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Resumen

Los cúmulos de galaxias son las mas grandes estructuras virializadas
en el Universo, alcanzando masas viriales de más de 1015 masas solares.
Están en la cúspide de la jerarqúıa de la formación de estructuras, en tanto
que son el resultado último de la evolución a través de los procesos de
fusión de galaxias. Aunque los cúmulos de galaxias suelen contener entre
decenas y centenares de galaxias luminosas además de miles de galaxias
mas débiles, la componente estelar solo constituye una pequeña fracción
de su masa. Aproximadamente el 85 por ciento de la masa total de los
cúmulos de galaxias consiste en realidad en materia obscura. La materia
obscura es por tanto la componente que domina la formación y la evolución
de estos objetos, lo que los hace los laboratorios ideales para testar modelos
cosmológicos.

La mayor parte de la componente barionica de los cúmulos de galax-
ias está en la forma de un plasma caliente que rellena los espacios inter-
galácticos y contribuye aproximadamente al 15 por ciento de la masa total.
El medio intra-cúmulo (ICM) es calentado por compresión adiabatica y por
ondas de choque hasta temperaturas de 107 - 108 K. El ICM se encuentran
sometido a un número elevado de procesos f́ısicos: si el gas está suficien-
temente denso se enfŕıa mediante procesos radiativos y empieza a formar
estrellas, dando lugar también a la producción de agujeros negros masivos,
supernovas y núcleos galácticos activos que inyectan metales pesados den-
tro del cúmulo. Por estas razones, podemos definir los cúmulos de galaxias
como ’el cruce de caminos entre la Astrof́ısica y la Cosmoloǵıa’ (Kravtsov &
Borgani 2012). Estudiando sus masas y su distribución numérica es posible
conocer el contenido de materia y enerǵıa cosmológico, pero también con-
stituyen un entorno astrof́ısico ideal para explorar todos los procesos que
tienen lugar durante la formación de las galaxias.

Por la misma naturaleza de la materia obscura, esta no puede ser di-
rectamente observada. La información mas relevante sobre las propiedades
de la materia oscura en los cúmulos tiene que ser extráıdas a partir del es-
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tudio del ICM. Debido a las temperaturas extremamente altas del gas, la
emisión del ICM alcanza su máximo en la banda de rayos X. Por tanto, los
experimentos de detección en estas frecuencias siempre han llevado un papel
dominante en las observaciones de la componente gaseosa de los cúmulos,
desde las primeras observaciones del cúmulo Coma (Cavaliere, Gursky &
Tucker, 1971) hasta los grandes surveys, como Chandra o XMM-Newton,
que han medido los espectros en rayos X de centenares de cúmulos.

En los ultimos años, las observaciones en frecuencias de microondas
han empezado también a demonstrar su enorme potencial para estudiar
las propiedades de los cúmulos. Cuando los fotones de la radiación cos-
mica de fondo (CMB) atraviesan el ICM de los cúmulos, interactúan con
los electrones libres del gas ionizado mediante efecto Compton inverso.
Como consecuencia, la frecuecias de los fotones se ven aumentadas liger-
amente, produciendo una distorsión en el espectro de la CMB, llamada
efecto Sunyaev-Zel’dovich (SZ, Sunyaev & Zel’dovich 1970). Los resultados
de los surveys de SZ, obtenidos tanto por experimentos en tierra (ACT y
SPT) como por misiones en satélites (PLANCK), han empezado a producir
los primeros catálogos SZ de cúmulos, confirmando la validez del parametro
Compton integrado Y (que mide el flujo total del SZ de un cúmulo) como
un poderoso instrumento para determinar la masa de los cúmulos. El ICM
parece seguir el modelo auto-similar (Bryan & Normam, 1998), que bajo la
hipótesis de equilibrio hidrostático predice leyes de potencia simples entre
las propiedades globales de los cúmulos.

Al igual que el desarrollo de las técnicas experimentales ha permitido
observar centenares de cúmuluos en varias bandas de frecuencias, también
las simulaciones cosmológicas han demonstrado ser una herramienta impres-
cindible para describir las estructuras a gran escala cada vez con mejor pre-
cisión. Las simulaciones de materia oscura en grandes volumes cosmológicos,
como la simulación Millennium (Springel et al., 2005) o la simulación Multi-
dark (Prada et al., 2012) han permitido determinar la abundacia de cúmulos
en función de su masa dinámica y sus implicaciones cosmológicas. Por otro
lado, las simulaciones hidrodinámicas han logrado describir las dinámicas
de las componentes bariónica y de materia oscura, aśı como los procesos
f́ısicos que afectan al ICM.

La filosof́ıa detrás del trabajo presentado en esta tesis es la de cons-
truir un conjunto de simulaciones hidrodinámicas con suficiente estad́ıstica
y al mismo tiempo con una minuciosa descripción de la f́ısica del ICM,
con el objetivo de calibrar las diferentes relaciones de escala y explorar las
propiedades globales de los cúmulos. Identificando los objectos masivos ge-
nerados en grandes simulaciones cosmológicas de N-cuerpos, los hemos resi-



mulado añadiendo la hidrodinámica del gas, mediante el método de Smooth

Particle Hydrodynamics (SPH), junto con otros procesos f́ısicos relvantes
que incluyen el enfriamiento radiativo, la fotoionización por un fondo de fo-
tones UV, la formación estelar y distintos procesos de feedback asociados a
la explosión de supernovas. La base de datos con los objetos que hemos sim-
ulado, denominada MUSIC, constituye hasta el momento de escribir esta
tesis, el conjunto de simulaciones hidrodinámicas de cúmulos de galaxias
más grande realizado, y comprende más de 700 cúmulos (de los cuales más
de cien con Mvir >1015h−1

M⊙) y 2000 grupos de galaxias.

Hemos aprovechado las caracteŕısticas de MUSIC para investigar un am-
plio espectro de propiedades de los cúmulos, prestando una atención partic-
ular al contenido en bariones y a las relaciones de escala. Hemos calculado
la fracción de bariones, gas y estrellas de MUSIC comparando con las ob-
servaciones mas recientes y con resultados de otras simulaciones. Hemos
realizado el estudio en función de las masas dinámicas de los cúmulos a dis-
tintos redshifts y radios de apertura. El estudio de la componente bariónica
ofrece también la posibilidad de cuantificar el impacto de algunos problemas
numéricos, como son el efecto del overcooling, sobre la descripción del ICM
derivada de las simulaciones SPH.

El objetivo central de esta tesis ha consistido en determinar la validez del
modelo autosimilar y la calibración precisa de la relación de escala Y −M ,
que, como ya hemos mencionado, gracias a los recientes resultados de los
surveys SZ ha demonstrado ser un poderoso instrumento para medir la masa
de los cúmulos con un bajo nivel de error. Para ello, hemos producido ma-
pas sintéticos del efecto SZ térmico, y a partir de ellos, hemos extráıdo el
parámetro Compton integrado Y . Hemos comparado nuestros resultados
con las predicciones teóricas y con la mas reciente calibración de la relación
Y500 −M500 calculada por la colaboración PLANCK (Planck Collaboration
et al. 2013d). Además, hemos comprobado la validez del modelo autosi-
milar para distintos redshifts, extendiendo por primera vez el estudio de la
relación Y −M a protocúmulos, analizando los progenitores de los cúmulos
masivos de MUSIC a z > 1.

En la segunda parte de la tesis hemos extendido el estudio de las rela-
ciones de escala también a las propiedades de emisión en rayos X de MUSIC.
Efectivamente, las medidas en la banda X constituyen la contrapartida natu-
ral de las observaciones SZ, en tanto que ambas permiten medir la densidad
de gas de los cúmulos. Analizando nuestros cúmulos simulados a través del
código espectrofotométrico PHOX (Biffi et al., 2012), hemos obtenido obser-
vaciones sintéticas del satelite Chandra, y derivado propiedades observables



globales del ICM de los cúmulos MUSIC, como son la temperatura o la
luminosidad en X, comparándolas con otras cantidades integradas, como la
masa total o el Y integrado, explorando aśı las relaciones de escala mixtas
SZ-X.

Finalmente, motivados por los resultados de Hand et al. (2012), que
por primera vez han obtenido una evidencia estad́ıstica de los movimientos
peculiares de los cúmulos a través del efecto SZ cinético, hemos propuesto
una nueva relación de escala, que relaciona las velocidad peculiares de los
cúmulos, y el efecto cinético SZ inducido por éstas, con la masa total de los
cúmulos.



Abstract

Gli ammassi di galassie sono gli oggetti i più grandi oggetti gravitazional-
mente legati dell’Universo e raggiungono masse viriale superiori a 1015 masse
solari. Si trovano nel punto piú alto della gerarchia della formazione di strut-
ture, poiché si evolvono come il risultato di merging di galassie e di altri
oggetti minori. Nonostante generalmente contengano decine o centinaia di
galassie brillanti oltre che migliaia di galassie più deboli, la componente stel-
lare costituisce solo una piccola frazione della massa. Circa l’85 per cento
della massa di una ammasso infatti è consiste in materia oscura. La materia
oscura è quindi la componente che guida la formazione e l’evoluzione degli
ammassi. Questa caratteristica fa di queste strutture il laboratorio ideale
per testare modelli cosmologici.

La maggior parte dei barioni di un ammasso di galassie si trova nella
forma di un plasma caldo che riempie gli spazi tra le galassie e racchiude
circa il 15 per cento della massa totale. Il mezzo intra-cluster (ICM) viene
riscaldato dalle compressioni adiabatiche e dagli shock fino a temperature di
107 - 108 K. Nell’ICM ha luogo un vasto insieme di processi fisici: se il gas è
sufficientemente denso si raffredda e comincia a formare stelle, dando inizio
anche alla produzione di buchi neri massivi, supernovae e nuclei galattici at-
tivi che iniettano elementi pesanti all’interno del cluster. Per queste ragioni,
possiamo definire gli ammassi di galassie come ’il crocevia tra cosmologia e

astrofisica’ (Kravtsov & Borgani 2012): se infatti da un lato lo studio della
loro massa e distribuzione permette lo studio del background cosmologico,
gli ammassi costituiscono l’ambiente astrofisico ideale per esplorare tutti i
processi che avvengono durante la formazione delle galassie.

A causa della natura stessa della materia oscura, un’osservazione diretta
di tale componente non è possibile. Le informazioni più rilevanti sulle pro-
prietà globali degli ammassi sono quindi estratte dallo studio dell’ICM. A
causa delle altissime temperature del gas caldo, l’emissione dell’ICM rag-
giunge il suo masssimo nei raggi X, che hanno quindi sempre svolto un ruolo
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dominante nelle osservazioni della componente gassosa degli ammassi, dalle
prime osservazioni dell’ammasso Coma (Cavaliere, Gursky & Tucker, 1971)
alle grandi survey, come Chandra e XMM-Newton, che hanno misurato gli
spettri di centinaia di cluster.

Nonostante questo, negli ultimi anni anche le osservazioni nelle mi-
croonde hanno cominciato a svelare il loro enorme potenziale: quando infatti
i fotoni della radiazione cosmica di fondo (CMB) attraversano l’atmosfera
di un cluster, interagiscono con gli elettroni caldi del gas e vengono legger-
mente spostati verso frequenze più alte, portando a una distorsione dello
spettro della CMB chiamato effetto Sunyaev-Zel’dovich (SZ, Sunyaev &
Zel’dovich 1970). I risultati delle recenti survey SZ, sia da esperimenti da
terra (SPT e ACT) sia da missioni su satellite (PLANCK), hanno comin-
ciato a produrre i primi cataloghi SZ di ammassi, dimostrando la validità
del parametro Compton integrato Y (che misura il flusso SZ totale di un
ammasso) come un potente strumento per ricavare la massa degli ammassi.
Il mezzo intracluster sembra infatti seguire il modello self-similare (Bryan &
Norman 1998), che sotto l’ipotesi di equilibrio idrostatico prevede semplici
leggi di potenza tra le proprietà globali degli ammassi

I progressi delle tecniche sperimentali hanno permesso fino ad ora di
osservare centinaia di ammassi in diverse bande di frequenza. Anche le
simulazioni cosmologiche hanno sperimentato un notevole successo nel de-
scrivere le strutture a grande scala con sempre maggiore accuratezza. Se
da una parte, infatti, le grandi simulazioni di sola materia oscura, come la
simulazione Millennium (Springel et al., 2005) o la simulazione Multidark
(Prada et al., 2012) hanno permesso di studiare la formazione degli ammassi
e le loro implicazioni cosmologiche, dall’altra le simulazioni idrodinamiche
di ammassi hanno reso possiblile descrivere con sempre maggiore cura la di-
namica di entrambe le componenti di materia oscura e barionica e i processi
astrofisici che avvengono nell’ICM.

La filosofia alla base del lavoro presentato in questa Tesi è quella di pro-
durre un dataset di simulazioni idrodinamiche di ammassi di galassie che
possano provvedere un’elevata statistica e allo stesso tempo un’accurata de-
scrizione della fisica dell’ICM. Questo dataset numerico può quindi essere
usato per testare relazioni di scala ed esplorare l’evoluzione delle proprietà
globali degli ammassi. Estraendo degli oggetti massivi da grandi simulazioni
cosmologiche N-corpi, li abbiamo risimulati usando Smooth Particle Hydro-

dynamics (SPH), oltre che un insieme di importanti processi fisici come il
cooling, la formazione stellare, la fotoionizzazione UV, e diversi processi di



feedback associati all’esplosione di supernovae. Il dataset finale, MUSIC,
è al momento della scrittura di questa Tesi, il più grande insieme di simu-
lazioni idrodinamiche di ammassi di galassie, e comprende oltre 700 ammassi
(di cui più di cento con Mvir > 1015h−1

M⊙) e oltre 2000 gruppi di galassie.

Abbiamo sfruttato l’elevata statistica e la fisica dettagliata di MUSIC
per per esplorare un ampio spettro di caratteristiche degli ammassi, con
particolare attenzione al contenuto barionico e alle relazioni di scala. Ab-
biamo calcolato la frazioni di barioni, di gas e di stelle del nostro dataset,
confrontando i risultati con le osservazioni più recenti e con altre simu-
lazioni, ed esplorando diversi redshift, range di massa e raggi di apertura.
Lo studio della componente barionica offre anche la possibilità di quantifi-
care l’impatto di alcuni problemi numerici, come l’effetto dell’overcooling,
sulla descrizione dell’ICM fornita dalle simulazioni SPH.

Il principale obiettivo di questa tesi è verificare la validità del modello
self-similare e calibrare la relazione di scala Y −M , che come già citato gra-
zie ai recenti progressi delle survey SZ ha dimostrato di essere un potente
strumento per misurare la massa degli ammassi con basso scatter. Abbiamo
quindi prodotto delle mappe sintetiche dell’effetto SZ termico e da queste
abbiamo estratto il parametro Compton integrato Y . Abbiamo comparato
i nostri risultati con le previsioni teoriche e con la più recente calibrazione
osservativa della relazione Y500 −M500 derivata da Planck Collaboration et
al. (2013d). Abbiamo inoltre testato la stabilità del modello self-similare
a diversi redshift, estendendo per la prima volta lo studio della relazione
Y −M ai protoammassi, studiando i progenitori degli ammassi massivi di
MUSIC a z > 1.

Nella seconda parte della tesi abbiamo esteso lo studio delle relazioni di
scala anche alle proprietà X del dataset MUSIC; le misure nell’X costitui-
scono infatti la controparte naturale delle osservazioni SZ, poiché entrambe
permettono di misurare la densità di gas degli ammassi. Usando il codice
spettrofotometrico PHOX (Biffi et al., 2012) abbiamo ottenuto osservazioni
sintetiche di Chandra e derivato le proprietà globabli osservative dell’ICM,
come la temperatura e la luminosità X. Abbiamo confrontato queste quan-
tità integrate con altre come la massa totale e il flusso SZ integrato Y ,
esplorando relazioni di scala miste SZ-X.

Infine, motivati dai risultati di Hand et al. (2012), che per la prima
volta hanno fornito una prova statistica dei moti peculiari degli ammassi
attraverso l’effetto SZ cinematico, abbiamo proposto una nuova relazione



di scala allo scopo di connettere le velocità degli ammassi, e l’effetto SZ
cinematico integrato da esse derivato, con la massa totale degli ammassi.



Abstract

Galaxy clusters are the largest gravitationally bound structures in the
Universe, with virial masses up to a few times 1015 solar masses. They sit on
top of the hierarchical formation of structures, as they evolve as the result
of the merging of galaxies and other smaller objects. Though clusters of
galaxy usually contain tens or hundreds of bright galaxies plus thousands of
fainter galaxies, the stellar component constitutes only a small fraction of
their mass. Approximately 85 per cent of the total mass of clusters consists
in fact of dark matter. Dark matter is therefore the component which leads
the formation and evolution of clusters. This makes these structures an
ideal laboratory to check cosmological models.

Most of the baryon component of galaxy clusters is in the form of an
hot plasma which fills the space between galaxies and encloses around 15
per cent of the total mass. This intracluster medium (ICM) is heated by
adiabatic compression and shocks up to temperatures of 107 - 108 K. A wide
range of physical processes take place in the ICM: if the gas is sufficiently
dense, it cools and begins to form stars, giving rise also to the production
of massive black holes, and to supernovae and active galactic nuclei which
inject heavy elements through the cluster. For these reasons, we can define
galaxy clusters as ’the crossroads of astrophysics and cosmology’ (Kravtsov
& Borgani, 2012). On the one hand, by studying their masses and number
density they provide insights of the cosmological background. On the other
hand they constitute an ideal astrophysical environment to study all the
processes that take place during the formation of galaxies.

Because of the nature of dark matter, a direct detection of this compo-
nent is not possible. The most relevant information on the global properties
of clusters is therefore extracted by studying the ICM. Due to the extremely
high temperatures of the hot gas, the ICM emission reaches its maximum
in the X-ray frequencies. Experiments in this band have therefore always
played a dominant role in the observations of the gas component of clusters,
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from the first observations of the Coma cluster (Cavaliere, Gursky & Tucker,
1971) to the large surveys, such as Chandra or XMM-Newton, which mea-
sured the X-ray spectra of hundreds of clusters.

Nevertheless, in the last years also observations at microwave frequencies
have started to demonstrate their enormous potential. When the photons
of the cosmic microwave backgrounds (CMB) cross the hot atmosphere of a
cluster, they interact with the free electrons of gas and are slightly shifted
towards higher frequencies, leading to a distortion of the CMB spectrum
called Sunyaev-Zel’dovich effect (SZ, Sunyaev & Zel’dovich 1970). The re-
sults of the recent SZ surveys, obtained from ground based experiments
(SPT and ACT) as well as from satellite missions (PLANCK), have started
to produce the first SZ catalogs of clusters, demostrating the validity of the
integrated Compton parameter Y (which measures the total SZ flux of a
cluster) as a powerful tool to infer the their total mass. The ICM seems
in fact to follow the self-similar model (Bryan & Norman, 1998), which,
under the assumption of hydrostatic equilibrium, predicts simple power-law
relations between the global properties of clusters.

The advances in experimental techniques have allowed to observe hun-
dreds of clusters in a multi-wavelength band. Cosmological simulations have
also experienced an impressive success in describing large scale structures
with increasing accuracy. On one hand, large volume dark matter only si-
mulations, such as the Millennium simulations (Springel et al., 2005) or the
Multidark simulation (Prada et al., 2012) have allowed to measure the mass
function of clusters and their cosmological implications. On the other hand,
hydrodynamical simulations of clusters have made possible to describe with
increasing accuracy the dynamics of both the dark matter and the baryonic
components and the physical processes taking place in the ICM.

The philosophy behind the work presented in this thesis is to produce
a dataset of hydrodynamical simulations of galaxy clusters which will si-
multaneously provide large statistics and at the same time an accurate de-
scription of the physics of the ICM. Then these numerical dataset is used to
calibrate the scaling relations and to explore the evolution of cluster global
properties. By extracting massive objects from big cosmological N-body
simulations, we have resimulated them with higher resolution and added
the gas physics by using Smoothed Particle Hydrodynamics (SPH), together
with a set of relevant physical processes that include radiative cooling, UV
photoionization, star formation and different feedback processes associated
to supernovae explosions. The final dataset named MUSIC, constitutes, at



the time of writing this Thesis dissertation, the largest sample of hydrody-
namical simulations of galaxy clusters, comprehending more 700 clusters (of
which more than one hundred with Mvir > 1015h−1

M⊙) and of the order of
2000 groups of galaxies.

We take advantage of the large statistics and detailed physics provided
by MUSIC to explore a wide range of properties of clusters, particularly
focusing on the baryon budget and on the scaling relations. We calculate
the baryon, gas and star fraction of our dataset, comparing our results with
most recent observations and with other simulations, and exploring different
mass ranges, aperture radii and redshifts. The study of the baryon com-
ponent offers also the possibility to quantify the impact of some numerical
issues, such as the effect of the overcooling, on the description of the ICM
provided by SPH simulations.

The main goal of this thesis is to check the validity of the self-similar
model and to calibrate the Y −M scaling relation, that as aforementioned,
thanks to the recent results of SZ surveys, has demonstrated to be a very
important tool to infer the mass of clusters with very low scatter. There-
fore, we built synthetic maps of the thermal SZ effect and from these, we
extracted the integrated Compton parameter, Y . We compare our results
with theoretical predictions and with the most recent calibration of the
Y500 −M500 scaling relation derived by the PLANCK collaboration (Planck
Collaboration et al. 2013d). Furthermore, we test the stability of the self-
similar model at different redshifts, extending for the first time, the study
of the Y −M relations also to protoclusters, i.e. the progenitors of MUSIC
massive clusters at z > 1.

In the second part of the thesis we extend the study of scaling relations
also to the X-ray properties of the MUSIC dataset. X-ray measurements
constitute in fact the natural counterpart of SZ observations, as they both
allow to quantify the gas density in clusters. Using the spectrophotometric
code PHOX (Biffi et al., 2012), we obtain synthetic Chandra observations
of the MUSIC clusters and derive observable-like global properties of the
ICM such as the X-ray temperature and luminosity. We compare them
with other cluster quantities such as the total mass or the integrated Y and
explore the mixed SZ-X rays relations.

Finally, motivated by the results of Hand et al. (2012), which gave, for
the first time, a statistical evidence of the peculiar motions of clusters via
kinematic SZ effect, we propose a new scaling relation in order to connect



cluster peculiar velocities, and the integrated kinematic SZ effect derived
from them, to the total mass of clusters.
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Chapter 1

Cluster of galaxies

Showing masses up to a few times 1015 solar masses (M⊙), clusters of
galaxies are the biggest gravitationally bound objects in the Universe. They
sit on top of the hierarchical model of structure formation, which predicts
that gravity drives structure formation by the collapse of regions showing
an excess of density: according to the concordance model (which predicts
a single model for the overall architecture of the Universe and the growth
of structures), density perturbations have greater amplitudes on smaller
scales determining sub-galactic sized objects to collapse and virialize first
and clusters of galaxies last.

Since at the end of nineteenth century Charles Messier and William Her-
schel discovered the tendency of galaxies to cluster and produced the first
catalogs of these massive objects, the importance of galaxy clusters as cos-
mological probes has enormously increased; the excess of mass (hundreds of
times the mass of all the stars in the cluster) deduced from the measured
velocity dispersions allowed Zwicky to postulate the existence of dark mat-
ter (Zwicky 1933). In the following decades X-ray observations and lately
measures of the Sunyaev-Zel’dovich (SZ) effect (see sec.1.8.1 for a detailed
description) showed the importance of the intracluster medium (ICM) in the
mass balance of clusters and at the same time confirmed the predominant
role of the dark component. The study of cluster formation has therefore
become fundamental to test cosmological models and to match them with
observations: at a first approximation it can be described as a dissipationless
collapse driven by dark matter (DM) from cosmological initial conditions in
an expanding Universe. One of the strongest models behind cluster forma-
tion is the simple self-similar model, which despite its simplicity is able to
reproduce observations with good accuracy. On the other hand, a correct
description of cluster formation and structures also demands the study of
many nonlinear astrophysical processes strictly related to the baryon com-
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1.1. THE COSMOLOGICAL MODEL

ponent: the heating of gas to high X-rays emitting temperatures determined
by adiabatic compression and shocks during the collapse, the process of star
formation and accretion of supermassive black holes as a consequence of the
gas cooling, the energetic feedback of supernovae (SN) and active galactic
nuclei (AGN) which heat the ICM and sprawls heavy elements through the
cluster volume, etc. In fact the deep potentials of clusters of galaxies define
them as almost perfectly isolated systems, the ideal astrophysical labora-
tory to study the physical processes taking places during the formation of
galaxies and their impact on the intergalactic medium.

For the reasons mentioned above, we can define clusters of galaxies as
’the crossroads of astrophysics and cosmology’ (Kravtsov & Borgani 2012).

1.1 The cosmological model

As cluster evolution is strictly related to the cosmological model, a clear
description of the latter is necessary to fully understand the former. One
of the most relevant advantage of the standard cosmological model is that
its main features depend on a small number of parameters: one set describ-
ing the geometry of the Universe, the mean density of its components and
how these change and evolve with time, and another set specifying the ini-
tial spectrum of density fluctuations, whose gravitational growth ended up
forming the clusters we observe at present time.

As the scale of the Universe is changing with time as it expands, the
most useful coordinate system to describe its geometry is a comoving sys-
tem, in which a scale factor a(t) tells us how the expansion (or a possibly
contraction) of the Universe depends on time. The scale factor is related to
the cosmological redshift as:

a =
1

1 + z
(1.1)

The distance d between two galaxies and the velocity v at which they appear
to be moving apart are related by the Hubble’s law, v ∼ H(t)d (in the
approximation for close objects), where the Hubble parameter is defined as:

H(t) =
ȧ

a
(1.2)

The value of H(t) at present time t0, H0, has been fully explored, and re-
cent measurements indicateH0 = 67.80±0.77 km/s/Mpc (PLANCK, Planck
Collaboration et al. 2013c) and H0 = 70.4+1.3

−1.4 km/s/Mpc (WMAP7, Ko-
matsu et al. 2011a).
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CHAPTER 1. CLUSTER OF GALAXIES

On very large scales, the Universe appears to be homogeneous and isotropic,
confirming the crucial role played by the Cosmological Principle in Cosmol-
ogy.

1.1.1 Friedmann Equations

It is possible to demonstrate (e.g. Weinberg 1972) that the assumptions
of homogeneity and isotropy are equivalent to require that the metric tensor
of the Universe assumes the form of the Robertson-Walker metric:

ds
2 = dt

2
− a(t)2

�
dr

2

1− kr2
+ r

2(dω2 + sinωdφ)

�
(1.3)

where t is the cosmic time and r, θ and φ are the spherical co-moving coor-
dinates. The curvature of space is described by the curvature index k = 0,
±1, and c the speed of light. General Relativity tells us that the geometry
of the space-time background is connected to its matter-energy content via
the Einstein field equations:

Gµν ≡ Rµν −
1

2
Rgµν = 8πGTµν + Λgµν (1.4)

Following the cosmological principle, the Universe can be considered to
behave as a perfect fluid, with a stress-energy tensor in the form:

Tµν = pgµν + (p+ ρ)uµuν (1.5)

where p is the pressure and ρ the density.
Inserting the perfect fluid tensor and the Robertson-Walker metric into the
Einstein field equations (and considering the stress-energy conservation law,
T

µν
;ν = 0) we can derive the Friedmann equations, which govern the dynamics

of the scale factor a(t):

�
ȧ

a

�2

=
8πG

3
ρ+

Λ

3
−

k

a2
(1.6)

ä

a
= −

4πG

3
(ρ+ 3p) +

Λ

3
(1.7)

where G is the Newton’s gravitational constant and Λ is the Einstein’s
cosmological constant. Those models, governed by Eq.1.6 and Eq.1.7, are
known as Lemâıtre-Friedmann-Robertson-Walker (LFRW) Universes.
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1.2. COSMOLOGICAL PARAMETERS

1.2 Cosmological parameters

If we want to study the different terms contributing to the stress-energy
tensor, it is helpful to use the density parameters, which define the fraction
of the critical density necessary for the Universe to have a spatially flat
geometry (k = 0):

Ωi(t) ≡
ρi(t)

ρc(t)
≡

8πG

3H2(t)
ρi(t) (1.8)

where the critical density is defined as:

ρc(t) =
3H(t)2

8πG
(1.9)

and its current value is ρc,0 = 3H2
0/8πG. If we consider the equation of state

in the form p = wρc
2 we can reformulate the first Friedmann equation as:

�
ȧ

a

�2

= H
2
0 [Ω0(1 + z)3(1 + w) + (1− Ω0(1 + z)2] (1.10)

where Ω0 is the current energy density ρ0.
The several components of the Universe have different equation of state, and
can influence differently the expansion history. Non-relativistic particles
with a mass density ρM have a negligible contribution to the total pressure,
w = 0. The energy density ρRc

2 in photons and other relativistic particles
exhibits a pressure with w = 1/3. Einstein’s cosmological constant acts like
an energy density ρΛc

2, that does not vary as the Universe expands and
therefore exerts a pressure with w = -1. Including these components in the
first Friedmann equation we have:

�
H

H0

�2

= ΩM(1 + z)3 + ΩR(1 + z)4 + ΩΛ + (1− Ω0)(1 + z)2 (1.11)

where Ω0 = ΩM + ΩR + ΩΛ and we can define the curvature parameter as
Ωk = 1− Ω0, which is null in the case of a flat Universe (Ω0 = 1).
The matter density parameter Ωm consists of a contribution Ωb from baryons
and a contribution ΩCDM from non-baryonic cold dark matter. The radia-
tion density parameter includes contributions from the photons of the mi-
crowave background, ΩCMB, and from relic neutrinos produced in the Big
Bang, Ων , as long as they remain relativistic particles. The physical origin
of the ΩΛ is still unknown. In order to check the possibility that it may
not be constant with time, one can replace the ΩΛ term with a generalized
dark-energy term ΩΛ(1 + z)3(1+w).
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CHAPTER 1. CLUSTER OF GALAXIES

Figure 1.1: Evolution of energy densities with redshift for different cosmological
models: solid lines, the concordance model with ΩM = 0.3, ΩΛ = 0.7 and w = -1;
dotted lines, a dark energy model with ΩM = 0.3, ΩΛ = 0.7 and w = -0.8; long-
dashed lines, an open-Universe model with ΩM = 0.3 and ΩΛ = 0; short-dashed
lines, a critical-Universe model with ΩM = 1 and ΩΛ = 0.7 (credits: Voit 2005).

Different cosmological models correspond to different values of the cos-
mological parameters: a Standard Cold Dark Matter (SCDM) model, domi-
nated by non-relativistic cold dark matter, shows (ΩM , ΩΛ) = (1,0); an open
Universe (k < 0, Ω0 < 1) with no cosmological constant may have (ΩM , ΩΛ)
= (0.3, 0); a flat Universe with a Λ-term can be defined by (ΩM , ΩΛ) =
(0.3, 0.7). Fig.1.1 shows the evolution of energy densities with redshift for
different cosmological models.

1.3 Density perturbations and growth of structures

At smaller scales, as the existence of clusters of galaxies itself demon-
strates, the Universe is far from being homogeneous. The matter density of
the Universe must have been slightly lumpy already at early times: these
perturbations corresponds to a deviation from the mean density < ρM >,
which can be quantified as an overdensity field:

δ(x) =
ρM(x)− < ρM >

< ρM >
(1.12)

with Fourier components:

δk(k) =

�
δ(x)eikxd3x (1.13)
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1.3. DENSITY PERTURBATIONS AND GROWTH OF STRUCTURES

In the plausible case that δ(x) is isotropic, it can be characterized by an
isotropic power spectrum

P (k) ≡<| δk |
2
> (1.14)

Predictions made from inflation imply that primordial fluctuations behave
as a gaussian random field; P (k) is therefore a complete statistical descrip-
tion of the initial perturbation spectrum, as a gaussian density field is fully
characterized by its power spectrum, as this specifies the amplitude of the
fluctuations as a function of their spatial scale.
It is generally assumed that the initial power spectrum is a power-law:

P (k) ∝ k
np (1.15)

The spectral index np determines the balance between small and large scales
power. In the particular case of np = 1, which corresponds to the density
contrast to have the same amplitude of the perturbations when these enter
the horizon: this is called the Harrison− Zel

�
dovich case (Harrison 1970)

and it is predicted by inflationary theories.

During the evolution of the Universe the primordial power spectrum
evolves too. At early times, the fluctuation field is small and the equations
of motion can be linearized. The scale-imprinting effects that alter P (k)
from the time of the primordial power spectrum until the present can be
resumed into a single quantity, defined as the transfer function T (k). This
defines the ratio between later-times amplitude of the spectrum and its
initial value:

P (k, z) ∝ T (k)2P (k, 0) (1.16)

To complete the description of the power spectrum it is necessary also
to specify its normalization. As inflationary theories do not make predic-
tions about the amplitude of the primordial power spectrum, the normaliza-
tion of P (k) has to be determined observationally. The first measurements
of the present-day mass distribution of the Universe indicate that δM/M
≈ 1 within comoving spheres of radius 8 h

−1Mpc: early galaxy surveys
showed that the variance of galaxy counts was of the order of unity on this
length scale (Davis & Peebles 1983). For this historical reasons, the power-
spectrum normalization is usually quantified in terms of the cosmological
parameter σ8, where

σ
2
8 =

1

8π3

�
P (k) | Wk(R) |2 d3k (1.17)

where Wk(R) is a top-hat window function having a constant value inside
a comoving radius of 8 h

−1Mpc and vanishing outside this radius.
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CHAPTER 1. CLUSTER OF GALAXIES

Once density fluctuations approach unity, linear approximation is no
longer valid. The full non-linear solutions are too complex to be solved ana-
lytically as well as the evolution of the power spectrum cannot be described
by an analytic function: it is necessary therefore to use simulations to reach
a full solution. The epoch of highly non-linear evolution depends on the
scale of the structure, as each object forms at different time scales (Peebles,
1993).

1.4 Current cosmological parameters

Summarizing the discussion of the previous sections, the overall cosmo-
logical models can be encapsulated in two small sets of parameters. The first
set governs the global behavior of the Universe and consists of H0, ΩM , Ωb,
ΩR, ΩΛ and w. The second set dominates the initial density perturbation
spectrum and consists of σ8 and np.

Many observational efforts have been done to estimates the power spec-
trum of density fluctuations at different scales, employing a wide range
of techniques: studying the Cosmic Microwave Background (CMB) and
its anisotropies, the baryon acoustic oscillations (BAO), the distribution
of galaxy clusters, measuring the geometry at high distances by means of
standard candles such as supernovae.

The measurements of the cosmological parameters of the last two decades
seem to strongly support the concordance model, also known as ΛCDM (to
denote cold dark matter with a cosmological constant). According to this
model, the Universe is flat (Ω0 = 1) and composed of ∼ 70 per cent of
dark energy and ∼ 30 per cent of non-relativistic matter (mainly cold dark
matter, plus a smaller fraction of ordinary baryonic matter).

The most likely values of cosmological parameters implied by most recent
observations are summarized as follows:

• Hubble’s constant. This parameter is primarily measured from the
expansion rate of local Universe. Recent measurements points to H0

= (67.80±0.77) km/s/Mpc (Planck Collaboration et al. 2013c) and
(70+1.3

−1.4) km/s/Mpc (WMAP-7, Komatsu et al. 2011a). The Hubble
Space Telescope (HST) Key Project (Freedman et al. 2001) measured
(71±2) km/s/Mpc using Type Ia supernovae and calibration of dis-
tances to Cepheids.

• Matter density. Several different methods involving clusters (i.e.
studying the cluster mass function) indicate that ΩM ≈ 0.3. Com-
bining the results of distant supernovae observations with those of
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1.4. CURRENT COSMOLOGICAL PARAMETERS

temperature patterns in the CMB gives similar results. The most
updated measurement of the matter density are ΩM = 0.27 (WMAP-
9, Hinshaw et al. 2013) and ΩM = 0.31 (Planck Collaboration et al.
2013c).

• Baryon density. The value of Ωb can be inferred measuring the
abundances of light elements formed during primordial nucleosynthe-
sis, as well as from studying ratio of the acoustic oscillation peaks in
the angular spectrum of the CMB. Planck Collaboration et al. (2013c)
measured Ωbh

2 = 0.02214 (Ωb = 0.04816 when considering the cor-
responding value of h as measured by Planck), as WMAP-9 release
estimated Ωbh

2 = 0.02223 (Ωb = 0.04628 when including the Hubble’s
constant).

• Radiation density. The energy density ΩR in electromagnetic radia-
tion is simply calculated from the CMB temperature, Tcmb = 2.72548±
0.00057K (Fixsen 2009) and Hubble’s constant. Neutrinos may also
contribute to the energy density in relativistic matter, if their masses
are sufficiently small, though this contribution is currently too low to
affect the global dynamics.

• Dark-energy density. Observations of distant supernovae support
the theory that the expansion of the Universe is accelerating at a rate
consistent with a dark-energy corresponding to ΩΛ ∼ 0.7 (Riess et
al. 1998; Perlmutter et al. 1999; Riess et al. 2004). Recent measure-
ments confirmed this prediction: Planck Collaboration et al. (2013c)
measured ΩΛ 0.692± 0.010 and WMAP-9 Hinshaw et al. 2013 ΩΛ

0.728+0.015
−0.016.

• Dark-energy equation of state. Observations of CMB patterns,
when combined with observations of large scale structures, are consis-
tent with the Einstein’s cosmological constant (w = -1.0). Combining
cluster surveys with observations of distant supernovae leads to similar
constraints. Combining WMAP-9 data with BAO, supernovae and H0

measurements, Hinshaw et al. (2013) measured w = -1.0730.0900.089.

• Normalization of density perturbations. The normalization pa-
rameter has always been measured mainly from observations of clus-
ters of galaxies. Historically, all results have always been in the range
σ8 ≈ 0.7 - 1.0. Planck Collaboration et al. (2013c) measured σ8 =
0.826±0.012. Hinshaw et al. (2013) estimated σ8 = 0.809±0.024.

• Slope of the primordial power spectrum. All available obser-
vations (i.e. combining CMB data with optical observations of large-
scale structures) points to np ≈ 1. Planck Collaboration et al. (2013c)
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CHAPTER 1. CLUSTER OF GALAXIES

measured np = 0.9608±0.0054, WMAP-9 (Hinshaw et al. 2013) np =
0.963±0.012.

1.5 Clusters of galaxies

Galaxy clusters are believed to form under the gravitational wells cre-
ated by dark matter in the largest primordial perturbations described in
sec.1.3 and are the largest relaxed, virialized systems in the Universe. They
provide therefore to a unique source of information on the growth of struc-
ture and on the parameters governing their evolution. Moreover, they can
be used to determine fundamental cosmological parameters.

A cluster of galaxies usually contain between a few tenths and a few hun-
dreds bright galaxies, plus thousands of fainter galaxies, in a region with a
typical radius of about 2 Mpc. The most massive clusters have total masses
larger than 1015 M⊙ and typically clusters are ellipsoidal in shape. In term
of mass hierarchy, the Universe is a continuum running from galaxies to
groups of galaxies to clusters to superclusters and filaments (with the last
two generally neither relaxed nor virialized). Stars are usually concentrated
in the inner parts of the dark matter potential of galaxies. In the most com-
mon definition adopted in literature, a cluster is an object with a virial mass
larger than 1014 M⊙; smaller objects are individuated as groups. Clusters
usually have velocity dispersions of several hundreds of km/s, too large to
remain gravitationally bound: this is one of the strongest evidences of the
presence of a massive invisible component.

Clusters and groups of galaxies can be described by three fundamental
components:

• Dark matter. Dark matter (DM) is the bulk of the mass budget of
a cluster, typically containing ∼ 85 per cent of the total mass. It is
supposed to be formed by non-relativistic particles that only interact
via gravitation. It is not directly observable and can only be detected
through its interaction with baryons. The proportions of baryonic
and dark matter in clusters are similar to what inferred from CMB
data (Bennett et al. 2003). Clusters has also provided some of the
earliest evidence that the mass of the Universe dominated by dark
matter. Numerical simulations suggest that the DM distribution in
cluster should have a a flat power-law at small radii and power-law
drop off at large radii, showing therefore a cusp at the center of the
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1.5. CLUSTERS OF GALAXIES

cluster. The DM distribution in a cluster can be for example describe
with a Navarro-Frank-White (NFW) profile (Navarro et al. 1995):

ρDM(r) = ρs

��
r

rs

��
1 +

r

rs

�2
�−1

(1.18)

where rs and ρs are the characteristic scaling radius and density. It is
also useful tho define a concentration parameter, c ≡ Rvir/rs (where
Rvir is the virial radius of the cluster). Typical values are Rvir ≈ 2
Mpc, rs ≈ 400 kpc and c ≈ 5.

