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cosmic laboratories for galaxy evolution and feedback

Abstract

Groups and clusters of galaxies occupy a special position ithe hierarchy of large{scale cos-
mic structures, being the largest and most massive ( 10'* M for groups and 10> M for
clusters) objects in the universe evolved enough to reach aeil de ned equilibrium con g-
uration. In particular, since the growth of structures proceeds in a bottom{up sequence,
galaxy groups are thought to be the clusters' building blocls, thus they are important cosmic
laboratories in which to investigate the physics of stucture formation through time.

In this thesis | focus on the observational study of ordinary matter (baryons) in galaxy
groups in the last 9 Gyr of the life of the Universe. The baryoric mass budget of galaxy
groups consists mostly of stars and X{ray emitting hot gas. luse the unique multiwvave-
length database of the COSMOS 2 survey to investigate the groups' baryonic content,
and compare its properties to that of massive clusters of gakies. In particular | address the
following general questions: are galaxy groups scaled dowrsions of clusters? What is the
role of galaxy groups in galaxy evolution? How important arenon{gravitational processes
in galaxy groups?

In the rst part of the thesis | study 91 X-ray groups at redshift 0:1 z 1 selected from
the COSMOS survey. This sample is complemented by 27 nearby assive clusters with a
robust, analogous determination of the total and stellar mas. The nal sample spans a
range in total mass of 10%{101® M . | nd that that the stellar mass fraction in galaxies
is a decreasing function of the total mass of the group/clusgr, constraining for the rst time
this relation in groups. This shows that groups are not lower mass analogous of clusser
Adding gaseous baryons to these considerations the baryanbudget of low mass groups does
not add up to the value predicted by CMB observations. Thus gioups are likely not closed
systems, being more strongly a ected by non-gravitational pocesses than clusters.
Searching for a cause of the baryon de cit in groups, | quanty the importance of the me-
chanical energy released by radio-galaxies inside galaxyr@ups. By comparing this energy
output to the host groups' gravitational binding energy, | nd that radio galaxies produce
su cient energy to unbind a signi cant fraction of the intra -group medium. These results
show that non{gravitational processes such as radio{galaxfeedback play a fundamental role
in determining the properties of galaxy groups.

Finally, | perform the analysis of the composite galaxy stelar mass function (GSMF) for 118
X{ray detected galaxy groups at 0.<z< 1 in the COSMOS eld. | nd a dip at intermedi-
ate masses in the GSMF for eld and low mass groups az <1 for both active and passive
galaxies. The dip's amplitude depends on the environment, sggesting the presence of an
excess of passive galaxies at intermediate mass (M0'*® M ) in groups, likely as a product
of environmental e ects. At high redshifts the di erence between the passive GSMF for the
groups and the eld (at M>10'"1 M ) decreases, suggesting that the passive galaxies at
M> 10 M are already in place in all the environments. Therefore a substantial evolution
of galaxy properties has already taken place in galaxy grosijpcon rming their key role in the
evolution of galaxies.






Zusammenfassung

Galaxiengruppen und -haufen nehmen in der Hierarchie der grrmaumigen Strukturen
im Universum eine Sonderstellung ein, da sie die gm ten u massereichsten Objekte
( 10" M far Gruppenund 10 M far Haufen) im Universum darstellen, deren
Entwicklung zu einer wohlde nierten Gleichgewichtskon guration gefuhrt hat. Ins-
besondere geht man davon aus, dass Strukturen von kleinen &len zu Gro en Skalen
sequenziell anwachsen und dass Galaxiengruppen somit dieaBsteine far Galaxien-
haufen darstellen. Galaxiengruppen sind deshalb wichtig&osmische Laboratorien, in
denen man die Physik der Strukturbildung als Funktion der Ze&t untersuchen kann.

In dieser Doktorarbeit konzentriere ich mich auf die Beobabtungen normaler Materie
(Baryonen) in Galaxiengruppen in den im Zeitraum der letzten 9 Gyr des Univer-
sums. Die baryonische Masse in Galaxiengruppen besteht hatsachlich aus Sternen
und hei em, im Rentgenlicht strahlendem Gas. Um diesen baronischen Massenan-
teil zu untersuchen, verwende ich die einzigartige Multi-Wellenlangen-Datenbank des
COSMOS 2 Survey und vergleiche die Ergebnisse zu Galaxiengruppen mienen
von massereichen Galaxienhaufen. Insbesondere widme ichiain den folgenden Fragen:
Sind Galaxiengruppen kleinere Versionen von Haufen? Weleh Rolle spielen Galax-
iengruppen in der Entwicklung von Galaxien? Wie wichtig sind \nicht-gravitative"
Prozesse in Galaxiengruppen?

Im ersten Teil dieser Arbeit untersuche ich 91 aus dem COSMOSurvey ausgewahlte
Rentgengruppen mit Rotverschiebungen von 01 z 1. Diese Auswahl wird durch
27 nahe, massereiche Haufen erganzt, deren Gesamt- und &tenasse analog bestimmt
wird. Damit umfasst die Stichprobe einen Massebereich von 10%3{10® M . Ich
stelle fest, dass der stellare Massenanteil in Galaxien etnabnehmende Funktion der
Gesamtmasse der Gruppe bzw. des Haufens ist, womit diese R&bn in Gruppen zum
ersten Mal bestimmt wurde. Dies zeigt, dass Gruppen nich nur weniger massereichen
Analogien von Haufen sind Selbst wenn man die gasfermige Baryonische Materie bei
diesenWUberlegungen benscksichtigt, so erreicht der Anteil an Bayonen in massearmen
Gruppen nicht den Wert, der mit hilfe von CMB-Beobachtungen vorhergesagt wird.
Gruppen sind deshalb wahrscheinlich keine geschlossenegstme, da sie starker von
nicht-gravitativen Prozessen beein usst werden als Haufa. Bei der Suche nach dem
Ursprung dieses Baryonende zits in Gruppen quanti ziere ich die Bedeutung der mech-
anischen Energie, die von Radiogalaxien in Galaxiengruppefreigesetzt wird. Wenn
ich diesen Energieaussto mit der gravitativen Bindungserergie der Gruppen vergle-
iche, so stellt sich heraus, dass die Radiogalaxien gendgé Energie produzieren, um
einen signi kanten Anteil des Intra-Gruppen-Mediums freizusetzen. Diese Ergebnisse
zeigen, dass nicht-gravitative Prozesse wie die Energiessto von Radio-Galaxien eine
grundlegende Rolle spielen, um die Eigenschaften von Galargruppen festzulegen.
Abschlie end analysiere ich die zusammengesetzte stellarMassenfunktion der Galax-
ien (GSMF) fur 118 im Rentgenbereich nachgewiesene Galaengruppen mit 0.2<z< 1
im COSMOS-Feld. Bei mittleren Massen nde ich einen Abfall in der GSMF fur
Feld- und massearme Gruppen mit 1 sowohl fur aktive als auch passive Galax-
ien. Die G e des Abfalls hangt von der Umgebung ab, was daauf hindeutet, dass
in Gruppen mehr passive Galaxien mit mittlerer Masse (M 10'°© M ) vorhanden
sind, wahrscheinlich aufgrund von Umgebungseinussen. Bi hohen Rotverschiebun-



gen wird die Di erenz zwischen der passiven GSMF in Gruppen ud fuar Feldgalaxien
(at M>10%1 M ) kleiner, was darauf hinweist, dass passive Galaxien mit M 10!
M bereits in allen Umgebungen vorhanden sind.Damit fand bereits zu fraher Zeit
eine wesentliche Entwicklung der Eigenschaften von Galae in Galaxiengruppen statt,
was ihre Schlsasselrolle in der Evolution von Galaxien zeig
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Chapter

Introduction

1.1 Galaxy Groups

Not too long after the rst telescopes were used, astronomes realised that the galaxy
distribution in the sky was not uniform. Already in 1781, Charles Messier reported
in a note that 16 of the rst 91 \nebulae" of his catalogue happen to lie in the small
region of the sky at the north-western edge of the constellabn of Virgo and overlap-
ping with Coma Berenices. These \clumps" of galaxies are novknown as two of the
innumerable clusters of galaxies that populate the Univers, each of them including
hundreds to thousands of galaxies.
Our current cosmology explains the presence of these strugtes as the product of the
evolution of the Universe. In the standard picture, we live in an expanding Universe
that originated 13.8 billions of years ago from a phase of exemely high density and
temperature in the Big Bang. 300,000 years later, small ucuations of the order of
10 ° present in the almost uniform density eld, started growing due to gravitational
instability. Theoretical work and simulations have shown that primordial density uc-
tuations eventually cease expanding with the Hubble ow one they achieve a critical
overdensity, and successively collapse and virialize
Furthermore, we know that roughly 85% of the gravitational mass involved in the
growth and dynamical evolution of the structures consists & a weakly interacting,
collisionless form of matter. Because of its properties, tts matter has so far escaped
direct detection through e ects other than gravity, and has been named \dark mat-

LFor a virialized structure holds the virial theorem, which s tates that for a bound, self-gravitating,
spherical distribution of mass the total kinetic energy of t he objects is equal to minus 0.5 times
the total gravitational potential energy. Knowing the velo city dispersion and size of the system is
therefore possible to compute a total mass, which is called \virial mass". The \virial radius" is
the radius enclosing the virial mass.
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ter”.
Gravity creates a huge variety of cosmic structures, but mos galaxies are found in
groups of no more than a few dozens members and with a total mascontent of
108M . Groups ranges from loose associations a few times densemththeir sur-
roundings to galaxy clusters, which are the largest virialzed structures in the Universe,
with a total mass of 10'°M . However clusters are rare objects, containing only 1%
of all galaxies, while gravitationally bound groups contain up to 70% of the galaxies in
the universe. In the scenario of an inhomogeneous Universeich clusters of galaxies
act as nodal points in the lamentary structure, while group s of galaxies lie like beads
within the laments.
Furthermore, groups are an unstable environments, since wite galaxy formation is on-
going, the group itself may merge with other groups to build alarge structure. In the
current picture, dark matter cluster formation proceeds in a hierarchical bottom{up
sequence: virialized haloes of small mass form rst, and the grow by accretion and
merging. In this sense galaxy groups are the \building block" of galaxy clusters.
Galaxy groups are important laboratories to investigate the evolution of galaxies and
the large scale structure formation. Galaxy evolution appers to be a complex, drawn{
out process, involving the collapse of a matter overdensityaccretion of gas and dark
matter, outright merging of distinct galaxies, gas out ows enriched with metals by
supernova and active galactic nuclei (AGN) activity. Most galaxies conduct these
transitions in the group environment: indeed, while 70% of he cluster galaxies are
\red and dead" elliptical galaxies, the group population is a mixed bag of morpholo-
gies, suggesting that galaxy evolution is still ongoing in goups while the same evolu-
tion in clusters happened at earlier epochs (Z1.0). Also, the velocity dispersion in
groups is lower than in clusters and comparable to that of indvidual galaxies, thus
processes such as galaxy{galaxy merging are more prevaleintgroups than in clusters.

1.2 X{ray properties of galaxy groups

Galaxy clusters are detected as bright, extended sources ithe X{ray sky. Indeed
massive clusters have internal line of sight velocity dispesion of 500{1000 km s ! ,
and they contain a large amount of gas. Since the gas an the gaties share the same
potential, it is possible form simple arguments to estimatethe temperature of the
gas, which is heated at temperatures of 1108 K. Gas at these temperatures radiates
primarily in the X{ray part of the spectrum due to thermal bre msstrahlung (and some
line emission), with characteristic energies of few kilo{éectronvolts. The X{ray hot
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(a) Galaxy Cluster

(b) Galaxy Group

Figure 1: (a) The Coma cluster is one of the richest clusters of galdgs in the Local Universe.
Its total mass is 10> M . This image from the Hubble telescope is 9 arcmin across and
encloses only the central part of this rich cluster. (b) HCG 87 is a narby compact galaxy
group composed of only 4 galaxies. This image by the Gemini telescopg 4 arcmin across.

gas can reach up to 15% of the total system mass. The typical Xfay luminosity of
galaxy clusters is 10*{10%° ergs 1.

In the 1990s, thanks to the launch of two important X{ray tele scopes, ROSAT and
ASCA, it has been rmly established that also many less massie groups of galaxies
emit X{rays. However the spectral nature of the X{ray emission in galaxy groups is
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somewhat di erent than in clusters: since groups have a lowekelocity dispersion, thus
a lower temperature, the abundant elements are not fully iofized, and part of the ux
is due to line emission. The typical X{ray luminosity of galaxy groups is 10*{1043
ergs 1.

There is a considerable range of morphologies in the X{ray gpearance of observed
groups. Most X{ray luminous clusters and groups (Lx> 10 ergs ') tend to have
somewhat regular morphologies, where the peak of the emissi is usually coincident
with a luminous early{type galaxy, which tends to be the optically brightest member
of their system (BCG). In this case, the position of the cental galaxy de nes then
the centre of the potential well, so that it lies at the dynamical centre of the system.
At lower luminosities, instead, more irregular X{ray morph ologies are often found,
and the X{ray emission is not centred on one particular galay, but rather distributed
around several galaxies.

The extent of the hot gas, as estimated by tracing the X{ray suface brightness pro le
of the system until it approaches the background value, redtes approximately the
virial radius of the system. Traditionally, the surface brightness pro le of a cluster
is described by a hydrostatic isothermal model (\ {model", e.g. Jones and Forman
1984). By analogy, this model is also adopted for groups, thaght this may be a coarser
approximation, especially for those with an irregular morphology. However, since the
sound crossing time in groups is short compared to the Hubbléime?, the intra{group
medium should generally be in hydrostatic equilibrium to a good approximation. With
King's (1962) analytic approximation to the isothermal sphere, the X{ray surface
brightness at a projected radius R is then given by:

"

R 2#( 3 +0:5)
S(R)=S 1+ — 1)
e

where I is the core radius of the gas distribution and is derived by the ratio of
the speci ¢ energy in galaxies to the speci c energy in the hbgas and depends on the
temperature®. This pro le can then be converted to a gas density pro le by geometric
deprojection and under the assumption of spherical symmey. If the only source of
heating of the gas is gravitational and there is no e cient cooling, it is true that the gas
temperature is a direct measure of the potential depth, and herefore of the total mass.

2The Hubble time provides an estimate for the age of the univer se by presuming that the universe
has always expanded at the same rate as it is expanding today.

3This is a theoretical pro le (Cavaliere & Fusco-Femiano 197 6) and the de nition of is motivated
by the assumption made in the model. Observations, however, indicate that there is a discrepancy
between the value of predicted by this model and that estimated from the tto the X -ray surface
brightness distribution. This is nowadays still a matter of debate (e.g. Bachall & Lubin 1994).
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In particular, when the conditions of hydrostatic equilibrium and spherical symmetry
are met, the total mass interior to any particular radius is a simple function of the
gas temperature and gas density. Thus it is possible to obtai the hydrostatic mass
estimation within a given radius (R) as:

KT(r)r din +dInT
m pG dinr  dinr

M(<R)= (2)
where k is the Boltzmann's constant, T is the gas temperatureat the radius R, G is
the gravitational constant, is the mean molecular weight, my is the proton mass and
is the gas density. All the parameters of this equation may becomputed directly
form X{ray observations.
The typical group mass is approximately 163 M (one hundreds time less massive
than a cluster like Coma).
Clusters and groups do not have a sharp, well de ned boundary The extent of a
galaxy system is usually de ned in terms of the radius within which the mass density
of a group/cluster is equal to times the critical density of the Universe (R ). X{ray
mass estimates can generally be applied out to &, which is  70% of the virial radius.
Beyond that, the gas density pro le is not well constrained, due to the di culty of
detecting low emissivity of the X{ray gas in the cluster outskirts by past and present
X{ray telescopes.
Another important property of the hot gas is the gas fraction. Groups have lower gas
mass fractions within Rysgo when compared to clusters (e.g. Sun et al. 2008). Since
the gas fraction in simulated groups and clusters is direc# linked to the strengths of
cooling and star formation (e.g. Kravstov et al. 2005), a smd value at the groups
regime may imply that these processes are more e cient there The enclosed gas
fraction may also be modi ed by AGN feedback (Puchwein et al. 2008), thus bearing
the imprint of the whole intra{cluster gas heating history.

1.3 Cool Cores

Early X{ray observations revealed that the intraf{cluster m edium in the centre of many
clusters is so dense that the cooling time of the gas is much shter than the Hubble
time (e.g. Fabian & Nulsen 1977). Indeed a large fraction of gstems shows a sharp
X{ray brightness pro le and a temperature drop in the inner 100 kpc.

These observations led to the development of the cooling{ @ model. In this model
the intra{cluster medium (ICM) at the centre of clusters wit h dense cores hydrostat-
ically cools, so that the cool gas is compressed by the weighdf the overlying gas
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Figure 2: Chandra image of HCG 62, a galaxy group with Iy 10* ergs ![Credit: Chandra
Archive]

layers. Hot gas from the outer regions of the ICM ows in to replace the compressed
gas, generating a cooling ow. However, this model predictd a large amount of star
formation to happen in the centre of clusters when the gas cded below 1¢ KeV,
which failed to be detected with optical observations (e.g. McNamara & O'Connell
1989). More recent grating spectra from XMM-Newton (e.g. Pé¢erson et al. 2001,
Kaastra et al. 2001) have revealed that the gas in the clustes’ central region does
not cool below one third of the virial temperature, or only to an amount about 1-2
orders of magnitude below the expectation. This implied thenecessity of a ne-tuned
heat source which would provide just enough heat to prevent kh but a few percent of
the central ICM from cooling out of the X-ray band. Since the ocooling ow problem
exists in a broad class of objects ranging from individual diptical galaxies to the most
massive clusters, the heating mechanism must be able to opate at vastly di erent
scales. The heating mechanism must be quasi-continuous (otne time scales much
longer than the cooling time) and self-tuning to the properties of a given object.

Di erent heating models have been invoked to explain currentobservations, such as:
conduction (Zakamska & Narayan 2003), central AGN heating va cosmic ray{ICM
interaction (Mathews et al. 2006), heating by soundwaves (Rizkowski et al. 2004),
relativistic plasma bubble injection and turbulent motion (Churazov et al. 2002; Den-
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nis & Chandran 2005), mechanical heating by AGN driven bubbks (e.g. Birzan et al.
2004; Birzan et al. 2008). The failure of the classical coalig ow model has changed
the nomenclature of these centrally dense clusters to coatpres (Molendi & Pizzolato

2001).

Many groups and clusters have large and dense cool cores (e.g 50% in the HI-

FLUGCS sample, Chen et al. 2007) but it is still a matter of debate whether or not

this percentage is strongly dependent on the redshift (Vikhinin et al. 2007; Santos et
al. 2008). Cool core systems are generally more dynamicallelaxed when compared
to non cool core ones. Furthermore observations of cool cordusters and groups at
radio wavelengths have shown that a large percentage of thessystems has a central
radio galaxy interacting strongly with the surrounding plasma (Blanton et al. 2004;

Boehringer et al. 2004; Fabian et al. 2006, Forman et al. 2006

1.4 X{ray scaling relations

Clusters of galaxies, being the outcome of the process of sirture formation, are
mostly ruled by the physics of gravitation. In a universe with a density close to the
closure density#, the amplitude of the initial density uctuations is approx imately a
power law function of the length scale. So these perturbatins are scale free (Kaiser
1986). Neglecting dissipation, no additional physical scie is introduced into the prob-
lem up to the gas infall into the potential wells, therefore the gas distribution in groups
and clusters will also be scale{free. This condition is name \self{similarity".
Self{similar models predict simple scaling relations between basic cluster properties
and the total mass. In particular, three important correlat ions are the X{ray luminosity{
temperature (Lx{T), mass{temperature (M °{T) and entropy 8{temperature (S{T)
relations. In formulas:

Lx/ T2 M [/ T¥ s/ T ©)

These relations are of great importance for the investigaton of groups and clusters of
galaxies and are important diagnostics for the astrophysis of the ICM. The M{T rela-
tion constrains the scale of a system. It gives a direct measament of the system mass
when its X-ray temperature is known. The Ly {T relation is a proxy for the structural
regularity of galaxy clusters. Since the X{ray luminosity depends on the baryon mass

“The mass density of the universe which just stops the expansion of space, after in nite cosmic time
has elapsed. The closure density is the boundary value betwen universe models that expand
forever (open models) and those that recollapse (closed moels).

°M s the total mass computed at the overdensity .

6de ned as S= sz:3 where ne is the electron density, and k the Boltzmann constant.

e
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and the temperature on the total mass, the Lc{T relation can trace variations in the
gas fraction. Finally, the S{T relation re ects the thermod ynamic and the accretion
history of the ICM.

However, while clusters of galaxies seem to be mostly well baved along these rela-
tions, observational studies of galaxy groups report devigons from self similarity for
systems below 4 keV. In particular the slope of the M{T (S{T) r elation is consistent
with the theoretical predictions only for high temperature clusters and steepens (gets
shallower) for low temperature ones (e.g. Finoguenov et al2001; Arnaud et al. 2005;
Pratt & Arnaud 2003; Ponman et al. 2003). Also, the slope of tre L{T relation ob-
tained from observations is considerably steeper than theheoretically predicted one
for all systems (Lx/ T2 from soft X{ray band observation), indicating that the gas
fraction depends on the temperature.

It is exactly such deviations that give us a precious diagnasc to study the thermody-
namical history of the ICM. These ndings indicate that non{ gravitational processes
may interfere with the groups physics, such as pre{heating dring the systems collapse
(e.g. due to star formation or shocks), radiative cooling ail AGN activity.

1.5 AGN Feedback

It is now widely believed that supermassive black holes (M 10°® M ) are present in
most if not all galaxies with a bulge component and that their masses are correlated
with the stellar properties of their host galaxies (e.g. Ferarese & Merrit 2000; Kor-
mendy & Richstone 1995). The existence of these relations ggests that black holes
interact strongly with their surroundings, and this intera ction is called \feedback".
Observational and theoretical considerations suggest thiadi erent channels of AGN
feedback exist. At high redshift, mergers of gas rich galaxs happen frequently and
funnel large amounts of cold gas towards the central regionfogalaxies, which can be
accreted onto the black hole at high rates. The radiation enggy associated with the
accretion can support the enormous luminosities of a classfwbserved AGN called
quasars. Quasars produce high velocity winds, which a ect tle properties of the sur-
rounding galaxies and gas (Silk & Rees 1998; Chartas 2003).

Another channel of feedback is associated with bubbles of tativistic plasma. Such
bubbles are created by the supermassive black hole and movhrbugh the thermal gas,
driven by the buoyancy force. Signatures of such bubbles arebserved both in radio
and in X{rays (since the passage of the bubble leaves a cavitin the X{ray surround-
ing gas). A spectacular and well studied example is the Perses Cluster ( Figure 4).
A uni ed model that accounts for the di erent modes of black hole feedback in a
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Figure 3: Lx{T relation for the REXCESS galaxy cluster sample presented in Prat et al.
(2009). The quantities are computed in an aperture of 0.15R), < R<Rzgg to avoid the con-
tribution of the cool core (see section 1.3) and reduce the scattdn the relation.

cosmological framework has been proposed, by analogy withbservational nding on
X{ray binaries (Fender et al. 1999; Gallo et al. 2003). Inded X{ray binaries switch
between a low/hard state, where a radio jet is present and theobserved spectrum is
hard, and a high/soft state, in which the jet shuts o and a softer X{ray spectrum is
observed. This dichotomy has been interpreted with a di erertly radiatively e cient
accretion. In a similar fashion, a \two{mode" model has beenproposed to explain
AGN feedback in clusters (Sijacki et al. 2007): for high{accetion rates a quasar{like
feedback occurs, while for states of low accretion feedbacka mechanical bubbles ap-
plies (radio{mode).

Simulations show that the bulk of the BH growth occurs at high accretion rates, cor-
responding to radiatively e cient AGN activity, while the r elative importance of the
radio mode grows towards late times, and becomes large in dters of galaxies at z 1
(Sijacki et al. 2007; Puchwein et al. 2008).

