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Abstract

The evolution of galaxies in groups may have important implications for the global
evolution of the galaxy population as a whole. The fraction of galaxies bound in
groups at z ~ 0 is as high as 60% and many processes operating in groups may concur
in shaping galaxy evolution.

The rich zCOSMOS spectroscopic data (about 20000 galaxies with 145 < 22.5 up
to z ~ 1) and its excellent group catalog (~ 200 groups with more that 5 members
up to z ~ 1) coupled with the wide photometric coverage of the COSMOS survey, can
shed new light on this topic, enabling us to study in a continuous way, up to z ~ 1,
the complex interplay between environment and galaxy evolution.

In this thesis I present the new results I have obtained on this topic by exploring the
group-centric dependence of galaxy colors, masses, morphologies and star formation.

In brief, by building two composite groups at intermediate (0.2 < z < 0.45) and
high (0.45 < z < 0.8) redshifts, I was able to study in detail how galaxy stellar masses,
colors, morphologies, and spectral features vary as a function of the distance from the
group center. My analysis was performed in narrow bin of stellar masses/colors, in
order to disentangle the obvious galaxy stellar mass/color dependencies.

To build the composite group I developed an algorithm to incorporate the galaxies
brighter than [4p = 22.5 and missing a secure spectroscopic redshift, thus improving
the statistics of the sample. To confidently determine all galaxy projected distance
and rescale them into the composite group, I defined a new centering technique.

From the color/mass analysis I found that the evolution of most massive galaxies
(log(Mgai/Mg) > 10.6) is mainly driven by internal processes, as no strong group-
centric environment dependence is visible.

For galaxies of lower masses (9.8 < log(Mgqi/Mg) < 10.6) there is a radial depen-
dence in the changing mix of red and blue galaxies, red galaxies residing preferentially
in the group center. Such dependence is most evident in poor groups, whereas richer
groups do not display any obvious color trend.

Interestingly mass segregation shows the opposite behavior: it is visible only in
rich groups, while poorer groups have a a constant mix of galaxy stellar masses as a

function of radius.
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Abstract

The morpho-spectral analysis showed the presence of a mild morphological segrega-
tion at fixed galaxy stellar mass, with massive early-type galaxies preferentially located
in the core of groups. Galaxies with 9.8 < log(M e/ M) < 10.6 exhibit the strongest
morphological differences between group and field environment. These galaxies also
have an excess of red-passive spirals in the group with respect to the field.

Despite the presence of a significant segregation of the spectral properties of group
galaxies, such that the typical core galaxy have less intense emission lines, the star
forming galaxies share the same level of activity at fixed stellar mass irrespective of
the environment they reside in.

This findings can be explained in a simple scenario where color/SFR and mass
segregation originates from different physical processes.

Mass segregation is driven by dynamical phenomena within groups, and therefore
its presence/absence in rich/poor groups is a possible indication that poorer groups
start to assemble later in cosmic time than richer structures.

The parallel absence/presence of color segregation in rich/poor groups hints to the
fact that nurture effects are still in action in poorer structures, whereas in richer
systems are already largely over, so that all galaxies are red irrespective of their position
within the group (at least down to the galaxy stellar masses we explored).

Poorer groups hold the smoking gun of environmental effects in action superimposed
to secular galaxy evolution: galaxies display gradually redder colors as a consequence
of the still recent accretion history of these groups.

The physical processes causing these environmental effects should act on rather short
timescales, 1.5-2 Gyrs, because they are not able to erase the strinking bi-modality
of galaxy color distribution and, moreover, we are not able to observed blue active

galaxies showing less intense star formation activity in groups than in the field.



1 Introduction

7 An important feature in the non-uniform distribution of galaxies is the occurrence of
many physical groups...” 7A dozen or more groups of galaxies are now known in which
the members exceed two hundred in number. Some of these systems are spheroidal
i form, centrally concentrated and of rather definite boundary. The majority of the
groups, however, are of irreqular form, with indefinite boundaries, and small in mem-
bership.” (Shapley 1933). The tendency of galaxies to aggregate into larger systems
was known since the early ’30s and this peculiarity immediately attracted the atten-
tion of the astronomers. After nearly a century the study of these large and massive
structures still plays a key role in modern astronomy. On one hand galaxy clusters
and groups are extreme/special environments: they are characterized by a high den-
sity and this may influence the evolution of their member galaxies. On the other hand
their distribution in nodes and filaments forms the so-called large scale structure of
the universe, which is sensitive to the cosmological model adopted. In other words
clusters and groups are excellent laboratories both to study galaxy evolution and to
test cosmology.

In this thesis I will focus on the first topic: the effect of the group environment on

its member galaxies.

1.1 An evolving Universe: cosmological model and

structure formation

Modern cosmology is based on the assuption that the Universe is homogeneous and
isotropic and that it is described by Einstein’s general theory of relativity. The con-
cordance cosmological model assumes that we live in a flat cold dark matter (CDM)
universe with a cosmological constant, the so-called standard ACDM model. The main
elements of this model are baryons, cold dark matter, and dark energy and their abun-
dance is defined by a set of parameters, (;, that is the density of the i** element, p;(t),
normalized to the critical density, p.(t):
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Figure 1.1: Fraction of galaxies in groups in the central region of the zCOSMOS field
of view. The points show the fraction of galaxies in groups with richness, A’ > 2 in
the 20K volume limited sample up to z=0.8 (triangles), and in the 20K mass limited
sample down to log(M gq1/Me) = 10.6 (squares).



1.1 An evolving Universe: cosmological model and structure formation

2
i = pc(t) = SZTC(;)

(1.1)

where H(t) is the Hubble’s constant, the expansion rate. The present value of the
Hubble’s constant can be expressed using the adimensional parameter h as: Hy = 100-h
km s=! Mpc™!). The final set of parameters is composed by Q4, the cosmological
constant parameter, €2,,, the total matter parameter, and §2,, the baryonic matter
parameter.

Current estimations of the present day cosmological parameters yeld to: h ~ 0.7,
Qp ~ 0.73, Q,,, ~ 0.27, where the baryonic contribution to the total matter is €}, ~
0.046 dKomatsu et al. ‘2011).

This means that Q = ). Q; = 1, the required condition by Friedmann equation

for a flat universe. Another direct consequence of this model is that the Universe
contains only a small percentage of baryonic matter, while it is dominated by 4,
the so called Dark Energy. This energy acts in the opposite way of the gravitational
force: it generates the pressure/repulsion that makes the Universe expand. Not only
baryons contribute only marginally to the total density in the Universe, but they also
represent only a small percentage of the total matter density. The model assumes
that the mass density in the universe is dominated by a weakly interacting massive
particle, the so called Dark Matter (DM), and the relative gravitational effects produce
the build-up of structure, starting from an initial distribution of density perturbations
dPress & Schechter‘1974; Peebles ‘1982 Mo & White ‘2002‘).

Dark matter halos (DMHs) are the main bricks that form the structures we observe

)

in the universe. These DMHs are quasi-equilibrium systems of dark matter particles
formed by non-linear gravitational collapse. In other words the initial distribution of
density perturbation has the greatest power on small scales. Low mass dark matter
halos are formed at high redshift and larger halos are produced later through the
merging, or accretion, of smaller halos. This is the so-called hierarchical structure for-
mation and the final results of the structure growth are groups and clusters. Galaxies
are assumed to develop by cooling and condensation of baryons falling into the DMHs
dWhite & Rees‘ ‘1978), in other words the large-scale distribution of galaxies is deter-
mined by the distribution of DMHs dMo & White ‘2002). Therefore, halo clustering is

a strong function of halo mass, with more massive halos more strongly clustered.

In this model, groups of galaxies are a gravitationally bound, virialized systems,
i.e., their member galaxies inhabit the same DMH. The typical mass of groups are:
Myroup ~ 10*271 My and their velocity dispersions range from 200 km s~1, for the

less massime systems, to 800 km s~! for the largest groups.
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There are many observational evidences of this structure growth: in the Local Uni-
verse galaxies reside mostly in groups rather than at higher redshifts, i.e. z ~ 1/1.5
dHuchra & Geller‘1982; Eke et al. ‘2004; Berlind et al.H2006 Knobel et al.HQOOQ), while
only a small fraction of galaxies live in denser environment such as core clusters. Fig.

)

[L.I shows the fraction of galaxies in groups in the central region of the zCOSMOS
field of view (see Chapt. [2.1.3 for details on the zCOSMOS survey) for groups with
richness, AV > 2 in the 20K volume limited sample up to z=0.8, and in the 20K mass
limited sample down to log(Mgya/ M) = 10.6. Where richness, N, is defined as the
number of member galaxies surviving to the absolute rest-frame magnitude cut-off for
a volume limited sample up to z=0.8, see Sect. for details on the adopted cut off.

There is a clearly increase of galaxies residing in groups from z~0.8 to z~0.2 for each
explored sample. The percentage of group galaxies rises from less then 20% up to nearly
40%, making the group the most common environment in which galaxies spend their
lives. At low redshift zCOSMOS covers a small volume, i.e., Vol ~ 8 - 1O3h;03 Mpc3
at z ~ 0.1, for this reason in Fig. (1.1 we limit the lower redshift to be z=0.25.

1.2 The last snapshot: Galaxies in the Local Universe

The picture that raises from the concordance cosmological model is the one of an
evolving Universe. We can think about the Universe evolution as a movie, this way
the Local Universe can be regarded as the last snapshot. This last frame clearly
corresponds to the most evolved Universe, from the theoretical point of view, and to
the best studied Universe, from the observational point of view. Our understanding
of the Local Universe is a starting point in rewinding the tape of this movie and
comprehending its evolution.

The plenty of observations at redshift zero has provided a well defined picture of
the distribution of galaxy properties. Recent surveys such as the Sloan Digital Sky
Survey (SDSS) have explored many dimensions of galaxy properties simultaneously
and homogeneously, in order to put galaxy scaling relationships in reciprocal context.

Fig. 1.2 shows the distribution of broad-band galaxy properties in the SDSS dBlanton & Moustakas
). The diagonal panels show the distribution of four properties independently: ab-

solute magnitude M,. , g-r color, Sersic index n, and half-light radius r59. The grayscale

and contours reflect the number of galaxies in each bin (darker means larger numbers).

These properties reveal a variety of correlations, the strongest ones between the
absolute magnitude M,. and the other properties. Given that M, correlates well with
stellar mass as well as with dynamical mass dRix & Riek(J ‘1993; Gavazzi et al. ‘1996;

‘Cowie et al. ‘1996‘; Kauffmann & Charlot 1998), this means that most of the properties
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Figure 1.2: Distribution of broad-band galaxy properties in the SDSS

dBlanton & Moustakas‘2009‘). The diagonal panels show the distribution of four prop-
erties independently: absolute magnitude M,. , g-r color, Sersic index n, and half-light
radius r5o. A bimodal distribution in g-r is apparent. The grayscale and contours

reflect the number of galaxies in each bin (darker means larger number).
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of a galaxy are a strong function of its mass. Many of the plots in Fig. 1.2 particularly
those involving g-r color, show a bimodal distribution. Generally speaking galaxies
show a bimodal behaviour dividing into two main classes: blue, star-forming, disk-
dominated galaxies and red, inactive, elliptical galaxies.

The color-magnitude/color-mass diagram (CMD) is the most common way to show
this striking bimodality (First plot of the third row in Fig. [1.2)). This plot shows the
distribution of galaxy colors as a function of the galaxy absolute magnitude M,. /stellar
mass. In this plot galaxies populate mainly two different regions that correspond to
the two classes described above: galaxies with low masses inhabit preferentially the
so-called blue cloud, whereas galaxies with high masses are disposed along a narrow
string, the so-called red sequence.

As long as galaxies are star forming they are dominated by gas and young stellar
population and they emitt most of their light in the blue part of the spectrum. As
galaxy mass increases, the change in color reflects both the increased reddening due to
dust and the decreased fraction of recent star formation. Once they have consumpted
their gas, their stellar mass grows, and they become red due to their old population.

This striking bi-modality raises important questions for galaxy formation and evo-
lution. Which are the physical processes responsible for the sharp partition into blue
cloud/red sequence galaxies? On which timescales does the quenching of star forma-
tion occur? Does the environment, in which galaxy live, play a key role in this process

by boosting the transition into the red sequence region by removing part of the gas?

1.3 The role of environment: Nature or Nurture?

As far as we have understood, galaxy stellar mass and redshift play a key role in shap-
ing galaxy properties and their evolution. There is still a further variable that must be
taken into account: the environment. By environment we mean the DMH the galaxy

resides in, but in literature it has mainly been characterized in terms of local den-

sity (using the number of neighboring galaxies within a cylinder dBlanton et al.H2005;
‘Cucciati et al.‘ ‘2006 Kovac et al.‘ ’2—0%55, and references therein)), or cluster/grou
catalogs dAbell et al. [1989; Snowden et al. ‘2008; ‘Hao et al. ‘201d; Gerke et alﬁ?g;:
‘Yansz et al. ‘200%; Knobel et al. ‘2009, and references therein)

The original work of Dressle% M) is a milestone in exploring the dependence of
galaxy properties on the environment: studying 55 galaxy clusters in the low redshift

)

b

universe he showed that the central parts of the clusters are rich in elliptical galaxies,
whilst the lower density region among the clusters are populated by spirals.

This so-called morphology-density relation (MDR) inspired a lot of subsequent stud-
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ies extending it to: a wider range of environment, including groups (Postman & Geller
), higher redshift dDressler et al.‘ ‘199%; Capak et al. 2007a), and other galaxy
properties (Cucciati et al. ‘2006). The global picture that has arisen is that, generally

speaking, blue star-forming disk-dominated galaxies reside preferentially in low-density
environment whereas red inactive elliptical galaxies favor high-density environment.
However we must consider the complication due to the strong correlation between
galaxy properties such as colors, morphologies and star formation, with galaxy stel-
lar mass dCowie et al.HlQ%"Gavazzi et al.HlQ%"Blan‘con et al. ‘2003‘;
‘2003 Brinchmann et al. ‘2004J; Baldry et al. ‘2004l) and the further correlation between
galaxy stellar mass itself and environment: galaxies in less dense environment tend to
be less massive than those located in denser environment dHogg et al.H2003; Kauffmann et al.
‘2004J; Blanton et al. ‘2005

ples of galaxies containing a wide range of stellar masses cannot disentangle between

Kauffmann et al.

)

;| Bolzonella et al.H2010). Thus any study performed on sam-
true environmental effects and effects simply induced by the changing of the mass dis-
tributions of galaxies with environment. To isolate the true environmental effect the
analysis must be performed in narrow galaxy stellar mass bins.

Much of the earlier works were mixing these effects and, as a consequence, led to
strong artificial trends. This originated the so-called nature/nurture debate: Are the
evolution of the galaxy population in clusters and the differences of the galaxy popu-
lation between the field and the groups a result of the particular group environment
(nurture), or do they just reflect the initial conditions and general evolution of galaxies
irrespective of environment (nature)? For instance, the morphology-density relation
could just be the consequence of variations of the stellar mass function in different
environments,, due to the formation process of the corresponding group and to a cor-
relation between the stellar mass and the morphology of a galaxy.

Recent studies have allowed to perform a detailed analysis in bins of galaxy stellar
mass, avoiding so any correlation between galaxy properties, galaxy stellar mass and
environment. The original MDR of Dressler (ﬁ) has now been confirmed at low
redshift using a galaxy sample of different stellar mass bins: morphology at fixed stellar
; van der Wel et al. ‘QOld)

As mentioned above, Postman & Gelleﬁ d1984) extended the work of Dressleg M)
to groups regime. Using the data from the CfA survey they found that the MDR

mass does show density dependence dBamford et al.H2009

extends over six orders of magnitude in the space density and moreover the MDR, of
groups in the general field matches perfectly the one derived only for clusters. In other
words they found a continuum of the MDR among environment that probe different

densities.

In this thesis we will characterize the environment in terms of groups, i.e., structures,



1.4 Processes active in groups/clusters

rather than focusing on densities, therefore here we list current evidences that support

the evolution of galaxies in these structures:

e Red/Passive fraction at fixed stellar mass is higher in groups and clusters when
compared to the general field at low redshift (Weinmann et al.‘2006; Baldry et al.
2006; Kimm et al. \M) These trends continues at higher redshift,(Gerke et al.
2007; Balogh et al. ‘2009; Tovino et al. ‘2010; McGee et al.H2011a);

e Red/Passive/Early-Type fraction in groups at low redshift seem to be at an

; [ Kimm et al.

2009). Since clusters are built from groups, this has arosen the issue of galaxy

intermediate level between field and clusters, dHansen et al. ‘2009

pre-processing in groups before falling into clusters ndGee et al. ‘2009).

Different physical mechanisms have been invoked to explain the environmental
trends listed above. In the next Section I will overview the most important processes

that can be active in the group/cluster environment.

1.4 Processes active in groups/clusters

The group/cluster environment is composed by three main elements: DM, galaxies
and gas. There are many physical mechanisms that can originate and describe the
mutual interaction among these elements. In the following I will summarize the main

processes that can take place in the group/cluster environment:

e DYNAMICAL FRICTION: the deceleration of an orbiting point mass ’satel-

lite’ due to dynamical friction on a uniform background mass distribution was

originally formulated by Chandrasekhar 41943) regarding stars:

d Vor
avorb = _47‘—02 ln(A)Msatphost(< ’Uorb)UTb (12)

orb

where ppost(< vorp) is the density of background particles with velocities less
than the orbital velocity, v, of the satellite, Mg,; is the mass of the satellite
and A is the Coulomb Logarithm. In our case the background is composed of
DM particles and the satellite is a massive galaxy sinking in the group DMH.
In this process the galaxy will spiral towards the group center and finally merge
with the central galaxy. We can estimate the time-scale of dynamical friction as
Tdyn = Vorb/ %Vm,b. The above estimate shows that a massive galaxy would spiral
towards the cluster center in a few Gyr time-scale: 3 < 74y, < 10 depending on

the physical properties of the group/cluster.
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e GALAXY MERGING: the interaction between a couple of galaxies can strongly

affect the morphology, kinematics, and other properties of the involved galaxies.
Toomre & Toomre‘ 1972) first show the dramatic effects of this kind of interac-

tion: tails, rings, bridges. If the galaxies eventually merge into a single object,

this can show a completely different morphology. The relative velocity between
the two galaxies is the most important parameter in this process: it should be
similar to that of the galaxy rotation in order for the encounter to produce sig-
nificant effects. Both groups and clusters have high density and therefore the
probability of interaction between galaxies is higher than in the field, but clusters
have too high velocity dispersion. On the contrary groups are favoured environ-
ments for galaxy encounters due to their low velocity dispersion and high density.

The tipical time-scale of this process, Tperg, is of the order of Gyrs.

GALAXY HARASSMENT: In groups and clusters, each galaxy experiences a

high-speed close encounters with the other members dMoore et al.H1996). "Close’

means within 50 kpc, that is, enough to perturbate the properties of the galaxy
but too far to end in a direct merger. After several strong encounters, the loss
of angular momentum combined with impulsive heating leads to a change in
morphology and eventually to a compact object. The tipical time-scale of this

process, Thar, is about 3 Gyrs.

RAM PRESSURE STRIPPING: A galaxy moving through the diffuse gaseous
intracluster /intragroup medium medium (ICM/IGM) experiences a wind: the
rapid motion of the galaxy causes a large pressure front to build-up in front of
the galaxy dGunn & Gott‘ ‘1972; Abadi et al. ‘1999). Depending on the binding
energy of the galaxy’s own interstellar medium (ISM), the ICM will either be

forced to flow around the galaxy or will blow through the galaxy removing some
or all the diffuse ISM. The ISM will be removed if the ram pressure of the ICM
is greater than the restoring gravitational force per unit area provided by the
disc of the galaxy:

8 (R, 2)04(R) < proare® (1.3)

Where v is the velocity of the galaxy with respect to the ICM and pycops is the
gas density of the ICM. Clearly p;oas has a key role: the denser is the ICM,
the more effective is ram pressure. In other words ram pressure stripping is an
effective mechanism at depleting gas from galaxies in the core of clusters, but

it is less common in groups due to their lower IGM density. The time-scales



1.5 Segregation effects in groups

for gas to be removed (and therefore to quench the star formation) is very short
Tram ~ 107 yrs, a fraction of the crossing time and smaller than the one of galaxy
harassment. Related mechanisms to ram pressure are the thermal evaporation
of the ISM and viscous stripping of galaxy disc, these may occur even if ram

pressure is not strong enough to directly strip the gas.

e STRANGULATION/SUFFOCATION: this is a softer variant of ram pressure
stripping and it removes the thin gaseous halo present around galaxies, so the
star formation continues until the remaining disc gas is consumed (Balogh et al.
‘2000‘). In other words, this process removes the fuel reservoir while galaxies
plunge into the group/cluster potential. The lost of gas reservoir is very attrac-
tive and it suggests a gradual decline in the star formation, over time-scale of

few Gyrs: 1 < Tgprang < 3 Gyrs.