• Galaxies. Although representing only a small fraction of the mass
of clusters, galaxies are the component which was observed first, at
the end of XVIII century (Herschel, 1785). In literature, the term
”richness” is very often used to define the measure of the total num-
ber of galaxies in a cluster or their total mass. The luminosity of
distribution of galaxies with different luminosities is described by the
luminosity function n(Lopt). A good approximation of n(Lopt) is the
Press-Schechter function (Press & Schechter 1974):

n(Lopt)dLopt = N
∗
�
Lopt

L∗

�−α

exp

�
−
Lopt

L∗

�
dLopt (1.19)

being L
∗ a characteristic luminosity of the galaxies, N∗ a measure of

the richness of the cluster and usually α ≈ 1.25. Rich clusters usually
contain elliptical (E) and lenticular (S0) galaxies and the lack of spiral
galaxies (Sp), particularly near the center. The stellar population of
clusters is mainly composed by old red stars, as typical of E galaxies.
Many clusters of galaxies contain in the core region a very large E
galaxy, generally defined as the brightest cluster galaxy (BCG), usu-
ally a cD galaxy (characterized by an extended outer envelope and
and a very large luminosity). The galaxies of clusters usually show
velocities with a dispersion along the line of sight that can be roughly
approximated by a gaussian distribution, as their spatial distribution
can be generally represented by the NFW form (Eq.1.18), though it
is difficult to give a correct estimate of the distribution in the core
region.

• Intracluster medium. The intracluster medium (ICM) is mainly
composed by thermal plasma, magnetic fields and relativistic parti-
cles which fills the space within clusters. As X-ray observations have
shown, the space between galaxies in clusters is not empty (as one
could suppose from optical measurements) but it is instead filled with
a diffuse, hot plasma, with typical temperatures of T ∼ 107 - 108 K
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CHAPTER 1. CLUSTER OF GALAXIES

(which correspond to thermal energy of 1 - 10 keV): at this tempera-
ture the ICM can be considered in hydrostatic equilibrium with the
same potential which binds the galaxies. Tough the ICM is very rar-
efied (typical electron number densities are comprehended in the range
ne ∼ 10−4 - 10−2 cm−3, the hot gas extends out to distances from the
center larger than the virial radius and has a typical mass of ∼ 1014

M⊙, much larger than that of the sum of all rich galaxies of the cluster.
The gas is composed mainly by hydrogen and helium, but also contains
heavy elements (e.g. iron) whose abundances are roughly one third of
what is observed in the Sun. At the high temperatures considered,
X-ray emission is the dominant radiative mechanism of plasma: clus-
ters are therefore very strong X-ray emitters, with typical luminosities
LX ∼ 1043 - 1045 erg s−1. Though X-rays are the dominant mechanism
of radiative emission of the ICM, other relevant physical processes can
be enumerated, such as the diffuse radio emission produced by cosmic
ray and magnetic fields components, the strip of interstellar gas from
galaxies, the infrared emission of the dust heated by the hot gas, the
gas cooling at the center of the cluster.

Clusters of galaxies sit on top of the hierarchy of structure formation, as
they are the result of the merging process of smaller objects (such as groups
of galaxies and galaxies) which form first. These structures are pulled in
by gravity to form clusters. Simulations of large scale structure forma-
tion have shown that, in the standard ΛCDM cosmological model, clusters
mainly form within filaments of rising density, and that the largest clusters
often form at the intersection of these filaments. In the process of cluster
formation mergers of smaller objects are much more diffuse that mergers
between large clusters. Mergers are usually classified as ’majors’ if the mass
ratio between the two merging objects is larger than 1:2 and ’minors’ if it
is smaller than 1:2 and larger than 1:10. Smaller ratios are simply classified
as ’accretion’. Though cosmological simulations can accurately describe the
formation of clusters and their merger histories, making some assumptions
it is also possible to obtain a good analytic description of this processes. The
merger rate of clusters of mass M merging with clusters of mass M �−M to
form a cluster in the mass range M

� to M
� + dM

� can be described as (e.g.
Voit 2005):

Rate(M ← M
�
, t)dM � =

�
2

π

����
dδc(t)

dt

����
1

σ
2
M �

����
dσM �

dM �

����

�
1−

σ
2
M �

σ
2
M

�3/2

× exp

�
−
δ
2
c (t)

2

�
1

σ
2
M �

−
1

σ
2
M

��
dM

� (1.20)
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Major mergers are the most energetic events in the Universe since the
Big Bang. If two massive clusters (each with a mass of ∼ 1015M⊙ ) merge
together, they reach relative velocities of ∼ 2000 km/s, and the total energy
released is ∼ 2×1064 ergs.

1.5.1 Physics of the ICM

Due to the high temperatures created by the dark matter gravitational
potential, the ICM is almost fully-ionized: only heavier elements can hold
a few of its electrons, as hydrogen and helium are completely stripped. On
the other hand, as a consequence of the extremely low density of the ICM,
any effect of radiation field is negligible and photons are able to escape
without any interaction with plasma, making photo-ionization and photo-
excitation processes very unlikely. The main ionization process in the ICM
is collisional ionization:

e
− +X

+i
→ e

− + e
− +X

+i+1 (1.21)

The main recombination processes are radiative and dielectronic recombi-
nation

e
− +X

+i+1
→ X

+i + photon(s) (1.22)

where i defines the number of times the element X has been ionized. This
particle state of ionization the ICM uses to show is called Collisional Ion-
ization Equilibrium (CIE). Plasmas close to CIE have level population very
different from the Boltzmann predictions for local thermodynamic equilib-
rium. So it is necessary to know the radiation processes contributing to the
ionization balance in order to calculate the ICM spectrum.

Continuum and lines of the ICM X-ray spectrum are produced by differ-
ent mechanisms. The main contribution to continuum emission is thermal
bremsstrahlung, as K and L shell transitions are the main responsible of line
emission. Thermal bremsstrahlung (or free-free emission) is the emission by
a charge when it is accelerated in the electrostatic field produced by another
charge. Its emissivity is given by

�ν =
25πe6

3mec
3

�
2π

3mek

�1/2

neT
−1/2 exp(−hν/kT )

�
Z

2
i nigff (Zi, T, ν)

(1.23)
�ν is defined as the emitted energy per unit time, frequency and volume. The
sum is dominated by hydrogen and helium and the gaunt factor gff corrects
for quantum mechanics effects and distant collisions. Thermal bremsstrah-
lung produces a roughly exponential continuum component in the X-ray

14



CHAPTER 1. CLUSTER OF GALAXIES

spectrum and it is the dominant emission mechanism at high temperatures
(T ≥ 3 × 107 K).
At lower temperatures, the main X-ray radiation is from lines. The strongest
line feature usually observed in clusters of galaxies is the complex of iron Fe
Kα lines around 6.7 keV, a bender of lines from iron ions and some weaker
nickel ions. There are also relevant contribution from lower energy K lines
of the common elements lighter than iron (C, N, O, Ne, etc.). As the ICM
is in collisional ionization equilibrium, the ionization fractions only depend
on the electron temperature T and are independent on the gas density. As
a consequence, the density of any ion is just proportional to the proton
density in the gas multiplied for the abundance of the element relative to
hydrogen. Therefore all X-ray emission processes in the gas scale withe
the product npne of the proton and electron densities. If Lν is the X-ray
luminosity per unit of frequency emitted by a cluster, it can be described
as:

Lν = Λν(T,Abundances)

�
nenpdV (1.24)

where the ’cooling function’ Λ only depends on the temperature and on the
abundance of heavier elements.

1.6 Clusters as cosmological probes

Galaxy clusters provide a powerful tool to estimate the cosmological pa-
rameters. In particular, cluster abundance is sensitive to the distribution of
energy and matter in the Universe (ΩΛ and ΩM) and to the normalization
of the power spectrum σ8. Measuring the baryon budget of clusters is also
a strong tool to estimate the overall contribution of baryonic matter (Ωb).

The differential mass function of clusters can be defined, for instance,
by the Press-Schechter (Press & Schechter 1974) differential mass function:

dn(M,Z)

dM
=

�
2

π

ρ̄

M2

δc

σM(z)

����
log σM(z)

d logM

���� exp
�
−

δ
2
c

2σ2
M(z)

�
(1.25)

where ρ̄ is the mean density of the Universe at present epoch, σM(z) gives
the variance in the density and δc the critical linear overdensity for collapse.
Integrating this function it is possible to define the number of clusters with
mass ≥ M per unit of volume at redshift z, n(M, z). As we said in sec.1.3,
the amplitude of the fluctuation spectrum is usually characterized giving
σ8 which is the present value of σM (z = 0) on a spatial scale of 8h−1Mpc.
Because of the exponential term in Eq.1.25, the mass function falls off very
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rapidly with increasing mass for the large masses of clusters: as a conse-
quence of this, the number density of clusters should depend very strongly
on redshift and cosmology, and steadily dependent on the amplitude of fluc-
tuations σ8: the abundance of clusters provides therefore a very powerful
cosmological test. The main issue about this technique is constituted by
the rarity of massive clusters in the Universe and by the difficulty in mea-
suring their masses with good accuracy: the greater the mass of the cluster,
in fact, the rarer they are. By the way, the enormous progresses made by
X-ray and SZ observations in the last years, and the successful employment
of scaling relations (as we will largely see in the next chapters), are pro-
gressively permitting to overcome these problems. Many works (e.g. Mantz
et al. 2008; Vikhlinin et al. 2009; Rozo et al. 2010) also studied the cluster
abundance, using X-rays and optical surveys, to put constraints on Ωm and
on the equation of state parameter w.

If Ωb is priorly determined with other techniques, the measure of the
clusters gas mass fraction can be used as a tool to measure the matter
content of Universe. In fact, the gas fraction can be expressed as:

fgas(z) = Υ(z)

�
Ωb

ΩM

�
(1.26)

where Υ(z) accounts for star formation and other baryon effects within the
considered radius. Moreover, assuming a dependence of fgas on the distance
also dark energy parameters can be constrained. Using these methods, Allen
et al. (2008) obtained cosmological constrains using fgas measurements at
r2500 from Chandra observations of 42 relaxed hot (kT > 5 keV) clus-
ters (see Fig.1.2). Similar results can be exploited considering the different
dependence on distance of the gas density inferred from X-rays and SZ
observations of clusters.

1.7 Observations and surveys of galaxy clusters

In the last decades large surveys have been able to detect hundreds of
galaxy clusters at different wavelengths, mainly in the X-rays, in the optical
and near infrared, and in the microwaves via the SZ effect. Hereafter we
briefly review the observational techniques and the most important multi-
wavelength surveys (see Fig.1.3 for a multiwavelength image of the Coma
cluster)
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Figure 1.2: The 68.3 and 95.4 per cent (1 and 2 σ) confidence constrains in the
(ΩM , ΩΛ) plane for the Chandra fgas data calculated by Allen et al. (2008) (red
contours). Also shown are the independent results obtained from CMB data (blue
contours) and SNIa data (green contours) (credit:Allen et al. 2008).
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Figure 1.3: Combination of multiwavelenght observations of the Coma cluster:
SZ (top-left), X-rays (top-right), SZ+optic (bottom-left), X-ray+optic (bottom-
right) (credits: http://planck.cf.ac.uk)
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1.7.1 X-ray observations

As discussed in sec.1.5.1, because of the high temperatures which char-
acterize the hot plasma in clusters, ICM emissions are particularly strong
in the X-ray band, via bremsstrahlung, free-bound emission and bound-
bound emission. The emissivities of these processes are proportional to the
square of the electron numerical density, which ranges from ∼ 10−1-10−2

cm−3 in the centers of bright ’cool core’ clusters to from ∼ 10−5 cm−3in
cluster outskirts. At these low densities, the X-ray emitting plasma can be
considered optically thin. The primary X-ray observables are flux, spectral
hardness and spatial extent. Using deeper follow-up observations of individ-
ual clusters, modern X-ray satellites allow to describe with good precision
the spatially resolved spectra of clusters, leading to measurements of den-
sity, temperature and metallicity profiles of the ICM, and a host of derived
thermodynamic quantities.
Galaxy clusters are simple to identify at X-ray wavelengths, being the only
X-ray luminous, continuous, spatially extended, extragalactic X-ray sources.
Clusters have typical soft X-ray band luminosities of 1044 erg/s or more,
and spatial extents of several arcmins or larger, even at high redshifts. The
primary disadvantage of X-ray cluster surveys is that they can only be car-
ried out from space, which makes their construction relatively expensive.
Given modest angular resolution, and tens of detected counts, the X-ray
emission from galaxy clusters can be detected against a background pop-
ulated otherwise only sparsely with point-like active galactic nuclei. The
first X-ray cluster catalogs constructed for cosmological work (Edge et al.
1990) were based on the Ariel V and HEAO-1 all-sky surveys, and pointed
observations made with the Einstein Observatory and EXOSAT (see also
Lahav et al. 1989). These catalogs provided early evidence for evolution
in the X-ray luminosity function of clusters (e.g. Edge et al. 1990) and
were used subsequently in a series of pioneering cosmological works. These
catalogs were extended by surveys carried out with the ROSAT satellite.
This mission, launched in June 1990, was divided into two main parts: the
ROSAT All-Sky Survey (RASS; Voges et al. 1999), concentrated in the first
6 months; and pointed observations, which were extended over the next 8
years. The main cluster catalogs constructed from the RASS and used in
cosmological studies include the ROSAT Brightest Cluster Sample (BCS;
Ebeling et al. 1998), which covered the northern hemisphere at high Galac-
tic latitudes and low redshifts (z < 0.3); the ROSAT-ESO Flux-Limited
X-ray Galaxy Cluster Survey (REFLEX; Böhringer et al. 2004), which cov-
ered the southern sky at low redshifts in the same band; the HIFLUGCS
sample (Reiprich & Böhringer 2002) of the X-ray brightest clusters at high
Galactic latitudes,; and the Massive Cluster Survey (MACS; Ebeling et al.
2010), which extended this work to higher redshifts 0.3 < z < 0.5. The
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present generation of X-ray satellites, XMM-Newton and Chandra, repre-
sented a giant step forward in terms of resolution and sensitivity. After
14 years of observations, XMM-Newton (Jansen et al. 2001) has produced
catalogs describing the properties of thousands of galaxy clusters in the soft
(0.2-2 keV) and hard (2-12 keV) X-ray bands: for instance, the first XMM-
Newton slew survey catalogue, XMMSL1 (Saxton et al. 2008) comprehends
2692 sources from the 14 per cent of the sky in the soft X-ray band and
257 in the hard X-ray band. X-ray mass measurements are based on the
assumption of hydrostatic equilibrium (HSE) in the ICM. For a spherically
symmetric system in HSE, the measured gas density and temperature pro-
files can be related to the total mass (see sec.4.4.1 for a further description of
the HSE method). Hydrostatic equilibrium requires that the gravitational
potential remain stationary on a sound crossing time; that all motions in
the gas be subsonic; and that forces other than gas pressure and gravity are
unimportant. The hydrostatic method can therefore not be applied robustly
to systems undergoing major merger events, nor to regions of otherwise re-
laxed clusters where these assumptions break down, e.g. in their central
regions where strong AGN feedback effects are commonly observed

1.7.2 Optical and near infra-red observations

The optical and near-IR emission from galaxy clusters is predominantly
starlight. As already mentioned in sec.1.5 the galaxy populations of clus-
ters are dominated by early-types galaxies (particularly in the cluster core,
where the BCGs are found). The old and relatively homogeneous nature
of the stellar populations makes the majority of the galaxies in clusters
to occupy relatively tight loci in color-magnitude diagrams (e.g. Bower
et al. 1992). For optical surveys of clusters, the main observables are the
richness, luminosity and color. For follow-up observations of individual clus-
ters, aimed in particular at measuring their masses, the primary observables
are the galaxy number density, luminosity, and velocity dispersion profiles.
The first extensive cluster catalog was constructed at optical wavelengths
by George Abell (Abell 1958) based on visual inspection of photographic
plates from the Palomar Observatory Sky Survey. Abell identified clusters
as concentrations of 50 or more galaxies in a magnitude range m3 to m3+2
(where m3 is the magnitude of the third brightest cluster member) and ra-
dius RA = 1.5h−1 Mpc (with distance estimated based on the magnitude of
the tenth brightest galaxy). Clusters were further characterized into rich-
ness and distance classes. Abell’s catalog was updated and extended to
the southern sky by Abell et al. (1989) (ACO). The final ACO sample has
more than 4000 clusters. An additional, early optical cluster catalog ex-
tending to poorer systems was compiled by Zwicky and collaborators (see
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e.g. Zwicky et al. 1961), although the search criteria were less strict than
those used by Abell. As the cores of galaxy clusters are dominated by red,
early-type galaxies, it is possible to reduce the impact of projection effects
is by using color information to select for overdensities of red galaxies (e.g.
Gladders & Yee 2005, and references therein). The Red-Sequence Cluster
Survey (RCS), a sample of 956 clusters identified with a single (Rc - z) color,
provided the first modern cosmological constraints using optical selection
(Gladders et al. 2007). To cover a broad range of redshifts, multi-color pho-
tometry is needed to track the intrinsic 4000 Å break feature of old stellar
populations as it reddens. The five-band photometry of the Sloan Digital
Sky Survey (SDSS) enabled such selection. The maxBCG catalog (Koester
et al. 2007) of 13823 clusters with optical richness Ngal ≥ 10 was produced
using g - r colors in the redshift range 0.1 < z < 0.3. Recently, larger SDSS
clusters samples have become available, identified using photo-z clustering
(Wen et al. 2009). These catalogs contain between 40000 and 69000 clus-
ters at z <0.6, and cover roughly 8000 deg2 of sky. Like the X-ray methods,
optical-dynamical mass measurements holds on the assumption of dynam-
ical equilibrium, with the galaxies used as test particles in the cluster.An
advantage of the optical dynamical method over the X-ray method is that
it is insensitive to several forms of non-thermal pressure support that affect
X-ray mass measurements. On the other hand, the galaxies are collisionless
and relax on a longer timescale than the X-ray gas, that behaves as a col-
lisional fluid. The galaxy velocity anisotropy is also affected by triaxiality
and the precision of the mass measurement is limited by the finite number
of galaxies

1.7.3 Gravitational lensing

Differently from X-ray and optical dynamical methods, gravitational
lensing offers a method to measure the masses of clusters that does not
depend on assumptions regarding the dynamical state of the gravitating
matter (Bartelmann 2010). Weak lensing methods have an important role
in cosmological work: while triaxiality is expected to introduce scatter in
individual (deprojected) mass measurements at the level of tens of per cent
(Corless & King 2007; Meneghetti et al. 2010), for statistical samples of
clusters and using suitable mass estimators, working over optimized radial
ranges and with good knowledge of the redshift distribution of the back-
ground population, weak lensing measurements are expected to provide
almost unbiased results on the mean mass (Clowe et al. 2004; Corless et
al. 2009; Becker & Kravtsov 2011). The most common technique employed
in weak lensing mass measurements is fitting the observed, azimuthally-
averaged gravitational shear profile with a simple parameterized mass model
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(e.g. Hoekstra 2007). Stacking analyses of clusters detected in survey fields
have also proved successful in calibrating the mean mass-observable scaling
relations down to relatively low masses (e.g. Johnston et al. 2007; Rykoff
et al. 2008; Leauthaud et al. 2010). Strong lensing enables precise measure-
ments of the projected masses through regions enclosed by gravitational
arcs. In combination with weak lensing, strong lensing constraints can im-
prove significantly the absolute calibration of projected mass maps (e.g.
Bradač et al. 2005; Meneghetti et al. 2010). Deprojected strong lensing
measurements are particularly sensitive to triaxiality (e.g. Gavazzi 2005;
Oguri et al. 2005). Nonetheless, detailed strong lensing studies of small
samples of highly relaxed clusters have reported mass measurements in good
agreement with X-ray results (e.g. Bradač et al. 2008; Newman et al. 2011).

1.7.4 SZ observations

Sunyaev-Zel’dovich (SZ, Sunyaev & Zeldovich 1970) signal arises from
the interaction of CMB photons with the hot electrons of the ICM and
it is generally observed in the microwave band (see the next section for
a more detailed theoretical description). As until the beginning of this
century the SZ signal had been measured for only a few tens of clusters,
the new generation of SZ surveys led to the creation of the first SZ cata-
logs, comprehending hundreds of clusters. The most important recent SZ
observations have been performed by the telescopes ACT (Acatama Cos-
mology Telescope, Kosowsky 2006, Marriage et al. 2011a) and SPT (South
Pole Telescope, Vanderlinde et al. 2010a; Carlstrom et al. 2011) and by the
satellite PLANCK (Bartlett et al. 2008, Planck Collaboration et al. 2011a).

The South Pole Telescope (SPT) is a 10 meter diameter telescope oper-
ating at the NSF South Pole research station. The telescope is designed for
conducting large-area millimeter and sub-millimeter wave surveys, partic-
ularly focusing on CMB anisotropies and polarization and on SZ measure-
ments. SPT explores a region of approximately 2500 deg2 in the southern
hemisphere at five different bands in the microwaves centered at 95, 150,
219, 274 and 345 GHz with a beam of θFWHM ∼ 1’: combining the signal
at different frequencies allows a more detailed description of SZ and CMB
signal (SZ signal is particularly strong around 150 GHz) and at the same
time to remove the foregrounds from diffuse emission and point sources.
Reichardt et al. (2013a) analyzed the SZ signal of 158 clusters (including
tens of objects detected for the first time) observed by SPT in a region of
720 deg2 and in the redshift range 0.05< z < 1.37 (with a mean redshift
z̄ = 0.55). The high number of clusters observed has allowed to use the
dataset to put constrains on cosmological parameters (e.g. σ8 and Ωm, see
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Figure 1.4: 68 per cent and 95 per cent likelihood contours in the ΩM − σ8 plane
for different datasets, calculated using SPT data (Reichardt et al. 2013a) (credits:
Reichardt et al. 2013a).

Fig.1.4). Though exploring a limited fraction of the sky, thanks to its high
sensitivity SPT is particularly suitable to detect SZ signal from high redshift
clusters: Bayliss et al. (2013) showed the detection of a cluster with M200 ∼

5× 1014M⊙ at z = 1.478, at present the most distant cluster detected via
SZ effect.
The Atacama Cosmology Telescope (ACT) is a custom six-meter tele-

scope that is located in northern Chile. ACT observes simultaneously in
three frequency bands centered on 148 GHz, 218 GHz, and 277 GHz with a
beam of θFWHM ∼ 1’. Hasselfield et al. (2013) described the SZ properties
of 68 clusters observed by ACT at 148 GHz, including 19 new discoveries
and 5 objects at z >0.9; as in the case of SPT, ACT cluster measurements
have been used to put constrains on cosmological parameters. Using high-
resolution microwave sky maps made by ACT and measuring the mean pair-
wise momentum of clusters, Hand et al. (2012) presented the first evidence
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Figure 1.5: Mass estimates vs. redshift for three different cluster samples: opti-
cally confirmed SZ selected galaxy clusters from the SPT survey (black crosses),
SZ-selected clusters from Planck survey (red squares) and X-ray selected clusters
from ROSAT (green diamonds) (credits: Reichardt et al. 2013a).

for motions of galaxy clusters and groups via microwave background tem-
perature distortions due to the kinetic Sunyaev-Zel’dovich effect. Galaxy
clusters were identified by their constituent luminous galaxies observed by
the Baryon Oscillation Spectroscopic Survey, part of the Sloan Digital Sky
Survey III (Eisenstein et al. 2011).
The Planck satellite was launched on 2009 and performed 4 years of all

sky measurements in a wide frequency range (25-1000 GHz). An array of
74 detectors was arranged into two instruments: the detectors of the Low
Frequency Instrument (LFI) were pseudo-correlation radiometers, covering
three bands centered at 30, 44, and 70 GHz; and the detectors of the High
Frequency Instrument (HFI) were bolometers, covering six bands centered
at 100, 143, 217, 353, 545 and 857 GHz. In the frequencies interested by
SZ signal, the resolution was θFWHM ∼ 5’. Using the first 15.5 months of
Planck observations, Planck Collaboration et al. (2013a) produced a SZ cat-
alog of 1227 clusters and cluster candidates, including 178 new clusters and
683 previously known clusters (the other objects are still considered as clus-
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ter candidates), at present the largest SZ cluster catalog available, spanning
masses in the range (0.1 - 1.6)× 1015M⊙. Though the very large number
of clusters detected, PLANCK individuated clusters generally at redshifts
( z̄ = 0.35) lower than SPT and ACT, which because of their better reso-
lution are able to explore more distant sources and describe the SZ profiles
with an higher S/N ratio. As shown in Fig.1.5, this makes ground-based
and satellite SZ observations complementary to each other, as the first ones
allow to reach objects at high redshifts (up to z > 1), as the latter are able
to provide a very large statistics at low redshifts. Nevertheless, Planck was
able to detect also several sources in the range 0.5 < z < 1.

As one of the main goals of this thesis is the study of the SZ properties
of galaxy clusters and the use of the integrated SZ flux as a proxy of the
cluster total mass, we dedicate the next section to a theoretical description
of the Sunyaev-Zel’dovich effect.

1.8 The Sunyaev-Zel’dovich effect

The Sunyaev-Zel’dovich (SZ) effect (Sunyaev & Zeldovich 1970) is a
small spectral distortion of the CMB spectrum caused by the scattering
of the CMB photons off a distribution of high-energy electrons, usually
provided by the ICM of galaxy clusters. Discovered in 1965 by Penzias and
Wilson, the cosmic microwave background radiation (CMB) is the dominant
radiation field in the Universe, and one of the most powerful cosmological
tools that has yet been found. Its radiation field can be described close to
isotropic, with a spectrum characterized by a single temperature, Trad ≈

2.7 K (recent measurements gave Tcmb = 2.72548±0.00057K ,Fixsen 2009).
The specific intensity of the radiation is therefore close to:

Iν =
2hν3

c2

�
e
hν/kBTrad − 1

�−1
(1.27)

with a peak brightness Imax ∼ 3.7·10−18W m−2 Hz−1 sr−1 at νmax ∼ 160 Hz.
In Eq.1.27 h is the Planck constant and kB the Boltzmann constant. When
CMB photons pass through the center of a massive cluster they have about
1 percent of probability of interacting with a energetic ICM electron: the
result is an inverse Compton interaction that boosts the energy of the CMB
photon by roughly kBTe/mec

2, producing a frequency scatter ∆ν/ν ∼ 10−2.
The overall change in brightness of CMB from inverse Compton scattering
is therefore about 1 part in 104, a signal which is about ten times larger
than the cosmological signal in the microwave background radiation.
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1.8.1 The thermal SZ effect

As we said, the SZ effect arises from the inverse Compton scattering
between the CMB photons and a population of hot electrons. The change
in the energy of the photon due to this interaction is described by the
Compton scattering formula:

�
� =

�

1 + �
mec2

(1− cosφ)
(1.28)

where � and �’ are the photon energy before and after the scattering and φ is
the angle of which the photon is deflected. For low-energy photons � � mec

2

and the scattering is almost elastic (� = �’). This limit is appropriate for
the scatterings in clusters of galaxies that cause the SZ effect, and the
physics much more simpler to describe: the interaction can be approximated
as a Thomson scattering and the cross-section is simply described by the
Thomson formula. The change of photon direction causes the scattered
photon to appear at frequency:

ν
�� = ν(1 + β cos θ)(1− β cos θ�)−1 (1.29)

where the electron velocity is ve = βc and θ and θ’ are the angles between the
photon and electron paths before and after the scattering. The scattering
can be also expressed in terms of the logarithmic frequency shift:

s = log(ν ��
/ν) (1.30)

If P(s;β) is the probability that a single scattering of the photon causes a
frequency shift s from an electron with velocity βc, then the distribution of
photon frequency shifts caused by scattering by a population of electrons is
calculated by averaging over the electron β distribution. For photons that
have been scattered once, the probability distribution of s is:

P1(s) =

� 1

βlim

pe(β)dβP (s; β) (1.31)

where βlim is the minimum value of β capable of causing a frequency shift s.
The electron velocities distribution pe is assumed to be Maxwellian. We can
now use the formula to calculate the frequency shift in a single scattering
to estimate the form of the scattered spectrum of the CMB. The change in
the radiation spectrum at frenquency ν (scattered from a frequency ν0) is
then:

∆I(ν) =
2h

c2
τe

� ∞

∞
P1(s)ds

�
ν
3
0

ehν0/kBTrad − 1
−

ν
3

ehν/kBTrad − 1

�
(1.32)
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where τe is the optical depth of the electron medium, that can be approxi-
mated as optically thin τe � 1). Fig.1.6 shows the SZ spectral distortion for
a fictional cluster that is over 1000 times more massive than a typical clus-
ter to illustrate the small effect. In the non-relativistic limit the scattering
process simplifies substantially, and may be described by the Kompaneets
equation (1956):

∂n

∂y
=

1

x2
e

∂

∂xe
x
4
e

�
∂n

∂xe
+ n+ n

2

�
(1.33)

which describes the change in the occupation number, n(ν), by a diffusion
process. In Eq.1.33 xe = hν/mec

2 and

y =
kBTe

mec
2

ct

λe
(1.34)

is a dimensionless measure of time spent in the electron distribution. λe is
the ’Compton range’, or the scattering mean free path, (neσT )−1 (where ne

is the electron number density and σT che Thomson cross-section). For a
radiation field passing through an electron cloud, y, which is usually known
as the Comptonization parameter, can be rewritten in the more usual form:

y =

�
neσT

kBTe

mec
2
dl (1.35)

The SZ spectral distortion of the CMB expressed as a temperature change
∆TSZ at dimensionless frequncy x = hν/kBTCMB is given by:

∆TSZ

TCMB
= f(x)y = f(x)

�
neσT

kBTe

mec
2
dl (1.36)

and the frequency dependence of the SZ is:

f(x) =

�
x
e
x + 1

ex − 1
− 4

�
(1 + δSZ(x, Te)) (1.37)

where δSZ takes into account a possible relativistic correction to the fre-
quency dependance. It is important to notice that the SZ distortion does
not depend on redshift.
Possible sites for the CMB radiation to be scattered via SZ effect are the
ICM of galaxy cluster, the ionized content of the Universe as a whole and
ionized gas in the local Universe: anyway, the first option appeared to be
as the strongest contribution to the SZ distortion. If a cluster atmosphere
contains gas with electron concentration ne(r), then the scattering optical
depth and the Comptonization parameter along the line of sight can be
defined as

τe =

�
ne(r)σTdl (1.38)

y =

�
ne(r)σT

kBTe

mec
2
dl (1.39)
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Figure 1.6: The CMB spectrum, undistorted (dashed line) and distorted by SZ
effect (solid line). The distortion is shown for a fictional cluster 1000 more massive
than a typical massive cluster. The SZ effect causes a decrease in the CMB
intensity at ν ≤ 218 GHz and an increase at higher frequencies (credits: Carlstrom
et al. 2002)
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It is also particularly relevant for finding clusters via SZ surveys to consider
the integrated SZ signal. As this signal is a measure of the integrated
pressure, integrating over a solid angle of the clusters, it provides a sum of
all of the electrons in the cluster weighted by temperature. This corresponds
to a relatively clean measure of the total thermal energy of the cluster.
Integrating the SZ over the solid angle of the cluster dΩ = dA/D

2
A, gives

therefore: �
∆TSZdΩ ∝

Ne < Te >

D
2
A

∝
M < Te >

D
2
A

(1.40)

where Ne is the total number of electrons, M the total mass of the cluster
and DA the angular diameter distance. The integrated SZ flux is therefore
simply the temperature-weighted mass of the cluster divided by D

2
A : in

Chapter 4 we will deeply analyze as it can be used as a powerful proxy of
the total mass of the cluster.
It is also interesting to observe that as the SZ effect depends on an average
of ne, X-ray emission depends on some average of n2

e along the line of sight:
a comparison of SZ effect map and X-ray image of a cluster can be therefore
used to derive useful information on the structure of the gas, particularly
when combined with other information on the cluster structure, such as
weak lensing maps of the cluster mass distribution.

1.8.2 The kinetic SZ effect

As cluster are moving with respect to the CMB rest frame, there will
be an additional spectral distortion due to the Doppler effect of the clus-
ter bulk velocity on the scattered CMB photons. If a component of the
cluster velocity, vpec, is projected along the line of sight to the cluster, the
Doppler effect will produce an observed distortion on the CMB spectrum,
called kinetic Sunyaev-Zel’dovich effect (Sunyaev & Zel’dovich 1972). The
most interesting aspect of the kinetic effect is that it provides a method
for measuring one component of the peculiar velocity of an object at large
distance, provided that the velocity and thermal effects can be separated,
as they can using different spectral properties. In the non-relativistic limit,
the spectral signature of the kinetic SZ in terms of temperature decrement
of the CMB is:

∆TkSZ

∆TCMB
= −τe

�
vpec

c

�
(1.41)

where vpec is the peculiar velocity projected along the line of sight. The
resulting CMB spectrum can still be described by a Planck spectrum, but at
a slightly different temperature, lower for positive peculiar velocities, higher
for negative velocities (Sunyaev & Zel’dovich 1972). The main issue related
to the detection of the kinetic SZ effect is the presence of the thermal SZ. The
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Figure 1.7: Spectral distortion of the CMB radiation due to SZ effect. The left
panel shows the intensity and the right panel the RJ brightness temperature.
The thick solid line is the thermal SZ and the dashed line the kinetic SZ. For
reference the 2.7 K thermal spectrum form the CMB intensity scaled by 0.0005
is shown by the dotted line in the left panel (credits: Carlstrom et al. 2002).

ratio between the brightness temperature changes of the two components is
approximately:

∆Tkinetic

∆Tthermal
=

1

2

vpec

c

�
kBTe

mec
2

�−1

≈ 0.085
vz

1000 km/s

�
kBTe

10 keV

�−1

(1.42)

which is very small for the typical peculiar velocities of a few hundreds of
km s−1 and typical cluster temperatures of a few keV, as it is also evident
from Figure 1.X.
However, the thermal and kinetic effects may be separated using their dif-
ferent spectra: using the Kompaneets approximation, in fact, it is easy to
demonstrate that the kinetic effect produces its maximum intensity change
at the frequencies at which the thermal effect is zero (as it is also evident
from the right side of Fig.). Thus observations near ν = 217 GHz are sensi-
tive mostly to the kinetic effect, under the condition of taking into account
of the temperature-dependence of the shape of the thermal SZ spectrum.
Nevertheless, as the kinetic SZ signal is expected to be very weak, a direct
detection is still very complicated using present day experiments. Apart
the already cited statistical evidence shown by Hand et al. (2012), only
recently Sayers et al. (2013) claimed a direct detection of kinetic SZ from
observations of cluster MACS J0717.5+3745.
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1.9 Thesis motivation and outline

The extraordinary advances made by observations in the last years made
the SZ effect one of the most powerful tools of Precision Cosmology. As ex-
periments such as PLANCK, ACT and SPT are producing catalogs describ-
ing the SZ properties of an increasing number of clusters, the integrated SZ
flux is becoming one of the strongest proxies to infer the total mass of galaxy
clusters. At the same time, thanks to the progresses reached by computa-
tional astrophysics in the last two decades, hydrodynamical simulations of
galaxy clusters are producing descriptions of the ICM properties very close
to match with observational results.

Motivated by this, the goal of this thesis is to improve the employment of
hydrodynamical simulations to explore the main properties of galaxy clus-
ters, with a special attention to the baryon budget and to the SZ properties
and scaling relations. We present here the MUSIC (MUltidark SImultaions
of galaxy Clusters, Sembolini et al. (2013b)), at present the largest dataset
of hydrodynamical N-body+SPH simulations of clusters available. The
MUSIC dataset is composed by more than 700 clusters and 2000 groups,
extracted and resimulated from two large cosmological dark matter only
simulations, the MareNostrum simulation (Gottlöber & Yepes 2007) and
the Multidark simulation Prada et al. (2012). In particular the MUSIC-2
dataset comprehends more than 100 clusters with a virial mass larger than
1015 M⊙ (on a total of more than 500 clusters) simulated with two different
physics: a non radiative run, where interactions among SPH particles are
only gravitational, and a radiative run, where various processes (such as
radiative cooling and star formation) have been included.

The high statistics provided by the MUSIC dataset allows us to study
many cluster properties and to explore how these evolve with mass, redshift,
morphology, testing the impact of different physics. We also compare our
results with the most recent observational data, aiming to check how close
hydrodynamical simulations are to describe the properties of the hot gas of
galaxy clusters provided by X-ray and SZ experiments.

At the beginning of this work (Chapter 2) we present a detailed descrip-
tion of the MUSIC dataset, enumerating the main characteristics of the
simulations and how they have been performed. In the following section
(Chapter 3) we carry on a deep study of the baryon budget of galaxy clus-
ters, analyzing the star and gas component and their evolution with redshift
and mass and estimating how simulative issues can affect the results.
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The main part of the thesis (Chapter 4) is devoted to the study of the
thermal SZ effect, with particular attention to the Y −M scaling relation:
we show how the integrated Compton parameter Y can be considered a reli-
able proxy to calculate the total mass of galaxy clusters with a low scatter.
We also compare our results with those recently presented by PLANCK
(Planck Collaboration et al. 2013d). Comforted by the good results ob-
tained for galaxy clusters, in Chapter 5 we extend for the first time the
study of the Y −M scaling relation also to protoclusters of galaxies, ana-
lyzing the properties of the progenitors of massive clusters up to z = 4.

We complete our study of scaling relations presenting in Chapter 6 ex-
ploring the connection of some X-ray global properties of our dataset, such
as the temperature and the luminosity, with the total mass of the clusters
and with the aforementioned SZ properties. We also investigate how the
temperature derived from the X-ray spectrum matches the real temperature
of the cluster.

Inspired by the most recent observational results which showed statisti-
cal evidences of the kinetic SZ (Hand et al. 2012) in Chapter 7 we propose
a new scaling relation, connecting the integrated Doppler parameter to the
total mass of the cluster, aiming to use take advantage of future measure-
ments of peculiar velocities of galaxy clusters to use the kinetic SZ as a
proxy of the mass.

Finally, we present in the last section the conclusions and some future
prospects.

1.9.1 Publications derived from this Thesis work

The scientific publications listed hereafter have been part of the result
of the work presented in this Thesis .

Published papers

• ’The MUSIC of Galaxy Clusters I: Baryon properties and Scaling Re-

lations of the thermal Sunyaev-Zel’dovichEffect ’– Sembolini F., Yepes
G., De Petris M., Gottlober S., Lamagna L., Comis B. (MNRAS, 2013,
Volume 429, Issue 1, p.323-343)
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• ‘The MUSIC of Galaxy Clusters II: X-ray global properties and scaling

relations’ Biffi V., Sembolini F., Yepes G., Valdarinini R., De Petris
M. (MNRAS, 2014, Volume 439, Issue 1, pp. 588-603)

• ‘The MUSIC of Galaxy Clusters III: Properties, evolution and Y-M

scaling relation of protoclusters of galaxies’ Sembolini F. De Petris M.,
Yepes G. Foschi E. Gottlober S. Lamagna L. - in press (MNRAS, 2014,
Volume 440, Issue 4, pp. 3520-3531)

• ’Baryon and Sunyaev-Zel’dovich Effect properties of MareNostrum and

MultiDark simulations’ – Sembolini F., Yepes G., De Petris M. (As-
tronomical Society of the Pacific, 2012., p.285)

• ’The evolution of the Y-M in MUSIC clustrers’ - Sembolini F., Yepes
G., De Petris M., Gottlober S., Lamagna L., Comis B. (Astronomis-
che Nachrichten / Astronomical Notes (AN), 2012, Vol.334, Issue 4-5,
p.441-444)

Unpublished papers

• ’Kinetic Sunyaev-Zel’dovich Effect and cluster of galaxies mass: a new

scaling relation – De Petris M., Lamagna L., Sembolini F., Yepes G.
– 2014, submitted to MNRAS

• The MUSIC of CLASH: predictions on the concentration-mass Rela-

tion’ – M. Meneghetti, Rasia E., Vega J., Yepes G., Sembolini F.,
Yepes G., De Petris M. et al.- 2014, submitted to ApJ
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Chapter 2

Description of the Simulations:
the MUSIC dataset

2.1 Simulations of galaxy clusters

It is more than four decades now that simulations have been used to
study clusters of galaxies: in 1970 Peebles was the first to test gravitational
instability as the dominant process of cluster formation, performing a model
of the Coma cluster using 300 particles of the same mass (Peebles 1970). In
the following decades also the baryon component started to been included
into cluster simulations (Evrard 1988, Thomas & Couchman 1992, Katz &
White 1993, Bryan et al. 1994, Navarro et al. 1995) , under the assump-
tion that radiative losses of the diffuse gas could be neglected, as cooling
time for the bulk is generally longer than a typical cluster age. Thanks
to the additions of baryons, numerical simulations were able to reproduce
the morphological characteristics of the X-rays observations performed at
that time, and succeeded in predicting observable properties of clusters in
X-rays. Hydrodynamical simulations have shown that the inner region of
clusters can be considered in hydrostatic equilibrium and that their X-rays
observables are very closely connected to the total mass of the cluster. The
advances made in simulations and observations in the following years have
also shown that a more complicated description of physical processes is re-
quired to fully describe the formation and evolution of clusters, especially
regarding the cluster core. For radii larger than 10 per cent of the virial ra-
dius, simulations can accurately reproduce the nearly self-similar behavior
of the gas, while for the inner regions the numerical predictions showed a
high discrepancy with observations.