This simple model, currently intensively discussed in the iterature, assumes that an
out ow of relativistic plasma from the supermassive black hole is responsible for trans-
ferring the energy to the thermal gas. Cavities, shocks, riples in the distribution of
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the thermal gas are now observed in many clusters with cool ¢es, clearly showing
that the mechanical interaction of the radio plasma with the thermal gas is strong
and that the gas is disturbed by the activity of the nucleus. Furthermore, bubbles of
relativistic plasma, created by the supermassive black ha&, move through the ther-
mal gas, driven by buoyancy forces. Therefore, supermas&vblack holes are a very
attractive solution as a source of heating, since they can mvide large amounts of
energy, extracted from the gravitational energy of accrethg matter. The Eddington
luminosity ” for a 10° M black hole is of the order of 187 ergs . This energy is more
than enough to o set the gas cooling losses in the strongest @ing ows, even if one
considers a moderate e ciency of the heating mechanism. Mogover a self{tuning of
the energy release is possible through the modulation of thaccretion rate onto the
black hole (e.g. Nulsen 2004, Behringer et al. 2004b, Chan@n 2005). Indeed AGN
feedback is a self{regulated mechanism, which can be undeo®d with a simple toy
model (Churazov 2002): the ICM responds to the AGN heating byexpanding and thus
lowering the gas density and the accretion rate. The latter egulates the AGN energy
output, lowering it. As the gas radiates away the energy, theatmosphere around the
AGN contracts, and thus the accretion rate rises again, stating another cycle of AGN
activity.

1.6 Optical Properties of galaxy groups

When observed with optical telescopes, galaxy groups appeas de nite, localised

overdensities of galaxies, with up to a few tens of galaxiesonicentrated in the plane of
the sky. Groups of galaxies are classi ed by their optical poperties: richness (number
of members), galaxy content (spiral-rich, spiral-poor, orelliptical-rich), member galax-

ies' color, stellar mass. When considering the optical proprties, galaxy groups provide
a natural and continuous extension to lower richness, massize, and luminosity from
the rich and rare galaxy clusters.

1.6.1 Richness of Galaxy Groups

Abell (1958) produced a rst catalogue of several thousandstlusters and groups de-
tected through visual inspection of optical plates from the Palomar All Sky Survey.
He also introduced a rst classi cation based on richness, ie. the approximate number
of galaxies composing the system. This was estimated as theabkground-corrected
number of galaxies brighter than ng + 2 (where m3 is the magnitude of the third

"The Eddington luminosity is de ned as the point where the gra vitational force inwards equals the
radiation force outwards, assuming hydrostatic equilibri um and spherical symmetry.
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CHANDRA X-RAY

VLA RADIO

Figure 4. The CHANDRA image of the Perseus Cluster along with the ralio emission from
the central regions. The radio emission ts neatly inside the cavitiesin the X-ray emission.
(Image courtesy CHANDRA)

brightest cluster member) within a radius of R=1.5h 1 Mpc of the system's center.
By this de nition everything that contains more than 50 gala xies above this threshold
is classi ed as a galaxy clusters.

1.6.2 The color of Galaxies

When we image a galaxy with an optical telescope, the obsertde quantity we can di-
rectly obtain is the ux emitted in a certain wavelength, whi ch then can be translated
into magnitude. Imaging a galaxy with Iters centred at di er ent wavelengths enable
us to reconstruct its spectral energy distribution (SED), which is usually dominated by
starlight in the UV to near{infrared wavelength domain, wit h a small fraction of the
light coming from glowing interstellar gas. The di erence between the magnitude in
two Iters is called \color". Depending on the relative cont ribution of di erent stellar

populations to the SED, a galaxy may be classi ed as \red" or \blue". In general
galaxies with a high contribution of cool stars (which emit at visual/infrared wave-

lengths) and a low contribution of hot stars (which emit at shorter wavelengths) are

11
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classi ed as \red". Since the galaxy color is linked to the presence of star{formation
activity, often red galaxies are referred to as passive, anthlue galaxies as active. The
former have older and more metal{rich stellar population with respect to the latter.
Absorption and scattering of stellar light by interstellar dust modify the intrinsic stel-
lar SED, thus can bias the color classi cation of a galaxy. Dist consists of ne particles
and molecules, mostly made of O, C, Mg, Si, Fe and N, produceduting the evolution
of stars. The size of the particles ranges between 0.1 and Im, in general, which gives
the wavelength dependence of the extinction. Thus, very duy star forming galaxies
can exhibit very red colors.

In order to avoid misinterpretation, the absorption by dust is somehow modelled (e.g.
Calzetti et al. 2001) when analysing a galaxy SED.

Another e ect that must be taken into account is that the cosmological redshift both
shifts and stretches the SED: for example, the blue light entted by a galaxy at z=1
is seen only in a red lter since its intrinsic blue emission las been redshifted into the
red part of the optical spectrum. Thus, an accurate classi @tion of galaxies at high
redshift on the basis of their SEDs requires a very wide sperdl coverage.

In general the occurrence of galaxies of a certain color depds strongly on the envi-
ronment that hosts them. In rich galaxy clusters a large fradion of the galaxies are
red. In particular, when representing the galaxies of a cluter on a color{magnitude
diagram, many of those de ne a roughly linear sequence at a vilede ned red color:
this feature is called \red{sequence". The red sequence cabe reproduced by a model
assuming that the bright red galaxies have roughly the sametsllar age but a metal-
licity that diminishes at decreasing luminosity (Kodama & A rimoto 1997). Since the
red sequence can be rather well predicted by such models, itas been used as an
indication of the cluster's redshift (e.g. Gladders & Yee 20@0).

A red sequence is present also in galaxy groups, but seems te tbormed later: while
the galaxy cluster's red sequence is in place at z1 that of groups is still building up
(Tanaka et al. 2005). In general galaxy groups contain more éd galaxies at a xed
stellar mass than the eld (see Figure 5).

1.6.3 Galaxy Classi cation

The optical luminosity of galaxy groups comes mostly from that of the individual
galaxies, and the amount of ux emitted at a particular wavelength is determined
mostly by the properties of the stars within the galaxies. Ingeneral the properties of
the stellar populations correlate with the morphology of the galaxy itself. In the ob-
served universe there exist a variety of galaxies' morpholgical types, whose schematic
description can be summarised in the so{called \fork{diagmam" compiled by E. Hubble

12
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Figure 5: A color{magnitude diagram for groups and the eld at z=0.25{0.55 from Balogh
et al. (2009). Galaxy groups contain more red galaxies than the eldat a xed stellar mass
(traced by the K{band magnitude on the x axis). This picture also shows that the eld does
not have a de ned red sequence.

(1926). The Hubble classi cation recognizes four principhtypes of galaxies: elliptical,
lenticular, spiral and irregular.

Essentially the Hubble classi cation scheme is based on theelative proportions of the
two major structural parts of the luminous component of galaxies, namely the bulge
and the disk.

The bulge is generally made of a relatively old and evolved sllar population, and is
shaped like an ellipsoid with various degrees of attening ad oblateness (no attening
or oblateness means we are dealing with a sphere). In generaillges at z=0 contain
no appreciable amount of dust and gas, and therefore host nda formation activity;
when star formation ends the luminosity of a galaxy s dominaed by the light of low
mass stars, which emit at red and infrared wavelengtﬁ, and therefore bulges are char-
acterized by red colors.

8Stars are optically thick spheres of plasma, emitting light as a black body from the surface (photo-
sphere). Therefore, a star of a given mass (temperature) emis light at a peak wavelength for the
photospheric temperature which can be calculated by Wien's law i.e. peak =bT ™.

13
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The disk is composed by a mixture of old and young stars and by & and dust, and
it is frequently site of star formation activity. Its colors are generally bluer than those
of the bulge, because massive stars on the red sequence doaigthe spectral energy
distribution at blue wavelengths. The most visually striki ng feature of the disk is the
frequent presence of spiral arms: these are produced by detyswaves excited by the
di erential rotation of the disk and contain active regions of star formation.

From the point of view of dynamics, the bulge usually shows vey little amount of
rotation, and stars in it have large thermal motions whereasthe motion of stars in
the disk is governed by its rotational velocity , and self- gavity and centrifugal force
balance each other.

In this sense, the Hubble diagram is not only a classi cationof galaxy morphology
but it re ects some important physical properties of galaxies, such as the age and the
dynamics of their stellar population.

Elliptical galaxies are composed by a spheroidal{like bulg and have no disk. Lenticu-
lars are essentially elliptical galaxies with a very thin disk which gives them the shape
of a lentil. Spiral galaxies have a central bulge surroundedy an extended disk with
a pattern of spiral arms. In barred spiral galaxies the arms energe from the ends of
what looks like a rigid bar, or elongated ellipsoid of stars ad luminous material that
straddles the central nucleus. The Milky Way belongs to thiscategory. Irregulars tend
to resemble disk galaxies where the spiral arms are not regaiflly de ned, or absent.
The galaxies that occupied the left part of the Hubble diagran have been named
\early{type", while those on the right side \late{type". Hu bble took these terms from
spectral classi cation of stars to signify a sequence relad to complexity of appear-
ance, albeit based on images, not spectra (see Baldry et al. 088 for a review on
Hubble's nomenclature). Such nomenclature has remained,ral today it is common to
refer to ellipticals and lenticulars as early{type galaxies, and to spirals and irregulars
as late types galaxies.

1.6.4 The morphology density relation and environmental e ects in galaxy
groups

The census of the morphology of galaxies within galaxy group has shown a striking
di erence when compared to the eld. In particular early type galaxies tend to pop-
ulate galaxy clusters and groups, while the contribution ofspiral galaxies to the total
galaxy budget (spiral fraction) increases when moving toweds less dense environment
(Oemler 1974; Dressler 1980).

This nding re ects the so{called morphology{density rela tion, which expresses the
link between the occurrence of speci ¢ Hubble types and thedcal density. Since the
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Figure 6: The \tuning fork" diagram compiled by E. Hubble. (Courtesy University of Texas,
McDonald Observatory)

color is tightly bound to the galaxy morphology and to the level of star formation ac-
tivity, red and passive galaxies are more frequent in high desity environments, while
blue and actively star forming objects populate mostly low censity ones.

This relation, however, evolves with redshift, and recent sudies conducted with HST
have shown larger spiral fractions in higher redshift galay clusters (Dressler 1994,
Dressler 1997).

The evidence of high occurrence of actively star forming galxies in distant clusters has
been found from photometric studies which analysed the digibution of blue galaxies
at di erent redshifts (Butcher & Oemler 1978; Kodama & Bower 2001). The same
studies show that the galaxies with red colors in distant clisters contain very old stel-
lar populations formed at z >2, and evolved passively since then (Ellis 1997).

The existence of such relations suggests that the environnmt of a galaxy may have
signi cantly a ected its evolution. To understand how the en vironment shapes galaxy
evolution is of crucial importance in the framework of the hierarchical formation and
evolution of structure. Indeed, while structures grow, gabxies experience di erent en-
vironmental conditions throughout the cosmic history. In particular the environmen-
tally driven processes which are usually considered to be inential on the evolution
of galaxies are the following:
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Figure 7: The morphology{density relation found by Dressler (1980 in galaxy clusters. The
fraction of early{type galaxies increases with increasing density, \ile the fraction of late{types
decreases.

1. Mergers: strong interactions between galaxies and merging are more @ent
when the relative velocity among galaxies is low, thereforén groups of galaxies
rather than in clusters (Toomre & Toomre 1972).

2. Harassment: the cumulative e ect of the gravitational interactions in hi gh ve-
locity encounters truncates the galaxy star formation in 10’ years (Moore et
al. 1995).

3. Gas Stripping:The interaction between galaxies and the intergalactic medim.
The stripping of the gas is mostly due to the e ect of the ram pressure which is
e cient in very dense environments, and when the relative vdocity of galaxies
is high. These conditions are achieved in the core of rich gaky clusters (Gunn
& Gott 1972).

4. Strangulation: the removal of the galaxy cold gas supply happens when the
galaxy fall in a more massive dark{matter halo. This processinhibits the star
formation, which dies out on a timescale of 10° years.
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1.6.5 The Galaxy Luminosity Function

One very powerful tool to describe quantitatively the properties of galaxies is a statistic
called the \luminosity function", which provides informat ion on the relative frequency
in space of galaxies with a given luminosity (Binggeli 1988)

The reason of coupling together the luminosity and the abunénce of galaxies is that
this re ects an important set of physical properties. The luminosity of the galaxies is
a measure both of their stellar content and of their star formation activity: the for-
mer is generally correlated with the total mass of the galaxy the star formation and
merging history, while the latter provides the rate at which the stellar content of a
galaxy is increasing. On the other hand, the volume density bgalaxies is a prediction
of the theory of structure formation through gravitational instabilities, and is tightly
linked to the cosmological parameters and 9. Thus by coupling together the
information on the luminosity and numerical abundances of glaxies, the luminosity
function provides synthetic information on the formation and evolution of both the
star formation history of galaxies and the cosmological paameters.

The luminosity function of local galaxies has been measuregvith good accuracy: it
shows that fainter galaxies are much more numerous than brigter ones. The shape of
the luminosity function was predicted for the rst time by Fr itz Zwicky in 1942: ther-
modynamical considerations naturally lead to the existene of a large number of low
mass, faint galaxies, and consequently a steeply rising lumosity function towards low
luminosities. Nowadays the most popular parametrization d the luminosity function
is the so{called Schechter function (Schechter 1976):

dN
d_L/ L exp( L=L) 4
where L is 10*°L and 1{1.5, depending on the galaxy selection criterion.

The characteristic luminosity L indicates the maximum luminosity at which galaxy
formation is e cient, while the slope  describes the relative contribution of low mass
galaxies. This relation has been found empirically, but Praes & Schechter (1974) show
that the mass distribution of the underlying dark matter hal oes exhibits a Schechter
form: since baryons fall into dark matter haloes and producestars one might expect
a Schechter function to hold for the galaxy mass distributian (which is related to the
luminosity distribution).

®The cosmological parameters and measure the total mass content of the universe and the
contribution to the total density of the cosmological const ant (which describes the accelerated
expansion of the Universe). Their combined value decides if the universe will evolve in continuous
expansion, or it will turn around and collapse. Together wit h the Hubble constant, these two
parameters determine the age of the universe.
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Figure 8: The Schechter function.[Credit:http://zebu.uoregon.edu/]

1.6.6 Galaxy Stellar Mass and the Galaxy Stellar Mass Functi on

While luminosity is the most straightforward observable, the stellar mass of galaxies
is more tightly linked to the physics of star (and then galaxy) formation: this makes
the galaxy stellar mass function (GSMF) an even more valual# statistics than the
luminosity function.

The origin and evolution of early type galaxies seem to follw dierent ways and
timescales as a function of their stellar mass, the so{caltk\downsizing scenario” (e.g.
Cowie et al. 1996). As recognised by Brinchmann & Ellis (200) to put tight con-
straints on the models of galaxy formation, an independent accounting variable" is
needed, which is capable of tracking the likely assembly anttansformation of galax-
ies. A comprehensive picture has been obtained on its evolian in the interval marked
by 0< z < 1. The luminosity and emission-line characteristics are tansient properties
and poorly suited for this purpose: during their evolution, galaxies transform form one
kind to another, and their optical luminosity changes drastically during the phases of
mergers. The stellar mass, instead is either conserved oroslly increasing, and is
therefore an obvious choice.

Thus, reliable stellar mass estimates enable us to move beyd luminosity measure-
ments and apply comprehensive tests to the cosmological padigm by comparing the
expected hierarchical assembly of dark matter haloes to thebserved assembly his-
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tory of the galaxy stellar mass. However, to obtain robust gdaxy stellar masses, deep
infrared photometry is a basic requirement. Indeed the obseed infrared ux (e.g.
K{band) best traces the old stellar populations, which make most of the mass of a
galaxy, and is therefore a good measurement of its total stidr mass (e.g. Kau man
& Charlot 1998). Moreover, the infrared ux is only weakly a e cted by extinction.
The stellar mass can be derived from the direct conversion athe K{band luminosity
by means of a stellar mass{to{light ratio supplied by stellar population evolutionary
synthesis models. Another method is based on the combinatioof multi{band optical
and infrared photometry, and entails the t of the observed photometric points with
a grid of synthetic galaxy templates (SED{tting). The outc ome of the SED{ tting
is a set of best{ tting parameters which describe several poperties of galaxies within
a certain con dence; among these parameters stellar mass,hptometric redshift and
stellar spectrophotometric type are the most valuable.

The conversion of the infrared light into mass is an e cient method, but su ers from
the lack of information on the galaxy spectral type, on whichthe mass{to{light ratio
depends. On the other hand, the SED tting is computationally very expensive in
large surveys. A combined approach, as the one undertaken ithe COSMOS survey,
entails obtaining the galaxy type from the SED and then convet the K{band lumi-
nosity using a type dependent mass{to {light ratio.

Given the longer observational e ort required to estimate the stellar mass of a galaxy,
the galaxy luminosity function is better known than the galaxy stellar mass function.
Because of their bound nature, X{ray galaxy groups and clusers are best places to per-
form studies on the environmental dependence of the GSMF. Articial aspect of such
investigation is whether the shape of the galaxy stellar mas function depends on the
global properties of the system, such as its total mass, and it di ers from the GSMF
of the eld. Dierent studies performed on the luminosity fun ction have investigated
its dependence on the environment, concluding that the opttal luminosity function of
galaxies in rich clusters is universal, and there is little \ariation between the eld and
clusters (e.g. Popesso et al. 2005; De Propris & Christlein@9). Furthermore, when
separating the galaxy types, star{forming galaxies have tle same luminosity function
in all the environments, while quiescent ones show a signiant di erence, in that
clusters contain a population of dwarf ellipticals which is missing in the general eld
(Lewis et al. 2002,Christlein & Zabludo 2003; De Propris et al. 2003,2004; Gomez
et al. 2003; Balogh et al. 2004; Popesso et al.2006). Howeyexrhen comparing the
K{band luminosity function of galaxy groups to that of rich c lusters, Lin et al. (2004)
show that there is a marked decrease in the number density ofajaxies fainter than M*
as one moves to more massive clusters and, in addition, extmrgely luminous galaxies
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are more populate very massive clusters. The previous disssion refers to the galaxy
luminosity and stellar mass function shape (see also Popes®t al. 2006).

This of course leaves several questions open: is there angsi cant di erence between
the GSMF of eld and clusters, owing to their di erent densiti es and galaxy merging
histories? Are groups more similar to the eld or to rich clusters? What is the role of
the groups in galaxy evolution?

By measuring the GSMF of galaxies in high redshift systems, md comparing to well
established GSMF at low redshift, it is possible to determire how the distribution of
stellar mass throughout the system's population has evolvé. Ellis & Jones (2004),
for example, study the K{band luminosity function of rich cl usters, nding it to be
consistent with purely passive evolution®. Recent results from the deep eld show
a weak evolution of the GSMF up to redshift 1 for passive galaxies, followed by a
strong evolution in number density between z=1 and 1.5 (llbet et al. 2010). Up
to now no investigation of the role of groups in the build up of the GSMF exist at
redshift>0.1.

Another debated issue is the shape of the galaxy stellar madgsinction. Generally,
Schechter ts to the galaxy stellar mass function with a faint end slope 1 have been
found adequate to describe the galaxy population (even sepated morphologically, by
star{formation activity and color; e.g. Pannella et al. 2009). Recently,however, a
steepening of the slope of the luminosity function at low luninosities (M; <17) has
been detected in the local universe, when considering galas belonging to clusters
(e.g. Popesso et al. 2006), groups (e.g. Gonzalez et al. 200§ the eld (Blanton et
al. 2005). Moreover Baldry et al. (2008) nd that the local GSMF steepens as well
below Log(M/M ) 9.5 M . From the theoretical point of view, a steep mass func-
tion of galactic halos is a robust prediction of currently popular models of hierarchical
growth for cosmic structure (e.g. Kau mann et al. 1993; Cole ¢ al. 1994). Never-
theless hierarchical models predict that the ratio of low mas halos to massive halos is
larger in low-density regions, such as the eld, than in the dense cluster regions.
Furthermore, a more complicated behaviour of the galaxy luninosity function has
been detected in galaxy groups: there is a lack of galaxies attermediate luminosities
(Mg = 18, Miles et al. 2004)

Lately the deviation from a simple Schechter function of theluminosity/stellar mass
function has been interpreted as a bimodality in galaxy progerties, according to which
the mass function consists of the sum of two components. Hower, which bimodal

01n the traditional monolithic collapse picture of galaxy fo rmation (Eggen et al. 1962) all the stars
in an elliptical galaxy are formed in an initial burst, and th ereafter the galaxy evolves only in a
passive, quiescent manner as its stars make their journey ou of the main sequence. This results
in a gradual dimming of the stars, and consequently the galaxy.
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Figure 9: The galaxy stellar mass function based on 50000 galaxies from SDSS (Baldry et
al. 2008). It shows evidence for an upturn at the low mass end, andt is tted with a double
Schechter function (dashed line).

galaxy properties can explain the observed behaviour is dtia matter of debate (Bol-
zonella et al. 2009; Faltenbacher et al. 2010).

It has to be reminded that the major di culties in constructi ng a galaxy luminos-
ity or mass function in groups and clusters are (1) to avoid catamination from
fore/background galaxies (2) to have a su cient number of member galaxies. The
best way to avoid contamination is to measure the redshift ofgalaxies from their spec-
tra (spectroscopic redshift). This technique provides a pecision on the measure of
the distance of 14 Mpc comoving (limited by the cluster velocity dispersion 1000
km s 1), greatly reducing the contamination. Moreover it is impossible to have spec-
troscopy complete down to faint magnitudes. However spectiscopy is much more time
consuming when compared to imaging, and taking spectra of atatistically signi cant
number of galaxies takes long time. Other studies based on iaging data (e.g. Popesso
et al. 2006), and without redshift information, have used a $atistical subtraction of
the background to produce the luminosity function in clusters; contamination, remains
anyway a problem. In conclusion, one needs to nd a trade-o between a good enough
estimate of the distance and the size of the galaxy sample. Téphotometric redshift
technique o ers the best solution at the moment, since redstis are determined from
multiwavelength broad band photometry. The photometric redshift of a galaxy is es-
timated from the comparison of the observed SED with syntheic or observed spectra
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at a reference redshift. Its precision is much reduced whenompared to spectroscopic
redshifts (the typical precision is 0.1 compared to 0.0001dr spectroscopic redshifts),
but a fairly good and inexpensive measure can be obtained fdarge sample of galaxies.
Furthermore redshifts for galaxies that are too faint for spectroscopy can be obtained
in this way. The use of photometric redshifts has greatly impoved our ability of
producing luminosity and mass functions out of multi-wavelength data.

1.7 The baryon mass fraction

Galaxy clusters can be used to study the mix of baryonic and dek matter on a scale
that is representative of the matter content of the Universe Indeed, galaxy clusters
form from density uctuations on a scale of 10 Mpc, and no mechanism is known
to easily segregate the matter on these scales. Thereford,is often argued that the
baryonic fraction within rich galaxy clusters should re ect the universal baryon frac-
tion fpb= = m,where g is the density parameter! for baryonic matter and
that of all clustered matter.

An independent measure of the baryonic fraction can be obtaied from primordial
nucleosynthesis constraints on the light{elements abundace. When the universe was
about three minutes old, the initial protons and neutrons formed helium (at a mass
fraction of 22{25%), together with some traces of deuterium3H and “Li, and these
primordial light{element abundances depend only on the comic baryonic density. In
particular, the deuterium abundance is most sensitive to g h2, and that can be esti-
mated by observing quasar absorption lines.

Also, observations of the Cosmic Microwave Background (CMB power spectra con-
strain very precisely the baryon-to-photon ratio by both the ratios of the odd and
even acoustic peaks and by the Silk damping tail (Hu & White 196, 1997). This
information, together with the knowledge of the exact tempeature of the CMB, xes
the value of 3.

Therefore, combining the value off , from cluster measurements with primordial nu-
cleosynthesis constraints and measurements of the CMB yids an estimate of the
cosmological density parameter = g/fy,. This argument has been used by White
et al. (1993) to prove that \ <1, requiring to abandon one of the basic tenets of the
theories of structure formation at that time.

The two known baryonic components in galaxy groups and clustrs are stars and gas.
The total mass of stars in the galaxies may be estimated by corerting the total

1n general the density parameter is the ratio of the density o f the given component to the critical
density of the universe.
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light with an appropriate mass{to{light ratio, or by adding up the stellar masses of
individual galaxies. The mass in galaxies in X{ray groups istypically in the range
3 1042 102 h;3u M (Mulchaey 2000). The mass of the ICM can be estimated by
model tting to the X{ray surface brightness pro le and X{ra y spectroscopy.
However, the exact value of the baryonic fraction from galay clusters and groups and
its agreement with the CMB measurements is still a matter of cebate. Many attempts
at estimating the baryon mass fraction in clusters have repaed smaller values than
the expected ones (Ettori 2003; Lin et al. 2003; Biviano & Salcci 2006; McCarthy et
al. 2007). In addition, the discrepancy appears to be largefor groups than for rich
clusters (Lin et al. 2003).

