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COSMOLOGY	WITH	CLUSTERS	OF	GALAXIES	
• Massive Clusters of galaxies are one of the most powerful cosmological

probes. Their abundace with redshift put strong constrains on the total
mass and dark energy content of in the Universe. Need large cluster
surveys based on X-ray, radio (SZ), or optical to compare with theoretical
mass functions from different models n(M,z).

• First step is to weight the observed clusters by using tight, well-
determined scaling relation between survey observable (e.g. Lx, SZ,
Luminosity) and mass, with minimal intrinsic scatter.

Calibration of scaling
relations can only be
done by simulating
mock galaxy cluster
catalogues from large
volume simulations.

But clusters physics is
complex to simulate..



SIMULATING	A	CLUSTER	CATALOG
• Massive	clusters	are	very	rare	objects.	Need	to	simulate	large	

boxes	(>	1	Gpc).	High-resolution		hydro-sims	+	baryonic	
processes		are	still	very	expensive	to	run		in	large	boxes.

• Alternative: objects	are	selected	in	big	boxes		and	simulated	
individually		using	ZOOMING	technique.

• Only	baryons	are	added	to	the	resimulated area.



THE			MUSIC PROJECT
Compile an extended sample of high-resolution gasdynamical
resimulations of clusters:

Two selection criteria:
vBased on the dynamical state:

vBullets vs. Relaxed cluster (from MN simulation, Forero-Romero+
2012)

vA mass selected volume limited sample:
vSelection of all clusters above a given mass cutoff.
vExtracted from large N-body volumes: MULTIDARK simulation.

van ART dark matter only simulation performed at NAS Ames
vabout 8.6 billion particles (20483) in a (1 Gpc/h)3 volume
vWMAP7 cosmological parameters5



MARENOSTRUM (MUSIC-1) resimulated clusters
•164 (82 relaxed clusters – 82 ‘bullet-like’)
Only few objects with M > 1015 h-1MSUN

MULTIDARK (MUSIC-2) resimulated clusters
•283 lagrangian regions of 6/h Mpc radius@z=0
•> 500 clusters M > 1014 h-1MSUN
•> 2000 objects M > 1013 h-1MSUN

Many objects with M > 1015h-1 MSUN
mDM=9.01×108h-1MSUN - mSPH=1.9×108h-1MSUN
Each cluster described by several millions of particles

}

}

cooling + star formation 
(CSF) + AGN (Trieste model)  
resimulations

cooling + SFR 
resimulations
( Multiphase feedback model:  
Yepes+ 1997; Springel & 
Hernquist, 2003)

700 resimulated clusters with M > 1014 h-1MSUN

Large statistics to study baryonic properties and calibrate 
scaling relations

THE MUSIC DATASET

Largest	dataset	of	hydrodynamical simulations	of	galaxy	clusters
(Sembolini et al., MNRAS, 2013, 429,323) 



MUSIC-2 is a complete mass selected volume  limited sample: 
all objects beyond a (redshift varying) mass limit formed in the 
1h-1Gpc  simulation have been resimulated. 

All MUSIC data (X-rays, SZ)will be publicly available 
through the website http://music.ft.uam.es
(initial	conditions	already	available	online!)
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EXTENSION	OF	THE	MUSIC		SAMPLE	
TOWARDS	GROUP-LIKE	OBJECTS	

• IN	ORDER	TO		ENLARGE	THE	MUSIC	DATABASE	TO	INCLUDE		LOWER	MASS	CLUSTERS,	WE	
HAVE	EXTRACTED	A	NEW	SAMPLE	OF	OBJECTS	FROM	THE	MULTIDARK	SIMULATION:

• WE	LOWER	THE	MINIMUM	MASS	THRESOLD	TO	BE	COMPLETED		IN	MASS	TO	
• 1015 ->	5	X	1014 /h		Msun
• A	TOTAL	OF	154	NEW			ZOOMED	REGION	CENTRED	ON	CLUSTERS	 IN	THIS	RANGE	

• THE	NUMBER	OF	OBJECTS	FROM	5E14	TO	5E13	IS	TOO	LARGE	(	>	48	K	OBJECTS)

• THEREFORE,	WE	HAVE	SELECTED	A	SUBSAMPLE		OF	THEM	THAT	ARE	IN	ISOLATION		

• WITH	NO		OTHER	OBJECT	OF	SIMILAR	MASS		OR	HIGHER		WITHIN		6	MPC	RADIUS	
AROUND	EACH	OBJECT.	