All these processes can change galaxy properties, especially concerning colors and
morphology. In particular group environment is supected of being important for galaxy
mergers and strangulation due to the high density and rather low velocity dispersion.
As a consequence groups are considered excellent physical laboratories and, given the
high percentage of galaxies residing in groups, they have become subject of many

recent works.

1.5 Segregation effects in groups

Among the observable effects of the processes listed in Sect [1.4 there are segregation
phenomena, that is not only differences between group and field galaxy properties,
but also radial trends of galaxy properties (e.g., colors, morphologies ...) as a function
of distance from the group/cluster center. Assuming a simple model, a galaxy infalls
radially onto a group/cluster. During this journey, from the outskirts to the core, it
is affected by different mechanisms at different group/cluster-centric distances. Infact
each of the processes listed in Sect. [1.4 has a specific sphere of influence depending on
the group/cluster mass distribution and gas distribution. Fig. [1.4 shows a nice sketch
of the region where key physical mechanisms are likely to operate for the specific case
of the cluster CL 0024416 (Treu et al. @), both in a 3D and 2D configuration in the
top and bottom panel respectively. Red colors refer to mechanisms that could have
affected the galaxy in the region, while blue ones indicate processes that are marginally
at work. For example ram pressure stripping and starvation are more efficient towards
the center due to the higher IGM/ICM density. On the contrary mergers are more

likely to happen in the outskirts where galaxies have lower velocities. Each of these

11



1 Introduction

processes contribute to the gradual change of galaxy properties as a function of the

group/cluster-centric distance and therefore producing the segregation effects.

These segregation phenomena have already been well studied in galaxy clusters,

where e.g., a strong radial dependence in the star formation rate is observed dHashimoto & Oemler
‘1999 Balogh et al.H1999; Lewis et al. ‘2002 Balogh et al.H2004J; Tanaka et al. ‘2004).

‘Hashimoto & Oemleﬂ 41999) show that the distribution of the concentration index

C, which is a good measure of a galaxy’s bulge-to-disk ratio, in galaxy populations

) b

varies both with local density and with cluster/group membership. The fraction of
centrally concentrated galaxies increases with local galaxy density and is higher in
clusters than in field. The transition from cluster-like to field-like galaxies is rather
smooth at the intermediate density regime. Meanwhile, the star formation rate of
galaxies with a given concentration index is sensitive to local galaxy density and shows
a continuous correlation with the local density, in such a way that galaxies show
higher levels of star formation in lower density environments. The star formation
radial trends are consistent with an age sequence, meaning that the last episode of

star formation occurred more recently in the farthest galaxies from the cluster center

dBalogh et al. ‘1999). Most of these works hints to the fact that galaxy properties are
predominantly influenced by the local density and not by the broader environments
characterized by cluster/field memberships. Furthermore the star formation rates in
clusters had not yet reached the field value even at r ~ r,;.: there is quite a sharp
transition between galaxies with field-like star formation rates and galaxies with low

star formation rates. ‘Lewis et al. 42002) showed that by only plotting galaxies more
than 2 virial radii from the cluster centers, the trend hardly changes if compared to
the complete cluster diagram. Through this method Lewis et al.‘ 42002‘) identified the

region where galaxy transformation occurs: that is in the infalling filaments, consisting

of chains of groups, where galaxies seem to change from star-forming, field-like galaxies
to passive, cluster-like objects. It is also possible to show that the groups in the
infall regions of clusters show the same pattern as isolated groups. In conclusion the

suppression of star formation is mainly a local process.

From these works, it has become clear the need to explore segregation effects in
group environment as it seems to be the key environment which shapes galaxy proper-
ties. There are indications of earlier-type (brighter) galaxies being more clustered and

closer to the group centers, both in position and in velocity, than later-type (fainter)

galaxies dGirardi et al. 2003). There is also a significant dependence of the relative
fraction of low star formation galaxies on local galaxy density and group-centric ra-

dius (Dominguez et al. [2002). These results agree with a continuum of segregation

properties of galaxies in systems, from low-mass groups to massive clusters. However

12
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Figure 1.4: Region where key physical mechanisms are likely to operate for the specific
case of the cluster CL 0024+16 (Treu et al.|2003), both in a 3D and 2D configuration
in the top and bottom panel respectively. Red colors refer to mechanisms that could
have affected the galaxy in the region, while blue ones indicate processes that are

marginally at work.
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even i

f groups seem to be the key environment to search for nurture in action, still the

observational evidence for these effects is quite poor and holds mainly for the local uni-

Tran et al.HQOOl; Carlberg et al.

%Postman & Gelleﬂ‘1984; Mahdavi et al. ‘1999;
b Dominguez et al.‘ ‘2002

; 'Wilman et al. ‘2009; Bai et al.

verse.
2001a,b; ‘Girardi et al. ‘2003;
2010; Ribeiro et al.HQOlO).

1.6

Outline of the Thesis

The goal of this thesis is to search for nurture in action by studing segregation effects in

the group environment, e.g., trends of galaxy properties as a function of group-centric

distance, over a wide range in redshift. This will help to shed light on how rapidly and

significantly star formation is suppressed in groups and which are the main mechanisms

in act

among those listed in Sect. [1.4, I will do this using the wealth of data from both

COSMOS and zCOSMOS survey dScoville et al.HQOOﬂ; Lilly et al. ‘2007) and building
a composite group to overcome the low number statistics of individual groups. Mock

simulations were also used to test the reliability of the choosen strategies.

The thesis is organized as follows:

14

In Chapt. [2/ 1 will describe the design, the data and the samples from both
COSMOS and zCOSMOS surveys.

Chapt. 13 will briefly explain the construction of realistic galaxy mock catalogs
that T used to test the algorithms I developed.

In Chapt. [4]T will describe the algorithm I developed to enlarge the data set at
our disposal and the centering technique to build a composite group. The first
one comprises the adopted strategy to incorporate the COSMOS data to the
zCOSMOS spectroscopic ones for those galaxies missing a reliable spectroscopic
redshift. This enable us to increase the completeness and the statistic of our
data set. The second one was optimize to define the group centers in the most
reliable way in order to properly rescale the spatial information for each galaxy.
This work has been published in Presotto et al.‘ 42012‘).

In Chapt. [5] I will discuss the construction of the composite group, i.e., the
selection of the sample, the adopted rescaling method. This strategy enables to
establish a statistically reliable sample and to reveal trends of galaxy properties
as a function of the group-centric distance and of varying galaxy stellar masses
and group richnesses. I will also provide an overview of the properties of the

groups that form the ensemble systems.



1.6 Outline of the Thesis

e Chapt. [6 is dedicated to the study of mass and colors segregation effects in our
group sample over a wide redshift/galaxy stellar mass ranges. The joint study
of both colors and mass segregation allow us to isolate the true environmental
effect: the analysis is performed in narrow galaxy stellar mass bins, this way we
disentangle environmental effects from indirect environmental trends. We have
been able to isolate the regime of galaxy stellar masses and group richness that
hold the smoking gun of environmental effects in action superimposed on galaxy
secular evolution and group dynamical evolution. This work has been published
in‘Presotto et al. 42012).

e In Chapt. [7 I present a detailed analysis of composite spectra and morphologies
that further investigate the scenario proposed in Chapt. [6. I describe the proce-
dure to co-add spectra from group member galaxies and the strategy to measure
spectral indices. This provided us a plenty of information about tha star forma-
tion history of group member galaxies. We join this information to that from
morphologies and we study spectral and morphological segregation effects in our

group sample.

e In Chapt. [8 T provide an overall summary of my findings and propose further

studies for the future.
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2 The zCOSMOS survey and its data
set

The Cosmological Evolution Survey (COSMOS) is a large Hubble Space Telescope
(HST-ACS) survey, with I-band exposures down to Iag = 28 on a field of 2 deg?
dScoville et al. ‘2007). The COSMOS field has been the object of an extensive multi-
wavelength ground- and space-based observations spanning the entire spectrum: X-

ray, UV, optical /IR, mid-infrared, mm /submillimeter and radio, providing fluxes mea-
sured over 30 bands dHasinger et al. ‘2007; Taniguchi et al.‘ ‘200%; Capak et al. ‘2007b;
‘Lilly et al. ‘2007; Sanders et al.HQOO?; Bertoldi et al. ‘2007{; Schinnerer et al.HZOOﬂ).

The zCOSMOS survey @) was planned to provide the crucial high-
quality spectroscopic redshift information to the COSMOS field. It benefitted of ~ 600
hrs of observations using the VIsible MultiObject Spectrograph (VIMOS) at the Very
Large Telescope (VLT) and it consists of two parts: zCOSMOS-bright and zCOSMOS-
deep.

In this chapter, I will introduce the zCOSMOS-bright survey, i.e., the main data set
of my analysis, and I will describe its outcomes, i.e., the group and field catalogs. As

we planned to use also part of the COSMOS photometric redshifts, I will summarize

their main properties.

2.1 Survey description

2.1.1 zCOSMQOS survey

The zCOSMOS survey is a complementary survey of the COSMOS one: it provides
spectroscopic redshift for ~ 30000 sources in the COSMOS field up to z ~ 3
ﬁ) Spectroscopic redshifts (alternatively stated as spec-z) provide a wealth of
information both on small and large scale. On one hand they are more precise than
the corresponding photometric redshifts (alternatively stated as photo-z) and they can
be used to map the large-scale structure in the universe and to quantify the density

field. On the other hand they can be used to characterize galaxy properties such as
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star formation rates, active galactic nucleus (AGN) classification, metallicities etc.
The main goal of zCOSMOS is thus to explore and characterize the galaxy envi-
ronments throughout the COSMOS volume and over a wide redshift range, as well
as enabling studies of the variation of galaxy properties with local density. Among
all the environments explored in this survey, groups are of major interest as they are
likely to be relevant for the evolution of member galaxies. Indeed, in the Local Uni-
verse galaxies reside mostly in groups rather than at higher redshifts, i.e., 2z ~ 1/1.5
(Huchra & Geller 1982; Eke et al. 2004; Berlind et al. 2006; Knobel et al. 2009), and

many physical processes have been invoked to explain how group environment can af-

fect galaxy properties, i.e., interaction with other member galaxies dMoore et al. ‘1996‘)

or strangulation dBalogh et al.‘ ‘2000). Furthermore spectroscopic redshifts provide a
calibration of photometric-redshift schemes that may then be applied to objects not
observed spectroscopically.

The zCOSMOS project is divided into two parts: zCOSMOS-bright, and zCOSMOS-
deep. The zCOSMOS-deep targets ~ 10000 galaxies within the central 1 deg? of the
COSMOS field, selected through color criteria to have 1.4 < z < 3.0. The zCOSMOS-
bright is purely magnitude limited and it covers the whole area of 1.7 deg? of the
COSMOS field. It provides redshifts for ~ 20000 galaxies down to Ing < 22.5 as
measured from the HST-ACS imaging dKoekemoer et al.‘ ‘200%). The bright part is

now finished, having observed almost 17000 galaxies. This thesis is based on the

bright part of the survey and from now onwards I will focus on this part only.

2.1.2 zCOSMOS bright: design and data reduction

Observations were carried out with the VIMOS spectrograph ({Le Fevre et al.‘ ‘2005‘)
mounted on the VLT telescope. The spectrograph was used in the Medium Resolution
(MR) option with 1.0 arcsec slits. The spectral resolution is R ~ 600 at 2.5 A pixel™!
over the spectral range 5550-9450 A. VIMOS is a multislit spectrograph composed of
four quadrants covering approximately 7 x 8 arcmin? and separated by a 2 arcmin
wide cross-shape. Each pointing was shifted by about 2 arcmin to compensate the
gaps between the quadrants and consequently to cover the corresponding area nearly
homogeneously. This pattern of pointings ensured eight opportunities to each target,
in a large rectangular region, i.e., about 1 square degree, to be selected for observation.

The input catalog for zZCOSMOS-bright is based primarily on total F814W magni-
tudes derived from the 0.1 arcsec resolution HST images dKoekemoer et al.HQOO?) in
the range 15.0 < I4p < 22.5, totaling 52,792 objects. About 19% of objects, suspected
of being galactic stars based on both an unresolved HST image and a UBVRIZK spec-

tral energy distribution that is better matched by a stellar template, were not targeted

18
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Table 2.1: zCOSMOS classification scheme of confidence classes as in Lilly et al.

(2009).

Class Integer Confidence Classes
4 Very secure redshift exhibiting a quality spectrum
3 Very secure redshift
2 Likely redshift with some doubt
9 Securely detected line, either [OII]A3727 or HaA6563
1 Insecure redshift
0 No redshift measurement
+10 As above but for broad line AGN, with 18 instead of 9
+20 or +200 As above but for a target only observed as a secondary target
Decimal place modifiers
.5 Spec-z and photo-z are consistent to within 0.08(1+z)
4 No available photometric redshift
3 Spec-z consistent with photo-z after changing to
the alternate redshift (For Class 9 and 18)
1 Spec-z and photo-z differ by more than 0.08(1+z)

19



2 The zCOSMOS survey and its data set

for spectroscopic observation. Among all objects, some got a higher observing priority
(compulsory target), such as X-ray and radio sources, however they represent only 1%
of the set.

The slit masks were prepared using the Slit Positioning Optimization Code (SPOC)

dBottini et al.H2005‘). This software maximizes the number of slits to put in the area
of each quadrant. Slits are first placed as much as possible over of the compulsory
targets. Then, in a second pass, slits are placed over as many of the random targets
as possible.

Data reduction and redshift measurements were carried out indipendently in two dif-
ferent institutes using the VIPGI software dScodeQEio et al.H2005‘) and the EZ software

(Scaramella et al. in prep.) respectively. Data reduction was mainly automatic, there

were only few steps that required manual intervention, e.g., checks in lambda calibra-
tion and atmospheric correction. To further reduce human mistakes, each indipendent
redshift measurment was later reconciled by visual inspection at face-to-face meetings
between representatives of the two institutes, meetings that I attended. The reliability
of redshift measurements is quantified by a confidence class flag that is assigned to each
redshift. The classification runs from 0 (no redshift) to a maximum of 4 (most secure,
and with a textbook spectrum) with an additional Class 9 for one-line redshifts where
the line is expected to be either [OII]A3727 or He, i.e., where an identification with
Hp3 or the [OIII]AN4959,5007 doublet can be rejected. Additional integer or decimal
classifications modifiers refer to spectrum features, e.g., the presence of broad features
adds +10 or +20 to the confidence class flag, or to consistency between spectroscopic
and photometric redshifts, e.g., agreement between spec-z and photo-z adds +.5 to the
confidence class flag, see Tab. 2.1 for details.

In the final data set there are some repeated observations, these can be used to
establish the reliability of redshift measurements and to determine the redshift accu-
racy. The success rate in redshift measurements is very high, 95% in the redshift range
0.5 < z < 0.8, and the velocity accuracy is ~ 100 km s~ (Lilly et al. M) This accu-
racy is sufficient for the resolution of galaxy groups. Classes 3.x, 4.x redshifts, plus the
Classes 1.5, 2.4, 2.5, 9.3, and 9.5 are considered a secure set, with an overall reliability
of 99%, (see Lilly et al. @, for details).

2.1.3 The final sample: 20K galaxy catalog and its properties

The work of this thesis is based on the the zCOSMOS-bright survey final release:
the so called 20K sample (simply 20K from now onwards) and the corresponding
group catalog (see Sect. [2.1.4 for details). The 20K totals 16623 galaxies with z < 2

and secure redshifts according to the above flag classification (18206 objects in total,
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Figure 2.1: Ra-Dec distribution of the 16623 zCOSMOS-bright galaxies with secure
redshift z < 2 (the so-called 20K sample). The area within the red box (149.55 <
ra < 150.67 and 1.75 < dec < 2.70) has a nearly uniform sampling rate of ~ 62%.
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Figure 2.2: Redshift distribution of of the 13619 zCOSMOS-bright galaxies with secure
redshift z < 2 (the so-called 20K sample), within the red box area and binned in
intervals Az = 0.001. The redshift distribution shows structure on a large range of

scales.
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Pedshjry

Figure 2.3: Distribution along the line of sight of the of the 20K galaxies within the
red box area introduced in Sect.

irrespective of redshift and including stars).

Fig. [2.1 shows the spatial distribution of the 20K galaxies. The red square cor-
responds to the region with the highest sampling rate, approximately ~ 62%, its
boundaries are 149.55 < ra < 150.67 and 1.75 < dec < 2.70. The number of galaxies
within this region, with secure redshift and z < 1 is 13619 (15730 objects in total,
irrespective of redshift and including stars) and their sky distribution is remarkably

uniform.

Fig. [2.2 shows the redshift distribution of the 13619 zCOSMOS-bright galaxies with
secure redshift z < 2, within the red box area and binned in intervals Az = 0.001. The
redshift distribution shows structures on a large range of scales, the most prominent
being at z ~ 0.3 and 2z ~ 0.73. Fig. [2.3]shows the distribution along the line of sight
of the same galaxies, highlighting the presence of these structures. They encompass
a wide range of environments: from less dense regions, and filaments to groups, and

richer/denser structures, enabling a detailed study of galaxy properties over different
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Figure 2.4: Absolute magnitudes in the rest-frame B band of the 20K galaxies within
the red box area introduced in Sect. [2.1.3 as a function of redshift.

environments.

For all galaxies, absolute rest-frame magnitudes and stellar masses were obtained
using standard multi-color spectral energy distribution (SED) fitting techniques. Rest-
frame absolute magnitudes were obtained using the ZEBRA code, (see Feldmann et al.
, for the details of thecode), while stellar masses were obtained using the Hyper-
Bolzonella et al.H?OlO) that yields a typical error for

zmass code dPozzetti et al. ‘2010;
the stellar mass estimates of about 0.2 dex. Among the available stellar population

synthesis libraries we chose to adopt the ‘Bruzual & Charlot 42003‘) ones, assuming a
Chabrier initial mass function (Chabrieﬂ \M‘)

In Fig. 2.4 we show the absolute rest frame magnitute Mp versus redshift distribu-
tion of the total galaxy sample introduced in Sect. [2.1.3] This plot clearly shows the

restriction of a flux limited survey: the range of observable luminosities varies with
redshift. As a consequence, to study the same galaxies at all redshifts, one needs to

construct volume limited samples. To this aim one should also take into account the
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observed luminosity evolution in the rest-frame B band: the global B band Luminosity

Function (LF) shows a brightening of ~0.7 mag in M* from z ~ 0.2 to z ~ 0.9 (see

Zucca et al.H20097 and references therein). An evolving absolute rest-frame magnitude
cut-off is therefore more appropriate, see Sect. [5.2] for further details.

A further complication is that a flux-limited survey can target blue star-forming
galaxies at lower masses than for red quiescent ones. As a consequence, B-band rest-
frame selection is biased towards blue, low mass galaxies, while it misses the corre-
sponding red, equally low mass ones. This can be seen in Fig. [2.5 where we plot
(U — B) rest-frame color versus stellar masses in bins of redshift Az = 0.1 for the 20K
galaxies within the red box area introduced in Sect. [2.1.3] This gives a rough indica-
tion of the mass completeness of the sample as a function of redshift and rest-frame
(U - B) color. As we can see, the mass limit at which the sample is complete, even
for the reddest galaxy, shifts towards more massive galaxies with increasing redshift.
We will discuss later on, e.g., Sect. [5.2] the importance of defining a mass-complete

sample for our analysis.

2.1.4 Spectroscopic group catalog

The excellent accuracy of zCOSMOS redshifts enabled us to extract a group catalog
from the 20K sample dKnobel et al. ‘2009

in this study as we used groups as tracers of the environment. In this section I

,201 1‘) This catalog has a major importance
will briefly summarize the adopted group-finding algorithm and the properties of the
extracted groups.

As defined in Sect. 1.1Ja group is composed by those galaxies that occupy the same
DM halo, therefore by definition, group numerosity, N, range is N > 2. Those galax-
ies that reside alone in a DM halo are called field galaxies. In spectroscopic redshift
surveys, such as zCOSMOS, groups are identified as overdensities in redshift space
without recourse to additional color information. However the peculiar velocities of
galaxies may cause group members to merge with other nearby field galaxies, i.e., in-
terloper. Furthermore the decrease of the mean density of galaxies with redshift and
different selection effects may cause difficulties in group identification. The perfect
group catalog should have 100% completeness, (i.e., fraction of real detected groups)
and 100% purity (i.e., fraction of non-spurious groups). The former definition of the
perfect group catalog is on group-group basis, but one should obtain 100% complete-
ness and 100% purity also on galaxy-group basis, i.e., fraction of reconstructed group
galaxy members and fraction of non-interloper galaxies respectively. Naturally the
best achievable group catalog is the one with the best balance of completeness and

purity.
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Figure 2.5: (U — B) rest-frame color versus stellar masses in bins of redshift Az = 0.1
for the 20K galaxies within the red box area introduced in Sect.
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The most widely used group-finding algorithms are: the Friends-of-Friends (FOF) al-
gorithm ({Huchra & Gelleﬂ‘1982; Eke et al. ‘2004; ‘Berlind et al.H2006‘) and the Voronoi-
Delaunay Method (VDM) dMarinoni et al.H2002; Gerke et al.H2005 200%). Both these
methods are characterized by a set of parameters that can be adjusted so that the
resulting group catalog has the best balance of completeness and purity.
) uses a “multi-pass procedure” both with FOF and VDM to achieve an im-
pressive quality in group reconstruction, as tested using realistic mock catalogs, (see
also‘Knobel et al.H2009, concerning a previous version of the algorithm). Knobel et al.