Then, some interesting questions are still open: are galaxglusters and groups repre-
sentative of the baryon content of the universe? If not, why?

1.8 Surveys of Galaxy Groups

Although most of the galaxies reside in galaxy groups, theiridenti cation is more
di cult than for rich galaxy clusters. The reason is straigh tforward: groups are fainter
at all wavelengths. Galaxy groups contain a lower number of glaxies than rich clusters,
therefore they are less well de ned in the sky, and more a ecté by contamination from
fore/background galaxies. Therefore deeper galaxy surveyare required to identify
groups, especially at non local redshifts. Also, they oftershow a more complicated
morphology than clusters, and it is more dicult to conduct a n automated search
in large galaxy catalogues. The largest optical catalogue fogalaxy groups is the one
compiled from the Sloan Digital Sky Survey(SDSS; Yang et al. 2007), which contains
8000 groups with more than 3 galaxies az <0.2.
However, the most robust way to identify gravitationally bo und groups is via detection
of their extended X{ray emission. X{ray information enables us to easily obtain an
estimate of the total mass of the systems, and thus to de ne a hysically motivated
radius to characterise a cluster/group (the virial radius, or R ). However, since X{ray
groups have a luminosity which is 10-100 times lower than that of rich clusters and
that X{ray ux su ers from a large dimming e ect with redshift, a robustidenti cation
of groups requires a deep X{ray survey on an area which is repsentative of the large
scale structure of the universe at di erent redshifts ( 10ch 'Mpc; 1 degree at z 1
corresponds to  40h 1 Mpc).
Currently, the largest catalogues of X{ray selected systera at masses lower than 1%
M do not contain more than a few tens of systems (e.g. RASSCALS Khdavi et al.
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2000; Heldson & Ponman 2000). The number decreases drastiyaat high redshift

(e.g. AEGIS Jeltema et al. 2007; Gonzalez et al. 2007; CNOC2iRoguenov et al.
20009).

In order to perform a complete study of galaxy groups, the X{ray data should also be
supplemented by:

optical data with a su cient depth to enable the study of the e volution of galaxies
within X{ray detected groups (iag >23);

a multiwavelength coverage to enable the reconstruction ofjalaxy SEDs and a
robust measurement of the galaxies' photometric redshift ad stellar mass;

high resolution imaging (< 0.1 arcsec), in order to reveal the galaxy morphology
also at high redshift.

The only survey, up to now, which combines a large area, deep {xay data, deep
multi{wavelength information and high resolution imaging is the Cosmic Evolution
Survey (COSMOS; Scoville et al. 2007).

1.8.1 The COSMOS survey

COSMOS is the largest survey ever made using the Hubble Spacklescope (HST).
It covers 2 square degrees (a square eld 1.4on a side), with an exposure in | band
obtained by a single orbit down to | o =27 mag. The whole survey consists of data
from 640 orbits, over a period of 2 years.

The coverage of such a large area enables the sampling of therde scale structure of
the universe, and reduces the cosmic variance as a source gstematic error. Indeed
large scale structures as voids, laments, groups or galaxglusters occur on scales up
to 100 Mpc comoving, and the COSMOS eld can adequately map tle galaxy evolu-
tion for a large range of environments. The COSMOS survey saples 2 1P galaxies
with I ag <27 mag

The eld is centred at RA=10 ":00™:28.6°, DEC=+02 :12":21.0" (J2000). Here galac-
tic extinction is exceptionally low and uniform (< 20% variation; Sanders et al. 2007),
but the infrared background is higher than in dark elds like the Lockman Hole (Scov-
ille et al. 2006a), which are not equatorial. On the other ham, it can be observed by
telescopes located both in the northern and in the southern Bmisphere.

The power of COSMOS resides in coupling the unique imaging solution of HST
(0.05 arcsec) with a multiwavelength coverage from both grand and space based
facilities. In particular it guarantees a full spectral coverage, with X{ray ( Chandra
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& XMM{ Newton), UV (GALEX), optical (SUBARU), near{infrared (CFHT), mid {
infrared (Spitzer), sub{millimetric (MAMBO) and radio (VL A) imaging. In particular
the X{ray information provided by the 1.5 Msec observation time with XMM{Newton
(53 pointings on the whole eld, 50 ksec each) and the additioal 1.8 Msec observations
with Chandra in the central square degree enable a robust detection of gaty groups
down to z 1.2 (Finoguenov et al. 2007). The imaging survey is complemeed by a
spectroscopic program (zCOSMOS; Lilly et al. 2007) which povided 20000 spectro-
scopic redshifts down toiag =22.5.

Such a wealth of information is an asset for a study of the couled evolution of stellar
populations, AGN and dark matter throughout an amount of cosmic time which cor-
respond to 75% of the age of the universe.

1.8.2 The COSMOS photometric catalogue

The COSMOS photometric catalogue (Capak et al. 2007; 2009)nicludes photometric
information for 2 10° galaxies in the entire eld. The position of the galaxies has
been extracted by the deepi{band imaging obtained with Suprime{Cam mounted
on the SUBARU telescope (Taniguchi et al. 2007), and the numler of galaxies is in
agreement with he number counts in the same band obtained inther surveys. A limit
of 80% completeness is achieved ahg =26.5. The catalogue contains the estimated
magnitude for each galaxy in 30 bands, from UV to infrared, aml various parameters
measured by the tting of the spectral energy distribution, such as the photometric
redshift (from the SED tting) and the guess of the galaxy spectral type (early{type;
Sb/Sc; Starburst; Irregular). The availability of 30 photo metric points to constrain the
SED, and the use of deep infrared information, enables us toey a typical photometric
redshift error of 0.01 (1+z) (1 ). The galaxy stellar mass in the catalogue is measured
by the conversion of the K{band magnitude, using mass to ligh ratio computed in
Arnout et al. (2007), and depending on the galaxy type. The typical error on the
galaxy stellar mass is 30%.

1.8.3 X{ray galaxy groups in the COSMOS eld

From a composite mosaic of the XMMNewton and Chandra X-ray data, it has been
possible to detect and measure the ux of extended sources.€., groups and clusters)
down to a limit of 10 ° erg s ! cm 2, as described in the corresponding catalogue
(Finoguenov et al. 2007, in preparation).

Extended source detection was based on a wavelet scale-wiseconstruction of the
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image, as described in (Vikhlinin et al. 1998b), employing agular scales from 8%to
2:19 Clusters and groups of galaxies were e ectively selected bthe spatial extent of
their X-ray emission, following the approach of Rosati et al (1998), Vikhlinin et al.
(1998b), and Moretti et al. (2004).

The cluster detection algorithm consists of:

1. removal of the background;

2. detection of point{like sources (i.e. AGN);
3. removal of AGN ux from the large scale;
4. search for extended emission.

As a result, a total of 300 X-ray extended sources were identi ed in the redshift
range 0< z < 1:6; they span the rest{frame 0.1{2.4 keV luminosity range 16*

Lx 10* ergs !, which is typically populated by groups and poor clusters.

Quality ags tag individual systems. Flag 1 is assigned to ohects whose center cor-
responds to the X{ray peak of the source, while ag 2 objects lave their spectral ex-
traction region rede ned to include only their robust assodation with a unique optical
system. A redshift was assigned to each candidate X{ray grop/cluster, correspond-
ing to the mean of the photometric redshift (photo-z) distribution of the red{sequence
galaxies as identi ed in Tanaka et al. (in preparation), if present, and lying within
the X{ray overdensity contour region. This redshift is chedked against the available
spectroscopic redshifts mostly provided by thezCOSMOS spectroscopic survey Lilly
et al. (2007). The presence of a red{sequence is not requirefdr the group/cluster
detection: if no overdensity of red sequence galaxies is fad in the photo{z space,
the spectroscopic data only are checked for the presence ofgalaxy overdensity in the
same area. Flag 3 is assigned to high{z groups %¥z1) which are not spectroscopically
conrmed. Flag 4 is assigned when multiple optical counter@rts are present within
the X{ray overdensity contour region.
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1.8 Surveys of Galaxy Groups

Figure 10: The wavelet reconstruction of the early-type galaxy cacentrations searched in
the photometric redshift catalogue is color coded according to theaverage redshift: blue, 0.2;
cyan, 0.4; green, 0.6; yellow, 0.8; and red, 1.0. The magenta contmioutline the area of the
X-ray emission associated with 300 extended source. The image is 1.5n a side [Credit: A.
Finoguenov].
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149.91

© (d)

Figure 11: Three{color images for a selection of 4 groups in the COSMS eld. The
images are produced using the B-V-Z Iters from SUBARU. Images ae 3 3 arcmin and
centered on the group center. The white line shows the contours foX{ray ux signi-
cance. The contours correspond to [®;15;21;27] X{ray ux signi cance. (a) XID11 at
7=0.22, Myp=1.5 10“M (b) XID29 at z=0.35, M 00=6 10*M (c) XID64 at z=0.43,
M20=3 10"M (d) XID220 at z=0.73, M 200=2 10"M is the most massive system in the
survey
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Stellar and total baryon mass fraction in
groups and clusters since z=1
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McCracken, M. Salvato, D.B. Sanders, N.Z. Scoville, S. SasakY. Taniguchi

The Astrophysical Journal, Volume 703, Issue 1, pp. 982-993

Abstract

We investigate if the discrepancy between estimates of thedtal baryon mass fraction
obtained from observations of the cosmic microwave backgumnd (CMB) and of galaxy
groups/clusters persists when a large sample of groups is msidered. To this purpose,
91 candidate X-ray groups/poor clusters at redshift Q1 z 1 are selected from the
COSMOS 2 ded survey, based only on their X{ray luminosity and extent. Thi s sample
is complemented by 27 nearby clusters with a robust, analoges determination of the
total and stellar mass inside Rypo. The total sample of 118 groups and clusters with
z 1spansarangein Mg of 103{10'® M . We nd that the stellar mass fraction
associated with galaxies at Rop decreases with increasing total mass as M3’ %94,
independent of redshift. Estimating the total gas mass fration from a recently derived,
high quality scaling relation, the total baryon mass fraction (f S °*9%° = f Stars + f 925
is found to increase by 25% when Mg increases fromhMi = 5 101 M to
Vi =7 10 M . After consideration of a plausible contribution due to intra{cluster
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2 Baryon mass fraction in groups and clusters

light (11{22% of the total stellar mass), and gas depletion tirough the hierarchical
assembly process (10% of the gas mass), the estimated valugfsthe total baryon mass
fraction are still lower than the latest CMB measure of the sane quantity (WMAPS5),

at a signi cance level of 3.3 for groups of IMi =5 10" M . The discrepancy
decreases towards higher total masses, such that it is 1at iMi = 7 10% M

We discuss this result in terms of non{gravitational proceses such as feedback and
lamentary heating.

2.1 Introduction

The baryon mass fraction is a parameter which can be constraied by the primordial
light element abundance set by the nucleosynthesis at veryaly times. It has been
measured to a very high precision from the 5 year8Vilkinson Microwave Anisotropy
Probe (WMAP5) observations of the Cosmic Microwave Background (QVIB), giving
a value of f WMAPS = 0:171  0:009 (Dunkley et al., 2009}. An independent measure
of this quantity can also be achieved with galaxy clusters. These structures are large
enough to be representative of the baryon content of the unigrse, which exists mainly
in the form of X{ray emitting gas and stars. In the absence of dssipation, they are
expected to provide a baryon mass fraction § comparable to the one measured from
the CMB (White et al., 1993; Evrard, 1997).

Galaxy systems appear in a wide range of masses, from 108 to 10 M . In
a hierarchical scenario (White & Frenk, 1991) the less masse ones, (M 101*M
referred as groups) are the building blocks for the most ma$ge ones (clusters). How-
ever, the vast majority of the attempts to estimate the baryon mass fraction in nearby
clusters have reported smaller values than expected (Ettar 2003; Lin et al., 2003;
Biviano & Salucci, 2006; McCarthy et al., 2007). In addition this discrepancy appears
to be larger for groups than for clusters (Lin et al., 2003). Explanations for this invoke
physical processes which lowefy, in clusters relative to the universal fraction (see e.g.
Bialek et al., 2001; He et al., 2006), baryon components thatail detection by standard
X-ray and/or optical techniques (see Ettori, 2003; Lin & Mohr, 2004), or a systematic
underestimate of , by WMAP (McCarthy et al., 2007).

McCarthy et al. (2007) extensively discuss possible explaations for the missing
baryons. They concluded that the observed stellar mass furion limits the contribu-
tion by low mass stars and brown dwarfs to a negligible fracthn of the total stellar

1When the WMAP5 data are combined with the distance measureme nts from the Type la supernovae
(SN) and the Baryon Acoustic Oscillations (BAO), fp, = p= m =0:1654 0:0062 (Komatsu et
al., 2009).
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2.1 Introduction

mass; furthermore they rule out a contribution by large amouwnts of centrally concen-
trated gas, on the bases of inconsistencies with current Xfay data and the assumption
of hydrostatic equilibrium. Consideration of the so calledintra{cluster light (ICL) re-
sults into a discrepancy at the 3.2 level with respect to WMAPS3 across the mass range
6 10% {10°M (Gonzalez et al., 2007). As discussed by these authors, sgshatics
may help reconciling their results with the WMAP estimate.

In this respect, the correct determination of the gas mass fiction may be crucial. In
fact, studies of the individual baryon components (stars asociated with galaxies and
gas) have shown that the stellar (53 =M £&S=M5y0) and gas mass fractions within
Rso0 2 (f &5 =M £55/M s00) exhibit opposite behaviours as a function of the total sysem
mass. In particular clusters have a higher gas mass fractiothan groups (Vikhlinin et
al. 2006; Arnaud et al. 2007; Sun et al. 2009), but a lower sti&dr mass fraction (Lin
et al., 2003). This has been interpreted as a di erence in thetsr formation e ciency
between groups and clusters (David et al. 1990; Lin et al. 208) Lagara et al. 2008)

On the other hand the mass dependence of the gas fraction anché discrepancy
between the baryon mass fraction in groups/clusters and theWMAP value can be
understood in terms of non{gravitational processes. In fat AGN{heating (which can
drive the gas outside the potential well) or gas pre{heating(which inhibites the gas
from falling towards the center of the potential) can explain the lack of gas within rspg
in groups. Therefore groups appear as the critical systemsotassess the universality
of the baryon fraction, and to understand complex physical pocesses a ecting both
the gas and the stellar components.

Little work has been conducted on estimation of the baryon mas fraction at the
group regime, mainly because of the lack of groups in existmcatalogues and the di -
culty of estimating masses for the individual components ad the total. An insu cient
sampling of the range in total mass spanned by groups and clters is problematic for
studying their overall properties in terms of mean and scater of the population 3.
A galaxy group/cluster is the result of the assembly history of the dark matter halo,
as well as of the star formation processes a ecting the gas. Bb processes lead to
multivariate outcomes and produce a large intrinsic scatte in the distribution of the
observed properties of groups and clusters. Therefore it igssential to have a large
enough sample to be representative of the population, and uriased by selection e ects,
to be able to investigate the mean trend precisely.

2R (=500,200,2500) is the radius within which the mass densit y of a group/cluster is equal to
times the critical density ( ) of the Universe. Correspondingly, M = «(2)(4 =3)R® is the
mass inside R .

3The conclusions of Lin et al. (2003) and Gonzalez et al. (2007, for example, are based only on,
respectively, 27 and 23 systems, but only 3 and 5 of them are lss massive than 16* h *' M .
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2 Baryon mass fraction in groups and clusters

Once such a sample is available, interesting questions to adess are: (1) How does
the stellar mass fraction behave across the total range of nsses? (2) Does the relation
between the stellar mass fraction and the total system masswelve with redshift? (3)
How does the gas mass fraction change as a function of the sgsh total mass? (4) Is
the total baryonic fraction in groups/clusters of galaxies consistent with the WMAP5
value?

In this paper we select the currently largest X-ray selectedsample of groups from
the COSMOS 2 ded survey which consists of 91 high{quality systems at@ z 1.
Existing observations currently do not give constraints onthe evolution of the baryonic
components in individual systems at z 0.1. Our data allow us to put constraints on
the redshift evolution of the average stellar fraction with mass, which we nd to be
consistent with zero (x4.2). Observational constraints on the evolution of the aveage
gas mass fraction also suggest zero evolution in the clusteegime (Allen et al., 2004).
We assume that this is applicable to our groups in the absencef observations to the
contrary and we note that simulations support this hypothesis (Kravtsov et al., 2005).

We complement our sample with 27 nearby clusters investigagd by Lin et al. (2003)
in order to achieve a span of two orders of magnitude in total nass (13° <M<
10 M ). In x4.3 the total mass of stars associated with galaxies is dirdly determined
for each group, and we investigate the relation between thetsllar mass fraction and
the total mass of the system. Inx4 we combine the stellar mass fraction estimates
with the most recent determination of the relation between gas mass fraction and
total mass based on a compilation of 41 locald 0.2) X{ray groups and clusters,
spanning the same range in mass as ours (Pratt et al., 2009),nd we compute the
total baryon fraction. We discuss results inx 4.5. We adopt a CDM cosmological
model ( m = 0:258, = 0:742) with Hp = 72 km's * Mpc ' consistently with
WMAPS5 (Dunkley et al., 2009; Komatsu et al., 2009). Unless oherwise stated all
quantities are estimated at an overdensity of 500.

2.2 The sample

2.2.1 The COSMOS survey of galaxy groups

The Cosmic Evolution Survey(COSMOS, Scoville et al. 2007a) was designed to probe
how galaxies, active galactic nuclei (AGN), and dark matter evolve together within
the large-scale structure. The survey is based on multi-wasength imaging and spec-
troscopy from X-ray to radio wavelengths and covers a 2 degarea, including HST
imaging of the entire eld (Koekemoer et al., 2007). Large-sale structures in the
COSMOS eld have been characterized in terms of galaxy overensity using photo-
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metric redshifts (Scoville et al., 2007b), weak lensing corergence maps (Massey et
al., 2007), di use X-ray emission (Finoguenov et al., 2007) ad a combination of these

(Guzzo et al., 2007). In particular, the entire COSMOS region was imaged through

54 overlapping XMM-Newton pointings (1.5 Ms, Hasinger et al. 2007). Additional

Chandra observations (1.8 Ms, Elvis et al. 2006) mapped the centralegion to higher

resolution.

In this study we use X{ray detection, gravitational lensing signal, optical photo-
metric and spectroscopic data of the clusters and groups iddi ed in the COSMOS
survey. The X-ray data reduction is described in detail in Finoguenov et al. (2007) and
Finoguenov et al. (in preparation). From a composite mosaiof the XMM- Newton and
Chandra X-ray data, it has been possible to detect and measure the uxof extended
sources (i.e., groups and clusters) down to a limit of 10*® erg s 1 cm 2, as described
in the corresponding catalogue (Finoguenov et al. in prepaation). Extended source
detection was based on a wavelet scale-wise reconstructiafithe image, as described in
Vikhlinin et al. (1998), employing angular scales from 8%o 2:1° Clusters and groups
of galaxies were e ectively selected by the spatial extent otheir X-ray emission, fol-
lowing the approach of Rosati et al. (1998), Vikhlinin et al. (1998), and Moretti et al.
(2004). The cluster detection algorithm consists of: (1) renoval of the background,
(2) detection of AGN, (3) removal of AGN ux from large scale, and (4) search for
extended emission. As a result, a total of 219 X-ray extendedources were identi ed
in the redshift range 0 < z < 1:6; they span the rest{frame 0.1{2.4 keV luminosity
range 181 Ly  10* ergs !, which is typically populated by groups and poor
clusters.

Quality ags tag individual systems. Flag 1 is assigned to okects whose center cor-
responds to the X{ ray peak of the source, while ag 2 objects lave their spectral ex-
traction region rede ned to include only their robust assodation with a unique optical
system. A redshift was assigned to each candidate X{ray grop/cluster, correspond-
ing to the mean of the photometric redshift (photo-z) distribution of the red{sequence
galaxies as identi ed in Tanaka et al. (in preparation), if present, and lying within
the X{ray overdensity contour region. This redshift is cheded against the available
spectroscopic redshifts mostly provided by thezCOSMOS spectroscopic survey (Lilly
et al.,, 2007). The presence of a red{sequence is not requirdr the group/cluster
detection: if no overdensity of red sequence galaxies is fod in the photo{z space,
the spectroscopic data only are checked for the presence ofgalaxy overdensity in
the same area. Flag 3 is assigned to high{z ¢&1) not spectroscopically con rmed
candidate groups. Flag 4 is assigned when multiple optical aunterparts are present
within the X{ray overdensity contour region. In this study o nly systems with quality
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ag 1 or 2 are considered.

The galaxy{group detection is irrespective of any optical taracteristic, being based
only on the presence of an X-ray extended source. The X-ray Etion is an approxi-
mate selection by halo mass, due to the tight X-ray luminosiy{mass relation (Pratt et
al., 2009); in this regard our selection is thus unbiased wh respect to both the optical
properties of the groups in our sample and the X{ray characteistic of the systems.
The purposes of the present study lead us to introduce threeufrther selection criteria:
(1) only candidate groups/clusters detected in X{rays with a signi cance higher than
3 on the ux determination are considered. Selection of the mat robust candidates
minimizes contamination by loose galaxy aggregations or querposition of AGN along
the line of sight. (2) Only X-ray extended sources withLx > 10*2 erg s ! are con-
sidered, in order to limit contamination from starburst gal axies (Grimm et al., 2003)
or eld elliptical galaxies with X-ray halos (Diehl & Statle r, 2007). (3) We limit the
redshift range to 01 z 1.0, where photoz of individual galaxies are most robust
(llbert et al., 2009); furthermore, in this range the quality of the photo{z is equivalent
to that of low resolution spectroscopy.

Figure 22 reproduces the X-ray luminosity distribution as a function of redshift for
the candidate X-ray groups/clusters within z= 1 (151 out of 219 systems). The ag
1+2 sample selected for this study contains 114 objects, of kich 44 were present in
Finoguenov et al. (2007). It contains only 3 systems atz 0.2 (Figure 22), which is
the redshift range covered by analogous studies ofy, in groups/clusters (Lin et al.,
2003; Gonzalez et al., 2007). On the other hand, it containsystems with particularly
low X-ray luminosities (i.e., with 102 < Ly < 5 10 erg s 1), though only for
Z < 0:5. The sample considered in this study is reduced to 91 objestafter removal of
23 groups with unreliable estimates of the total stellar mas in galaxies & 2.3.2). Out
of these 91 candidate groups/poor clusters, 51 are alreadypsctroscopically con rmed
(i.e. are associated with at least 3 galaxies with similar spctroscopic redshifts).

2.2.2 COSMOS X-ray-selected groups: total mass estimate

In the original catalogue (Finoguenov et al. in preparation), Mg is computed using
an Lx{M 5o relation established via the weak lensing analysis in Leautaud et al.
(2010). Briey, the COSMOS group sample is divided into nine bins that span the
redshift range Q1 <z< 0:9 and with 10**® <Ly/E(z) < 10*° erg s !, where the
function E(z) 2 m(l+ 2)3+ represents the Hubble parameter evolution for a
at metric. Only systems with a clear, visually identied BC G are used for this
analysis, to minimize issues due to incorrect centering. Foeach bin, the weak lensing
signal is calculated fromr 50 kpctor 3 Mpc in logarithmically spaced radial bins.
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Figure 12: Rest{frame 0.1{2.4 keV luminosity vs. redshift for the 151 COSMOS candidate
X{ray groups/clusters at 0.1< z < 1.0. Filled circles mark the 91 objects considered in this
study: dark or light grey identi es objects with ag 1 (45) or 2 (46) , respectively.

A weak lensing signal is detected all the way to 3 Mpc ensuringhat the lens density is
probed well beyond the virial radius. The results are t with a parametric model which
is the sum of a NFW pro le (Navarro et al., 1997) and a point{source term due to
the mass of the central BCG. The theoretical relation betwe@ mass and concentration
from Zhao et al. (2008) has been used in the t for the NFW compment and the mean
stellar mass of the central BCG's is used in order to scale theoint source term. A
comparison between the relation obtained from the combinabon of the the COSMOS
data and cluster data from Hoekstra (2007) is consistent wih that obtained by Ryko
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et al. (2008) based on SDSS data. We adopt the following fun@nal form for the

L x{M relation,
M20o E(2) _ A Lx E(z) *

5
Mo Lx:o ®)

whereMg = 10137 M , Lx.0 = 10%%7 erg s 1. Fitting only the COSMOS data yields
the best t parameters log,o(A) =0:106 0:053 and =0:56 0:12 (cited errors are
statistical only). Further details regarding the weak lensing analysis in COSMOS can
be found in Leauthaud et al. (2010).