• THIS	SUBSAMPLE	WILL	BE	COMPARED	WITH	SIMILAR	OBJECTS	THAT	ARE	PRESENT	IN	THE	
MUSIC	DATABASE	AS			GROUPS	CLOSER	TO		MASSIVE	CLUSTERS.

• TOTAL	OF		391	ADDITION	REGIONS	CENTRED	ON		SELECTED	OBJECTS	WITH	
• 5X1013 <	M		<	5x1014 Msun.	

• THUS	THE	NEW	SAMPLE	CONSISTS	OF	545	NEW	RESIMULATED	REGIONS	OF	6	MPC.



SCIENCE	WITH	MUSIC	CLUSTERS
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We can	study scaling relations dependence from cluster:

• MASS
>	100	massive clusters (M	>	1015	MSUN)	in	MULTIDARK	(MUSIC-2)	

simulations
1014-1015	MSUN range covered by MARENOSTRUM	(MUSIC-1)	sim.

• PHYSICS
NR	and	C.+SFR	simulations

• OVERDENSITY
analysis of	scaling rel. at	D =	200,500,1000,1500,2000,2500

• REDSHIFT
analysis of	scaling rel. at	z	=	0,	0.11,	0.25,	0.33,	0.43

• MORPHOLOGY	
effect of	disturbed morphologies on scaling rel. (MUSIC-2)



MNRAS	2013,	429,	323

• Baryon	properties
• Local	Thermal	SZ	scaling	relations
• Redshift	evolution	of	the	SZ	scaling	laws.



GAS FRACTION  : COMPARISON WITH OBSERVATIONS

CSFR clusters:
• Dc=500	fgas =	(0.118±0.005)
• fgas compatible	with	observations	

at	overdensities <	2500	(LaRoque
2006	(LR06);	Maughan 2006	
M(06);	Vikhlinin 2006	(V06);	Ettori
2010	(E10);	Zhang	2010	(Z10)	)

• fstar higher	than	observational	
data	(0.05	vs 0.01,	effect	of	
overcooling?)	

Sembolini et al. 2013
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The Y – M scaling relation
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The Y	integrated Comptonization parameter is proportional to	total	
thermal energy of	electrons in	ICM	that can	be	derived from thermal
SZ:	
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Y extracted from simulated maps

We	build	the	y-map	of	the	cluster	
and	extract	the	integrated	Y
To	extract	the	YSPH we	consider	
only	particles	inside	rD (spherical	
integration	domain)

resolution

(ray-tracing)

Y ≡ ydΩ∫

ypix =
i
∑

α

∑ kBσ T

mec
2 Te,ine,iW (ri,hi )d i

YΔDA
2 = yi

i,r<rΔ
∑ ⋅πdlpix

2
res ≡ r200

20



      

1.62

1.64

1.66

1.68

1.70
1.72

A

      

 
 
 
 
 
 

2500 2000 1500 1000 500 0
∆

-30.0
-29.5

-29.0

-28.5

-28.0

-27.5
-27.0

B
2500 2000 1500 1000 500 0

∆

 
 
 
 
 
 
 

Y – M scaling relation : MUSIC
The	analysis	of	MUSIC	massive	clusters	Y-M	
scaling	relation	confirms the	self-similar	
scenario	

As	in	observational	
scaling	relations,	we	
assume	fgas constant
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Y – M : MUSIC vs Planck 

Agreement  between 
MUSIC CSF clusters 
and Planck scaling 
relation

Planck	Results	2013	XX	

71	clusters
Cluster	masses	from	X-rays	observations
(HSE	hypothesis,	20%	error	– mainly	due	
to	uncertainty	on	temperature	estimate)
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HSE bias estimation with MUSIC
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true X-rays	observations	:	bias	
estimated	to	be	b ~ 0.2

