NCC	in	Pral	et	al.	2010	

NCC	in	Simula0on	

Rasia+,	2015	ApJL	

Entropy	
	K=kT/n2/3e	

Observed	entropy	
profiles	+	
Simulated	ones	

Hahn	et	al.	2015	 KICC	-	Dec,	2016	
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The	capability	of	genera0ng	a	realis0c	CC	popula0on	
is	due	to	combined	ac0on	of	AGN	feedback	and	the	
ar0ficial	conduc0on	term	in	SPH	equa0on.	

Without		AGN	->	
No	CC	in	entropy	
No	NCC	in	Iron		

Without	AC	->	
no	dichotomy	

Rasia	et	al.	2015	
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CC	clusters	have	more	thermal	Pressure	
support	at	the	center	
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Mass	computa#on	from	HE	

HE in simulated clusters 9
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FIG. 8.— Median radial profile of the mass bias, as in Figure 5, distin-
guishing among different cluster populations. Upper panel: CC/NCC (blue
solid/red dot-dashed line); lower panel: regular/disturbed (blue solid/red dot-
dashed line) clusters; intermediate systems are marked by the thin black line
and, for simplicity, no dispersion is marked. The hydrostatic mass, MHE, is
calculated using Tmw. Shaded areas represent the median absolute deviation
from the median value, in each radial bin. From left to right, vertical lines
mark median values of R2500, R500 and R200, respectively.

tion components.

4.4.2. Hydrostatic mass bias
Using the same selection criteria to investigate the mass bias

we obtain the results presented in Figure 8 (upper and lower
panel, respectively). Here we only show the results for MHE
computed using the mass-weighted temperature, altough we
verified that using the spectroscopic-like estimate we obtain
very similar profiles, with the only difference of an overall more
significant bias (as seen from Figure 5) and a larger scatter, es-
pecially outside R200.

We note that the hydrostatic mass bias behaves differently
from the acceleration term with respect to the classification
adopted: no sistematic distinction between regular and dis-
turbed clusters is evident, except for the outermost region
(> 0.7Rvir). Instead, a separation, albeit relatively mild, is
found between CC and NCC out to ⇠ R2500, where there is
an offset between their median profiles and the shaded areas
marking the dispersion around the median values barely
touch each other. In that inner region of the radial profile,
the CC population presents almost zero mass bias while the
NCC subsample is characterised by a mass bias of roughly 10–
15 per cent.

Interestingly, the comparison between the lower panels of
Figures 8 and 6 indicates that the hydrostatic mass bias of dis-
turbed systems is on average . 25 per cent (with peaks around
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FIG. 9.— Median radial profile of �2
r /�

2
therm,1D, distinguishing among

different cluster populations. Upper panel: CC/NCC (blue solid/red dot-
dashed line); lower panel: regular/disturbed (blue solid/red dot-dashed
line) clusters; intermediate systems are marked by the thin black line and,
for simplicity, no dispersion is marked. Shaded areas represent the me-
dian absolute deviation from the median value, in each radial bin. From
left to right, vertical lines mark median values of R2500, R500 and R200,
respectively.

25–30 per cent) despite the larger deviation from -1 of Gr/Hr
(mostly �HE > 20 per cent, up to 50 per cent). The origin
of a deviation from zero acceleration (on the radial direction)
that is larger than the violation of the balance between gravita-
tional and thermal pressure forces, must be related to gas non-
thermalized motions, that are not accounted for in our compu-
tation of rP (where P = Pth / ⇢T ).

From Figures 6 and 7 (and Figure 9 below) we conclude that
the radial properties of the ICM acceleration field, and thus
the level of HE, are not very sensitive to the cool-coreness of
the system, but rather depend on its global dynamical state,
whereas the mass bias is more closely related to the cool-
coreness, and so to thermal properties, especially in the central
regions (see Figure 8).