The baryon fraction in groups/clusters can be studied at any radius, though it is
desirable to study it at the largest radius possible with repect to the virial radius of
the system because of the radial dependencies of the di eremomponents. The largest
radius for which reliable X-ray hydrostatic masses are avdable is Rsgp (e.9. Arnaud
et al., 2005; Vikhlinin et al., 2006; Sun et al., 2009). Herelier we use Mo instead
of Mygo, to enable a comparison at the same radius with previous stuiés onfy in
nearby groups/clusters. The catalogue value of Mg is converted into Msgg assuming
an NFW pro le with a constant concentration parameter ( ¢ =5).

2.2.3 COSMOS galaxies: multiwavelength photometry and pho tometric
redshifts

The COSMOS area has been imaged in 30 bands including broadSUBARU Taniguchi

et al. 2007a; CFHT McCracken et al. in preparation), medium- and narrow-bands
(SUBARU; Taniguchi et al. in preparation), ranging from the far-ultraviolet (GALEX

Zamojski et al. 2007) to the mid-infrared (Spitzer Sanders et al. 2007). This multi-
wavelength dataset is collected in a master photometric catlogue. Capak et al. (in
preparation) discuss in detail source detection and extration of photometry. The

COSMOS photometric catalogue is complete down to a totali-band magnitude of
26.5 AB mag. llbert et al. (2009) and Salvato et al. (2009) corputed highly reliable
photometric redshifts with unprecedented accuracy for a swey this large, owing to
the extraordinarily large number of photometric bands. Redshifts were attributed to

individual galaxies via a standard 2 tting procedure (Arnouts et al., 2002) encoded
in Le Phare®, written by S. Arnouts and O. llbert. Best- t solutions from this photo-z
algorithm were trained on a composite spectroscopic samplef objects brighter than
iag = 25 (see table 3 in llbert et al., 2009), mostly made of 4,000 bright galaxies
(i.e., with ipg < 225) observed as part of thezCOSMOS spectroscopic survey (Lilly
et al., 2007). Comparison of photometric and spectroscopicedshifts gives a typical
r.m.s. scatter of the photoz's equal t0 photo z = 0:02 (1 + z) for iag 25 and

www.lam.oamp.fr/arnouts/LE _PHARE.html

36



2.2 The sample

z < 1:25 (libert et al., 2009). In the presence of X-ray emitting oljects (AGNSs),
photometric redshifts were independently estimated by Salato et al. (2009).

As a by{product of the photo-z determination, spectroscopic types were attributed
to individual galaxies on the basis of their best- t broad-band spectral energy distribu-
tions (SEDs). This information is used to estimate the stelar mass of a galaxy, which
is obtained from the conversion of the Ks-band luminosity (Ibert et al., 2009) using
an evolving galaxy{type dependent stellar mass-to-Ks-bad luminosity ratio M=L kg
(Arnouts et al., 2007). This relation has been established sing a Salpeter initial mass
function (Salpeter, 1955). Stellar masses of individual glaxies are contained in the
COSMOS photometric catalogue; the fractional error on the $ellar mass of a galaxy
is typically equal to 34% , and is dominated by the mean scatte on M=L ks (Arnouts
et al., 2007).

This uncertainty pertains to the aforementioned method of estimating stellar masses.
Individual galaxy stellar masses may di er by a factor 2{3, depending on the method
used to estimate the mass (e.g Longhetti & Saracco 2009; Ksm Yoldas et al. 2007).
This uncertainty is the product of several factors; it mostly re ects the range of as-
sumptions in di ering models as for the star{formation history (e.g., single burst vs.
multiple bursts vs. continuum star-formation activity) an d the attenuation of stellar
light by dust (e.g., starburst-like vs. normal star-forming disc-like). In addition, it
results from di erent implementations of complex physics, saich as the asymptotic{
giant{branch phase of stellar evolution and metal enrichment). This scatter does not
re ect the uncertainty of the present method, which is 34% fa individual galaxies as
detailed above. This latter value is the uncertainty we attribute to individual galaxy
stellar masses in the present study.

2.2.4 Nearby clusters

The COSMOS sample is mostly composed of groups. Therefore weomplement it
with a sample of 27 nearby X{ray selected clusters with su ciently deep 2MASS
photometry (Lin et al. 2003, LMSO03) to estimate accurate stdlar masses. The total
and stellar masses were derived by LMS03 in a manner consistewith ours. In

particular, the total cluster mass is estimated from an Msgo{T x relation. The stellar
masses are estimated from the total K band luminosity of eaclcluster, assuming an
average stellar mass{to{light ratio which takes into account the varying spiral galaxy

fraction as a function of the cluster temperature.

LMSO03 provide estimates of the total gas fraction obtained fom either X-ray data or

from a scaling relation; we use instead the most recent scalg relations of Pratt et
al. (2009), based on hydrostatic mass estimates, in order toeduce systematic e ects.
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2 Baryon mass fraction in groups and clusters

We apply this both to our sample and the one of LMS03.

2.3 Data Analysis

2.3.1 Galaxy stellar mass function: completeness and extrapolation

The low{mass end of the galaxy stellar mass function of the idividual COSMOS
groups/poor clusters is probed to di erent extents by obsenations, since these systems
span a rather large redshiftrange (0L z 1). In order to achieve a common footing,
the completeness in galaxy absolute magnitude (stellar mad of the sample must be
understood.

First, we divide the sample into two redshift bins (0.1{0.5 and 0.5{1.0) containing a
similar number of objects, since the cosmic stellar mass dsity is observed to drop by
a factor of 2 fromz 0 to 1 in the eld (Wilkins et al. 2008 and references therein)
The completeness mass is estimated at=0.5 and z=1.0 from a t of its behaviour as a
function of redshift, obtained using a sampling of 0.1 in reghift as follows (Bolzonella
et al. in preparation). Firstly we derive the stellar mass (M, ) that each object would
have if its apparent magnitude was equal to the sample limit nagnitude (i.e. iag =25),
viz.

logMjim =logM +0:4 (iag 250); (6)

where M is the stellar mass of a galaxy with apparent magnitue iag. Secondly
we derive the 95% percentile of the distribution in My, for galaxies in the lower 20%
percentile in magnitude (i.e. iag 23:6) in each bin of 0.1 in redshift. Finally a t
to the corresponding envelope as a function of redshift is péormed for 0.1 z 1.0;
the ensuing values represent the stellar mass completeneas a function of redshift for
our sample. Figure 13 illustrates the behaviour of the stelir mass completeness as a
function of redshift.

For instance, the stellar mass completeness at z=1 (Mymp = 101%4M ) is about
an order of magnitude lower than the so-called \transition" stellar mass atz 1
(e.g. Bundy et al., 2005; Pannella et al., 2006). This con ris that a rich mixture of
morphologies and, thus, star-formation histories (Sandag, 1986) is present among the
member galaxies of the COSMOS X-ray selected groups/poor akters.

We compute the total stellar mass associated with galaxies foa given system as
follows. We rst add the stellar masses of galaxies more masge than the completeness
mass (atz=0.5 or 1) for which membership to a given group/poor clusteris determined
(as described inx2.3.2.1). Taking into account the mass of the individual gahxies,
rather than their statistical distribution (as in Lin et al. 2003), becomes increasingly
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Figure 13: The completeness stellar mass for our sample is computéwm the t (black dashed
line) to the 95% percentile of the distribution in M, (see text) for galaxies in the 20% lower
percentile in magnitude (grey circles) as a function of redshift. Theblack dots represent the
stellar masses for all galaxies withiag ~ 25. To reduce the plot size, we plot only one point
in ten.

important for groups, where the BCG is a large fraction of thetotal stellar mass.

The contribution from less massive galaxies is estimated ima statistical manner
from the composite stellar mass function (Giodini et al. in preparation), which can be
robustly obtained only within two broad redshift bins (0.1 z 0.5and 0.5z 1.0).
The stacked stellar mass function for systems falling in edtredshift bin is tted with
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2 Baryon mass fraction in groups and clusters

a single Schechter function (Schechter, 1976); the correicin factor for stellar masses
lower than the completeness mass, down to 10° M (typical mass of a dwarf galaxy),
is given by:

R1013

GO f(M) M dM

R - (7)
1013 '
o f (M) dMm

where Mgomp is the completeness mass for the given redshift range. Thedctional
contribution to the total stellar mass budget of galaxies with 108 M M Mcompl
corresponds to 9% ( 1%) at redshifts 0.5{1.0 (0.1{0.5). These values are almost
negligible, as in Lin et al. (2003), which con rms that the total stellar mass associated
with galaxies can be achieved almost directly from the data ér our sample of X-ray-
selected groups/poor clustersat .  z 1.

2.3.2 Total stellar mass (in galaxies)
2.3.2.1 Statistical membership

As a rst step, we estimate a projected total stellar mass, whch is the sum of the stel-
lar masses of all potential member galaxies down to the compteness mass of either
redshift bin to which a group belongs (i.e. 0.1{0.5 or 0.5{10). Candidate members
are de ned as all the galaxies within a projected distance egal to R5qg from the X-ray
centroid of a group/poor cluster and within 0:02 (1+z) from its redshift (given in the
X-ray catalogue). Then we perform a foreground/backgroundcorrection by measuring
the total stellar mass of galaxies contained in 20 circular eeas which have the same
radius as Rspp and have photometric redshifts consistent with that of a given system
within the errors. These areas do not overlap either with thegroup or with other groups
at the same redshift and are chosen to represent the coeval lé environment. Field
galaxies are selected in redshift and stellar mass followgnthe same criteria as for the
selection of potential member galaxies previously descridd. The mean and the stan-
dard deviation of the distribution of the total stellar mass es computed in the 20 regions
are taken as the value of the stellar mass associated with thoreground/background
and its uncertainty, respectively. Finally, the foreground/background value is sub-
tracted from the initial estimate of the total stellar mass of the system.

If the error on the foreground/background value is larger than half of the estimated
total stellar mass content in galaxies of a given system, ttd system is removed from the
sample. Obviously a system is excluded also if the foregrowtibackground correction
exceeds the estimated total stellar mass content in galaxi& The variance on the total
stellar mass budget in galaxies for a system is given by the su in quadrature of the
background uncertainty and the error on the total stellar mass of the galaxies of the
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system.

Furthermore we checked the in uence of masked areas on the liability of the com-
puted total stellar masses of individual groups. A region ofthe COSMOS area is
masked when the image quality is poor owing to di erent reasos (e.g. eld boundary,
saturated stars, satellite tracks and image defects). For glaxies with elliptical-like
SEDs reliable photoz's can be determined also in masked areas; therefore earlyfpe
galaxies falling in masked areas are considered. On averagée contribution of these
objects to the stellar mass budget of a group is not expectedatbe negligible. In fact, in
30 out of 37 cases where early{type galaxies falling in maskeareas are retrieved, the
new stellar mass fraction (computed inx2.4.1 ) is consistent with that of other groups
with the same Msgp, whatever the redshift. Conversely, late{type galaxies fdling in
masked areas are not considered and the impact of this choide tested a posteriori.
For 23 out of 114 groups the number of statistically establifbed member galaxies is
less than 6 and the total stellar mass is systematically lowethan the mean for groups
of similar total masses, irrespective of Mgy °. These 23 objects span the entire total
mass range and their exclusion does not a ect our results on té stellar mass fraction;
at the same time, the scatter in the stellar mass fraction deteases by 30%. Only the
resulting sample of 91 galaxy systems with at least 6 memberspanning two orders
of magnitude in X{ray luminosity, is considered in the following analysis; hereafter it
is designated the COSMOS X-ray selected group sample.

2.3.2.2 Deprojection

The total stellar mass in galaxies so far estimated refers t@ cylindrical section of the
system projected onto the plane perpendicular to the line okight. We therefore need
to deproject the total stellar mass from two to three dimensons. The average galaxy
distribution is described by a projected NFW pro le in two di mensions (Bartelmann,
1996; Navarro et al., 1997):

2 ofs
2

(¥)= 7

f(x); (8)

5This tells that 5 members only is insu cient to determine the  stellar mass budget of a group. In fact,
when the total stellar mass or luminosity of a system is computed from a population of discrete
sources, the scatter in the ensuing value turns out to be non linear when the number of discrete
sources becomes small (e.g. of order ten or less), as demonstted by Gilfanov et al. (2004) in an
analogous application.

®Nevertheless these objects are potentially an interesting sub-population characterized by an ex-
tremely slow build-up of stellar mass. Further optical foll ow up will help to better assess their
properties.
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where

x2 1 q<+l

f(x)= _1 p25arctanh LX (x<1) (9)

8 q
51 p2_arctan X% (x>1)
§ 1 x2 1+

0 (x=1)

and as a generalized NFW pro le in three dimensions

s :
(x) = XA+ X2 (10)

In both equations the radial coordinate x is the radius in units of a scale radiusrs,
X  r=rg. The scale radius corresponds to the ratio between g and the concentration
parameter c for the system. An average pro le is produced using all 91 sytems in our
nal sample, with a central density normalized to the number of groups. This high
signal-to-noise, average two-dimensional galaxy distribtion is best- tted by a two-
dimensional NFW pro le where rg = 0:27R»09. The average radial pro le is shown
in Figure 14 together with its best t (with a reduced 2 value equal to 1.2). We
remark that our aim is not to compute the concentration parameter of the galaxy
distribution for individual systems, otherwise we should take into account the scatter
in the evolution of the concentration parameter as a function of redshift. Instead we
want to compute an average correction for projection of the nass pro le of a system
as calculated inx2.3.2.1.

Using the best- t values, we compute correction factors by ntegrating the average
pro le out to R 5q0: Ry

0 (r) 4r 2dr

dpf = R : (11)
0R5°° (r) 2rdr
The deprojected total stellar mass of a system is then giveny
M26o° = dpf M 55i%500; (12)

where dpf = 0.86 is the correction factor.

2.4 Results

2.4.1 Stellar mass budget (galaxy component)

Figure 16a shows the behaviour of the total (deprojected) stllar mass in galaxies
within R sgo, M2, as a function of the total mass Msqo for the 91 COSMOS X-ray
selected groups. The distribution in Figure 16a exhibits a ather well de ned trend,
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Figure 14: Radial prole of the average number galaxy density for he 91 COSMOS
groups/poor clusters. The dashed line shows the best t NFW prole (¢ 4). The unit of
the surface density is number per area in unit of R%,, and normalized to the total number of
systems.

although a large scatter is present, especially at low masse where values can range
by a factor of 10 at a xed total mass. Part of this large scatter may have a physical
origin: di erent merging histories produce di erent total ma ss-to-light ratios for xed
total assembled mass (cf. Sales et al., 2007).

We t the relation between total stellar mass in galaxies and total mass for all 91
systems and for the 45 ag=1 groups only. Since the distribuion in Figure 16a exhibits
an intrinsic scatter larger than the errors on the individual points, the tis performed
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using the weighted least square with intrinsic scatter (WLSS) method discussed in
Pratt et al. (2006). This algorithm takes into account uncertainties on both stellar

mass and total mass and the presence of intrinsic scatter inhe data. There is a robust
correlation between ME&S and Msqo in the COSMOS X-ray selected groups:

M 500
M SRS = (0:30 0:02) ﬁfmhl : (13)
72

where =0.81 0.11 for the entire sample and =0.72 0.13 for the ag=1 subsam-
ple, and the (logarithmic) intrinsic scatter is equal to 35% in both cases.

Fitting the stellar-to-total mass ratio vs. total mass of th e system for the full sample
of COSMOS X-ray selected groups only we nd

0:26 0:09
M 500

f556%r5 = 5 O+%} 10 2 5 10]_3 M

(14)

A t to the Flag=1 sample gives equivalent results. Remarkably the relation be-
tween the mass fraction of stars in galaxies and the total mas of the system for the
COSMOS X{ray selected groups is consistent within the erros with the one found
in nearby clusters by LMS03 and Lagara et al. (2008). We now &tend the range of
total masses using the results from local clusters selectdoy LMS03, converting their
measurements to our cosmology. Since these authors do notvgi the uncertainties
associated with their total mass estimates, we assign a xedractional total mass un-
certainty equivalent to the mean of that for the COSMOS groups ( 30%). The best
t of the combined sample is

M 500 0:37 0:.04
f56o°=5:011 10 2

500 5 1013 M ; (15)

with a typical logarithmic intrinsic scatter of 50%. The data and best t relations
are shown in Figure 16b.

To better elucidate trends with total mass, we divided the data set into ve logarith-
mic bins of equal size in total mass, and computed the mean andtandard deviation
of the values of the mass fraction of stars in galaxies in eachin using the biweight
estimators of Beers et al. (1990); they are relatively largewhich gives a measure of
the heterogeneity of the population. The large points with eror bars show the trend

"This result is robust against the presence of a pair of groups which are detected at the same redshift,
but with a separation of the order of R so0. The two objects of this pair lie above the best- t relation
reproduced in Figure 16a, perhaps as an e ect of a bias in their estimated total stellar masses in
galaxies. However, new ts performed after excluding these two groups give the same results as
the previous ones.
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Figure 15: Total stellar mass in galaxies vs. total mass for the 91 COMOS X-ray selected
groups/poor clusters. Filled (empty) grey circles identify objectswith ag=1 (2). The dashed
(dotted) line represents the best t relation derived for ag=1 (a Il) groups (see equation 13)
derived taking into account uncertainties in both quantities and the intrinsic scatter of the
relation.

of these binned data with total mass: there is good agreementvith the best tting
regression line to the unbinned points, as expected.

45



2 Baryon mass fraction in groups and clusters

|

[h

500

0.01¢1

1l

1 013 10 14 10 15
M500 [h;21 M@]

1018 | ““‘1014 | ““‘1015

(@) (b)

Figure 16: (a): stellar-to-total mass ratio vs. total mass for the combined sanple of 91
COSMOS X-ray selected groups (same symbols as in Figure 16a) plug earby clusters of
LMSO03 (empty squares). The dashed line represents the best{ trelation derived for ag=1
groups of the COSMOS sample and the dotted line represents the to all COSMOS groups.
The solid line shows the best t relation for all COSMOS groups plus loca clusters. All ts
are derived taking into account uncertainties in both quantities and the intrinsic scatter in the
relation. The ensuing t parameters are given in Table 4. The large pants with error bars
show the biweight mean and standard deviation of these data binnedn 5 logarithmic bins in
total mass. b: gas fraction as a function of the system mass from a combined saie of 41
clusters and groups (Vikhlinin et al. 2006, VO6; Arnaud et al. 2007, A2P07; Sun et al. 2009,
S08). The solid line is the best t relation f&s; / MZi3. The large points with error bars show
the mean and standard deviation of these data binned in 5 bins of tal mass.

Table 1. The best t parameters for the relation between stelar mass fraction and
total mass (Eq. 14 and Eq. 15) for three samples considered. dda were tted with a
power law f S8 = N (Msp0=5 10M ) .

Sample Log(Ny

COSMOS ag=1 -1.35 0.01 -0.33 0.12
COSMOS ag=1+2 -1.35 0.01 -0.26 0.09
COSMOS+LMO03 -1.37 0.01 -0.37 0.04

2.4.2 Evolutionary considerations

Finally we inspect the presence of evolution of the relationbetween f S& and Msqg
by considering only systems at z 0.5 (we cannot t the relation for the high redshift
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Table 2. Measured values forf 555 and f

Sa1s as in Figure 28. Uncertainties
correspond to the standard deviation of the mean (see text fodetails).

Msoo/ [h7; M ] 355> f500 feo
2.1e+13 0.062 0.005 0.074 0.028 0.136 0.028
5.1e+13 0.045 0.002 0.068 0.005 0.113 0.005
1.2e+14 0.036 0.004 0.080 0.003 0.116 0.005
3.0e+14 0.021 0.002 0.103 0.008 0.124 0.009
7.1e+14 0.019 0.002 0.123 0.007 0.141 0.007

systems since they do not cover a su cient range in total mas$. The ensuing t is
fully consistent with that obtained for the entire sample within the uncertainties.

We can put a constraint on the possible evolution of the relaion by evaluating the
change in the mean off g5, for massive systems (Mgg > 5 10"M ) in two redshift
bins (z 0.5 and 2 0.5). The averagefg, changes from 0.0310.013 at z 0.5 to
0.039 0.019 at z 0.5, a less than one sigma di erence in mean values. Even takin
the maximum distances between the two values given the unctainties, the stellar
mass fraction does not change by more than 35%.

A second way to investigate a possible evolution of the stedlr mass fraction in
galaxies is to plot the ratio of the stellar fraction to the mean relation as a function
of redshift (r¢ (z) = fsiar (2)=Hf star ). Using the same ve bins in total mass as above,
no trend in r¢ (z) is evident. However a t of r¢ (z) gives a robust upper limit on the
evolution over the maximum redshift range (0{1) of 40%. Taking the median redshift
of each redshift bin (0.22, 0.72), the upper limit on the evolition of the stellar fraction
is less than 20%. This number is consistent with the upper linit on the evolution of the
relation between total star fraction and Msgg given by Balogh et al. (2008). Therefore
we conclude that our data do not support the existence of a sigi cant evolution in
the zero{point and slope of thef S&'S{M 5q relation between redshifts 0 and 1.

2.4.3 The total baryon mass fraction
2.4.3.1 The gas mass fraction

In order to determine the total baryon mass fraction in individual systems, we need to
estimate the amount of baryons in the form of hot gas which mak the intra{cluster
medium (ICM). Unfortunately, this cannot be achieved from most of the existing X-
ray observations of the total sample because their signalfe{noise is insu cient for
the purpose. Therefore, we have to resort to an estimate of th mean trend of the gas
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mass fraction as a function of Mgy established from an independent sample of well
observed groups and clusters az  0:2, selected from the samples of Vikhlinin et al.
2006 (V06), Arnaud et al. 2007 (APPO0O7) and Sun et al. 2009 (SO8 These authors
computed gas mass fractions at Ry from hydrostatic mass estimates for 10 (V06), 10
(APPOQ7) and 21 (S08, including the best quality tiers 1 and 2 gstems) clusters and
groups, respectively. The combined sample contains 41 symins and spans the total
mass range 1.510'3-1.1 10 M . After conversion to a common cosmology, a t of
the combined data set using the WLSS regression yields:

0:21 0:03

f&o(h=0:7)%2 = (9:3'%42) 10 2 Msoo

> 104 M (16)

with a scatter of 17 per cent about the best tting regression line. The data and

resulting t are shown in Figure. 16b. As discussed in the intoduction we assume that
this relation is not evolving, in the absence of observatios to the contrary. To better

elucidate trends with total mass, we divided the data set ini the same logarithmic bins
in total mass as for the stellar mass fraction, and computed he mean and standard
deviation of the distribution of the gas mass fraction values in each bin. The large
points with error bars show the trend of these binned data wit total mass. The
observed relation suggests that lower mass systems have martionally less gas than
high mass systems. Further discussion is available in Pratet al. (2009).

2.4.3.2 The baryon mass fraction (in galaxies and ICM)

We now combine the results on the stellar and gas mass fractis derived in the
previous two sections to investigate the behaviour of the beyonic mass fraction as
a function of total mass. At this stage no contribution is considered from the ICL
as de ned in x2.4.4.3. In each logarithmic mass bin we sum the mean contriltion
from stellar and ICM mass components. The values of & and f 55 in each bin are
shown in Table 2. As we wish to determine the behaviour of the gwerage systems in
a given mass bin, for each component the uncertainty is caldated from the standard
deviation of the mean (the standard deviation divided by N 1, whereN is the
number of data points in the bin). The uncertainty on the tota | baryon mass content
is then estimated from the quadratic sum of the individual uncertainties for the stellar
and ICM contributions. Figure 28 (lower panel) reproduces te average behaviour of
the sum of the two baryonic components estimated in the prewius sections (i.e. ICM
gas and stars associated with galaxies) as a function of totanass for galaxy systems

with2 108 Msee 8.1 10 M . The ensuing baryon mass fraction is an increasing
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function of the system mass:

0:09 0:03

M
fSlarsteas = (0:123  0:003) 200

2 108M ; ()

This expression is obtained after excluding the lowest maspoint which is a ected by
an extremely large uncertainty since the corresponding gafraction is estimated from
only two groups.