2009) showed that the concurrent optimization of completeness and purity is a func-

)

tion of the group numerosity. Therefore they developed the following ”multi-pass

procedure”:

1. The parameter-set is optimized for the range N > 6, the group-finder is run,
and only those groups that are in this numerosity range are kept in the group

catalog.

2. The parameter-set is then optimized for groups with N = 5, the group-finder is
run again, and only groups with N = 5, which are not yet detected in the first
step, are added to the group catalog.

3. Repeat the previous step for N = 4, 3, 2.

Each step accepts only those groups which have not been found in a previous step.
This method, when combined with the standard FOF algorithm, yields, for the re-
sulting group catalog, values of completeness and purity that are extremely good and
stable as a function of both redshift and number of members observed in the recon-
structed groups.

Fig. 2.6, taken from‘Knobel et al.‘ 42009), summarizes the results of the ”multi-pass
procedure” when applied to the FOF algorithm (blue solid line) as tested on mock

catalogs, see Chapt. [3 for mocks details. The upper left panel exhibits complete-
ness and the upper right panel purity on group-group basis. The lower right panel
shows the galaxy success rate Syq; and the lower left panel the interloper fraction PZ,
i.e., completeness and purity on galaxy-group basis. Usual values of completeness and
purity, for groups reconstructed with more than five spectroscopic observed members,
are around ~ 85% at all redshifts and do not decrease substantially for groups with
lower number of observed members. The interloper fraction, remains constantly be-
low ~ 20% at all redshifts for groups reconstructed with more than five spectroscopic
observed members, except a slight increase for groups with lower number of observed
members.

27



2 The zCOSMOS survey and its data set

1‘1 T T T T L 1'| T T T T 7
r ] - Il "
0.9F h—: 0.9F ‘ .
PO _ 1 - b ]
go08f¥ L LA — A-——=—3 » 08f -
5 F ’A),"’*“"“‘uj—_,—j_':‘g - |
& oY, " 3 2 oaF 3
B Y 1 - :
—g— FOF multi-run . -, ]
06F & 1wMm 1 06p m
o 2WM 1 - 1
0_521_“4_“_.4“1““1.L.lL,_“JJ' O_S'JL s b gy B g Vo v e b g ]
2 4 6 8 10 12 2 4 6 8 10 12

=N >N
1 L B o T T ) 0.5 T T T T T
EO'QLW‘ g O4F 3
g 1€ 2
2 08F : . 1 203‘_ 4
o Uar 1 & Uor ]
g 0 ' 18 | =
B i i [ ]
Lord-T 1 | | T———dd S0t g z
% o6 1% oaf S I
05 | i | 1 | I; O;Iw 1 | 1 | I;
2 4 6 8 10 12 2 4 6 8 10 12

=N 2N

Figure 2.6: Statistics of the "multi-pass” FOF (blue solid line) as a function of nu-
merosity N (other lines refer to specific subcatalogs not used in this thesis). The error
bars show the scatter among the 24 mocks. The upper left panel exhibits complete-
ness and the upper right panel purity on group-group basis. The lower right panel

shows the galaxy success rate Syq; and the lower left panel the interloper fraction PZ,

i.e., completeness and purity on galaxy-group basis. Taken from Knobel et al. 42009).
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2.1 Survey description

The group catalog provides also the physical properties of each group, e.g., the halo
mass, and the virial radius. [Knobel et al.‘ 42009) showed that at each redshift z, the

observed richness N, corrected for sampling and redshift success rate, is a good proxy

for the group halo mass and, by calibrating it with the mock catalogs, it works rather
well. In general a certain property of groups, Q, that exhibits a correlation with
the number of members in a group, can be estimated and calibrated using the mock
catalogs with eq. [2.1:

qudge = <Qmock(Naz)> (21)

where Qumock(N ,z) denotes the quantity Q of a halo at redshift z containing N
galaxies (corrected for sampling and redshift success rate) in the mock catalogs, and
the angle brackets correspond to the average over the halos among the mock catalogs.
In this work we will use the group halo fudge mass, Mfyqge, i.€., an estimate of the
dynamical mass of the group, and the group fudge radius, Ryydge, i.e., an estimate
of the group virial radius. The 20K group catalog is more than 90% complete for
M puage > 10132 M up to redshift z~0.8, while for lower masses the completeness
decreases linearly with redshift.

This ”multi-pass procedure” has been applied to the 20K sample and the resulting
20K group catalog consists of 1496 groups with at least 2 spectroscopic member galax-
ies and 188 groups with at least 5 spectroscopic members. In this thesis the analysis
is restricted to groups with at least 5 spectroscopically observed members and within
the high sampling rate box introduced in Fig. This allows to work with groups for

which the finding algorithm of Knobel et al.‘ 42011) reaches the best results for purity
and interlopers fraction. Moreover the minimum of five spectroscopic members ensures
a reliable first guess of both group center and radius. These two parameters are cru-
cial for the algorithm we used to retrieve group members missing secure spectroscopic
redshift information and to build the SG, see Chapt. [4.

From now onwards we will call this sample the spectroscopic group catalog: it totals

178 groups and 1437 group member galaxies at z < 1.

2.1.5 Spectroscopic field sample

To build the field galaxy sample we started by selecting 20K galaxies located within
the high sampling rate box and outside any of the reconstructed groups of Knobel et al.
M) We therefore discarded from this sample also galaxies located in pairs, triplets
and quadruplets, i.e., members of the poorest groups not considered in our science

analysis.
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2 The zCOSMOS survey and its data set

To perform the fairest comparison between group and field samples we carefully took
into account the possibility of spurious trend introduced by residual group contami-
nation or by the different redshift ranges covered by the group/field galaxy samples
that have to be carefully avoided. On one hand galaxies lying in the close proxim-
ity of groups could be contaminated by spectroscopic group members missed by the
group-finding algorithm. In addition, the fraction of blue galaxies in field evolves with
redshift dIovino et al. 2010‘, and references therein) while the redshift distribution of
the spectroscopic groups catalog is far from being uniform, displaying prominent peaks

(especially at low redshift where the 20K field of view limits the cosmic volume ex-
plored). To take into account these two factors we further restricted the field sample
to galaxies located within redshift distances 2000 < |Av| < 5000 km s~! from our
selected groups sample and with radial projected distances Ryijeiq > 4 X Rfuage from
any group of 20K group catalog. From now onwards we will call this set of galaxies
the field sample, totalling 6556 galaxies at z < 1.

We also introduced a complementary set of field galaxies, that we shall call near-
field. These are 20K galaxies within the high sampling rate box, that do not belong
), but with Av within 42000

km s~ 'and Ryicta < 4 X Ryyage from at least one group of the spectroscopic group

to any of the reconstructed groups of ‘Knobel et al.‘ 42011

sample used in our analysis. The near-field sample so defined totals 1694 galaxies at
z < 1 and contains, by definition, galaxies located in the close proximity of the spec-
troscopic group sample. We will use this sample to check for possible environmental
effects extending outside group radii, e.g., color differences of near-field population
with respect to the field sample as defined above.

2.2 Photometric redshifts

Overall, as compared to previous surveys, the zCOSMOS-bright survey has a high
and uniform sampling rate, and offers an unique opportunity to explore the pres-
ence/evolution of environmental trends in a wide range of cosmic time. Nevertheless,
the spectroscopic sampling rate is ~ 62%, therefore it would be useful to incorporate
those galaxies brighter than Iag = 22.5 and missing secure spectroscopic redshift in
the data set, to get as close as possible to the ideal 100% sampling rate.

The wealth of ancillary photometric data provided by the COSMOS survey en-
sures good quality photometric redshifts: based on the comparison, between photo-z
and spec-z for the 20K galaxies with 17.5 < I p < 225 ‘Ilbert et al.‘ 42009‘) esti-
mates an accuracy of the photo-z of o,pnet = 0.007 - (1 + zg). Similar accuracy is
obtained by Oesch @) when applying the ZEBRA code to the same 30 bands (pri-
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Figure 2.7: Comparison between photo-z from ‘Ilbert et al.‘ 42009) and m m)
The black solid line shows the distribution of zoeseh — Zrpert /(1 + Z1imert) for galaxies
having 0.25 < zppee < 1.1 and brighter than Iap = 22.5. The red solid line is the fitted
Gaussian distribution with o. = 0.006.
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2 The zCOSMOS survey and its data set

vate commumcatlon) Fig. [2.7)shows the good agreement between Ilbert et al. 42009‘
and M (@ ) photo-z estimates. The black solid line shows the distribution of
(20eseh — Zrert)/ (1 + zripert) for galaxies having 0.25 < zppe < 1.1 and brighter than
Iag = 22.5. The red solid line is the fitted Gaussian distribution with . = 0.006.
The value of ocs is even smaller than expected, i.e., ~ V2 - 0,ph0t, confirming the
excellent quality of COSMOS photometric data.

We will use the phot-z values from @) in our analysis (see Chap. [4 for
the adopted method to incorporate photo-zs). Rest-frame absolute magnitudes are

directly provided by the ZEBRA code, while once again stellar masses are obtained
by SED fitting using the code Hyperzmass. Here we report the tests we performed to
assess the reliability of M 2011) photo-z.

Left panel of Fig. 2.8 shows the comparison between photo-z and spec-z for the
subset of the 20K galaxies with confidence flag 4.x or 3.x. The red solid line corre-
sponds to the linear fit of the dataset. The slope of the fit is 0.980 4= 0.002 suggesting
a good agreement between photo-z and spec-z estimates. We checked the accuracy
of photo-zs estimates by fitting a Gaussian distribution to the Az/(1 + zs) distri-
bution. Right panel of Fig. [2.8 shows the Az/(1 + zs) distribution, the red solid
line is the fitted Gaussian distribution with o = 0.006. We also checked the presence
of catastrophic failures in estimating photo-z, i.e., the excess of galaxies with errors
larger than 30,pn0t With respect to the simple gaussian distribution. We estimated

such percentage as ~7-8% as reported in the top-left corner of the plot.
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Figure 2.8: Left panel: comparison between photo-z and spec-z for the subset of the
20K galaxies with confidence flag 4.x or 3.x. The solid line corresponds to the linear
fit of the dataset. Right panel: Az/(1 + zs) distribution. The red solid line is the
fitted Gaussian distribution with o,pnet = 0.006. The fraction of catastrophic failures,
i.e., photo-zs with Az/(1+ zs) > 30,phot corresponds to 7-8%, as listed in the top-left
corner of the plot.
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3 Mock catalogs construction

The use of realistic mock galaxy catalogues is important to assess the reliability of the
algorithm we adopted to produce the spec+photo-z group catalog and to validate the
procedures we choose to define group centers and richnesses (see Chapt. [4).

We took advantage of the 24 COSMOS mock light-cones, provided by‘Kithichler & WhiteJ
), each covering an area of 1.4deg x 1.4deg with an apparent magnitude limit of
r ~ 26 and galaxies in the redshift range up to z ~ 7. These mock light-cones are

based on the Millennium DM N-body simulations of Springei 2005) and use semi-
analytic recipes of Croton et al. 42006‘) as updated by ‘De Lucia & Blaizot d200ﬁ) for

populating the simulations volume with galaxies.

From each of these 24 light-cones we extracted four different types of mock catalogs:

1. The 40K mock catalogs: 100% complete to Iap = 22.5. In these catalogs all
galaxies brighter than Ixp = 22.5 are supposed to be spectroscopically observed
with 100% success rate. We added a redshift error of 100 km s~'to account for

typical zCOSMOS spectroscopic redshift error as estimated from observations

(see @ @)7

2. The 20K mock catalogs: mimicking the 20K zCOSMOS spectroscopic sample.
We applied the same observational strategy adopted to select the spectroscopic
zCOSMOS targets: using the slit positioning algorithm SPOC, see Bottini et al.
M), on the 40K catalogs and accounting for the spectroscopic redshift failures
by including the same redshift success rate as the real data.

3. The 20K+photo-zs mock catalogs: mimicking the total set of data we used in
our analysis. The spectroscopic galaxies are those listed in the 20K mock cata-
logs, while a photometric redshift is provided for the remaining galaxies of the
40K mock catalogs. We reproduced both the photometric redshift error and the
catastrophic errors expected for the galaxies with photometric redshift. The for-
mer error is the quoted error value for o,pn0t, While the latter error we choose
a rather conservative approach and we considered in the 20K+photo-zs mock

catalogs also a 10% of catastrophic errors, by randomly permuting for 10% of
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3 Mock catalogs construction

the galaxies their photometric redshifts while keeping fixed galaxy ra-dec coor-

dinates.

. o< IaBmax >: 100% complete to Iap max = 23.0,23.5,24.0,26.0. These cat-

alogs are constructed in a similar way as the 20K+photo-zs mock catalogs.
The difference regards galaxies fainter than Inp = 22.5. For these galaxies the

photometric redshift error, o pnhot, is magnitude-dependent. Ilbert et al. 42009‘)
showed that at fainter magnitudes Iy < 24 and z < 1.25, the accuracy is
oaz/(1 + zspec) = 0.012. The magnitude-dependent error is than obtained by
linearly interpolating the quoted error values for I4p = 22.5 and 45 = 24 as in

eq. [3.1:

Uzphot(IAB) = ( Iag — 0.068) (1 +2). (forIag > 22.5) (3.1)

300
Catastrophic errors are always obtained by randomly permuting for 10% of the
galaxies their photometric redshifts while keeping fixed galaxy ra-dec coordi-

nates.

We applied to the 20K mock catalogs the same group finding algorithm used for
the 20K sample (see ‘Knobel et al.H2009). We then selected groups with at least five
spectroscopic members located within the high sampling rate box introduced in Fig.
2.1 and applied to the 20K+photo-zs and fl_< Ixp max > mock catalogs the algorithm
described in Chapt. [4]

The COSMOS mock light-cones provide dark matter halos IDs that can easily be

used to identify real groups and real group members, i.e., the set of galaxies located

within the same dark matter halo in each of the above mock catalogues (see also

Knobel et al. 42009)).
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4 The Algorithm

The aim of this thesis is to explore if and how galaxy properties, e.g., colors, masses,
morphologies, star formation rates etc., vary as a function of the group-centric dis-
tance. Given our data set, this kind of study has two major complications. On one
hand the scarcity of individual group members inhibits a detailed analysis of each
group and as a consequence, to explore galaxy properties as a function of the distance
from the center of the group, we need to build ensemble systems. On the other hand
the number of available member galaxies down to Ixp = 22.5 for each group of our
spectroscopic group sample is limited by the incomplete sampling rate of the 20K . In
other words we need to increase the order of magnitude of the available sample. In
order to increase the number of galaxies at our disposal we decided to take advantage
of the excellent quality of the photometric redshifts in the COSMOS field, and to in-
corporate into our analysis photometric redshifts for galaxies brighter than Ixp = 22.5
and missing reliable spectroscopic data. A higher number of group member galaxies
enables to improve, for each group, both centering and richness estimate, two quanti-

ties crucial to properly center and rescale distinct groups to build a composite one (see

e.g., ‘Carlberg et al.HlQQﬂ). For this aim, I developed an algorithm in IDL language to

recover group members that were not spectroscopically observed. I also defined a new
strategy to center each group. In this section I will illustrate in detail the algorithm
and centering strategy and the tests I performed on the mock catalogs to assess their
reliability.

4.1 Adding photo-zs to the spectroscopic group catalog

4.1.1 Strategy

In this Section I present the details of the algorithm to add photometric candidate
group members to the spectroscopic ones. Given a group with N observed members
in the 20K mock catalog, we defined its 3D position by: its position on the sky, raq,
and decg, center and its redshift position, zg,oup, all these quantities are defined as the

mean of member galaxy coordinates and redshifts, as defined in the 20K spectroscopic

37



4 The Algorithm

G5 [T T T T T T T T I T T

3.0

2.5

o=z ----- -\ \--------------------
1.5

1.0

Figure 4.1: Different selection functions for photo-zs candidate members in the plane
xy, i.e., the normalized projected radial distance and redshift distance respectively, see
text for details. Among exponential (blue), Gaussian (green, red, magenta), Gaus-
sian+logarithmic (yellow) and linear (cyan) profiles we adopted the linear function.
The black dashed line highlights the final allowed area in the xy plane to search for

photometric putative members.

catalog (see‘Knobel et al. ‘2011).

We then defined some useful quantities to characterize each group and its members:

e R,,, the minimum radius of a circle centered on (ragy,, decy,) and that contains

all the spectroscopic confirmed members.

Rgal, the radial projected distance of each galaxy with a photometric redshift to
the center of the group;

® Az = Zgal — Zgroup, the distance in redshift space of each galaxy with a photo-

metric redshift, z4q:, to the group;

x = Rga1/Rgr, the normalized projected radial distance;

e v = Az/0,pnot, the normalized distance in redshift space, where 0,04 = 0.007 -
(1 + ) is the photometric redshifts accuracy as estimated in Sect.
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4.1 Adding photo-zs to the spectroscopic group catalog

We decided to use a selection function, F(x), which modulates the acceptable photo-
z galaxies depending on their distance both in angular and redshift space normalized to
Rgr and o,pnot, respectively. The accepted photo-zs with (z;, y;) must satisfy y; < F(x;)
and Ixg < 22.5.

When choosing the formula of F(x), one should always aim at obtaining the best
balance of completeness and purity on galaxy-group base. Furthermore, given the goal
of this work, i.e., studying radial trends, we carefully chose the selection function not
only to keep the fraction of interlopers as low as possible, but also to avoid introducing
any radial dependency of the interlopers fraction.

We tried different selection functions as shown in Fig. [4.1. The colors refer to
different F(x): with an exponential (blue), Gaussian (green, red, magenta), Gaus-
sian+logarithmic (yellow) and linear (cyan) profile. The black dashed line highlights
the final allowed area in the xy plane to search for photometric putative members.
All the functions we tried follow this simple idea: the closer the photo-z galaxy lies in
projected radial distance, the wider is the acceptable distance in redshift space.

The exponential, Gaussian and logarithmic profiles provide an intrinsic scale factor
where the function decreases towards low values. Unfortunately this drop is quite
sharp and the outcome is the nearly absence of photo-z interlopers at the expenses
of a small gain in terms of real members. Since one of our most important goal is to
recover the real richness of the groups, we excluded these selection functions. On the
other hand a linear profile has a smoother decrease at large radii and it allows us to
recover a higher fraction of missing real members while keeping small the fraction of
interlopers.

The final adopted selection function is F(x) = 2 — x, i.e., the maximum acceptable
normalized redshift distance is y = Az/0,pnot = 2 in the center of the group, and it
linearly decreases the acceptable distance in redshift space as we go away from the
center up to Ry, i.e., the maximum acceptable normalized projected distance is x=1.
We applied this selection function to all the candidates photometric redshifts within
a cylinder of £2 - 0,0t depth and within a region of inner radius R; and an outer
radius R; + 0.2 - R, increasing R; iteratively in step of 0.2 - Rg, from zero up to Ryg;.

Here we anticipate some of the results of the tests we performed on the mocks in
order explain our constrains/choices for the parameter set-up, while we refer the reader
to Sect. [4.1.2 for the results concerning the reliability and efficiency of our algorithm.

We computed the normalized distances (x,y) to each group for each galaxy with
photometric redshift and Iag < 22.5 in the 20K+photo-zs mock catalog in each region.
We noted that the 95% of the missing real members are always confined within +2 -

Ozphot, While the interlopers are spread all over the range £4-0,pn0¢. This is the reason
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Figure 4.2: Distribution of the center-shift after iter 0 (black) and iter 1 (red) in the

inset.

why we constrained the maximum redshift depth to £2 - o,pnet. Furthermore in the
inner regions the number of real missing members is always higher than the one of
interlopers, while as we go far away from the center the ratio reverses. Note that we
computed the normalized distances for all the photometric targets in each group region,
i.e., an interloper in the outer regions could be a real members of another group in an
inner group region. This explains our choice to run the algorithm in concentric annuli:
assigning the candidate members this way reduces the number of possible interlopers
from other groups rather than adding blindly group members over the whole group
radius.