The hot topic of the last years in cluster simulations has been therefore
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the modeling of the radiative physical processes occurring in the cluster
core, particularly the energy injection by the central AGN.

Numerical simulations of three-dimensional self-gravitating fluids have
become an indispensable tool in Cosmology. They are now widely used to
study the non-linear gravitational clustering of dark matter, the formation
of galaxy clusters, the interaction of isolated galaxies and the evolution of
the intergalactic gas. Numerical techniques are at the basis of the enormous
progresses made in these fields, as analytic calculations are often restricted
to non-realistic problems of high symmetry, or to approach non-linear prob-
lems with too much approximation.

The advances in numerical simulations have been possible thanks to the
fast growth of computer performance and to the implementation of ever
more sophisticated numerical algorithms. This also requires the develop-
ment of powerful simulation codes, with high level of parallelism.
Early simulations (e.g. White 1976; Fall 1978) were largely based on the
direct summation method for the gravitational N -body problem, which is
not efficient for cosmological simulations, that usually have large value of
N : the computational costs in fact rapidly increase with N (see e.g. Yepes
2001 for a review of numerical methods for cosmological simulations).

As aforementioned in Chapter 1, the dynamical evolution of clusters
is guided by dark matter. The dynamics of DM is collisionless and it is
governed by the Boltzmann equation:

∂f

∂t
+ v

∂f

∂r
−�Φ

∂f

∂v
= 0 (2.1)

where f is the distribution function, v the velocity, r the position and Φ
the gravitational potential. The Boltzmann equation defines the continuity
equation of the coarse-grained phase space density on the six dimensional
space of velocity and coordinates. The classical method to solve this equa-
tion is by the well known N-body method.

The problem of direct summation in N -body methods was overcome
thanks to the development of new techniques for collisionless dynamics
that compute the large-scale gravitational field in a regular or irregular
grid. The simplest implementation of grid-based N -body methods is the
Particle − Mesh (PM) N -body technique (e.g. Hockney and Eastwood
1981), where the Poisson equation is solved using Fast Fourier Transform
(FFT) in a regular grid of the density field, that is constructed by inter-
polation from the particle positions to the grid nodes. In this methods the
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time of the force computation scales as O(N logN), which makes them able
to handle large number of particles.
PM methods are limited by the lack of resolution below the grid-size, so
hybrid schemes were developed to increase the numerical resolution. Hock-
ney et al. (1974) proposed to decompose the force acting on each particle
into a long-range force, computed by the particle-mesh, and a short range
force due to nearby particles: this method is called the P3M algorithm and
in modern codes the number of neighbors per particle has been consistently
reduced to make the codes faster.
Another approach to increase the resolution of PM methods consist of us-
ing non-uniform grids and algorithms to adapt the computational mesh to
the structures formed by gravitational clustering. The Poisson equation
can be solved on a hierarchically refined mesh by means of finite-difference
relaxation methods, as in the Adaptive Refinement Tree (ART) code by
Kravtsov et al. (1997) or the RAMSES AMR code (Teyssier 2002).
An alternative method is to use tree algorithms that arrange particles in a
hierarchy of groups, and compute the gravitational field at a given point by
summing over multipole expansion of these groups, reducing computational
costs of a complete force evaluation to a O(N logN) scaling.

The description of the ICM requires to couple the gas dynamics to the
collisionless dynamics of dark matter, allowing a more direct link to ob-
servable quantities. The baryonic content of the Universe can typically be
described as an ideal monoatomic gas fluid. Therefore, to follow the evolu-
tion of that fluid, one usually has to solve the Euler equations:

dv

dt
= −

�P

ρ
−�Φ (2.2)

dρ

dt
+ ρ� v = 0 (2.3)

du

dt
−

P

ρ
� v = 0 (2.4)

which represent the conservation of mass, momentum and energy (neglect-
ing radiative losses).

The numerical schemes developed in the last decades for solving this
coupled system of collisional baryonic matter and collisionless dark matter
fall into two main categories: particles methods, which have a Lagrangian
nature and discretize mass, and grid-based methods, which have an Eule-
rian nature and discretize space.
The aforementioned ART and RAMSES AMR codes are two examples of
grid-based mesh refinement codes. Particles codes usually employ Smoothed
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Particles Hydrodynamics (SPH) to describe the gas. This technique, intro-
duced by Lucy (1977) and Gingold & Monaghan (1977) has the ability
to adapt to any given geometry. Its Lagrangian nature also allows for a
changing resolution that follows the local gas density. Furthermore, SPH
ties naturally into the N -body approach for self-gravity and can be easily
implemented in three dimensions. These characteristics have made SPH
codes the most popular hydrodynamical codes employed in cosmological
simulations. A comparison study between the SPH and grid-based gasdy-
namical codes can be found in Frenk et al. (1999a): the major differences
were found in the central part of the radial entropy and temperature profiles
of the galaxy cluster used for the comparison (the so called ’Santa Barbara
cluster’). The AMR codes tend to produces an isentropic gas profile in the
inner regions, while SPH codes predict an isothermal profile with a decreas-
ing entropy towards the center of cluster haloes.
In a recent work , Power et al. (2013) studied again the formation and evo-
lution of a simulated massive galaxy cluster with non-radiative physics com-
paring three different approaches: one based on the classical SPH method,
one based on a novel SPH algorithm with a higher order dissipation switch
(SPHS, Read et al. 2010); and one based on the RAMSES AMR method.
SPHS and RAMSES codes appear to be in excellent agreement with each
other. In both cases, the spherically averaged entropy profile forms a well-
defined entropy core that rapidly converges with increasing mass and force
resolution. By contrast, in agreement with what was observed in the Santa
Barbara cluster, standard SPH exhibits a rather different behavior, espe-
cially at low redshift: the entropy profile shows a systematic decrease with
decreasing cluster-centric radius.

Describing the ICM in hydrodynamical simulations

The simplest way to perform an hydrodynamical simulation is to in-
clude only non-radiative physics: this allows to make reliable predictions
on some properties of the ICM even when using a relatively low resolu-
tion. Nevertheless, even if gravity plays the main dynamical role in the
evolution of galaxy clusters, other important effects on the properties of
the ICM arise from feedback processes, related to star formation and ac-
cretion onto supermassive black holes. When a more accurate description
of the ICM is needed, therefore, feedback effects have to be included in
the simulation, making things more demanding in terms of physics as well
as of computational efforts. If processes like galaxy formation or energy
injection from supernovae need to be added to the simulation, it is neces-
sary to include models for dissipative and heating processes which affect
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the baryonic component. These processes are parametrized and included
on the right side of the hydrodynamics equations in the form of additional
sink and source terms (Cen & Ostriker 1992; Katz et al. 1996; Yepes et al.
1997; Springel & Hernquist 2003). A full description of galaxy formation
processes is very challenging to achieve, as galaxy clusters form on scales
of few tens of comoving Mpc while star formation and other relevant gas-
dynamical processes take place on scales of few parsecs: these mechanisms
are therefore described by using ”sub-grid” models that define what hap-
pens at scales non resolvable by the simulation. For example, it is possible
to parametrize the rate at which the cold gas is converted into collisionless
star particles as a power law function of the local gas density (Kay et al.
2002). The feedback which can be added to the simulation include a very
large number of different processes, such as injection of energy and heavy
elements via stellar winds and supernovae, secular mass loss by star, stellar
winds, etc. The parametrization of these effects is led both by observations
and by results from stellar models.

The first radiative mechanism that was added into hydrodynamical sim-
ulation was the non-gravitational heating (Evrard & Henry 1991, Kaiser
1991), as observations seem to point out that significant amounts of energy
are injected to the ICM already at early epochs (z > 1) by galactic wind and
AGN (see Voit 2005 for a review). The increment of entropy prevents the
gas from falling to the center of DM halos, smoothing gas density and X-ray
emissivity. Simulations adding heating to the ICM via supernovae-driven
winds (Metzler & Evrard 1994, Borgani et al. 2004) or from pre-heating at
early epochs (Mohr & Evrard 1997, Borgani & Guzzo 2001) sensibly raised
the matching with X-ray observations, but the amount of energy needed to
heat the ICM is too high to be provided by these factors alone. Radiative
cooling is another effect which has been proposed as responsible of suppress-
ing the hot X-ray emitting gas content of poor systems (Bryan 2000, Bryan
& Voit 2001). Radiative hydrodynamical simulations (Pearce et al. 2000,
Valdarnini 2002, Kay et al. 2004, Ettori & Brighenti 2008) confirmed the
analytical prediction that radiative cooling removes low-entropy gas from
the hot phase, leaving only gas with relatively high entropy to be observed
as X-ray emitter. The main problem in simulations related to radiative cool-
ing is due to the fact that this tends to convert a too large fraction of gas
into stars. Observationally, only 10-15 per cent of the baryon component
is supposed to be in the stellar phase (Gonzalez et al. 2007), but radiative
simulations usually convert into start around 35 per cent of the gas inside
the cluster virial radius (Borgani & Kravtsov 2009). There has been many
attempts to remove this cold gas from cluster cores by mechanism associated
to supernovae feedback (both thermal and kinetic in the form of strong gas
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winds). But all attempts have proved to be unable to reconcile the amount
of stars formed with the observed values. Therefore, other energy feedback,
not directly related to star formation activity, have to be introduced: AGN
feedback has been the most popular candidate that has been modeled in
recent simulation. Heating from AGN is produced by the release of energy
during accretion of the ICM gas onto a supermassive black hole hosted by
the central cluster galaxy. The effect of AGN has been observed in many
clusters (McNamara & Nulsen 2007) and the energy provided by AGNs is
sufficiently high to remove gas from the inner regions of clusters. At the
same time, AGN heating would be able to explain also the lack of gas in
the central region of dynamically relaxed clusters, the so called ’cool core’
clusters.

2.2 The MUSIC dataset

Due to the computational effort requested to add radiative feedbacks to
hydrodynamical simulation, it is hard to find a good compromise between
reproducing the ICM of a clusters including radiative processes with a good
mass resolution, and at the same time ensure a large statistics on the number
of simulated objects. In recent works, Nagai et al. (2007b) and Fabjan
et al. (2011a) presented datasets of a few tens of clusters simulated with
radiative feedbacks and with a very good mass resolution (MDM ∼ 108

h
−1
M⊙): in the first case 16 clusters regions were simulated including several

radiative mechanisms (i.e. star formation, metal enrichment, and thermal
feedback due to Type II and Type Ia supernovae, UV ionization) but no
AGN feedback. In the second dataset AGNs were also included to resimulate
38 Lagrangian regions surrounding massive clusters, including more than 30
objects with Mvir > 1015 h

−1
M⊙. The main limitation on these datasets is

the lack of an high statistics, especially regarding massive objects. When a
larger number of objects has to be taken into account, it is therefore more
common to apply semi-analytic models to DM-only simulations, as in the
case of the Rhapsody dataset (Wu et al. 2013). Using semi-analytic models
allows to consider datasets of hundreds (or thousands) of clusters, but the
description of the properties of the ICM is much less accurate, as the baryon
component is not included in the simulation.

The main goal of the MUSIC project is to overcome the problem of lim-
ited statistic on radiative hydrodynamical simulations, providing a dataset
of hundreds of massive (Mvir > 5×1014 h

−1
M⊙) clusters simulated with a

large number of radiative processes and keeping at the same time a good
resolution in mass and space.

The MUSIC project consists of two sets of resimulated clusters extracted
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from two large volume simulations:

• The MareNostrum Universe, a non-radiative SPH simulation with 2
billion particles (2×10243 gas and dark matter ) in a 500h−1 Mpc cubic
box (Gottlöber & Yepes 2007).

• The MultiDark Simulation, a dark-matter only N-body simulation
with 20483 particles in a 1 h

−1Gpc cubic box (Prada et al. 2012).

These two simulations have slightly different cosmologies. The Marenos-
trum Universe (MU) was made with the cosmological parameters that were
compatible with WMAP1 results ( ΩM=0.3, Ωb=0.045, ΩΛ=0.7, σ8=0.9,
n=1.0, h=0.7) while the MultiDark run was done using the best-fit cos-
mological parameters to WMAP7 + BAO + SNI ( ΩM=0.27, Ωb=0.0469,
ΩΛ=0.73, σ8=0.82, n=0.95, h=0.7) (Komatsu et al. 2011a).

The procedure to select the interested objects in those two simulations
was also different. For the MareNostrum clusters we mainly selected them
based on the dynamical state (relaxed vs bullet-like clusters). For the Mul-
tiDark clusters we made a mass limited selection, taking all clusters with
masses above 1015 h

−1
M⊙at z = 0. The main characteristics of the two

MUSIC subsets are described in sec. 2.4.1 and 2.4.2.

2.3 Initial conditions

The initial conditions have been generated for the ART code (Klypin
et al. 2001). We used the zooming technique (Klypin et al. 2001) to pro-
duce the initial conditions of the resimulated objects, in order to reduce
considerably the computational effort..

To achieve this, we first found all particles within a sphere of 6 Mpc ra-
dius (corresponding to approximatively 3 virial radii of a 1015 h−1

M⊙cluster)
around the center of each selected object at z=0 from a low resolution ver-
sion (2563 particles) of the two simulations. This set of particles was then
mapped back to the initial conditions to find out the Lagrangian region
corresponding to a 6 h

−1Mpc radius sphere centered at the cluster centre
of mass at z = 0. The initial conditions of the original simulations were
generated in a finer mesh of 20483 (for the MareNostrum) and 40963 (for
the MultiDark) sizes. Therefore, we could improve the mass resolution of
the resimulated objects by a factor of 8 with respect to the original simu-
lations. We kept the highest mass-refinement level within the Lagrangian
region of each cluster and then cover it with shells of increasing mass par-
ticles down to the lower resolution level of 2563. To avoid problems with
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Figure 2.1: Distribution of particles of different masses in a halo simulated with
the zooming technique at z = 0. Particles of different masses are shown with
different symbols (from smaller to larger mass): small filled circles, filled circles,
large filled circles, filled squares, and large open circles (credits: Klypin et al.
2001).

periodic conditions, we have always recentered the simulations, each resim-
ulated cluster always located at the center of the corresponding box. Thus,
for the MultiDark clusters, we have dark matter particles of 5 different mass
refinements ( from 40963 to 2563) while for the MareNostrum clusters we
have 4 different mass species. The gas SPH particles were added only to the
highest refinement level. The SPH particle positions were slightly displaced
from their parent dark matter by 0.4 times the mean inter particle distance
in the 3 spatial directions and they were given the same initial velocity as
their dark matter counterparts.
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2.4 The simulation code

The parallel TreePM+SPH Gadget-2 (Springel 2005) code1 was used
to run all the resimulations. In this code, both collisionless dark matter
and the gaseous fluid, as well as stars are represented as particles, allowing
self-gravity of all components to be computed with gravitational N-body
methods. Gadget-2 solves the Poisson equation for gravitational forces
by using a hybrid method called TreePM algorithm. The potential is split
into a long-range part and a short-range one and solved independently. The
former can be efficient and accurately solved with a Particle-Mesh while the
latter is computed by a Tree algorithm which divide the space into smaller
computational cells. A kernel interpolation technique (Monaghan 1992) is
used to define the continuous quantities from the discrete distribution of
gas particles: the density distribution function of a single particle, (x), as
the convolution of the Dirac δ-function with a gravitational softening kernel
of comoving scale �. To this scope, a spline kernel (Monaghan & Lattanzio
1985) is used and set δ(x)=W(|x|, 2.8�), where the kernel W (r) is given by:
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The hydrodynamics are solved by using an entropy conserving scheme of
the smoothed particle hydrodynamics method (SPH). As for dark matter
particles, gas and kinematics are defined with coordinates −→ri , velocities

−→
vi

and masses mi. The thermodynamics state of each fluid element is defined
in terms of its entropy per unit mass si which ensures the conservation of
entropy in all situations, as found at Frenk et al. (1999b).

Consequently, the value of a fluid quantity at any point in space can be
computed from the particle distribution. For instance, the density can be
expressed as

ρi =
N�

j=1

mj W (|−→rij|;hi) (2.6)

where −→rij ≡
−→
ri −

−→
rj and W (r;h) is the smoothing kernel. Values for density,

internal energy and smoothing length are computed by Gadget for all
particles.

The most important feature of the Gadget code is the highly efficient
work-load balanced on different tasks, which makes of it a massively parallel
code. The approach is to treat different scalar CPUs as independent com-
puters, each of them having their own physical memory, and each of them

1
Publicly available from http://www.mpa-garching.mpg.de/gadget/
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running a separate instance of the application. Such parallel programs have
the potential to be scalable up to very large number of processors although,
in practice, it is only possible when all processors have similar work-load and
the communication between them is minimized. The key resides on divid-
ing the full simulation into parts that are suitable for distribution among
individual processors. A commonly taken approach is to decompose the
computational volume into a set of domains, each one assigned to one pro-
cessor. Gadget-2 uses a space-filling fractal curve to map 3-D space on to
a 1-D function, the so-called Peano-Hilbert curve. An important property
of the Peano-Hilbert curve is that points close along the curve are, in gen-
eral, close in 3-D space. As a consequence, efficient domains can be set by
chopping off the curve into pieces. The result is a highly scalable and cus-
tomizable parallel algorithm, allowing to perform simulations with a very
large number of particles and volumes using many processors. Besides, it
is fully adaptive both in force computation and in time stepping (i.e. each
particle can have its own mass and time step).

We accounted for the effects of radiative cooling, UV photoionization,
star formation and supernova feedback, including the effects of strong winds
from supernova, in the same way as described in Springel & Hernquist (2003)
model. We refer the reader to this reference for a detailed description of
the model. Here we simply provide the values corresponding to the typical
parameters of the model. Stars are assumed to form from cold gas clouds
on a characteristic timescale t� and a certain stellar mass fraction β is
instantaneously released due to supernovae from massive stars (M > 8 M⊙).
We adopt a fraction of β=0.1 which is consistent with assuming an Universal
Salpeter IMF with a slope of −1.35 in the limits of 0.1 M⊙ and 40 M⊙. In
addition to this mass injection of hot gas, thermal energy is also released
to the ISM by the supernovae. This feedback energy heats the ambient gas
and cold clouds can be evaporated inside hot bubbles of supernovae. All
these assumptions lead to a self-regulating star formation, where the growth
of cold clouds is balanced by supernova feedback of the formed stars. The
number of collision-less star particles spawned from one SPH parent gas
particle is fixed to 2 , which means that each stellar particle will get half of
the original parent SPH mass. In addition to the thermal feedback, some
sort of kinetic feedback is also accounted for. Gas mass losses due to galactic
winds, Ṁw, is assumed to be proportional to the star formation rate MSFR,
i.e. Ṁw=ηMSFR with η=2. Additionally, the wind contains a fixed fraction
� of the total supernova energy, which is assumed to be � = 0.5. SPH
particles near the star formation region will be subject to enter in the wind
in an stochastic way. Those particles eligible for winds will be given an
isotropic velocity kick of v=400 km/s and will freely travel without feeling
pressure forces up to 20 kpc distance from their original positions.
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Using the aforementioned techniques we have been able to resimulate
a total of 700 different galaxy clusters from the two large box simulations.
This constitutes one of the largest samples of resimulated cluster-sized ob-
jects. We used two different selection criteria, based on dynamical state and
on mass cuts in order to explore scaling relations dependencies on differ-
ent aspects (mass, morphology, redshift evolution, overdensity). All these
clusters were also resimulated with non-radiative physics, using only SPH
and gravity forces, so we can also account for the effects of cooling, star
formation and supernovae feedbacks on the observed properties of the clus-
ters. The database of MUSIC clusters is publicly available in a SQL query
format through the website: http://music.ft.uam.es. The database com-
prehends also the initial conditions of all MUSIC objects, in order to give
the possibility to resimulate the clusters with other hydro codes and/or with
different modeling for the radiative processes (e.g. AGN feedback, MHD,
Cosmic ray pressure, etc).

In the following sections of this chapter we describe in more detail the
two main subsamples in which the MUSIC database is divided.

2.4.1 MUSIC-1: MareNostrum resimulated clusters

This first subset is composed of 164 resimulated clusters extracted from
the MU.

There are more than 4000 clusters of galaxies (objects larger than 1014

h
−1
M⊙) in the whole MU simulation. Out of this large number of clusters,

we selected 82 ’bullet-like’ clusters. The 1ES0657-556 cluster (Clowe et
al. 2006), generally known as the bullet cluster, is considered one of the
best astrophysical tools to study the nature of dark matter. This cluster,
located at z = 0.296, is composed by a smaller merger which has just crossed
a bigger object and is now moving away. The core of the plasma cloud of
the merging sub-cluster, ’the bullet’, has survived the passage. Due to the
different dynamics of the collision less dark matter component and the x-
ray emitting gas, it is expected that the two components have a spatial
offset. By combining lensing and X-ray observations, this behavior is seen
explicitly in the bullet cluster. The relative velocity of the two merging
systems is a quantity that is not directly measured. It is derived from the
shape of the ”bow shock” clearly seen in X-ray images, using the results
from different hydro simulations of merger clusters (Springel & Farrar 2007;
Mastropietro & Burkert 2008). But a more direct measure of the effects of a
cluster merger, in the gas and dark matter components, is the projected 2D
separation between the peak of the two distributions (gas and dark matter).
Forero-Romero et al. (2010) have used this measurement to characterize the
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number of bullet-like clusters in the MU. They define a ”bullet” cluster if
the 2D separation between the peak of dark matter and the peak of gas
distribution is at least 200 kpc (as in the real bullet cluster).

In order to have a morphological counterpart to these extremely dis-
turbed systems, we also selected another 82 clusters which exhibit the fol-
lowing relaxed conditions: the displacement between dark and baryonic
matter is smaller than 200 kpc and they are composed of a single massive
cluster with no big substructures (i.e. all substructures inside the virial
radius must have masses smaller than 10 per cent of the total mass).

The relaxed clusters were chosen to have masses similar to those of the
bullet systems: in this way every bullet-like cluster has a relaxed com-
panion of the same mass. All the selected clusters were resimulated using
the zooming technique and radiative physics, including radiative cooling,
heating processes of the gas arisen from a UV background, star formation
and supernovae feedback explained above. The particle mass of dark mat-
ter was set to mDM=1.03×109h−1

M⊙and the mass of SPH gas particle to
mgas=1.82×108h−1

M⊙. Due to the relative small size of the computational
box of the MU simulation, very few clusters of MUSIC-1 subset have a mass
at the virial radius bigger than 1015 h−1

M⊙. The cluster masses of MUSIC-1
span from Mv=2×1015h−1

M⊙to Mv=1×1014h−1
M⊙.

2.4.2 MUSIC-2 : MultiDark resimulated clusters

The second, and more numerous, subset of MUSIC consists of a mass
limited sample of resimulated clusters selected from the MultiDark Simu-
lation (MD) (Prada et al. 2012). This simulation is dark-matter only and
contains 20483 (almost 9 billion) particles in a (1h−1Gpc)3 cube. It was
performed in 2010 using ART (Klypin et al. 2001) at the NASA Ames
Research centre. All the data of this simulation are accessible from the
online MultiDark Database (www.multidark.org). We have selected, using
a low resolution (2563 particles) version of the MD simulation, all the ob-
jects more massive than 1015 h

−1
M⊙. In total, we found 282 objects above

this mass limit. All these massive clusters were resimulated both with and
without radiative physics using the techniques explained above. The mass
resolution for these simulations corresponds to mDM=9.01×108h−1

M⊙and
to mSPH=1.9×108h−1

M⊙. The gravitational softening was set to 6 h
−1 kpc

for the SPH and dark matter particles in the high-resolution areas. Several
low mass clusters have been found close to the large ones and not overlap-
ping with them. Thus, the total number of resimulated objects is consid-
erably larger. In total we obtained 535 clusters with M>1014 h

−1
M⊙at z

= 0 and more than 2000 group-like objects with masses in the range 1013
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h
−1
M⊙<Mv <1014 h

−1
M⊙.

All of these resimulations have been done both with non-radiative physics,
using the same technique and resolutions as the radiative ones. Since now
on we will refer to the radiative simulations of MUSIC-2 dataset as CSF
dataset, and to the non-radiative ones as NR dataset. Even if at high resolu-
tion not all the massive clusters keep their mass above 1015 h−1

M⊙(as a part
of the clusters appear to be resolved in two or more smaller objects when the
mass resolution is improved), more than one hundred clusters show a virial
mass larger than 1015 h

−1
M⊙, and more than 250 a virial mass larger than

5·1014 h
−1
M⊙, augmenting of almost a factor of 10 the number of massive

clusters available in the most recent datasets of high resolution hydrody-
namical simulations of clusters (as for instance the aforementioned Dianoga
dataset, Fabjan et al. 2011a). We have stored snapshots for 15 different
redshifts in the range 0 ≤ z ≤ 9 for each resimulated object. In the case of
the two massive clusters, we stored 320 snapshots for a more detailed study
of the formation process. Using the graphic visualization code SPLOTCH
developed by Dolag et al. (2008), we produced a representation of the gas
distribution for all the MUSIC-2 clusters for each of the 15 redshifts in radia-
tive and non-radiative runs, available online at http://music.ft.uam.es.
In Fig.2.2 we show, as an example, the gas density, colour coded according
to the temperature, and the stellar component for 4 different clusters of the
MUSIC database at z = 0. In Tab.2.1 we report all the redshifts analyzed
by MUSIC and the corresponding snapshot, plus the number of objects
with virial mass above 1013,1014 and 1015 at each redshift (as shown also in
Fig.2.3). This selection allows us to analyze a subset in a mass range where
MUSIC constitutes a complete volume limited sample (see Section 2.5 for
a further explanation). Moreover, those clusters are the best resolved ones
, containing millions of particles. This allows us to to extend the analysis
towards the inner regions of the clusters. All these massive objects are free
from contamination of low resolution particles. The distance between the
center of the cluster and the closest low resolution particle is at least 2 times
the virial radius at z = 0 and more than 3 times the virial radius at higher
redshifts. We included in this set only distinc objects, halos which are not
subhalos of bigger halos.

In order to give a first classification of the halos based on the dynamical
state, we also studied the merger rate of MUSIC-2 objects, following the
definition adopted by Ascasibar et al. (2004): we looked for the most massive
subhalo inside the virial radius and if the mass of this was bigger than the
10 per cent of the mass of the hosting halo we classified it as a merger.
Mergers with a mass comprehended between the 10 and the 50 per cent of
the hosting halo were identified as minor mergers, as mergers with a mass
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Figure 2.2: Gas distribution in MUSIC clusters: the same cluster simulated with
radiative (top-left) and non-radiative (top-right) physics at z = 0; a bullet-like
cluster(bottom-left) and a relaxed cluster (bottom-right) of MUSIC-1 at z = 0.3.
The images of the all MUSIC dataset (available at http://music.ft.uam.es)
have been generated with SPLOTCH (Dolag et al. 2008). Color code represents
temperature of the gas. Yellow dots are the stars formed in the simulation.
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z 0.00 0.11 0.18 0.25 0.33 0.43 0.54 0.67 0.82 1.00
Mvir 8.5 7.5 7.0 7.0 7.0 7.0 5.5 4.5 4.5 4.5
N 172 147 137 89 75 70 67 57 45 14

Table 2.1: Mass completeness of MUSIC-2 dataset (compared to dark-matter
only MD simulation) in the redshift range 0 ≤ z ≤1. The virial mass is reported
in 1014 h−1M⊙ and N is the number of clusters beyond the completeness mass
limit.

larger then 50 per cent of the host were considered as major mergers. In
Fig.2.4 we are representing the total merger (minor and major mergers)
rate of MUSIC-2 objects at different redshifts. The merger rate does not
look to be dependent on redshift and it is always around 30-35 per cent; if
we consider only clusters of galaxies the mergers rate rises to almost 40 per
cent.

2.4.3 Halo-finding and general properties of the clusters

Haloes and sub-haloes of MUSIC simulations have been identified and
their properties have been measured using the hybrid MPI+OpenMP par-
allel halo finder AHF (see Knollmann & Knebe 2009 for a detailed descrip-
tion), that automatically identifies haloes, sub-haloes, sub-subhaloes, etc.
AHF is the successor of the MHF halo finder Gill et al. (2004), finding peaks
in the density generated in hierarchy of grids like AMR codes do.. The grid
hierarchy is built in such a way that the grid is refined in high-density re-
gions and hence naturally traces density contours. This can be used to not
only select halos, but also to identify substructures. The AMR grid struc-
ture naturally defines the halo–subhalo hierarchy on all levels.

Another important aspect in finding substructure is the trimming of their
associated particle lists to remove unbound particles to get a dynamical
description of the halo. From the lists of the bound particles of each halos
it is then possible to calculate canonical properties like the density profile,
rotation curve, mass, etc. Having its algorithm based on particles, the AHF
easily supports multi-mass collisionless particles (dark matter particles as
well as stars) and also SPH gas particles. It has been proven that it can
reliably recover substructures containing at least 20 particles (Knebe et
al. 2011). The luminosity of the stars formed in the simulation has been
computed using the STARDUST (Devriendt et al. 1999) code, a stellar
population synthesis model of the spectral energy distributions (SEDs) of
star bursts from far−UV to radio wavelengths. From the SEDs of the stars
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Figure 2.3: Number of objects of the MUSIC-2 dataset with virial mass bigger
than 1013h−1M⊙(black), 1014h−1M⊙(blue) and 1015h−1M⊙(red), from z = 0 to
z = 1.
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Figure 2.4: The total merger rate (minor+major mergers) of MUSIC-2 halos
at different redshifts, considering all the objects of the subset (black) and only
clusters of galaxies (red).
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we could compute the total luminosity in different photometric bands for
each object of the simulation.

2.5 The mass function of MUSIC-2

One of the main characteristics of MUSIC-2 dataset is to be a complete
volume sample: this means that there is a limit value for cluster mass be-
yond that all the object that have formed in cosmological comoving volume
of (1Gpch−1)3 (corresponding to the volume of the parent DM simulation,
Multidark) have been resimulated by MUSIC. This property makes MUSIC-
2 a dataset extremely suitable for cosmological tests, as it permits to avoid
selection effects having at the same time large statistics (provided by the
high number of massive clusters simulated). The completeness of MUSIC
dataset also allows to calibrate scaling relations with a correct estimation
of the scatter, achieving a better accuracy than any previous works em-
ploying simulations. The cumulative mass function of MUSIC-2 clusters in
the redshift range 0 ≤ z ≤ 1 is shown in figure 2.5. The mass values of
the dataset completeness (plus the number of clusters which compose the
complete-volume sample) for all redshifts analyzed are shown in Tab. 2.1,
spanning from 4.5×1014 h−1

M⊙at z=1 to 8.5×1014 h−1
M⊙at z = 0. In Fig.

2.6 we also compare the mass function of MUSIC-2 (CSF subset) with the
original mass function of Multidark and in Fig.2.7 we show the fraction of
Multridark objects resimulated by MUSIC at different redshifts.
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Figure 2.5: Cumulative mass function of the MUSIC-2 dataset from z = 0 to z =
1. The vertical lines indicate the mass limit beyond which the dataset constitutes
a complete volume limited sample
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Figure 2.6: Comparison of the cumulative mass functions of MUSIC-2 and Mul-
tidark datasets from z = 0 to z = 1.
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Figure 2.7: Ratio of Multidark objects resimulated by MUSIC from z = 0 to z
= 1.
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Chapter 3

The baryon content of MUSIC
clusters

3.1 Baryon content in clusters of galaxies

Though they barely represent the 4 per cent of the total content of Uni-
verse, baryons are the only observable channel of information of large scale
structures and constitute a precious resource to get cosmological constrains.
The measure of the fraction of the total baryon content in clusters of galax-
ies, fb, is one of the most robust tools to infer the density parameters of
matter, Ωm, and of dark energy, ΩΛ. If we assume that Ωb can be accu-
rately calculated by other observational probes (such as the study of the
CMB anisotropies), then it is straightforward to convert the measure of fb
into a measure of the density parameter of matter, as Ωm = Ωb/fb (White
& Fabian 1995, Ettori & Fabian 1999, Castillo-Morales & Schindler 2003).
The assumption to be made in order to apply this method is that the baryon
content of cluster reflects the global baryon content of the Universe. More-
over, when gas fraction is measured by X-ray observations it depends on
the luminosity distance at the cluster redshift (fgas ∝ d

1.5); if therefore we
assume that gas fraction does not evolve with redshift, it can be converted
into a cosmological test to give an estimate of ΩΛ (Sasaki 1996, Pen 1997,
LaRoque et al. 2006, Allen et al. 2008) and massive clusters of galaxies can
be considered, as Type Ia supernovae, as standard candles to test the ex-
pansion history of the universe.

This apparently very simple scenario is nevertheless complicated by a
number of factors which make the connection between fb and cosmological
constrains more challenging. First of all, the effects of cooling and heating
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are expected not to be constant in time, so also fb may be evolving with red-
shift. Furthermore, contrary to what expected, measurement of the baryon
mass fraction in nearby clusters from optical and X-ray observations re-
ported smaller values (Ettori 2003, McCarthy et al. 2007) than the cosmic
baryon fraction, that according to the WMAP-7 data is fb ≡0.167±0.004
(Komatsu et al. 2011b). Moreover, fb may not be constant with cluster
mass Lin et al. (2003). Different explanations have been moved to explain
this ’missing baryons’ problem: physical processes which may move clus-
ter baryon fraction to values lower than the cosmic ratio (He et al. 2006),
significant baryon components undetected by optical and X-rays techniques
(Ettori 2003) such as filaments (Shimon et al. 2012a), or a systematic un-
derestimate of Ωm by WMAP (McNamara & Nulsen 2007).

In the light of these considerations, it is fundamental to get a correct
measurement of the gas mass fraction. In fact, studies on the individual
baryon component have highlighted that the stellar and gas fraction within
R500 exhibit opposite behaviors as a function of the total cluster mass: clus-
ters appear to have a higher gas fraction than groups (Vikhlinin et al. 2006,
Arnaud et al. 2007), but a lower stellar fraction (Lin et al. 2003); this may
be due to a different efficiency in the star formation rate between clusters
and groups (David et al. 1990, Laganá et al. 2008).
Also non-gravitational processes could explain the discrepancy between the
baryon fraction measured in clusters and groups and the cosmic value pre-
dicted by WMAP: AGN heating could drive the gas out of the potential
wells of host halos, giving an explanation to the lack of baryons in groups
of light. Considering this, also the study of the baryon content of groups
of galaxies can play a relevant role on the study of the universality of the
baryon content of the universe.

Not only the gas mass fraction is important to study the baryon content
of clusters and its impact on cosmological constrains: also the stellar com-
ponent, which constitute about 1/6 of the total baryon budget has to be
taken into account. In clusters, stars are mainly found in galaxies (satellite
galaxies and the BCG, the brightest cluster galaxy) and in the intra-cluster
light (ICL, stars not bound to cluster-galaxies): cosmological simulations
(Murante et al. 2007, Puchwein et al. 2010) suggested that ICL can host up
to 60 per cent of the cluster stellar component, making it one of the most
important possible canditates of missing baryons (Gonzalez et al. 2007).
Hydrodynamical simulations play a dominant role in the study of the baryon
budget of clusters. Early non-radiative simulations (Eke et al. 1998) have
been used to make a calibration of the depletion factor (the ratio by which
the baryon fraction in clusters measured at R2500 is depleted with respect

56



CHAPTER 3. THE BARYON CONTENT OF MUSIC CLUSTERS

to the cosmic value) and showed that the baryon of clusters is biased low of
only 10 per cent with respect to the cosmic ratio. Non-radiative simulations
of massive (kT > 5 keV) dynamically relaxed clusters suggested that outside
R2500 (see the next section for the definition of cluster radii) the gas fraction
should be approximately constant with redshift (Eke et al. 1998, Crain et
al. 2007), though other works on simulations and observations suggested
that a variation of fgas with redshift may be taken into account (Borgani
et al. 2004, Kay et al. 2004, Kravtsov et al. 2005, Ettori et al. 2006). To
implement the study of the baryon content of clusters, together with its
bias and its possible dependence on redshift, it is therefore necessary to
enrich hydrodynamical simulations with an improved description of baryon
physics, adding all the processes described in section 2.1. The processes of
cooling and star formation (Kay et al. 2004, Ettori et al. 2004, Kravtsov et
al. 2005, De Boni et al. 2011) such as the effect of AGN feedback (Puchwein
et al. 2010, Fabjan et al. 2010, Young et al. 2011, Planelles et al. 2013) have
already been used by previous work based on hydrodynamical simulations
to study the baryon content of galaxy clusters.

In the analysis shown in this section, which is based on the results pre-
sented in Sembolini et al. (2013b), we extend the study to the MUSIC
dataset, taking advantage of the large statistics provided by our simula-
tions. Comparing the NR and CSF MUSIC-2 subset, we studied the effect
of radiative physics on the baryon fraction, and using the CSF subset we
performed a detailed study of the star and baryon fraction. Thanks to the
characteristics of the MUSIC dataset shown in the previous chapter (large
number of massive objects simulated, wide mass range, many snapshots
stored in the redshift range 0 ≤ z ≤ 1), we show a detailed study of the
properties of the baryon, gas and star fraction of cluster at different red-
shifts, overdensities and masses, and we compare our results with the most
recent works on the same topic.

3.2 Definition of mass, radius and overdensity: two
different approaches

As we want to study the properties of clusters and groups of galaxies
at different evolutionary states and in different regions of the clusters, we
need to find a definition of cluster’s radius and mass which may be uniform
at different redshifts, without introducing in the measurement of cluster’s
properties (such as the baryon fraction) any bias which is not depending on
the evolution.
First of all, a correct definition of the mass is needed. In this work, also
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according to the characteristics of the AHF (that we introduced in sec.2.4.3),
we chose to adopt the Spherical Overdensity (SO) mass. The spherical
overdensity algorithm defines the boundary of a halo as a sphere of radius
enclosing a given density contrast ∆ with respect to the reference density
ρ: this requires also a definition for the halo center. The common choices
for the center in theoretical analyses are the peak of density (as in the case
of the AHF), the minimum of the potential, the position of the most bound
particle or the center of mass. As the center as well as the boundary of the
halo have to be found simultaneously, an iterative scheme is used to identify
the SO boundary around a given peak (see Knebe & Power 2008 for more
details on the AHF algorithm). The radius of the halo boundary, R∆, is
defined solving the following equation:

M(< R) =
4π

3
∆ρ(z)r3 (3.1)

where M(< r) is the total mass profile and ρ(z) is the reference physical
density at redshift z. The choice of ∆ and the reference ρ may depend on
theoretical considerations or by observational limitations.

Ideally the virial radius, Rv, is a suitable choice, confining almost the
whole cluster: that in principle corresponds to the radius inside which the
virial theorem, which connects the kinetic and internal energy of the cluster,
is satisfied. If we define the overdensity corresponding to the virial radius
as ∆v (which value depends on the cosmology adopted and on the redshift),
then we can calculate the virial mass of the cluster as:

Mv =
4π

3
∆vρ(z)R

3
v (3.2)

Unfortunately such a large region is challenging to be explored due to
the lack of sensitivity of present day SZ or X-ray observations. Therefore,
a smaller aperture radius has to be defined. This quantity has to be physi-
cally meaningful and must hold at different redshifts.