2.4.4 Comparison with WMAP

2.4.4.1 Raw values

As Figure 28 shows, there is a gap between the values 6£° 9% estimated from

WMAPS5 and those obtained here; this discrepancy, before angorrection, is signi cant
at more than 5 for systems less massive than 10*M (see Table 3), where the
uncertainties are calculated as described ix2.4.3.2.

2.4.4.2 Values corrected for gas depletion

We now correct the value of the baryon fraction for gas deplebn. As discussed in
Frenk et al. (1999), simulations without feedback suggest hat the ICM has a slightly
more in ated distribution than the dark matter (see also observations by Pratt &
Arnaud 2002), resulting in a decrease in the gas fraction of 1% at Rsgp. In the
absence of indications to the contrary we do not assume a mastependence for the
gas depletion. For average massive clusterdilsooi = 7 10**M ) the value of gas
depletion{corrected f S&rs*9as*depl g consistent within 1.4 with the WMAPS5 estimate.
However the gas depletion corrected value in the group regim (fMsgoi =5  101°M )
is still 4.5 discrepant from that of WMAP5 8.

2.4.4.3 Values corrected for gas depletion and ICL

The existence of a diuse stellar component in galaxy groupstlusters is now a well
established observational result, but the way the ICL is de ned and measured is not
unique (see Zibetti 2008 for a recent review). The quality ofour observations is
insu cient to measure the contribution of di use, very low su rface brightness light
(>25.8 K{mag arcsec 2) within r 5o directly for individual systems in the sample.
To quantify the amount of stellar mass which is associated wh diuse light that

8We note that this discrepancy represents a lower limit if a fu rther 10% reduction of the gas mass is
applied due to the clumpiness of the ICM as in Lin et al. (2003) . However this correction is not
applied in most of the studies of gas component in clusters.
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Table 3. Discrepancy off, from the WMAP5 value in sigma units

Moo/ [h 721M ] fb/[ fb] fb/[ fb]a fb/[ fb]b
2.1e+13 >1.2 >0.8 >0.3
5.1e+13 5.3 4.5 3.3
1.2e+14 51 4.2 3.2
3.0e+14 3.7 2.6 2.1
7.1e+14 2.6 1.4 1.0

aAfter correction for gas depletion.

b After correction for gas depletion and ICL.

escapes detection during the standard photometry extracton with SExtractor (Capak
et al., 2007), we are guided by previous observational restd. In particular we consider
Zibetti et al. (2005), Krick & Bernstein (2007) and Gonzalez et al. (2005). Zibetti et al.
(2005) used stacking analysis of 683 systems at z=0.2{0.3 ng@ing in total mass from
afew times 133 to 5 10'*M (the average total mass is 7 10¥M ), selected from a
1500 ded of SDSS-DR1, reaching the unprecedented surface brightnedimit of 32
mag arcsec? (R{band in the z=0.25 observed frame). They show that on aveage the
ICL contributes  11% of the stellar light within 500 kpc. In a complementary study
Krick & Bernstein (2007) used a sample of massive clusters Wi a range of morphology,
redshift and densities to nd that the ICL contributes with 6 %{22% to the total
cluster light in r{band within one quarter of the virial radius, nding no appr eciable
correlation with cluster mass. Given these results, we assuae that the contribution
of the ICL to the total mass of a system is equal to its observedcontribution to
the total light and ranges between 11 and 22%. This range is awistent with the
theoretical results by Murante et al. (2007) and Purcell et d. (2008), in their attempt
of modelling the ICL by numerical simulations. Furthermore given the complete lack
of observational constraints, we assume that the ICL mass fiction is not evolving
with redshift for 0 < z< 1; this is supported by the simulation of Dubinski et al. (2003)
as shown in Feldmeier et al. (2004). We discuss the impact ofus choice on the results
in x2.4.5. The nal gas depletion corrected values including tle ICL contribution
of faarstgastdeptiCL  are Jower than the WMAPS estimate across the entire explored
mass range; JastoastdentCL s in agreement with the WMAPS5 result within 1 in
the massive cluster regime, but still discrepant at a signicance level of at least 3.3
for groups (see Figure 28).
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Figure 17: Lower panel: average stellar to dark mass ratio (lled poirs) for the COS-
MOS+LMO03 sample and average gas fraction (empty points). Uncetainties are computed
from the standard deviation of the mean in all cases. Upper panel: dtal baryonic fraction ob-
tained summing the points in the lower panel compared with the univesal value by WMAP5
(dark grey stripe). The dashed-dotted line represents the t to the measured points. The
dashed line represents the t to the points where the gas fractionhas been corrected for a
10% gas depletion. The light grey stripe is the t to the relation taking in account both gas
depletion and a constant (11{22%) ICL contribution to the stellar m ass.

2.4.5 Impact of systematic e ects

The basic observational result of the present study is that he baryon mass fraction,
corrected for gas depletion and ICL contribution, is consigent with WMAP5 estimate

within 1 for clusters with iMi=7 10"M but is signi cantly (3.3 ) lower for groups
with fMi=5 10®M . At the cluster scale our result on the baryon fraction is corsis-
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tent with that of Lin et al. (2003), indicating that di erent a pproaches do not show
systematic di erences in the determination of the gas fracton scaling with the cluster
mass. Furthermore we note that the scaling relation determned by Pratt et al. (2009)
is based on three di erent samples of groups and clusters: tlishould reduce the po-
tential bias produced by sample selection. In Pratt et al. (009) the best t relation
to the combined data from hydrostatic estimates reproduceshe REXCESS sample
distribution where the gas masses have been estimated usirtge M{T relation of Ar-
naud et al. (2005). This suggests that potential systematice ects on our estimates of
the gas mass fractions at low redshifts are negligible.

In the absence of direct estimates of the gas fraction atz0.2, we have to rely upon
the results of existing simulations, which predict the gas faction within r sgg to increase
on average by 5% (adiabatic simulations) or 10{20% (simulations with coding and
star formation) between z=0 and z=1 for groups and poor clusers (Kravtsov et al.,
2005). Applying a correction to this e ect at the median redshift of the COSMOS
group sample (by 5{10% at z=0.5), the discrepancy in the barypn mass fraction be-
tween groups ofiMi=5 10"M and WMAPS5 is reduced to 3.0{2.6 . Therefore we
conclude that systematic underestimates of the gas fractio alleviate but do not solve
the discrepancy at the group scale.

Since inside groups the stellar mass fraction is comparabl® the gas mass fraction,
we analyze the impact of the ICL fraction and the adopted stelar mass{to{light ratio
(M/L) of the galaxy population. We have adopted a mass indepadent correction to
the total stellar mass fraction for ICL, equal to 11{22%. If a strong anti{correlation
between the ICL mass fraction and the total mass of the systenexists, and the true
ICL mass fraction is equal to 50% at the group scale, an agreement between our
total baryonic mass fraction and the WMAP5S estimate is reacted. Such a gure has
been claimed by Gonzalez et al. (2007) for a sample of 23 BCG{uminated clusters
and groups. However the ICL{to{BCG light ratio (ICL/BCG) is strongly dependent
on the decomposition of the total surface brightness pro leof the two components and
the photometric depth (Gonzalez et al. 2005; Zibetti 2008). We note that Gonzalez et
al. (2005) give ICL/BCG >5 by applying a simultaneous decomposition of the surface
brightness distribution of BCG+ICL in two De Vaucouleurs co mponents: the outer
one is considered as the genuine ICL and the inner one as the B Conversely,
Zibetti et al. (2005) obtain ICL/BCG <0.5 by tting only the inner pro le with a De
Vaucouleurs model (which represents the BCG) and considenig all the residual light as
ICL. Nevertheless, Zibetti (2008) applied a two{De Vaucouleurs decomposition to the
Zibetti et al. (2005) data obtaining ICL/IBCG 2, and concluded that the ICL+BCG{
to{total light ratio is a much more robust measurement, which is likely equal to 0.3
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(in light) for systems of average mass 7 10*M . The high value of ICL/BCG found
by Gonzalez et al. (2007) may be the result of a sample bias, asuggested by the
same authors. On the other hand the lack of trends reported byZibetti et al. (2005)
could be intrinsically biased by the adoption of a xed metric aperture of 500 kpc,
which correspond to smaller fraction of R200 for more mass# clusters. Given the
steeper prole of the ICL with respect to galaxies, the ICL fraction of more massive
clusters could be overestimated and a correction for this e et could reconcile these
results with the negative trend found by Gonzalez et al. (20@), but not with the
extreme values of ICL+BCG{to{total light ratio. Generally , it is evident that better
determinations of the trends of the ICL with cluster mass andrichness are needed.

The COSMOS groups sample contains a whole range of systemshigh exhibit a
BCG{to{galaxy stellar mass ratio from 0.2 to 0.9. For these goups the estimated
ICL+BCG{to{total light ratio for the average group is 0.36, broadly consistent with
the generally accepted average value of 0.3 (Gonzalez et &007; Zibetti 2008). This
suggests that we are not missing an important contribution d the stellar mass in our
analysis, in spite of our de nition of ICL.

Another systematic e ect may be introduced by the computation of the stellar mass{
toflight ratio for the ensamble of the member galaxies and the ICL. In our case we
use M/L values that correspond to the individual star formation histories of individual
member galaxies (Arnouts et al., 2007) and we do not make assaption on the M/L
of the ICL. Hence the major source of systematics on the stedl mass{to{light ratio of
our galaxies is given by the adopted initial mass function (MF). For instance, a change
from a standard Salpeter to a Chabrier IMF reduces the M/L by 30% (Longhetti &
Saracco, 2009). This translates into a decrease by 30% of thetellar mass associated
with galaxies which makes the bulk of the total stellar massm our systems. There is ho
compelling reason to abandon the Salpeter IMF (Renzini, 208), but it is a possibility
explored in the literature. Lin et al. (2003) obtained the stellar mass{to{light ratio
for the ensamble of group/cluster member galaxies by foldig in a morphological type
dependent M/L with the temperature dependence of the spiralfraction; Gonzalez et
al. (2007) assumed that the ICL and all member galaxies sharéhe same stellar M/L,
as the one that characterise an early type galaxy. The lattercase assumes that the
intergalactic stars are homogeneous with the BCG stellar ppulation. However, it has
been suggested that the ICL may (also) origin from the stripgng of non{BCG galaxies
inside the group/cluster (Purcell et al. 2008; Pierini et al. 2008), which are on average
bluer than the BCG, especially in groups (Zabludo & Mulchaey 1998; Weinmann et
al. 2006; Poggianti et al. 2006). For example, if the ICL masgo-light ratio used in
Gonzalez et al. (2007) is overestimated by a factor 2, it traslates in tghe systematic
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overestimation of the baryon mass fraction by 10%.

This systematic e ect has the same amplitude, but opposite gjn, of the potential
o set applied to the gas fraction{mass relation according to Gonzalez et al. (2007).
Therefore we conclude that a 3 discrepancy between the baryon mass fraction of
groups and the WMAP value holds against major systematic e ed¢s on the stellar
populations either di use or associated with galaxies.

An overestimate of the total M/L is not enough to explain the values of the stellar
mass fraction for the lowest mass systems in Gonzalez et al2Q07) which largely
exceed the constraint on the total baryon fraction set by WMAP5 (as also noted in
Balogh et al. 2008). A way out is a systematic and large undergtimate of the total
masses of these systems, as also suggested by Balogh et alO@y.

We conclude that a robust estimate of the total mass is cruciafor systems with
the lowest mass (in our samplelMsgoi 2 10'3M ). Our estimates are based on the
Lx{M 200 relation established via the weak lensing analysis in Leadtaud et al. (2010),
and exhibit a typical uncertainty of 30%. The use of di erent t otal mass estimators
could o er a test of the presence of systematics, but unforturtely this is still hard to
achieve for statistical large samples of groups at di erent edshifts.

2.5 Discussion

We have investigated if the discrepancy between estimatesfdhe total baryon mass
fraction obtained from observations of the CMB and of galaxy groups persists when
a large, unbiased sample of well-characterized groups is msidered. The COSMOS 2
deg? survey meets this requirement, yielding 91 candidate X-raygroups/poor clusters
at redshift 0:1 z 1. In order to extend the span in total mass to two orders of
magnitude (2 103 <Msgp < 1.2 10'°M ), we consider 27 nearby clusters investigated
by Lin et al. (2003). Comparable robust measurements of totamass and total stellar
mass (in galaxies) exist for individual objects of both subamples, as shown in the
previous sections. In addition, the same scaling relations used to estimate the gas
mass fraction in both subsamples. This enables us to build aojnt sample of 118 X-
ray selected groups and clusters az 1 for which the importance of systematics is
reduced (seex2.2). For this sample, the behaviour of the total stellar mas fraction as
a function of the total mass can be investigated for a large rage in total mass and, for
the rst time, in redshift (at least for groups). The results of our analysis and their
impact on the widely accepted paradigm of the hierarchical gowth of structure in the

®These objects certainly impact the strongly inverse total m ass dependence of the total stellar mass
fraction found by Gonzalez et al. (2007).
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universe are discussed hereafter.

2.5.1 The stellar mass fraction

We have shown (Figure 16b) that the stellar-to-total mass raio in COSMOS groups
and in 27 local clusters is anticorrelated with the total mass of the system. This
relation is given by f 22 / M 33" %94 which holds also after introducing the mass
independent correction for the ICL (seex2.4.4). The global trend betweenf S&'s and
Msqp is consistent with that observed in clusters at = 0.3 both by LMS03 and Lagara
et al. (2008) using much smaller samples. We extend their resdts to the low mass
regime by one decade and to higher redshift.

The di erence in the number of stars formed per unit of halo mas between groups
and clusters has been interpreted in terms of a varying e ciency of the star forma-
tion with the total mass of the system (e.g. Lin et al., 2003). A variation in the
star{formation e ciency for systems with virial temperatu res 10’ K is a result of
simulations by Springel & Hernquist (2003); it is interpreted in terms of cooling ows
being less e cient in shutting o star formation in groups. A n alternative possibility
is that clusters are formed not only by merging of groups and maller clusters but also
that they accrete a large fraction of their galaxies (with a low stellar mass fraction,
of the order of 0.01) from the eld (White & Frenk 1991; Marino ni & Hudson 2002).
However after a mass independent correction for the ICL conibution (introduced in
x2.4.4), the relation f2&s | M 23" 9% is in agreement with the constraint on the
slope set by the hierarchical model of structure formation under the assumption that
at least half of the stars in groups were formed by = 1 (Balogh et al., 2008)!°. This is
supported by the apparent absence of evolution for this reldon in our sample within
the redshift range 0.1{1. This shows how observational stugks such as the present one
can improve the constraints on models and foster our undersinding of the underlying
physical processes.

2.5.2 The total baryon mass fraction

Combining the computed stellar mass fraction with the estimated gas mass fraction
derived from the mean local relation in Pratt et al. (2009), we nd that the gas plus
stellar (galaxies) baryon mass fraction increases by 25% (from 0.11to 0.14) when
the total mass increases by a factor of one hundred. After a awstant 10% correction
for gas depletion and a further correction for a constant 11£2% ICL contribution,
the value of f Sas*0astdenICL ¢4 an average cluster is consistent within 1 with the

19\We note that a steeper relation is obtained when the strongly inverse mass dependent ICL fraction
of Gonzalez et al. (2007) is used (see Balogh et al. (2008) foithe discussion).
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cosmic value measured by WMAP, while thef Sars+9astdeptiCL  ¢5nd for an average

group di ers from it at more than 3 . Given the heterogeneity of the sample (see e.g.
Figure 16b), for some objects the gap betweer Sars+9astdepICL 54 the WMAPS
value could be negligible or, conversely, statistically meoe signi cant for objects in
the same bin of total mass, but at the two extremes of the distibution in f32..
Unfortunately we do not have a measure of the gas mass fractiofor individual objects,
therefore we focus on the behaviour of the average object. Wdid likewise for the
ICL by assuming a xed fractional contribution of 11{22% across the entire mass
range. Possible systematic e ects introduced by our de nition and estimate of the
ICL contribution are discussed in x2.4.5. Here we stress that they do not lead to an
anomalously low BCG+ICL contribution to the total mass of th e system. Thus the
discrepancy at the groups regime in not erased by uncertaiies on the stellar mass
fraction. In the absence of evidence for a systematic and relant underestimation of
the gas mass fraction in our systems (sex2.4.5), we interpret the discrepancy as a lack
of gas, by 33%, at the group regime. This may be produced by feack (stellar and/or
AGN), as suggested by high-resolution cosmological simutens including cooling,
star formation, supernova feedback, and AGN radio{mode fedback in galaxy clusters
and groups (Puchwein et al. 2008, Bower et al. 2008, Short & Thmas 2008). Since
supernova feedback appears to be insu cient to explain the Ly {T relation (Puchwein
et al., 2008), feedback by AGN seems necessary. According this interpretation,
gas can be removed from within Rgp mainly as a consequence of the mechanical
heating produced by a central AGN. The action of the AGN is larger in groups than
in clusters simply because the potential well is shallowerr the former systems. In a
forthcoming work we will quantify the feedback by AGN radio{ mode for the COSMOS
groups. Another proposed mechanism capable of accountingif the "missing" gas is
"lamentary heating" (Voit & Bryan, 2001). Low entropy gas i s consumed in star
formation before the group formation, which eventually raises the entropy of the gas
which becomes the ICM. The resulting higher entropy level imibits the gas from falling
towards the center of the potential well, which can explain the lack of gas in the central
region of groups (Sun et al., 2009).

2.6 Conclusions

The baryon mass fraction is a parameter which can be constraed by the primor-
dial light elements abundance set by the nucleosynthesis agarly epochs. It can be
independently measured from observations of the CMB (e.g. WIAP) or of galaxy
groups/clusters. Di erent studies of the baryon mass fraction in nearby galaxy sys-
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tems have reported values lower than the one from WMAP, the dscrepancy being
larger for groups than clusters. We investigate if this discepancy persists when a
sample of local clusters is supplemented by a large, unbiadesample of groups at
0:1 z 1:.0. Hereafter we list our conclusions.

1. The stellar mass fraction associated with galaxies is aitorrelated with the mass
of the system: f2&'s | M 23" 994 This is consistent with previous results on
local clusters. The validity of this result is now extended ty one decade in total
mass and to redshift 1.

2. The previous relation holds after correcting the stellarmass fraction for a mass
independent 11{22% contribution from the ICL as suggested lp both observa-
tions and simulations. The slope of thef S&S{Msqo relation is consistent with
the constraint set by the hierarchical paradigm of structure formation (Balogh
et al., 2008). No signi cant evolution in the relation between £&° and Msq is
observed. This supports the scenario in which massive clusts form mostly by
merging of less massive groups and clusters, and observedgps in the redshift
range 0{1 have formed the bulk of their stellar mass by z 1.0.

3. Combining measured values of the stellar mass fraction wh values of the gas
mass fraction estimated from an average relation obtaineddr a local sample,
foes T9% increases by 25% from groups to clusters. After the introdution of
appropriate corrections for gas depletion and ICL contribution, the total baryonic
mass fraction at the groups regime still di ers from the WMAPS5 value at 3.3 .
We interpret the origin of this discrepancy as a lack of gas (p 33%), which can
be produced either by feedback (supernovae and/or radio{mde AGN heating)

or by " lamentary heating".

Our results provide useful constraints on simulations of tte aforementioned processes.
In particular the availability of a large unbiased sample of groups o ers direct and
stringent constraints on models rather than relying on extrapolation of the behaviour
of the stellar fraction as a function of mass in the entire fanily of systems with
10" <Msgg < 10"*M . Future observations will increase both the statistics andthe
redshift sampling rate, so that a test and extension of our caclusions will be possible.
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Chapter

Radio galaxy feedback in X{ray selected

groups from COSMOS: the e ect on the
ICM
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Salvato, D.B. Sanders, J. S. Kartaltepe, D. Thompson

The Astrophysical Journal, in press

Abstract

We quantify the importance of the mechanical energy releask by radio-galaxies in-
side galaxy groups. We use scaling relations to estimate theechanical energy released
by 16 radio-AGN located inside X-ray detected galaxy groupsin the COSMOS eld.
By comparing this energy output to the host groups' gravitational binding energy, we
nd that radio galaxies produce su cient energy to unbind a s igni cant fraction of the
intra-group medium. This unbinding e ect is negligible in ma ssive galaxy clusters with
deeper potential wells. Our results correctly reproduce tle breaking of self-similarity
observed in the scaling relation between entropy and tempeture for galaxy groups.
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3 Radio{galaxy feedaback in X{ray selected groups

3.1 Introduction

Galaxy groups are important laboratories in which to investigate the importance of
non{gravitational processes in structure formation. These processes are potentially
more important in galaxy groups than in massive clusters beause of their lower grav-
itational binding energy. This is suggested by the signi cant deviation of the observed
X{ray luminosity and entropy versus temperature (Lx {T and S{T) scaling relations
in groups compared to the relation expected in a purely graviational scenario (see
also Pratt & Arnaud 2003; Markevitch 1998; Arnaud & Evrard 1999; Ponman et al.
2003; Sun et al. 2009; Pratt et al. 2009). Radiative cooling @ be invoked to explain
this deviation, but then the predicted fraction of stars in clusters of a given mass is
incorrect (Voit, 2005; Balogh et al., 2008). To simultaneotsly explain the properties
of the intra{cluster/group medium (ICM) and account for the observed properties of
galaxies, it is necessary to take into account a major conthiution to the cluster/group
energetics from non{gravitational heating.

The two main sources of non{gravitational heating are star{formation and active
galactic nuclei (AGN). Cosmological simulations (e.g. Kay2004; Bower et al. 2006;
Sijacki & Springel 2006) show that both processes are requéd to reproduce the prop-
erties of the ICM. In particular, recent simulations by Bower et al. (2008) successfully
reproduce both the galaxy and ICM properties (see Short & Thanas 2009) when they
include a "radiofmode" AGN feedback phase: in this phase themovement of bubbles
in ated by the AGN jets transfers energy into the gas within t he cluster (mechanical
heating). The observable objects providing this type of fedback inside groups and
clusters would be radio galaxies (Croton et al., 2006). The rain di erence between
the Bower et al. (2008) model and others, including radio{male AGN, (Bower et al.
2006; Sijacki & Springel 2006; Puchwein et al. 2008;) is thatit allows the radio mode
feedback to expel gas from the X-ray emitting regions of the ywstem.

The importance of such AGN-feedback in groups could explairthe observational
result by Lin et al. (2003), McCarthy et al. (2007) and Giodini et al. (2009), that the
total baryon fraction in groups is lower than the cosmic value estimated from cosmic
microwave background (CMB) observations (see Giodini et al2009 for more details).
The discrepancy decreases in systems of higher total massjch that it is <1 for
massive clusters.

In this Paper we propose a simple, direct method to test the hpothesis that radio
galaxies in groups can indeed inject enough mechanical erwr to unbind the intra{
cluster gas. The Paper is structured as follows. In Section 2ve select a sample of 16
groups from the COSMOS 2 ded survey discussed in Giodini et al. (2009), each hosting
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3.2 The samples

a radio galaxy within the virial radius (Schinnerer et al. 2007; Smotc et al. 2008),

plus a control sample of massive clusters from BYzan et al(2004). In Sections 4.3 and
4.4 we then compare the groups' binding energy to the mechaoal energy output by
the radio sources, derived from their total radio luminosity through scaling relations.

Applying this method, we show that the mechanical removal ofgas from the group
region is indeed energetically feasible for systems below3 10'*M . In Section 4.5
we discuss how this scenario compares to the deviation in thecaling relation between
entropy and temperature at the groups scale.

We adopt a CDM cosmology with h=0.72, ,,=0.25, =0.75.

3.2 The samples

3.2.1 Radio galaxies in X{ray detected groups

We use the catalog of 91 X{ray selected groups from the COSMOSurvey (Scoville
et al. 2007a; Finoguenov et al. in preparation), selected adescribed in Giodini et al.
(2009). Extended source detection was performed using a mtigcale wavelet recon-
struction of a mosaic of XMM and Chandra data. For each group,member galaxies
are identi ed within R s9q* of the group center, utilizing the high quality photometric
redshifts available ( ( z)=(1+ z)=0.02 at i ag ? <25, llbert et al. 2009).