At the end of each run of the algorithm a new catalog of 20K+photo-z member
galaxies is produced. If there is any multiple assignment for a single photo-z we used
a check function, Fepeck, to univocally assign it to a group. The check function uses
both the phot-z information and the more reliable spatial information. It is defined
as: Feneek(X,y) = x? -y, so that the photo-z galaxy is assigned to the group with the
minimum Fepeck (%, ). Tests on simulations showed that this check function is able to
recover the real membership for 74% of photo-z with multiple assignments to different

groups. This way we have dealt with the problem of treating multiple associations.

Once we reached Ry, in our search, a new catalog of groups was created and we
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Figure 4.3: Distribution of the completeness for the 20K and for the 20K+photo-
zs mock groups: black dot-dashed line corresponds to the 20K mock catalog while
red solid line to the 20K+photo-zs mock catalog after running our algorithm to add
photo-zs.

determined the new center, as defined in equation [4.2 (see later on Sect. [4.2.1), and
the new R, for each group using both spectroscopic and photometric members.

The whole algorithm is iterative: the j'* iteration uses the center and radius of
the (j-1)' iteration to search for photo-z member galaxies. We defined the center-
shift as the distance between the j** center and the (j-1)** one. In Fig. [4.2] we show
the distribution of the center-shift normalized to Rjgjl, the radius Ry, of the (j-1)"
iteration, after iter 1 (black) in the main panel and iter 2 (red) in the inset.

After two iterations, the center shift is less than 5% of Rgl for 90% of the groups,
which means that the centering for these groups has converged. The third iteration is

enough for the centering to converge also for the remaining 10% of the groups.

4.1.2 Tests on the mocks

To test the reliability of the developed algorithm we applied it to the 20K+photo-zs
mocks and we checked our ability to reconstruct the real group membership, i.e. the

completeness, the effect of interlopers contamination, and the richness estimates.
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Figure 4.4: Left panel: distribution of the completeness after iter 1 (black) and iter
2 (red) for groups with a center-shift < 15% of Rgy. Right panel: distribution of the
fraction of photo-z interlopers after iter 1 (black) and iter 2 (red) for groups with a
center-shift < 15% of Ry,

We run the algorithm over all the groups with Nygx > 5 within the high sampling
rate box introduced in Fig. 2.1 (149.55 < ra < 150.666 and 1.75 < dec < 2.7).

The COSMOS mock light-cones provide dark matter halos IDs which can easily
be used to identify real groups and real group members, i.e., the set of galaxies lo-
cated within the same dark matter halo in each of the mock catalogues introduced in
Chapt. [3 (see also ‘Knobel et al.‘ ‘2009). If we define completeness as the ratio of the
reconstructed group members in the 20K/20K+photo-zs mock catalogs to the total

number of real group members in the 40K mock catalogs, the improvement introduced
by our algorithm is shown in Fig. [4.3. In this plot we show the distribution of the
completeness for all the groups of the 20K mocks and for those obtained after applying
our algorithm to the 20K+photo-zs mocks (black dot-dashed line and red-solid line
respectively). We were able to improve the median completeness from 67% of the 20K
mock catalog up to 90% of the 20K+photo-zs mocks: the number of groups 100%
complete is three times larger than using only the 20K mocks.

Part of this improvement comes from the auto-recentering and iteration of the al-
gorithm. After each iteration, we can divide the groups into two classes: those with
a small center-shift, i.e., less than 15% of Ry, and those with a big center-shift,
ie., > 15% of Rg. In other words, the former subset of groups has already a well de-
fined central peak since the previous iteration, whereas the new added photo-z galaxies
have refined the centering for the latter groups. In the case of a big center-shift the
next iteration will search for photo-z putative members in an area closer to the real
overdensity peak and in a region otherwise left unexplored. This produces a higher

probability of retrieving other photo-z candidate members.
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Figure 4.5: Left panel: distribution of the completeness after iter 1 (black) and iter
2 (red) for groups with a center-shift > 15% of Rgy. Right panel: distribution of the
fraction of photo-z interlopers after iter 1 (black) and iter 2 (red) for groups with a
center-shift > 15% of Ryy.

Fig. [4.4lshows the distribution of the completeness (left panels), and the distribution
of the fraction of photo-z interlopers (right panel), i.e., photo-z galaxies not sharing
the same dark matter halo in the 40K mock catalogs, for the small center-shift groups.
In each panel the red solid line refers to the iteration j=2, while the black solid line
refers to the previous iteration, i.e., j=1. Fig. [4.5/is the same as Fig. [4.4] but for the
big center-shift groups.

We note that in the case of a small center-shift the completeness and the fraction of
photo-z interlopers are similar in iter j=1 and in iter j=2: in both panels histograms
nearly overlap. On the contrary, there is an improvement in completeness in the
case of a big center-shift. Fig. shows that after iter j=2 the distribution of the
completeness is shifted towards higher values while the algorithm adds only a small
percentage of photo-z interlopers. For example, if the center-shift is 30-40% of Ry,
the completeness increases from ~78% to ~90% by adding only ~3% of interlopers.
For greater center-shifts, the completeness reaches values of ~100% at the expenses of
~10% interlopers. This means that by adding photo-zs and re-setting the group center
for the next iteration, we are retrieving the real overdensity peak, especially for those
cases when the 20k sampling was unlucky targeting the outskirts of a group rather
than the inner region. Since groups with a big center-shift represent nearly 30% of the
cases in iteration j=1, the re-centering and iteration strategy is fundamental and very
effective.

As a consequence, of the overall completeness improvement, also the group rich-
ness, defined as the number of members brighter than an adopted rest-frame absolute

magnitude cut-off, is easier to recover in a reliable way. We applied a rest-frame ab-

43



4 The Algorithm

solute magnitude cut-off Myt = —20.3 — Zga + 0.8 for all the member galaxies of
the reconstructed groups in the 20K+photo-zs and 40K mocks with z, < 0.8, i.e., the
same cut-off we applied in our analysis of the real 20K+photo-zs sample as explained
in Sect. [5.2l We studied the ratio gnr = Mook tphoto—zs/Niox between the richness
of reconstructed groups in the 20K-+photo-zs mocks, Naogk +photo—zs, and their real
richness in the 40K mocks, Nyx. For more than 50% of the cases gn = 1, i.e., the
richness as measured for reconstructed groups in the 20K+photo-zs mocks equals the
same quantity as obtained from the 40K mock catalogs.

Our algorithm achieves this noticeable results while adding a negligible fraction of
interlopers, i.e., galaxies not sharing the same dark matter halo in the 40K mock
catalogs. For 50% of the groups we add less than 3% of new interlopers with respect
to the total members in the 20K+photo-zs catalog, therefore leaving unaltered the
interlopers fraction of the spectroscopic group catalog.

We also checked for any dependence of the interloper fraction from the group-centric
distance by dividing each group into a central part and two concentric intermediate
and external rings. This separation is the same as the adopted one in our analysis
of the segregation effects in Chapts. [6] and [7. We also used exactly the same mass
and redshift limits later adopted in our analysis, see Sect. for precise definition of
redshift limits and corresponding mass limits for the low- and high-z bins.

In Fig. [4.6 we show the fraction of interlopers in each of these three regions for
the 20K/20K+photo-zs mock groups (black stars and red triangles respectively), as
obtained using the low-z, mass-limited, mock group samples. Notice that the trend
introduced by the group-finding algorithm in the 20K mock reconstructed groups is not
modified by our algorithm adding photo-zs members. In the same panel the orange
squares display the fraction of interlopers in the 20K sample spectroscopic group
catalog, estimated using the probabilities, p;, ;, associated to each observed group

spectroscopic member:

Niot,obs

PI=1-— Z Din,i/Ntot,obs (4.1)
i=1

as provided by Knobel et al.‘ 42011‘). In‘Knobel et al.‘ 42011‘) the association proba-

bilities, pin i, of spectroscopic memebers is determined only by the distance from the

group center and it has been calibrated using simulations. As a consequence, they
are by construction in good agreement with the interlopers fraction as estimated from
20K mock groups. In turn, as adding phot-z members does not alter significantly
the trends, these values are in good agreement with the interlopers fraction for the

20K+photo-zs mock groups. The picture does not change when plotting same quanti-
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Figure 4.6: Fraction of interlopers in each group region for the 20K/20K+photo-zs
mock with black stars and red triangles respectively. Orange squares refer to the

fraction of interlopers, PZ, for the real data, see text for details.
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ties but for the high-z, mass-limited, mock group samples, nor when selecting subsets
of groups according e.g., to their richness. Therefore we will always use PZ to estimate
the interlopers’ contamination as a function of the distance from the group center for
our spec+photo-z group catalog, see Chapts. [6 and [7.

As a check, we tried to vary the limiting values of the parameter set in our algo-
rithm, namely the maximum x, y, and the limiting magnitude of photo-z galaxies. We
allowed the maximum x to range between 1.0 and 1.6 and the maximum y to range
between 2.0 and 3.0. Increasing the maximum x at fixed y does not turn into a sig-
nificant gain in terms of completeness (from ~90% to ~93%) but it adds a significant
percentage of photo-z interlopers (from ~3% to ~10%). The same holds when increas-
ing the maximum y at fixed x value or when attempting to reach fainter magnitudes,
ie., Iap = 23.0.

Since the interlopers may have a significant impact in our analysis, we decided to
constrain the maximum x and y to be 1.0 and 2.0 respectively. Furthermore as we
will explain in Sect. [4.2.2] a complete sample down to Iag = 22.5 is deep enough to
retrieve the correct center of the groups.

4.2 Defining the group centers

4.2.1 Strategy

A good group center definition is essential to our science analysis, as we will be search-
ing for radial trends that can be easily erased by errors on the computed group centers.
Typical numerosities of our groups are in the range of 5-50 members, but the numeros-
ity distribution peaks at small numerosities, i.e., 7-9. As a consequence, simple meth-
ods of estimating groups center, such as the median of members coordinates, provide
only rough estimates of the group center, especially for the numerically poorer groups,
and it would not satisfy our needs. We therefore tried alternative strategies, taking
into account also sky projected group galaxy densities. Using as proxy for density

measurement the 2D-Voronoi areas, we defined two types of group center:

o the Voronoi-Weighted center (VW center from now onwards),

e the Reconstructed Central Galazy (RCG from now onwards).

The VW center is defined as:

N N
] i A i . i A i
rayy = = AV g duimydea/Avs (4.2)
Zi:l 1/AV71 Zi:l I/AVJ
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4.2 Defining the group centers

where Ay ; is the 2D-Voronoi area associated to the i-th galaxy member, that is the
projected area containing all points closer to the i-th galaxy than to any other member
galaxy. We used the field galaxies that lie outside 3 - R, and within 1 - o,pne to bind
the Ay ; of those member galaxies at the boundaries of the group to prevent infinite
values for their areas.

In Fig. [4.7 we show two examples of the Voronoi Tesselation for two reconstructed
groups in the 20K+photo-zs mocks. Red triangles refer to group member galaxies,
whereas cyan circles refer to field galaxies. Black solid lines connect the vertices
that form the Voronoi Tesselation and provide the 2D-Voronoi area. The Voronoi
Tesselation was computed using the IDL version of the algorithm ghull.

Clearly galaxies that are located in a high projected concentration of galaxies, i.e., to-
wards the center of the group, have a smaller Ay ; and they will weight more in eq.
[4.2, while those that are in less dense regions will affect less the center determination.
The groups in Fig. [4.7 have different numerosities, nevertheless the 2D-Voronoi areas
well correlate with the region of highest projected density in both cases. In other
words, the Voronoi-Weighted center provides a center for the group which is located
by definition in the area of greatest galaxy over-density, and is not affected by the
details of the spatial distribution of galaxes at the outskirt. For a similar approach see
Diaz et al. (2005).

We then defined the RCG as the group member galaxy having the maximum specific

density, o, 4, ,, where:

M* i
oM, Ay, = Av" (4.3)

where M, ; is the stellar mass of the it" galaxy. This definition is a direct consequence
of the so called central galaxy paradigm (CGP). The CGP assumes the central galaxy,
i.e., the galaxy with the lowest specific potential energy, to be the most luminous/most
massive galaxy in a DMH, and that it resides at rest at the center of the halo potential
well. In the weighting scheme of eq. [4.3 the Ay ; takes into account the latter property
of the CGP, if we assume that galaxies trace the group halo potential well, while M, ;

accounts for the former one.

4.2.2 Tests on the mocks

We used our set of mock catalogs to test the reliability and the advantages of our VW
center definition with respect to simpler ones, like the median of the member galaxies
coordinates (Median center). We also tested our ability to retrieve the correct central

galaxy using our RCG definition. In mock catalogs the center of the DMH, i.e., the
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Figure 4.7: Example of Voronoi Tesselation for two groups in the 20K+photo-zs mocks.
Red triangles refer to group member galaxies, whereas cyan circles refer to field galax-
ies. Black solid lines connect the vertices that form the Voronoi Tesselation and provide
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4.2 Defining the group centers
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Figure 4.8: Median distance to the central galaxy of the VW center (violet triangles)
and the Median center (cyan stars) as a function of the analyzed mock catalog.

position with the deepest potential well, corresponds with the position of the central
galaxy within the halo. Therefore we assumed as fiducial center for each reconstructed
mock group the position of its central galaxy, as provided by the mocks.

We first focus on the VW center: in Fig. [4.8 we show the median distance of the
VW center (violet triangles) and that of the Median center (cyan stars) for the 20K,
20K+photo-zs mocks, and 40K mock catalogs defined in Chapt. [3. Error bars are the
rms among mock catalogs extracted from the different 24 light-cones. We note that
the VW center provides a better estimate of the center with respect to the Median
center. Furthermore the VW center, when applied to the groups where the photo-zs
have been added according to our algorithm are nearly indistinguishable from those
obtained when all members down to Iap = 22.5 possess spectroscopic redshift. The
median value of the distance of the VW centers from the group central galaxy is 40
h7_01 Kpc for 20K+photo-zs mocks, with an improvement of nearly 40% in centering
with respect to the 20K mocks.

In Fig. [4.9 we show the histogram of the distance of the VW center to the central
galaxy position for the reconstructed groups in the 20K mocks in black dot-dashed line
and for those in the 20K+photoz mocks in red solid line. The improvement in group

centering obtained when adding photo-zs members is quite obvious. We note that the
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Figure 4.9: Distribution of the distance of the VW center to the central galaxy position
for the 20K mocks and for the 20K+photo-zs mocks. Black dot-dashed line corresponds
to the 20K mock catalog while red solid line to the 20K+photo-zs mock catalog after

running our algorithm to add photo-zs.

improvement regards mainly those groups that in the 20K had a big offset, 100-250
kpc, and that in the 20K+photo-zs fill the first bin of the distribution.

In Tab. [4.1]we report the estimates of the median distance of the VW center and
of the Median center to the fiducial center for each of the mock catalogs introduced in
Chapt. [3l In this table we list the distances also for the mocks 100% complete down
to Iap = 23.0,23.5,24.0,26.0. We note that in these catalogs the offsets of both the
VW center and of the Median center are almost fixed at ~ 30-35 h;ol Kpe, suggesting
that the overdensity peak has already been recovered at Iap = 22.5.

We now test our definition of the RCG when compared to the real central galaxy of
a reconstructed mock group. One could argue that, assuming the CGP to be correct,
we do not need any particular strategy to retrieve the central galaxy of a group since
it will be the most massive galaxy of the group. Nevertheless, in the ideal case of the
40K mock catalog, the central galaxy of a group is also the most massive one only in
~80% of the cases.

Therefore trusting the CGP is not always correct. Moreover, in the real case, we

should take into account two further complications.
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4.2 Defining the group centers

Table 4.1: Median distance of the VW center and of the Median center to the fiducial

center for each of the mock catalogs introduced in Chapt. [3!

Cat Med VW
Vs Vs
Central Central

(kpe)  (kpc)

20K T5ET 65£9
20K+photo-zs  53+6 40+4
40K 39+£6 35+4
f1.23.0 4044 33+4
f1.23.5 35+4 3244
1.24.0 34£3 32£2
11.26.0 33£2 324£2

First of all due to the SPOC random targetting we expect that at least half of the
central galaxies have a spectroscopic redshift and therefore they should be part of the
20K mocks. The other half will have a photometric redshift and therefore will be
present only in the 20K+4photo-zs mocks. As a consequence our ability of retriving
the correct central galaxy depends on the performances of the algorithm to add the

photo-z, i.e., we are limited by the 90% completeness reached with our algorithm.

We checked that the central galaxy of a group was already sampled for 53% of the
reconstructed groups of the 20K mocks, applying our algorithm we are able to recover

another 36% of the central galaxies, while the remaining 11% is lost.

Secondly galaxy stellar masses estimates have a typical error of 0.25 dex. This
is crucial given that the typical mass difference between the most massive and the
second massive galaxy of a group is of the same order. The joint effect of these two
complications makes even more unreliable the choice of the most massive galaxy as the
central galaxy of a group. To account for the stellar mass uncertainty we perturbed
the stellar mass of each member galaxy of a mock group with an error of 0.25 dex

normally distributed.

In the end, choosing the most massive galaxy as the central one in the 20K+photo-zs
mocks turned out to be correct only in 48% of the cases. On the contrary the definition
of the RCG recovers the real central galaxy in 60% of the cases.

We assigned a probability to each RCG to be the real central galaxy. We perturbed

the galaxy stellar masses of each galaxy for 1000 times, each time generating the errors
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Figure 4.10: Distribution of the probability assigned to each RCG of the reconstructed
20K+photo-zs mock groups of being the correct central galaxy. This probability is

never less than 30%.
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Figure 4.11: Same as Fig. [4.10] for different combinations of flag,,,ss and flag,_,, see
text for a detailed explanation of the meaning of each flag. Top Left panel: the case
of a centered and most massive RCG. Top Right panel: the case of an offset and most
massive RCG. Bottom Left panel: the case of a centered and not most massive RCG.

Bottom Right panel: the case of an offset and not most massive RCG.

from a different seed. Each time we determined the new RCG and the probability of
the RCG is then the percentage of times that we retrieved the same RCG among the
1000 cycles. Fig. [4.10 shows the distribution of the probability assigned to each RCG
of the reconstructed 20K+photo-zs mock groups. The median probability is ~90%
and it is never less than 30%.

We also study the properties of the RCG with respect to the global properties of the
group. First of all we assigned a flag, flag;,4ss, to indicate whether the RCG is the most
massive of the group, flag,,,ss = 1, or not, flag,,ss = 0. Then we estimated Rrcg,
i.e., the projected radial distance of the RCG to the VW center, and we normalized it
to Rgr, Rreca = Rroa/Rer. We also provided a flag, flag,_,, that indicates whether
the central galaxy is offset with respect to the VW center: flag, , =1 if Rrcg < 0.3,
whereas flag, _, = 0 if Rrcg > 0.3,

In Fig. [4.11]we show the distribution of the probability assigned to each RCG of the
reconstructed groups in the 20K+photo-zs mock for different combinations of flag,,,4ss

and flag, _,. Top left panel shows the cases of a centered and most massive RCG,
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Figure 4.12: Distribution of the RCG distance to the central galaxy for all recon-
structed groups. We compare the distribution of the 20k, black, and that of the
20k+photo-z, red.

this is the most common configuration and it comprises nearly 44% of the cases. In
this case the probability is always larger than 60% and the distribution peaks towards
100%. On the contrary the bottom right panel shows the cases of an offset and not
most massive RCG. This is the less common combination, as it makes up to only 12%
of the cases. Moreover the distribution covers the whole range of probabilities, from
30% to 100%.

Furthermore, we might think of the RCG as a mass-density weighted center. In Fig.
[4.12]we show the distribution of the distance of the RCG to the real central galaxy for
all the reconstructed groups. The black solid line refers to the 20k, while the red one
refers to the 20k+photo-z. The higher quartile of the 20K+photo-zs distribution is 16
h;ol Kpc. Whenever the RCG chose the wrong central galaxy, the average distance
to the real central galaxy is 55 h7_01 Kpc.

4.3 Conclusions

In this chapter, I described the algorithm I have developed to incorporate into groups

those galaxies brighter than Inp = 22.5 and missing the spectroscopic redshift in-
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formation. This enabled us to increase the galaxy population of zCOSMOS groups
down to Ixp = 22.5 providing a statistically reliable sample to study galaxy evolution
in group environment. Using mock catalogs I tested the reliability of the algorithm
and found that it works very well as the final completeness is ~90% while introduc-
ing a small percentage of interlopers, ~3%. Furthermore this code do not introduce
any significant radial trend of the contamination from interlopers, thus providing a
reliable sample to study the variation of group member galaxies as a function of the
group-centric distance.