MUSIC	:	temperature	profiles	using	mass-
weighted	temperature
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clusters,	in	agreement	with	
other	simulations	(Nagai+	2007,	
Lau+	2009,	Kay+	2012,	Rasia+	
2012)

sb=	0.43



The redshift evolution of  the Y-M scaling relation 

1. Fitting the evolution of A and B parameters with redshift in the form:

2 .Generating a sample of clusters at different redshifts, looking for a possible 
dependence from redshift in the form

Each cluster appears in the sample only at one 
redshift and that the subset is populated according to 
the cluster abundances observed in MUSIC as a 
function of z. Use MCMC to obtain best fit A and b
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Redshift  evolution of  the Y-M scaling relation

No	redshift	evolution	
at	low	overdensities

Only at high 
overdensities and at     

z > 0.5 a small 
deviation from self-
similarity is present

CSFR

A

B

s

1+z Sembolini et al. 2013

2500500



Redshift  evolution of  the Y-M scaling relation (2) 

The fit results are 
still fairly 

consistent with
self similarity and 

no additional 
redshift evolution

in the
Y-M scaling 

relation

Dc = 500

A



The	MUSIC	Work	in	progress

• Proto-cluster	scaling	laws	(Sembolini+	2013)
• X-ray	vs SZ		scaling	relations	(Biffi+	2014)

• Kinetic	SZ		scaling	relations	(de	Petris +	2014)
• Optical	scaling	relations	(Richness	vs Mass)
• Strong	Lensing	statistics		(Vega+	2014)
• Resimulations of	all		MUSIC	clusters	with	AGN		
feedback	modelling	

• (in	coll.	Murante,	Borgani et	al	).	FINISHED		



Protoclusters of  galaxies in MUSIC simulations

• Only	radiative	clusters	analysed
• Analysis	of	protoclusters evolving	in	the	most	massive	
clusters	of	galaxies		- Mv >	5×1014 h-1MSUN at	z=0	(282	
clusters):

• 282	main	progenitors	(most	massive	
protocluster for	each	object)

• 5	most	massive	protoclusters for	each	cluster	
(1410	protoclusters)

• 3	different	redshifts	analysed:
• z	=	1.5,	2.3,	4.0

• Properties	of	protoclusters studied	at	virial	radius
• At	z	=	4	~	70%	of	most	massive	objects	correspond	to	
the	most	massive	objects	at				z	=	0	(>80%	at	z	=	1.5)



Defining a protocluster in a numerical simulation

• Using	merger-tree,	we	trace	all	the	objects	at	high	redshift(s)	which	will	
end	up	into	a	cluster	at	z	=	0

• We	define	as	protocluster the	most	massive	high-redshift	object	among	
all	the	cluster’s	progenitors



Evolution of  the Y-M relation in PROTOCLUSTERS  

• Y-M	scaling	relation	starts	to	deviate	from	self-similarity	at	
z	>	0.5	(Sembolini	et	al.	2013)

• Deviation	from	self-similarity	becomes	stronger	at	z	>2
• Effect	of	resolution	of	physical	effect?



Synthetic	X-ray	
observations	of	MUSIC	
galaxy	clusters	in	the
have	been	performed	by	
means	of	the	X-ray	photon	
simulator	PHOX	(Biffi et	
al.,	2012	MNRAS)

Synthetic	Chandra	spectra	 X-ray	luminosity	Lx,	temperature	Tx inside	R500

MNRAS	439,	588,	2014	
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• Steeper	than	self-similar	predictions
• Still	shallower	than	(some)	observations

σ LogLx ≈ 0.11

Biffi,	etal 2014
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Aself −similar ≈1.25
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Best-fit relations mirror self-
similarity, but:
• Y-LX is shallower
• Y-TX closer to self-similar pred.
Scatter is present, most likely
introduced by X-ray measures
(consistent w/ literature, e.g. 
Morandi et al.07)
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Comparison	of	
MUSIC	X-ray	scaling	
relations		with	
observations	and	
other	simulation	
works.



Tension	with	ΛCMD?
The	observed	distribution	of	Einstein	radii	is	much	larger	than	
the	one	predicted	by	analytical	models	within	the	ΛCDM	
model.