Differences between the Gr/Hr and mass bias radial pro-
files can also be related to the presence of non-thermal, bulk
and random, motions in the gas, as discussed in Section 4.2.
Here, we present median stacked profiles of �2

r /�
2
therm,1D for

the subsamples defined on the basis of the cluster cool-
coreness or dynamical classification, in analogy to Figures 6
and 8. From Figure 9, we infer that CC and NCC (upper
panel) behave in a very similar way, with a similar amount
of non-thermal motions increasing towards larger distances
from the center. On the contrary, disturbed systems clearly
differentiate from dynamically regular ones (lower panel)

HE in simulated clusters 3

The data set used in this work is constituted by a sample of
29 simulated clusters analyzed at z = 0. Among them, 24 are
massive systems with M200 > 8 · 1014h-1M� and 5 are smaller
objects with M200 in the range 1–4 · 1014h-1M� (Planelles
et al. 2014). These clusters have been selected as the most
massive haloes residing at the centre of 29 Lagrangian
regions, re-simulated from zoomed initial conditions (the
same of Bonafede et al. 2011), with the Tree-PM Smoothed-
Particle-Hydrodynamics (SPH) code GADGET-3 (Springel
2005). The simulations assume a ⇤CDM cosmological
model with ⌦m = 0.24, ⌦b = 0.04, H0 = 72kms-1 Mpc-1,
ns = 0.96, and �8 = 0.8. The mass resolution of this
set is mDM = 8.47 ⇥ 108 M� for the DM particles, and
mgas = 1.53 ⇥ 108 M� for the initial gas particle mass. The
Plummer-equivalent softening length for the computation of
the gravitational force is ✏ = 3.75h-1 kpc for DM and gas
particles, ✏ = 2h-1 kpc for star and black hole particles at z = 0.

The version of the code used here includes the improved ver-
sion of the hydrodynamical scheme described in Beck et al.
(2016), that largely improves the SPH capability to follow gas-
dynamical instabilities and mixing processes, and prevents par-
ticle clumping. In particular, these new developments include a
higher-order interpolation kernel as well as time-dependent for-
mulations for artificial viscosity and artificial thermal diffusion.
More details on the hydrodynamical method as well as a large
set of standard tests are presented in Beck et al. (2016).

The physical processes treated in the simulations com-
prise metallicity-dependent radiative cooling, time-dependent
UV background, star formation from a multi-phase inter-
stellar medium (Springel & Hernquist 2003), metal enrichment
from supernovae (SN) II, SN Ia and asymptotic-giant-branch
stars (Tornatore et al. 2004, 2007), SN-driven kinetic feedback
in the form of galactic winds (with 350kms-1 velocity), and
the novel model for AGN thermal feedback, presented in Stein-
born et al. (2015), in which cold and hot gas accretion onto
black holes (BHs) is treated separately. In particular, we con-
sider here only the cold-phase accretion, assuming ↵cold = 100
as boost factor of the Bondi rate for the Eddington-limited gas
accretion onto the BH (see also Gaspari et al. 2015).

For this paper, we employ a set of simulations in which all
the above physical processes are included. This allows us to
reproduce the ICM as realistically as possible. This new set of
simulations has been recently presented in Rasia et al. (2015),
where it was shown how it was possible for the first time to
recover the observed coexistence of cool-core (CC) and non-
cool-core (NCC) clusters (Rasia et al. 2015). More results on
the simulations will also be presented in forthcoming papers
(Murante et al., in prep.; Planelles et al., in prep.).

3. CHARACTERIZING THE DEVIATION FROM HE

With the use of hydrodynamical simulations it is possible to
trace directly the 3D structure of the gas acceleration field. In
particular, from the GADGET code we obtain the value of the
gas total acceleration (dv/dt, Eq. (2)) for each gas particle in
the simulation output, explicitly separated in its gravitational
and hydrodynamical components.

In order to satisfy hydro-static equilibrium, the two acceler-
ation components must balance:

HE : 0 =
dv
dt

= a = ag + ah. (5)
In general, the equilibrium in Eq. (5) should be evaluated

separately for each component of the acceleration vector. How-
ever, in case of astronomical objects such as galaxy clusters or

stars, the condition has to hold radially. For this reason, we con-
sider only the radial component of the accelerations ag and ah,
indicated as Gr and Hr, respectively, that we averaged within
spherical shells.

3.1. Method

We investigate deviations from HE by studying the deviation
from -1 of the ratio, Gr/Hr, between the radial components of
gravitational and hydrodynamical accelerations.

To compute radial profiles of the Gr/Hr term, two alternative
approaches have been be used:

(i) evaluating the Gr/Hr ratio particle by particle and then
averaging over the spherical shell;

(ii) building the profiles of the two accelerations separately
and then computing the ratio of the Gr radial profile to the
Hr radial profile.

Methods (i) and (ii) are equivalent in the ideal case of a spher-
ical gas distribution in HE and without in-homogeneities (see
appendix A). In both approaches, we define 100 linear bins
up to the cluster virial radius and consider both the mean and
median values in each radial shell.