I have also developed a new strategy to determine the group center: the VW center.
This new definition enabled us to get as close as 40 h7_01 Kpc to the real center of
the groups, as tested on the mocks. This definition works always better than simpler
definitions, i.e., the Median center, and when it is joint with the photo-zs information
provides centers that are virtually indistinguishble from those that could be obtain in
a 100% complete spectroscopic sample.

Finally I have defined a new estimator to retrieve the central galaxy of a group: the
RCG. Using this definition we are able to recover the correct central galaxy of a group
in 60% of the cases. Furthermore we can use the RCG as the center of the group, this
way the overall median distance of the RCG to the group center is 16 h;ol Kpe.

Both the VW center and the RCG provide a good centering for our groups, however
the RCG center is biased towards most massive galaxies. As we planned to study also
mass segregation effects (see Sect. [6.5), choosing the RCG as the center of our groups
would have introduced artificial trends in the distribution of masses as a function of
the group-centric distance. We therefore adopted the VW center as the center of each
group of our sample, see Sect. [5.3.

Part of this work has been published in ‘Presotto et al.‘ 42012‘)
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5 The Stacked Group

In this Chapter I will introduce the final data set I will work with, i.e., the spectroscopic

and photometric group member galaxies obtained after running our algorithm on the

20K final sample and the photo-zs sample from Oesch et al. 42010‘). I will explain
the construction of volume and mass limited samples, which we will use to perform a
fair analysis, i.e., free from selection biases due to the well-known correlation between
galaxy properties and its stellar mass. I will describe the method we adopted to build

the ensemble systems and I will summarize the properties of the stacked groups.

5.1 Applying the algorithm to the 20K final sample

Our algorithm adds further 684 member galaxies with photometric redshifts to the al-
ready existing 1437 spectroscopic groups member galaxies, and from now onwards this
is the groups sample we will use. Reassuringly the ratio of the number of spectroscopic
redshift members to the total number of members (i.e., including member galaxies with
photometric redshift only) is in good agreement with the median sampling rate within
the central area (~ 62% as quoted in Sect. 2.1.3) once our completeness of ~ 90% -
as tested from simulations - is taken into account (see Sect. [4.1.2).

The final number of groups with more than 10(/15) members after applying our
algorithm is twice(/three times) that in the spectroscopic group catalog, i.e., there are
78(/41) groups instead of the original 39(/14) groups. The number of groups with
more than 20 members is six times the original one: 25 groups instead of the original
4 groups.

In 19% of the cases the algorithm does not add any photo-z galaxy to the group.
We explored the properties of these groups to search for any peculiarity which can
be responsible of their photo-zs deficiency. They are smaller in projected size with
respect to the whole group sample, i.e., they have Rg, ~ 340 h;ol Kpc to be compared
to Rgr ~ 500 h;ol Kpc for the whole sample. However, they share the same redshift
distribution as the whole sample, as confirmed with more than 99% confidence level
by a KS test. Therefore their smaller sizes are not a reflection of a higher redshift

distribution and can be considered a peculiar property of these groups. These are also

o7



5 The Stacked Group

group ol
268 T T T
) -3 ]
| Woeemee™er - I:? |
2.66 |- e 3
, , . "
[ ]
o b . ]
© 2.64r ; 8 : .
ho] | :‘ </§:§* ° 1
oo
| . G ° . ]
R
2.62+ .
L . 4
100 kpe 7
r R gr
260 L L L L L L L L L L L L L L

150.06 150.08 150.10 150.12
ra

Figure 5.1: Distribution on the sky of spec-z (black circles) and photo-z (blue circles)
galaxies which are members of group 51. Grey circles highlight the three most massive
galaxies of the group, while red and green filled stars correspond to the Median and
VW center respectively. The dotted line draws the circles centered on (rag., decg:)
and with radius Rg.. As a reference we draw a bar corresponding to 100/17701 Kpce at
the redshift of the group with a solid line.

groups with small numerosity, i.e., 5-6 members. We checked that the mocks have a
similar behaviour: in 13% of the cases our procedure does not add any photo-z to the
reconstructed groups in the 20K+photo-zs mocks. The reconstructed mock groups are
also smaller and poorer than the whole sample as we observed in the 20K.

We did not investigate this point any further, but it could be interesting to ex-
plore the density field these groups live in and whether they have a genuine compact
configuration.

In Fig[5.1 we show the distribution on the sky of spec-z (black circles) and photo-z
(blue circles) galaxies which are members of one of our groups. Grey circles highlight
the three most massive galaxies of the group, while red and green filled stars correspond
to the Median and VW center respectively. The pink star is centered on the RCG of
the group. The dotted line draws the circles centered on (ragy,, decy,) and with radius
Rgr. As a reference we draw a bar corresponding to 100 h7_01 Kpc at the redshift of
the group with a black solid line.
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Figure 5.2: Same as Fig. [4.11]for the 20K. Top Left panel: the case of a centered and
most massive RCG. Top Right panel: the case of an offset and most massive RCG.
Bottom Left panel: the case of a centered and not most massive RCG. Bottom Right
panel: the case of an offset and not most massive RCG.

This group is a nice example that summarizes the strength of our algorithm: here
we added four new photo-z members to the pre-existing 9 spec-z members, the VW
center is closer to the overdensity peak than the Median center and the RCG lies in
the overdesity peak. Note that the RCG is the third massive galaxy of the group,
while choosing the most massive one would have meant selecting one of the outermost
galaxy.

As already done in Sect. [4.2.2, we flagged each RCG of our groups depending on
both its mass and its position with respect to the VW center, i.e., using flag,,,ss and
flag._, as defined in Sect. [4.2.2. In Fig[5.2]we show the probability distribution of the
observed 20K RCG for different combinations of flag,,,,ss and flag,_,. The properties
of the observed RCG are in good agreement with those of mock RCG: the case of a
centered and most massive RCG is the most common configuration also among the
observed RCG and it comprises nearly 35% of the cases. The cases of an offset and not
most massive RCG make up to only 13% of the groups. We note that for the real 20K
the probability distribution are somewhat more spread among the full range, though
the general trend is consistent with that of Fig. [4.11.

99



5 The Stacked Group

M_-5log(h, )

- -2<0.8

0.0 0.3 0.6 09 1.2 8 9 10 11 8 9 10 11
: -2 -2
redshift logMgal (h70 M) logMgal (h70 My)

Figure 5.3: Left panel: redshift distribution of the zZCOSMOS-Bright galaxies (black).
Red points represent group member galaxies with both spectroscopic and photometric
redshifts as obtained from our algorithm. The cyan solid line and the violet dashed line
correspond to the two different magnitude cut-offs adopted to define the volume-limited
samples of the low and high redshift bin respectively, see text for details. Central and
right panel: (U — B) rest-frame color versus mass for the lowest and the highest redshift
bin respectively. The blue dashed line corresponds to the color dependent My _ofr,
while the red solid line corresponds to the fixed Mcy_off for our mass volume-limited
sample. The red dot-dashed lines highlight the mass ranges adopted in the mass-
segregation analysis, see Sect. [6.5 for details. The cyan dotted line corresponds to the

separation between red and blue galaxies (see text for its precise definition).

5.2 Volume-mass limited samples

We focused our analysis into two redshift bins: 0.2 < z < 0.45 and 0.45 < z <
0.8, where we defined the classical volume limited samples taking into account the

luminosity evolution of individual galaxies. Following‘Zucca et al. 42009), we adopted
a linear evolution with redshift: Mp,, = —20.3 —5 log h7p — 1.1 z to parametrize
the evolution of M} of the luminosity function. The corresponding evolving cut-
off magnitudes are: Mey—og = M3, + 2.1(/ + 0.8) for the low(/high) redshift bin
respectively. For 0.2 < z < 0.45 the volume-limited sample consists of 829 out of 1128
total galaxies, belonging to 79 groups. For 0.45 < z < 0.8 it consists of 510 out of 660
total galaxies, belonging to 64 groups (see Tab. [5.1). The total volume limited field
sample consists of 1869(/2893) galaxies, while the near-field volume limited sample
consists of 683(/612) galaxies, for the low(/high) redshift bin respectively. In the left
panel of Fig. [5.3lwe show the M}; versus redshift distribution of the total galaxy sample
(black points) and that of both spectroscopic and photometric redshift group member
galaxies (red points). The cyan solid line and the violet dashed line correspond to the
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5.2 Volume-mass limited samples

magnitude cut-offs defining the low and high redshift volume-limited samples. From
now onwards, group richness N for each group is defined as the number of (phot+spec-
z) member galaxies surviving to the more conservative absolute rest-frame magnitude
cut-off: Mp,, + 0.8, unless explicitly stated. This quantity correlates, albeit with a
large scatter, with the mass of the halo where the group resides and therefore is a good
proxy for it (see Knobel et al. ‘2009‘).

The flux limited target definition of zCOSMOS-bright, Iag < 22.5, translates into

a B-band rest-frame selection at z ~ 0.8. Therefore the 20K galaxy sample, when

rest-frame B-band selection is adopted, is free from significant color-dependent incom-
pleteness in (U — B) rest-frame colors up to z ~ 1. However (U — B) rest-frame color
completeness in B-band rest frame selection does not imply completeness in mass se-
lection: B-band rest-frame selection is biased towards blue, low mass galaxies, while
missing the corresponding red, equally low mass ones. Environmental trends observed
in samples selected using rest-frame B-band magnitudes could therefore be simply

the results of such incompleteness coupled with different galaxy mass distributions in

different environments dBolzonella et al. ‘2010).

To disentangle true environmental effects from mass-driven ones, we used in our

analysis mass volume-limited samples, that is samples complete down to a fixed galaxy

mass cut-off. To obtain them we followed the same approach as in Iovino et al.‘ 42010).

In brief we first calculated the limiting stellar mass for each galaxy in the 20K sam-
ple, i.e., the stellar mass it would have, at its spectroscopic redshift, if its apparent
magnitude was equal to the limiting magnitude of our survey: log(Miim(2ga1)) =
log(Mga1) + 0.4 (Iag — 22.5). We then used these estimated limiting masses to define,
in bins of (U — B) rest-frame colors for each redshift bin, the mass Mcut—orr below
which 85% of galaxies of that color lie. We fitted M y;_of to obtain a color dependent
mass limit cut off. The value of M yt_og for the reddest galaxies in each redshift bin

is the one that we use as the limiting mass for that bin.

In the central and right panel of Fig. [5.3 we show the (U — B) rest-frame color
versus the stellar mass for the lowest and highest redshift bin respectively. The blue
dashed line shows the color dependent M ,_og, while the red solid line shows the
value chosen to define mass-limited samples: log(Mgqi/Mg) > Meyr—onr = 9.8 and
log(Mgai/Mg) > Meur—os = 10.56 for the lowest and highest redshift bins respec-
tively.

To define the mass dependent color cut separating the blue and red galaxies, we
performed a robust fit of the red sequence as a function of the galaxy stellar mass in
the high-z bin, where the large number of observed galaxies displays a prominent and

well defined red sequence. The separation between red and blue galaxies is then obtain
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5 The Stacked Group

Table 5.1: Number of volume-limited and mass-volume-limited (spec+phot-z) group
member galaxies. In brackets we report the number of spectroscopic-only group mem-

bers. The number of groups containing these galaxies is listed in the last column.

Redshift Vol-lim  Vol-Mass-lim

Ngals Ngals Ngr
0.2<2z<045 829 (570) 571 (410) 79
045 < 2<0.8 510 (391) 265 (200) 64

by shifting the fitting line by 2 - rms;,cq, where rms,.q ~ 0.08 is the dispersion of the
red galaxies along the red sequence. We adopted the same color cut for the low-z bin.

Numerically, the stellar mass dependent color cut in the low and high redshift bin is:

(U — B) = 0.094 - log(M ga;/ M) + 0.05 (5.1)

and it is shown by the cyan dotted line in Fig. [5.3] We tested that our results do
not change if we apply a constant color cut as (U — B) = 1 to separate red and blue
galaxies, a simpler definition that also corresponds quite well to the dip of the bimodal
distribution.

For the lowest redshift bin the final group mass-complete sample contains 571 galax-
ies while for the highest redshift bin it contains 265 galaxies. The mass-complete field
samples consist of 743(/728) galaxies for the lowest(/highest) redshift bin respectively,
while the near-field samples consist of 293(/211) galaxies for the lowest(/highest) red-
shift bin respectively.

5.3 Group rescaling

The procedure of stacking groups of different sizes and masses into an ensemble sys-
tem requires that individual galaxy center distances are properly scaled. In studies
of galaxy clusters, projected cluster-centric-distances R are generally rescaled with
Ryiy or Rogg, whose estimate is proportional to oy, that is a proxy of cluster mass
dCarlberQ et al. ‘1997; ‘Biviano et al.‘ ‘2002‘; ‘Katgert et al. ‘2004). However, the issue is

not trivial when dealing with galaxy groups. In this case there are larger uncertainties

in the estimate of velocity dispersions, masses, size and the group dynamical state in
general, due to the small number of group members.
In the literature there are different approaches in rescaling R for groups using: 1) the

virial radius Ryi; or Rago, 2) an estimate of the rms of the position of member galaxies
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5.3 Group rescaling

Ry, and 3) sometimes radial distances are not rescaled at all (see‘Girardi et al.HQOOB,

for a detailed review).

Our groups span a wide range of sizes, and therefore a rescaling of physical distances

seemed unavoidable. We decided to use as the scaling factor Rgydge, provided by

Knobel et al. 42011). This fudge quantity, as many other ones correlating with the

observed group richness, is estimated and calibrated using our realistic mock catalogs,
as explained in Sect. [2.1.4l Here we briefly remind that, given an observed group
at redshift z with richness N, its Rpudge corresponds to the mean R,;, among all

reconstructed mock groups having the same N and redshift (see‘Knobel et al.HQOll, for
more details on how this quantity is calculated). The quantity Reyage well correlates

with Mpatofudge; an estimate of the mass of the group as defined in Knobel et al.

M), further supporting its relevance for our analysis.

As our goal is to distinguish properties of galaxies located in regions with different
physical properties, e.g., the central virialized regions and the outskirts, rescaling by a
quantity related to the Ry, as Rpudge well suits our needs. In fact the virial radius is a
scaling factor for many timescales of different processes such as the crossing time, the
Weinmann et al. ‘2006).
All the galaxies that are inside the virial radius are experiencing the group potential

relaxation time or the merging time dBoselli & Gavazzi“2006;
effects either for the first time or more times. On the contrary those galaxies that are
outside the virial radius are a mixed population of both in-falling galaxies and galaxies
that once passed through the virial radius but now are in the outskirts, the so called
back-splash population (Gill et al. M)

As discussed in Sect. both the VW center and the RCG provide a good
centering for our groups, however the RCG center is biased towards most massive
galaxies. Since we planned to study also mass segregation effects, choosing the RCG
as the center of our groups would have introduced artificial trends in the distribution
of masses as a function of the group-centric distance. We therefore adopted the VW
center as the center of each group of our sample. Before stacking groups we rescaled
each member galaxy distance to the VW center, Rga1, with the corresponding Riugge

of its group. Hereafter we will use only scaled distances, R, unless otherwise specified.

We remark also a final caveat: when discussing our results we should take into
account projection effects. We observe the 2-D projection of a 3-D distribution of
member galaxies. Assuming a spherical distribution, this implies that e.g., the inner
observed region includes galaxies located in the outer group shells and located along
the line of sight of the group central part. Hence a fraction of galaxies observed in
the projected inner region actually belongs to the outskirts. These projection effects

will tend to smooth the radial trends we are looking for, so that any observed trend
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Figure 5.4: Comparison of the global properties of groups in the 0.2 < z < 0.45 (black
dot-dashed line) and 0.45 < z < 0.8 (red solid line) redshift bin. From left to right

we compare Ry, qq. (the estimate of the virial radius), log M f,q44e (the estimate of the
mass of the group), both fudge quantities are calibrated with the mocks as defined in
Knobel et al. (2009)), and N, as defined in Sect. [5.2

is a lower limit for the real trend present in 3-D. Viceversa in the external regions of
groups, the contamination by field galaxies, on the mean bluer and less-massive than
group galaxies, will tend to introduce spurious segregation trends, and we need to

account carefully for them.

5.4 Low-z and High-z Stacked-Groups

For each of the two redshift bins defined in Sect. 0.2<2z<045and0.45 < 2z < 0.8,
we proceeded to build the corresponding SG. Notice that while for centering purposes
we used all spec-z and phot-z galaxies available in our group catalog, irrespective of
their mass and B-band rest-frame luminosity, for our analysis we will use only galaxies
within the mass volume-limited samples as defined in Tab.

Before moving to a detailed study of the group member galaxies properties, it is
interesting to compare the global properties of groups in low and high redshift bins, to
highlight any redshift dependent trend in the groups sample we will use in our science
analysis.

In Fig. we compare, from left to right, Ryyqge - the virial radius estimate

Knobel et al. ‘2011), Mjyuage - the mass of the group calibrated with the mocks as in
‘Knobel et al. 42009), and the group richness, NV, as defined in Sect. 5.2, for low (black
dot-dashed line) and high (red solid line) redshift galaxy groups. The KS test always

rejects, with more than 99.99% confidence, the hypothesis that properties of low and
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region limits in each composite group.

5.4 Low-z and High-z Stacked-Groups
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Figure 5.5: Sky distribution of the galaxies belonging to the low-z (left) and high-
z (right) composite group. Ra-dec positions are expressed in terms of the rescaled
distances R. Points are colored according to the (U — B) colors of the galaxies, while
points dimensions are scaled according to the masses of the galaxies. As a reference

we draw dashed circles corresponding to the different central/intermediate/external
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5 The Stacked Group

Table 5.2: Radial range explored in the three SG regions. All distances R are normal-

ized to Ryydge-

Redshift 15¢ region 27?4 region 374 region

range Rmedi an range Rmedian range Rmedian

02<2<045 R <030 0.15 0.30 < R <0.68 0.47 R > 0.68 0.94
045 <2<08 R<0.23 0.13 0.23 <R <0.51 0.37 R > 0.51 0.74

high redshift groups are drawn from the same distribution. In the low redshift bin on
the mean we deal with smaller, less massive and poorer groups than those in the highest
redshift bin. This is not an unexpected result given that zCOSMOS is a flux limited
survey and therefore the observed population of both galaxies and groups varies with
increasing redshift. As a consequence the group detection works only on progressively
brighter/more massive galaxies moving to higher redshifts. We shall need to take into
account these differences when discussing our results. We define a subset of richer
groups for the low redshift bin using richness A/, defined for this bin as the number of
member galaxies surviving the evolving magnitude cut off: Mcy—ox = M., +2.1 (see
Sect. left panel of Fig. [5.3). We adopted a separation of ' < (/ >)12 to distinguish
between poor(/rich) groups, a value roughly corresponding to Myygge < (/ >)13.3,
so that rich low-z groups are virtually indistinguishable in mass distribution from the
high redshift sample. In fact while a KS test comparing the distributions of Mfyqge 0f
poor and rich groups defined this way rejects with more than 99.99% confidence the
hypothesis that they are drawn from the same distribution, the KS test comparing
distributions of M#yqge of rich low-z groups and of high-z groups does not reveal, on
the contrary, any significant difference between the two.

To explore how galaxy population properties change as a function of group-centric
distance we first sorted SG galaxies into increasing scaled distances from SG center and
then divided their distribution into three equipopulated bins corresponding to inner,
intermediate, and peripheral SG regions.

In Tab. [5.2 we list the exact radial ranges of each of these three regions, all values
are normalized to Ryyqge. The corresponding three median distances are R ~ 0.15,
R ~ 0.4 and R ~ 0.85 respectively, therefore these regions can be thought as the
group inner core, intermediate, and more external/in-fall region.

Given that the median Rjyyqge is ~ 500 h;ol Kpc in both redshift bins, the inner
region extends typically up to ~ 150 h7_01 Kpc. Since the VW center is on the average
only ~ 40 h;ol Kpc away from the group fiducial center (see Sect. [4.2.2)), our error

in centering is negligible with respect to the median inner region size, and should
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5.5 Conclusions

not have a significant impact when exploring the group-centric dependence of galaxy
properties.

The sky distribution of galaxies belonging to the low-z (left) and high-z (right) com-
posite group is shown in Fig. [5.5. Points are coded according to the (U — B) colors
of the galaxies, while points dimensions are scaled according to galaxy masses. As a
reference we draw dashed circles corresponding to the division between the different
regions in each composite group. We note that the overall shape of the composite
group has a well defined peak corresponding to the center, while the projected density
decreases as we move from the center to the outskirts. A visual inspection of the galax-
ies sky distribution already shows rough differences in masses and colors depending
on the area we explore. In the next Section we proceed to extensively analyze these
trends and their dependence on intrinsic galaxy/group properties, properly accounting

for possible field contamination effects.