We use a sub-sample of the VLA{COSMOS catalog (Schinnerer eal. 2007; Smotc
et al. 2008) to identify radio galaxies lying inside the X{ray selected groups. Of the 60
radio galaxies identi ed within the VLA-COSMOS Large Project (Schinnerer et al.
2007; 1.49 GHz), about 80% have been associated with a secusptical counterpart
(Smott et al., 2008) with iag 26, and accurate photometry (thus also with accurate
photometric redshifts; Ilbert et al. 2009; Salvato et al. 2M9).

We have cross-correlated this sample of radio galaxies witthe X-ray selected galaxy
groups in 3D space using a search radius of 1R»g (Finoguenov et al. in preparation)
around the groups' centers and within 0.02 (1+z) from the group's redshift. This
resulted in a sample of 16 systems matched in position and rethift. In Appendix
A we show the contours of the radio 20 cm and X{ray emission suerimposed to the

1R (=500,200) is the radius within which the mass density of a g roup/cluster is equal to times
the critical density ( ¢) of the Universe. Correspondingly, M = «(z) (4 =3)R?® is the mass
inside R . Moo is computed using an Lx{M 200 relation established via the weak lensing analysis
in Leauthaud et al. 2010. The catalogue value of Mz is converted into M sgo assuming an NFW
pro le with a concentration parameter computed from the mas s-dependent relation of Macco et
al. (2007).

2AB magnitude in the SUBARU i band.

3The term \radio galaxy" is used here to describe an extended radio source with clear jet/lobe
structure.
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3 Radio{galaxy feedaback in X{ray selected groups

SUBARU zp band image for each of the groups. In 9 out of 16 cases the radgalaxy is
located in the core of the group (de ned asR < 0.15R5qp). The 20 cm radio luminosity
densities* of these galaxies range from 5:5 107 4:8 10°° W Hz !, with a median
luminosity of 8:9 10 W Hz ( F 73 108 64 10* ergs 1, with a median
luminosity of 1:18 10* erg s %) . This median luminosity is at the high end of the
radio luminosity distribution of the full radio AGN sample ( c.f. Fig. 17 in Smotc et al.
2008, and Fig. 5 in Smott et al. 2009), consistent with previous ndings that powerful
radio galaxies inhabit group-scale environments (e.g. Bam et al. 1992). The redshift
distribution of the 16 groups is fairly uniform between 0.1 and 1, with the exception
of 6 sources concentrated at z0.3 (where a large structure extends throughout the
whole COSMOS eld). The groups have X{ray luminosities ranging from 1 10*? to
8.7 10® erg s ! and span a mass range of 2103 <Mygg <2 10“M with a median
mass of 7.14 10*M

3.2.2 The comparison sample of massive clusters

The COSMOS X{ray sample is mostly composed of groups. We conmipment it with
12 well known radio galaxies inside massive clusters, extcéed from the sample of
BYzan et al. (2004). We use those clusters from the Birzars sample which overlap
with the HIFLUGCS survey (Reiprich & Boehringer, 2002) so that we can use the
X{ray parameters determined from the HIFLUGCS clusters. In addition we require
that the radio source within those clusters is associated wi a secure NIR counterpart
in the 2MASS catalogue (Skrutskie et al., 2006). These requements eliminate 4 of
the clusters in the original Birzan et al. sample. Each of thee clusters contain X{
ray cavities associated with radio bubbles likely connecte with AGN activity of the
central galaxy. The radio galaxies have been identi ed withn the NRAO VLA Sky
Survey (NVSS) at 1.49 GHz (Condon et al., 1998), except in theease of the Centaurus
Cluster where data come from the 1.41 GHz Parkes Radio SourseCatalogue (Wright
& Otrupcek, 1990). The 20 cm radio luminosities of the radio @glaxies range between
2 10 and 2 10" erg s !, with a median luminosity of 1.4 10* erg s 1, more
than 10 times higher than the median radio luminosity of the radio galaxies in the
COSMOS sample.

The X{ray parameters for these clusters are provided by the Xray analysis in the
HIFLUGCS survey, and converted for the standard cosmology sed in this paper. The
sample consists of very local clusters, ranging in their todl mass between

1 10" <My <1.2 10'°M with a median mass of 4.25 10'“M , almost 10 times

4Computed using the total ux densities ( F ). K{correction is also applied assuming a spectral
index of =0:7 (F / ).
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higher than the median total mass of the systems in the COSMOSample

3.3 Analysis of the COSMOS group sample

3.3.1 Mechanical energy input by radio galaxies in groups

We estimate the mechanical energy input by a radio galaxy inb the ICM over the

group lifetime from the mechanical luminosity of the radio source multiplied by the

fraction of time a massive galaxy spends in the radio-AGN phae. The mechanical
luminosity for the radio galaxies in our sample is estimatedfrom the scaling relation
presented in Byzan et al. (2008). These authors studied aample of galaxy clusters
showing signatures of cavities and bubbles in the X-ray sudce brightness 2D distri-
bution, with a powerful radio source as a central galaxy. Thecavity power of the radio

source, estimated from thepdV work of the jet/lobe on the surrounding ICM, is found

to be correlated (albeit with a large scatter) with the monochromatic radio power at

1.49 GHz of the central galaxies P1.49GHz ) as

Peav | Priagars’ (18)

(see Eqg. 16 in BYzan et al. 2008).P1.49GHz IS computed from the radio{emission
of the entire source. This estimate is a lower limit to the mebanical luminosity of
the AGN outbursts, since it does not take into account the enegy dissipated (e.g. in
shocks). Pqyy is related to the pdV work through

4PV
Pcay = —— (19)

(Churazov et al. 2002; Byzan et al. 2008), where is the duration of each single
AGN outburst and 4 is the factor used for relativistic plasma. Smotc et al. (2009)
investigated the fraction of radio AGN as a function of cosmt time and stellar mass
of the galaxy. This fraction can be related, through a probablity argument detailed
in Smott et al. (2009), with the time a galaxy of a given stellar mass and at a given
redshift spends as a radio galaxy (agio). Using this result we can estimate the average
duration of radio sources as a function of redshift and stedr mass of the host galaxy
(see Fig. 12 in Smott et al. 2009P. This gives a plausible time-scale during which

®To derive the values of g0 Smott et al. (2009), it is assumed that the radio parent p opulation (red
massive galaxies) is formed atz = 3 (Renzini, 2006) and survives until z = 0. Since the COSMOS
radio galaxies are not at z = 0, the time-scales computed in Smott et al. (2009) coin cide with

ours if multiplied by =253 E= 0 where t is the age of the universe at redshift z and zgal is
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3 Radio{galaxy feedaback in X{ray selected groups

the radio AGN can have injected mechanical energy into its emironment. For the 16
COSMOS X{ray selected groups, radic ranges between 0.003 and 4.18 Gyr, with a
median value of 3.1 Gyr. The mechanical energy contributioncan then be estimated
as

Emech = Pcav radio - (20)

The values of Enech fOr our sources are shown in Table 1 and span a range between

2 10°7{3 10P! erg h,Z. The uncertainties in the radio mechanical energy input are
dominated by the scatter in the scaling relation used to conert the monochromatic
power into mechanical luminosity, which amounts to 0.85 dexand by the uncertainties
oNn radio- We use (agic as derived from an average estimate over a sample of radio
galaxies in the COSMOS eld as a whole, irrespective of theirenvironment. One
might expect the density of the environment surrounding thejets to have a signi cant
impact on the jet lifetime. However, the fraction of radio galaxies that resides within
the COSMOS groups is comparable with the fraction of red magse galaxies within
groups in the control sample used in Smotc et al. (2009) (espectively 18% and 16%
within Rogp); this assures that the statistical argument used to compue the time{
scales holds also in this case. Furthermore we can estimatenaaverage time{scale
based on only extended radio galaxies in the whole COSMOS gup sample as follows.
Of the 141 COSMOS groups atz < 1 and with Lx > 10* erg s 1, 32 contain a multi-
component radio galaxy. Therefore the average duration ofte radio galaxy activity
during this time interval is (32=141) (t(z=1) t(z=0)). Thisis 1.7 Gyr, atime-
scale comparable with the average life-time estimated withithe method by Smott et
al. (2009) ( 1.6 Gyr®).

3.3.2 Binding energy of the intra{group medium

We consider the shape of the dark matter halos to be charactézed by NFW (Navarro
et al., 1996) radial pro les

(x) = ﬁ 1)

wherex = r=rg, rg is the characteristic radius, and . is the critical density of closure

of the universe. ; is de ned as

_ 200¢3
€ 3In(l+c) cH1+ 0

(22)

the redshift of the radio galaxy.
GCOmpUted as max_( radio )me (radio )
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3.3 Analysis of the COSMOS group sample

Table 4. For each of the 16 COSMOS groups, the columns indicat1) X{ray
catalogue ID number 2) R.A. 3) Dec. 4) redshift 5) Power at 1.4GHz 6) Mechanical
Power 7) Binding energy 1 condence limit 8) Emech 1 con dence limit 9)
radio 10) distance from the center

XID R.A. DEC. z P1:49 GHz Pcav E binding E mech radio R=R200
[J2000]  [J2000] [10?* W/Hz] [10 %6 W]  [10%Cerg]  [10% erg]  [Gyr]
107  149.60965 2.14799  0.28 1.11 7.353 5915342 051437 0221  0.3783
262 149.60007 2.82118 0.34 19.0 19.85 1273880 24151348 3858  0.0011
253 149.75626  2.79472 0.49 6.71 13.78  40.1%3%  10.148%8  2.332  0.0042
246 149.76132 2.92909 0.34 0.90 6.828 289872  7.003%% 3252  0.6181
311 149.93796 2.60627 0.34 6.38 13.54 17.221%2 018341 0.042  0.2195
264 149.99847 276914 0.16 0.32 4775  6.9418  0.0045:827  0.003  0.0007
281 150.08617 2.53141 0.88 8.90 15.21 84.9%:%2 1241789 0258  0.8614
191 150.11434 235651 0.22 171 8554  8.3801%3 6.122872 2269  0.0757
237 150.11774 2.68425 0.34 27.7 22.65 1053%:%5 195611724 2,738 0.0027
29 150.17996 1.76887 0.34 30.0 23.29 58.48:80  31.6318%% 4.306  0.0016
64 150.19829 1.98628 0.43 12.4 1711 21.1p3%8  18.061%84  3.348  0.0030
35 150.20661 1.82327 0.52 10.2 16.00  30.8%:%7 15.32%%:3%  3.037  0.0008
6 150.28821 1.55571 0.36 1.13 7.401 77.90:22  0.0703:82%  0.030  0.2279
149  150.41566 2.43020 0.12 0.05 2564  50.3%:%  0.0028:8%% 0003  0.1957
40 150.41386 1.84759 0.96 48.5 27.54 108385 1.7861%I3  0.205  0.4888
120 150.50502 2.22506 0.83 16.4 18.88 42582:2  24.9251%:2 4185  0.0267

and c is the concentration of the halo. The scale radius and the catentration are

linked by the relation rg = Rsgp=G500, Where csqo is the dark matter concentration
inside R5gp. We estimate the binding energy out to Rsgg because the kinetic energy of
the infall velocity eld along laments becomes important b eyond this radius (Evrard
et al., 1996) and our simple model may not then be applicable. Furthermore, we
can evaluate reliable gas masses from the X{ray observatiaonly within Rsqg. FOr
simplicity, we assume that the gas follows the same distribtion as the dark matter.
We de ne as binding energy the total potential energy neededto push the ICM gas
inside Rspg beyond R,po. The binding energy is computed as

M g;500

Ebinding = [ (r)  (R2o0)] dMg
7z

Rs00

1
i

(r) g(r)rdr (23)
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3 Radio{galaxy feedaback in X{ray selected groups

We neglect the additive constant given by the term (Rygp), as it is small with
respect to the other terms of the equation. We use the de nitbn of gas mass within

R500 as
Rs00

Mg = Mg(Rsoo) = 4 ) o(r)rdr (24)
The potential of a spherical NFW model is (Hayashi et al., 20Q)

=na 00X (25)

where A is
G M 200

rs(IN(L+c) cH1+ ¢)
Thus, substituting the terms into Equation 23, we compute the binding energy of
the ICM gas in a NFW dark matter halo as follows:

A= (26)

Z eso In(1+ x)

. a+x? dx (27)

Ebinding = fgas4  crit cArg

wheref 455 is the gas fraction. The concentration parameter for the CO$10S groups
has been computed from the mass-dependent relation of Maocet al. (2007). The
errors bars on the binding energy are estimated using a Mont&€arlo method to nu-
merically propagate the errors onM >0 and Ryqg, the scatter in the c{ Moo and in the
f gas{ Ms00 relation.
We cannot estimate the gas masses from most of the existing ¥ay observations of the
COSMOS X{ray selected groups because of insu cient signalto-noise. We therefore
estimate the gas fraction in the groups from the mean trend othe gas mass fraction
as a function of Msgg. This trend was established from an independent compilatio of
high quality observations of local (= 0.2) groups and clusters in the same mass range
as the sample under consideration here (Pratt et al., 2009). The observed relation
(fgas/ M2 suggests that lower mass systems have proportionally leggas than high
mass systems.

3.4 Analysis of the galaxy cluster sample

3.4.1 Mechanical energy input by radio galaxies in massive clusters

In order to compare the energy input from radio galaxies in goups and clusters, we
include in our analysis a sample of well known radio galaxiesn massive clusters,
extracted from the sample of (B'vzan et al. 2004; see Sectin3.2.2). We use their
tabulated value of pdV to compute the mechanical energy input over the average time
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3.4 Analysis of the galaxy cluster sample

the galaxy has spent as a radio galaxy. Birzan et al. provide aalue for the energy
input for both lled and radio ghost cavities. In order to obt ain a measure of the
average input, we sum thepdV for all the cavities in a cluster and multiply it by the
number of events (i.e. how often the radio jet was turned on).The latter is given by
the ratio between ,4io and the duration of a single radio event (assuming that all the
active AGN phases have the same duration).

We choose the oldest cavity's age as an indication of the dutan of the radio event.
BYzan et al. (2004) calculate the age of each cavity in thre ways: 1. the time required
for the cavity to rise at the sound velocity; 2. the time required for the bubble to rise
buoyantly at the terminal velocity; 3. the time required to r e Il the displaced volume.
We adopt the average of the three age estimates; this is geraly similar to the age
computed for a buoyantly rising bubble. We take the error on the cavity's age to
be the di erence between the shortest and longest life{time stimated via the three
di erent methods.

As adio for our sample is derived following Smotc et al. (2009), it depends on
the redshift and the stellar mass of the radio galaxy. We compted the stellar masses
for the central radio galaxy in the massive cluster sample usg the K{band photom-
etry provided by the 2MASS survey (Skrutskie et al., 2006). This method is robust,
since radio galaxies contain mostly type 2 (obscured) AGN, Wose emission does not
signi cantly contaminate the optical{NIR part of the galax y spectrum. We assume
a M/L ¢ ratio for a stellar population with an age of 10 Gyr (corresponding to the
age of the stars in a galaxy at z 0), obtained by Drory et al. (2004) (M/L k =1.4 with
a Salpeter IMF). The quoted error on the M/L ¢ in Drory et al. (2004) is 25{30%: a
change in stellar mass of this magnitude does not a ect signicantly the time{scales
we estimate. The stellar masses are then converted to a Chaier IMF by subtracting
an o set of 0.2 dex.

3.4.2 Binding energy of the intra{cluster medium

We compute the binding energy for the Birzan et al. clusters in the same way as for
the COSMOS groups, using the value of Mgp and Ragg provided by the X{ray analysis
in the HIFLUGCS survey (Reiprich & Boehringer 2002). We assume a constant con-
centration parameter of 5. Errors onEyinging are propagated numerically via a Monte
Carlo method, in the same way as the COSMOS groups (see Seati®.3.2). As well as
computing the binding energy of clusters individually, we dso test the cluster result
using the scaling relations adopted for the COSMOS groups, @th for computing M g
(Leauthaud et al., 2010) and for estimating their mechanicd energy output (B'rzan
et al., 2008). The change in our calculations does not qualdtively a ect our results.
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The values of Epinging change by less than a factor 2 on average, while values &fnech
are perturbed randomly within the error bars.

3.5 Results

3.5.1 The balance of radio{input and binding energy

Figure 22 shows the binding energy of the gas versus the engrgutput from radio
galaxies. In the group regime, the two energies span a compalle range of values
(10°8{10%* ergs), while for clusters the binding energy exceeds the tat mechanical
output of radio{galaxies by a factor approximately of 10°{10%. In particular, for
seven groups the two energies are consistent at llevel, and for all other groups except
two the equality holds at 3 , meaning that radio{galaxies potentially provide su cien t
energy to unbind the gas in a large fraction of these groups.tlis interesting to note
that, in all the groups with E mech  Ebinding » the radio galaxy lies within 0.15 Rogo
from the center of the group. This suggests that a radio galay in a group is most likely
to input su cient energy into the ICM to unbind a part of the ga s if it lies at the core
of the group. Moreover, radio sources outside the group coresside in lower density
environments, and our calculations of those binding energis may be overestimates.
The di erent energy balance in groups and clusters demonstrges the importance of
AGN heating in groups, and shows that the mechanical removabf gas from groups is
energetically possible. This has important consequence®if the understanding of the
baryonic budget in these systems (see Giodini et al. 2009).

3.5.2 Can radio galaxies o set radiative cooling in galaxy g roups?

We now compare the mechanical energy input by radio{galaxie with the energy re-
quired to o set the cooling in the group center (Ecqo). As detailed in Fabian et al.
(1994), Peterson et al. (2003) and McNamara & Nulsen (2007)the cooling time in
cluster/group centers can be lower than the Hubble time, imgying that large reser-
voirs of cold gas could accumulate in these regions. Howeveevidence that the gas
does not cool below approximately one third of the virial temperature (Kaastra et al.,
2004) indicates the presence of a heat source providing englu energy to o set the
cooling. Several studies (e.g. Peterson et al. 2003, Petens & Fabian 2006, McNa-
mara & Nulsen 2007) suggest AGN feedback as a viable heatinggrce. To test this
hypothesis, we check whether the cooling energy is lower tlmathe mechanical energy
of the rising bubbles. We estimateE o, assuming that the time during which the gas
has been cooling is equal to the lifetime of the group, which & assume to be 5 Gyr
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Figure 18: Binding energy of the cluster/group gas versus the oysut mechanical energy from
radio{galaxies. Solid points show the 16 X{ray selected groups in theCOSMOS eld that host

a radio galaxy within their virial radius. Large concentric circles indicate groups that host a
radio galaxy within the core (R 0:15 R3200). Open points show the sample of massive local
clusters drawn from BYzan et al. 2004. The dashed line shows eqliy. The binding energy
in clusters exceeds the total mechanical output by a factor of 10?{103. In all cases except
one where a radio galaxy lies in the centre of a group, the mechanic&hnergy output from the
radio galaxy is of the same order as the binding energy for the COSM® groups analyzed here.

(Voigt & Fabian, 2004). The cooling energy can then be estimted as:

Ecool = Lcool

ty = f ool Lol

(28)
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wheret, is the lifetime of the group, andf .o is the fraction of bolometric luminosity
assumed to be emitted inside the cooling radius (where the ading time of the gas is
lower than the Hubble time). In general this contribution is found to be &10% of
the total cluster X{ray luminosity (McNamara & Nulsen, 2007 ). Also, the scatter in
the Lx {T scaling relation due to the contribution of cool core clusters can be up to a
factor of 2 (Chen et al. 2007; Pratt et al. 2009). Given these ansiderations, we assume
that 25% of the total bolometric X{ray luminosity is emitted inside the cooling radius
(Peres et al., 1998). Since the relative contribution of thecool core to the total X{ray
luminosity is higher in groups than in massive clusters, thg value is a good estimate
of the average contribution of the cooling core to the total uminosity of a group.

In Figure 19 we compareEmech and Ecoo in our groups. The mechanical energy
injected by all but one of the core radio{galaxies is higher han the radiative losses,
and exceedsE .y by an order of magnitude in several cases. We can thus concled
that radiative losses do not greatly a ect the net energy output of radio{galaxies in
the cores of groups. On the other hand, the mechanical outpuby non-central radio
galaxies is typically of the same order a€.o. Moreover, these sources reside mostly
outside the cooling radius ( 0.15 Rygp), Where the cooling time is higher than the
Hubble time. In this location, the gas does not lose as much argy through radiative
cooling as in the core of the group, so these galaxies do not gride the required
feedback at the right location.

3.5.3 Impact of systematic e ects

The above calculations rest on several assumptions and shlolbe regarded as rough es-
timates. One critical simpli cation is the calculation of t he lifetime of a radio{galaxy:
the statistical argument used in Smott et al. (2009) relies on knowledge about the
parent population that hosts the radio{galaxies. In the absence of evidence to the
contrary, we assume that there is no signi cant di erence between the radio{galaxy
elliptical hosts in groups and in low density environments eretti & Giovannini |,
2007). We note that even if 4qic Were incorrect by a factor of 4, the mechanical
output in clusters would still be signi cantly lower than th e binding energy, but would
remain consistent with the binding energy for many of the graips (see Figure 22).

Other biases may arise from the scaling relation of Birzan efal., which we use to
compute the mechanical energy: the large scatter in the Rsggnz {P cav relationship
(0.85 dex) means that care must be taken when using the infeed value as the mean
mechanical energy, since most of our calculations rest on thassumption that over the
cluster/group lifetime each burst has on average the same peer. Indeed, Nipoti &
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Figure 19: The output mechanical energy from radio{galaxies (Eech ) versus energy radiated
inside the cooling radius (Eqo; i.€. energy required to o set the cooling in the group center)
for 16 X{ray selected groups from the COSMOS survey . The dasheline shows the equality
line. Red circles mark the radio{galaxies inside G5 Ryqp. Uncertainties on E.oo are
computed allowing an error of a factor 2 onf o .

Binney (2005) suggested that the distribution of the outbursts over the cluster/group
lifetime is log{normal rather than gaussian; therefore in any system there would be
a good chance of observing smaller than average jet powers.ndtead, much of the
power would be generated by rare, more powerful outburst, sch as that observed
in MS 0735+7421 by Gitti et al. (2007). These arguments rest a the assumption
that the observed scatter in Pi.agcHz {P cav in the observed ensemble of clusters is a
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good description of the time variability of the AGN power in individual objects. In
general the ensemble scatter is an upper limit to the scatterin the time variability.

If we assume this scatter to represent also for the time varikility, we are statistically
underestimating the mechanical energy output over the grop lifetime by a factor
that we compute as follows. The scatter in the Birzan et al. rdationship (0.85 dex)
corresponds to a probability & 80% of observing a value smaller than the mean from a
single observation (cf. Nipoti & Binney 2005). Thus, if we asume that the observed
value of Pi.uggHz Scatters around the median of the distribution, the ratio between
the median and the mean for a lognormal distribution (which depends only on the
scatter ) tells us the scaling factor for the 'true' mean mechanical @ergy:

2
mean e
. = —=6:8: 29
median 2 (29)

Therefore the typical observed mechanical power may be undestimated by a factor

7 with respect to the mean. This value, though not negligible goes in the direction
of further increasing the mechanical output, con rming the e ect we found.
Furthermore, if the bubble were over{pressured when compagd to the surrounding
ICM (Heinz et al., 1998), the expanding bubble would carry a $iock and the mechanical
power may be underestimated, as well as reported by Byzantel. (2004). This e ect
would also boost the mechanical energy to higher values, ftiner strengthening our
results.

We have also used preliminary results from VLA 324 MHz data ($nolcic et al.
in preparation) to double-check our estimates of the mechaital energy output from
radio{galaxies. Only 12 of the 16 radio{galaxies are detead in the 324 MHz band
and, in all these casesEmech computed using these data (using Eq.15 in Byzan et
al. 2008) is consistent within the error bars with the value mmputed at 1.49 GHz.
As a further check, the total radio luminosity can be computed with higher precision
from break frequencies for 7 of the 16 sources, using the the ydrs & Spangler (1985)
approximation. The value of Enech Obtained with this improved method is consistent
within the error bars with that obtained using monochromati c data.

3.6 Discussion: the entropy in X{ray groups

The injection of energy by radio galaxy activity into the ICM modi es the thermody-
namical state of the gas, raising the entropy §) by a signi cant amount compared to
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that generated by gravitational collapse. We de ne the entropy as

KT

S/ (30)

Dwin

n

where T is the gas temperature in keV and R is the gas electron density (Voit,
2005). An excess entropy of 50{100 keV cn¥ is indeed observed at the group regime,
causing a deviation from the S{T relation (Ponman et al., 2003). The excess entropy
is measured in the central regions (at 0.1 Ryo). In the following we make an order
of magnitude calculation of the excess entropy generated bthe energy injected, then
compare it with that observed in groups and predicted from the theory. We recompute
the expected S{T relation taking into account this excess eerrgy, and compare it with
the observational constraints of Ponman et al. (2003).