It is therefore very important the definition of the aperture radius where
the properties are estimated. As we are interested in comparing cluster
properties at different redshifts, it is also important to adopt an aperture
radius that allows to consider a region of the clusters corresponding to the
same fraction of the virial radius, Rv(z) at different redshifts. Otherwise,
one could introduce a bias in the study of the redshift evolution of inte-
grated cluster quantities simply due to the different cluster regions probed
at different redshifts.
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The widely applied definition of the aperture radius, both in observations
and simulations, correspond to the radius of a sphere that contains a total
mass that equals the mass of a sphere with a fixed redshift independent
overdensity with respect to the critical density defined as

ρc(z) =
3H2

0E(z)2

8πG
(3.3)

where H0 is the present value of the Hubble constant, G is the universal
gravitational constant. E(z)is the Hubble constant normalized to its present
day value defined as

E(z) = (ΩM(1 + z)3 + ΩΛ + Ωk(1 + z)2)1/2 (3.4)

The most often used, more favorable in terms of simplicity, consists on
defining the radius at which the mean enclosed total density is a fixed fac-
tor (independent on redshift) of the critical density of the Universe, ρc(z).
This is useful to make comparisons with theoretical predictions from the
spherical collapse model, which describe the virialized part of a cluster in
terms of the density contrast ∆v. But ∆v varies with redshift and depends
on the cosmological parameters adopted.

An alternative definition of the aperture radius consists in defining it
as the radius of the sphere that contains a total mass equal to the mass of
a sphere with an overdensity value with respect to the cosmic background
mass density, ρb(z) = ρc(z)Ωm(z) where Ωm(z) is the cosmological matter
density parameter defined as Ωm(z) = ΩM(1 + z)3/E2(z).

The cluster centric radius can then be quantified in terms of these two
overdensities ∆b,c , which means that the cluster average density inside r∆b,c

is ∆ times the critical or background density. The overdensity radius, linked
to the critical (or background) density, can therefore be expressed as:

r∆c =

�
3M∆c(z)

4πρc(z)∆c(z)

�1/3

(3.5)

r∆b
=

�
3M∆b

(z)Ωm(z)

4πρc(z)∆b(z)

�1/3

(3.6)

It is important to check whether a redshift independent∆c could possibly
introduce some biases when comparing clusters at different redshifts. Our
goal is to keep the ratio r/Rv constant with redshift so that the same fraction
of cluster is considered at different redshifts.

Maughan et al. (2006) were the first to address this problem. They
investigated the influence of the definition of overdensity radius only in the
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case of X-ray scaling relations with a sample of 11 high-redshift clusters
observed with Chandra and/or XMM-Newton. Also recently a study of
scaling laws specifically, for X-ray observables and cluster properties, has
faced the same problem (Böhringer et al. 2012).

The dependence of the overdensity radius defined in Eq.3.5 on redshift
and on cosmological parameters can be easily derived:

r∆c ∝ ρc(z)
−1/3

∝ E
−2/3(z) = (ΩM(1 + z)3 + ΩΛ)

−1/3 (3.7)

Similarly, the radius defined with the background overdensity depends
on redshift as:

r∆b
∝ ρc(z)

−1/3Ωm(z)
−1/3

∝ (1 + z)−1 (3.8)

As can be seen, the dependence on redshift of the two defined radius is
somewhat different. From z = 0 to z = 1, the r∆c decreases by a factor of
1.4 while the r∆b

decreases a factor of 2. But we are interested to check
how the ratio r∆c,b

/Rv depends on redshift. Thus, we take into account the
dependence of the overdensity at virial radius Rv, ∆v. An analytical fit to
the numerical solution of the spherical collapse model was given by Bryan
& Norman (1998) in a ΛCDM cosmology (see also Eke et al. (1996)).

∆v,c(z) ∼ 18π2 + 82x− 39x2 (3.9)

as to the background density, is given by:

∆v,b(z) ∼ ∆v,c(z)/(1 + x) (3.10)

where x = Ωm(z)− 1.

With this definition of aperture radius the r∆c/Rv ratio changes with
redshift as it is shown in right panel of Fig. 3.1. The effect increases
towards the inner regions of the cluster. An overdensity radius of 2500 over
the critical density corresponds to a region of 1/5th of the virial radius at
z = 0 and changes by more than 20 per cent towards z = 1.

Maughan et al. (2006) suggested an alternative definition of aperture
radius to show an almost redshift independent variation of r/Rv. To this
end, they propose to define the aperture radius with a redshift dependent
overdensity value which is a simple rescaling of the overdensity defined at
z = 0 as:

∆(z) = ∆(0)

�
∆v(z)

∆v(0)

�
(3.11)
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In this way, the ratio of the comoving densities is ensured to be constant
along the redshift. We refer to this redshift varying overdensity as ∆(z),
following the notation adopted by Maughan et al. (2006).

By looking at the dependence on redshift, cosmology and on the den-
sity contrast at the virial radius, a background overdensity, including the
z-dependence (Eq.3.11), seems to be a more suitable choice for the ∆ def-
inition, allowing to compare cluster properties within radii corresponding
to redshift independent cluster fractions. In fact, as can be seen in the left
panel of Fig. 3.1 r∆b(z)/Rv, estimated from the redshift dependent back-
ground overdensity, ∆b(z), looks almost invariant with redshift ( less than 5
per cent variation). Thus, applying this definition, we will be able to study
the evolution of cluster properties almost free from the bias induced by the
choice of an aperture radius defined by the same overdensity value at all
redshifts.

3.3 Baryon, star and gas fraction in MUSIC

We study the internal baryon content of the MUSIC-2 cluster sample
estimating the gas and stellar fractions, as well as the total baryon fraction.
In this way we are able to check the consistency between our simulated
dataset and available observational results. Moreover, as examined in the
following section, the gas fraction plays a relevant role on the Y −M scaling
relation. We also want to monitor the impact of overcooling (Kravtsov et
al. 2005), in our dataset, especially its impact on the star fraction.

As introduced in the previous section, the mass of each component is
estimated inside fixed overdensity radii defined either with respect to the
critical or background density. In both cases, we calculate the gas mass
Mgas,∆, the star mass Mstar,∆ and the total mass M∆ inside a fixed over-
density radius r∆ selecting and summing all the particles of gas, star and
dark matter falling inside that radius. We then define the baryon, gas and
star fractions as:

fgas =
Mgas,∆

M∆
(3.12)

fstar =
Mstar,∆

M∆
(3.13)

fbar =
Mgas,∆ +Mstar,∆

M∆
(3.14)

These quantities are calculated for the CSF clusters. In the case of the
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Figure 3.1: Behavior of the r/Rv ratio at different redshifts (0 ≤ z ≤ 1) for
background overdensity varying with redshift (left panel) and for fixed critical
overdensity (right panel).
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NR simulations, where all the SPH particles are gas, the baryon fraction
corresponds to the gas fraction, defined as fbar=fgas=Mgas,∆/M∆.

In order to have a detailed description of the integrated cluster proper-
ties starting from the inner regions up to the virial radius, we analyze our
clusters at seven different critical overdensities, ∆c=[∆v,c(z), 200, 500, 1000,
1500, 2000, 2500], where only the virial value is different for each redshift
as in Eq.(3.9). Similarly we select a set of (redshift dependent) background
overdensities, ∆b(z)=[∆v,b(z), 500(z), 1000(z), 1500(z), 2500(z), 5000(z),
7000(z)], where we are adopting the notation used by Maughan et al. (2006).
We are referring to an overdensity ∆b(z) corresponding to the value at z =
0 but that is changing its value along the redshift (i.e. writing 7000(z) it
means that we assume ∆b=7000 at z = 0 and varying the value with red-
shift as in Eq.(3.11)). These values have been chosen aiming at having the
same fraction of the clusters volume than those analyzed with a fixed critical
overdensity criteria. In this way we can infer the properties at overdensities
corresponding to cluster regions that are well fitted by X-ray observations or
by current SZ observations. Due to the high resolution of our simulations,
we can extend the analysis down to the cluster innermost regions (∆c =
2500). Overdensities higher than 2500, corresponding to the core region of
the cluster, can be affected in a non negligible way by cold flows or galaxy
feedbacks.

We focus the first part of our analysis on the most massive objects of
MUSIC-2, selecting all the clusters of the dataset, both CSF and NR runs,
with virial mass Mv >5×1014 h

−1
M⊙at z = 0. This selection allows us

to analyze a subset in a mass range where MUSIC constitutes a complete
volume limited sample (more than 80 per cent of the clusters found in the 1
h
−1Gpc MD box above this mass limit have been resimulated by MUSIC).

Moreover, those clusters are the best resolved ones , containing millions of
particles. This allows us to to extend the analysis towards the inner regions
of the clusters. In the next sections we extend the analysis of the baryon
content also to smaller clusters and to groups of galaxies.

In the analysis we paid particularly attention to ∆c = 500 and ∆c =
2500 as they are the most common values used in literature, especially in
observations, when the virial radius is usually not reachable. Fig.3.2 shows
the evolution of the gas, star and baryonic fractions in a region close to the
cluster centre, (∆b=7000(z) and ∆c=2500), corresponding at almost Rv/5.
When we consider ∆c=2500 we observe a moderate decrease in the gas frac-
tion as we go from z = 0 (fgas=0.09±0.01) to z = 1 (fgas=0.08±0.01). Cor-
respondingly, the value of the star fraction grows from fstar=0.08±0.01 at
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z = 0 to fstar=0.10±0.01 at z = 1. The baryon fraction shows, however, no
significant variation with redshift, and it is compatible with the cosmic value
Ωb/Ωm=0.174 (Komatsu et al. 2011a) for CSF clusters (fbar=0.174±0.009),
while it is smaller for NR clusters (fbar=0.15±0.01). We find a similar sce-
nario when we define the aperture radius based on ∆b=7000(z), but in this
case the evolution of gas and star fraction with redshift is more evident:
from fgas=0.09±0.01 and fstar=0.07±0.01 at z = 0 to fgas=0.07±0.01 and
fstar=0.11±0.02 at z = 1. We observe that at these overdensities the value
of the star fraction is high, especially at high redshifts, but the effects of a
possible over cooling in our simulations do not seem to be strong enough to
deviate the mean values of the gas fraction from the observational estimates.

The evolution of the same baryonic component fractions is shown in Fig.
3.3 but for a larger integration domain defined by an overdensity: ∆b =
1500(z) and ∆c = 500 respectively, corresponding to ∼ Rv/2. In this case
there are neither any relevant differences between the two overdensities used
to define the radii, nor there is a significant evolution with redshift observed.
Therefore, we can confidently assume the values at z = 0 for ∆c=500 to
be representative (within 10 per cent) of the gas fraction values for clusters
up to z = 1: fgas=0.118±0.005, fstar=0.048±0.003, fbar=0.166±0.004. For
NR clusters we have fbar=0.157±0.006.

Fig. 3.4 shows the average radial (normalized to the virial radius) cluster
profiles of gas, star and baryonic fractions for all the redshift considered in
this analysis. A moderate evolution of the baryon properties with redshift
can be deduced in this plot, which is more relevant at smaller R/Rv. The
gas fraction increases from inner to outer regions and shows higher values
at low redshifts. On the contrary, the star fraction decreases when moving
towards the virial radius and is bigger at higher redshifts, showing that star
formation is preferentially located at the central parts of clusters at low
redshift. The baryon fraction decreases when reaching the cluster outskirts
for CSF clusters (with mean values higher than the cosmic ratio) while the
NR clusters show the opposite behavior. In both physical configurations
the mean baryon fraction becomes smaller when moving from z = 1 to z =
0. The evolution of fbar at large fractions of the virial radius is very mild
for CSF clusters and converges towards a nearly constant gas fraction for
∆c = 500.

As a summary of the previous discussion we conclude that using ∆b(z)
to define the aperture radius at different redshift allows to reliably compare
the same region ( with respect to the virial radius of the cluster at each
redshift) and thus is the best choice when studying redshift evolutions. On
the other hand, by selecting the radius based on fixed ∆c values allows us
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Figure 3.2: Evolution of fgas (red diamonds), fstar (green triangles) and fbar
(yellow squares) of CSF clusters and fbar (blue squares) of NR clusters for
∆b=7000(z) (top panel) and ∆c=2500 (bottom panel).
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Figure 3.3: Evolution of fgas (red diamonds), fstar (green triangles) and fbar (yel-
low squares) of CSF clusters and fbar of NR clusters (blue squares) at∆b=1500(z)
(top panel) and ∆c=500 (bottom panel).
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Figure 3.4: Top panel: Average radial profiles, in units of the virial radius, of
fbar for CSF clusters (continuous lines) and for NR cluster (dashed) at different
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to use a fgas which is nearly constant with redshift.

Baryon content at different mass ranges and evolution with redshift

We now extend our study of the baryon properties to all the distinct
objects of the MUSIC-2 dataset with Mv >1013 h

−1
M⊙. We divided both

CSF and NR subsets in 3 groups, according to the mass of the halos at z =
0:

• Massive clusters : clusters of galaxies with Mv > 5×1014 h
−1
M⊙,

corresponding in most of cases to the most massive objects formed in
each one of the 282 MUSIC-2 boxes.

• Clusters : clusters of galaxies with 1014 h
−1
M⊙< Mv < 5×1014

h
−1
M⊙, corresponding mainly to smaller clusters which have formed

in the same region of a massive cluster (but that lie outside the virial
radius of the latter).

• Groups of galaxies: halos with a mass comprehended between 1013

h
−1
M⊙and 1014 h

−1
M⊙.

In the case of the two last groups, these objects may have experienced dur-
ing their evolution some merging interaction with the main object of the
simulation box, which as aforementioned is usually a massive clusters; by
the way, when included in the analysis, all the objects of the dataset were
not involved in interactions with other halos showing a larger mass.

Fig.3.5 shows the evolution of the gas fraction for the 3 different mass
ranges for CSF and NR subsets at ∆c = 500; NR objects show the same gas
fraction with no differences between groups and massive clusters exhibiting
a baryon mass fraction systematically lower than the assumed cosmic ratio
by ∼ 10 per cent, consistently with what predicted by previous analyses
based on SPH simulations (Eke et al. 1998, McCarthy et al. 2011). On
the other hand gas fraction of CSF groups show different values at differ-
ent mass ranges: fgas of massive clusters is around 12 per cent as groups
present values 20 per cent lower (around 10 per cent), confirming the pre-
diction that clusters have an higher gas fraction than groups (Vikhlinin et
al. 2006, Arnaud et al. 2007). The total baryon fraction of CSF shown in
Fig.3.6 is higher than NR subset, though still slightly lower than the cos-
mic ration: also as in the case of non radiative runs we do not find any
differences among different mass ranges. On the contrary, the star fraction
(also represented in Fig.3.6) exhibits a relevant difference between massive
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Figure 3.5: Evolution of the gas fraction at ∆c = 500 from z = 1 to z = 0 for
massive clusters, clusters and groups (mass ranges are reported in the legend and
expressed in h−1M⊙) for CSF (diamonds) and NR (triangles) MUSIC-2 objects.

clusters and groups of galaxies, with an opposite behavior with respect of
what measured for fgas: tfstar of massive clusters is, as aforementioned in
sec.3.3, around 5 per cent as the fstar of groups is sensibly higher, exhibiting
values larger than 7 per cent.

At ∆c = 2500 the effects of overcooling on CSF halos become more
evident. The gas content in this inner region of clusters is lower than at ∆c

= 500 as a relevant part of the gas has been converted into stars; as it can
be inferred from Fig.3.7, massive clusters have fgas around 9.5 per cent, and
groups of galaxies show again value 20 per cent lower (fgas ∼7 per cent).
NR objects show lower values with respect to ∆c = 500 but no differences
due to the mass classification. Also as a consequence of overcooling, the
star fraction (Fig.3.8) show values much larger of what measured at lower
overdensities. Again, groups of galaxies are much more subjected to an
excess in the star formation the clusters: fstar reaches values around 12.5
per cent, a fraction even larger than the gas content calculated at the same
overdensity. As a consequence of overcooling and of the lack of mechanisms
able to remove baryons from the inner regions of clusters the total baryon
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Figure 3.6: Evolution of the star(diamonds) and baryon (triangles) fraction at
∆c = 500 from z = 1 to z = 0 for massive clusters, clusters and groups (mass
ranges are reported in the legend and expressed in h−1M⊙) for CSF MUSIC-2
objects.
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fraction of CSF groups of galaxies shows at this overdensity values larger
(fbar ∼ 19 per cent) than the cosmic ratio, in contrast with what predicted
by Fabjan et al. (2010), Puchwein et al. (2010) and McCarthy et al. (2011),
which predict a decreasing in the baryon fraction at low masses.

In order to parametrize a possible evolution of the gas, star and baryon
fraction with redshift, we studied the relation

fi(z) = fi(0)(1 + z)A (3.15)

where the subscript i is equal to gas, star orbar when referring to mean of
the gas, star or baryon content at each redshift. The results of the best-fit,
reported in Tab.3.1, rule out any evolution with redshift for all the baryonic
components considered, both for NR and CSF and independently on mass
range and overdensity. This confirms the hypothesis made at the beginning
of this chapter, according to which the baryon fractions of clusters (and
groups) can be considered free from redshift evolution (at least up to z ∼ 2
- 3).

∆c = 500 ∆c = 2500
Massive clusters A f(0) A f(0)
fgas(CSF) 0.0005±0.0007 0.118±0.001 -0.005±0.002 0.103±0.003
fgas(NR) 0.07±0.01 0.151±0.008 0.013±0.001 0.133±0.002
fstar(CSF) 0.002±0.001 0.045±0.001 0.005±0.001 0.071±0.002
fbar(CSF) 0.03±0.01 0.163±0.006 -0.001±0.001 0.174±0.002
Groups A f(0) A f(0)
fgas(CSF) 0.07±0.01 0.089±0.002 0.0005±0.0005 0.068±0.001
fgas(NR) 0.009±0.001 0.147±0.001 0.009±0.001 0.134±0.001
fstar(CSF) -0.006±0.001 0.079±0.001 0.001±0.001 0.123±0.003
fbar(CSF) 0.0014±0.0001 0.168±0.004 0.001±0.001 0.192±0.002

Table 3.1: Best fit values of the gas, star and baryon fraction evolution with
redshift for massive clusters (top) and groups of galaxies (bottom), at ∆c = 500
(left) and ∆c = 2500(right).

3.4 M-fgas and M-fstar relations

Once that any possible redshift dependence of the baryon content of
clusters and groups has been ruled out, we studied the relation between total
mass and gas, star and baryon fraction. Vikhlinin et al. (2009) predicted
for massive clusters a linear dependence (in the log scale) between the gas
fraction and the total mass. This hypothesis is supported in MUSIC CSF
subset by the results explained in the previous sections and in the differences
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Figure 3.7: Evolution of the gas fraction at ∆c = 2500 from z = 1 to z = 0 for
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between the mean values of fgas of clusters and groups shown in Fig.3.5 and
Fig.3.7.

We study the fgas −M relation in the form:

fgas,∆c = 10B
�

M∆c

h−1M⊙

�A

(3.16)

for CSF and NR MUSIC-2 subsets. In the same way, we study the fstar−M

and the fbar relations of CSF halos. Considering that there is no evolution
with redshift in the baryon budget of our dataset, we include in this part
of the analysis only objects at z = 0.

Fig.3.9 shows the relation between total mass and gas, star and baryon
fraction at ∆c = 500: the baryon fraction of the CSF subset, as well as
the gas fraction of NR halos, does not show any dependence of mass. The
fgas −M500 relation of CSF massive clusters can be expressed as:

fgas,500 = 10(−1.15±0.01)

�
M500

h−1M⊙

�(0.041±0.007)

(3.17)

The slope of this relation, A = 0.041±0.007, confirms the results of
Vikhlinin et al. (2009), that using X-ray observations of massive clusters
of galaxies predicted a slope of 0.037. Groups of galaxies exhibit a steeper
slope (A = 0.098±0.008). There is a linear dependence also between the
total mass and the star fraction, though in this case the trend is negative:
in fact, as we have seen in the previous section, groups of galaxies report a
star fraction larger than clusters. Fig.3.10 shows the same relations between
total mass and baryon content calculated at ∆c = 2500. In this case the
relations with mass are even steeper than at ∆c = 2500 and the fgas−M2500

relation of CSF massive clusters is:

fgas,2500 = 10(−3.4±0.2)

�
M2500

h−1M⊙

�(0.17±0.1)

(3.18)

Differently from the previous case, at this overdensity groups of galaxies
show a less steep relation (A = 0.14). The star fraction reports a steeper
relation than at ∆c = 500 and also the baryon fraction of CSF clusters and
the gas fraction of NR clusters exhibit a mild linear dependence on the total
mass (in the first case a negative dependence, as at ∆c = 2500 groups have
a baryon fraction larger than clusters).

We can therefore conclude that CSF runs show a linear dependence
between total mass and gas fraction, confirming the results of X-ray obser-
vations. This relation is stronger in the inner regions of clusters (though
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Figure 3.9: Relation between the total mass of MUSIC-2 halos and the gas frac-
tion (bottom, red triangles are CSF objects and blue triangles NR objects), the
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∆c = 500.
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this could be also a consequence of overcooling, which affects more lower
masses); a negative dependence is reported between total mass and star
fraction. The results of the best fits according to different subsets, overden-
sities and mass ranges are shown in Tab.3.2.

∆c = 500 ∆c = 2500
All objects A Log B A Log B
fgas(CSF) 0.072±0.003 -1.97±0.03 0.11±0.01 -2.6±0.1
fgas(NR) 0.008±0.002 0.018±0.002 0.013±0.001 -1.08±0.02
fstar(CSF) -0.118±0.001 0.42±0.02 -0.128±0.002 0.78±0.02
fbar(CSF) -0.003±0.001 0.41±0.06 -0.03±0.01 -0.28±0.01
Massive clusters A Log B A Log B
fgas(CSF) 0.041±0.007 -1.5±0.1 0.17±0.01 -3.5±0.2
fgas(NR) 0.013±0.006 -1.0±0.1 0.09±0.01 -2.2±0.2
fstar(CSF) -0.128±0.002 0.1±0.1 -0.18±0.01 1.5±0.2
fbar(CSF) 0.001±0.004 -0.8±0.006 -0.1±0.1 -0.5±0.1
Groups A Log B A Log B
fgas(CSF) 0.097±0.008 -2.3±0.1 0.13±0.01 -2.9±0.1
fgas(NR) 0.027±0.007 -1.2±0.1 0.067±0.004 -1.7±0.1
fstar(CSF) -0.118±0.004 0.41±0.05 -0.126±0.004 0.74±0.06
fbar(CSF) -0.002±0.002 -0.7±0.1 -0.043±0.003 -0.15±0.03

Table 3.2: Best fit values of the relation between total mass and gas, star and
baryon fraction of MUSIC-2 halos for all objects (top), massive clusters (center)
and groups of galaxies (bottom), at ∆c = 500 (left) and ∆c = 2500(right).

3.5 Comparison with observations and with other si-
mulations

We now compare the values of the gas fractions derived from our simula-
tions with those measured in observations. In Fig.3.11 we show a compila-
tion of published fgas estimates from observations at different overdensities
and our numerical results for the corresponding overdensities, both from the
NR and CSF MUSIC-2 massive clusters within the 1σ dispersion values.

The mean gas fractions of MUSIC-2 CSF massive clusters is consistent
with the gas fractions that have been measured at 3 overdensities (∆c =
2500, 1000, 500) by the LoCuSS project (Zhang et al. 2010). At ∆c = 500
we also found consistency with fgas estimated by Ettori et al. (2009), Juett
et al. (2010), LaRoque et al. (2006), Vikhlinin et al. (2009), Maughan et al.
(2006), Maughan et al. (2004) and David et al. (2012).

At ∆c = 2500 our CSF results are still consistent with Vikhlinin et al.
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(2006) and Maughan et al. (2006), while Allen et al. (2008) shows a higher
value of the gas fraction.

At ∆c = 200 our clusters are also compatible with the two only measure-
ments at these large radius available in literature, Maughan et al. (2006),
Maughan et al. (2004), but due to the larger error bars they are less restric-
tive.

On the other hand, the gas fraction of NR clusters is never compatible
with any of the observational results here cited, furthermore demonstrating
how the introduction of radiative processes in SPH simulations improve the
description of the ICM.

The star fraction in MUSIC-2 CSF clusters is on average overestimated
in comparison with observations. While a value lower than 1 per cent at ∆c

= 200 is reported in Gonzalez et al. (2007), Bode et al. (2009), Giodini et
al. (2009) and Andreon (2010), we derive a star fraction at ∆c ≤ 500 of the
order of 4-5 per cent. The discrepancy with observations in the star budget
is probably due to the affection of overcooling and to the lack of physical
mechanism able to stop the star formation rate in the cluster core. As afore-
mentioned in sec.2.1 the strongest candidate to remove baryons from the
center of simulated clusters and limit the conversion of gas particles into
stars is the introduction of AGN feedback.

To give an estimate of how much this mechanism can ameliorate the
description of the baryon budget of simulated clusters, we compare our re-
sults shown in this chapter with those presented by Planelles et al. (2013).
The simulations used in this work consist in about 70 clusters (Mvir >

1014h−1
M⊙) simulated including AGN feedback. The same objects have

also been simulated including radiative processes but no AGNs (as the CSF
subset of MUSIC-2) and with non-radiative physics (like our NR subset).
As the cosmological parameters used in this dataset are slightly different
(Ωm = 0.24, Ωb = 0.04) from the WMAP-7 parameters employed by our
simulations, to compare the two dataset we adopt the depletion factors (
Υgas, Υstar, Υbar), defined as the ratio between fgas, fstar and fbar and the
cosmic ratio used in the simulation (Ωb/Ωm ∼ 0.174 for MUSIC-2, Ωb/Ωm ∼

0.167 for Planelles et al. 2013, since now on P13). In order to be fully con-
sistent with the dataset analyzed in P13, we selected the MUSIC-2 clusters
with M500 > 2·1014h−1

M⊙. Figs.3.12 and 3.13 show the depletion factors
of MUSIC-2 and P13 in the redshift range 0 ≤ z ≤ 1. NR subsets show
approximately the same depletion factor, Υgas(NR) ∼ 0.85. Also the gas
fraction of MUSIC-2 CSF cluster seem to be compatible with both gas frac-
tions of CSF and AGN P13 clusters, exhibiting values of Υgas(CSF ) ∼ 55
per cent at ∆c = 2500 and Υgas(CSF ) ∼ 70 per cent at ∆c = 500. The
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Figure 3.11: Comparison among gas fractions of MUSIC-2 clusters at different
overdensities and observational estimates. Blue dashed area shows the 1σ dis-
persion of fgas derived from the volume limited NR MUSIC-2 clusters while the
red solid area corresponds to the CSF MUSIC-2 clusters. The x-axis denotes
the different observations: Z10 (Zhang et al. 2010), V06 (Vikhlinin et al. 2006),
A08 (Allen et al. 2008), E10 (Ettori et al. 2009), J10 (Juett et al. 2010), LR06,
(LaRoque et al. 2006), V09 (Vikhlinin et al. 2009), D12 (David et al. 2012), M04
(Maughan et al. 2004), M06 (Maughan et al. 2006).
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Figure 3.12: Comparison between the depletion factors Υgas, Υstar, Υbar of NR
and CSF MUSIC subsets and, CSF, NR and AGN P13 subsets at ∆c = 500, from
z = 1 to z = 0. Labels are shown in the legend.

big difference between CSF and AGN subsets is, as expected, in the star
fraction: the AGN clusters analyzed by P13 show an Υstar of approximately
a factor of 2 lower then CSG MUSIC clusters (15 per cent vs. 30 per cent
at ∆c = 500, 20 per cent vs. 45 per cent at ∆c = 2500).

The comparison between MUSIC-2 and P13 results confirms the neces-
sity of a better description of the radiative processes taking place in the
central regions of clusters in order to get a star fraction compatible with
observational results: the employment of AGN feedback is therefore rec-
ommendable in the use of SPH simulations to describe cluster properties
depending on the star component, i.e. the optical luminosity. On the other
hand, the results of gas fraction do not show any significant difference in ra-
diative simulations whether including or not including AGN feedback; this
allows us to consider MUSIC dataset reliable to study integrated properties
of ICM, such as the Sunyaev-Zel’dovich flux.
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Figure 3.13: Comparison between the depletion factors Υgas, Υstar, Υbar of NR
and CSF MUSIC subsets and, CSF, NR and AGN P13 subsets at ∆c = 2500,
from z = 1 to z = 0. Labels are shown in the legend.
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Chapter 4

The Y-M scaling relation

4.1 Self-similarity and scaling relations

The hierarchical structure of clusters, developed by Kaiser (1986), pre-
dicts simple relations between physical parameters of collapsed structures,
known as scaling relations. Bryan & Norman (1998) showed that there is a
simple relation between the cluster’s total mass and its gas temperature Te,
if we assume hydrostatic equilibrium and isothermal distribution for both
dark matter and gas cluster components.

Unless it is disturbed in some way, a cluster is expected to relax into
hydrostatic equilibrium approximately on the sound crossing time of the
cluster:

ts ≡
D

cs
≈ 6.6× 108yr

�
T

108K

�−1/2 �
D

1Mpc

�
(4.1)

where D is the diameter of the cluster and cs is the sound speed. Since this
time scale is shorter than the age of a typical cluster, which is a fraction of
the Hubble time, the gas in many clusters should be in hydrostatic equilib-
rium, unless it is undergoing or have recently undergone a major merger.
In hydrostatic equilibrium, the pressure forces balance the gravity:

−→
∇P = ρ

−→
∇Φ,

1

ρ
= −

GM(r)

r2
(4.2)

where M(r) is the total cluster mass within r, and the second form assumes
spherical symmetry. If one assumes to know the gas distribution ρ(r) from
observations, the condition of hydrostatic equilibrium can be used to infer
the total gravitational mass as:

M(r) = −
r
2

Gρ(r)

dP

dr
(4.3)
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A model frequently used in literature to describe the gas density distribu-
tion, assuming that the galaxies of the clusters have an isotropic gaussian
velocity distribution, is the β-model (Cavaliere 1976):

ρ(r) = ρ0

�
1 +

�
r

rc

�2
�3β/2

(4.4)

The β-model provides a reasonable fit to the X-ray surface brightness in the
outer regions of many clusters, with a typical value β ∼ 2/3. However, it
does not fit the inner parts of cool core clusters, so in recent works more
refined have been introduced to describe the gas distribution, such as the
universal pressure profiles (Arnaud et al. 2010). The isothermal model
assumes the gas temperature T to be constant; isothermality might result
if thermal conduction were efficient in the cluster. Then, the solution of the
hydrostatic equation is:

ln

�
ρ

ρ0

�
=

µmp

kT
[Φ0 − Φr] (4.5)

where ρ0 and Φ0 are the central values of the gas density and gravitational
potential, respectively. This allow to rewrite Eq.4.3 as:

M(r) = −
kT (r)r

µmpG

�
d ln ρ(r)

d ln r
+

d lnT (r)

d ln r

�
(4.6)

Under this assumptions, the relation between cluster’s total mass and
gas temperature can be easily expressed as:

Te ∝ M
2/3
tot E(z)2/3 (4.7)

4.2 SZ scaling relations

In the last few decades the SZ effect (Sunyaev & Zeldovich 1970) has
become one of the most powerful cosmological tools to study clusters of
galaxies, as well as the nature of the dark matter and dark energy compo-
nents of the Universe. The physical process of the SZ effect is the diffusion
of CMB (Cosmic Microwave Background) photons with a hot plasma due
to inverse Compton scattering. The thermal component of the SZ effect
is largely enhanced by the presence of clusters of galaxies, the most mas-
sive bound objects in the Universe, where plasma is in hydrostatic equilib-
rium inside the gravitational potentials of dark matter. The Intra Cluster
Medium (ICM), composed by high energy electrons, constitutes an ideal
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laboratory to investigate the SZ effect. The brightness of the SZ effect
turns out to be independent of the diffuser position, thus making it the best
tool to find galaxy clusters at high redshift. Moreover, the SZ flux collected
from the cluster region is proportional to the total thermal energy content,
with a weak dependence on the complex physical processes acting at the
inner regions (e.g. cooling flows, galaxy feedbacks etc) which mostly affect
the X-ray luminosity. Therefore these two properties, redshift independence
and low scatter mass proxy makes the integrated Compton Y -parameter an
efficient high-z mass-estimator.

Observational studies started to collect data of a few clusters, mostly
those with high X-ray luminosities (and therefore high masses) (Benson et
al. 2004; Morandi et al. 2007; Bonamente et al. 2008a; Vikhlinin et al. 2009;
Arnaud et al. 2010). Recent large surveys have shown the possibility of
detecting undiscovered clusters only through SZ effect observations, as in the
claims by South Pole Telescope (SPT, Staniszewski et al. 2009a; Vanderlinde
et al. 2010b; (Relation & SPT Collaboration 2010); Williamson et al. 2011a),
Atacama Cosmology Telescope (ACT, Marriage et al. 2011a; Sehgal et al.
2011) and Planck (Planck Collaboration et al. 2011b; Planck Collaboration
et al. 2011e; Planck Collaboration et al. 2011d; Planck Collaboration et
al. 2011f). The possibilities to explore more distant objects or to deeply
map single cluster morphology are planned with the ongoing higher angular
resolution projects like AMI (Zwart et al. 2008), AMiBA (Lo et al. 2001),
NIKA (Monfardini et al. 2010), MUSTANG (Korngut et al. 2011), OCRA
(Browne et al. 2000), CARMA (Muchovej et al. 2012) or the in-coming
projects like the ground based C-CAT (Golwala et al. 2007), the upgraded
with new spectroscopic capabilities MITO (De Petris et al. 2007) and the
balloon-borne OLIMPO (Masi et al. 2008) or the proposed satellite mission
Millimetron (http:// www.sron.rug.nl/millimetron).

More recent blind-surveys carried out by SPT, ACT and Planck enlarged
the existing dataset confirming the self-similarity in the sample at least for
the massive clusters (Marriage et al. 2011a; Relation et al. 2011; Planck
Collaboration et al. 2011d). Numerical simulations have shown that Y (the
integral of the Compton y-parameter over the solid angle of the cluster) is a
good mass proxy (da Silva et al. 2004; Motl et al. 2005; Aghanim et al. 2009)
and that the slope and the evolution of SZ scaling relations are apparently
not affected by redshift evolution and cluster physics. In order to find an
X-ray equivalent of the SZ integrated flux, the numerical simulations also
led to the introduction of a new mass proxy: the YX parameter, defined as
the product of the cluster gas mass and its temperature (Kravtsov et al.
2006).

Many works based on large N -body cosmological simulations have al-
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ready studied the impact of gas physics on SZ scaling relations (da Silva et
al. 2000; White et al. 2002; da Silva et al. 2004; Motl et al. 2005; Nagai 2006;
Bonaldi et al. 2007; Hallman et al. 2007; Aghanim et al. 2009; Battaglia et
al. 2011; Kay et al. 2012), such as the effects introduced by clusters with
disturbed morphologies (Poole et al. 2007; Wik et al. 2008; Yang et al. 2010;
Krause et al. 2012), showing that the self-similar model is valid at least up
to cluster scales (even if with some differences introduced by the different
models used in the simulations).

The correlation of the SZ signal with other cluster properties was ini-
tially studied by considering the central comptonization parameter, y0, (see
Cooray et al. 1999 and McCarthy et al. 2003) but the inadequacy of a sim-
ple β-model for the ICM spatial distribution was in short clear. For the
first time Benson et al. (2004) applied the Compton y-parameter integrated
within a redshift-independent density contrast, ∆c=2500, in a SZ scaling
relation for 15 clusters observed with SuZIE II. As the y0 parameter gives
only local information about the status of the cluster, the integrated Y

constitutes a global property, strongly bound to the energy of the cluster
(Mroczkowski et al. 2009) and less model-dependent. Also numerical simu-
lations further suggest that Y should be an excellent proxy of cluster mass
when measured on sufficiently large scales (e.g., da Silva et al. 2004; Motl
et al. 2005; Nagai 2006). These simulations also predict that the slope and
redshift evolution of the SZ scaling relations are relatively insensitive to
the details of cluster physics, although numerical simulations show that the
input cluster physics affects the normalization of the SZ scaling relations
(Nagai 2006). The comparison between quantities integrated within a con-
stant critical overdensity is now widely employed in X-ray and SZ scaling
relations analysis at overdensities ∆c = 2500 (Comis et al. 2011; Bonamente
et al. 2008a) and ∆c = 500 (Arnaud et al. 2010; Planck Collaboration et al.
2011e, Relation et al. 2011). Thanks to the characteristics of SZ observa-
tions, which are not redshift dependent, it is possible to correct the redshift
dependence of the overdensity as discussed in sec.3.2.

In order to give an estimate of the integrated Y of MUSIC clusters, we
have produced simulated maps of the thermal SZ effect (see sec.4.3.1 for a
detailed description), integrating along the projected radius to extract the
value of Y at fixed redshift and overdensity. The analysis presented in the
next sections of this Chapter is based on the results published in Sembolini
et al. (2013b).

As aforementioned, the integrated Compton y-parameter, Y , appears to
be a very good cluster mass proxy. With the aim to properly employ SZ
observations as mass finder, it is fundamental to accurately calibrate the
Y −M scaling relation.
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The Y parameter is estimated as follows:

Y ≡

�

Ω

ydΩ = D
−2
A

�
kbσT

mec
2

�� ∞

0

dl

�

A

neTedA (4.8)

where DA is the angular distance and the integration is performed inside
the solid angle, Ω, equal to an area A in the projected map, corresponding
to an overdensity ∆.

Adopting the self-similar model, introduced in the previous section, to
describe clusters of galaxies (assuming hydrostatic equilibrium and isother-
mal distribution for dark matter and gas particles) the gas temperature is
related to the mass by a simple power law:

Te ∝ (M∆E(z))2/3 (4.9)

where, as we said in the previous chapter, the total mass is calculated inside
the overdensity radius r∆ we are considering and E(z) the Hubble constant
normalized to its present day value and already defined in Eq.3.4. Due to
the hypothesis of isothermal equilibrium, Y is proportional to the integral
of the electron density ne over a cylindrical volume, leading to:

YCD
2
A ∝ Te

�
nedV ∝ MgasTe = fgasMtotTe (4.10)

Considering Eq.(4.9), we find a relation that depends directly on Mtot and
fgas:

YCD
2
A ∝ fgasM

5/3
tot E(z)2/3 (4.11)

To fit a spherical quantity, like the total energy of a cluster, it is better
to introduce the spherical integrated YS parameter. This is defined as the
Compton-y parameter integrated inside a spherical volume with a radius
equal to r∆. The Eq.(4.11) turns out to be:

YS,∆ =
σT

mec
2

µ

µe

�√
∆cGH0

4

�2/3

E(z)2/3fgas,∆M
5/3
tot,∆ (4.12)

where with YS,∆ we denote the Y parameter integrated over a cluster cen-
tered sphere of radius r∆. Here, we are assuming a constant fgas independent
on the cluster mass for each overdensity. We calculate from the map the
Y∆ parameter at the considered overdensity integrating along all the pixels
of the projected map falling inside the projected radius r∆:

YS,∆ =
�

i,r<r∆

yi × dl
2
pix (4.13)
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Figure 4.1: Behavior of the C=YCD2
A/YS parameter with critical overdensity:

each value corresponds to the mean value calculated over all the redshifts ana-
lyzed. The error bars represent the mean error calculated from the mean values
of C over all redshifts.

In order to take into account the different integration domain, we introuce
the C parameter as:

C =
YCD

2
A

YS
(4.14)

In Fig.4.1 we give an estimate of C from the values of YS and YCD
2
A com-

puted from MUSIC-2 CSF clusters at different redshifts and overdensities.
We find that C is constant with redshift and grows with overdensity. Avail-
able values in literature are consistent with ours: at ∆c=2500 we found
C=2.0±0.5, in agreement with the estimate of C � 2 given by Bonamente
et al. (2008a) and C=1.67±0.80 given by Comis et al. (2011), while at
∆c=500 we have C=1.3±0.2, compatible with Relation et al. (2011). From
now on we will denote the spherical YS parameter simply as Y .
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4.3 The Y −M scaling relation of MUSIC

4.3.1 Thermal SZ maps

The maps of the Compton y-parameter are generated with the imple-
mented procedure employed in Flores-Cacho et al. (2009). The simulation
provides for each i-th SPH particle: position (ri), velocity (vi), density (ρi),
internal energy (Ui) and SPH smoothing length (hi). In CSF simulations
we also find the number of ionized electrons per hydrogen particle (Ne,i) and
metallicity Zi: using this additional information we could achieve a more
detailed estimate of electron temperature Te (per gas particle) as:

Te = (γ − 1)Ump
µ

kB
(4.15)

where mp is the proton mass, γ the polytropic coefficient (set to 5/3 for
monatomic gases) and µ the mean molecular weight of electrons, that we
estimate as

µ =
1− 4YHe

1 + γ +Ne
(4.16)

(YHe is the nuclear helium concentration). The electron number density (in
cm−3) is derived as

ne = Neρgas

�
1− Z − YHe

mp

�
(4.17)

(The density ρgas of the gas particles of CSF particles has been corrected in
order to take into account the multiphase model adopted in the simulation)

We are interested only in the thermal component of the SZ effect. This
is quantified with the Compton y-parameter in the direction n̂ along the
line of sight (los):

y(n̂) =

�

los

ne
kBTe

mec
2
σTdl (4.18)

The integral can be also discretized as:

y �
kBσT

mec
2

�

i

ne,iTe,iWp(| ri − rcom |, hi) (4.19)

where the tSZ signal associated to each particle is spread to the surrounding
area by the mass profile mgasWp(|ri - rcom|, hi), where Wp is the projec-
tion of the normalized spherically symmetric spline kernel W used in the
simulations:
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W (x, hi) =
8

πh
3
i






1− 6x2 + 6x3
, 0 ≤ x ≤ 0.5

2(1− x)3, 0.5 ≤ x ≤ 1
0, x > 1

(4.20)

where x = r/hi.