5.5 Conclusions

In this chapter, I described the results obtained after applying to the 20K the al-
gorithms I developed. The improvement in terms of group membership are in good
agreement with the expectations from the tests I made on mock catalogs. I compared
the global properties e.g., the position and the mass rank, of the 20K RCGs and of
the RCGs from simulations. I highlighted the presence of a significant percentage of
RCG that are not the most massive and that are not centered. This is in agreement
with values provided by simulations only after taking into account the errors in the
galaxy stellar mass estimates.

I explained the construction of a volume-mass limited sample which is unavoidable
in order to correctly study color trends. This kind of sample enable us to disentangle
true environmental effects from mass-driven ones and I will use it in our analysis in
Chapts. [6 and [T

I explicated the adopted method to build two stacked groups: one at low redshift
(0.2 < z < 0.45) and the other at high redshift (0.45 < z < 0.8). I compared the
global properties of the two stacked groups and I selected a subset of groups which
show the same global properties across the whole redshift range. This way I obtained

a sample which enable a fair comparison of the results of our analysis, see Chapt. 6!

67






6 Segregation effects in the
zCOSMOS 20k groups: colors and
masses

In this Chapter I will present the new results I have obtained exploring the group-
centric dependence of galaxy colors and masses, i.e., the segregation effects in the
zCOSMOS 20k group catalog. I will start the analysis by exploring how galaxy colors
are affected by group environment, irrespective of galaxy position within the group
(see Sect. [6.1). T will then move to investigate the presence of color segregation within
group environment (Sect. [6.2), and if the effect of the group environment extends to
scales somewhat larger then those of the group size itself (see Sect. [6.3). Thank to the
high statistic of the 20K I will also be able to investigate if and how observed trends
depend on both group richness and on galaxy stellar mass (see Sect. [6.4). Finally I
will search for evidence of mass segregation inside groups and how it might depend on

group richness and affect observed mass trends (see Sect. [6.5).

6.1 1. and galaxy stellar masses in groups vs field

The cumulative galaxy stellar mass distributions of the mass-complete group and field
samples are shown in top panels of Fig. [6.1] red solid and cyan dot-dashed lines re-
spectively, left(/right) panels refers to the low(/high) redshift bin. The KS test rejects
the hypothesis that group and field galaxy mass distributions are drawn from the same
population with more than 99.99% confidence for both the redshift bins. Group en-
vironment hosts preferentially more massive galaxies than the field one, confirming
Kovac et al. 2010b; Bolzonella et al.‘

well known literature results dIovino et al.‘ 2010
2010).

As a consequence, to explore the presence of color trends as a function of environment

3

we need to separate the joint effect of mass and environment and to perform the
analysis in narrow mass bins of galaxy stellar mass. We adopted a galaxy stellar mass

bin of 0.4 dex, that is approximately twice our error in estimating galaxy stellar masses
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6 Segregation effects in the zCOSMOS 20k groups: colors and masses
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Figure 6.1: Top panels: cumulative galaxy stellar mass distribution of the mass-
complete group and field samples in red and cyan colors respectively. Bottom panels:
Fie at fixed galaxy mass in both groups (red circles) and field (cyan stars). Left
panels always refer to the low redshift bin, while right panels refer to the high redshift
one. We used galaxy mass bins 0.4 dex wide.

dPozzetti et al. ‘2010‘). Bottom panels of Fig. [6.1 show F} e at fixed galaxy stellar mass
in groups (red circles) and field (cyan stars), while Tab. [6.1]lists in detail the Fpjye
values and their errors. Both at high and low redshift, the blue fraction increases
when moving towards less massive galaxies. Fpue is always higher in field than in
group, a difference that decreases moving to more massive galaxies. The most massive
galaxies (log(Mgyqi/Mg) > 11.0) do not show any significant Fyye evolution with
redshift within the error bars. For the galaxies with 10.6 < log(Mga/Mg) < 11.0,
Fiue decreases for both group and field environment when moving from high to low
redshift,

Notice that, on average, groups in the low-z bin are poorer than those in the high-z
bin. As we will show later on, see Sect. (6.4, Fy,1u depends on the group richness, Fyye

being lower in richer groups. As a consequence the decrease of Fy,e across the explored
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6.1 Fyue and galaxy stellar masses in groups vs field

redshift range for the sample of group galaxies should be even more significant.

Table 6.1: Observed blue fractions in groups and field for different galaxy stellar mass
bins.

Sample 0.2 < z < 0.45 group field

9.8 <log(Mgar/Me) <102 0.33T5053  0.7055:03
10.2 < log(Mgar/Mp) <10.6  0.187003 0497403
10.6 < log(Mgar/Mo) <110 0.227003 0325003

11.0 < log(Mga/Mp) <114 0111503 0.257057

Sample 0.45 < z < 0.8 group field

10.6 < log(Mgar/Mo) <110 0.287005  0.415003

11.0 < log(Mya/Me) <114 0.1175:54 0.2370:93

At fixed galaxy stellar mass, the migration to the red sequence happens earlier in
the groups and later in the field, suggesting the presence of physical mechanisms able
to remove gas causing the earlier quenching of galaxies in groups. We remind the
reader that any contamination of the group sample by field galaxies and viceversa,
for which we are not applying any correction, will only render less prominent the
observed trends. The real, corrected, trends therefore would be even more significant.
This result is in excellent agreement with our previous zCOSMOS results on groups
dIOVinO et al.H2010 Bolzonella et al. ‘2010; Peng et al. ‘201d).

The questions we will address in the following sections are: do the group member

)

galaxies all share the same Fj, value irrespective of their position within the group?
Do the galaxies located in the central region of groups share the same mass distri-
bution than the galaxies located in the groups outskirts? Ideally the first question is
better addressed in narrow bins of galaxy stellar mass, to avoid the mass-color degen-
eracy. However, even with such a data set as the 20K, we are still limited by small
number statistic when splitting our sample according to distances from group center
and therefore in the next section we will start our analysis working in cumulative mass
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6 Segregation effects in the zCOSMOS 20k groups: colors and masses
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Figure 6.2: SG blue fraction as a function of the group-centric distance. Left/(right)
panels refer to the low/(high) redshift bin and mass limits are Mcy—of =
9.8/(Mecut—or = 10.56). Open circles refer to observed Fi,,e while filled ones to cor-
rected Fye, i.e., taking into account interlopers contamination (see text for details).
The points refer to the three regions: inner core, intermediate, and more external/infall
region. Corrected blue fractions values are displayed at the median distance of each
region, while observed blue fractions are offset for clarity’s sake. As a reference we plot
the fraction of the blue field galaxies (cyan star) and the mean corrected blue fraction

in groups (big red circle).
ranges.

6.2 Color segregation: [, as a function of the
group-centric distance

GR

To explore color segregation we measured Fy v ., the observed fraction of blue group

member galaxies, in each of the three SG regions defined in Sect. [5.4. We used the

formula:
GR
FGR o Nblue,obs 6.1
blue,obs — NGR ( . )
tot,obs

where the index GR refers to group galaxies. However in order to establish the
reliability of any observed changing mix of galaxy colors at different radial distances

from the group center, it is essential to properly account for the presence of field galaxy
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6.2 Color segregation: Fyue as a function of the group-centric distance

contaminants and their (changing) relative contribution at different distances from the
group center, as the field population has a higher Fj,e than the group one. We thus

need to estimate the corrected group fraction of blue galaxies, Fﬁlﬁ/:

GR GR _ NINT
FGR o Nblue o Nblue,obs blue (6 2)
blue — NGR — NGR —_ NINT :
tot tot,obs tot

that is the corrected ratio of the blue member galaxies to the total number of member
galaxies, after excluding the percentage of interlopers - indicated by the index INT -
entering in the observed list of group members because of group detection algorithm
failures.

If PT is the estimated percentage of interlopers defined in Sect. [4.1.2, we can obtain
NEYT for each group region by NJNT =PI x NEE . =PI x (NSE + NIYT). The

tot,obs
value of NENT can simply be estimated as NENT = FEIPLD  NINT swhere FLIFED

is the known blue fraction of the field galaxies. This way we take into account the
radial trend of interlopers contamination and have all the ingredients to retrieve the
corrected values of FGT from equation [6.2.

In Fig. [6.2/the left/(right) panel shows the blue fraction as a function of the group-
centric distance in the SG for the low/(high) redshift bin in the mass-complete sample
down to Meyt—oft = 9.8/ (Mecut—ot = 10.56). Uncorrected and corrected blue fraction
values are indicated with open and filled circles respectively. Corrected blue fractions
are displayed at the median normalized R distance of galaxies in each region, while
uncorrected blue fractions are slightly offset for clarity’s sake. As a reference we
plot the fraction of blue field galaxies (cyan stars) and of the whole group (big red
filled circle, corrected values only). Error bars are estimated using the approximate
analytical formulas for a binomial distribution provided by Gehrels @5) In Tab.
[6.2 we list the values of observed and corrected Fy,. for each region and sample
considered.

In the low redshift bin, the observed FGE raises as the distance from the group
center increases (left panel of Fig. [6.2). Though becoming less prominent, this color
segregation holds even when correcting for interlopers contamination. Considering the
field point, we can see a trend of increasing F},. moving from the inner core of groups
to their outskirts and further away to the field.

The difference between Fﬁi in the inner core and that in the outskirts is 1.70s¢ _gna,
where 0st_gna 18 the sum in quadrature of oys¢ and ogra, the error of the fraction of
blue galaxies in the inner core and outskirts respectively. The difference between FG
in the outskirts and FJIFLP is Togna_pie1q- Entering the group potential well has

a significant influence in changing galaxy colors, but the most relevant difference is
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6 Segregation effects in the zCOSMOS 20k groups: colors and masses

field values.

Table 6.2: Blue fractions in groups, observed and corrected for field contamination. Last two columns list total group and

Sample 0.2 < z < 0.45

1%t region

obs corr

274 region

obs corr

374 region

obs corr

group
corr

field

log(Myat/Mo) > 9.8

log(Mgai/Me) > 10.56
log(Mgai/Ma) >9.8 &5 <N <12

log(Mgai/Mg) > 9.8 & N > 12

0.03 0.03
0.15700s  0.137005

0.04 0.04
0.117005  0.10%503
.04 .04
0.187907  0.16109]

+0.04 +0.04
0.147503 0137545

0.03 0.03
0.22700% 0175004

0.04 0.05
0-16J—r0.03 0-13J—r0.03
.04 .04
0.201507  0.15%05]

0.04 0.04
0.23500; 0195503

0.03 0.04
0.327005  0.247003

0.05 0.06
0257005 0.22%503
0.4370:95  0.39+9:06

0.05 0.05
0.28Tg 07 0.18T00;

0.02
0.171003
0.03
0.141503

+0.03
0.2275 43

0.03
0.16%9 05

0.02
0.517003
0.03
0.301505

40.02
0.5175 03

0.02
0.511505

Sample 0.45 < z < 0.8

15t region

obs corr

274 region

obs corr

374 region

obs corr

group

field

log(Mgai/Me) > 10.56

0.05 0.05
0.247507 0235003

0.05 0.05
0.25T070;  0.23T50;

+0.05 +0.05
021702 0.18%; 01

0.03
0.2010 05

0.02
0.370 03
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6.3 Large scale trend

between Fg‘ﬁ in the inner core and FbIZ{fLD: 11015t — pieta-

Moving to the highest redshift bin, we do not detect any significant color radial
trend within the SG, while we still detect a significant difference with respect to the
field galaxy population (right panel of Fig. [6.2). The group blue fraction is at a
constant value of Fﬁlﬁ ~ 0.1, a value 3.90 lower than the corresponding blue fraction
in the field sample. Both values of Fy,e for group and field are significantly lower in
this redshift bin than those obtained in the low redshift been discussed previously. In
order to understand this result we need to remember that we applied a higher galaxy
stellar mass cut-off in the high-redshift bin: log(Mga1) > 10.56, thus we are observing
galaxies more massive than in the low redshift bin, this being the obvious cause for
the global lowering of the values of Fy,e for the field and the groups population. A
further factor to consider is that we are observing groups that are on the mean more
massive than their low redshift counterparts (see Fig. [5.4).

Before moving to investigate in detail how our findings depend on group richness
and galaxy stellar masses in Sect. [6.4, we will explore in the next Section whether the
observed differences between group and field stop at group boundaries, or if there is a

continuous trend of increasing Fiyue in the closest proximity of groups.

6.3 Large scale trend

The physical scale, in terms of density or projected distances, over which environ-
ment begins to set up the well known correlations with galaxy star formation rates,
colors and morphologies is a question still open dKauffmann et al.H2004; Balogh et al.‘

‘2004J; Blanton et al. ‘2006‘). We explored the possible presence of large-scale trends of

FIELD
Fblue

, with the aim of detecting for the galaxy population located in the closest
proximity of our groups e.g., colors redder than those of field sample. As discussed in
Sect. 2.1.5 we defined a sample of field galaxies ideally not affected by group environ-
ment, and a sample of so called near-field galaxies, i.e., galaxies located in the closest
proximity of groups.

In the low redshift bin, where the sample size enables us to do such an analysis, we
split the near-field into subsets of 3 nested rings of increasing projected radial distances
from SG center and defined as follows: R < 2.0, R < 3.0 and R < 4.0, and measured
Fylue for each of them. These values are plotted in Fig. [6.3 with empty stars, and
display a regular increase moving away from the group center, progressively nearing the
value obtained for the field sample. However this apparent continuous trend, extending
beyond group size, disappears when excluding from each of the points shown in Fig.
[6.3 field galaxies with projected radial distances R < 2.0 (filled stars), suggesting
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Figure 6.3: Fyjye of near-field (violet empty stars) as a function of increasing projected
radial distances from groups in the low redshift bin: R < 2.0, R < 3.0 and R <
4.0. Violet filled stars show Fyjye of near field after excluding near-field galaxies with
projected radial distances R < 2.0. The filled square shows Fpqe for the first near-
field annulus, after correcting for the 15% spectroscopic galaxy-group incompleteness,
see text for details. Observed Fy,. values are displayed at the median distance of
each near-field region, while corrected ones are slightly offset for clarity’s sake. As a

reference we display the Fyj,. of the field with a cyan star.
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that the trend in question is caused by contamination from missed group members,
predominantly located in the nearest neighborhood of groups.

The same result can be obtained correcting the values of the first near-field ring
with a procedure similar to that used for group galaxies. The galaxy success rate of

the group finding algorithm turns into a spectroscopic incompleteness on galaxy-group

basis of 15%, as estimated in Knobel et al. 42009‘). Correcting for such a percentage
of contamination by group galaxies is enough to raise the observed value of Fblfl{eELD
in the first near-field annulus to that of the field, as shown by the filled square in Fig.
6.3.

This analysis confirms that the physical scale on which the environment plays its role

coincides with the group physical scales, in agreement with Kauffmann et al.‘ 42004);
‘Blanton et al. 42006); ‘Wilman et al. 42010). It therefore suggests that there is no

transition region from field to group domain and field galaxies start getting affected

by the group environment when they enter it.

Interestingly it also implies that the values we estimated for the incompleteness
of our group catalog is realistic, as it produces, once the corresponding correction is
applied, values of Fyye for the first near-field annulus that are in good agreement with
field values.

6.4 Galaxy stellar mass and group richness dependence

In Sect. [6.2 we have shown that low and high-z group galaxies display different radial
color trends. However we also noticed two important differences: the galaxy stellar
mass cut-off adopted (log(Mgyai/Mg) > 9.8 to be compared to log(Mgai/Me) >
10.56), and the different range in group richness spanned in these two redshift bins. It
is therefore interesting to investigate how the observed radial trends of Fi,. depend on
these two quantities. We split the low-z group sample according to richness A defined
as the number of member galaxies surviving after applying the evolving magnitude
cut off Meyi—off = M, + 2.1, adopting a separation of N' < (/ >)12 to distinguish
between poor(/rich) groups. We then split the total galaxy sample for each of the two
rich and poor SG into two bins of galaxy stellar mass: galaxies with stellar masses
9.8 < log(Meut—ot) < 10.56 and log(Mcut—ofr) > 10.56.

In Fig. [6.4]we show how F}y. varies for the sub-samples defined this way (from now
onwards we display only corrected values). Poor(/rich) groups are on the left(/right)
panel respectively and triangles refer to lower stellar mass bin, squares to higher stellar
mass bin, and filled circles to the total mass volume-limited sample. As a reference

and with the same symbols for each stellar mass bin, we plot the values of Fyye for
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Figure 6.4: Corrected blue fraction as a function of the group-centric distance in the
low-z poor groups (left) and rich groups (right). We define poor(/rich) groups as those
with number of member galaxies < (/ >)12 after applying the evolving magnitude cut
off Mewt—ot = M}y, + 2.1 (see Fig. [5.3). The mass bins adopted are indicated in the
legenda. Corrected blue fractions are displayed at the median of the distances from
the center for galaxies in each region. As a reference we also plot the fraction of the
blue field galaxies and the mean corrected blue fraction in groups.

field galaxies and those for the total poor and rich group galaxies sample considered.
The value of Fyye increases moving from higher to lower galaxy stellar masses, for
each environment considered (see also Sect. [6.1). However there is a further trend

superimposed to this one: at fixed stellar mass the mean Fj, is higher in poor groups

than in rich ones, confirming previous tentative results (see Margoniner et al. 2001;
Gerke et al. 2007;

As far as radial trends are concerned Fig. [6.4 shows that only for poor groups bluer

Tovino et al. ‘2010, and references therein).

galaxies are preferentially located in the group outskirts. No such trend is observed
for richer groups. For poor groups, galaxies with lower stellar mass show a continuous
trend of increasing Fi e, whereas Fiue for most massive galaxies increases only in the
outermost group region. Rich groups do not show any obvious radial trend.

Thus poor groups display higher F},. values for their member galaxies than richer
groups and stronger radial trends at fixed galaxy stellar mass than richer groups. The
observed galaxy color radial trends become more evident moving from richer to poorer
groups and moving from higher to lower galaxy stellar masses.

We can therefore better explain the observed differences between low and the high-z

78



6.5 Mass segregation

ALL GROUPS - 0.2=z<0.45 ALL GROUPS - 0.45<z=0.8

S 1.0 L ! T ! T \v L ! \! T '-'-\-‘
& ogl | e ] L *
- 0.81 ! o - - i ]
= [ ! 1 i i
j 0.6 I | - - | I ]
2 i ! ! LA
E 0.4 7 ! : e 9.85logdl =10.56 L / : ++++10.56<log AL <10.9
=) i & —loght >10.56 ] i i ; —log, >10.9 ]
g 0.2 r i | KS prob: 0.014 ] r A | KS prob: 9.0e-4 b
o ol ! o
NS 0.0 £ | | | | | 3 | i | a

0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

R R

Figure 6.5: Cumulative radial distribution of the galaxies belonging to each mass bin
for both the lowest (left) and highest (right) redshift bin. We show the most massive
galaxies with orange solid line and the less massive galaxies with green dotted line. As

a reference we draw the limits of the 1°¢ and 2" regions with a dot-dashed black line.

groups trends discussed in Sect. [6.2 as due to the different cut-off in galaxy stellar
masses and to the different group richness ranges observed in the two different redshift
bins.

It is somewhat expected that at high-z the massive groups we explore do not display
any radial trend for the massive galaxies shown in plot Fig.

We will now proceed to explore if the differences observed in radial trends between
poor groups and rich groups relate to the possible presence of galaxy stellar mass seg-
regation within groups, a factor that could be important in creating and/or enhancing

observed color trends.

6.5 Mass segregation

Goal of this Section is to check for the presence of mass segregation within our group
sample, to clarify if any of galaxy colors radial trends we observed are simply the
reflection of the galaxy colors and stellar mass correlation coupled with varying galaxy
stellar mass functions moving from central to peripheral group regions.

We split the mass-complete galaxy sample into two stellar mass bins: at low redshift
the stellar mass limits chosen are: 9.8 < log(M gq1/Me) < 10.56 and log(M gq1/Me) >
10.56, with a total of 320(/251) galaxies in the lowest(/highest) mass bin. At high
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6 Segregation effects in the zCOSMOS 20k groups: colors and masses

redshift the stellar mass limits chosen are: 10.56 < log(Mgq/Mg) < 10.9 and
log(Mgai/ M) > 10.9; in this case there are 132(/133) galaxies in the lowest(/highest)
mass bin. In the left(/right) panel of Fig. [6.5 we show the cumulative radial distribu-
tion of the galaxies belonging to these bins for the low(/high) redshift SGs. The dotted
line always refers to the lowest stellar mass bin, while the solid line refers to the highest
stellar mass bin. As a reference a dot-dashed black line indicates the boundaries of
the different group regions defined in Sect. In both redshift bins the most massive
galaxies populate preferentially the innermost regions, while the less massive galaxies
prefer the outer ones. A KS test confirms with confidence higher than 98.6%(/99.99%)

the existence of a mass segregation for the low(/high) redshift bin.

