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Ini,al	condi,ons		
from		Bonafede+12	24	massive	clusters	+	5	groups	

mDM	~	1.5e8	Ms/jh	



Entropy	@	z~0	
	K=kT/n2/3e	

Gravity	drives	structure	forma,on.	
	
Simply	gravity-only	models		do	not	
explain	the	observed	gas	profiles	
from	the	core	to	the	outskirts.	
	
Delicate	balance	between	hea,ng	
and	cooling	is	in	place.	
	
Entropy	quan,fies	the	history	of	
the	energy	deposited	in	the	intra-
cluster	medium.	

Cavagnolo	+	2009	

McDonald,	SPT+	2014	

NCC	
	
	
CC	

CC	defined	in	Molendi	&	Pizzolato	‘01	
	



CC	in	Prab	et	al.	2010	

CC	in	Simula,on	

NCC	in	Prab	et	al.	2010	

NCC	in	Simula,on	

Entropy	@	z~0	
	K=kT/n2/3e	

Rasia+2015	

Temperature	Profiles	
	
	
	
	
	
	
	
	
	
	
	
	 See	also	Hahn	2015	

Valdarnini	et	al.	2011	



Pressure	profile	(CC	vs	NCC)	

Biffi+	2016	(reply	to	Referee)	

Thermal	Pressure	

Total	Density	
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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).

Veronica	Biffi’s	talk	tomorrow	
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NCC	

CC	

OBS	

OBS	

SIM	

SIM	

Linked	to	dynamically	ac,ve	systems	

Linked	to	relaxed	and	regular	objects	

Flux	Maps	

Flux	Maps	

Temperature	Maps	

Temperature	Maps	



Passage	between	the	two	classes	
Pseudo-Entropy	Maps	

Rasia+2015	

NCC	->	CC	

CC	->	NCC	



Stellar	Proper?es	

In	prep	

R<10%	R500	

OBS	

MBH-M*	rela,on	to	calibrate	feedback	parameters.	Observa,ons	from	
McConnell	&	Ma	2013.	
M*BCG-M500	in	agreement	with	observa,ons	(Kravtsov+14)	
Total	stellar	mass	also	close	to	observa,ons	(Gonzalez+13,	Kravtsov+14)	

MBH	vs.	M*	

Mstar	vs.	Mtot	

@	R500	

OBS	Mstar	 central	
Mstar	

Mtot	
	

Mtot	
	



TEMPERATURE	 ENTROPY	

PRESSURE	 CLUMPING	FACTOR	

Planelles	et	al.	2016	(sub.)	

CLUMPING	
FACTOR	
	@Z=0	



SR	Evolu?on:-Slopes	
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u  βMg	changes	due	to	the	z=2	
AGN	intense	ac,vity	that	
provide	significant	thermal	
energy	to	the	gas	that	accretes	
at	slower	rate	into	the	cluster	
poten,al	well	

u For	the	evolu,on	in	the	
normaliza,on	one	needs	to	be	
sure	that	β	is	constant	

u  =>	cosmology	can	be	done	
using	objects	with	redshiq	
between	0	ad	1	

Troung+	2016	to	be	submibed	

Log(Y)	

Log(X)	

Y	=	C0	×	E(z)γ	×	(X/X0)β	
Slope	

M-Mgas	 M-T	

M-Y	 L-M	



CC	in	Ebori	et	al.	2015	

NCC	in	Ebori	et	al.	2015	

Iron	Abundance	
at	z~0	

Process	driving	evolu,on	of	
chemical	enrichment:	
•  Ini,al	Mass	Func,on	
•  SNIa,	SNcc,	AGB	yields	(and	
evolu,on)	

	
Metal	diffusion	into	the	intra-
cluster	medium:	
•  Early	superwinds	
•  Late	ram	pressure	stripping	
•  	Minor	mergers	in	the	core	
•  Upliq	by	AGN	bubbles	

CC	in	Simula,on	

NCC	in	Simula,on	

Rasia+2015	



Metals	
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In	prepara?on	

•  metal/entropy		rela,on	in	
the	core	

•  [α/Fe]	ra,o	
Correla,on	coeff	

R=-0.52	

Pseudo-entropy	



Where	is	the	flatness	of	the	ra?o	
coming	from?	

In	prepara?on	

1.	Metals	spread	inside-out	
(AGN	ouvlows	+	mergers)	

2.	Gas	accreted	is	already	
enriched	
(High-z	AGN	expelled	
enriched	gas	that	
accretes	in	a	second	
moment)	

Iron	radial	Profile	of	1	cluster	@	z=2	

WITH	AGN	
WITHOUT	AGN	

	
	
	
														Stellar	density	

Same	cosmology	
Same	merging	history	
S,ll	similar	stellar	profiles	
Only	difference	in	presence	of	AGN		

The	possible	explana,ons:	



Iron	Distribu?on	

WITHOUT	AGN	

AGN	

																			z=5.8																																																	z=5.5																																																	z=5.2										



z=5.5	 z=3.8	
z=3	 z=2	

Iron	Distribu?on	
At	larger	scales	
(6	Mpc		
comoving)	
	
Gas	(metals)	
keep	expanding	
up	to	z=3-4.	
By	z=2	the	large	
scale	medium	is	
all	enriched	
(also	by	other	
sources)	



New	BH	accre?on	
model	

It	is	the	cold	mode	that	drives	BH	accre,on/
AGN	feedback	(“cold	chao,c	accre,on”	driven	
by	thermal	instabili,es,	Gaspari	et	al.	2013)	

New	AGN	
Feedback	model	

Steinborn	et	al.	2015	

Separated	radia,on	and	ouvlow	
efficiencies	



Summary	

CC/NCC	clusters	are	naturally	formed	in	cosmological	
hydro-dynamical	simula,ons	with	realis,c	thermo-	and	
chemo-dynamical	proper,es.	
	
No	significant	evolu,on	on	the	ICM	quan,,es	from	z=0	
to	z=1	->	suitable	redshiq	range	to	do	cosmology	by	
using	ICM	
	
Flatness	of	the	Iron	profile	mostly	due	to	the	accre,on	of	
previously	enriched	material	expelled	by	the	AGN	at	
z>2-3	