MUSIC dataset: triaxiality, sub-structures, 
unrelaxed/merging clusters

taking 100 random orientations of each MUSIC cluster to 
explore explicitly the effects of triaxiality, sub-structures and 
relaxation

Using detailed ray-tracing (Skylens, Meneghetti et al. 2008) in 
each projection to compute 2D convergence maps and 
critical lines

Projected M2D and c2D bear no relation with the actual 3D 
values

Critical lines: sizes and ellipticities.
Correct NFW model from these effects
Largest θE = 55’’, unrelaxed cluster @ z=0.333 
(MACS0717)
Full cosmological distribution of θE combining halo 

abundance + Monte-Carlo samples.

Make  predictions on the distribution of θE for SDSS and 
all-sky surveys, comparison with CLASH clusters,...

The distribution of Einstein radii 3
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Figure 1. Left panel: Average convergence profiles for 100 different projections of one cluster (Mvir = 1.18x1015h�1
M� at z = 0.250); the horizontal

dashed line shows the ̄ = 1. Residuals of the NFW fit to the average convergence profiles on the above panel (bottomleft). Central panel: NFW Fitting
parameters, c2D vs M2D , for each projection (black crosses). The red circle represents the cvir , Mvir , where cvir is derived using the concentration-mass
relation proposed by (Prada et al. 2012). Right panel: Einstein radius distribution (in arcsec).

at z = 0.250 are shown in the left panel of Fig. 1. The residuals
of the NFW fit to the convergence profiles shows the robustness
of the fitting procedure in the range [10,⇠ 100]h

�1
kpc. The bias

in mass and concentration due to the cluster triaxiality and to the
presence of substructures within the virial radius of the cluster is
clearly seen in the center panel in Fig. 1. In the same panel we also
plot the virial mass and concentration (red circle), where the con-
centration is estimated following the concentration-mass relation
proposed by (Prada et al. 2012). As studied in the recent paper by
(Meneghetti & Rasia 2013), higher concentrations are expected at
the same mass scale than for the concentration-mass relation given
by (Duffy et al. 2008). The right panel in Fig. 1 shows the esti-
mation of the size of the Einstein rings produced by this example
cluster considering a fiducial source at redshift zs = 2.0. We obtain
the radial size by interpolating the average convergence profiles at
̄ = 1, then we compute the angular size of the Einstein radius,
labeled as ✓NFW , by substituying in Eq. 7. We observe the great
range in size of Einstein radius for the same lens configuration de-
pending on the projection; in this particular case, the minimum and
maximum sizes are 17” and 43”, respectively.

In Fig. 2 we show the rescaled mass QM = M2D/Mvir and
concentration Qc = c2D/cvir estimates for each cluster in four
redshift bins.

For a direct comparison with the results given by Giocoli et al.
(2012), in Fig. 3 we show the median and the two quartiles of the
rescaled mass and concentration. From this figure we notice that
the concentration estimate is more biased than the mass estimate,
therefore the concentration estimate is more influenced by the trix-
iality and the presence of substructures when protecting the cluster
mass along the line-of-sight.

2.3 Ray-tracing method

We used an existing ray-tracing code that has been widely used in
the past to derive the strong lensing properties of the MUSIC clus-
ters. The code is called Skylens (Meneghetti et al. 2008). It was
initially developed for mimicking observations of galaxy clusters
obtained from N-body and hydrodynamical simulations, including
lensing effects.

We have run Skylens over the full MUSIC-MD dataset, 100
projections per cluster at four different redshift bins. For each pro-
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Figure 4. Cumulative Einstein radius distribution of MUSIC-MD clusters
at four different redshifts (✓NFW > 1000). Estimations of the size of the
Einstein radius by fitting the convergence profiles (solid lines) and by ray-
tracing (dashed lines).

jection we produce (1 � ̄) maps and compute the contour of the
tangential critical line (1 � ̄ = 0). The surface covered by the
tangential critical line allows us to estimate the size of the Einstein
radius produced by the MUSIC-MD clusters, hereafter ✓skl. In this
case, the results are not based on the assumption of spherical sym-
metry, and that is why we claim that this approach is independent
to the one used in the previous section.