4.3.2 The Y −M scaling relation

The Y −M scaling relation at a fixed overdensity is studied performing
a best fit of

Y∆ = 10B
�

M∆

h−1M⊙

�A

E(z)2/3[h−2
Mpc

2] (4.21)

where M∆ is the total mass calculated inside the sphere of radius r∆ that
we are considering and B the normalization, defined as:

B = log
σT

mec
2

µ

µe

�√
∆cGH0

4

�2/3

+ log fgas, (4.22)

contains all the constant terms of the first part of the right hand of Eq.(4.12).
We remind that, if the clusters follow the self-similar model, then the slope
A is expected to be 5/3.

We are also interested in the inverse scaling relation M − Y , which is
more easily applicable to observational clusters (the mass should be inferred
from Y measurements):

M∆ = 10B∗
�

Y∆

h−2Mpc2

�A∗

E(z)−2/5[h−1
M⊙] (4.23)

We study these scaling relations in the log-log space, in the form logΥ =
B +A logX, where in the case of the Y −M relation we have X = M and
Υ = Y E(z)κ: κ is fixed to its expected self-similar scaling with z (κ = −2/3)
and in this case fgas is not included in the normalization parameter B.

Fig.4.3 shows the Y − M scaling relation of our dataset at ∆c = 500
for both physical configurations. The results shown in this section refer
only to the massive clusters (Mvir >5×1014h−1

M⊙at z = 0) of MUSIC-2
dataset. We choose to consider a value of fgas constant at fixed overdensity
and redshift, assigning to all clusters the mean value of fgas as:

fgas(∆, z) =
N�

i=1

fgas,i(∆, z)

N
(4.24)
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Figure 4.2: Thermal SZ maps of MUSIC-2 CSF of a relaxed (cluster #1, top)
and of a disturbed (cluster #3, bottom) cluster at z = 0. The comptonization
y-parameter is shown in Log scale.
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Figure 4.3: Y −M scaling relation at z = 0, ∆c = 500. CSF clusters are shown
as red diamonds (the best fit as a black solid line) and NR as blue triangles (best
fit as an orange solid line).

where N is the number of clusters in the considered subset.

NR clusters show higher values than CSF, as their content in gas is
bigger (as for the latter subset, a part of the gas has been converted into
stars, see Section 3.3).

The values of A and B at z = 0 with their 1-σ errors are listed in Tab.4.1
and shown in Fig.4.4. At all the overdensities considered, the values of the
slope A seem to agree, within their errors, with the self-similar prediction of
5/3. NR clusters seem to show a lower slope at high overdensities and CSF
clusters an higher one, matching both with the same self-similar value at
∆c=500. The value of B seems to stay almost constant at all overdensities.

Leaving aside a possible variation with redshift, which is studied in sec-
tion 4.7, we can therefore express the Y −M scaling relation at ∆c = 500
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Figure 4.4: The best-fit slope A (top panels) and normalizationB (bottom panels)
of the Y − M scaling relation as a function of overdensity for z = 0 CSF (left
panel) and NR (right panel) MUSIC-2 clusters.

as:

Y500 = 10−28.8±0.2

�
M500

h−1M⊙

�1.66±0.02

E(z)2/3[h−2
Mpc

2] (4.25)

We estimate the scatter on the Y − M relation by computing the sum of
the residuals as follows:

σlog10 Y =

��N
i=1[log Y∆,i − (A logM∆,i +B)]2

N − 2
(4.26)

As shown in Tab.4.1, the scatter on the Y estimate is about 5 per cent at
all overdensities for both CSF and NR subsets.

4.3.3 M − Y scaling relation

In the same way we also calculate the M − Y scaling relation. Fig. 4.5
shows the relation at z = 0 for ∆c=500, for which the self-similar model
predicts a slope A∗ = 3/5. Tab.4.1 also lists the best fit values of A∗ at z =
0, which seem to be rather independent on overdensity and to agree within
the errors with the self-similar prediction. In Fig.4.6 we show the evolution
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Figure 4.5: M − Y scaling relation at z = 0, ∆c = 500: CSF clusters are shown
as red diamonds (the best fit as a black line) and NR as blue triangles (best fit
as an orange line).
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Figure 4.6: Same as Fig 4.4 but for the M − Y scaling relation.

of A∗ and B
∗ with overdensity. We can then express the best-fit M − Y

scaling relation at ∆c = 500 as:

M500 = 1017.2±0.1

�
Y500

h−2Mpc2

�0.59±0.01

E(z)−2/5[h−1
M⊙] (4.27)

4.3.4 The scatter

The M − Y relation seems to show a smaller scatter (3 per cent) than
the Y − M . The difference between the two relations is shown in Fig.4.7,
in which we show the distribution of the residuals at ∆c = 500. Both
distributions are well fitted by a Gaussian with zero mean and different
widths. The distributions of residuals for theM−Y is narrower (i.e. smaller
σ ) than the corresponding one for Y −M .

4.4 Comparison of the MUSIC YM relations with ob-
servations and with other simulations

4.4.1 Hydrostatic Mass Bias

Several scaling-laws have been derived from different SZ observations
(Bonamente et al. 2008a; Relation & SPT Collaboration 2010; Arnaud et
al. 2010; Comis et al. 2011; Planck Collaboration et al. 2011d; Relation et
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Figure 4.7: Distribution of the residuals of the Y −M (in log Y , left panels) and
M − Y (in logM , right panels) scaling relations at z = 0 for ∆c = 500. The red
(CSF) and blue (NR) lines represent the best fit Gaussian curves to the residual
distribution.

al. 2011). The masses assigned to the MUSIC clusters are of course free
of systematic errors since they are the true masses computed from the si-
mulations. We have to check how the numerical SZ scaling relation would
be affected when assuming the hypothesis of hydrostatic equilibrium (HSE,
see sec.4.1), to derive the mass of the clusters, as is usually done in obser-
vations, especially in the X-ray band.
The HSE assumption constitutes one of the most significant uncertainties in
the derivation of the observational scaling relations. It has been predicted
(e.g. Kay et al. 2004, Rasia et al. 2006a) that the mass profile obtained via
a direct application of the HSE can lead to an underestimation of 20-25 per
cent of the total mass. This is manly due to the neglected contribution of
the gas bulk motions to the total energy budget (e.g. Lau et al. 2009) and
to the bias towards lower values of the X-ray temperature measurements
because of the complex thermal structure of the emitting plasma. Laganá
et al. (2010) proposed a contribution from non-thermal components to ex-
plain the differences between the measurement of the total mass via HSE
and other techniques (such as gravitational lensing). The non-thermal pres-
sure is mainly composed by cosmic rays, turbulence and magnetic pressures.
Molnar et al. (2010) and Chiu & Molnar (2012) have shown that the non-
thermal pressure can contribute up to 40 per cent in the mass estimation
via HSE.

We calculate the HSE cluster mass at a given overdensity as (Eq.4.6):

MHSE,∆(< r) = −
kTr

GµmH

�
d ln ρ

d ln r
+

d lnT

d ln r

�
(4.28)
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Figure 4.8: Distribution of the hydrostatic mass bias ofM500 for CSF clusters at z
= 0. The red curve represents the Gaussian curve which best fits the distribution.
The Gaussian is centered at ∆M = −0.25 with a width of σ = 0.43.

We used the mass weighted temperature profile to calculate the gas particle
temperature, defining the mass weighted temperature as:

Tmw =

�
i Timi�
i mi

(4.29)

where mi, ρi, Ti are the gas particle mass, density and electronic tem-
perature. Although the spectroscopic like-temperature (Mazzotta et al.
2004) would be more suitable to compare our results with X-ray observa-
tions, we do not expect that the conclusions could be significantly differ-
ent. The distribution of the Hydrostatic Mass Bias (HMB), quantified as
∆M500=(M500,HSE-M500)/M500, can be seen in Fig.4.8. A systematic under-
estimation of 25 per cent of the true mass by using the hydrostatic mass is
found, with a dispersion of σ = 0.43. The result is consistent with recent nu-
merical simulations that also find that the HSE assumption underestimates
the true mass up to 20 per cent (Rasia et al. 2006a; Kay et al. 2007; Nagai
et al. 2007a; Nagai et al. 2007c; Piffaretti & Valdarnini 2008; Ameglio et al.
2009; Lau et al. 2009). On the other hand, the estimation of HSE masses
derived in Planck Collaboration et al. (2011e) shows an opposite behavior:
in this case they have found that the HSE hypothesis introduces an overes-
timation of about 20 per cent with respect to the mass calculated via weak
lensing (WL) (Planck Collaboration et al. 2012). They have attributed this
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discrepancy to the errors in the mass concentration measurements and to
an offset in the cluster centers between X-rays and lensing observations.

4.4.2 Comparison with Planck results

Aiming to confirm the validity of the Y −M scaling relation of MUSIC-
2 dataset, we compare our Y500 −M500 relation at z = 0 (assuming at the
moment to redshift variation) with those obtained by Planck data releases
(Planck Collaboration et al. 2011e; Planck Collaboration et al. 2012; Planck
Collaboration et al. 2013d).

The first measurement of the Y500 − M500 relation of PLANCK is de-
scribed in (Planck Collaboration et al. 2011e), using a dataset of 62 nearby
galaxy clusters (z < 0.5) detected at high signal-to-noise in the first Planck
all-sky data set. The total masses of the clusters have been inferred using
data collected by deep XMM-Newton X-rays observation. The slope of this
first Planck scaling relation is A = 1.74, steeper than the self-similar val-
ues and than MUSIC results. An even bigger discrepancy is found in the
normalization. This can be explained by the overestimation on the mass
introduced by HSE hypothesis, as already mentioned in sec.4.4.1: an oppo-
site behavior to what is usually obtained adopting the HSE model.

Intermediate Planck results (Planck Collaboration et al. 2012) used a
sample of 19 objects for which WL mass measurements obtained from Sub-
aru Telescope. Using WL has allowed not to take into account the bias
introduced by the HSE hypothesis. Nevertheless, large samples of clusters
observed via weak lensing are not common in literature, so the number of
objects analyzed is low. The comparison between the Y500 −M500 relation
measured by Planck Collaboration et al. (2012) and that inferred by MUSIC
massive clusters (converted in the same physical units adopted by Planck) is
shown in Fig.4.9: Planck data seem to exhibit integrated Y500 values higher
than MUSIC objects, with a normalization bigger than that measured in
the NR subset. On the other hand, the slope of Planck scaling relation,
namely A = 1.65, seems to be in agreement both with self-similar value and
with MUSIC results.

Finally, the last release of Planck data produced a Y500 −M500 relation
described in Planck Collaboration et al. (2013d). In this case a sample of
71 clusters has been analyzed, whose masses have been inferred via X-ray
data and the HMB on the measure of total mass has been take into account
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Figure 4.9: Y −M scaling relation at z = 0, ∆c = 500. CSF clusters are shown
as red diamonds (the best fit as a black solid line) and NR as blue triangles (best
fit as an orange solid line). The green line shows the best fit from intermediate
Planck results, employing cluster masses as derived by weak lensing observations,
(Planck Collaboration et al. 2012).
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in the form:
M

HSE
500 = (1− b)M500 (4.30)

where b is the bias between the true mass and the observed mass used to
calibrate the relation. A comparison between HSE results and WL observa-
tions has lead to an estimation of b ∼ 0.2, this time in agreement with what
predicted by simulations. The Y500−M500 of Planck 2013 data is expressed
therefore as (Planck 2013, Eq.A.8):

�
Y500

10−4Mpc2

�
E

−2/3(z) = 10−0.19±0.02

�
(1− b)M500

6 · 1014M⊙

�1.79±0.08

(4.31)

The values of the normalization for MUSIC-2 clusters, after being converted
into the same physical units adopted in (Planck Collaboration et al. 2013d)
(using a pivot point at M500 = 6×1014M⊙), are B = -0.17±0.01 for the CSF
subset and B = -0.07±0.01 for the NR subset. As shown in Fig.4.10 the
Planck results are in a better agreement with MUSIC-2 with respect to the
previous releases, especially with CSF clusters. Nevertheless, the slope of
Planck Y −M relation, A = 1.79, seems to deviate from self-similarity much
more than what expected by our dataset.

In order to check whether this discrepancy in the Y500−M500 slope found
in MUSIC is also common to other works based on simulations, we com-
piled the best fit scaling relations derived from different simulations and
compared them with our derivation and with the Planck results (Planck
Collaboration et al. 2013d). We compared the Y500 − M500 relations from
different simulations (Nagai 2006; Yang et al. 2010; Battaglia et al. 2012;
Kay et al. 2012). The results have been translated into a common cos-
mology and, where necessary, cylindrical relations have been converted into
spherical measurements assuming a ratio of C=Y500,cyl=1.2·Y500,sph, as given
by the Arnaud et al. (2010) pressure profile and confirmed by our analysis
in sec.4.2. All results have been rescaled to the cosmic value measured by
Planck Ωb/Ωm ∼ 0.155) to account for the differences in baryon fraction
between simulations. The ratio of each simulation Y500 − M500 relation to
the Planck Y500 −M500 relation given in Eq.4.31 is shown in Fig.4.11. Also
the previous Planck results have been added (Planck Collaboration et al.
2012). At the Planck reference pivot point of M500 = 6×1014M⊙, all si-
mulations show an offset from the measured relation. There is also a clear
dependence on mass arising from the difference in slope between the major-
ity of the simulated relations and that of the Planck relation. The Planck
slope is steeper (probably indicating a stronger effect of non-gravitational
processes in the real data). As in the case of MUSIC, non-radiative si-
mulations tend to have an higher normalization. Nevertheless, the scaling
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Figure 4.10: Y −M scaling relation at z = 0, ∆c = 500. CSF clusters are shown
as red diamonds (the best fit as a black solid line) and NR as blue triangles
(best fit as an orange solid line). The green line shows the best fit from recent
Planck 2013 data, employing cluster masses as derived by X-rays data, (Planck
Collaboration et al. 2013d).
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relation of Planck Collaboration et al. (2012) does seem not to be com-
patible neither with Planck Collaboration et al. (2013d) relation nor with
simulations, exhibiting a normalization higher than all the other Y − M

relations considered.

4.5 The Y −M relation in groups of galaxies

We extend now the analysis of the Y −M scaling relations also to smaller
mass ranges (Mvir < 5×1014h−1

M⊙), in order to check whether the hypoth-
esis of self-similarity holds also for groups of galaxies. As for the study of
the baryon content, illustrated in the previous chapter, we divided MUSIC-
2 halos into 3 different subset according to their mass (massive clusters,
clusters and groups of galaxies). As in sec.4.3, we study the Y −M relation
at fixed overdensities via the best fit of the expression describe by Eq.4.21.
The values of the slope and of the normalization at z = 0 for different mass
ranges (massive clusters, clusters and groups, as defined in Chapter 2) are
reported in Tab.4.2, at ∆c = 500 and ∆c = 2500, as Fig.4.12 shows the
Y −M of all MUSIC-2 objects at ∆c = 500 and z = 0.

It is straightforward to observe that the impact of the physics used in
the simulation is affecting again groups much more than massive clusters.
In fact, as NR objects show values of the slope always very close to self-
similarity, with no differences in the normalization and between different
mass classification, CSF halos show relevant variations between clusters
and groups; indeed, as massive clusters only exhibits a moderate deviation
from self-similarity at high overdensities, groups of galaxies start to show
discrepancies with the expected self-similar value A = 1.66 already at ∆c

= 500. At ∆c = 2500 CSF groups of galaxies are clearly distant from
self-similarity, reporting A ∼ 1.8. Also the values of normalizations are
very different between clusters and groups. This plain deviation from self-
similarity can be explained as a side effect of overcooling, as the gas content
in radiative groups of clusters is lower than expected from observation (as
we have seen in Section 3). Nevertheless, also some observational results
seem to point out that groups of galaxies may have scaling relations steeper
than what predicted for massive clusters (e.g. Eckmiller et al. 2011).

4.6 The Y −Mgas relation

Similarly on how we studied the relation between the total cluster’s mass
and the integrated Y parameter, we can study the scaling relation between
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Figure 4.11: Comparison of Y500 − M500 relations of MUSIC and other simula-
tions with the most recent observational Y500–M500 result from Planck (Planck
Collaboration et al. 2013d). The plot shows the ratio between Planck scaling law
(Eq.4.31) and the different scaling laws taken from Kay et al. (2012), Battaglia et
al. (2012), Yang et al. (2010), Nagai (2006), Planck Collaboration et al. (2012).
All scaling relations have been rescaled to the Planck cosmology.
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Figure 4.12: Y − M scaling relation at z = 0, ∆c = 500, for different mass
classes. Diamonds represent CSF halos (massive clusters in red, smaller clusters
in orange and groups of galaxies in yellow) and triangles represent NR halos
(massive clusters in blue, smaller clusters in light blue, groups of galaxies in light
green).
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∆c = 500 ∆c = 2500
CSF A B A B
all objects 1.69±0.1 -29.2±0.1 1.77±0.1 -30.1±0.1
massive clusters 1.66±0.1 -28.8±0.1 1.70±0.1 -29.1±0.3
clusters 1.67±0.1 -29.0±0.2 1.72±0.2 -29.4±0.2
groups -1.72±0.1 -29.5±0.1 1.82±0.01 -30.8±0.1
NR A Log B A Log B
all objects 1.64±0.01 -28.4±0.1 1.68±0.1 -28.7±0.1
massive clusters 1.66±0.01 -28.7±0.2 1.63±0.1 -27.9±0.2
clusters 1.66±0.01 -28.6±0.2 1.68±0.1 -28.7±0.2
groups 1.65±0.01 -28.5±0.1 1.69±0.1 -28.8±0.1

Table 4.2: Best fit values of the Y −M scaling relation of MUSIC-2 halos, divided
according to their total mass, for CSF (top) and NR (bottom) objects, at ∆c =
500 (left) and ∆c = 2500(right).

the mass of the gas and Y . If we consider the Y −M relation:

Y D
2
A ∝ fgasM

5/3
tot E(z)2/3 (4.32)

and we substitute Mtot → Mgas/fgas we get:

Y D
2
A ∝ f

−2/3
gas M

5/3
gasE(z)2/3 (4.33)

Under the hypothesis of self-similarity the Y −Mgas relation seems therefore
to show the same slope than the Y −M relation. Nevertheless, Bonamente
et al. (2008a) predicted that the relation between the mass of the gas and
the integrated Y should exhibit a lower slope than the expected value of
5/3 (low redshift clusters show A∼ 1.60).

We study therefore the relation at a fixed overdensity performing the
best fit of

Y∆ = 10B
�
Mgas,∆

h−1M⊙

�A

E(z)2/3[h−2
Mpc

2] (4.34)

Fig.4.13 shows the Y −Mgas relation of MUSIC-2 massive clusters at ∆c and
z = 0, as the values of the slope and normalization at different overdensities
(always at z = 0) are reported in Tab.4.3. We can observe that in this
case the impact of the physics used in the simulation is much more relevant
with respect to the Y − M relation: in fact, as the NR subset does not
look to suffer any relevant change in the slope, the CSF clusters exhibit a
slope sensibly smaller than the expected value of 5/3. At ∆c = 500 we can
express the Y −Mgas relation as:

Y500 = 10−26.3±0.2

�
M500

h−1M⊙

�1.59±0.01

E(z)2/3[h−2
Mpc

2] (4.35)
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Figure 4.13: Y − Mgas scaling relation at z = 0, ∆c = 500. CSF clusters are
shown as red diamonds (the best fit as a black solid line) and NR as blue triangles
(best fit as an orange solid line).

in agreement with what predicted by Bonamente et al. (2008a). At higher
overdensities, the slope of CSF clusters assumes even lower values (see
Tab.4.3), and also NR objects seem to suffer a deviation from self-similarity,
though smaller than for radiative runs. NR also show lower normalizations.

4.7 The evolution of the Y −M relation with redshift

In the previous sections we have focused on the study of the Y − M

scaling relations from the MUSIC clusters at z = 0. In this section we will
study the possible dependence of the SZ scaling relations with redshift.
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We will employ two distinct approaches in our study:

• Selecting different complete volume limited samples above a given mass
threshold for different redshift and repeating the study done at z = 0.
This will give us the variations of the A and B best fit parameters of
the Y −M relation with redshift (Short et al. 2010; Fabjan et al. 2011b;
Kay et al. 2012). Following previous studies we can parametrize the
redshift dependence as:

A(z) = A0(1 + z)αA (4.36)

B(z) = B0(1 + z)αB (4.37)

where A0 and B0 are the values of the slope at z = 0 and αA,B the
best fit parameters that will describe the possible dependence with
redshift.

• An alternative approach, more similar to observational studies, con-
sisting of generating a sample of clusters that are carefully selected
from different redshifts, by keeping the same proportion of abundance
of clusters above a given mass at each redshift considered. From these
samples, we look for possible dependence on redshift of the form:

Y f
−1
gasE(z)−2/3 = BM

A(1 + z)β (4.38)

A similar approach has been adopted in Ferramacho & Blanchard
(2011) with 438 clusters of the X-ray Galaxy Cluster Database (BAX)
having redshifts ranging between 0.003 and 1 to obtain a large sample
of potentially observable clusters in SZ.

Since we want to study the redshift evolution of the scaling relations
for the two different definitions of aperture radius based on the overdensity
criteria introduced in sec.3.2 , we have to make some preliminary consid-
erations. When we use the redshift dependent background overdensity to
define the integration area, we have to replace ∆c in Eq. (4.12) of the Y −M

relation by:

∆c = ∆b ·

�
∆v(z)

∆v(0)

�
× Ωm(z). (4.39)

In this case, the normalization parameter B is transformed as:

B = log
σT

mec
2

µ

µe

�√
∆cGH0

4

�2/3

+ log fgas

�
∆b,v(z)

∆b,v(0)
Ωm(z)

�1/3

(4.40)

But this introduces a natural evolution with redshift due to the scaling
of ∆b(z) that has to be subtracted from the fits to properly measure any
intrinsic evolution of A and B.
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∆c (CSF) ∆c (NR)
500 2500 500 2500

αA(10−2) 0.01±0.90 3.4±1.4 -1.7±1.4 1.6±1.0
αB(10−2) 0.07±0.80 2.7±1.1 -1.3±1.2 1.5±1.0

Table 4.4: Best fit parameters αA, αB of the evolution of A and B with redshift
at different overdensities and physical processes.

4.7.1 Evolution of the slope

In Fig.4.14 we represent the mean values of the best fit A and B parame-
ters of the complete volume limited mass samples for CSF clusters (upper
panels) at the same four different overdensities already analyzed in section
3.1. We also estimated the scatter on σlog Y for the same cases, calculated
as in Eq.(4.26).

We can appreciate that the A slope and the normalization B show a
clear evolution with redshift for low overdensities while they flat off when
higher overdensity values are considered. The situation is the opposite when
we consider higher overdensities: at these apertures the slope seems to be
flatten off up to redshift z ∼ 0.5 and then increases.

Tab.4.5 shows the value of the best fit parameters αA and αB for the same
overdensities analyzed in the previous sections. The results support the
hypothesis of null evolution of Y −M scaling relations at small overdensities
(∆c=500, ∆b=1500(z)) and a possible mild evolution at high overdensities
(∆c=2500, ∆b=7000(z)).

The total mass of the cluster seems to play a fundamental role in the
evolution of the scaling relations. The same is also certain for the fgas −

M scaling relation. The Y − M relation seems therefore to satisfy self-
similarity when considering massive evolved objects (we recall that all the
clusters analyzed in this paper have Mv > 5×1014h−1 at z=0). When
smaller mass systems are added to the catalogues, the deviations from self-
similarity become more apparent, as it is clearly shown in Table. 4.5

The rms scatter of log10 Y , σlog Y , is also shown in the lower row of the
upper panel of Fig.4.14. Although it is nearly constant at low overdensities
(about 4 per cent), its value increases (from 6 per cent to 8 per cent) at
high overdensities and high redshifts.

If we look at the same evolution in NR clusters (bottom panels of
Fig.4.14), we find that, in this case, there is no evidence of any change
in the slope with redshift, and the values of αA and αB are extremely low
at all overdensities (Tab.4.4). Also the scatter is small (never exceeding 4
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Figure 4.14: Evolution with redshift of the slope (top panels), of the normalization
(central panels) and of the scatter (bottom panels). The upper part (first three
rows) of the figure describe CSF clusters, the lower (last three rows) the NR
clusters. Redshift varying background density (blue diamonds) at ∆b=1500(z)
(left) and ∆b=7000(z) (right) and fixed critical overdensity (red diamonds) at
∆c=500 (left) and ∆c=2500 (right).
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Figure 4.15: Posterior distributions for the β parameter at the 4 overdensities
considered: ∆b=1500(z), ∆c=500, ∆b=7000(z), ∆c=2500. The contours corre-
spond to 1 and 2 σ intervals for the best fit parameters.

112



CHAPTER 4. THE Y-M SCALING RELATION

∆c =500 ∆c =2500 ∆b = 1500(z) ∆b = 7000(z)
A 1.672± 0.028 1.627 ± 0.022 1.652± 0.028 1.656 ± 0.023
B -29.77± 0.42 -28.85± 0.32 -30.65±0.42 -30.61± 0.33
β 0.17 ± 0.10 0.31± 0.14 -0.12± 0.11 0.00± 0.11

Table 4.5: Best fit parameters (slope A, normalization B and redshift evolution
β) for the Y -M scaling relation on a mixed-z sample of 250 CSF clusters.

per cent) and does not vary with redshift.

From Fig.4.14 and Tab.4.5 we can also conclude that the evolution of
A and B is not affected by the choice of the overdensity (fixed critical
or redshift dependent background), since both methods lead to the same
results (evolution at high overdensities and smaller masses for CSF clusters
and no significant evolution for NR clusters). Therefore, there is no need
to change from the widely used, and more simple, assumption of a fixed
critical overdensity to define the aperture radius.

4.7.2 Mixed dataset

As we said above, we have also checked the evolution of the Y − M

scaling relation on mixed-z datasets to mimic the variety of clusters that
should populate an observational mass-limited galaxy cluster survey. These
datasets have been built by selecting subsamples of CSF objects from all the
available redshifts, with the prescription that every member appears in the
sample only at one redshift and that the sample is populated according to
the cluster abundances of MUSIC-2 as a function of redshift (see Tab.4.6).
This approach allows us to evaluate systematics in the reconstruction of
the Y − M scaling relation. Moreover, if some evolution or mass depen-
dence actually exists, it will also help us to estimate the level at which it is
detectable in a complete mass-limited cluster sample

We assume Eq.(4.38) as our reference scaling law:

log(Y E(z)−2/3
f
−1
gas) = B + A logM + β log(1 + z) (4.41)

The fit has been performed with a standard Monte Carlo Markov Chain
algorithm based on the Metropolis-Hastings sampling scheme, where no ad-
ditional priors have been applied on the slope parameter. The convergence
has been assessed through the Gelman-Rubin test (Gelman & Rubin 1992)
on a set of three simultaneous chains run on the same dataset from inde-
pendent starting points in parameter space. The samples were drawn at
the four reference overdensities (again ∆c = 2500, 500 and ∆b(z)=7000(z),
1500(z)). Fig. 4.15 shows the posterior distributions of β and the β−A and
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Figure 4.16: Mixed-z scaling relation at ∆c = 500; the different diamond colors
refer to different redshifts between z = 0 and z = 1.

z 0.00 0.11 0.25 0.33 0.43 0.67 1.00
N 271 237 187 147 117 44 8

Table 4.6: Number of MUSIC-2 clusters with Mvir >5×1014h−1M⊙at different
redshifts.

β − B joint likelihoods for the reference overdensities. The fit results are
still fairly consistent with self similarity and no additional redshift scaling in
the Y −M scaling relation, except for the ∆c = 2500 dataset, which shows
marginal evidence of residual scaling. Since the mixed-z cluster sample has
been drawn from the original simulated dataset randomly, the procedure
was iterated on 5000 samples to check for the possibility of large fluctua-
tions in the fit results (e.g. due to outliers in the data distribution). This
was not the case, since the best-fit parameters at the 4 overdensities lied
well within the range of fluctuation allowed by the individual-sample pos-
terior distributions. In Tab.4.5 all the 3 best fit parameters are listed with
their corresponding 1 σ errors. The Y −M scaling laws for one realization
of a mixed-z sample and only for low overdensities, are plotted in Figs. 4.16
and 4.17.
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Figure 4.17: Mixed-z scaling relation at ∆b = 1500(z); the different diamond
colors refer to different redshifts between z = 0 and z = 1.

4.8 The impact of cluster dynamics on the Y −M scal-
ing relation

We finally explore the impact of the dynamical state of clusters on the
Y −M scaling relation.
The merging events which clusters experience during their formation and
evolution may deviate them from the scaling relations observed in relaxed
clusters and introduce a bias in the mass scaling relation. Simulations of
binary cluster mergers (Randall et al. 2002; Poole et al. 2006a; Poole et
al. 2007; Wik et al. 2008) have demonstrated that the X-ray luminosities,
temperatures and integrated SZ fluxes rapidly increase when the cluster is
undergoing a merger interaction. The cluster is temporarily moved away
from mass scaling relations and returns to the initial condition as the merg-
ing system virializes.
As found by (Kravtsov et al. 2006), the X-ray temperatures of morpho-
logically disturbed clusters result to be biased, while the X-ray derived
SZ-equivalent YX does no seem to be correlated with the cluster structure.
Comparing X-ray and SZ to weak lensing derived masses, Okabe et al.
(2010) and Marrone et al. (2012) found relaxed clusters to have up to 40
per cent higher weak lensing masses than disturbed ones at fixed T and Y ,
and about 20 per cent higher weak lensing masses at fixed YX .
Using a sample of 39 simulated clusters, (Krause et al. 2012) studied the
evolution of the Y −M scaling relation and how this is affected by merg-
ing events, confirming that merging clusters fall below the scaling relation,
leading the inferred masses to be biased low by more than 10 per cent.
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Here we check the effect of the dynamical state of clusters on the Y − M

relation taking into account two parameters:

• The presence of mergers, clusters are defined to undergo merger activ-
ity if inside their virial radius objects with a mass bigger than 10 per
cent their total mass are found

• The center-of-mass offset, namely the spatial separation between center-
of-mass of the protocluster and the center-of-density (maximum den-
sity peak), normalized to the virial radius. Objects showing a high
value of ∆r are considered as morphologically disturbed.

We choose to adopt the largest value among those available in literature,
∆r ≤ 0.1 (D’Onghia & Navarro 2007) to distinguish undisturbed objects
from disturbed ones (for a more detailed discussion on the dynamical state
of halo, see sec.5.4.
We studied the Y500−M500 relation at z = 0 dividing MUSIC-2 CSF massive
clusters into relaxed and disturbed according to the aforementioned criteria.
Fig.4.18 shows the Y −M relation when unrelaxed clusters are distinguished
by the presence of a merger, while Fig.4.19 considers the same relation by
defining as disturbed clusters the ones with ∆r > 0.1. In both cases we
found a slight difference between undisturbed and disturbed objects, with
the first group showing a steeper scaling relation in both cases (A = 1.69)
and the second subset falling below the self-similarity as expected (A =
1.64 when the merger criterium is used, A = 1.61 when the ∆r distinction
is applied). Anyway, as it is easy to observe from Figs. 4.18 and 4.19,
there are no large differences between the distribution of the two morpho-
logical classes. The scatter (see Eq.4.26) is very moderate with no relevant
differences between relaxed (σ = 0.04) and disturbed (σ = 0.05) clusters,
confirming the results shown in sec.4.3.4.
We obtain the same results when considering the Y500−M500 relation at z =
1, supporting the invariability with redshift of SZ scaling relations studied
in sec.4.7).
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Figure 4.18: Y500−M500 at z = 0 of merger (blue triangles, the orange line is the
best fit) and relaxed (red diamonds, the black line is the best fit) clusters.
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Figure 4.19: Y500 − M500 at z = 0 of unrelaxed (∆r > 0.1, blue triangles, the
orange line is the best fit) and relaxed (∆r ≤ 0.1, red diamonds, the black line is
the best fit) clusters.
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Chapter 5

Protoclusters of galaxies

5.1 Protoclusters of galaxies: overview

The formation of today’s large scale structures, from massive clusters
to smaller groups of galaxies, starts from high redshift overdensities lying
along the dark matter filamentary structure known as the cosmic web. In the
early phases of their evolution these objects are characterized by relatively
smooth peaks in the spatial distribution of dark matter and galaxies, and
grow into denser and larger concentrations of dark matter, gas, and galaxies
at later epochs. Therefore, by systematically searching for protoclusters,
and studying their dynamics, evolution and abundance as a function of
mass and redshift, it is possible to explore the high-z stages of the assembly
of present day clusters, and possibly to shed light on the processes which
affect the growth of structures on the tail of the halo mass function just as
they shape from small overdensities, on the verge of virialization, into the
largest, most massive bound objects in the Universe. The evolution of the
halo MF puts constrain on Ωm mass and redshift up to the very early stages
of their assembly.

Currently, many observational and theoretical issues impose critical lim-
itations to this kind of studies: distance limits the quantity and accuracy
of available observations of these objects. Several direct and indirect ap-
proaches have been tried to perform systematic searches of protoclusters
in the high-z universe, but none of them has been proved to be generally
successful and therefore none has been employed for systematic protocluster
searches up to now (see sec.5.1.1 for a review of current observing meth-
ods). Due to the necessity of exploring the mass distribution of protoclus-
ters, a reliable observational proxy for their total mass, which assumes an
insight of the structure assembly at high redshift, as with low-z clusters
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and groups, is needed. Following the same approach of cluster studies per-
formed up to redshift 1 and presented in Ch.4, in this part of the work
we explore the possibility to observe protoclusters through the detection
of their thermal Sunyaev-Zeldovich (th-SZ, Sunyaev & Zeldovich 1970) im-
print into the Cosmic Microwave Background (CMB). Due to the lack of
dimming of the scattered CMB photons off ionized gas in the high-z halos,
and to the uniqueness of its spectral signature at mm/submm wavelengths,
th-SZ effect appears as a viable tool for high-z object-finding, as proved
from the success of blind cluster surveys from the current generation of mil-
limeter telescopes (Staniszewski et al. 2009b; Marriage et al. 2011b; Planck
Collaboration et al. 2011c; Williamson et al. 2011b, Planck Collaboration
et al. 2013a; Reichardt et al. 2013b).

5.1.1 Observations and simulations of protoclusters of galaxies

In order to investigate when and how clusters are formed, it is necessary
to obtain a sample of objects at z > 1. In the past decade, there has been
a significant increase in the study of clusters at redshifts up to 1, while
the difficulty of observing protoclusters of galaxies limits the amount and
accuracy of the observations and surveys that are available.

In fact, notwithstanding the development of a new generation of tele-
scopes, many observational and theoretical issues impose critical limita-
tions to these kinds of studies. The hindrances in observing protoclusters of
galaxies are linked to the relative low angular resolution of the observation
instruments used and consequently to the inability to investigate extended
structures. Moreover, according to the ΛCDM model, it is extremely rare
to find objects with M > 3× 1014 M⊙ at z > 1 (Springel et al. 2005b) and
high redshift galaxies do not dominate the number counts in surveys. In ad-
dition, X-ray emission becomes too faint to be measured since the surface
brightness decreases as (1 + z)4 . Despite these limitations, observations
made in the optical/IR wavelengths together with the XMM-Newton have
identified an overdensity of galaxies emitting at z = 1.579 in the X-rays
band (Santos et al. 2011). Another finding in the survey XDCP (XMM-
Newton Distant Cluster Project) led to the identification of a low-mass
(proto)cluster (M = 1014 M⊙) at z = 1.1, thanks to the multi-band obser-
vation with the GROUND imager (Pierini et al. 2012). X-rays observations
thus make possible to observe groups and clusters at much earlier stages
(i.e., z ≥ 1). However, these surveys still remain subject to the selection
effects.

The ability to perform systematic searches of protoclusters in the high-z
universe has long been sought after. Various methods have been applied in
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order to render this possible. High redshift galaxies can be distinguished
from the profuse nearby galaxies due to some peculiar spectral character-
istics. Thanks to these features, it is possible to use other methods of
detection in order to investigate the universe at high redshift. One of the
methods most widely used is targeting high-z radio galaxies (HzRGs). These
are massive star forming galaxies with enormous radio luminosities (Miley
& De Breuck 2008; Seymour et al. 2007; Rocca-Volmerange et al. 2004).
According to the model of hierarchical galaxy formation, it is possible to
find galaxy overdensities around HzRGs (Stevens et al. 2003; Mayo et al.
2012), which should be likely surrounded by cluster progenitors (Venemans
et al. 2007; Kuiper et al. 2010; Hatch et al. 2011; Wylezalek et al. 2013).

Recent results were obtained as part of the HeRGE project. A study of
the IR spectral energy distribution of the Spiderweb Galaxy at z = 2.156
showed that this protogalaxy is in a particular phase implying both of AGNs
and starburst (Seymour et al. 2012). Moreover, by combining different
studies of the environment of this galaxy, it was possible to identify several
protocluster members surrounding the host galaxy, with an estimated mass
> 2× 1014M⊙ within a region of 3 Mpc.

Another approach is based on the selection of the Lyman Break Galaxies
(LBGs), which are star-forming galaxies at 2.5 < z < 5 characterized by the
Lyman break at 912 Å in the rest-frame (Giavalisco 2002). Searching for
Lyα emitters is another way to identify galaxy cluster progenitors (Steidel
et al. 1998). Star-forming galaxies exhibit strong emissions of this particu-
lar line because Lyα photons are resonantly scattered in neutral hydrogen.
Using narrow-band imaging, it is possible to search for overdensities of line
emitting objects at a specific redshift. Many studies have been conducted
using this particular method and have resulted in the discovery of cluster
progenitors beyond z = 3 (Matsuda et al. 2009; Steidel et al. 2000; Yamada
et al. 2012; Capak et al. 2011).

It is also possible to observe star-forming galaxies by detecting their
sub-millimeter emission. In fact, the large and negative k-correction (Blain
& Longair 1993), due to the steepness of the submm-spectra, makes the
high-redshift galaxies more detectable than their low-redshift counterparts.
It is possible to identify star-forming galaxy at FIR/submm wavelengths,
through the detection of dust emission. Studies of radio galaxies have been
concentrated on high redshift objects since their submm luminosity increases
with redshift and their emission is in correspondence with the peak of dust
emission (Archibald et al. 2001). A population of almost 200 luminous
galaxies at z > 1 has been revealed through deep surveys in the submm/mm
waveband thanks to detectors such as SCUBA, MAMBO and BOLOCAM
(Blain et al. 2002).
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Figure 5.1: Schematic representation of the two protocluster definitions. In the
panels on the left, the red circle confines the protocluster at z = 4 according to
the first definition (a) and the second (b). In the panel on the right, it is shown
the representation of the present-day cluster, which is the main object at z =
0, formed during the evolution process of the protocluster (according to both
definitions).

Figure 5.2: The evolution of one of the resimulated regions of MUSIC-2 dataset
(CSF run) from high redshift toz = 0 (from left to right: z = 4, 2.3, 1.5, 0).
At high redshifts the protocluster is located in the top part of the image. All
the images of MUSIC clusters have been generated with SPLOTCH (Dolag et al.
2008) and are available at the website http://music.ft.uam.es.
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Thanks to the current ground-based projects (such as ACT, SPT), it is
becoming increasingly possible to observe high-z objects while steadily in-
creasing the redshift through the SZ effect. Recently, it has been made pos-
sible to detect clusters at redshift greater than 1 via the Sunyaev-Zel’dovich
effect. The SPT-SZ survey allowed the identification of the highest redshift
galaxy cluster that was seen via the SZ effect, which is at z = 1.478 (Bayliss
et al. 2013).
In the last years, also simulations have started to be used as a tool to study
protoclusters. Most of the previous works on this topic applied semianalytic
models to dark-matter only cosmological simulations: mock catalogs of the
Millennium simulation (Springel et al. 2005b) have been used to study the
abundances, redshift distribution, clustering and star formation rate of high
redshift objects (such as Lyman break galaxies and distant red galaxies) up
to redshift 6, in order to reproduce the observed star formation rates (Guo
& White 2009; Overzier et al. 2009; Henriques et al. 2012; Merson et al.
2013). More recently Chiang et al. (2013) used again the Millennium Simu-
lations to study the progenitor regions of about 3,000 objects evolving into
clusters at z = 0. On the other hand, the use of hydrodynamical simula-
tions to study protoclusters is still not very common in literature. Saro et
al. (2009) used hydrodynamical simulations of two protocluster regions at
z = 2.1 to compare them with the observational results of the Spiderweb
Galaxy system, particularly focusing on the star formation rate and on the
velocity distribution of the galaxies. Therefore, it is necessary the use of a
large dataset of simulated clusters, such as MUSIC, to enlarge the statistics
of protoclusters. The analysis presented hereafter is based on the result of
the published work Sembolini et al. (2013a).