The change in entropy caused by injection of energy under catant pressure is

5=3
T 1
T 1

2 E
S= . (31)
(Lloyd-Davies et al., 2000), where E is the injected energy per particle, T is the
ratio between the initial and nal temperature (a value between 1.1 and 2.0, Lloyd-
Davies et al. 2000), andne is the initial electron density (ne=10 2 assuming the
energy is deposited in the cluster core, e.g. Sanderson & Poran 2003). We compute
E from the mechanical energy input of radio galaxies as follo

m
E = Emecn P (32)

With M gas = fgasM 200, Wheref 455 is estimated from the relation between gas fraction
and total mass in Pratt et al. (2009). This calculation does rot depend on the details
of the energy injection process. We obtain values of excessiteopy between 10 and
60 keV cm 2. This is a rough calculation but predicts values similar to those in Voit
& Donahue (2005). These authors show that an additional enegy input episodic on
108 yrs timescale is needed to explain the excess entropy foundservationally in the
core of clusters (Ponman et al., 2003; Donahue et al., 2005)The additional energy
produces an entropy pedestal: Voit (2005) calculates 10 ke¥¢m 2 to be the minimum
entropy boost needed to explain observations, and he predig it to be larger for groups.

The mechanical energy injected by radio galaxies into the 1820SMOS X-ray se-
lected groups is roughly independent on the group mass (seeidure 22). This is not
unexpected, since the black{hole masses (which are a zerotbrder indicator of the
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3 Radio{galaxy feedaback in X{ray selected groups

mechanical energy output; Merloni & Heinz 2007) range only letween 16{10° M in

radio galaxies (see Figure 7 in Smotc et al. 2009). At the cluster regime may not
be true that the mechanical energy is independent on clustemass. Indeed Chen et
al. (2007) infer, from the strength of clusters' cooling coes, that a mechanical input
higher than anything observed in groups is necessary to bafee the cooling of the gas
in the strong cool core clusters. However, it has been shownylthe same authors that
much ( 90%) of that energy input would be radiated away to balance tke cooling,
and therefore would not participate to the mechanical remowal of the gas.

From these considerations, we can predict how the scaling tation between entropy
and temperature is a ected by the injection of a constant excess energy by radio
galaxies. As shown in Finoguenov et al. (2008), the energy g@®sition into the ICM
( E) is proportional to the change in entropy ?S for a given typical ne. We use
ne=10 ? as the typical value of the density within 0.1 Rogo, Where the majority of the
energy is deposited (deposition radius;Sanderson & PonmaR003). Using the scaling

of Mgas/ T? and Emech = const, then

(33)

where C is a constant and Myas is the mass of the gas within the deposition radius.
We can then infer the functional dependence ofS on the virial temperature of the
ICM as
S C
S=5+ S=5 (1+—)/ (To+—); (34)
So To

where Sy and T are respectively the entropy and the temperature of the gas bfore
the injection of energy from a radio galaxy . The value ofC is computed using
Equation 3 in Finoguenov et al. (2008) and has a median value fo2.56 if the energy
is deposited inside the cooling radius. We assume the cootinradius to be 0.10R g
(e.g. Ponman et al. 2003) and show the inferred functional fon of S(T) in Figure 20.
Remarkably, the shape of the resulting scaling relation (slid line) deviates from the
self{similar one (dashed line) around 4 keV, in agreement with the observed scaling
relation measured at 0.1 Rgg by Ponman et al. (2003) (black crosses; these points
are binned means). The deviation of the 1 keV point indicates that a lower excess
entropy is needed to explain very cold groups. This can be adbved requiring that
the mechanical energy is deposited at a larger radius in thesgroups. Indeed if the
deposition radius increases also lks within this radius increases. Therefore using
Equation 33 we would obtain a lower values ofs—f (and thus entropy) for these groups,
matching eventually the observational point of Ponman et al (2003) at 1 keV; if this
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3.6 Discussion: the entropy in X{ray groups

is the case, it would con rm that the e ect of feedback is more dobal in groups than
in clusters (De Young, 2010, cf.). Therefore, the injectionof an excess energy that is
independent of groups' mass, thus temperature, (as we obser from radio galaxies in
the COSMOS groups) correctly predicts the deviation of the dserved S{T relation
from the purely gravitational relation at the group scale.

1000 —— | . . .

100

S keV cm?

1o Ll | A R
0.8 1 2 4 6

T keV

Figure 20: Scaling relation between entropy §), measured at 0.1 Rgo, and temperature (T).
The solid black line is the inferred relation accounting for a constant @ergy excess injected by
radio galaxies (see text for details). The grey line is the expected #¢similar relation. The
points show the binned means from the observations by Ponman etla(2003). The dashed
line is the same as the solid line but considering the self{similar scaling lyhs / T
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3 Radio{galaxy feedaback in X{ray selected groups

3.7 Conclusions

In this Paper we have quanti ed the importance of the mechantal energy input by
radio galaxies inside galaxy groups. In particular we repdra striking di erence be-
tween clusters and groups of galaxies: while the binding emgy of the ICM in clusters
exceeds the mechanical output by radio AGN, the two quantities are of the same order
of magnitude in groups that host a radio galaxy within 0.15 Rygp. This suggests that,
while clusters can be mostly considered to be closed systepthe mechanical removal
of gas is energetically possible from groups. This has immlations that help explain
recent ndings on the baryonic fraction in groups of galaxies. Giodini et al. (2009)
reported a 30% lack of gas in groups compared with the cosmological baoyp mass
fraction evaluated from the 5 yearsWilkinson Microwave Anisotropy Probe (Dunkley
et al., 2009). It has been suggested that this gas has been rewed by AGN feedback.

This is consistent with cosmological models in which feedbek from radio galaxies
is invoked to successfully explain galaxy group/cluster poperties. Based on a well
selected sample of galaxy groups and clusters that host radigalaxies, we have obser-
vationally shown for the rst time that this scenario is ener getically feasible. We have
further shown that a constant injection of excess energy by adio galaxy naturally re-
produces the self-similar breaking observed in the scalingelation between the entropy
and temperature of groups.
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Figure 21: Figure 26 presents the contours maps of the radio 20 cmmission (magenta lines)
superimposed to the SUBARUzp band image for each of the groups listed in Table 4. Images
are 3 3 arcmin and centered on the group center, except XID246 which ig 4 arcmin wide and
o set from the center group because of its location on the edge ahe SUBARU eld coverage.
The white line shows the contours of X{ray ux signicance. The contours correspond to
[3;6;9;12,15,18,21;24] X{ray ux signi cance.
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Chapter I

The Galaxy Stellar Mass Function of
COSMOS X{ray detected groups:
evolution and dependence on the
environment

S.Giodini, H. Boehringer, D. Pierini, A. Finoguenov

To be submitted

Abstract

We present the analysis of the composite galaxy stellar masfnction (GSMF) for
118 X{ray detected galaxy groups at 0.2 z< 1 in the COSMOS eld. Combining the
photometric and X{ray information in the COSMOS survey we consider galaxies in
three di erent environments: eld, low mass groups (Msgo <5 10 M ), high mass
groups (Mago >5 103 M ). In addition we divide the galaxy sample in active and
passive, according to their spectro{photometric type. We nd a dip at intermediate
masses (M 10!1° M ) in the GSMF for eld and low mass groups at z <1 for both
active and passive galaxies. The amplitude of the dip for pasive galaxies depends on
the environment, at least z <0.6. Indeed at low redshift there is a marked di erence
between low/high mass groups' and eld' GSMF, namely groupsexhibit a much less
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4 The GSMF of COSMOS groups

pronounced dip when compared to the eld. We interpret this di erence with the
presence of an excess of passive galaxies at intermediatessgM 10 M ) in groups,
likely as a product of environmental e ects. At high redshift the di erence between the
passive GSMF for the groups and the eld (at M> 101 M ) decreases. This suggests
that the passive galaxies at M>10'* M are already in place in any environment,
in line with the downsizing scenario. On the other hand it al® indicates that the
environmentally driven growth of the passive population at intermediate mass has not
yet taken place at z=1.

4.1 Introduction

The galaxy stellar mass function (GSMF) is a very important diagnostic to perform a
census of galaxy properties, and provides a powerful mean ebmparison between the
population of galaxies in di erent environment.

Historically, the luminosity function has been the rst dia gnostic used to study the
distribution of galaxy properties, since magnitude is a moe direct observable than
mass. However, the development of stellar population syntbsis models and deep
multi{wavelength surveys have greatly improved our ability to estimate the stellar
mass content in galaxies, and to study the distribution in stellar mass, a parameter
which is more directly linked to the total mass of a galaxy.

The galaxy stellar mass function is important for both cosmdogy and galaxy evolution
to better understand the connection between galaxy distritution and the underlying
dark matter distribution, and its link to the environment. | n particular, the shape
of the GSMF and its evolution gives very important insights on the processes that
contribute to the growth in stellar mass of galaxies with time, thus giving unique in-
formation on the process driving the formation and evolution of galaxies in di erent
environments. Also, to study the dependence of the GSMF on th environment is a
way to trace the locus and timescale of the stellar mass assdaty.

The GSMF has been extensively studied in deep elds, for galdes of di erent colors
and morphological types (e.g. Rerez-Gonzalez et al. 2008 and in di erent environ-
ments (e.g. Balogh et al. 2001), and its shape has been gen#yadescribed with
a Schechter function (Schechter 1976). When tted to the daf, the shape of this
function changes both as a function of the galaxy type (actie/passive) and of the en-
vironment (Balogh et al. 2001; Bolzonella et al. 2009). Morever recent studies based
on deep surveys have shown clear evidence for a low-mass uptwf the local GSMF
(e.g. Baldry et al. 2008; Drory et al. 2009 hereafter D09) whih is adequately described
by a second Schechter function, with a steep negative slopend a lower characteristic
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mass. This feature is not unexpected: a steeply rising masaiifiction for the faint
population is a generic prediction of galaxy formation in the framework of hierarchical
clustering (e.g. White & Rees 1978). Furthermore a faint endupturn suggests that
the e ciency of feedback has levelled o at low galaxy luminosities.

However the nature of the shape of the GSMF is still a matter ofdebate. It has
been interpreted with a bimodal behavior of red and blue galaies (e.g. Balogh et al.
2001; Bolzonella et al. 2009), according to which the red gakies are responsible for
the hump and the blue ones for the upturn described by the doule Schechter func-
tion. Another possible interpretation entails the di erent role of central and satellite
galaxies in the di erent environments (Faltenbacher et al., 2010). In the light of these
ndings it is extremely important to study the GSMF in di eren t environments and
as a function of redshift. In this paper we investigate the G3MF of the X{ray selected
groups in the COSMOS 2 deg$ eld and compare it to that of clusters and the eld.
The COSMOS survey provides a unique database of photometriand spectroscopic
data, together with deep X{ray data from XMM and Chandra, and the largest catalog
of X{ray detected groups up to now. We take advantage of X{ray data to provide
a de nition of environments based on the depth of the dark mater potential well,
dividing between low mass and high mass groups. FurthermoreX-ray information
provides evidence for a gravitationally bound nature of theidenti ed groups and a
better total mass proxy, giving a more solid basis for subsagent conclusions.

This study is structured as follows: in section 4.2 we deschie the sample of X{ray
detected groups (4.2.1) and the sample of group member galées (in 4.2.2 ). In section
4.3 we rst check test data against the result from deep elds and then we build the
GSMFs as a function of redshift and mass of the galaxy systemdResults are presented
in section 4.4. Finally in section 4.5 we present a discussioon the environmental de-
pendence and evolution of the GSMF.

4.2 The sample

4.2.1 Galaxy groups in the COSMOS eld

The catalog of COSMOS X{ray selected groups (status January2010) contains 300
extended sources detected from a wavelet scale-wise rectmstion of the image as
described in Finoguenov et al. (2007) and in Finoguenov et al (in preparation; see
also Giodini et al. 2009). The center of each system correspds to the X{ray peak

of the source or, when the latter is contaminated by AGN emis#n, to the center of
the galaxy distribution within the extent of the X{ray sourc e. With respect to the

catalog used in Giodini et al. (2009), the present catalog ties advantage of the newly
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compiled 20.000 spectra by the zZCOSMOS program (Lilly et al.2007), which enables
us to spectroscopically con rm most of the X{ray selected sytems. We use 118 sys-
tems from this catalog. We require that the systems are deteed as extended X{ray
sources at more than 3 signi cance in the ux detection. We constrain the sample
at Ly.o1 24kev >10% erg sec?! to limit contamination from starburst galaxies. Fur-
thermore we limit ourselves to 1.0, to ensure high quality photometric redshifts,
and to z> 0.2 to sample enough volume per redshift interval.

92 systems out of 118 are con rmed by at least 3 galaxies at theame spectroscopic
redshift within R 9p. Spectra are provided by the zCOSMOS spectroscopic program
(Lilly et al., 2007), the SDSS spectroscopic survey, or by tegeted observations ob-
tained with the Keck or Magellan telescope. The redshift of ach group is derived
from the peak of the spectroscopic redshift distribution wihin R 2q9 or, in case less
than three galaxies at the same redshift are present within Ryg, from the mean of the
photometric redshifts of the corresponding galaxy over-dasity.

The total masses of the groups are derived from the ¥{M »qo relation determined in
Leauthaud et al. (2010) via the weak lensing analysis. The multing sample of X{ray
detected groups ranges between 6.210? and 2.7 10 M in total mass with a me-
dian of 3.8 103 M

The aim of this work is to investigate the galaxy stellar massfunction in groups at
di erent redshifts. Therefore we divide the groups sample irto 4 redshift bins between
z=0.2{1.0, spanning 0.2 in redshift each (0.2{0.4, 0.4{0.60.6{0.8,0.8{1.0). Further-
more, to study the behaviour of the galaxy stellar mass fundbn as a function of the
system's total mass, besides redshift, in the redshift rang 0.2{0.4 and 0.8{1.0 we divide
the systems in two bins of Mbgo. We de ne low mass groups those with Mgy <5 1013
M and high mass groups those with higher values of M. Table 4.2.1 lists the
number of sources in each subsample, the volume probed by dacedshift bin, and the
groups median mass in each subsample. Figure 22 shows the tdisution of M o9 as
a function of the redshift for the groups sample and the divison in subsamples.

4.2.2 Galaxies in the COSMOS groups

We use the COSMOS catalogue with photometric redshifts desied from 30 broad and
medium bands described in llbert et al. (2009) and Capak et al (2007) (version 1.8).
As a by{product of the photo-z determination, spectroscopic types were attributed to
individual galaxies on the basis of their best- t broad-band spectral energy distribu-
tions (SEDs). This information is used to estimate the stelar mass of a galaxy, which
is obtained from the conversion of the Ks-band luminosity (Ibert et al., 2009) using
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Table 5: Sample size

Redshift ~ Volume [10° Mpc®] Log(M2oomed) IM 1 Ngroups
LOW MASS GROUPS

0.2<z<0.4 0.56 2.1 108 35

0.4<7<0.6 1.23 3.5 1013 19

0.6<7z<0.8 1.92 4.1 103 28

0.8<z<1.0 2.53 4.2 1013 10
HIGH MASS GROUPS

0.2<z<0.4 0.56 8.8 1013 9

0.8<z< 1.0 2.53 10.1 10138 17

an evolving galaxy{type dependent stellar mass-to-Ks-bad luminosity ratio M=L kg

(Arnouts et al., 2007). This relation has been established sing a Salpeter initial mass
function (Salpeter, 1955). Stellar masses of individual glaxies are contained in the
COSMOS photometric catalogue; the fractional error on the $ellar mass of a galaxy
is typically equal to 34% , and is dominated by the mean scatte on M=L ks (Arnouts

et al., 2007).

We limit the galaxy selection to those brighter than i,g =25, in order to ensure the
accuracy of the photometric redshift to be within 0.03 (1+z), as shown in Figure 9
in llbert et al. (2009). At this magnitude limit the detectio n completeness is> 90%
(Capak et al. 2007). Additionally we require the galaxies tobe brighter than 24 AB
magnitudes in K band, to ensure the reliability of the stellar mass. We assign galaxies
to the X{ray selected groups as follows. For each group we caider as member galaxies
those within a radial distance of Rsgg from the group's center and within two times
the error of the groups' photometric redshift. In order to compare the galaxies' stellar
mass distribution at di erent redshifts, we consider only galaxies above a completeness
mass which is redshift dependent. The completeness mass istienated in each redshift
bin as described by Giodini et al. (2009). Briey we derive the stellar mass M im)
that each object would have if its apparent magnitude was eqal to the sample limit
magnitude (i.e. iag =25) and then we derive the 95% percentile of the distribution
in Mim for galaxies in the lower 20% percentile in magnitude. We calulate this for
each of the redshift bins in which the groups' sample is divieéd. Finally a t to the
corresponding envelope as a function of redshift is perfored for 0.2 z 1.0 in bins
of 0.2 in redshift; the ensuing values represent the stellamass completeness as a
function of redshift for our sample. The value of the correspnding completeness mass
for each redshift is listed in Table 6. We compute the completness galaxy stellar
mass separately for passive galaxies. Indeed we expect thialue to be higher than for
the total sample because passive galaxies are less luminaihen active ones of similar
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Figure 22: Distribution of M 509 as a function of redshift for the 118 X{ray detected groups in
the COSMOS eld. The rectangles show how the sample is divided in bis ofotal mass and
redshift.

stellar mass. We select the passive galaxies in the photonmét catalog as those which
have as a best t to the spectral energy distribution an early type galaxy template.
In the COSMOS photometric catalog these galaxies have an SEB/pe between 1 and
8 (for details on the templates see llbert et al. 2009 and Paditta et al. 2007). These
SED types represent a \quiescent" population consistent wih an E/S0/Sa population
selected morphologically (llbert et al., 2010).The galaxés in this categories overlap at
most redshifts with he associated clump of passive galaxigglenti ed in a color{color
plot with red NUV{R and blue R{J colors, as shown in D09.

The values of the completeness mass for early type galaxiesviound are compatible
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with those found by Drory et al. (2009) using a maximally high M/L ratio evolution
model.

Table 6: Galaxy completeness stellar mass
Redshift  Mcomp:er [M ] Mcompian [M ]

0.2<z<0.4 8.9 8.6
0.4<z<0.6 9.2 9.1
0.6<2z<0.8 9.6 9.5
0.8<z<1.0 10.1 10.1

4.3 Analysis

4.3.1 Consistency with the result from the deep elds

In order to have a handle on systematics, we check whether thgalaxy stellar mass
function that we obtain from our data for the whole COSMOS el d, irrespective of the
environment, is consistent with the result by D09. These auhors compute the galaxy
stellar mass function in the COSMOS eld and determine the gdaxy stellar masses
by comparing the multi{band photometry to a grid of stellar p opulation evolutionary
synthesis models as described in Drory et al. (2004). They port a bimodal behaviour
of the galaxy stellar mass function, represented by a dip in he galaxy stellar mass
distribution around  10*°M and a steep upturn at lower masses. This trend is
adequately modelled by a double Schechter function. In Figte 23 we present the
galaxy stellar mass function computed for the whole COSMOS eld, in a similar
fashion as shown in D09. Red, blue and black points represemespectively passive,
active and the whole galaxy population. The dashed dotted lhe mark the completeness
stellar mass at each redshift. For comparison, we over{plotthe double Schechter t
to the GSMF from Drory et al. (2009) to the passive (red dashedline) and active
(blue dashed) populations. The only dierence in the two GSMs s the method to
compute the stellar mass (K{band luminosity versus SED tti ng). The two GSMS
agree very well: the two curves di er by no more than 0.1 dex in e mass bins above
the completeness mass. Thus we are recovering the result froD09 and this excludes
any systematic bias between the two samples of galaxies witki erent stellar mass
determination. The GSMFs show a clear dip and upturn towardslow masses both
for passive and active galaxies, which is hardly compatiblenith a single Schechter
function.

It is important that the global GSMFs measured here, and basé on the K{band
derived masses, are in such good agreement with the recent téemination by D09
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Figure 23: GSMF for all (black points), active (blue) and passive (red) galaxies in the COSMOS
eld, as a function of redshift. The dashed lines are the correspodient best tting Schechter
function presented in D09.. The vertical dashed-dotted line is the &llar completeness mass
at the corresponding redshift.

since, as shown by the latter authors, all GSMFs derived fromdeep eld surveys are
consistent (see e.g., Baldry et al. 2008; llbert et al. 2009erez-Gonalez et al. 2008).
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4.4 Results

4.3.2 Galaxy stellar mass function of COSMOS groups

For each bin of redshift and total mass the composite galaxy tellar mass for the
COSMOS X{ray selected groups is expressed as:
1 X

M) = v, (N(M)i Np(M)i) (35)

|
where N indicates the member galaxies, Nthe coeval background galaxies, Y is the

volume sampled by the redshift bin considered and n is the nutmer of systems in each
bin of redshift and total mass. We divide the groups' GSMF by the survey volume,
because this enables us to estimate the contribution of ther@ups to the GSMF of the
whole eld. The \ eld" environment comprises all coeval gal axies outside bound X{
ray emitting structures. N(M) is obtained by direct countin g of the member galaxies
above the completeness mass in bins of 0.25 dex in stellar n®sThe stellar mass bin
size corresponds approximately to the error on the mass on thindividual galaxies.
Np(M) is the average background GSMF estimated for each systenby considering
all the galaxies outside the groups' Rgg at the system's redshift ( eld galaxies). The
background GSMF is computed by splitting the eld area in four quadrants containing
equal surveyed areas. The average over the four backgroundSBAF is then scaled
down to the group's area. The background uncertainties (,) are estimated from the
standard deviation of the four background GSMF. The total uncertainties on (M) is
a combination of eld to eld variation and small number stat istics:

xn
(M) = it (36)

where the second term is the poissonian error on the GSMF

p____
pi =  N(M); (37)

4.4 Results

4.4.1 The shape of the galaxy stellar mass function

In gure 25 we plot the GSMFs in the four redshift bin and for passive (in red), active
(in blue) and all galaxies (in black). Filled circles mark data{points above the stellar
mass completeness limit, while open circles mark the part othe GSMF a ected by
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4 The GSMF of COSMOS groups

incompleteness. As the plots show, at all redshifts a singl&chechter function is not an
adequate description for the shape of the total GSMF of group with Msgg <5 103
M (black points) and active galaxies' stellar mass function. Indeed, in both cases
an increasing number density of low mass galaxies is requideto de ne the GSMF's
shape. The passive GSMF, instead, shows a hump at high steHanasses, followed by
a dip around 10°° M and then an upturn at lower masses.

An alternative way to describe the GSMF's shape has been prapsed, that is a sum
of two Schechter components (double Schechter function; Dver et al. (1994)), where
the extra Schechter component models the rise of the faint flw mass) end, as a steep
power low. This function has six free parameters, and is exm@ssed as:

(MM = {(M)dM + (M)dM =
M " M

- h W eXp W dM +
M ! M

We de ne M,, and M, such that M, > M, thereby identifying the rst term, (M),
with a population of massive galaxies and the second term, (M), with a population
of low mass galaxies.

In order to limit the number of free parameters with respect to the data points above
the completeness limit, we X the slope of the faint end and the relative normalization
to the values found by D09. In Table 4.4.1 we present the best tting Schechter
parameters obtained by tting equation 38 with a non{linear least squares curve tting
method (Markwardt, 2009). The table also lists the reduced 2 values for the best
t and that obtained by tting a single Schechter function to the data ( gingle). A
word of caution is warranted on the tting performed when the number of degrees of
freedom is larger or equal to the number of free parameters.

The parameters we nd for the eld GSMF are consistent with th ose reported by D09
within the uncertainties, whereas the groups' massive endtdow redshifts is consistent
with the results based on SDSS (Yang et al., 2009).