We note that all the calculations have been done by subtract-
ing a bulk gravitational acceleration, which in principle can be
non negligible. This is calculated as a mass-weighted mean
value within R200, considering all the particle species (i.e. DM,
gas and stars). The mean value of the hydrodynamical com-
ponent is not accounted for because is typically very low. We
verified that for all the 29 main haloes in the sample, both ac-
celeration components are indeed very low.

The gas particles used for the calculation are those in hot
phase. Namely, we remove from the computation the cold gas
(T < 3 ·104 K), and the multi-phase gas particles which have a
cold mass fraction greater than 10 per cent.

Given the purposes of our investigation, we do not remove
any substructure.

3.2. Terminology

We summarize here the meaning of the quantities and as-
sumptions employed.

(a) Acceleration term: this is the total derivative dv/dt in
Eq. (1), which contains both the pure acceleration term
@v/@t and the inertia term (v ·r)v; as previously explained
we will refer to this term in the form of Gr/Hr, assuming
spherical symmetry and considering the radial component
of the acceleration only.

(b) HE: from Eq. (5), HE is quantified by Gr/Hr = -1, with the
underlying assumption of spherical symmetry;

(c) Deviation from HE:
�HE = Gr/Hr + 1;

(d) MHE: this indicates the hydrostatic mass and implies the
assumptions of HE, spherical symmetry, and purely ther-
mal nature of the pressure.

(e) Hydrostatic-mass bias:
bM = (MHE - Mtrue)/Mtrue ,

where Mtrue is the total gravitating mass of the system,
computed summing up all the particle masses (within the
considered radius).
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ABSTRACT
In this paper we investigate the level of hydrostatic equilibrium (HE) in the intra-cluster medium of simu-

lated galaxy clusters, extracted from state-of-the-art cosmological hydrodynamical simulations performed with
the Smoothed-Particle-Hydrodynamic code GADGET-3. These simulations include several physical processes,
among which stellar and AGN feedback, and have been performed with an improved version of the code that
allows for a better description of hydrodynamical instabilities and gas mixing processes. Evaluating the radial
balance between the gravitational and hydrodynamical forces, via the gas accelerations generated, we effectively
examine the level of HE in every object of the sample, its dependence on the radial distance from the center and on
the classification of the cluster in terms of either cool-coreness or dynamical state. We find an average deviation of
10–20% out to the virial radius, with no evident distinction between cool-core and non-cool-core clusters. Instead,
we observe a clear separation between regular and disturbed systems, with a more significant deviation from HE
for the disturbed objects. The investigation of the bias between the hydrostatic estimate and the total gravitating
mass indicates that, on average, this traces very well the deviation from HE, even though individual cases show
a more complex picture. Typically, in the radial ranges where mass bias and deviation from HE are substantially
different, the gas is characterized by a significant amount of random motions (& 30 per cent), relative to thermal
ones. As a general result, the HE-deviation and mass bias, at given interesting distance from the cluster
center, are not very sensitive to the temperature inhomogeneities in the gas.
Subject headings: galaxies: clusters: general — galaxies: clusters: intracluster medium — methods: numerical

1. INTRODUCTION

As fair samples of the Universe, galaxy clusters are domi-
nated in mass, ⇠ 80 per cent, by dark matter (DM) but also
comprise a significant amount of baryonic visible matter, in the
form of galaxies and hot plasma (⇠ 5 and ⇠ 15 per cent in mass,
respectively). In the accepted scenario of hierarchical structure
formation, clusters grow via smooth accretion processes as well
as through merger events (see Kravtsov & Borgani 2012, for a
review). According to this theoretical framework, the hot intra-
cluster medium (ICM) is assumed to collapse within the cluster
DM halo, get shock heated during the assembly process, and fi-
nally settle with temperatures of order 107–108 K, reflecting the
depth of the potential well (⇠ 1014–1015 M�). The dynamics of
the intra-cluster gas can be described by the Euler equation:

dv
dt

= -r�- 1
⇢
rP . (1)

Here, P is the total gas pressure, � is the cluster potential and
dv
dt

=
@v
@t

+ (v ·r)v (2)

is the Lagrangian derivative of the velocity or the sum of the
acceleration and the inertia terms, respectively the first and sec-
ond term on the l.h.s. of Eq. 2. The condition of hydrostatic
equilibrium (HE) is represented by

dv
dt

= 0 . (3)

This assumption implies that the net Lagrangian three-
dimensional acceleration of the gas, resulting from the sum of
hydrodynamical and gravitational forces, is null. With our nu-
merical study, we intend to investigate whether the condition
expressed by Eq. (3), and so the balance between hydrody-
namical and gravitational forces is reliable in cosmological
simulations of galaxy clusters, when evaluated at typical,
interesting distances from the cluster center. In fact, the as-
sumption of HE is key ingredient behind one of the most diffuse
methods employed to measure the galaxy cluster mass, which
is the crucial property to characterize a cluster for astrophysical
as well as cosmological purposes.