5.1.2 How to define a protocluster in simulations

Since it is difficult to prove how and when today’s clusters of galaxies
were formed, what is meant by the term ”protocluster” from an observa-
tional point of view is in debate. As a result, it is particularly important to
be able to discriminate in this study all the high-z objects related to present
clusters. With this purpose we define as progenitors all those objects which
will merge during the cluster evolution to form and be part, with at least a
consistent fraction of their mass (see sec.5.2), of the cluster observed at z
= 0.

For the purpose of our work, two alternative and general definitions have
been used. We assume as a protocluster (Fig.5.1):

1. the most massive halo at high redshift among all the progenitors;
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2. the ensemble of all the progenitors with a mass larger than a selected
value (which depends on limits on the observability or on the resolution
of the simulation)

According to this, numerical simulations constitute the ideal tool to define
and study protoclusters: in fact, using a merger tree, it is straight forward to
trace back at high redshift the particles, and therefore the progenitors, which
will end up into a virialized cluster at z = 0. This fundamental characteristic
allows to overcome the principal problem found in observations, where it
is impossible at present day to be completely confident if a massive object
observed at high redshift will actually evolve into a cluster during its history.

To the scope of this work, which is to study some integrated properties
of protoclusters, we choose to adopt the first definition of the two aforemen-
tioned. Most of the analysis shown in this work is referred to protoclusters,
though it is also interesting to make some considerations about all the pro-
genitors in terms of their mass and spatial distributions.

5.1.3 Protoclusters in MUSIC

As illustrated in Ch.2, MUSIC-2 dataset is composed by a total of 282
resimulated lagrangian regions, with a radius of 6h−1Mpc ,surrounding a
massive cluster. Among the 15 snapshots describing the evolution of each
cluster in the redshift range 0 ≤ z ≤ 9, we concentrate on those correspond-
ing to z = 1.5, 2.3, 4.0, assuming that at z ≤ 1 all objects have already
evolved into clusters. The analysis shown hereafter is therefore focused on
the protoclusters corresponding to the most massive progenitors of the most
massive clusters of each of the 282 MUSIC-2 resimulated regions. We recall
again that, among all the massive clusters at z = 0, almost 50 per cent have
Mvir > 1015h−1

M⊙and almost all Mvir > 5× 1014h−1
M⊙. Both CSF and

NR subsets have been included in this part of the analysis.

5.2 Mass and spatial distributions of progenitors

As aforementioned, we can use a merger tree to track back in time the
cluster history and individuate all the progenitors (including the protoclus-
ter) at high redshifts. We use the merger tree of the Amiga Halo Finder
(AHF, Knollmann & Knebe 2009) to select all the high redshift objects
containing particles which will be part of a massive cluster at z = 0, and,
according to the definition given at the beginning of this section, we indi-
viduate as progenitors all those halos whose at least the 80 per cent of their
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Figure 5.3: Distribution of virial mass of protoclusters at the different analyzed
redshifts (z = 1.5 in red, z = 2.3 in yellow, z=4 in blue), compared with the mass
distribution of the same objects evolved into clusters at z = 0 (black).

particles are found to be part of the cluster formed at z = 0. Considering
that AHF is able to discern all halos constituted by at least 20 particles, we
can list all progenitors with M > 1.2×1010h−1

M⊙.

It is interesting to study the mass distribution of protoclusters (calcu-
lated at the virial radius) to explore the mass evolution with redshift and
to compare the mass of protoclusters with that of the other progenitors, in
order to check at each redshift whether the protoclusters show already a
mass sensitively bigger than the other progenitors. For each halo the virial
radius Rvir is computed, defined as the radius at which the mean internal
density is ∆vir times the background density of the Universe at that redshift
(the value of ∆vir therefore depends on redshift, as discussed in sec.3.2). Ac-
cording to this, we can use the definition of virial mass already adopted in
sec.3.2 (Eq.3.2) :

Mvir =
4π

3
∆virΩmρcritR

3
vir (5.1)

In Fig.5.3 the distribution ofMvir, at the 3 considered redshifts, is compared
with the mass distribution of the evolved clusters at z = 0.
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Figure 5.4: Top panels: mass function of the Multidark simulation (black) com-
pared to the mass function of MUSIC protoclusters (red) at z = 4.0 (left), z =
2.3 (center), z = 1.5 (right), including the 5 most massive progenitors of each
cluster. Bottom panels: ratio of number of Multidark objects resimulated with
MUSIC (same redshifts than top panels).
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The mass distributions of protoclusters are almost completely separated
among each other at the 3 different redshift considered (though showing
a large dispersion, see Tab.5.1): at z = 4 most of halos have a mass of
a few times 1012h−1

M⊙, with only a small number of objects with M >

1013h−1
M⊙; at z = 2.3 almost all objects show masses in the range 1013 <

M < 1014h−1
M⊙; at z = 1.5 we find more than 100 halos with M >

1014h−1
M⊙and that therefore can be also considered as already evolved into

clusters (if we define as cluster a virialized halo with M > 1014h−1
M⊙). In

Fig.5.4 we compare the mass functions of MUSIC progenitors (including
for each MUSIC cluster the 5 most massive progenitors) with that of the
parent DM-only Multidark simulation: at z = 4 we find that 25 per cent
of Multidark (MD) objects with M> 1013h−1

M⊙have been resimulated by
MUSIC, at z = 2.3 we resimulated 50 per cent of MD objects with M>5·
1013h−1

M⊙and at z = 1.5 we have identified in MUSIC more than 50 per
cent of MD objects with M>2· 1014h−1

M⊙(at this redshift, MUSIC is also
a mass-limited complete sample at M >4· 1014h−1

M⊙.) The averaged mass
accretion history as a function of the redshift of MUSIC protoclusters fol-
lows a simple exponential function:

M(z) = M0e
−αz (5.2)

Our best fit value for the exponential index α = 1.3 ± 0.1 is consistent
with the accretion rate of massive objects (M0 > 2.8×1013h−1

M⊙) as re-
ported in Wechsler et al. (2002), corresponding to a mean formation time
for clusters of zf ∼ 0.53, consistent with the values presented by Krause et
al. (2012).

The mean value of each mass distribution is reported in Tab.5.1. It is
interesting to measure the fraction of the total mass of the cluster at z =
0 which is contained in the progenitors at high redshift, Mprog/M(z = 0)
(Fig.5.5): we find that at z = 4 only a very small fraction of the total mass
(14 per cent, see Tab.5.2) is hosted by the progenitors, showing how at this
age of the Universe most of the matter which will collapse into clusters is
still in the form of diffuse matter (i.e. filaments) or of structures below
galaxy size; still at z = 1.5 only almost half of the total mass of clusters
at z = 0 is still not detected in progenitors with M > 1.2×1010h−1

M⊙. It
is also worth mentioning that mass ratio between the second most massive
progenitor and the protocluster itself is in mean about 70 per cent at z =
4 and still almost 60 per cent at z = 1.5, an evidence that during their
formation history most of massive clusters go through a major merger at
z > 1.

We also concentrate on studying the spatial distribution of progenitors
at different redshifts; if we assume the center of the region of the forming
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Figure 5.5: Distribution of the mass fraction of the total cluster mass at z = 0
hosted by progenitors with M>1.2×1010h−1M⊙ at z = 1.5 (red), 2.3 (yellow) and
4 (blue).
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Figure 5.6: Spatial distribution of progenitors in terms of rms distances at z=1.5
(red), 2.3 (yellow) and 4 (blue), all calculated assuming the center of mass of the
protocluster as the center of the cluster formation region.

cluster as the center-of-mass of the protocluster, we can define the root
mean square distance as:

Rrms =

��N
i=0 r

2
i

N
(5.3)

where N is the total number of progenitors and ri the distance between the
i-th progenitor and the center-of-mass of the protocluster. The distribution
of the Rrms at the 3 redshift analyzed is shown in Fig.5.6 and the mean
values reported in Tab.5.1: the initial cluster forming region shows in mean
Rrms ∼ 11h−1Mpc at z = 4, contracted at Rrms ∼ 8h−1Mpc at z = 1.5. We
remind that the typical virial radius at z = 0 of the clusters formed by these
regions collapsing is about 2h−1Mpc and the mean virial radii of our dataset
at different redshifts are listed in Tab.5.2 It is interesting to observe that
even if we pull down from 80 to 50 or 20 per cent the threshold of particles
of an object which have to be part of the cluster at z = 0 in order to define
it as a progenitor, the mean values of the Rrms do not change of more than
5 per cent; we find that the maximum radius (whose mean values are also
reported in Tab.5.2) of the cluster forming area is always Rmax ∼ 2Rrms.

5.3 Baryon content of protoclusters

It is interesting to explore the baryon content of protoclusters, in order
to follow the evolution of the baryon, gas and star fraction (respectively
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z = 1.5 z = 2.3 z = 4.0
Mvir [1013h−1M⊙] 9.2±6.4 3.0±2.2 0.5±0.3
Rvir [h−1Mpc] 1.04±0.22 0.72±0.15 0.40±0.07
Mprog/M(z = 0) 0.53±0.04 0.36±0.02 0.14±0.01
Rrms [h−1Mpc] 8.1±1.4 9.8±1.9 11.2±2.3
Rmax [h−1Mpc] 16.1±2.6 19.2±3.1 22.0±3.7

Table 5.1: Mean values (at different redshifts) of the virial mass (Mvir) and virial
radius (Rvir) of protoclusters, of the mass fraction hosted by progenitors with
M > 1.2× 1010h−1M⊙(Mprog/M(z = 0), of Rrms and Rmax.

fb, fg, fs) of galaxy clusters in the range 0 ≤ z ≤ 4; at the same time, we
can check whether our dataset is affected by cold flows or galaxy feedbacks,
effects that (as we have discussed in Chapter 3) usually affect the inner
regions of clusters but that in the case of such small objects could affect
also areas closer to the virial radius. This is important to verify if we want to
study integrated properties of protoclusters, such as the integrate Compton
parameter Y , directly depending on the gas content, which has therefore to
be described correctly (see Chapter 4).

The baryon, gas and star fractions are defined by simply taking into
account all the gas and star particles falling inside the virial radius:

fb,g,s(< Rvir) =
Mb,g,s(< Rvir)

M(< Rvir)
(5.4)

whereMg is the mass of the gas,Ms the mass of the star component, and the
total baryon mass is defined as Mb=Mg+Ms. Fig.5.7 shows the behavior of
the mean baryon, gas and star fractions calculated at the virial radius in the
redshift range 0 ≤ z ≤ 4 (results referring to z ≤ 1 are taken from Sembolini
et al. 2013b and have been deeply discussed in Chapter 3), normalized to
the critical cosmic ratio Ωb/Ωm, (which, we remind here, according to the
cosmology adopted by MUSIC-2 is 0.174) in order to make a comparison
with other works adopting different cosmological parameters (since now on
we denote the normalized values of fb,g,s using capital letters: Fb,g,s). The
normalized Fb is around 95 per cent at all redshifts for both CSF and NR
subsets, as expected slightly higher than what measured in simulations of
clusters at z ≤ 1 at ∆c=500, Fb,500 ∼ 0.85 (Sembolini et al. 2013b, Planelles
et al. 2013, see discussion in sec.3.5). We remind that ∆c defines that the
overdensity is calculated with respect to the mean critical overdensity of
the Universe at the redshift analyzed. This was easy to predict as the value
of the baryon fraction is expected to approach the cosmic ratio going from
inner to outer regions of (proto)clusters) and does not vary with redshift.
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Figure 5.7: Evolution of normalized gas (red diamonds), star (green triangles)
and baryon fraction (yellow squares for CSF protoclusters and blue squares for
NR) from z = 4 to z = 0.

131



5.4. THE DYNAMICAL STATE OF PROTOCLUSTERS

The gas fraction appears to be lower for protoclusters (z ≥ 1.5, Fg ∼

0.65) than for clusters (z ≤ 1), for which we find that Fg is around 75
per cent, values that can be treated as reasonable if we consider that CSF
simulations show Fg ∼ 0.65 at ∆c=500. The mean value of the normalized
star fraction rises from Fs ∼ 0.2 at z = 0 to Fs ∼ 0.3 at z = 4, an amount
still smaller than what is estimated in the inner regions of clusters (those
which are more likely to be affected by cold flows, see sec.3.3) at ∆c=2500.
These results are comforting to the purpose of our analysis, as they allow
us to state that there are no dramatic differences in the baryon content
between clusters and protoclusters, and we can go on studying the integrated
properties depending on gas content of the second ones.

5.4 The dynamical state of protoclusters

It is interesting to study the dynamical state of protoclusters in order
to check if the morphology of these objects could have an impact on scaling
relations. Three different criteria are commonly used to define the morpho-
logical state of clusters and protoclusters, aiming at distinguishing relaxed
objects from disturbed ones (Shaw et al. 2006, Knebe & Power 2008, see
also Ch.4):

• The presence of mergers, defining as major mergers those objects with
a mass bigger than one half of the main object and as minor mergers
those objects with a mass between 0.1 and 0.5 times the mass of the
main object. Clusters experiencing or having experienced merger pro-
cesses are more likely to be morphologically disturbed. All the events
with accreted mass lower than 10 per cent are classified as smooth
accretion.

• The center-of-mass offset, namely the spatial separation between center-
of-mass of the protocluster and the center-of-density (maximum den-
sity peak), normalized to the virial radius (see Eq.5.5). Objects show-
ing a high value of ∆r are considered as morphologically disturbed.

• The degree of fulfillment of the virial theorem, calculating the virial
ratio η = 2T/|U | (where T is the kinetic energy and U the potential
energy). If the object is relaxed, η ∼1 is expected.

The first criterion seems not to be successful when applied to proto-
clusters, as these show merger rate much lower than clusters at low
redshift (35 per cent for clusters at z < 1).

We have therefore to concentrate on the two other methods to ful-
fill our purpose of distinguishing relaxed protoclusters from disturbed
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ones. The center-of-mass offset is quantified ad:

∆r =
| rδ − rcm |

Rvir
(5.5)

where rδ is the position of the center-of-density of the halo, rcm the
center-of-mass and Rvir the virial radius. ∆r is used to quantify sub-
structures statistics, providing an estimate of the halo’s deviations
from smoothness and spherical symmetry. Different limit values of
∆r are used in literature in order to consider a halo as relaxed, rang-
ing from ∆r ≤ 0.04 (Macciò et al. 2007) to ∆r ≤ 0.1 (D’Onghia &
Navarro 2007). This method has been previously applied to hydro-
dynamical simulations to study the effect of the dynamical state on
X-rays properties of clusters (Poole et al. 2006b; Rasia et al. 2012a;
Biffi et al. 2014) or the mass-concentration relation (De Boni et al.
2013). Here we will show that hydrodynamical simulations of clusters
present higher values of ∆r with respect to dark-matter only simula-
tions, so we choose to adopt the largest value among those previously
cited: ∆r ≤ 0.1 to define an object as relaxed.

The third and last requirement uses the virial theorem to determine
which halos are not dynamically relaxed. The standard definition for a
dynamical system in equilibrium is usually represented by η ∼1. Nev-
ertheless, the effect of those particles located outside the virial radius
but still gravitationally bound to the halo has to be taken into account
and included in the estimate of the kinetic and potential energies, thus
contributing to the virial ratio diagnostics. The additive term, to in-
clude this surface pressure energy at the boundary of the halo, can be
quantified as (Chandrasekhar 1961):

Es =

�
Ps(r)r · dS (5.6)

Therefore, a modified definition of the virial parameter can be ex-
pressed as follows:

η1 =
2T − Es

| U |
(5.7)

The kinetic energy T has been calculated taking into account the contri-
butions of all the different kinds of particles (dark matter, gas and stars)
bound to the object:

T = 1
2(
�

i mi,DMv
2
i,DM +

�
i mi,starsv

2
i,stars

+
�

i mi,gasv
2
i,gas) +

�
i mi,gasui,gas

(5.8)

where in the case of gas particles we also considered the thermal motion
of particles (derived from the internal energy per gas particle, as provided
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by the simulation). The contribution of the thermal energy becomes less
important for high redshifts (it ranges from 3 per cent at z = 1.5 to about
0.1 per cent of the total kinetic energy at z = 4.)
Assuming an ideal gas, the surface pressure can be calculated as (Shaw et
al. 2006):

PS =
1

3V

�

i

(miv
2
i ) (5.9)

where V is the volume of the spherical shell between 0.8 and 1.0 Rvir and
mi and vi are the mass and velocity of the i-th particle respectively (where
again, as in the case of the kinetic energy, all kinds of particles - dark
matter, gas and stars - have been taken into account). Integrating PS over
the bounding surface of the halo volume it is found ES=4πr3medPS, assuming
rmed � 0.9 Rvir (Knebe & Power 2008).
We apply this analysis, already performed for dark-matter (DM) only halos
by Knebe & Power (2008) and Power et al. (2012), to our hydrodynamically
simulated protoclusters, in order to check any dependence between halos
mass, virial ratio and center-of-mass offset.

In the case of CSF objects, we find a mild dependence between the mass
of the progenitor at different redshifts, Mz, and virial ratio η1 (see Fig.5.8):

η1 ∝ M
0.04
z (5.10)

It is interesting to notice how this mass dependence is not fulfilled by NR
clusters (Fig.5.8, bottom panel). This trend is also evident in the upper
panel of Fig.5.8, where the low mass population, being dominated by halos
in the high-z snapshot, is concentrated around the lowest values of η1.

The numerical values of Es are generally almost one order of magnitude
smaller than the kinetic energy. The correction due to the surface pressure
makes therefore the value of the virial ratio lower, but in most cases not
enough to reach the expected value of 1. In Fig.5.9 we represent the rela-
tion between the two definitions of virial ratio, η and η1, computed both for
CSF (top panel) and NR (bottom panel) subsets, for the same redshift bins
we previously considered. We note that the η1-η relation is independent on
redshift . Therefore the surface pressure correction is also independent on
z. On the other hand, the η1 values for the z = 4 CSF protoclusters are the
only ones that reach values of unity. This feature hints to a higher probabil-
ity to find virialized objects in high-z snapshots. At z = 4 the extent of the
range covered by the virial ratio for CSF protoclusters is much larger than
in the NR case, showing protoclusters with values closer to η1 = 1, that is
expected for relaxed objects. On the contrary, NR clusters at all redshifts
present a behavior of the virial ratios with no dependence on redshift, none
of them having values smaller than 1.2, regardless of whether the pressure

134



CHAPTER 5. PROTOCLUSTERS OF GALAXIES

term is considered or not. At lower redshifts (z = 1.5) higher mean values of
η and η1 are found, which are similar for both CSF and NR objects. There-
fore, we conclude that the effect of the effective pressure term computed as
mentioned above, underestimate the contribution of bound particles out-
side our definition of virial radius1. Nevertheless, it is interesting to see
that there are some high-z protoclusters in CSF simulations that follow the
virial theorem, even without correction for pressure terms.

We finally explore the relation between the two criteria adopted here to
define the dynamical state of halos, virial ratios (η,η1) and center-of-mass
offset (∆r). In Fig.5.10 we show the relation between the average values of
η1 (and η) CSF and NR protoclusters at different redshift bins ∆r. There
is a clear relation between the two dynamical state estimators. The virial
ratios flatten off for values of ∆r ≤ 0.1 and they begin to increase when
∆r ≥ 0.1. Therefore this confirms the validity of both criteria to study the
dynamical state of simulated halos. According to these results, we simply
define those protoclusters of our dataset with ∆r ≤ 0.1 as relaxed halos,
classifying as disturbed all the halos showing a higher value. Therefore,
about 30% of protoclusters appear to be disturbed for the whole redshift
interval considered.

As we already pointed out before, it is also clear from Fig.5.10 that CSF
protoclusters present values of η1 much closer to 1 than NR protoclusters,
while at lower redshift this difference is much less evident. This is better
seen in Fig 5.11 where we compare the η1 as a function of ∆r for CSF and
NR for high (upper panel) and low redshifts (lower panel). This behavior is
reflecting the different ways of mass growth of halos at different redshifts.
At high redshift the major accretion of matter to halos is by smooth mass
inflow along filaments (Kereš et al. 2005, Madau et al. 2008). In the case of
CSF halos, the infalling cooled gas is able to overcome the accretion shocks
and makes its way towards the center of protoclusters, forming stars effi-
ciently (Birnboim & Dekel 2003, Dekel et al. 2009), deepening the potential
well. Since most of the accretion is smooth, no significant amounts of non-
thermal kinetic energy are injected to the protoclusters. Thus, the matter
rapidly virializes in the deeper potentials of CSF clusters as compared with
the shallower potentials of NR clusters. At later epochs, the mass growth
of protoclusters is dominated by merging activity rather than by smooth
matter accretion, with the consequence of a more substantial injection of
kinetic energy in the halos. As a result, the deepening in the potential wells
caused by cooled baryons is less efficient in ensuring virialization over short
timescales. Therefore, low-z objects are more likely to exhibit significant
deviations from η1 = 1. This effect, as expected, is present only in the CSF

1
In the AHF halo finder, the virial radius of the halos is defined as the radius that encompasses

a mean density that fulfills the numerical solution of the spherical top hat model at that redshift
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Figure 5.8: Relation between η1 and the mass of the progenitors at different
redshifts for CSF protoclusters (top panel) and for NR protoclusters (bottom
panel): the first one shows a weak but clear dependence of η1 with mass, the
second one does not. Different colors signs objects at different redshifts (z = 1.5
is red, z = 2.3 is yellow and z = 4 is blue). The black line is the best-fit and the
black squares show the mean η1 at each redshift.
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Figure 5.9: η1−η relation for CSF protoclusters (top panel) and NR protoclusters
(bottom panel): z=1.5 is red, z = 2.3 is yellow and z = 4 is blue. In the CSF
relation there is a linear dependence between the two parameters; objects at
redshift z=1.5 show lower values of η, η1, NR protoclusters exhibits the same
linear dependence than CSF objects, but the values of η are distributed on a
narrower range at high values.
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simulations, whereas the NR runs exhibit a departure from the virialization
state at all times.

5.5 Y −M scaling relation in protoclusters of galaxies

Within a self-similar scenario of structure formation, a tight correlation
between an aperture-integrated th-SZ signal (which is a measure of the total
thermal energy of the hot gas in a large virialized structure) and the total
mass M of the object, is expected. As longly discussed in ch4, for clusters
and groups, this scaling law and its small deviations from self-similarity,
have been studied through semi-analytical approaches (e.g. Shaw et al.
2008; Sun et al. 2011) simulations of cosmological volumes (Battaglia et al.
2011; Kay et al. 2012; Sembolini et al. 2013b) and verified through observa-
tions (Bonamente et al. 2008b, Marrone et al. 2012; Planck Collaboration
et al. 2013f; Planck Collaboration et al. 2013e; Sifón et al. 2013). In this
section we verify for the first time the extension of the self-similarity as-
sumption to the progenitors of today’s clusters. For this purpose, we use
our MUSIC dataset. While the definition of a protocluster is in debate
from an observational point of view, the availability of numerically simu-
lated structures at all the ages up to z = 4 may allow to trace the evolution
of clusters back to the formation through the information of the merging
tree for each object.

The applicability to protoclusters of scaling relations connecting in-
tegrated properties of clusters, such as X-rays luminosity and Sunyaev-
Zel’dovich (SZ) effect, has never been investigated. One of the main caveats
on this analysis would be the problematics related to the observability of
objects at high redshifts (as also discussed in the previous sections of this
work).
Here we try for the first time to explore the evolution of the Y −M scaling
relation at z > 1, with the purpose of checking whether the hypothesis of
self-similarity, already well studied for clusters of galaxies, can be applied
also to protoclusters.
It has been shown (ch.4) that the integrated thermal SZ effect, Y , whose
definition is recalled here as:

Y ≡

�

Ω

ydΩ = D
−2
A

�
kbσT

mec
2

�� ∞

0

dl

�

A

neTedA (5.11)

is a robust proxy of the total mass of the cluster, more stable than other
proxies in the X-rays band (such as bolometric luminosity and temperature),
as it is less affected by the physical processes taking place in the central
regions of clusters.
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To estimate the integrated Y of our dataset of protoclusters we use the
same approach already illustrated in ch.4, where a detailed analysis of the
Y −M scaling relation for massive clusters of galaxies has been performed
in the redshift range 0 ≤ z ≤ 1. As in the case of massive clusters, we build
synthetic maps of the Compton y-parameter for each protocluster at the
different redshifts analyzed and we estimate the Y value integrated inside
the virial radius. The choice of the integration up to the virial radius is
motivated by the limited angular resolution of the expected observations
towards so far objects.

The Y −M scaling relation at a fixed overdensity is studied performing
a best fit of the expression already defined in Eq.4.21

Y∆ = 10B
�

M∆

h−1M⊙

�A

E(z)2/3[h−2
Mpc

2] (5.12)

where M∆ is the total mass calculated inside the sphere of radius r∆ that
we are considering: in our case ∆=∆vir, so that M∆ corresponds to the
total virial mass of the protoclusters. The expected self-similar value for
the slope of the Y −M scaling relation is 5/3 (see sec.4.3. We remind here
that normalization B is defined as (Eq.4.22:

B = log
�

σT

mec
2

µ

µe

�√
∆cGH0

4

�2/3�
+ log fg, (5.13)

and contains all the constant terms and the gas fraction (where µ and µe

are the mean molecular weights respectively of gas and electrons, see sec.4.3
and sec.4.3.1 for more details).

5.5.1 Deviation from self-similarity

As in the previous section, in the analysis of the Y − M relation we
consider 3 redshifts: 1.5, 2.3 and 4. We find contrasting results. At z =
1.5 (Fig.5.12) we find a situation comparable to what already observed at
z ≤ 1: a slope very close to the self similar value (A = 1.69±0.01), with
no substantial differences between NR and CSF subsets, even if objects
simulated with non-radiative physics show higher values of Y and lower
slope, as in massive clusters at low redshifts. At z = 2.3 we observe an
intermediate situation, with CSF clusters still close to self-similarity (A =
1.70±0.01) but with a normalization which starts to depart from those of
NR objects and of the same objects analyzed at z < 1. At z = 4 (Fig.5.13)
we find that CSF objects show a much stronger deviation from self-similarity
(A = 1.79±0.01) and values of Y (and of the normalization) much smaller
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Figure 5.12: Y − M relation for MUSIC protoclusters at z = 1.5: CSF proto-
clusters are represented by red diamonds (the best fit is the black line) and NR
protoclusters by blue triangles (the best fit is the orange line).
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Figure 5.13: Y −M relation for MUSIC protoclusters at z=4.0 : CSF objects (red
diamonds, best fit is the black line) show a clear deviation from self-similarity,
NR objects (blue triangles, best fit is the orange line) have a slope still very
close to the self-similar value A=5/3. There is also a big difference between the
normalizations of the two subsets.
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than NR protoclusters, whose scaling relation do not exhibit any significant
change from z = 0 even at this high redshift.

Various hypothesis can be made to explain this apparently non self-
similar behavior of protoclusters at high redshift. Among these we can
remind: the effect of disturbed objects on the scaling relation, an incorrect
description of the physical processes taking place in the protoclusters or an
effect due to the resolution of the simulation.

Aiming at studying the impact of unrelaxed halos on the Y −M relation,
we have built two different scaling relations separating relaxed protoclusters
from disturbed ones. The results, shown in Fig.5.14, demonstrate that, as
it happens for clusters, the dynamical state of the halos does not affect
the Y − M scaling relation: both relations exhibit a very similar slope
well far from the self-similar value. Moreover, it could be observed that
neither the fraction of disturbed objects at high redshift does not differ
significantly from the one at low redshifts, nor NR protoclusters analyzed
at the same redshifts show any deviation from self-similarity even having
the same fraction of disturbed objects (around 30 per cent).

The description of the radiative processes used in the simulation has to
be taken into account to check the deviation from self-similarity observed at
z=4: in fact, the processes taking place in the protoclusters can be different
than those used to model clusters at low redshifts. Moreover, MUSIC simu-
lations do not include AGN feedback, which could play a prominent role on
gas physics at high redshifts. On the other hand, we have to consider that
the effect of AGNs on clusters is usually that of deviating from self-similar
conditions and not to get closer to them: therefore it looks quite unlikely
that the presence of AGNs could move the scaling relation of protoclusters
towards more self-similar values.

The effect of the resolution of the simulation could constitute a non-
physical explanation of the deviation from self-similarity: in fact if we con-
sider the mass resolution of MUSIC simulation this allows us to describe
massive clusters (with Mvir > 5 × 1014h−1

M⊙) by using several millions of
particles. On the contrary, when we move to analyze protoclusters the mass
range taken into account is about 3 order of magnitudes smaller (the mean
virial mass of our sample at z = 4 is 5×1012h−1

M⊙), resulting into halos
described by only a few ten thousands particles, which may be not enough
to describe with sufficient precision the integrated properties of protoclus-
ters, such as the integrated Y . At the same time, NR protoclusters seem,
even if constituted by approximately the same number of particles, not to
be affected by the same effects of resolution.

Finally, Fig.5.15 shows the evolution of the slope A of the Y −M scaling
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Figure 5.14: Y −M relation for MUSIC protoclusters at z = 4.0 for CSF objects
only, distinguished between relaxed (red diamonds, best fit is the black line) and
disturbed (blue triangles, best fit is the orange line) objects.

relation from z = 4 to z = 0, as result of the analysis at high redshifts
discussed in this section joined with the analysis performed for massive
clusters (whose progenitors are the protoclusters studied in this work) at z ≤

1 by Sembolini et al. (2013b). We notice how, at the virial radius, clusters
keep a very good agreement with self-similarity up to z=1.5, starting to
depart from it at z > 2, to finally show a clear deviation (in the case of
objects simulated including radiative processes) at z = 4. A slight deviation
from self-similarity is found also in NR protoclusters.
In order to double check whether the deviation from self-similarity observed
in CSF protoclusters at z = 4 is due to real physical effects or it is just
a consequence of the resolution of the simulation, we plan to resimulate
MUSIC protoclusters in the range 1≤ z ≤ 4, improving the mass resolution
of at least a factor of 8 and eventually adding more physical processes, such
as AGN feedback, and using a binning in redshift narrower than the one
adopted in this work.
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Figure 5.15: Evolution of the slope A of the Y −M scaling relation from z=0 to
z=4: values referring to CSF subset are identified by the red diamonds, the NR
subset is represented using blue diamonds.
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Chapter 6

X-ray scaling relations

6.1 Introduction

In the last decades, X-ray observations of galaxy clusters have contin-
uously provided us with precious information on their intrinsic properties
and components. In particular, the X-ray emission from the diffuse ICM has
been proved to be a good tracer of both the physics governing the gaseous
component and the characteristics of the underlying potential well, basically
dominated by the non-luminous, dark matter (Sarazin 1986).
In the X-ray band clusters are very bright sources relatively easy to de-
tect out to high redshifts and constitute therefore a powerful tool to select
large samples of objects for cosmology studies. However, the mass determi-
nation via X-ray observations is mainly possible for well resolved, regular,
nearby galaxy clusters, for which ICM density and temperature profiles are
measurable with good precision and the Hydrostatic Equilibrium (HE) hy-
pothesis can be safely applied. As already discussed the previous chapter,
the hydrostatic mass can mis-estimate the true total mass by a factor up
to 20 − 30 percents, due to underlying erroneous assumptions (e.g. on the
dynamical state of the system, on the ICM non-thermal pressure support,
on the models used to deproject observed density and temperature profiles,
or on cluster sphericity).
In many cases, especially at high redshift or for more disturbed, irregular
systems, when the hydrostatic X-ray mass cannot be inferred reliably, mass
proxies are commonly employed to obtain indirect mass estimates. Scaling
relations between global cluster properties can be invoked to this purpose,
offering a substitute approach to derive the total mass from other observ-
ables, e.g. obtained from the X-ray band or through the thermal Sunyaev-
Zel’dovich In order to employ scaling relations to infer masses, also the
scatter about the relations has to be carefully considered: the tighter the
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correlation, the more precise can be the mass estimate. Therefore, inves-
tigating the intrinsic scatter that possibly exists for correlation with cer-
tain properties is extremely useful in order to individuate the lowest-scatter
mass proxy among many observable properties (Ettori et al. 2012). As
we have demonstrated before, the integrated Y parameter is a very strong
proxy to infer the total mass of clusters. Likewise, another remarkably
good candidate is also the X-ray-analog of the YSZ parameter, YX , which
was introduced by Kravtsov et al. (2006) and similarly quantifies the ICM
thermal energy by the product of gas mass and spectroscopic temperature.
Therefore, YX correlates strictly with YSZ , but also with total mass, given
a fortunate anti-correlation of the residuals in temperature and gas mass.
The introduction of the YX parameter has therefore strongly connected X-
ray and SZ observations.
As widely explored in the literature, current hydrodynamical simulations
can be further exploited when results are obtained in an observational fash-
ion, which makes the results more directly comparable to real data, partic-
ularly from the X-ray band (Mathiesen & Evrard 2001, Gardini et al. 2004,
Mazzotta et al. 2004, Rasia et al. 2005, Rasia et al. 2006b, Valdarnini 2006,
Kravtsov et al. 2006, Nagai et al. 2007b, Jeltema et al. 2008, Biffi et al. 2012,
Biffi et al. 2013). Under this special condition, projection and instrumental
effects, unavoidable in real observations, can be limited and explored for the
ideal case of simulated clusters, as the intrinsic properties can be calculated
exactly from the simulation. In return, simulations themselves can take ad-
vantage of such technique, as mis-matches between theoretical definitions of
observable properties, used in numerical studies, can be overcome (see, e.g.,
studies on the ICM X-ray temperature by Mazzotta et al. 2004 ,Valdarnini
2006, Nagai et al. 2007b) and the capability of the implemented physical
descriptions to match real clusters can be better constrained (Puchwein et
al. 2008, Fabjan et al. 2010 ,Fabjan et al. 2010 ,Biffi et al. 2013).
To extend the analysis of MUSIC dataset to X-ray scaling relations we used
synthetic X-ray observations obtained with the virtual photon simulator
PHOX Biffi et al. (2012), thereby providing a more complete picture of this
simulated set with respect to their baryonic properties. In fact, X-ray ob-
servables are highly susceptible to the complexity of the ICM physical state
(e.g. to its multi-phase structure) and can be more significantly affected
by the numerical description of the baryonic processes accounted for in the
simulations (particularly cooling, star formation and feedback mechanisms).

For the present analysis, which is based on the results presented in Biffi
et al. (2014), we focus in particular on one snapshot at low redshift, i.e.
z =0.11. This redshift corresponds to one of the first time records of the
simulation output earlier than z = 0 1 and is suitable to investigate cluster

1
For the X-ray analysis with the photon simulator, the snapshot z = 0 is excluded for tech-
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properties in a relatively recent epoch with respect to the early stages of
formation.
Precisely, we select all the clusters matching the mass completeness of the
MUSIC-2 dataset at this redshift (see sec.2.5), i.e. Mvir(z = 0.11) > 7.5 ×
1014h−1 M⊙. Additionally, we also enlarge the sub-sample in order to com-
prise all the progenitors at z = 0.11 of the systems with virial masses above
the completeness mass limit at z = 0 (Mvir(z = 0) > 8.5 × 1014h−1 M⊙).
This practically extends the z = 0.11 selection towards the intermediate-
mass end. As a result, we obtain a volume-limited sample of 179 clusters
that is complete in mass at z = 0.11, with Mvir(z = 0.11) spanning the
range [3.2− 20]× 1014h−1 M⊙.

6.1.1 X-ray analysis of Chandra synthetic spectra

Synthetic X-ray observations of the galaxy clusters of the selected sam-
ple have been performed by means of the X-ray photon simulator PHOX
(see for an extensive presentation of the implemented approach Biffi et al.
2012).
The cube of virtual photons associated to each cluster box has been gener-
ated for the simulated snapshot at redshift z = 0.11.
For each gas element in the simulation, X-ray emission has been derived
by calculating a theoretical spectral model with the X-ray-analysis package
XSPEC2 (Xspec,F 1986). In particular, we assumed the thermal APEC model
(Smith et al. 2001), and also combined this with an absorption model, WABS
(Morrison & McCammon 1983), in order to mimic the suppression of low-
energy photons due to Galactic absorption. To this purpose, the equivalent
hydrogen column density parameter has been fixed to the fiducial value of
NH = 1020cm−2. Temperature, total metallicity and density of each gas ele-
ment, required to calculate the spectral emission model, have been directly
obtained from the hydrodynamical simulation output.
At this stage, fiducial, ideal values for collecting area and observation time
have been assumed, namely Afid = 1000 cm2 and τexp,fid = 1 Ms.
For the geometrical selection we have considered a cylinder-like region en-
closed by the R500 radius around each cluster. The radius R500 is here de-
fined as the radius encompassing a region with an overdensity of ∆cr = 500,
with respect to the critical density of the Universe, and in the following
we will always use this definition when referring to R500. This choice is
motivated by our intention of comparing against the majority of the ob-
servational and numerical works in literature, which commonly adopt the

nical reasons, since it would imply a formally null angular-diameter distance and, consequently,

divergent normalizations of the X-ray model spectra (i.e. infinitely large flux).
2See http://heasarc.gsfc.nasa.gov/xanadu/xspec/.
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same overdensity. As for the projection, we consider a line of sight (l.o.s.)
aligned with the z-axis of the simulation box.
Finally, we assume a realistic exposure time of 100 ks and perform synthetic
observations for the ACIS-S detector of Chandra. This is done with PHOX
Unit-3, by convolving the ideal photon lists extracted from the selected re-
gions with the ancillary response file (ARF) and the redistribution matrix
file (RMF) of the ACIS-S detector.
Given the adopted cosmology, the 17� × 17� field of view (FoV) of Chandra
corresponds at our redshift to a region in the sky of 2062.44 kpc per side
(physical units), which would not comprise the whole R500 region for the
majority of the clusters in the sample. Nevertheless, one can always assume
to be ideally able to entirely cover each cluster with multiple-pointing ob-
servations and therefore we profit from the simulation case to extract X-ray
properties from within R500 for all the objects.

The synthetic Chandra spectra generated with PHOX have been re-
grouped requiring a minimum of 20 counts per energy bin. Spectral fits
of the synthetic Chandra spectra, corresponding to the R500 region of each
cluster, have been performed over the 0.5 − 10 keV energy band3 by us-
ing XSPEC and adopting an absorbed (WABS), thermally-broadened, APEC
model, which takes into account a single-temperature plasma to model the
ICM emission. In the fit, parameters for galactic absorption and redshift
have been fixed to the original values assumed to produce the observations,
while the other parameters were allowed to vary.
For all the clusters in the sample, the best-fit spectral model generally indi-
cates a very low value of the total metallicity of the plasma. This result is
simply reflecting the treatment of the star formation and metal production
in the original input simulations, which does not follow proper stellar evo-
lution and injection of metal yields according to proper stellar life-times.
We note that, even though the ICM in the clusters is most likely consti-
tuted by a multi-phase plasma, the single-temperature fit results overall in
reasonable estimations, for all the clusters in our sample, as confirmed by
the χ

2 statistics . From the distribution of the reduced-χ2 values, we have
in fact χ2

< 1.2 for ∼ 70% of the clusters in the sample.

6.2 X-Ray properties of the massive haloes

Two interesting, global X-ray properties that we can directly extract
from spectral analysis are the luminosity and temperature of the ICM within
the projected R500.

3
for some clusters the band was actually restricted to a smaller energy band, depending on

the quality of the spectrum
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Figure 6.1: X-ray Luminosity function for the sample of clusters.