Also in this case we explored group richness dependency of the mass segregation
by repeating the same radial analysis but dividing the low-z bin groups into poor and
rich sub-samples (see Sect. [5.4]for definitions). The cumulative radial distributions of
galaxies are plotted in Fig. 6.6] for poor, left panel, and rich groups, right panel. In
both panels dotted lines refer to galaxies with 9.8 < log(Mgu/Mg) < 10.56, while
the solid lines to galaxies at log(Mgq/Mg) > 10.56. For poor groups there is no
significant mass segregation as the KS test results are consistent with the hypothesis
that the radial distribution of galaxies from the two mass bins are drawn from the
same distribution. Viceversa, galaxies located in rich groups display a significant mass
segregation, with most massive galaxies being closer to the SG center than the less
massive ones. In this case the KS test rejects with more than 99.3% confidence the
hypothesis that the radial distribution of galaxies from the two mass bins are drawn

from the same distribution.

We performed KS test comparing the galaxy stellar mass distribution in different SG
regions and field galaxies. For low-z rich and high-z groups there is no significant differ-
ence between field galaxies and the outermost SG region, while the inner/intermediate
regions display a significant difference with respect to the field, in agreement with
their observed galaxy stellar mass segregation. For low-z, poor groups the galaxy stel-
lar mass distribution is only marginally different from that of field galaxies (a ~ 2.50
result), and this outcome holds irrespective of group-centric distance, in agreement
with the absence of galaxy stellar mass segregation in these groups. In Tab. we

detail all the numerical results of the various KS tests.

One could argue that the mass segregation we are detecting within rich low-z groups
and high-z groups raises from interlopers contamination. On the mean, interlopers
would preferentially populate group peripheral regions, where we actually observe
a galaxy stellar mass distribution that resembles more that of field galaxies, thus

producing the observed stellar galaxy mass distribution radial trends. We used a
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Table 6.3: KS test probabilities that the mass distribution of the galaxies in each group region and that of the field sample

of galaxies are drawn from the same distribution. Redshift ranges and group richness are indicated in the Sample column.

Sample 1%t gr region vs field 2"¢ gr region vs field 3"¢ gr region vs field
0.2 < 2z < 0.45 & log(Mga/Mg) > 9.8 5.7 x 1074 1.1x 104 0.176
0.2 < 2z <045 & log(Mga/Me) > 9.8 & N < 12 0.012 0.044 0.067
0.2 <z<045 & log(Mya/Me) > 9.8 &N > 12 9.1 x 1074 1.3x 1073 0.425
0.45 < 2 < 0.8 & log(Mga/ M) > 10.56 6.8 x 1072 0.014 0.841
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Figure 6.6: Cumulative radial distribution of the galaxies belonging to each mass bin
for poor (left) and rich (right) groups in the lowest redshift bin. We show the most
massive galaxies with orange solid line and the less massive galaxies with green dotted
line. As a reference we draw the limits of the 1% and 2"¢ regions with a dot-dashed
black line.

Monte Carlo technique in order to establish the robustness of our results with respect
to such an effect. For each of the two SGs - rich low-z and high-z - we depleted the
mass-complete sample of its galaxy members by the estimated interloper fraction in
each group region. We used galaxy colors to select the most probable interlopers,
so that the galaxies removed had a value of Fy,e equal to that estimated for field
galaxies (see Sect. [6.1). We performed this exercise 1000 times, keeping constant the
total number of galaxies (i.e., randomly counting some of the surviving galaxies twice).
Each time we estimated the KS test probability that the radial distribution of less and

most massive member galaxies were drawn from the same radial distribution.

For rich low-z groups the KS test confirms a mass segregation with a median con-
fidence level of 97.81%:8. For high-z groups, the KS test confirms a mass segregation
with a median confidence level of 99.97%-2. In both cases the quoted errors correspond
to the lowest and highest quartiles of the KS test probability distribution. We can
conclude that at high-z the signal for a genuine and significant radial stellar mass
segregation for group galaxies is strong and reliable, while at low-z the observed mass
segregation for rich group galaxies is somewhat enhanced by interloper contamination,

but, albeit a lower significance, an indication of its existence is still present.

The main result of this Section is therefore that low-z poor groups do not show
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6.6 Migration from blue to red: the effects of group environment

significant mass segregation; viceversa low-z rich groups and high-z groups, whose
group mass ranges are somewhat similar, display a significant mass segregation in the
galaxy stellar mass ranges explored.

As low-z poor groups are those that show a significant color segregation, whereas it
is undetected in low-z rich groups and high-z groups (see Sect. [6.4), we conclude that
the changing mix of color and masses are unrelated phenomena, possibly originating
from different physical mechanisms. In the next Section we will discuss a possible

interpretation.

6.6 Migration from blue to red: the effects of group

environment

Our analysis has confirmed that stellar mass is an important parameter in the discus-
sion of environmental influence upon galaxy properties and their evolution.

In Sect. [6.1 we have shown that for massive galaxies, log(M g4/ M) > 11.0, the
value of Fy,e does not change moving from field to group galaxies: most massive galax-
ies are red and dead irrespective of the environment they live in, a well known result
both at low redshift (see e.g., Hansen et al. ‘2009; Bamford et al. ‘2009; Kimm et al.
2009, and references therein) and at intermediate/high redshift (see e.g., Iovino et al.
2010; Kovac et al.‘QOlOb Peng et al.H2010; McGee et al.H2011b7 and references therein).

Below this mass threshold we observe a gradual 'opening up’ of the difference be-

)

tween group and field values, so that lower values of Fj),. are reached earlier in
groups than in the field (see Fig. [6.1), confirming results previously obtained us-
ing the zCOSMOS 10K sample (see e.g., Tovino et al. ‘2010; Kovac et al. 2010b;
‘Bolzonella et al. ‘2010 and references therein) and recent results from the COSMOS
survey dGeorge et al.H2011‘).

In addition to these trends, our analysis has shown that moving to masses below
log(Mgai/Mg) = 11.0 some subtler differences emerge when observing trends within
groups, both as a function of galaxy stellar mass and as a function of group richness.
In the following discussion we concentrate on the lower redshift bin of our sample
(0.2 < z < 0.45), where we were able to study in detail the joined effect of galaxy
stellar mass and group richness on galaxy colors. The conclusions we will infer are
easy to translate to the higher redshift bin, where we can explore only higher group
richnesses and higher galaxy stellar mass ranges (see Sect. 5.4/ and [6.4).

For galaxies in the mass range log(Mgqi1/ M) > 10.56 we do not observe any strong

radial trend within groups in the mix of red and blue galaxies (except possibly for
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6 Segregation effects in the zCOSMOS 20k groups: colors and masses

poorer groups of our sample, where the Fy,,e value in the outermost region increases)
while we observe a clear difference with respect to Fy,.for field galaxies.

For galaxies in the lower mass range 9.8 < log(M g4/ Me < 10.56), we observe a
significant radial dependence of the mix of red and blue galaxies in poorer groups: red
galaxies are preferentially found in the group center. Viceversa for richer group the
trend disappears, suggesting that galaxies situated in richer groups (i.e., presumably
located in more massive dark matter halos) reach a redder color at earlier redshifts for
each fixed galaxy stellar mass.

This picture echoes what is found in the local universe: most massive galaxies do not
show a significant color radial trend within groups, while less massive galaxies are those
responsible for the progressive blueing of the group member galaxies at intermediate
and large group-centric distances. Furthermore these trends are stronger in poorer

environments (see e.g., Bamford et al. ‘2009).

Opposite to this differentiation in terms of a color segregation is the result shown in
Fig. [6.6, implying that a significant mass segregation is already set up in rich groups,
whereas poor groups display a constant mix of galaxy stellar masses irrespective of the
radial distance from group center.

Do these differences provide the mean to better understand how the group environ-
ment influences the migration of galaxies from the blue cloud to the red sequence, and
to derive estimates for the timescales involved in this process?

In other words does the observed difference in the radial color segregation between
richer and poorer groups implies the presence of a different efficiency in the two envi-
ronments of the mechanisms that cause the transition of a galaxy from the blue cloud
to the red sequence? Or could this difference just be due to a different time-scale for
the evolution of structures of different mass (different overdensity), such that richer
groups formed earlier than poorer ones, so that within them simply there has been
more time for environmental effects to act upon group member galaxies?

The observed difference in mass segregation trends provides an important element for
us to try and answer this question. It is well known that mass segregation occurs when
the exchange of energy among group member galaxies has led most massive galaxies
to set in the core of the group while the lighter galaxies, moving at higher velocities,
preferentially reside in the outer regions. The setting/absence of mass segregation in a
group therefore is a rough indication of the time lapse since group formation and the
fact that we do not detect any significant mass segregation in poor groups, suggests
that these systems are probably formed later than the richer ones.

In turn this may suggest that the absence of color radial gradient in richer groups at

all the masses we explored it is the result of the longer time-scale of these systems, that
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6.6 Migration from blue to red: the effects of group environment

is of the longer time available for group environment to influence its member galaxies.

Viceversa poorer groups have not yet been able to set mass segregation, possibly
still being in process of forming and accreting field galaxies. Their radial distribution
in galaxy stellar masses does therefore not show any strong segregation yet. The radial
color trends we observe somewhat bear memory of the still recent accretion history
of these groups and suggest that peripheral galaxies have been accreted more recently

than those located near the group center.

Interestingly, however, even the galaxies located at the outskirts show redder colors
than field galaxies of similar masses. In addition, the simple exercise we performed
in Sect. [6.3 shows that there is no continuous trend in color segregation moving from
the outskirts of groups towards the nearest field: the physical scale on which the en-
vironment plays its role coincides with the group physical scales and the processes
that affect galaxy colors starts to operate as soon as galaxies enter the group envi-
ronment. This result confirms that group environment influences galaxy colors on
short time-scales, in agreement with what is suggested by the strong bimodality in
color distribution itself: any quenching process that would last more than 1.5-2 Gyrs
would erase the observed bimodality of galaxy colors by overpopulating green valley
(Balogh et al. 2009; McCarthy et al. 2008; Font ct al. 2008).

3

Our analysis therefore implies that galaxy color transformation and mass segrega-
tion originate from different physical processes, whose time-scale, of a few Gyrs, are
only slightly different, so that whenever mass segregation is observed, color segregation
has been already wiped out and viceversa. Furthermore it suggests that up to a fixed
galaxy stellar mass limit, galaxies have already been residing for a longer time within
richer groups than poorer groups, while for each group richness considered galaxies
of lower masses are presumably those that have more recently entered the group en-
vironment (see Fig. [6.4). The physical processes causing the color trends observed
in our data could be both starvation and/or galaxy-galaxy collisions/interactions, as
both operate with similar time scale. Starvation operates exclusively on the hot-gas
reservoir, i.e., there are no indications that it results in an structural transformations
dWeinmann et al.‘ ‘2009‘).

Viceversa galaxy-galaxy interactions can change morphology, boost specific SFR

(sSFR) and quench galaxies, and galaxy-pair fractions are highly environmentally de-

pendent, as denser environments show more pairs dKachzvk et al. ‘2011). An analysis

including galaxy morphologies and spectral features could help to understand which is
the most likely the process between the two, as galaxy-galaxy collisions cause morpho-
logical transformations while starvation produces the so called 'strangled’ red-spirals

population, and we plan to present it in a forthcoming paper.
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Our high-z results well fit within the above picture presented for low-z groups.

‘McGee et al.‘ 42009) show that at fixed mass of group/cluster considered the accretion

history of member galaxies is remarkably similar and independent of redshift.

Given that the Myuqgge distributions of rich low-z groups and high-z groups do not
differ significantly, we would expect a similar behavior in terms of both color and mass
segregation.

A KS test shows that the stellar mass distribution of galaxies more massive than
log(Mgai/Mg) > 10.56 does not differ significantly for low-z rich groups and high-z
groups and in both cases they do not show any color radial trend. Finally both rich
low-z groups and high-z groups show evidence of mass segregation, confirming that
high-z groups we observed in zCOSMOS do not deviate from the simple picture we
proposed.

6.7 Conclusions

In this Chapter I studied in detail how galaxy stellar masses and colors vary as a
function of the distance from the group center. The analysis was performed using mass-
complete samples to disentangle the obvious galaxy stellar mass/color dependencies.

The main results are:

(1) In the lowest redshift bin explored, the color of most massive galaxies, i.e., log(Mgq1/ Mg) >
10.56, does not display strong group-centric dependence, despite displaying a clear
lower blue fraction in groups than in the field. This result holds irrespective of group
richness, except possibly for poorer groups of our sample, where however it is driven
exclusively by the Fjjye value in the outermost region. On the contrary for galaxies of
lower masses, i.e., 9.8 < log(Mgau/Me) < 10.56, there is a radial dependence in the
changing mix of red and blue galaxies, red galaxies being found preferentially in the
group center. This trend is stronger for poorer groups, while it disappears for richer
groups.

(ii) In the highest redshift bin, where only higher galaxy stellar masses and richer
groups are available within zZCOSMOS survey, the color of observed galaxies, at log(Mgq1/ Ma) >
10.56, does not display strong group-centric dependence, despite still displaying a lower
blue fraction in groups than in the field.

(iii) The global Fyye for group galaxies shows a clear dependence on group richness:
rich group galaxies are redder than poor group galaxies on average;

(iv) Mass segregation shows the opposite behavior with respect to galaxy colors
trends: it is visible only in rich groups, while poorer groups have a constant mix

of galaxy stellar masses as a function of group-centric distances. Therefore the ob-
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served color trends cannot be simply explained as caused from different stellar masses
distribution in different group regions.

(v) The physical length-scale on which the environment plays its role coincides with
the group physical scales.

The parallel absence(/presence) of color segregation in rich(/poor) groups hints to
the fact that nurture effects are still in action in poorer structures, whereas in richer
systems have already exhausted their effects, so that all galaxies are uniformly red
irrespective of their position within the group (at least down to the galaxy stellar
masses we explored). The corresponding presence(/absence) in rich(/poor) groups of
mass segregation suggests that richer systems have been in place for time long enough
so that more massive galaxies have sank to the group center, something that has yet
to happen for the poorer groups, that still keep memory of their more recent growth
history.

Both observations suggest a simple scenario where color and mass segregation origi-
nates from different physical processes, with similar time-scales, so that whenever mass
segregation is observed color segregation has been already wiped out and viceversa.

Lower mass galaxies in poorer groups hold the smoking gun of environmental effects
in action superimposed to secular galaxy evolution: these galaxies still display gradu-
ally bluer colors moving from group center to more external regions, as a consequence
of the still recent accretion history of these groups. Starvation and galaxy-galaxy
interactions could both be a reasonable culprit for a mechanism that quenches star
formation in groups at a faster rate than in the field. This work has been published
in Presotto et al. 42012)

In the next Chapter I will include the preliminary results from galaxy morphologies

and composite spectra in order to further investigate the scenario we presented in this
Chapter.
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7 Segregation effects: further insights
from spectra and morphologies

In this Chapter I will further explore the dependence of galaxy properties on group-
centric distance by focusing on morphological and spectral segregation effects. This
will complete the scenario we proposed in the previous Chapter and it will help us
clarify some issues concerning the environmental processes in act. First of all T will
briefly describe the morphological classification I adopted, namely the one provided by
the ZEST code. For the spectral analysis I will obviously rely only on the galaxies with
available spectroscopic redshift of each of the SGs, introduced in Sect. [5.4. To ensure
a high statistic and a good signal to noise ratio, I will stack the spectra of galaxies
that share the same properties, e.g., spectral type, color, mass, and morphology. I
will explain the procedure I developed to stack the spectra, the adopted method to
perform template fitting of the stacked spectra, and the measurement of the emission
lines. Finally, I will present the preliminary results on morphological and spectral
segregation effects in the zCOSMOS group sample.

7.1 Morphologies

As mentioned in Chapt. zCOSMOS is based on HST-ACS observations. ACS
imaging enables to derive robust structural parameters and to obtain a reliable mor-
phological classification for all galaxies down to about Ing = 24 (well below the flux
limit of the 20K).

Here we used the structural parameters and morphological classification based on
the Zurich Estimator of Structural Types (ZEST) and presented in
). The ZEST classification scheme is based on a principal component analysis
of five non-parametric diagnostics of galaxy structure: asymmetry A, concentration
C, Gini coefficient G, the second-order moment of the brightest 20% of galaxy pixels
M20, and the ellipticity (see ‘Scarlata et al. 2007, for details on their definition).

The principal component analysis transform this set of variables into a new set of

orthogonal variables, PC;, where i runs from 1 to 5. The PCs are a linear combination
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Table 7.1: The ZEST Classification Scheme as in‘Scarlata et al.‘ 420()#).

Type 1 Type 2 Type 3
Parameter Elliptical Galaxies Disk Galaxies Irregular Galaxies
Bulgeness From 0 (massive bulge) to 3 (bulgeless disk)
Elongation From 0 to 3 (edge on) From 0 (face on) to 3 (edge on)
Irregularity From 0 to 2 (highly irregular)
Clumpiness  From 0 (smooth) to 3 (very clumpy) From 0 (smooth) to 3 (very clumpy)
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7.2 Spectra

of the observed variables and they can be ordered depending on their power in retaining

the variance present in the original data set. ‘Scarlata et al. d200ﬂ) showed that the

first three diagnostics can fully describe the key aspects of the galaxy structure, i.e., to
calibrate a three-dimensional classification grid of axes PCy, PCs, and PC3. At each
point in the three-dimensional eigenvector space, a dominant morphological class is
assigned. Then the Sérsic index is used to refine the classification scheme of disk
galaxies, by splitting these in four separate bins of a bulgeness parameter.

Galaxies are classified by ZEST into elliptical, disk, and irregular galaxies (TYPE
class equal to 1, 2, and 3 respectively). The disk galaxies are further split in bulge-
dominated , intermediate-bulge, small-bulge, bulgeless disk galaxies (BULGE type
equal to 0, 1, 2, 3 respectively). See Tab. for further details on the classification
scheme.

From now onwards we will consider all galaxies that are classified by ZEST as either
elliptical or bulge-dominated systems, i.e., specifically ZEST Classes 1 and 2.0, as
early-type. All other ZEST types are collectively considered to be late-type galaxies.
In terms of the conventional Hubble classification scheme, our division would roughly
be between Sa and Sb. When considering the whole disk class galaxies, i.e., irrespective
of their bulge type, we will alternatively call them ’spirals’.

Tests on a a sample of z=0 galaxies from ) to determine the reliability
of ZEST show a perfect agreement between the two classifications. Moreover this
classification scheme is very robust: for magnitudes Ixg < 22.5, more than 90% of
galaxies do not change morphological class even when degrading the S/N of images

down to a level which is comparable with the faintest of our galaxies.

7.2 Spectra

In this section I will explain the technical details of stacking, fitting the spectra and

measuring the emission lines.

7.2.1 Co-adding spectra: the procedure

The advantage of stacking spectra is that it increases their S/N, thus enabling us to
obtain more accurate measurements of the mean properties of stacked galaxies. This
technique has been widely used in recent years to overcome low quality of spectro-
scopic data set dFrancis et al.‘ ‘1991; Vanden Berk et al. ‘2001 Eisenstein et al.‘ ‘2003;
Mignoli et al. ‘2005; Muzzin et al. \M) When applied to the galaxies belonging to
one of the regions introduced in Sect. it provides the typical spectrum of a

3
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7 Segregation effects: further insights from spectra and morphologies

core/intermediate/outskirt galaxy. This way we are able to study the typical spectral
properties of a galaxy as a function of its group-centric distance.

First of all we visually inspected all the galaxy spectra to remove those cases where
either the atmospheric correction failed or there was a contamination from the zero
order of the spectrum obtained from a close slit containing a bright object or an AGN
was present.

Then we developed an IDL procedure to co-add the spectra of a set of objects which
were interactively selected depending on their properties, e.g., their redshifts, color,
group-centric distance, mass and equivalent width (EW) of a specific emission line, see
later on for details, i.e., Sects. and [7.3.

The procedure follows these steps: each spectrum of the input list is shifted and
rebinned to its rest-frame according to its redshift (with a 1 A rest-frame bin) and
normalized to the mean flux in a specific wavelength range, range,orm. The nor-
malization range is selected in order to be present in the observed spectroscopic
window at each galaxy redshift: range,orm = 5500 — 5600A for the low-z bin and
rangenorm = 4150 — 4250A for the high-z bin. Moreover we chose both ranges to be
free of substantial absorption or emission lines and in the meanwhile to be close to the
most important feature of each spectrum, e.g., Ha and [OII] for the low-z and high-z
bin respectively.

After normalization the spectra are co-added into a composite spectrum by deriving
both the mean and the median of all the spectra included in the selection. We shall
highlight that the rest-frame wavelength coverage depends on the galaxy redshift. To
keep a reasonable and fairly uniform S/N in each wavelength range of the composite
spectrum we therefore adopted a minimum threshold of 5 spectra for each pixel. As
a consequence the blue and red ends of each composite spectrum can be slightly dif-
ferent (and obviously noiser than the central regions). Along with the mean (median)
spectrum, the procedure provides also a smoothed version of it (with a 3A Gaussian
filter smoothing) and the standard deviation (semi-quartile).