Specifically, the reconstruction of the so-called hydrostatic
mass from X-ray observations of the ICM thermal properties
can be derived from Eq. (3) re-formulated as

0 = -r�- 1
⇢
rP ,

along with the additional assumptions of spherical symmetry
and of a purely thermal pressure support of the gas (P = Pth).
Under these conditions, and further assuming the equation of
state of an ideal gas to hold for the ICM, one can derive the total
mass from the profiles of gas density (⇢) and temperature (T ):

MHE(< r) = -kBT (r)r
µGmp


d log⇢(r)

d logr
+ d logT (r)

d logr

�
, (4)

where kB is the Boltzmann constant, µ the mean molecular
weight, G is the gravitational constant, and mp the proton mass.
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respect, numerical simulations are useful instruments to quantify

the degree of expected clumpiness, and to investigate its origin and

its impacts on observational measurements (e.g. Nagai and Lau

2011; Roncarelli et al. 2013; Vazza et al. 2013; Zhuravleva et al.

2013; Battaglia et al. 2014).

4.1 Definitions

The clumpiness or clumping factors in gas density, Cρ, and thermal

pressure, CP , are usually defined as

Cρ(r) ≡ ⟨ρ2⟩
⟨ρ⟩2

=

N
!

i
miρi

"

N
!

i
mi

#2 Vshell (4)

CP (r) ≡ ⟨P 2⟩
⟨P ⟩2

=

N
!

i
miρiT

2
i

"

N
!

i
miTi

#2 Vshell , (5)

where the summation is over all the N gas particles within a

given radial shell with volume Vshell = 4
3π[(r + ∆r)3 − r3],

and where mi, ρi and Ti are, respectively, the mass, density and

temperature of the i-th fluid element. For each halo, we compute

the radial profiles in 100 equi-spaced bins within the radial range

0.1 ! r/Rvir ! 2. We have checked that these profiles are almost

unaffected when we use instead 50 equi-spaced bins. By definition,

Cρ " 1 and CP " 1, with the case Cρ = CP = 1 representing

a uniform medium. Since the distribution of the clumping factor

is not Gaussian, in the following we will use the median profiles

instead of the mean.

In the computation of the gas and pressure clumping factors

we only take into account the X-ray emitting SPH particles, i.e.,

those particles with T " 106 K. This temperature cut does not

significantly affect the pressure clumping factor obtained from any

of our simulations (see also Battaglia et al. 2014).

Recently, Battaglia et al. (2014) showed that the limitation

of Lagrangian schemes to properly describe an inhomogeneous

medium, and in particular low density regions, generates an incor-

rect estimation of the SPH volume, thus affecting the estimation of

the clumping factors. To alleviate this tension, they introduced an

SPH volume bias which is defined as:

BSPH(r) =
1

Vshell

N
$

i

mi

ρi
=

1
Vshell

N
$

i

Vi . (6)

Although this factor only entails a small correction on the SPH vol-

ume calculation within R200, it can be more important in outer re-

gions (Fig. 7). Indeed, both at z = 0 and z = 1, the correction

amounts of few percent (! 5%) within the virial radius, indepen-

dently on the mass and ICM physics, but it rapidly grows to 10%

and 20% at 1.5 and 2 times that distance. In these most external

regions, the correction is 5-10% more significant at z = 1 than at

z = 0. In light of these results, in the following we will correct

the clumping factors given in Eqs. 4 and 5 by the corresponding

volume bias:

Cρ(r) = C
′

ρ(r) ·BSPH(r) (7)

CP (r) = C
′

P (r) ·BSPH(r) (8)

Independently of the inclusion of this correction, as we will see

throughout this section, our results on clumping are in broad agree-

ment with the findings of previous studies performed with either

Clusters

0.0 0.5 1.0 1.5 2.0
r/R500

1.0

1.5

2.0

(C
ρ)1/

2

NR
CSF
AGN
Eckert et al. (2015)

Figure 9. Comparison of the 3D median radial distribution at z = 0 of the

gas density clumping factor for the sample of massive clusters within our

simulations and the observations by Eckert et al. (2015). Black, blue and

red lines stand for the results obtained for the NR, CSF and AGN simula-

tions, respectively, whereas filled dots represent the observational data. The

vertical dashed line represents the mean value of R200 in units of R500 for

the sample of considered objects within the AGN simulations.