The X-ray luminosity

From the theoretical best-fit model to the synthetic data, we calculate
X-ray luminosities for the sample clusters in the entire 0.5− 10 keV band,
as well as in the Soft and Hard X-ray bands, i.e. 0.5−2 keV and 2−10 keV,
respectively (rest frame energies).
Furthermore, we extrapolate the total X-ray luminosity to the maximum
energy band defined by the Chandra response matrix, i.e. 0.26 − 12 keV
(0.28− 13.3 keV rest frame). Hereafter, we will refer to this quantity as the
“bolometric” X-ray luminosity.
In Fig. 6.1 we show the cumulative luminosity function built from the ’bolo-
metric’ X-ray luminosity within R500 of all the clusters in the sample,
dN(> LX)/dV ol (for a volume corresponding to the simulation box vol-
ume)

The X-ray temperature

From the analysis of the Chandra synthetic spectra, we also measure
the projected mean temperature within R500. All the clusters of the sample
have temperatures TX > 2 keV. This temperature, usually referred to as
“spectroscopic” temperature can be compared to the temperature estimated
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from the simulation as

Tw =
ΣiwiTi

Σiwi
, (6.1)

where the sums are performed over the SPH particles in the considered re-
gion of the simulated cluster. The temperature associated to the single gas
particle (Ti) is computed taking into account the multi-phase gas descrip-
tion following the model by Springel & Hernquist (2003).
The weight w in Eq. 6.1 changes according to different theoretical defini-
tions.
As commonly done, we consider:

• the mass-weighted temperature, Tmw, where wi = mi;

• the emission-weighted temperature, Tew, where the emission is ∼

ρ
2Λ(T ) ∼ ρ

2
√
T (the cooling function can be approximated by Λ(T ) ∼

√
T for dominating thermal bremsstrahlung) and therefore wi = miρi

√
Ti;

• the spectroscopic-like temperature, Tsl, where wi = miρiT
−3/4
i which

was proposed by (Mazzotta et al. 2004) (as a good approximation of
the spectroscopic temperature for systems with T � 2− 3 keV).

While computing the emission-weighted and spectroscopic-like tempera-
tures, we apply corrections to the particle density that account for the
multi-phase gas model adopted (consistently to what is done while generat-
ing the X-ray synthetic emission) and we exclude cold gas particles, precisely
those with temperatures < 0.5 keV.
Among the aforementioned theoretical estimates, the mass-weighted tem-
perature is the value that most-closely relates to the mass of the cluster,
directly reflecting the potential well of the system.
Nevertheless, the various other ways of weighting the temperature for the
gas emission (such as Tew or Tsl) have been introduced in order to better
explore the X-ray, observable properties of simulated galaxy clusters and to
ultimately compare against real observations. Differences among these defi-
nitions and their capabilities to match the observed X-ray temperature have
been widely discussed in the literature (Mathiesen & Evrard 2001, Mazzotta
et al. 2004, Rasia et al. 2005, Valdarnini 2006, Nagai et al. 2007b).
From the comparison shown in Fig. 6.2, we also remark the differences ex-
isting among the theoretical estimates and the expected spectroscopic tem-
perature TX , derived from proper spectral fitting. The spectroscopic tem-
perature refers, in this case, to the region within the projected R500, which
might introduce deviations due to substructures lying along the l.o.s.. De-
spite this, we expect it to be fairly consistent to the global, 3D value, given
the large region considered.
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Figure 6.2: Relations between the X-ray-derived temperature, obtained from
spectral fitting of the synthetic spectra in the (0.5-10) keV band, and the differ-
ent theoretical definitions of temperature estimated directly from the simulation:
Tmw (mass-weighted, magenta squares), Tew (emission-weighted, blue triangles),
Tsl (spectroscopic-like, green diamonds). Temperature ratios are plotted as func-
tion of the cluster mass within R500 (M500).
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Figure 6.3: Distribution of the deviations of the X-ray temperature from the
simulation estimates, according to the three theoretical definitions: Tmw (solid),
Tew (dotted), Tsl (dash-dotted). Colors as in Fig. 6.2. The distributions are nor-
malized to the total number of clusters in the sample. Mean value and standard
deviation of each distribution are: (0.09± 0.07) for Tsim ≡ Tsl; (−0.20± 0.05) for
Tsim ≡ Tew; (−0.05± 0.10) for Tsim ≡ Tmw.
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In Fig. 6.2, the ratio TX/Tsim is presented as a function of the true cluster
mass within R500, M500.
Comparing to the 1:1 relation (black, dot-dashed line in the Figure), we note
that there are discrepancies among the values. Overall, we conclude from
this comparison that TX tends to be generally higher than the value of Tsl.
Also, in perfect agreement to the findings of previous works (e.g. Mazzotta
et al. 2004), the spectroscopic temperature TX is on average lower than the
emission-weighted estimate.
It’s interesting to notice, that in our case the discrepancy between TX and
the true, dynamical temperature of the clusters, Tmw, is smaller than the
deviation from either emission-weighted or spectroscopic-like temperatures.
Nonetheless, with respect to the mass-weighted value, we find that TX tends
to be slightly biased low. On one hand, this under-estimation of the true
temperature by the X-ray-derived measurement might be ameliorated via
a further exclusion a posteriori of cold, gaseous substructures in the ICM.
On the other hand, a complexity in the thermal structure of the ICM can
persist (for instance, a broad temperature distribution, or a significant dif-
ference in the temperatures of the two most prominent gas phases) and
eventually affect the resulting X-ray temperature, especially when a single
temperature component is fitted to the integrated spectrum.

The observed under-estimation of the true temperature by TX is in agree-
ment with findings from, e.g., early studies using mock X-ray observations
of simulated clusters by Mathiesen & Evrard 2001, but there is instead
some tension with respect to other numerical studies (Nagai et al. 2007b,
Piffaretti & Valdarnini 2008). Nevertheless, as reported also by Kay et al.
(2012), who found results consistent with what observed in MUSIC clusters,
the discrepancy might be due to the additional exclusion of resolved cold
clumps in the X-ray analysis.
In fact, for the set of MUSIC clusters, we observe that a two-temperature
model would generally improve the quality of the fit (especially for the ob-
jects where the single-temperature fit provides χ2

red > 1.2), better capturing
the local multi-phase nature of the gas. However, the best-fit hotter com-
ponent tends to over-estimate the mass-weighted temperature, introducing
even in this case a significant bias in the results. Moreover, this increases the
overall scatter, particularly for colder, low-mass systems, where it is more
difficult to distinguish between the two temperature components. There-
fore, we decide to consider throughout the following analysis the results
from the single-temperature best-fit models.
Another, more quantitative, way of comparing the deviations of Tsl, Tew

and Tmw from TX is by confronting the distributions of the bias, defined as:

b =
TX − Tsim

Tsim
, (6.2)
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shown in Fig. 6.3.
From this we clearly observe that the distribution of b for Tsim ≡ Tmw

shows the best agreement with the 1:1 relation, although it is not symmet-
rical and rather biased toward negative deviations. This corresponds to an
average under-estimation by TX of ∼ 5 percent, over the all sample. More
specifically, we find that for almost ∼ 67% of the clusters considered TX

under-estimates the true temperature of the system.
Emission-weighted and spectroscopic-like temperatures suggest instead more
extreme differences and narrower distributions. Tew indicates a more sig-
nificant mis-match with the X-ray value, which tends to be smaller by a
factor of ∼ 20%, with little dispersion. Tsl is instead closer to the X-ray
temperature, although the distribution of the deviations is slightly biased
to positive values of b, indicating a typical over-estimation by TX of a few
percents. The mean value of each bias distribution is reported in the legend
of Fig. 6.3.

Dependence of the temperature bias on the dynamical state

In order to investigate further the bias in the temperature estimation,
we concentrate particularly on the bias between spectroscopic and mass-
weighted values, i.e. bm = (TX − Tmw)/(Tmw) (see Eq. 6.2), and explore
its relation to the global, intrinsic state of the cluster. To this scope, we
calculate from the simulations the center-of-mass off-set, defined as

∆r =
�rδ − rcm�

Rvir
, (6.3)

namely the spatial separation between the maximum density peak (rδ) and
the center of mass (rcm), normalized to the cluster virial radius (Rvir). The
choice to adopt this value to discriminate between regular and disturbed clus-
ters is related to the search for a quantity able to describe the intrinsic state
of the cluster, taking advantage of the full three-dimensional information
available in simulations. The threshold adopted to divide the clusters into
two sub-samples is the fiducial value of ∆rth = 0.1 (D’Onghia & Navarro
2007). This represents an upper limit in the range of limit values explored
in the literature. In our case, given the presence of the baryonic compo-
nent, we decide in fact to allow for a less stringent criterion (as discussed
in sec.5.4).
In Fig. 6.4 we show the results of this test. The relation between observed
bias and ∆r is shown in the left panel of the Figure. The vertical dashed
line marks the separation threshold between regular and disturbed clusters.
We note that there is indeed a dependence of the TX − Tmw bias on the
dynamical state of the cluster, with a general tendency for bm to increase
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Figure 6.4: Upper panel: Dependence of the temperature bias (bm = (TX −

Tmw)/(Tmw)) on the dynamical state of the cluster, quantified by the center-
of-mass off-set (∆r). The dot-dashed vertical line marks the threshold chosen
to separate regular clusters from disturbed ones. In each region of the plot the
mean value of the bias bm and standard deviation are marked with a symbol
(blue asterisk for regular clusters, orange filled circle for disturbed ones) and a
shaded area. Lower panel: The distribution of the bias bm is reported for the
complete sample (black, solid line) and the regular (blue, dot-dot-dot-dashed line)
and disturbed (orange, dashed line) sub-sets. Also, the mean values, with 1-σ
errors, are reported for the three cases (black x, blue asterisk, orange filled circle,
respectively).
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with increasing level of disturbance, quantified by the center-of-mass off-
set. More specifically, it is more negative for higher values of ∆r. The filled
circle and asterisk, and shaded areas, corresponding to the mean values
and standard deviations for the two subsamples, show indeed that the bias
distribution is centered very close to zero for the regular clusters, while a
more significant off-set is evident for the disturbed sub-sample. The bias
distributions for the two subsamples are shown more clearly in the right
panel of Fig. 6.4 and compared to the global distribution. We note that, the
bias calculated for the entire sample is basically dominated by the regular
clusters, which constitute the majority of the haloes, given the threshold
value adopted for ∆r. In particular, we find that for regular clusters TX

approximates to a few percents, on average, the true temperature of the
cluster: < bM >regular = -0.01 ± 0.01. The disturbed clusters, instead,
are characterized by < bM >disturbed = -0.12 ± 0.01, indicating a stronger
under-estimation.
Despite the difference in the mean values, we remark that the distributions
of the two populations are quite broad with respect to the bias, as quantified
by the standard deviations and shown also in Fig. 6.4 (σbm(regular) = 0.10
and σbm(disturbed) = 0.08).

6.3 X-rays scaling relations

We now consider correlations among X-ray quantities measured from
the synthetic PHOX observations (e.g. LX , TX), properties estimated from
the thermal SZ signal and intrinsic quantities obtained from the numerical,
hydrodynamical simulation data directly.
Also, we aim to compare our findings with both current observational re-
sults and theoretical expectations from the gravity-dominated scenario of
cluster self-similarity.

As in the case of the scaling relations analyzed in the previous chapters
of this thesis, we fit the data with linear relations in the Log-Log plane of
the general form

Log(Y) = B + αLog(X), (6.4)

with B = LogC.
The slope and the normalization are recovered via a minimization of the
residuals to the best-fit curve.
Under this formalism, we also calculate the scatter in the Y variable as

σLogY =

�
ΣN

i=1[Log(Yi)− (B + αLog(Xi))]2

N − 2

�1/2
, (6.5)
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where N is the number of data points (for our analysis this is N = 179, i.e.
the number of clusters in the sample).

M − TX scaling relation

The relation between temperature and total mass for the subsample of
the MUSIC-2 clusters analyzed in this part of the work. is displayed in the
left panel of Fig. 6.5.
The differences that appear while comparing the spectroscopic tempera-
ture TX to Tmw, Tew and Tsl, basically carry the imprints of the differences
existing among the three theoretical estimates of temperature calculated
directly from the simulations (see Fig. 6.5, left panel). Although a shift in
temperatures is evident for the different data-sets in Fig. 6.5 (left panel),
we note that for none of them the spread in temperature shows any strong
dependence on mass.
Regarding TX , we observe that the observational-like temperatures obtained
with PHOX appear to be slightly more dispersed than the theoretical val-
ues. This might reflect some contamination due to substructures residing
along the line of sight and within the projected R500, as well as the effect
of single-temperature spectral fitting. Even though not major, an increase
in scatter and in deviation from self-similarity is also expected as an effect
of a more observational-like analysis.
Nevertheless, the overall good correlation between mass and X-ray tempe-
rature ensures that the latter behaves as a good tracer of the mass of our
clusters, even up to R500. This is particularly interesting as the temperature
is derived from the cluster X-ray emission, while the mass considered here
is the true mass calculated from the simulation.
As a step further, we recover the best-fit relation between the spectroscopic
temperature TX and M500. As in Eq. 6.4, we fit the data in the Log-Log
plane using the functional form

Log(TX) = Log(C) + αLog(E(z)M500), (6.6)

in order to recover slope and normalization of the TX −M500 scaling law.

In this case, we proceed with a simple ordinary least squares (OLS) min-
imization method to calculate the slope and normalization of the relation,
since the mass is here the intrinsic, true value obtained from the simulation
and therefore it should be treated as the “independent” variable. As a result,
we find a shallower slope (α = 0.56±0.03) than predicted by the self-similar
model (αselfsimilar = 2/3). On the one hand, this shallower dependence might
reflect the tendency of TX to under-estimate the true temperature of the
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system. This is consistent, e.g., with results from numerical studies by Jel-
tema et al. (2008). On the other hand, the minimization method itself could
induce differences in the results, especially when some intrinsic scatter in
the relation is present. Indeed, we find a steeper slope when the residuals
on both variables are minimized, e.g. via the bisector – α = 0.72 ± 0.03 –
or orthogonal – α = 0.65± 0.04 – approaches (Bivariate Correlated Errors
and intrinsic Scatter – BCES) For the purpose of comparison, we report in
Fig. 6.5 (left panel) the best-fit curves for all the three methods, as well as
the self-similar relation (normalized to the data at 7.5 × 1014 h

−1 M⊙, in
mass).
For this sample, the scatter in LogTX with respect to the best-fit relation
is some percents, namely σLogTX ∼ 0.07, calculated according to Eq. 6.5.
In the right-hand-side panel of Fig. 6.5 we show the distribution of the OLS
residuals for the TX − M500 relation, in LogTX . This can be fitted by a
Gaussian function, centered on zero and with standard deviation σ ∼ 0.10.
We note that the TX −M relation exhibit an higher scatter with respect to
that of the Y −M relation, shown in sec.4.3.
Despite the observational-like approach applied to derive X-ray properties,
the MUSIC scaling relations still present some differences with respect to
observational findings
In the calibration of the mass-temperature relation, the estimate of TX plays
a role on the normalization as well. In order to investigate this aspect, we
show in Fig. 6.6 the inverse relation M500−TX , as more commonly presented
by several authors. The best-fit curve to the MUSIC data is again fitted,
minimizing the residuals in LogTX (OLS(X|Y)), as we consider here the true
mass of the systems. Consistently with the findings for the TX−M500 scaling
relation (Section 6.3), the slope here is steeper than self-similar. Moreover,
compared to observational data, in particular to the relation by Arnaud et
al. (2005), we find a higher normalization for the MUSIC sample. Part of
this difference can be explained by the observational procedure to derive the
total mass from the X-rays, which is known to under-estimate the true dy-
namical mass of the system (see early studies by Evrard 1990, Evrard et al.
1996 and more recent works by Rasia et al. 2006b, Nagai et al. 2007b, Pif-
faretti & Valdarnini 2008, Jeltema et al. 2008, Lau et al. 2009 , Morandi et
al. 2010, Rasia et al. 2012b, Lau et al. 2013), i.e. the intrinsic value which is
instead used for the MUSIC clusters. Nevertheless, additional effects must
play a role in increasing the discrepancy, as this still persists when compared
to other numerical works. Namely, the treatment of the baryonic physics in
the MUSIC simulations can further contribute to this observed off-set, so
that, for a fixed mass, the MUSIC clusters appear to be colder. This can
be explored, as in Fig. 6.6, by comparing the MUSIC relation to simulation
studies by Borgani et al. (2004) and Fabjan et al. (2011a), that also involve
the true mass of the systems. In particular, we focus on the sub-sample
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Figure 6.5: Left: Temperature-mass relation. Open symbols refer to the three
standard definitions of temperature used in simulations: Tmw (magenta squares),
Tew (blue triangles), Tsl (green diamonds). Black stars refer to the X-ray tem-
perature, TX , extracted from the synthetic spectra in the (0.5-10) keV band.
Over-plotted in orange the (OLS) best-fit relation for the TX − M500 relation.
For comparison, we also report the Bisector and Orthogonal best-fit curves (as in
the legend) and the self-similar line, normalized to the data at 7.5× 1014 M⊙, in
mass. Right: distribution of the residuals in the TX −M500 relation (in LogTX).
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Figure 6.6: Total mass within R500 as a function of temperature. Results are
shown considering the X-ray spectroscopic temperature (TX), for the regular
(cyan asterisks) and disturbed (orange circles) sub-samples. Data and best-fit
relations from observations by Arnaud et al. (2005) and from numerical studies
by Borgani et al. (2004) and Fabjan et al. (2011a) are also shown for comparison.

of MUSIC regular clusters, for which we find on average a very small bias
between TX and Tmw. As a consistency check, we compare first against the
results by (Borgani et al. 2004) and (Fabjan et al. 2011a)(’CSF’ dataset),
as they consider the same physical description of the gas as the MUSIC
re-simulations, basically including cooling and star formation according to
the standard model by Springel & Hernquist (2003). The difference with
respect to the former is simply due to the difference in the temperature
definition, which is the emission-weighted value in their case; with respect
to (Fabjan et al. 2011a), where Tmw is used instead, we find indeed agree-
ment between the two relations, within the scatter. When the MUSIC data
are instead compared to the results by (Fabjan et al. 2011a) for runs in-
cluding metal cooling and AGN feedback (’CSF-M-AGN’), we find a larger,
although not prominent, deviation. As the mass considered is always the
total intrinsic value from the simulation and TX in MUSIC clusters is close
to the Tmw estimate, we expect the discrepancy to be mainly due to the
different models included to describe the baryonic processes.
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6.4 Comparison to SZ-derived properties

As we have discussed in Chapter 4 the integrated Compton parameter,
Y , has proved to be a good, low-scatter mass proxy. We study here cor-
relations between properties of clusters derived from both X-ray synthetic
observations and estimates of the SZ signal, in order to build mixed scaling
relations for the sample of MUSIC-2 clusters analyzed. Both approaches, in
fact, allow us to investigate in a complementary way the properties of the
hot diffuse ICM and to assess the effects of the baryonic physical processes
on the resulting global features (McCarthy et al. 2003, da Silva et al. 2004,
Bonamente et al. 2006, Bonamente et al. 2008a, Morandi et al. 2007, Ar-
naud et al. 2010, Melin et al. 2011).
Regarding the SZ component, we selected he values of the integrated Y cal-
culated (as explained in Chapter 4) at z = 0.11 and ∆c = 500, for volume-
limited sample of 179 clusters used for the analysis of the X-ray properties.
We are referring to the integrated Y as YSZ hereafter in this chapter, to
distinguish it from its X-rays counterpart, YX .

6.4.1 The YSZ − TX and YSZ − LX relations

First, we investigate the relation between the integrated Comptonization
parameter YSZ and the X-ray temperature and ’bolometric’ luminosity (TX

and LX) within the projected R500 (da Silva et al. 2004, Arnaud et al. 2007,
Morandi et al. 2007, Melin et al. 2011).
The self-similar scaling of these quantities predicts:

E(z)YSZ ∝ T
5/2

, (6.7)

E(z)YSZ ∝ (E(z)−1
L)5/4. (6.8)

In a more realistic picture, the additional complexity of baryonic processes
is most-likely responsible for the deviation from the theoretical prediction.
Additionally, observational limitations, such as instrumental response, pro-
jection effects and modeling of the data, also play a role in the final shape
of reconstructed relations and in the discrepancy with theory.
Also in this case, we fit the synthetic data obtained for the MUSIC-2 clusters
assuming a functional form similar to Eq. 6.4:

Log(E(z)YSZ) = Log(C) + αLog(X), (6.9)

where YSZ is the SZ integrated Comptonization parameter, and the variable
X is replaced either with TX (Eq. 6.7) or with E(z)−1

LX (Eq. 6.8). Both
the integrated Comptonization parameter YSZ and the normalization of the
relations C are given in units of Mpc2, while the X-ray luminosity and
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Figure 6.7: Relations between integrated Comptonization parameter and X-ray
temperature and luminosity: YSZ − TX (left panel) and YSZ − LX (right panel).
Best-fit lines for the Bisector and Orthogonal approaches are reported as in the
legend. Self-similar curves are reported for comparison purposes (green, solid
curves), normalized to the data at 5 keV and 1045 erg/s for TX and LX , respec-
tively.
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temperature are in units of 1044 erg/s and keV, respectively.
For both these relations, it is not clear which variable between the two
quantities involved should be treated as (in)dependent and a simple OLS
minimization of the residuals in the Y variable would be most likely in-
appropriate to provide a reliable fit for the slope. Therefore, in order to
correctly approach the problem, we employ also in this case the Bisector
and Orthogonal methods and minimize the residuals of both variables with
respect to the best-fit relation, providing results for both.
We show the scaling relations in Fig. 6.7 and report the best-fit values for
slope and normalization, together with their 1-σ errors, in Table 6.4.2.
There we also list the scatter (Eq. 6.5) around the best-fit laws (σLogY ∼ 0.15
for the YSZ − TX relation and ∼ 0.10 for the YSZ − LX).
From the values listed in Table 6.4.2 for the YSZ − TX relation we notice
that the Orthogonal BCES method converges on steeper slopes than the
Bisector method, as in the case of the LX − TX scaling law. In particular,
we find that the slope of the YSZ − TX relation better agrees with the pre-
dicted self-similar value than the slope of the YSZ−LX one, which is equally
under-estimated by both Bisector and Orthogonal methods, rather suggest-
ing a slope shallower than the self-similar prediction. Given that YSZ closely
traces the system mass, the deviation of YSZ − LX from self-similarity can
be mainly related to the X-ray luminosity, which is more sensitive to the
gas physics and dynamical state than to the temperature, as already shown
in previous sections.
Comparing the correlations in Fig. 6.7, we note that these results are con-
sistent with the departure of the LX − TX scaling law from the self-similar
trend previously discussed, which was steeper than theoretically predicted.
Additionally, this behavior is fairly consistent with other results in the lit-
erature, e.g. with findings by da Silva et al. (2004) obtained from numerical
simulations as well as with observational studies by (Arnaud et al. 2007,
Arnaud et al. 2007, Melin et al. 2011, Planck Collaboration et al. 2011c).

6.4.2 The YSZ − YX relation

The cluster integrated thermal energy is quantified both by YSZ and
YX , with the main difference that the former depends on the mass-weighted
temperature of the gas, while the latter is rather dependent on the X-
ray temperature, resulting more sensitive to the lower-entropy gas. These
two integrated quantities are therefore expected to correlate tightly, and
the comparison allows us to test the thermal state of the ICM and the
differences between the true and the X-ray temperature (Arnaud et al. 2010,
Andersson et al. 2011, Fabjan et al. 2011a, Kay et al. 2012). The YX
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parameter (introduced by Kravtsov et al. 2006), is defined as

YX = MgTX . (6.10)

and basically it quantifies the thermal energy of the ICM. We evaluate it
for the cluster region within R500.
In order to compare directly YSZ and YX , we rescale the latter by the factor

CSZX =
σT

mec
2

1

µemp
= 1.43× 10−19 Mpc2

M⊙ keV
(6.11)

for a mean molecular weight of electrons µe = 1.14.
In Fig. 6.8 we show the YSZ − YX relation, for the sample of 179 MUSIC
clusters with YX = M

sim
g,500TX (Eq. 6.10). By using the true gas mass within

R500, calculated directly from the simulations, we explicitly investigate the
role of temperature.
Indeed, since in this case no deviation is included because of the X-ray esti-
mation of the total gas mass, the difference between the 1:1 relation and the
best-fit line is substantially attributed to the mis-estimation of Tmw by TX .
More evidently, the ratio YSZ/CSZXYX can be quantified by the best-fitting
normalization of the relation when the slope is fixed to one.
An ideal measurement of the true temperature of the clusters would basi-
cally permit to evaluate by YX the very same property of the ICM as done
via YSZ , expecting an actual 1:1 correlation. Dealing with simulated galaxy
clusters, this can be tested by employing the true Tmw in Eq. 6.10. By ap-
plying this to our subsample of MUSIC clusters, we confirm this with very
good precision.
When the spectroscopic temperature is instead employed, for a slope fixed
to one in the best-fit, we observe a higher normalization, C = 1.05 (for
YSZ and YX both normalized to 5 × 10−4 Mpc2), with a scatter of roughly
5 per cent. The deviation from one, ∼ 5%, is consistent with the mean
deviation between mass-weighted and X-ray temperatures (see Fig. 6.3 and
discussion in Section 6.2). Nevertheless, this deviation is also comparable
to the scatter in the relation as, in fact, the Tmw and TX estimates for this
MUSIC sub-sample are in very good agreement.
Moreover, we note that the employment of the X-ray temperature generates
a larger scatter about the relation, although relatively low with respect to
previous (X-ray) relations (σLogYSZ ∼ 0.05). This confirms the robustness of
YX as a mass indicator, despite the minor deviations due to TX . As a com-
parison, the ideal, reference test for YX = Mg,500Tmw provides a remarkably
tighter correlation, with a scatter smaller than one percent.
We also perform the linear fit to the YSZ − CSZXYX in the Log-Log plane
in order to find the values of the slope and normalization that minimize the
residuals, listed in Table 6.1 with the scatter in LogYSZ . Even in this case,
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Figure 6.8: Relation between integrated Comptonization parameter YSZ and the
X-ray-analog quantity YX = Mg,500TX . We display in the plot the best-fit relation
to the data (orange, dashed line) and the one obtained by fixing the slope to 1
and fitting for the normalization only (black, dot-dashed), the 1:1 (self-similar)
relation (green, solid line) and the observational result by (dot-dot-dot-dashed,
purple line). The shaded orange area marks the 5% scatter about the best-fit
line.
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αself−sim α C [10−6 Mpc2] σLogYSZ

YSZ − TX
� BCES Bisector (Y,X) 2.5 2.29± 0.09 1.52± 0.22 0.14

BCES Orthogonal 2.5 2.64± 0.12 0.87± 0.17 0.16

YSZ − LX
� BCES Bisector (Y,X) 1.25 1.01± 0.03 5.95± 0.40 0.10

BCES Orthogonal 1.25 1.01± 0.03 5.93± 0.43 0.10

Table 6.1: Best-fit parameters of the YSZ − TX and YSZ − LX scaling relations:
slope, normalization and scatter. For comparison, we also report the expected
self-similar slope.

αself−sim α C† σLogYSZ

YSZ − CSZXYX

OLS (Y,X) 1 0.98± 0.01 1.01± 0.03 0.05
BCES Bisector (Y,X) 1 1.00± 0.01 1.05± 0.03 0.05
BCES Orthogonal 1 1.00± 0.01 1.05± 0.03 0.05

Table 6.2: Best-fit parameters of the YSZ −CSZXYX scaling relation: slope, nor-
malization and scatter, with different minimization methods. For comparison,
we also report the expected self-similar slope. Both YSZ and CSZXYX are nor-
malized at the pivot point 5× 10−4 Mpc2, so that for the slope fixed to one, the
normalization expresses directly the ratio YSZ/CSZXYX .

both slope and normalization are very close to the expected (self-similar)
value of one, with a scatter of ∼ 5%.
As marked in Fig. 6.8 by the orange, dashed curve and shaded area around
it (which indicates the 5% scatter), the best-fit relation for MUSIC clusters
is still consistent with the expected one-to-one relation.
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Chapter 7

Kinetic Sunyaev-Zel’dovich
Effect and cluster mass

7.1 The kinetic Sunyaev-Zel’dovich effect: observa-
tional features

As we have seen in sec.1.8.2, the kinetic SZ is a unique and potentially
powerful cosmological tool as it provides a way to measure large scale veloc-
ity fields up to high redshifts. To obtain an accurate measure of the peculiar
velocity of a galaxy cluster, sensitive multifrequency SZ observations are re-
quired to separate the thermal and kinetic effects.
Several attempts to detect l.o.s. bulk velocity by multifrequency observa-
tions around the cross-over frequency (∼217 GHz) towards single clusters
were affected by large velocity uncertainties mainly due to the spectral de-
generacy with CMB spectrum resulting only in upper limits on the peculiar
cluster velocity (Holzapfel et al. 1997; Mauskopf et al. 2000; Benson et al.
2003; Zemcov et al. 2003; Marriage et al. 2011a; Mauskopf et al. 2012).

Alternatively, statistical approaches have been explored taking advan-
tages of clusters common motions at large and/or small scales. The possi-
bility to detect large-scale coherent flows of matter in the universe, velocity
field on scales ≥100 Mpc know as bulk flows, was tested in CMB maps, as
the ones produced by Wilkinson Microwave Anisotropy Probe (WMAP) in
the directions of X-ray detected clusters (Kashlinsky et al. 2008; Komatsu et
al. 2009). Several other works reported contradictory results (Keisler 2009;
Osborne et al. 2011). Even recent analysis on the same dataset, the first
15.5 months of observations of Planck, deduced conflicting results: local ho-
mogeneity of the Universe in the super-Gpc regime (Planck Collaboration
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et al. 2012) and large-scale bulk flow extending at least to z ∼0.18 (Atrio-
Barandela 2013).

On cluster scales, it is widely accepted that both ICM and dark mat-
ter component have large bulk motions due to merging of clusters with
groups or other clusters, infall of matter thorough filaments (e.g. Frenk et
al. 1999b) and AGN activity in the central galaxies of the cluster (Churazov
et al. 2001). Such bulk motions are predicted from cosmological simulations
(Sunyaev et al. 2003; Inogamov & Sunyaev 2003) and they have often veloc-
ities of order of the sound speed of the ICM (exceeding therefore the usual
peculiar velocity of clusters). They are expected to strongly vary between
different regions of the cluster, as gravitational perturbations act more in-
tensely on the cluster core (e.g. Ascasibar & Markevitch 2006; ZuHone et al.
2010). Using non radiative cosmological simulations, Nagai et al. (2003) es-
timated that the effect of these ICM motions in galaxy clusters is moderate,
adding only 50-100 km/s scatter to the k-SZ signal. Enlarging the analysis
with cluster simulations including cooling and star formation, Diaferio et
al. (2005) suggested that the effect of the internal motion on the measured
peculiar velocity is only between 10 and 20 per cent. On the other hand,
a recent work of Dolag & Sunyaev (2013), employing dark matter only si-
mulations as well as radiative runs, has estimated that the effect of internal
motions of the ICM can introduce a systematic error of approximately 30
per cent on the measurement of peculiar velocities of clusters.

The first clear evidence of cosmic velocity field by k-SZ observations
was realized by detecting a nonzero mean pairwise momentum of clusters
identified by luminous galaxies listed in the Baryon Oscillation Spectro-
scopic Survey in the 148 GHz map produced by the Atacama Cosmology
Telescope (ACT) (Hand et al. 2012). Another statistical detection of k-SZ
is the reconstruction of the power spectrum component extracted in CMB
temperature maps (e.g Lueker et al. 2010; Battaglia et al. 2010).

Here we suggest to explore the relation between the absolute value of the
k-SZ signal from a cluster with its total mass, introducing for the kinetic
component of the SZ effect an integrated parameter similar to the integrated
Y used to describe the thermal component, that how accurately discussed
in Chapter 4 is one of the strongest proxies to infer the cluster mass. In the
meantime that future observations will populate this dataset with hundreds
of clusters, we suggest to employ this scaling law to statistically infer the
presence of a k-SZ signal in CMB temperature maps.
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7.2 The Dataset: the Big Multidark simulation

The analysis shown in this chapter is mainly based on a large catalog of
halos from the Big MultiDark (BigMD) simulated Universe1. Big Multidark
is a suite of large dark matter only N-body simulations performed with the
Gadget TreePM N-body code (Springel 2005), resolved with 38403 parti-
cles in a (2.5 h

−1 Gpc)3 volume.
Two particular runs of BigMD simulation suite with different cosmologies
are employed: WMAP-7 (BigMD-W) and Planck (BigMD-P). The cosmo-
logical parameters used for the BigMD-W are the same employed for the
Multidark simulation (Prada et al. 2012), from which MUSIC-2 clusters
have been extracted (sec.2.2).
In the case of Planck cosmology we have density parameters ΩM = 0.31
and ΩΛ= 0.69, Hubble parameter h = 0.671, σ8 = 0.82 and nS = 0.96 for
the initial spectral index of scalar perturbations (Planck Collaboration et
al. 2013c).
The advantage of the Big MultiDark simulation with respect to the Mul-
tidark run is that we can consistently enlarge the statistics on the number
of halos, as we are considering a 16 times larger cosmological volume simu-
lated with a mass resolution reduced by a factor of 2. Moreover, using two
different cosmologies, we can also check what is the effect of different cos-
mological parameters on the distribution of the peculiar velocity of clusters.
The BigMultidark dataset comprehend more than 106 objects with a virial
mass Mvir >1013h−1

M⊙, more than 104 clusters with Mvir >1014h−1
M⊙and

almost 1000 massive clusters with Mvir >1015h−1
M⊙.

For both runs (BigMD-W and BigMD-P), three snapshots at redshift equal
to 0, 0.505 and 1 are considered in this study. Millions of halos are extracted
with virial masses ranging from 2.0 × 1013 < M⊙h

−1 up to 4.0 × 1015 <

M⊙h
−1 (see in Fig. 7.1 the virial mass distributions).

7.3 Peculiar velocities of clusters of galaxies

Under the assumption that clusters are good tracers of the large scale ve-
locity field, their velocities should follow a Maxwell distribution as expected
in the case of Gaussian initial density fluctuations.

We test this assumption by studying the peculiar velocity, i.e. the clus-
ter bulk velocity, for the objects present in our catalogues. Each dataset
is examined in 4 subsamples: M1, containing all the objects, M2, only ob-

1
http://www.multidark.org
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Figure 7.1: Distribution of virial mass for all the halos extracted from two differ-
ent Big MultiDark universe simulations: BigMD-W (left) and BigMD-P (right).
The 3 solid lines are referring to redshift z=0 (black), 0.505 (red) and 1(blue),
from right to left.
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jects with M > 5 × 1013M⊙h
−1, M3 objects with M > 1 × 1014M⊙h

−1

and M4 objects with M > 5 × 1014M⊙h
−1. In Fig.7.2 the histograms of

the velocity are plotted for both the cosmologies at z=0. It is evident that
Maxwell distributions well fit the medium and low velocity ranges, insensi-
tive to cluster mass cuts. This result is expected for a ΛCDM model as re-
ported in Bahcall et al. (1994), where the velocities peak at ∼400 km/s, and
as recently confirmed in hydrodynamical simulations by Dolag & Sunyaev
(2013). Assuming for the peculiar velocities a perfect Maxwellian distribu-
tion, P (v) ∝ v

2 exp(−v
2
/2σ2

v), it is possible to derive the standard devia-
tion from the mean value, σv = <v>

�
π/8. Nevertheless non-Maxwellian

tails are evident mainly due to the presence of high velocity objects. An
explanation for this richer population of high velocity objects relies on the
dependence of velocity with local environment, mainly in over-dense regions
such as in superclusters Sheth & Diaferio 2001; Dolag & Sunyaev 2013. We
report mean velocities for BigMD-P a bit larger than the ones for BigMD-W
and increasing with the mass cuts (see the legend in Fig.7.2) mainly due to
a richer population of high velocity objects.

It is worth to highlight that the peculiar velocity distribution is also
insensitive to redshift ranges with a decrease of the median value less than
10%; similar results are reported in Dolag & Sunyaev (2013).

7.3.1 Radial velocity of clusters of galaxies

The radial cluster velocity, the component along the observer’s line of
sight vlos, in our data sets has a Gaussian distribution with a mean value
consistent with zero. Possible deviations from this behavior are expected if
inhomogeneous cosmological models are considered (see as example Moss et
al. 2011) The dispersion of the radial velocities, σvlos , is mainly independent
on redshift and mass. It ranges from 327 to 302 km/s for BigMD-W and
from 350 to 309 km/s for BigMD-P data set: the values decrease with
redshift, see Tab.7.1. These velocity dispersion values are consistent with
previous analysis: Schäfer et al. (2006) reports a standard deviation of 320
km/s on a catalogue of simulated clusters spanning a redshift range from
0 up to 1.5 and assuming WMAP1 cosmology. A negligible dependence
of velocity dispersion on cluster mass is present. Assuming a power law,
such as σvlos ∝ M

α, we have the maximum slope, α = −0.02, for both
cosmologies at z=0 decreasing at z=1 till to be consistent with zero. This
weak dependence is also reported in Hernández-Monteagudo et al. (2006),
where, by an analytical approach, the authors derive a very slow decrease
of velocity dispersion with mass (α = −0.13).

On the other hand, the absolute value of the radial velocity components,
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Figure 7.2: Distribution of the peculiar velocities for BigMD clusters of galaxies
with different lower mass limits: in the upper panel BigMD-W while in the
lower panel BigMD-P, both at z=0. In the legend the different mass subsamples
are listed with their color code. The dot-dashed lines are the best fit Maxwell
distributions for each objects subsample. For each subsample the velocity average
values are reported with the derived standard deviations.
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Table 7.1: Statistical parameters for BigMD simulations.
BigMD-W BigMD-P

z 0.000 0.505 1.000 0.000 0.505 1.000
σvlos (km/s) 327 323 302 350 332 309
< |vlos| > (km/s) 255±59 252±62 237±66 267±64 259±649 241±66

|vlos|, ensures a mean different from zero and dependent on the dispersion
of the vlos distribution, therefore insensitive on the mass range. This is
clear in Fig.7.3 where we report |vlos| as a function of the cluster mass in
a log-log plot for the two cosmologies at z = 0. The slope of the linear fit
is consistent with zero, proving a statistical behavior of the absolute radial
velocity insensitive on the object mass. In this case, from the normalization
factors we can infer average values of the velocity: < |vlos| >=(255±59)
km/s for BigMD-W and < |vlos| >=(267±64) km/s for BigMD-P. In Tab.7.1
the values for the other redshifts are listed.

7.4 Absolute kinetic SZ component and cluster mass
scaling law

As widely discussed in this thesis, clusters of galaxies are expected to
show self-similar properties over a large range of their total mass. Under
the hypothesis of hydrostatic equilibrium (HSE, see sec.4.1) of spherical
systems mainly constituted by DM with an isothermal distribution of ICM,
simple relations can be derived among cluster physical parameters such as
M , cluster total mass, and Te, gas temperature, among the others, and a
few observables. To be less sensitive to ICM turbulence and so to all the
non spherical symmetrical behaviors, these quantities are usually integrated
out to a radius within which the average density of the cluster is ∆ times
the universe critical (or background) density at cluster redshift.
As we have seen in the previous chapters, several scaling relations combine
cluster parameters with X-ray, optical and SZ observables such as LX , Lr

and Y , the X-ray luminosity, the luminosity in r-band and the integrated
Compton y-parameter, respectively.

We now suggest to take in consideration for the first time a simple linear
scaling relation linking the integrated k-SZ with the cluster total mass.
The usual basic assumptions based on the validity of the self similarity are
completed with the consideration that clusters, being good tracers of the
large-scale velocity field, satisfy a Maxwellian velocity distribution averagely
low sensitive on mass and redshift ranges, as discussed in sec.7.3.
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Figure 7.3: Cluster radial bulk velocity versus virial mass: in the upper panel
BigMD-W while in the lower panel BigMD-P, both at z = 0.505. The average
values for mass bin, having an equal number of objects, are plotted with blue
filled dots with ±1σ error. The slope and the normalization values of a linear fit
in the log-log plot are reported in the legend.
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The kinetic SZ component in the direction of a cluster n̂, undergoing
a motion relative to the CMB monopole, can be estimated by (Sunyaev-
Zel’dovich 1972):

b(n̂) = −
σT

c

�

los

ne(n̂, �)vlos(n̂, �)d�, (7.1)

where ne(n̂, �) is the electron gas density along �, the line of sight (los),
vlos(n̂, �) the gas radial velocity while σT and c are referring to the Thom-
son cross-section and the speed of light, respectively.
Following the definition of the integrated Compton parameter, Y , we intro-
duce also for the k-SZ an integrated value which measures the value of this
component over and an aperture on the plane of the sky corresponding to
a radius r∆ The integrated k-SZ, B, is therefore calculated as:

B(n̂)∆D
2
A =

�

A∆

b(n̂)dA = −
σT

µemp
βlosfgasM∆, (7.2)

with DA, the cluster angular diameter distance, A∆ the cluster projected
aperture inside an overdensity ∆, βlos = vb/c, radial component of the
center of mass velocity (i.e. the radial bulk velocity) in speed of light units,
µe, the electron mean molecular weight and mp, the proton mass. M∆ is
referring to the total mass while fgas = Mgas/M where Mgas is the gas mass.
As we are considering a dataset of DM-only simulated halos, we associate
to each subsample the mean value of the gas fraction in the corresponding
mass range calculated for MUSIC-2 CSF halos (e.g. fgas,V IR = 0.118 for M4
subsample, see sec.3.3). For the moment we are not considering the ICM
internal motions contribution to be added to βlos.