Comparing the value of &, e 10 Zngie:
when the eld's and groups' GSMF are described by a double Sabchter function. In
particular the tting performed with a single Schechter fun ction on the eld galaxy

we note that in general the t improves

population gives particularly high values of gmgle, in agreement with the nding of
D09. However, our analysis does not establish the need for @sond Schechter function
for the high mass groups (the 2 value doesn't improves by adding a second Schechter

component). This suggests that the deviation from a single &hechter function may
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become less prominent in massive bound systems.
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Figure 24: GSMF for all (black), active (blue), passive (red) galaxies within the COSMOS

X{ray selected groups, as a function of redshift for objects withMsoy <5 10 M

(low{

mass groups). Filled circles mark the points above the completenesgellar mass. The band
represents the uncertainties on the GSMF, computed by a combinigon of eld to eld variation
and small number statistics (see text).
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Figure 25: GSMF for all (black), active (blue), passive (red) galaxies within the COSMOS
X{ray selected groups, as a function of redshift for objects withMsgg >5 10 M (high
mass groups). Filled circles mark the points above the completenesgellar mass. The band
represents the uncertainties on the GSMF, computed by a combini@on of eld to eld variation
and small number statistics (see text).

4.4.2 Environmental Dependence

In order to assess the environmental dependence of the GSMie compare its shape
across three environments: eld, X{ray selected low and hi¢y mass groups. In Figure
26 and 27 we show the GSMF for passive and active galaxies in@ups and the eld
(light orange/cyan line) in each redshift bin. When possible we distinguish between
more massive (dark red/blue line) and less massive (light rd/blue line) groups.

From the plot, we note that the dip is a clear feature in the eld, and its amplitude
decreases toward lower redshifts. A dip and upturn is found ko for low mass groups,
whereas it becomes less evident in more massive groups. Thigling is enforced by the
comparison between the 2 for double and single Schechter tting performed in section
4.4.1. In particular, moving towards the most massive envionment, the hump at high
stellar mass becomes less prominent, while the dip gets shaler. Unfortunately we

IHigh and low mass groups di er by a factor of 4 in total mass in t he 0.2{0.4 redshift bin, but only
by a factor of 2.5 at redshifts 0.8{1.0. On the other hand the m edian mass of low mass groups
increases by only a factor of 2 from 0.2<z < 0.4 to 0.8<z < 1.0.

102



4.4 Results

LOG(N) dex* Mpc®

LOG(N) dex* Mpc®

0.2<z<0.4

High Mass Groups e 4
Low Mass Groups
Field

10 11 12
LOG(M) [M

sun]

0.6<z<0.8

9 10 11 12
LOG(M) [My,]

LOG(N) dex* Mpc*

LOG(N) dex* Mpc*

9 10 11 12
LOG(M) [M

SUn]

0.8<z<1.0

9 10 11 12
LOG(M) [M,,.]

Figure 26: Passive galaxies: evolution with the environment.

cannot appreciate this at all redshifts, because of the laclof smaller groups at high
redshifts and the evolution of the completeness mass with dshift, but evidence for a
hump in the GSMF of groups exists also at the largest redshif.

In order to statistically test the di erence between the GSFs in di erent environments,

we perform a 2{two{sample test to check whether the two mass distribution (above
the completeness mass) are drawn from the same common didirtion (null hypothe-

sis). In order to ensure the validity of this test, we conside only the stellar mass bins
where the composite GSMF contains more than 5 galaxies. We p®rm the test on
the galaxy stellar mass distributions of groups and clustes and groups and eld and
list the results in Table 4.4.2. In the case of passive galags atz <0.6 we obtain a
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Figure 27: Active galaxies: evolution with the environment.

the environment.

At higher redshift, instead, the distributions do not show a compelling evidence for a

signi cant di erence (i.e. rejecting the null hypothesis).

Di erently, for the groups' active GSMF we don't report a stro ng dependence on the
environment, since the signi cance of rejecting the hypotlesis of a common parent
distribution between groups at di erent masses and the eld is always less than 2.5
in all but one case. However at z=0.4{0.6 the groups' GSMF foractive galaxies di ers
strongly from the eld's GSMF (at
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density is present in the COSMOS eld, signalled by a paucity of dense structures
(e.g. Meneux et al. 2009 and Figure 8 in Lilly et al. 2009), als con rmed by a drop
of a factor of 3 in the characteristic density  for the groups’' GSMF (Table 4.4.1).
Therefore, a di erence in this redshift bin may indicate the positive feedback on star
formation by environmental processes on groups' galaxiese(g. Braglia et al. 2009).

In order to better investigate the environmental dependene of the GSMFs across
the three environments considered, we produce isof contours obtained by tting
a double Schechter function to the groups and eld data. In paticular we want to
investigate the behaviour of the bright{end slope ( ) and the faint{end characteristic
mass (My). We perform this analysis only at redshifts 0.2{0.4, wherewe can better
constrain the characteristic mass at the fain end. We preserthe 1, 1.5, 2.5 contour
plots of the best t double Schechter |, and M; in Figures 28a and 28b, for passive
and active galaxies respectively.
In general, we don't nd a strong correlation between the bes t slope of the massive
end p and the characteristic mass of the low mass end M.
For passive galaxies (Figure 28) , y is consistent between groups and clusters, while it
is inconsistent with that of the eld at > 2:5 level, as determined from the likelihood
contours. The di erence is that the groups GSMF has a much morenegative ( atter)
massive-end slope (-0.2 against -0.8), which results in a less prominent dip. The
value of M; does not exhibit a strong dependence on the environment (the. error
contours overlap in this direction), though it becomes larger towards more massive
systems.
The value of | for active galaxies (Figure 28b), instead, is roughly constent across
the environments, and settles to a more negative slope thanhte one required for the
passive GSMFs of groups at di erent masses (-1.1 against -0.8). The behaviour of
M; , despite only within the 1 error contours, suggests a trend across the environ-
ments, inverse to the one reported for passive galaxies: Mdecreases in higher mass
systems, while it is higher in the eld.

4.4.3 Evolution

In Figure 29 and 30 we illustrate the evolution as a function & redshift of the pa-

rameters M, and 1 , which describe the massive end of the best tting Schechter
function. We mark in red and blue passive and active galaxiesrespectively. For low

mass groups we indicate the locus of the SDSS groups at red&hd.01< z < 0.2 (Yang

et al., 2009).

In general we notice a lack of evolution in the eld, whereas v nd a weak evolution-
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Figure 28: (a) 1,1.5 and 2.5 contours of the best t Schechter parameters for passive GSMHEn
low/high mass groups and eld. (b) 1,1.5 and 2.5 contours of the best t Schechter parameters
for active GSMF in low/high mass groups and eld.

ary trend in groups between redshift 0.2 and 1.0. Furthermoe, the evolutionary trend
in low mass groups is analogous to that in high mass groups anthe behaviours for
the passive and the active populations are analogous.

In particular for groups:

For the active population M, decreases going from z=1.0 to 0.2. This may
suggest that a population of active massive galaxies is beintransformed into
passive ones throughout the cosmic time. It is encouraginghiat, extrapolating
this trend to redshift zero, we nd good agreement with the values found by
Yang et al. (2009) for the best t GSMF in the SDSS groups.

For passive galaxies, ;, becomes more negative towards lower redshifts. This
may indicate that below z 1, we are witnessing the build up of a passive, inter-
mediate mass population (M 10° M ) within X{ray detected systems. Con-
sistently, the dip in the GSMF of passive galaxies gets shatwer in amplitude.

We don't nd a signi cant redshift evolution in the value of M | for passive
galaxies in di erent environments, suggesting that the high mass end of the
passive GSMF is already in place at redshift 1.0 whatever thesnvironment.

2We spent a word of caution on the point at 0.8 < z < 1.0 for the groups/clusters' active GSFM
parameters: the degrees of freedom are less than the free pameters (see Table 4.4.1), therefore
we don't draw any conclusion based only on the behaviour of this point.
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While in groups and clusters the characteristic mass W] is higher for passive than
for active galaxies at all redshifts, in the eld the values o M, for the passive
GSMF are systematically lower than those for the active one.This indicates that
there is a lack of very massive (M 10! M ) passive or quiescent galaxies in the
eld . This implies that the formation of the most massive early type galaxies is
likely the outcome of environmental e ects (such as merging)that don't occur
in the eld, where mass grows mostly by star formation.

Active and passive eld GSMF show very di erent values of 4 , the latter being
more negative for active than for passive galaxies. This reltes to what is shown
in Figure 28 and 29, the signi cant dierence in the eld passive and active
galaxies GSMF. Here we con rm that this holds also at higher edshifts.

4.5 Discussion

4.5.1 Passive galaxies: environmental dependence

We investigated the environmental dependence of the GSMFsraong three environ-
ments (low{mass groups, high{mass groups and eld), for pasive and active galaxies.
Both populations show a clear dependence on the environmenand the e ect is larger
for passive galaxies. In particular we show that the shape ofhe GSMF is adequately
described by a double Schechter function in the eld and in lev{mass groups, whereas
a single Schechter function may hold in high mass groups.

From Figure 26, scaling the eld GSMF to the same normalisation of the groups,
we can clearly see that a \dip" at low stellar mass (16{10°M ) is present in the
passive GSMF for the eld. From Figure 28a we can see how thisefature depends
on the environment at redshifts 0.2{0.4. The slope of the bright end of the double
Schechter function describes the strength of the \dip" in the GSMF. The need for a
much less negative slope for the eld indicates that the dip $ a marked feature in
this environment. A more negative  describes a less evident dip in groups,which
suggests the presence of a population of passive intermetigmass galaxies which is
not present in the eld. Indeed, comparing the GSMF in the di e rent environment,
this e ect is driven by an excess of passive galaxies betweer®¥10°M in the groups
environment. A similar nding, i.e. the existence of a signicant di erence between
the infrared luminosity function in clusters relative to th e eld, mostly due to non{
emission line galaxies, was reported by Balogh et al. (2001)

Furthermore our result echoes that obtained by lovino et al. (2010) using zCOSMOS
data: these authors suggest that at z 1 the transition of low mass galaxies from the
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Figure 29: Evolution of the characteristic mass for the massive Sathter component (M, ) as
a function of the redshift in groups, clusters and in the eld.

blue to the red cloud is more e cient in groups than for isolated galaxies. They
suggest the emergence of a nurture{driven red galaxy poput#n, in contrast to the

nature{driven massive red galaxies (M>108M ), which are already in place in all
the environments at z 1. This population makes the di erence from the GSMF of the
eld at similar stellar masses.

The mechanism driving the excess of the passive intermediaflow mass galaxies in
structures ought to be e cient already at the low mass groups regime, suggesting that
ram{pressure stripping is not the likely process. Indeed tle e ectiveness of stripping
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Figure 30: Evolution of the slope for the massive Schechter compemt ( 1, ) as a function of
the redshift in groups, clusters and in the eld.

by ram{pressure depends on the relative velocity of galaxie to the ICM, and this
varies greatly between high and low mass groups. Finn et al.2008) come to a similar
conclusion analyizing the star formation rate from the H line emission in local groups
and clusters (but see also Bolzonella et al. 2009).

However, M, for the passive GSMF increases passing from low{mass to higmass
groups, implying that it is easier to quench galaxies down tolower stellar masses in
massive systems.
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Furthermore the value of | for groups of di erent masses is comparable within 1,
suggesting that the bulk of the massive passive galaxy popation is already formed
in systems of 102 M

In this picture, when we consider the GSMF for passive galaxs, the group environ-
ment tends to have its own identity with respect to the eld an d more massive systems.

4.5.2 Active galaxies: environmental dependence

The active GSMF is adequately described by a double Schechtenass function across
all the environments. This ndings is at odds with the interp retation of the bimodal
GSMF as due to the dichotomy between active and passive gal@s (e.g. Bolzonella
et al. 2009). In this picture red/passive galaxies are respasible for the hump at high
mass, while active/blue galaxies de ne the upturn at lower mass and both populations
are adequately described by a single Schechter function. lis possible that a sparser
sampling of the high mass end of the active galaxy populatiorin dense environments
(likely for studies of spectroscopically selected sampleas Balogh et al. 2001 and Bol-
zonella et al. 2009) could explain why such studies came to th conclusion.

The presence of an extra Schechter component, describing dug hump at high mass,
suggests that the red/blue galaxies dichotomy may not be theonly explanation of
the observations. For example, the presence of a blue hump & prediction from the
simulations by Faltenbacher et al. (2010). These authors popose an alternative model
according to which the di erences in the GSMF as a function of the environment stem
from those in the underlying mass distribution of halos. In particular the hump in
the GSMF is associated with the central group galaxies and tk bimodality would be
described by that of central/satellites galaxies. In a future paper we will investigate
this hypothesis in depth.

Active galaxies show a less pronounced dependence on the @omment, as shown by
the results of the ?{two{sample test (Table 4.4.2). This result is consistent with those
obtained at low redshift by comparing the shape of the UV lumnosity function of clus-
ters and eld galaxies (Cortese et al., 2008). According to hese authors the overall
similarity in the shape of the active galaxy population may be interpreted as follows:
active galaxies have only recently infallen into groups/clsters and they have not been
a ected yet by the surrounding environment (e.g. Tully & Shaya 1984). Therefore
active galaxies still maintain the memory of the eld mass distribution. However from
Figure 28b we report a weak trend for the characteristic massat the low mass end
(M, ) to decrease in higher mass systems. This trend is likely dut® the complemen-
tary passage to the passive population of higher mass galaes in clusters with respect
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to groups and the eld, re ecting the underlying color{dens ity relation.

4.5.3 Evolution

The most interesting result presented in our analysis of theevolution is that the massive
end of groups' passive GSMF evolves in the direction of becoimg more similar to the
eld at high redshift. The massive end slope tends to become wre positive, with the
result that at redshift 1 the dip at 10°{101° M dip is more evident in the passive
GSMF. Indeed if passive galaxies in this mass range are the pduct of environmental
e ects, this would indicate that the environmental mechanism is more e ective on
those galaxies at lower redshifts. Our result is in line withthe prediction by recent
simulations (McGee et al., 2009) that by z = 1.5 galaxy groupsand clusters will display
little to no environmental e ects.

4.6 Summary

In this paper we investigated the shape of the galaxy stellaimass function and its
evolution as a function of the environment and redshift. Conbining the photometric
and X{ray information in the COSMOS survey we consider galaxes in three di erent
environments: eld, low mass groups (M<5 103 M ), high mass groups (M>5 103
M ). In addition we divide the galaxy sample in active and passie, according to their
spectro{photometric type. Our main ndings are the followi ng:

1. There is a dip at intermediate stellar masses in the GSMF fo eld and low mass
groups at z <1. The feature is present both for active and passive galaxg&e

2. The dip is more pronounced for the passive population. Theamplitude of the
dip for passive galaxies depends on the environment, at lebst low redshift
(z <0.6). Indeed at low redshift there is a marked di erence betwen low/high
mass groups' and eld' GSMF, namely groups show a much less pnounced dip
when compared to the eld. We interpret this di erence with th e presence of an
excess of passive galaxies at intermediate mass (M0 M ) in groups, likely
associated with environmental e ects.

3. At high redshift the di erence between the passive GSMF forthe groups and the
eld (at M >10'®1 M ) decreases. On one hand this suggests that the passive
galaxies at M> 10 M are already in place, independently on the environment,
in line with the downsizing scenario. On the other hand it al® indicates that the
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environmentally driven growth of the passive population at intermediate mass
has not yet taken place atz=1.
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Table 7: Schechter best t parameters to the GSMF

Z 12 IOg(MI ) h h Iog(Mh ) gouble dof gingleC
HIGH MASS GROUPS

0.2-0.4 Passive 0.083 0.012 -1.85 955 0.07 0.333 0.048 -0.83 0.22 10.90 0.05 1.24 6 0.90
Active 0.190 0.067 -1.73 9.50 0.13 0.324 0.114 -1.00 0.20 10.60 0.12 1.74 7 1.80

0.8-1.0 Passive - - - 0.050 0.020 -0.56 0.41 11.04 0.19 - 3 1.40
Active - - - 0.062 0.030 -0.69 0.52 10.93 0.22 - 2 0.70

LOW MASS GROUPS

0.2-0.4 Passive 0.136 0.014 -1.85 9.88 0.03 0.545 0.056 -0.59 0.18 11.00 0.08 0.33 6 2.00
Active 0.362 0.088 -1.73 9.58 0.09 0.615 0.149 -0.95 0.13 10.60 0.09 1.97 8 2.50

0.4-0.6 Passive 0.047 0.007 -1.84 9.46 0.09 0.160 0.000 -0.69 0.26 11.00 0.10 1.24 5 0.90
Active 0.181 0.079 -1.71 9.57 0.12 0.200 0.087 -0.94 0.24 10.80 0.18 2.39 4 2.10

0.6-0.8 Passive - - - 0.211 0.021 0.03 0.20 10.86 0.07 - 4 1.40
Active 0.237 0.051 -1.61 10.00 0.10 0.237 0.051 -0.44 0.43 10.70 0.13 0.48 3 1.50

0.8-1.0 Passive - - - 0.117 0.013 0.13 0.30 10.94 0.10 - 3 1.00
Active - - - 0.034 0.053 -1.44 0.38 11.57 0.59 - 2 0.50

FIELD

0.2-0.4 Passive 0.952 0.034 -1.85 9.47 0.01 3.808 0.135 -0.32 0.04 10.70 0.10 3.06 7 19.00
Active 3.314 0.130 -1.73 9.78 0.01 5.634 0.220 -1.17 0.04 10.80 0.10 4.18 9 16.00

0.4-0.6 Passive 0.726 0.024 -1.84 9.46 0.01 2.460 0.083 0.15 0.03 10.60 1.00 2.14 6 14.00
Active 5.728 0.161 -1.71 9.72 0.01 5.728 0.161 -0.95 0.03 10.70 0.10 1.48 7 30.00

0.6-0.8 Passive - - - 2.289 0.059 0.17 0.05 10.75 0.01 - 4 0.40
Active 6.258 0.361 -1.61 9.98 0.02 6.258 0.361 -0.88 0.03 10.80 0.10 2.89 7 16.00

0.8-1.0 Passive - - - 2.277 0.055 0.23 0.06 10.74 0.01 - 3 0.40
Active 5.096 0.281 -1.66 9.98 0.03 6.115 0.338 -0.93 0.03 10.80 0.10 6.08 5 9.40

2Fixed to the value for the correspondent redshift found in DO 9
PReduced Zfor a t with a double Schechter function
°Reduced Z2for a t with a single Schechter function
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4 The GSMF of COSMOS groups

Table 8: Result of the 2{two sample test on the passive and active GSMF of
low/high mass groups and eld.

Z ﬁ)w mass;high mass ﬁnw mass;field Npins

PASSIVE GALAXIES

0.2{0.4 20.9 2.5 34.9 4.0 10

0.4{0.6 { { 26.5 3.5 8

0.6{0.8 { { 11.3 1.7 7

0.8{1.0 1.98 0.33 6.14 1.3 5
ACTIVE GALAXIES

0.2{0.4 5.89 0.6 13.1 1.8 8

0.4{0.6 { { 39.0 4.8 8

0.6{0.8 { { 13.6 2.36 6

0.8{1.0 1.89 0.3 9.23 1.9 5
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Chapter

Final Remarks and Future Outlook

In this thesis | have addressed a number of aspects related the baryonic matter com-
ponent of galaxy groups. Taking advantage of the unique muitwavelength dataset of
the COSMOS 2 survey, | have studied the behaviours of the baryonic compoants
(stars and gas) as separate pieces of a jigsaw puzzle, and thgathered the results to
obtain and interpret the global picture.

In Chapter 2 | found that the behaviour of the stellar-to-tot al mass ratio in COS-
MOS groups and in 27 local clusters is anticorrelated with tte total mass of the system.
The global trend betweenf S and Msgg is consistent with that observed in clusters
at z<0.3 using much smaller samples. | extended previous result® the low mass
regime by one order of magnitude and to higher redshifts.

The di erence in the number of stars formed per unit of halo mas between groups and
clusters can be interpreted in terms of a dependence of the &t formation e ciency
on the total mass of the system. A possible explanation for sth a variation in the
star{formation e ciency has been proposed in terms of coolng ows being less e -
cient in shutting o star formation in groups. An alternativ e scenario is that clusters
are formed not only by merging of groups but also accrete a laye fraction of their
galaxies (with a low stellar mass fraction) from the eld. None of these suggestions
provides a satisfactory explanation yet, and a thorough inestigation of the cause of
the varying galaxy formation e ciency remains an important task for the future.

In a future work | will investigate the nature of the large scatter in the fS&S{M 5o
relation. Indeed it is of compelling interest to understand if there is a signi cant
di erence between systems with high and low stellar mass fraons at similar total
masses, which can re ect a di erence in the physical processeconnected with their
formation and evolution. Furthermore, | plan to extend the groups sample to lower
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5 Final Remarks and Future Outlook

masses at high redshifts, in order to obtain a large sample coplete in total mass at
z 1, and further investigate the stellar mass fraction evoluton (deeper XMM{Newton
observations of the COSMOS eld will be proposed to this purpose).

As a further main result, the combination of measured valuesof the stellar mass frac-
tion with values of the gas mass fraction estimated from an agrage relation obtained
for a local sample of groups and clusters revealed thaffy>*9% increases by 25% from
groups to clusters. After the introduction of appropriate corrections for gas deple-
tion and ICL contribution, the total baryonic mass fraction at the groups regime still
di ers from the WMAPS value at 3.3 . | interpret the origin of this discrepancy as
a lack of gas (by 33%), which can be caused either by feedbackypernovae and/or
radio{mode AGN heating) or by \ lamentary heating". Theref ore | conrm that a

\missing baryon" problem does exist in galaxy groups.

In Chapter 3 | explored the radio{fmode AGN feedback solution to the \missing

baryon" problem, using VLA observations of the COSMOS eld. Supported by the
results from recent simulations, | studied the energetics bradio galaxy feedback in X{
ray detected galaxy groups and estimated the e ect of the enagy injection. Thanks
to the large survey of galaxy groups | was able to nd that bladk hole activity is
capable of outweighing the capacity of a group to hold its gasremaoving a signi cant
part of it. No similar e ect is observed in more massive galaxyclusters, where the
gravitational binding energy of the underlying dark matter halo restrain the gas from
being removed.
New multi{frequency VLA observations of the groups consideed in this work are
already scheduled, in order to constrain the mechanical oyut of radio{galaxies with
higher accuracy, and to further investigate the interplay between the radio{AGN and
the surrounding intra{group gas.

In Chapter 4 | investigated the stellar mass assembly in galay groups over the cos-
mic time: | constructed the galaxy stellar mass function of Xray detected COSMOS
groups and found that the stellar mass function for passive glaxies shows a \dip" at
intermediate masses ( 10'°° M ). The amplitude of the dip decreases at higher red-
shift. This feature appears more marked in the eld, butitis less evident in high{mass
groups. | interpreted this nding by the presence of an exces of passive galaxies at
intermediate mass, likely the product of environmental e eds.

Furthermore, | showed that the galaxy stellar mass functionfor passive galaxies (at
least the high mass end) in groups becomes more similar to thaf the eld at increas-

ing redshifts. On one hand this suggests that the passive gaxies at M>10'* M are
already in place, independently of the environment, in linewith the downsizing sce-
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nario. On the other hand it also indicates that the environmentally driven growth of
the passive galaxy population at intermediate stellar masshas not yet taken place at
z=1.

In the future | intend to extend this investigation by studyi ng the morphological mix
of this intermediate stellar mass population in more detail

Another interesting nding that | have not fully explored ye t is the presence of an
extra Schechter component for active galaxies, which desitres a blue hump at high
stellar masses. This suggests that the red/blue galaxies dhotomy, traditionally used
to explain the shape of the bimodal galaxy stellar mass fungon, may not be the only
explanation to the observation. For example, the presencefa blue hump is one of the
prediction from the simulations of Faltenbacher et al. (2010). These authors propose
an alternative model: the di erences in the GSMF as a function of the environment
stem in these simulations from the underlying mass distribtion of dark matter haloes.
In particular the hump in the GSMF would be associated with the central group galax-
ies and the bimodality could be described by that of central/satellite galaxies. In a
further paper | will investigate this hypothesis in depth.

A clear picture emerges from my research: groups are very iriguing objects, and
not only scaled down versions of clusters. In particular thg are excellent cosmic
laboratories to study the interplay of physics with the di er ent baryonic components.
In general | found that galaxy groups, even if formed from thesame ingredients as
galaxy clusters (i.e. dark matter, gas and stars), show remikable di erences from the
latter when considering the relative contributions to the total mass, the distribution
of the individual components, the energetics, and the evoltion.

Thanks to the multiwavelength approach used in this researh, together with a careful

statistical analysis of the results, | was able to o er direct and stringent constraints on

models for galaxy/structure formation and evolution. This thesis has demonstrated
the importance and the power of such a detailed survey apprazn for studies of galaxy
groups and galaxy evolution.
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