SPH or Eulerian-based simulations including different sets of phys-

ical processes (e.g. Nagai and Lau 2011; Roncarelli et al. 2013;

Vazza et al. 2013; Battaglia et al. 2014; Eckert et al. 2015).

4.2 Results on clumping

Figure 8 shows the radial distribution of Cρ and CP obtained for

the sample of 5 central groups and 24 central clusters within our

three sets of simulations at z = 0. At the mass scale of groups, the

gas density clumping factor shows values smaller than ∼ 2 within

R200. Generically, the two radiative simulations produce similar

results, with systematically lower degree of clumping than in the

non-radiative case. In fact, radiative cooling has the effect of re-

moving high–density, relatively cold gas from the hot phase, thus

suppressing gas clumping. At the same time, feedback from SN

driven winds and, even more, from AGN displace gas from high–

density regions, thus further contributing to smooth the density and

thermal distributions of the ICM (see e.g. Planelles et al. 2014a;

Rasia et al. 2014). As a consequence, there is a reduction in the

number of small cold density clumps which are more prominent

in outer cluster regions. These dense clumps are mainly associated

with substructures being accreted to the centre of more massive

central systems. This is the reason why the clumpiness is more im-

portant in outer regions, which are dynamically younger and still

under the effects of ongoing matter accretion, than in inner regions.

The density clumping factor shows a similar behavior in clusters

and in groups within R200. However, beyond this radius, Cρ in

clusters is considerably larger than in smaller systems. This is due

to the fact that massive systems are more prone to significant merg-

ing and matter accretion since they are, on average, formed more

recently.

Measurements of density clumping are quite uncertain. In-

deed, only the application of indirect methods has led recently to

c⃝ 0000 RAS, MNRAS 000, 000–000

CLUMPINESS	

Planelles	et	al.	sub.	

SPH	Volume	corrected	as	suggested	by	Balaglia	et	al.	2014	
(see	Nagai	&Lau	2011,	Roncarelli	et	al.	2013,	Vazza	et	al.	2013)	
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tion between regular and disturbed clusters is already evident from

∼ 0.3R500.

These results indicate that, whereas density and pressure

clumpiness is quite insensitive to the thermal properties of clus-

ters in their core regions, it depends significantly on their global

dynamical state. As shown in Biffi et al. (2016), this trend is also

consistent with the deviation from hydrostatic equilibrium obtained

for the same sample of clusters. In general, dynamically disturbed

objects are still being formed and, therefore, their ICM is more in-

homogeneous than in dynamically relaxed systems. Indeed, in pre-

vious studies the degree of ICM density clumping has been used

as a criterion to distinguish between relaxed and unrelaxed systems

(see Roncarelli et al. 2013).

Figure 11 shows that the density clumping factor generally

increases with redshift, especially at r ! 2 × R500. This increase,

which is slightly larger for our sample of groups, amounts to a fac-

tor of ∼ 4 at z = 0.8. A similar trend is also obtained for CP (r)
for both groups and clusters. Given the relatively low number of

systems and the large scatter of the profiles, our results have to

be taken with caution. Nevertheless, a more pronounced clumping

at high redshift, both in density and pressure, is in line with the

younger age of systems at earlier epochs, when accretion from sub-

structures and filaments is more efficient. A stronger increase of

clumping for groups is consistent with the expectation that ram-

pressure stripping is less efficient there than in clusters, thus caus-

ing a less efficient removal of gas from merging clumps.

Therefore, as predicted by simulations and confirmed by re-

cent observational determinations, there is a certain level of clumpi-

ness in the ICM that should be considered for precise X-ray and SZ

measurements. In our simulations its degree is considerably lower

than some values advanced to explain Suzaku observations and it

is still consistent with other X-ray and SZ measurements of a lo-

cal sample of clusters. However, caution in interpreting projected

quantities should be applied as the clumpiness grows very rapidly

outside the virial radius.

5 SZ SCALING RELATIONS

After analyzing the pressure profiles and the gas clumping in our

simulations, we consider now how these results translate in the

SZ scaling relations. As anticipated in Section 2.2, to increase the

statistics and to enlarge the mass range, here we will utilize the

complete sample of simulated groups and clusters.
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sample of massive galaxy clusters.
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