After the considerations reported in sec.7.3, we analyze the absolute
value of the integrated kinetic signal, |B∆|D

2
A. The k-SZ signal is integrated

on a projected aperture up to the cluster virial radius with the intent of min-
imizing the unavoidable systematic bias in cluster peculiar velocity budget
induced by ICM internal motions (Dolag & Sunyaev 2013).

The scaling law |Bvir|D
2
A − M is verified in Fig.7.4 for both datasets

where, in spite of the intrinsic scatter due to object random motions, a
linear fit in the log − log space confirms a power to the mass dependence
close to 1. This means that the absolute value of the k-SZ effect is on
the average only linearly mass dependent, statistically careless of cluster
motions.

The slope of |Bvir|D
2
A −M for subsamples with different value of lower

mass cuts is plotted in Fig.7.5. The two datasets and the 3 redshifts are
distinguished as in the caption. Even if in the two datasets opposite devia-
tions from a linear scaling law are evident, they are no larger than 10 per
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Figure 7.4: Absolute values of the k-SZ effect integrated up to the virial radius
versus cluster virial mass: in the upper figure BigMD-W while in the lower figure
BigMD-P, both at z=0.505. The mean values for bin in mass, with an equal
number of objects, are plotted with red filled dots with ±1σ error. The slope
and the normalization values of a linear fit in the log-log plot are reported in the
legend.
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Figure 7.5: Slope of the |Bvir|D2
A −M scaling law versus lower mass cut values

for different redshift (z = 0 solid line, z = 0.505 dashed line and z = 1 dot-dashed
line) and datasets (BigMD-W in red and BigMD-P in blue).

cent. Subsamples with massive and high redshift objects show larger slope
errors only due to the reduced number of objects.

We check the ICM motions contribution to the estimate of |Bvir| by
employing the halos of MUSIC-2 CSF subset t z = 0.43. In this case the
value of the integrated kinetic component is derived by producing a map of
b(n̂) for each cluster, as defined in Eq.7.1, including or not the cluster bulk
velocity.

We build the the b-maps applying to the k-SZ the procedure described in
sec.4.3.1 to produce the maps of the thermal component (Eq.4.19). We dis-
cretize the integral along the los used to calculated the Doppler parameter
b (Eq.7.1) as:

b � −
σT

c

�

i

ne,ivlos,i, (7.3)

where σT is the Thompson cross section, c the speed of light, and ne,i and
vlos,i the electron numerical density and velocity along the los of the i-th
SPH particle. Aiming to estimate the effect of the ICM turbulence on the

179



7.4. ABSOLUTE KINETIC SZ COMPONENT AND CLUSTER MASS
SCALING LAW

5

-1.0 -0.5 0.0 0.5 1.0
!B = BICM/BTOT

0

500

1000

1500

2000

N
o

b
je

ct
s

Figure 7.6: Distribution of the ratio between the integrated k-SZ calculated with
and without including the center-of-mass velocity, BICM/BTOT . The red line
represents the gaussian curve that better approximates the distribution

integrated k-SZ, we have produced two subsets of b-maps: the first one
including in the motion of the particles also the bulk velocity of the object
(i.e. vcm, the velocity of the center of the mass), the second one after
subtracting vcm. We extracted from both subsets the values of |Bvir| (here
we are considering all MUSIC-2 CSF halos with Mvir > 1013h−1

M⊙) and in
Fig.7.6 we show the ratio BICM/BTOT , i.e. the ratio between the integrated
k-SZ calculated considering only the ICM motions and that measured when
including also the bulk velocity. We can observe that the mean contribution
of the ICM motions to the total budget of the k-SZ is very small and can
be approximated by a gaussian distribution with mean value 0.01 and σ =
0.05.

In Fig.7.7 a linear fit of |Bvir|D
2
A versusM is shown, in the log−log space,

confirming a power to the mass dependence close to 1. This dependence
decreases in the range of massive clusters as previously noted, at least for
BigMD-W objects, in Fig. 7.5. It is also evident that the integrated k-SZ
as calculated only taking into account to turbulent motions of the ICM is
roughly almost two orders of magnitude lower than the total |Bvir|measured
including the bulk velocity.
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Figure 7.7: Absolute value of the k-SZ effect integrated up to the virial radius
versus cluster virial mass for the MUSIC halos at z = 0.43. The blue circles are
referring to cluster with peculiar motions and ICM turbulence included while the
red circles only to the ICM motions. In the first case, the mean values for bin in
mass, with an equal number of objects, are plotted with red filled dots with ±1σ
error. The slope and the normalization values of a linear fit in the log-log plot
are reported in the legend.
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7.5 Evidence of k-SZ effect in CMB maps

The |B| − M scaling law could be considered a statistical approach to
discriminate the presence of k-SZ signal towards clusters normally hidden
inside CMB temperature fluctuations. The knowledge of cluster positions
in the sky, virial masses and redshifts can be derived from other kinds of
observations (e.g. X-rays and weak lensing measurements).

The absolute value of the CMB temperature distortion, |∆T∆|, in the
direction n̂ of a cluster, averaged on a projected aperture correspondent to
an overdensity ∆, results the sum of the k-SZ plus the thermal SZ (th-SZ)
component:

|∆T (n̂)∆| = Tcmb
D

2
A

A∆
|f(x)(1 + δn(x, θe))Y (n̂)∆ +B(n̂)∆|, (7.4)

where Tcmb is the local CMB radiation temperature (Tcmb = 2.72548 ±
0.00057K, Fixsen 2009), x = hν/kTcmb the dimensionless frequency, f(x)
the dimensionless quantity describing the spectral signature of the th-SZ
component, δn(x, θe) the relativistic correction term where the subscript n
indicates the maximum order of the relativistic correction, θe represents
the dimensionless thermal energy of the ICM and Y (n̂)∆ is the integrated
th-SZ brigthness in terms of Compton y-parameter. Y (n̂)∆D2

A, under the
assumption of a self similar cluster evolution, can be quantified as:

Y (n̂)∆D
2
A =

σTµ

mec
2µe

�√
∆GH0

4

�2/3

fgasM
5/3
∆ E(z)2/3, (7.5)

where µ, me, G, H0 are the mean molecular weight of the gas, the
electron mass at rest, the gravitational constant and the Hubble constant,
respectively. As we have largely shown in chapter 4, in this case the ex-
pected power of the mass dependence is 5/3.

To be thorough, in the observations of a real sky, the term |∆T (n̂)∆| con-
tains both the SZ components (th and k), towards a cluster position, plus
other contributions: CMB primary anisotropies and lensed CMB anisotropies
(cmb), galaxies radio and FIR emissions (g) and instrumental noise (n).

Therefore the dependence of the absolute temperature fluctuation to-
wards a cluster position versus the cluster mass can be modeled as in the
following:
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|∆T∆| ∝ |cthM
αth + ckM

αk + ccmbM
αcmb + cgM

αg + cnM
αn |, (7.6)

To be note that only the coefficients ck and ccmb have identical spectral
behavior making difficult to distinguish k-SZ from CMB |∆T∆| components.
All the other terms, except the instrumental noise, could be ideally spec-
trally disentangled and carefully removed.

We assume that cluster radio and FIR emissions have been previously
spectrally removed and we are working with CMB maps spatially filtered
leaving structures smaller than cluster sizes (a few arcminutes).

The brightness temperature due to SZ effect is specified in Eq.7.4 where
we neglect the relativistic corrections. For the CMB primary anisotropy,
including the lensed component, we consider a gaussian distribution for the
temperature with a 1-σ value estimated from a power spectrum produced
with CAMB (WMAP7 cosmological parameters) at a multipole (∼ 5400)
corresponding to an average sample cluster size (∼2’): σcmb = 0.5 µK. The
instrumental noise is assumed with a gaussian distribution with a standard
deviation lower than previous contributions: σn = 0.1 µK; resulting in a
really high sensitive experiment.

We estimate the value of |∆T (n̂)vir| at four typical frequencies: the
first 4 bands of Planck-HFI: 100, 143, 217 and 353 GHz with bandwidths
(FWHM) equal to 33, 31, 30 and 29 per cent (Planck Collaboration et al.
2013b).

The aperture Avir, the projected aperture up to the virial aperture for
each cluster that appears in Eq.7.4, shows a dependence with the mass as
in the following:

Avir =
1

π1/3

�
3

4ρc∆vir

�2/3

M
2/3
vir (7.7)

For this reason |∆T (n̂)vir| is linearly proportional to M for the th-SZ
component while is proportional to M

1/3 for the k-SZ term. We check the
mass dependence of each single component of |∆T (n̂)vir| in Fig.7.8 where
the temperature distortions are shown in a log-log plot for each band. The
th-SZ and the k-SZ signals plus CMB and instrumental noise are reported.

The slope of the fit of the sum of all the components, αtot, changes with
the frequency mainly depending on the weight of SZ components, cth and
ck.
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7.5. EVIDENCE OF K-SZ EFFECT IN CMB MAPS

Figure 7.8: Scaling relations of CMB temperature distortion integrated inside a
virial radius aperture versus BigMD-W cluster total masses calculated for the
first four Planck-HFI bands in a log-log space. Only 15107 clusters with M >
5 × 1014M⊙h−1 at z = 0.505 are considered. The th-SZ component is plotted
with green open circles, the k-SZ component with blue open circles, the CMB
component with orange open circles and the instrumental noise with purple open
circles. Each components has the linear best fit over-plotted as a solid line.
Finally the red filled circles are the average values of the total signal for bin in
mass with an equal number of objects and the red solid line is the linear best fit.

184



CHAPTER 7. KINETIC SUNYAEV-ZEL’DOVICH EFFECT AND
CLUSTER MASS

This behavior turns out to be more evident in Fig.7.9 where the val-
ues of the slope of the log-log scaling relations, the total, αtot, and each
different component, αi, are plotted for the 4 channels. We could expect
1/3< αtot <4/3, depending on the different weight of SZ components, even
if αtot � αth is the maximum expected value being th-SZ larger than k-SZ
in usual ICM conditions. The independence of the CMB and instrumental
noise with the mass imply null their slopes.

The total slope is influenced by the amount of the temperature dispersion
for each contaminant (CMB or instrumental noise) at each mass range. In
order to extract only the k-SZ component we select massive clusters having
M > 5× 1014M⊙h

−1.

The advantage of multifrequency observations allow us to highlight the
k-SZ scaling law around the ”cross-over frequency”, where the th-SZ is null
by definition. This is the case of the 217 GHz band where αtot is close to
1/3, revealing a statistical detection of the k-SZ.

At the same time the analysis of the slope in the other bands reveals
the predominance of the th-SZ effect, the main contributor to |∆T | in the
direction of cluster of galaxies.
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Figure 7.9: Slopes of the scaling relations as shown in Fig. 7.5 for 4 Planck-HFI
bands. In the right panel in red the values corresponding to the total |∆Tvir|

while the four plots in the left panel are referring to the th-SZ term (green), the
k-SZ term (blue), the CMB anisotropy (orange) and the instrumental noise (dark
blue).
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Chapter 8

Conclusions and future
projects

In this thesis we have reported a study of galaxy clusters employing high
resolution hydrodynamical simulations, the MUSIC dataset. The MUSIC
sample is at present the largest available dataset of SPH hydrodynamical
simulations of clusters, comprehending more than 700 clusters and 2000
groups. We focused our analysis on the MUSIC-2 dataset, a sample includ-
ing more than 500 objects with Mvir >1014h−1

M⊙and more than 100 with
Mvir >1015h−1

M⊙, simulated using WMAP7+BAO+SNI cosmological pa-
rameters (ΩM = 0.27, Ωb = 0.0469, ΩΛ = 0.73, σ8 = 0.82, n = 0.95, h =
0.7, Komatsu et al. 2011a). All MUSIC-2 objects have been simulated using
radiative (CSF subset, including cooling, star formation, UV heating and
SN feedback) and non-radiative physics (NR subset).

We have taken advantage of the large statistics and of the high resolu-
tions provided by our simulated dataset to explore many global properties
of galaxy clusters, particularly focusing on the baryon budget and on the
calibration of scaling relations. We studied the evolution of the gas, star
and baryon fractions at different redshift and mass ranges, checking the ac-
curacy of hydrodynamical simulations when describing the gas of the ICM.
We pay particular attention to the analysis of massive clusters (Mvir >

5×1014h−1
M⊙) for two main causes: as for obvious reasons massive clusters

are more likely to be detected by surveys, and because in hydrodynamical
simulations they are less affected by computational issues, such as overcool-
ing. The main topic of this thesis has been the study of the validity of the
self-similar model and the calibration of the Y −M scaling relation, moti-
vated by the most recent SZ surveys (such as ACT, SPT and PLANCK)
which have showed the power of the integrated Compton parameter Y as

187



a proxy of the cluster total mass. We have also for the first time extended
this part of the analysis to protoclusters, the high redshift progenitors of
present massive clusters. We have also extracted some X-rays global charac-
teristics of MUSIC clusters, such as the X-ray temperature and luminosity,
to study their relation to the total mass and to the SZ properties. Finally,
we proposed a new scaling relation in order to relate the peculiar velocity
of clusters to their total mass, in prediction of a future detection of the
kinematic component of the SZ effect by means of the next future SZ ex-
periments.

Our main results are summarized as follows:

• In general, the use of radiative physics on galaxy cluster simulations
introduces fundamental improvements respect to non-radiative simu-
lations when describing the gas properties of the ICM: CSF clusters
show better agreement with observations in the estimate of the gas
fraction as well as in the study of the Y −M scaling relation.

• The mean value of the gas fraction of MUSIC-2 CSF massive clusters
at ∆c = 500 is fgas = 0.118± 0.005, corresponding to approximately
the 65 per cent of the cosmic ratio (Ωb/ΩM ≈ 0.174) . This value
is compatible with the most recent observational results available in
literature, as shown in Fig.3.11. Groups of galaxies seem to show
mean values of the gas fraction smaller than clusters, with the M-fgas
relation showing steeper values at ∆c = 2500 (fgas ∝ M0.2) than in
the outer regions of clusters. Both NR and CSF subsets show values
of the baryon fraction very close t(∼ 85 per cent) to the cosmic ratio
already at ∆c = 500. The gas fraction, such as the star and baryon
fraction, does not show any evolution with redshift neither at global
level nor at the different mass ranges considered.

• The outer regions of massive clusters do not seem to be dramatically
affected by overcooling. Moving towards the cluster core, an excess on
the star formation is registered, and the mean value of fstar is at some
redshifts larger than that of the gas fraction (Fig.3.2); this effect is even
more evident in groups of galaxies. In general, the mean star fraction
calculate for MUSIC-2 CSF clusters is sensitively larger than what
measured by recent observations: this is probably the consequence of
the absence in our radiative runs of a physical mechanism (such as
AGN) able to stop the star formation and sweep baryons away from
the cluster core.

• The calibration of the Y −M scaling relation, calculated using MUSIC-
2 CSF massive clusters, confirms the validity of the self-similar model
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and supports the efficacy of the integrated Compton parameter Y as
a powerful proxy of the total mass of clusters. At ∆c = 500 MUSIC-2
scaling relation can be expressed as (Eq.4.25):

Y500 = 10−28.8±0.2

�
M500

h−1M⊙

�1.66±0.02

E(z)2/3[h−2
Mpc

2] (8.1)

Also the NR subset perfectly supports the self-similar predictions. The
morphology of the cluster seems to slightly affect its position of the
scaling relation, with disturbed objects falling below self-similarity.
We have studied the redshift evolution of the slope, and of the nor-
malization, in the Y − M scaling law.We did not find any evolution
for NR clusters. On the contrary, CSF clusters show a marginal devi-
ation of the slope from the self-similar prediction at high overdensity
for redshifts larger than 0.5.

• The Y − M relation also shows a lower scatter (σLogY ∼ 0.04) than
typical X-ray scaling relations. As MUSIC-2 is a complete volume
limited sample, it is in general possible to achieve an accuracy on
the estimate of the scatter of scaling relations much better than any
previous work employing simulations.

• The Y500−M500 relation of MUSIC-2 is compatible with that presented
by the last Planck results (Planck Collaboration et al. 2013d), though
the latter exhibits a slope steeper than the expected self similar value,
A = 1.66. MUSIC-2 results are also in agreement with those presented
in other works employing hydrodynamical simulations (Fig.4.11). We
also investigate a possible bias in the Y −M relation arising from the
use of the hydrostatic equilibrium hypothesis to evaluate the total mass
of clusters from X-ray measures: we predicted an underestimation of
approximately 25 per cent on the real mass, in agreement with other
simulations which treated the same problem.

• We extended for the first time the analysis of the Y −M scaling rela-
tion to objects redshifts higher than 1. While NR protoclusters seem
to be in good agreement with the self similar model up to z = 4, on the
other hand CSF objects seem to show a deviation from self-similarity
at z >2. The Y − M relation of CSF clusters at z = 4 has a slope
A = 1.79, well different from the self-similar expected value A = 5/3
and Y values lower than NR halos. In order to check a possible effect
of the dynamical state of objects, we repeated the analysis discerning
relaxed protoclusters and disturbed ones. No differences have been
found between the two subsets. Also the hypothesis of a mass reso-
lution of the simulation, as protoclusters at z = 4 have masses up to
three order of magnitudes smaller than clusters at z = 0: anyway NR
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halos, simulated with the same number of particles, do not show any
deviation from self-similarity.

• We performed an analysis of the X-ray global properties of MUSIC-2
massive clusters at z = 0.11. We investigated the bias between the
spectroscopic temperature measured from the synthetic spectra (TX)
and the theoretical estimates calculated directly from the simulation,
showing that TX is on average lower than the mass weighted tem-
perature Tmw. This bias is also exhibiting some dependence on the
level of dynamical disturbance of the cluster, as in disturbed clusters
the under-estimation of Tmw of TX is on average more prominent. The
TX−M500 shows a larger scatter when TX is employed and a shallower
slope than expected from the self-similar scaling. X-ray scaling rela-
tions generally show higher scatters than SZ relations, and LX appears
to be much less accurate than TX in tracing the mass.

• We combined the analyses of the X-rays and SZ global properties of
MUSIC-2 clusters to study mixed scaling relations. The Y − TX rela-
tion is consistent with findings in observational studies, and deviations
from self-similarity are less significant than for the Y − LX relation.
When the Y − YX scaling law is explored, the normalization appears
to be slightly higher than one, albeit compatible, and the slope is
remarkably close to self-similarity. The scatter is, as expected, very
low (σLogY ≈ 0.05), although larger than in the ideal case of YX =
Mg,500Tmw (where its is 1 per cent.).

• We introduced a new scaling relation based on the kinematic compo-
nent of the SZ effect. The absolute value of this signal, integrated
over a projected aperture around the cluster, is on the average lin-
early dependent with its total mass. In spite of the random motions
of the clusters, the distribution of the peculiar velocity of clusters,
in terms of mean and standard deviation, is almost independent on
their mass and redshift. Studying the dependance of CMB radiation
temper- ature distortion versus cluster total mass, we demonstrated
that a dependance in logarithmic scale of | ∆T | - M with a power
equal to 1/3 underlines the presence of k-SZ signal.

8.1 Future projects

The big potential of MUSIC dataset has still a lot of other applications
to offer. In two parallel work (Meneghetti et al. 2014, Vega et al. in prepa-
ration) a similar analysis of that used to describe SZ and X-ray properties is
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150 GHz

240 GHz

Figure 8.1: CMB temperature distortion produced by thermal SZ (left), kine-
matic SZ (center) and thermal+kinematic+relativistic SZ(right) in MUSIC-2
cluster 1 at 150 GHz (top) and 240 GHz (bottom).

being performed on MUSIC massive clusters to study weak lensing proper-
ties, as well as the calibration of other scaling relations like the concentration
- mass relation. The study of the dynamical state of protoclusters, shown
in Chapter 5, is being extended to all objects in order to investigate while,
even in relaxed clusters, the value of the virial ratio only rarely reaches val-
ues close to the unity. The same analysis on SZ properties can be further
extended: a study of thermal SZ emission from filaments (see for instance
Shimon et al. 2012b) can be studied exploring the regions among a massive
cluster and a smaller object, as well as an analysis of the relativistic part
of the SZ (Rephaeli 1995) can be performed introducing this effect on the
thermal SZ maps. Taking advantage of the MUSIC-1 morphological char-
acteristics, it will also possible to test the possibility of a non-thermal SZ
effect due to dark matter annihilation.

In an ongoing project, detailed temperature maps of the temperature
CMB distortion produced by SZ effect will be produced using MUSIC-2
clusters, including the thermal, kinematic and relativistic component of the
SZ effect. These maps we will employed for future observations performed
by NIKA2 (http://ipag.osug.fr/nika2/). The New Instrument of Kids
Arrays (NIKA2) is the next generation continuum instrument to be placed
at the 30m telescope of IRAM, at Pico Veleta (Spain). The instrument is
based on Kinetic Inductance Detectors (KIDS) and will provide the mea-
surement of the linear polarization at 1.25mm.. The baseline detector focal
plane units consist of 1000 detectors at 2mm and 4000 detectors at 1.25mm.
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The characteristics of NIKA2 constitutes the optimal observational environ-
ment to explore also SZ component different from the thermal one. To this
scope, we will select from the MUSIC dataset clusters exhibiting the same
characteristics (mass, dynamical state, etc.) of those targeted by NIKA2.
In Fig.8.1 we have simulated a map of the CMB temperature distortion pro-
duced in a cluster by the different SZ components at 150 and 240 GHz (the
frequencies that NIKA2 will explore). The same analysis could be performed
for other ongoing experiments, exploring their spectroscopic capabilities to
extract cluster parameters (see as example OLIMPO, MILLIMETRON and
PRISM).

As we have repeatedly mentioned in the work presented in this thesis,
overcooling is one of the main issues which make radiative simulations fail
to describe accurately the ICM properties of the central regions of clusters.
The main consequence of overcooling is in fact an excess of star formation at
high overdensities. As demonstrated by other hydrodynamical simulations
(see for instance Planelles et al. 2013), the introduction of AGN feedback
in the simulation can prevent the gas to be excessively converted into stars
and at the same time can be able to sweep baryons outside the inner regions
of the cluster. The introduction of this mechanism into MUSIC simulations
could be useful therefore to answer some open questions arisen from the
analysis here discussed, as for instance the deviation from self-similarity
observed in groups of galaxies and in protoclusters. To this scope, we are
resimulating MUSIC-2 clusters including AGN feedback. This project is
a collaboration with the Numerical Cosmology group of the University of
Trieste (Italy). The model for AGN feedback is based on the original im-
plementation presented by Springel et al. (2005a), with feedback energy re-
leased as a result of gas accretion onto supermassive black holes (BH). Some
technical modifications, described in Planelles et al. (2013), have been intro-
duced to the original implementation, especially concerning the description
of BH particles. At the time of writing this Thesis dissertation, all the most
massive clusters of each one of the 282 Lagrangian boxes of MUSIC-2 have
been resimulated including AGN.

A preliminary analysis of the baryon component of MUSIC-2 massive
clusters (M500 > 2×1014h−1

M⊙) simulated with AGN is illustrated in Fig.8.2,
showing clearly how strongly the star fraction is reduced with respect to the
CSF subset. These new runs will add to the large statistics of MUSIC a
more accurate description of the ICM, making our dataset even more suit-
able for the study of clusters properties and their observability at different
wavelength, improving the employment of hydrodynamical simulations as a
tool to interpret the next generation of cluster surveys.
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Figure 8.2: Comparison between the gas and star fractions of MUSIC-2 AGN
(green) and CSF (red) runs and the gas fraction of NR subset (blue) at ∆c =
500, z = 0.
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Conclusiones y proyectos
futuros

En esta tesis hemos presentado un estudio de cúmulos de galaxias uti-
lizando para ello la base de datos MUSIC de simulaciones hidrodinámicas
de alta resolución. MUSIC constituye en este momento, el conjunto de
simulaciones numéricas hidrodinámicas de cúmulos de galaxias mas grande
jamás realizada, comprendiendo mas de 700 cúmulos y más de 2000 gru-
pos de galaxias. EN este trabajo de tesis nos hemos concentrado en el
análisis del subconjunto MUSIC-2, que incluye más de 500 objectos con
Mvir >1014h−1

M⊙y más de 100 conMvir >1015h−1
M⊙, simulados utilizando

para ello parámetros cosmológicos que mejor ajustan aWMAP7+BAO+SNI
(ΩM = 0.27, Ωb = 0.0469, ΩΛ = 0.73, σ8 = 0.82, n = 0.95, h = 0.7, Ko-
matsu et al. 2011a). Todos los objetos de MUSIC-2 han sido simulados
tanto asumiendo únicamente calentamiento por efecto gravitacional del gas
( conjunto NR, como con procesos f́ısicos radiativos (conjunto CSF), que in-
cluyen: enfriamiento radiativo, formación estelar, fotoionización por fondo
ultravioleta, aśı como procesos de realimentación debidos a Supernovas)

Hemos aprovechado de la gran estad́ıstica y resolución numérica sin
precedentes de nuestro conjunto de simulaciones MUSIC para explorar muchas
propiedades globales de los cúmulos de galaxias, centrando nuestra atención
en el contenido bariónico y en la calibración de las relaciones de escala en
la banda X y radio. Hemos estudiado la evolución de las fracciones de
bariones, gas, y estrellas para cúmulos de distinta masa y a distintos red-
shifts, comprobando la precisión de las simulaciones hidrodinámicas para
describir el gas Intra-Cumular (ICM). Hemos prestado particular atención
al análisis de los cúmulos masivos (Mvir > 5×1014h−1

M⊙) por dos razones
principales: porque los cúmulos masivos son mas fáciles de observar en los
surveys, y porque en simulaciones hidrodinámicas están menos afectados
por problemas computacionales, como el efecto del overcooling.

El tema principal de esta tesis ha sido el estudio de la validez del modelo
autosimilar y la calibración de las relación de escala del efecto Sunyaev-
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Zeldovich (SZ) (Y −M), motivado por los mas recientes SZ surveys (como
por ejemplo ACT, SPT y PLANCK), que han demonstrado la importan-
cia del parámetro Compton integrado Y como indicador de la masa total
de los cúmulos. También hemos extendido esta parte del análisis a los
protocúmulos, los progenitores a alto redshift de los cúmulos de galaxias
masivos actuales. También hemos derivado algunas caracteŕısticas globales
en la emisión en rayos X de los cúmulos de MUSIC, tales como la temper-
atura X o la luminosidad, para estudiar sus relación con la masa total y
con las propiedades SZ. Finalmente, hemos propuesto una nueva relación
de escala que conectar la velocidad peculiar de los cúmulos con sus masa
total, en previsión de una posible detección de la componente cinética del
efecto SZ en futuros experimentos SZ.

Nuestros resultados principales podemos enumerarlos como sigue:

• En general, el uso de f́ısica radiativa en simulaciones de cúmulos de
galaxias introduce mejoras fundamentales respeto a las simulaciones
non radiativas a la hora de describir las propiedades del gas del ICM.
Los cúmulos CSF muestran mejor acuerdo con las observaciones tanto
en la estimación de la fracción de gas como en el estudio de la relación
de escala Y −M .

• El valor medio de la fracción de gas de los cúmulos masivos de MUSIC-
2 CSF a ∆c = 500 es fgas = 0.118± 0.005, que corresponde aproxi-
madamente al 65 por ciento del valor cósmico (Ωb/ΩM ≈ 0.174). Este
valor es compatible con los resultados observacionales más recientes
publicados en la literatura, como se muestra en la Fig.3.11. Los gru-
pos de galaxias parecen tener valores medios de la fracción de gas
menores que los cúmulos, y la relación M-fgas muestra valores mas
elevados en ∆c = 2500 (fg=as ∝ M0.2) que en regiones mas externas
de los cúmulos. Ambos conjuntos NR y CSF muestran valores de la
fracción de bariones muy cercanos (∼ 85 por ciento) al valor cósmico
ya en ∆c = 500. La fracción de gas, aśı como la de estrellas y la de
bariones en total, no muestra variación apreciable con el redshift ni a
nivel global ni en función de los distintos rangos de masa considerados.

• Las regiones externas de los cúmulos masivos no parecen estar afec-
tadas dramáticamente por sobre-enfriamiento. Sin embargo, hacia el
centro de los cúmulos, se registra un exceso en la formación estrelar, y
el valor medio de fstar es mas grande que la fracción de gas (Fig.3.2),
en algunos redshifts. Este efecto es aun más evidente en los grupos
de galaxias. En general, la fracción estelar media calculada por los
cúmulos MUSIC-2 CSF es sensibilmente mayor que la medida por las
observaciones recientes: esta es probablemente una consecuencia de la
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ausencia de un mecanismo f́ısico (como por ejemplos los AGNs) capaz
de inhibir la formación estelar en las regiones densas centrales y de
expulsar los bariones del centro del cúmulo.

• La calibración de la relación de escala Y − M , calculada utilizando
los cúmulos masivos de MUSIC2-CSF, confirma la validez del modelo
autosimilar y confirma la eficacia del parametro integrado Compton
Y como un poderoso indicador de la masa total de los cúmulos. En
∆c = 500 la relación de escala de MUSIC-2 puede ser expresada como
(Eq.4.25):

Y500 = 10−28.8±0.2

�
M500

h−1M⊙

�1.66±0.02

E(z)2/3[h−2
Mpc

2] (8.2)

También el conjunto NR valida perfectamente las previsiones autosi-
miliares. La morfoloǵıa de un cúmulo parece afectar ligeramente su
posición en la relación de escala. Aquellos objectos más deformados
caen por debajo de las predicciones del modelo autosimilar. Hemos
estudiado el evolución con el redshift de la pendiente y de la normal-
ización de la relación de escala Y −M . No hemos encontrado ninguna
evolución en los cúmulos NR. Por otro lado, los cúmulos CSF mues-
tran una desviación marginal de la pendiente respeto a la previsión
autosimilar a grandes sobre densidades y para redshifts mayores que
0.5.

• La relación Y −M también muestra una dispersión mas baja (σLogY ∼

0.04) que las t́ıpicas relaciones de escala en rayos X. Siendo MUSIC-
2 un conjunto completo limitado en volumen, en general es posible
alcanzar una precisión en la estimación the la dispersión en las rela-
ciones de escala mucho mejor que en cualquier otro trabajo previo que
ha utilizado simulaciones de un conjunto no completo de cúmulos.

• La relación Y500 − M500 de MUSIC-2 parece ser compatible con la
medida por la colaboración Planck (Planck Collaboration et al. 2013d),
aunque ésta muestra una pendiente más grande que la esperada para
el modelo autosimilar, A = 1.66. Los resultados de MUSIC-2 están
también de acuerdo con los presentados en otros trabajos que utilizan
simualciones hidrodinámicas (Fig.4.11). Hemos investigado también
un posible sesgo en la relación Y − M debido a asumir la hipótesis
de equilibrio hidrostático para evaluar la masa total de los cúmulos
a partir medidas en rayos X. Hemos derivado una subestimación de
aproximadamente el 25 por ciento en la masa real, en acuerdo con
otras simulaciones que han estudiado el mismo problema.

• Hemos extendido por primera vez el análisis de la relación de escala
Y −M a objectos con redshift mayor que 1. Mientras los protocúmulos
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NR parecen estar en acuerdo con el modelo autosimilar hasta z = 4,
los objectos CSF parecen mostrar una desviación para z > 2. La
relación Y −M de los cúmulos CSF a z = 4 muestra una pendiente A
= 1.79, muy distinta de la esperada para el valor autosimilar A = 5/3 y
valores de Y mas bajos que los objectos NR. Para averiguar un posible
efecto del estado dinámico de los objectos, hemos repetido el análisis
distinguiendo los objectos relajados de los objectos disturbados. No se
ha encontrado diferencia apreciable entre los dos conjuntos. También
la hipótesis de un posible efecto de la resolución en la masa de la
simulación ha sido considerada, en cuanto los protocúmulos a z = 4
tienen masas hasta tres ordenes de magnitud menores que los cúmulos
a z = 0. De todas formas los cúmulos NR, simulados con el mismo
número de particulas, no muestran la misma desviación del modelo
autosimilar.

• Hemos realizado el análisis de las propiedades globales en la banda
X de los cúmulos masivos de MUSIC-2 a z = 0.11. Hemos estudi-
ado el bias entre la temperatura espectroscópica medida por los espec-
tros sintéticos (TX) y las estimaciones teóricas calculadas directamente
desde la simulación, mostrando que TX es generalmente mas baja que
la temperatura pesada por la masa Tmw. El bias muestra también
una dependencia con el grado de estado dinámico del cúmulo. Para
cúmulos disturbados la subestimación de Tmw por TX en media mas
grande. La relación TX −M500 muestra también una dispersión mayor
cuando se utiliza TX y una pendiente mas baja que la prevista por
el modelo autosimilar. Las relaciones en X usualmente muestran una
dispersión mayor que las relaciones SZ, y la luminosidad LX aparece
ser mucho menos precisa que TX en la estimación de la masa.

• Hemos combinado el análisis de las propiedades globales X y SZ de
los cúmulos MUSIC-2 para estudiar relaciones de escala mixtas. La
relación Y − TX es consistente con los resultados de los estudios ob-
servacionales, y la desviación desde el modelo autosimilar es menos
significativa que en la relación Y −LX . Cuando se explora la relación
Y − YX , la normalización parece ser ligeramente mas alta que uno,
todav́ıa compatible con ese valor, y la pendiente muy cerca del valor
autosimilar. La dispersión es, como se esperaba, muy baja (σLogY ≈

0.05), aunque mayor que en el caso ideal YX = Mg,500Tmw (para la
cual, seria 1 por ciento).

• Hemos introducido una nueva relación de escala basada en la compo-
nente cinética del efecto SZ. El valor absoluto de este señal, integrado
en el apertura del cúmulo, es en media linealmente dependiente de la
masa total. A pesar de los movimientos random de los cúmulos, la dis-
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tribución de la velocidad peculiar, en valores medios y en desviación
t́ıpica, es independiente de la masa y del redshift. Estudiando la
relación entre la distorsión en la temperatura de la radiación CMB
con la masa total del cúmulo, hemos demostrado que existe una de-
pendencia en escala logaŕıtmica en la relación | ∆T − M |, con una
pendiente igual a 1/3 que evidencia la presencia de una señal k-SZ.

8.2 Proyectos futuros

El gran potencial del conjunto de simulaciones MUSIC que hemos gen-
erado para este proyecto de tesis doctoral, tiene todav́ıa mucho que ofrecer.
En dos trabajos paralelos, (Meneghetti et al, Vega et al, en preparación),
un análisis parecido al que hemos utilizado para describir las propiedades
SZ y X, ha sido utilizada en los cúmulos masivos de MUSIC para estudiar
las propiedades de lente gravitacional debil, aśı como para calibrar otras
relaciones de escala como la relación concentración - masa. El estudio del
estado dinámico de los protocúmulos, mostrado en el Caṕıtulo 5, puede ser
extendido a todos los objectos para investigar por qué, hasta en los cúmulos
relajados, el cociente del viral alcanza raramente el valor de 1. El análisis
de las propiedades SZ puede ser ulteriormente extendido: un estudio de la
emisión térmica SZ desde los filamentos (véase por ejemplo Shimon et al.
2012b) puede ser realizado explorando las regiones entre cúmulos masivos
y objetos menores, aśı como un análisis de la parte relativista del efecto SZ
(Rephaeli 1995) puede ser realizado introduciendo este efecto en los mapas
del SZ térmico. Aprovechando las caracteristicas morfológicas del conjunto
MUSIC-1, será también posible testar la posibilidad de un efecto SZ non
térmico debido a los electrones generados por los procesos de aniquilación
de materia oscura.

Se está desarrollando un nuevo proyecto con MUSIC-2 en el que ma-
pas detallados de la distorsión de la temperatura CMB producidas por el
efecto SZ serán obtenidos incluyendo las componentes térmica, cinética y
relativista del efecto SZ. Estos mapas serán utilizados para observaciones
futuras con NIKA2 (http://ipag.osug.fr/nika2/). El New Instrument
of Kids Arrays (NIKA2) es un experimento de nueva generación que será
posicionado en el telescopio de 30 metros IRAM, en Pico Veleta (España).
La instrumentación está basada en Kinetic Inductance Detectors (KIDS) y
alcanzará medidas de la polarización lineal a 1.25mm. El plano focal de base
consiste en 1000 detectores a 2mm y 4000 detectores a 1.25 mm. Las car-
acteŕısticas de NIKA2 constituyen un entorno observacional óptimo para
medir componentes SZ distintas de la térmica. Por eso, seleccionaremos
desde MUSIC los cúmulos que muestren las mismas caracteŕısticas (masa,
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150 GHz

240 GHz

Figure 8.3: Distorsión de la temperatura CMB producida por SZ termico
(izquierda), SZ kinematico (centro) y SZ termico+kinematico+relativistico
SZ(derecha) en el cúmulo 1 de MUSIC-2 a 150 GHz (arriba) y 240 GHz (abajo).

estado dinámico, etc.) que los observados por NIKA1. Como ejemplo, en la
Fig.8.3 hemos simulado un mapa de distorsión de temperatura CMB pro-
ducido en un cúmulo por las distintas componentes SZ a 150 y 240 GHz
(las frecuencias que NIKA2 explorará).

Como hemos mencionado varias veces en esta tesis, el sobre enfriamiento
radiativo (overcooling) del gas es uno de los problemas principales que impi-
den a las simulaciones radiativas proporcionar una descripción precisa de
las propiedades del ICM en las regiones centrales de los cúmulos. La conse-
cuencia principal del overcooling es efectivamente un exceso en la formación
de estrellas en regiones de gran densidad. Como ha sido ya demostrado por
otras simulaciones hidrodinámicas (véas por ejemplo Planelles et al. 2013),
la introducción de un feedback AGN en la simulación puede impedir al gas
el convertirse excesivamente en estrellas y al mismo tiempo puede alejar los
bariones desde las regiones centrales del cúmulo. La introducción de este
mecanismo en las simulaciones MUSIC podŕıa ser útil entonces para respon-
der a algunas preguntas abiertas que surgen a partir del análisis presentado
en este trabajo, como por ejemplo la desviación desde el modelo autosimi-
lar observada en los grupos de galaxias y en los protocúmulos. Para llevar
a cabo este objetivo, estamos resimulando todos los cúmulos MUSIC-2 in-
cluyendo un modelo de AGN feedback. Este proyecto es una colaboración
con el grupo de Cosmoloǵıa Numérica de la Universidad de Trieste (Italia).
El modelo para el AGN feedback está basado en la implementación original
presentada en Springel et al. (2005a), con el feedback de enerǵıa producido
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Figure 8.4: Comparación entre las fracciones de gas y de estrellas de las simula-
ciones MUSIC-2 AGN (verde) y CSF (rojo) y la fracción de gas del conjunto NR
(azul) por ∆c = 500, z = 0.

como el resultado del acrecimiento del gas en agujeros negros supermasivos
(BH). Algunas modificaciones técnicas, descritas en Planelles et al. (2013),
han sido introducidas respecto de la implementación original, especialmente
en la descripción de las particulas de BH. En el momento de la escritura de
esta Tesis, todos los cúmulos mas masivos de cada una de las 282 regiones
Lagrangianas de MUSIC-2 han sido ya resimulados incluyendo AGN.

Un análisis preliminar de las fracciones bariónicas de los cúmulos ma-
sivos de MUSIC-2 (M500 > 2×1014h−1

M⊙) simulados con AGN se muestra
en la Fig.8.4. Se aprecia claramente como la fracción estelar se ha reducido
considerablemente respeto al conjunto CSF. Estas nuevas simulaciones com-
plementarán la gran estad́ıstica de MUSIC con una descripción mas precisa
del ICM, haciendo nuestro conjunto de simulaciones todav́ıa más atractivo
para el estudio de las propiedades de los cúmulos y sus observabilidad por
distintas longitutes de onda, haciendo de estas simulaciones numéricas un
instrumento extremadamente útil para interpretar la próxima generación de
surveys de cúmulos de galaxias.
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