The cumulative distribution of Einstein radius is shown in Fig.
4 for all the projections with ✓NFW > 10

00. The solid lines repre-
sent the estimation of the size of the Einstein radius obtained by
fitting the average convergence profiles of the clusters, ✓NFW . The
dashed lines represent the size of the Einstein radius computed as
explained in this section, ✓skl, by computing the area covered by
the tangential critical line in the (1� ̄) maps.

c� 2011 RAS, MNRAS 000, 1–8

STRONG	LENSING		STATISTICS
(J.	Vega	&	D.Valls-Gabaud)



• Selection	of	MUSIC	clusters		that	mimic	
the	X-ray	emission	of	selected	CLASH	
clusters	(X-MAS	code	by	E- Rasia).	

• Use		the	MUSIC	equivalent	clusters	to	
derive	properties	of	the	concentration-
Mass	relation,	shapes,	projection	
effect	etc.	



MUSIC		with		AGN	FEEDBACK
Same code as	in		
Trieste’s first Dianoga
simulations
(Planelles	et	al		2014)



CLUSTER	GAS	ROTATIONS

Rotating clusters :		lgas>lgas_crit=0.07
4%	of	clusters are	classified as	rotating clusters.
Rotational support is marginal	(16%	at	Rvir)	but non	negligible.	
40	%	of	rotating clusters exhibit co-rotation of	gas	and	dark matter.	
Rotation of	gas	can		be	used to	derive	dark matter motions from k-
SZ	or X-ray spectroscopy.



CLUSTER	GAS	ROTATIONS

Rotation	of	gas		as	seen	
by		high	resolution	KSZ	
maps	from	NIKKA2	
camera.

Rotating		gas	shown	as	a	
clear	dipole	in	the	maps.

Two extreme	cases	of	
clusters:

The	most	rotationally	
supported	gas	and	the	
least	one		in	relaxed	
MUSIC	cluster	sample.



Radio	- MUSIC	

NRAO		VLA	Sky SurveyRadio	Relics in	MUSIC		CLUSTERS	

More	info about this work to	Sebastian

MNRAS,	in	press



nIFTy CLUSTER	COMPARISON	PROJECT

Largest comparison project of galaxy
clusters since Santa Barbara 98
One of the MUSIC clusters resimulated
with 13 different codes.
Classical and New SPH versions performs
similar to AMR
Next: introducing radiative effects



nIFTy CLUSTER	COMPARISON	PROJECT

DIFFERENT		HYDRO	
CODES	+	RADIATIVE		
PROCESSES:

• COOLING
• SF
• SN	FEEDBACK	
• AGN	FEEDBACK



nIFTy CLUSTER	COMPARISON	PROJECT



The 300		Comparison Project

• 300+	Clusters	selected	from	a	new Mutidark Planck	1Gpc	volume	done	in	Planck cosmology.	
• Larger		resimulated areas	(	15	Mpc radius)	.
• Several	SPH,	AMR	and	Moving	Mesh	codes	+	different	subgrid physics	implementations.
• Synthetic	maps	of	X-ray,	SZ,	Optical	and	Lensing	will	be	provided	to	user	participants.
• +		BONUS
• The	Multidark-Planck		N-body	simulation	at	full	resolution	(38403	 particles)		has	been	used	

for	yet	another	comparison	project	on		Semi-Analytical	Galaxy		Modelling.	(Galacticus,	
SAGE,	SAG)

• Now,	we	can	do	the	cross-correlations	between	SAM		and		hydro		galaxies	in	clusters	and	in	
the	field	(	several	field	regions		devoid	of	clusters	are		being	simulated)	.





CONCLUSIONS
• MUSIC is currently one of the largest dataset of a mass selected

volume limited sample of hydrodynamical simulated galaxy
clusters.

• Constitutes a powerful test suite to study the effects of different
physical modeling in shaping the scaling laws of galaxy clusters in
different wavebands, ranging from X-ray, optical and radio.

• Every body is very welcome to play with the MUSIC of galaxy
clusters.

ICS	AVAILABLE	ONLINE	AT		
http://music.ft.uam.es



THANK	YOU

music.ft.uam.es
gustavo.yepes@uam.es