We built a stacked spectrum of each region of the SGs and of the field for different
combination of colors, masses, and spectral features. Spectral features, e.g., line fluxes,
EWs, of individual galaxy spectrum were available thanks to the automated pipeline
platefit_vimos (Lamareille et al. \M), which simultaneously fits all the emission lines

with Gaussian functions after removing the stellar continuum. We divided our sample

into four classes:

1. the typical galaxy: we co-added all galaxies irrespective of their colors and spec-
tral features, for the whole mass complete sample (galaxies with log(M gq1/ M) >
Meut—off), the low mass bin (9.8 < log(Mgai/ M) < 10.56) and the high mass
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Figure 7.1: Example of the composite spectrum for different galaxy classes: from top
to bottom we show the composite spectrum of the blue active galaxy, the red active
galaxy, and the red inactive galaxy for the low mass galaxies in the low-z bin. The
most important absorption and emission features are identified. The fluxes are per
unit wavelength and the normalization is defined by the two arrows labeled normal.

93



7 Segregation effects: further insights from spectra and morphologies

bin (log(Mgai/Me) > 10.56). These spectra reflect the mean mixture of galax-
ies at fixed mass and/or fixed environment.

2. the blue active galaxy: we co-added all blue galaxies (according to the color cut
defined in Sect. [5.2) having the EW of the characteristic emission line larger than
an arbitrary cut-off and at least 3¢ significance. For the low-z bin we adopted
EW(Ha)< —10, while EW([OII])< —5 for the high-z bin. These galaxies are
undergoing some level of star formation, as witnessed by the relatively intense

emission lines and blue continuum.

3. the red active galaxy: we co-added all red galaxies having the EW of the char-
acteristic emission line larger than the above cut-offs. These galaxies show an
antithetical behavior in the stellar/gaseous components and usually present in-

termediate spectral properties.

4. the red inactive galaxy: we co-added all red galaxies showing no emission line up
to 3o significance. These galaxies are not currently undergoing significant star

formation detectable with the typical sensitivity of our spectra.

In Fig. [7.1l we show an example of the composite spectrum of the last three galaxy
classes, while we refer the reader to Sect. [7.3.3] for a discussion of the typical galaxy
spectrum. From top to bottom we show the composite spectrum of the blue active
galaxy, the red active galaxy, and the red inactive galaxy. Fig. [7.1 refers to galaxies
with 9.8 <log(Mgai/Me) < 10.56 in the low-z bin and we have highlighted the most
important absorption and emission features. The fluxes are per unit wavelength and
the normalization is indicated by the arrows normal. The range of the y-axis changes to
highlight the different features of each spectrum, but here we stress that the continuum
of the red active and inactive galaxy are almost indistinguishable. In the red part all
the spectra become noisier due to the well-known fringing problems of the old VIMOS
CCDs. We are able to detect all the main emission lines that are available at the
low-z bin: HE, [OII], He, [NII] and [SII] (Ha being the most prominent). Among the
absorption lines we detect: the G band, H3, the Mg triplet and Na.

7.2.2 SSP fitting and line measuring

Our aim is to measure spectral features both in absorption and in emission, and we
must take into account the stellar absorption in the measurements of Balmer emission
lines. In order to remove the continuum and to account for stellar absorption, we used

the software GOSSIP, dFranzetti et al.HQOOS‘).

94



7.3 Morphological and Spectral segregation

GOSSIP is a tool created to fit the Spectral Energy Distribution (SED) of an object
against synthetic models, to find the simulated one that best reproduces the observed
data. GOSSIP can combine both the magnitudes from different instruments and the
spectrum of a galaxy. In our case we focus on the spectra as we need the best tem-
plate that reproduces the continuum of the composite spectra, and we added to each
composite spectrum an arbitrary magnitude value. This magnitude was assigned to
the instrument filter that best matches the normalization wavelength range of the
spectrum, i.e., V_subaru and B_.COMBO17 for the low-z and high-z bin respectively.
We then used the ‘Bruzual & Charlot 4200% models and run GOSSIP to perform the
fitting and retrieve the model which best represents the composite spectrum.

In Fig. [7.2 we show the main SED visualization window of GOSSIP with an example
of a fit to a spectrum, i.e., that of a typical galaxy of the high-z SG. The blue line
corresponds to the observed object, i.e., the stacked spectrum, while the black one
refers to the best fit model. Green points represent the rebinned observed spectrum,
which was used by GOSSIP to match the resolution of the models. The red dot refers
to the arbitrary magnitude value adopted to anchor the model.

Once identified the best fitting model we extracted it from the ‘Bruzual & Charlot‘
W) full set. We rebinned both the composite and the model to a resolution of 5A

px~! and we normalized the composite spectrum to the model. This way we could

subtract the stellar continuum and we measure the emission lines corrected flux.

To measure emission lines we used both the IRAFM splot procedure and the lineback-
fit IDL procedure developed by the SDSSIII group. The results obtained from the two
methods are in perfect agreement and from hereafter we will quote only EW measured

with the linebackfit procedure.

7.3 Morphological and Spectral segregation

In this Section I will present the preliminary results I have obtained exploring the
group-centric dependence of galaxy morphologies and spectral features in order to
complete the scenario introduced in Sect. [6.7) T will start the analysis by exploring
how galaxy morphologies depend on environment, see Sect. In this context
I will highlight once again the importance of lower mass galaxies in revealing the
nurture effects in act, see Sect. [7.3.2. I will then move to investigate the presence of

spectral segregation within group environment by focusing on star forming properties

HRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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Figure 7.2: Example of SED fitting with GOSSIP: the blue line corresponds to the
observed object, while the black one refers to the best fit model. Green points represent
the rebinned observed spectrum, which was used by GOSSIP to match the resolution
of the models. The red dot refers to the arbitrary magnitude adopted to anchor the
model.
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Figure 7.3: left/(right) panel shows FSE and F, gfly, the corrected late-type and early-
type fraction, as a function of the group-centric distance in the SG for the low/(high)
redshift bin in the mass-complete sample down to Meut—of = 9.8/ (Mcut—or = 10.56).
Corrected late/early-type fraction values are indicated with filled triangles and circles
respectively. Late-type fractions are displayed at the median normalized R distance of
galaxies in each region, while early-type fractions are slightly offset for clarity’s sake.
As a reference we plot the fraction of late/early-type field galaxies (cyan symbols) and

of the whole group (red symbols).
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7 Segregation effects: further insights from spectra and morphologies

of group/field galaxies, i.e., exploring the EW changes of both the typical group/field
galaxy and the blue active group/field galaxy, see Sect. [7.3.3.

7.3.1 Morphological changes as a function of group-centric distance

To explore morphological segregation we measured Flgtlz’obs and Fgﬁyﬁobs, the observed
fraction of late-type and early-type group member galaxies, in each of the three SG
regions defined in Sect. [5.4] As already done in Chapt. [6] (see eq. [6.2) we corrected
each fraction using PZ, the estimated percentage of interlopers defined in Sect. [4.1.2]
to derive the corrected late-type and early-type fraction, FGE and FGE

late early"

In Fig. [7.3]the left/(right) panel shows FGE and F, gzﬁly as a function of the group-
centric distance in the SG for the low/(high) redshift bin in the mass-complete sample
down to Meyt—oft = 9.8/ (Meut—ot = 10.56). Corrected late/early-type fraction values
are indicated with filled triangles and circles respectively. Late-type fractions are
displayed at the median normalized R distance of galaxies in each region, while early-
type fractions are slightly offset for clarity’s sake. As a reference we plot the fraction

of late/early-type field galaxies (cyan symbols) and of the whole group (red symbols).

distribution provided by |Gehrel
FGR

early

Error bars are estimated using the approximate analytical formulas for a binomial
@3) In Tab. [7.2] we list the values of corrected
for each region and sample considered.

In the low redshift bin, we observe strong morphological segregation for both early
and late-type galaxies, the former residing preferentially in the core region, the latter
populating mainly the outermost region. Considering the field point, we can see a clear
and continuous trend of decreasing/increasing Fglfly
of groups to their outskirts and further away to the field. The observed morphological
Girardi et al.

/FSE moving from the inner core

segregation is in agreement with previous works dDomfngueZ et al. ‘2001
‘2003; Thomas & Katgert ‘2006; Bamford et al. ‘2009).

There is a significant difference between F, gﬁy /EGE in the outskirts and F ££€LD FEIELD,

Therefore entering the group potential well has a significant influence not only in

)

changing galaxy colors, but also in shaping galaxy morphologies. Once again the most
relevant difference between group and field is observed in the core where more than
60% of the galaxies have a early-type morphology with respect to 27% in the field.

Globally the field is dominated by late-type galaxies, while in the group environment
the ratio reverses and early-type galaxies become more important.

Moving to the highest redshift bin, the morphological segregation trends inside the
group environment become noisier, though already in place. The early/late-type segre-
gation is more evident when focusing on the core of groups with respect to the outskirts
and, further away, to the field. We shall remind that at high redshift we are studying
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Table 7.2: Early/late-type fractions in group regions and corrected for field contamination. Last two columns list total

group and field values.
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Figure 7.4: Same as Fig. [7.3 for the sub-sample of less massive galaxies (left panel)
and for that of most massive galaxies (right panel) at low-z.

FGR

early

in the field and the smaller difference between group and field F&¢F /FGE

early late

the most massive galaxies (log(Mga1) > 10.56), this causes the similar values of
FGR

and late

global values.

We now split the low-z sample into the same two stellar mass bins as done in Sect.
6.4, i.e., galaxies with stellar masses 9.8 < log(Mga1/Mg) < 10.56 and log(Mga/ Mg) >
10.56. In Fig. [7.4 we show how F, (gzﬁly / FGE varies for the sub-sample of less massive
galaxies (left panel) and for that of most massive galaxies (right panel).

We note that for massive galaxies the morphological segregation inside the group
environment is mainly driven by the points in the core region that strongly differ from
the outskirts. In the outermost region the F gﬁy / Flftlz are in good agreement with
those of the field galaxies.

Less massive galaxies show a mild trend of morphological change from the core to
the outskirts of group. Less massive galaxies are almost equally divided into early and

late-type galaxies. In this case the strong difference is between the global FGE /FGR

early late
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7.3 Morphological and Spectral segregation

group value and that of the field. In the field the less massive galaxies are almost all
late-type, while this percentage drops to nearly 50% in the group. This suggests that
entering the group environment is much more effective in morphological changes for
less massive galaxies.

Fig. [7.4]also shows that there is a strong morphological dependence on stellar masses
at fixed environment: The value of F, Slfzy /FSE increases/decreases moving from lower
to higher galaxy stellar masses.

This last analysis has highlighted once again the strong influence of environment on
galaxies with 9.8 < log(Mga1/Mg) < 10.56. We will further explore this topic in the

next section.

7.3.2 The ’strangled’ red-spirals population

A clear indication has arisen from the color and morphological segregation analysis:
less massive galaxies represent our unique opportunity to witness the nurture effects
in act. These galaxies show the most striking differences between group and field
and we supposed that they have become satellites only recently, therefore they are
still suffering from environmental processes. In this section we focus on both the
morphology and SFR of these galaxies.

Fig. shows the distribution of the Bulge type for spiral galaxies with 9.8 <
log(Mga/Mg) < 10.56 and log(Mga /M) > 10.56 in the left and right panel re-
spectively. We stress that in this case spirals means all galaxies classified with TYPE
class equal to 2, irrespective of their Bulge type. Red solid line refers to the group
galaxies, while cyan dashed line refers to the field. The most massive galaxies display
the same Bulge type distribution irrespective of the environment they live in. On the
contrary a KS test confirms with more than 99.99% confidence that the Bulge distri-
bution of less massive group galaxies is different from that of field galaxies in the same
mass bin. In particular we notice that there is an excess of bulge dominated galaxies,
i.e., Bulge type < 2, with low mass in the group environment and a corresponding lack
of bulgeless galaxies,i.e., Bulge type > 2, of the same mass with respect to the field.

As a further step in understanding the effect of environment we now isolate those
cases of a late-type galaxy that has been quenched, the so called red passive spirals.
By passive we mean galaxies showing EW (Ha)> —10.A and with a significance less
than 30. These galaxies are a typical result of environmental processes in act, i.e., star-
vation removes the gas supply to infalling field-like galaxies, once the remaining gas is
consumpted these galaxies are red and passive, while showing a late-type morphology
dWeinmann et al.‘ ‘2009‘).

In Fig. [7.6 we show the fraction of red passive late-type galaxies as a function of
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Figure 7.5: Distribution of the Bulge type for less massive (left panel) and most massive
(right panel) spiral galaxies. Red solid line refers to the group galaxies, while cyan
dashed line refers to the field.
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Figure 7.6: Fraction of red passive late-type galaxies as a function of galaxy stellar
mass and environment.Triangles refer to galaxies with low mass, squares to galaxies
with high mass, and circles to the whole mass complete sample. Red and cyan symbols

correspond to group and field fractions respectively.
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7 Segregation effects: further insights from spectra and morphologies

galaxy stellar mass and environment. Triangles refer to galaxies with 9.8 < log(Mgai/Mg) <
10.56, squares to galaxies with log(Mga/Ma) > 10.56, and circles to the whole mass
complete sample, log(Mga1/Me) > 9.8. Red and cyan symbols correspond to group
and field fractions respectively. There is a higher fraction of red passive spirals with
low mass in the group than in the field. This is the only difference we are able to
evidenciate, thus confirming the importance of less massive galaxies as witnesses of
the nurture effects in act. Figs. and 7.6] show that less massive group spirals not
only are much more bulge dominated than their counterpart in the field, but also that
the few of them showing a late-type morphology are much more quenched than in the
field. As a final test we verify whether the red passive spirals with low stellar mass
reside in a preferential region of the group in order to understand if the quenching
process can be correlated to a specific region of the group. A KS test shows that
these peculiar objects share the same projected radial distribution as the whole SG

population. Therefore the process seems to be ubiquitous.

7.3.3 Star forming galaxies at fixed environment and stellar mass

We now move to analyze spectral segregation effects by studying the typical galaxy, as
defined in Sect. which resides in different environments. In Fig. [7.7we show the
mean spectrum of the typical galaxy with log(M a1/ M) > 9.8 which populates, from
top to bottom, the field, the outer, intermediate and the core region of the low-z SG.
Each spectrum belonging to a group region is built from nearly 130 spectra, while the
field typical spectrum is the mean of about 700 spectra. We have highlighted the most
important absorption and emission features. The fluxes are per unit wavelength and
the normalization range is indicated by the two arrows normal. A visual inspection
of the spectra already shows rough differences in the main features of the spectra
depending on whether they refer to the field, to group outskirts or to the group core.
The intensity of the main emission lines, e.g., Ha, HG, and [OIII], gradually fades as
we move from the field to the core of the SG. In the core region, HG vanishes in the
underlying absorption line. The Mg triplet becomes more defined in the core with
respect to the field.

Fig. [7.8is the same as Fig. [7.7/but for galaxies with log(Mgq;/ M) > 10.56 in the
high-z SG. Each spectrum belonging to a group region is built from nearly 60 spectra.
In this case there are no obvious differences among the spectra, the only one being the
presence of Hf, and [OIII] in the field mean composite spectrum, while missing in the
group spectra. Nevertheless these features lay in a part of the spectrum which is very
close to the fringing and therefore less reliable.

To quantify the differences of the mean spectral properties among the stacked spectra
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Figure 7.7: Mean stacked spectra of the typical galaxy with log(Mga/Mg) > 9.8
which populates, from top to bottom, the field, the outer, intermediate and the core

region of the low-z SG.
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Figure 7.8: Same as Fig. [7.7/but for log(M e/ M) > 10.56 in the high-z SG.
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Figure 7.9: EW of Ha ([OII]) in the mean stacked spectra of the typical galaxy with
log(Mgai/Mg) > 9.8(/10.56) as a function of the group-centric distance for the low-z
(left panel) and high-z (right panel) SGs. Red circles refer to the group values, while
cyan stars refer to the field ones.

in different environments, we measured the EW of the most important emission lines
at each redshift bin: Ha and [OII] for the low-z and high-z bin respectively. By
convention, feature in emission have negative EW values. In Fig. [7.9we show the EW
of the mean stacked spectra of the typical galaxy with log(Mgq/Me) > 9.8(/10.56)
as a function of the group-centric distance for the low-z (left panel) and high-z (right
panel) SGs. Red circles refer to the group values, while cyan stars refer to the field
ones. The error bars are the sum in quadrature of (1) the measurement uncertainty
provided by the linebackfit procedure and (2) a 500 bootstrap resampling of the data.
We notice that in this case no attempt to account for interlopers has been made,
therefore the true trends might be somewhat shallower than those presented here.

Let us first focus on the low-z bin: there is a clear trend of increasing EW while

moving far away from the core region out to the peripheral one and then to the field.
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7 Segregation effects: further insights from spectra and morphologies

Since the EW of Ha is strongly correlated to the SSFR, Fig. [7.9 shows that the average
star formation properties of galaxies strongly depend on the environment they live in.
In the outermost region of the SG the EW is still somewhat smaller than that of field
galaxies, suggesting that entering the group environment has a significant impact in
quenching the star formation.

On the contrary in the high-z bin we do not detect any radial trend of the EW of
the typical galaxy, but we still find a difference between the EW of the mean stacked
spectrum of group and field galaxies. We shall underline once again that at this redshift
we are observing only the most massive galaxies for which differences between group
and field are less prominent.

These results are in good agreement with what we found in our color segregation
analysis, see Fig. [6.2.

The observed trend of increasing EW as a function of the group-centric distance in
the low-z SG can either be the result of an actual increase of EW among the SF galaxies
depending on the region they live or it can simply reflect the trend of increasing Fp . we
found in Sect. [6.2.

To better understand this point, we now concentrate on the properties of blue active
galaxies both at fixed stellar mass and environment in the low-z bin, where we are able
to separate the role of these two quantities. In Fig. [7.10 we show the distribution of
EWs of group galaxies (empty circles) as a function of their group-centric distance and
that of field galaxies (empty stars). We overlaid the EW of the mean stacked spectra
of galaxies with low masses (triangles) and of galaxies with high masses (squares) in
each group region (red symbols) and in the field (cyan symbols). This plot shows that
the EW correlates with the galaxy stellar mass, galaxies with 9.8 < log(Mgai/Mg) <
10.56 having larger EWs than most massive ones. This has already been observed
in terms of SSFR with low mass galaxies having a higher SSFR than high mass ones
(Muzzin et al. \m7 and references therein). This correlation is independent of the
environment the galaxies live in: group and field galaxies show the same EW at fixed

stellar mass. The lack of dependence of SF galaxy properties on environment as already
been observed in previous work dBalth et al.H2004; Kauffmann et al.‘2004j; Peng et al.
m‘; Muzzin et al. \M) As a consequence the radial trend in EW we observed is a
reflection of the color radial trend we found in Sect. [6.2.

This result hints to two important properties of environmental effects: (1) the group
environment regulates the fraction of blue/active galaxies rather than their actual
SSFR, (2) for this to happen, the environmental quenching process must be rapid

enough to prevent us from detecting a fading of the blue active group galaxies EWs.

In the next Section we will discuss in more details the results we found in our
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Figure 7.10: Distribution of EWs of blue active,i.e., EW(Ha)< —10, group galaxies
(empty circles) as a function of their group-centric distance and that of field galaxies
(empty stars). We overlaid the EW of the mean stacked spectra of low mass galaxies
(triangles) and of high mass galaxies (squares) in each group region (red symbols) and
in the field (cyan symbols).
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7 Segregation effects: further insights from spectra and morphologies

morphological and spectral segregation analysis.

7.4 Low mass galaxies: the key to understand the rapid

nurture effects

In this Chapter we tried to further investigate the main conclusions we drew in Chapt.
6l

First of all poorer groups bear memory of their recent accretion history and therefore
we are able to detect color radial trends as a result of environmental processes in
act. These processes must affect galaxy properties on short time-scales since richer
structures, which are in a more advanced dynamical stage, have already wiped out
color trends and the absence of a large-scale trend confirms that the processes should
be rapid and act on group size scales.

In Sect. [7.3.3]we have shown that there is an homology between blue fraction trends
and EW trends: in the low-z SG, where we are complete down to log(M a1/ Me) = 9.8,
we are able to detect a change in the Hae EW of the mean stacked spectrum as a
function of the group-centric distance out to the field, see Fig. [7.9. On the contrary
in the high-z SG there is no radial trend while the difference with the EW of the mean
stacked field spectrum is still present. Once again this can be the result of both the
richness and the mass, but as we are now using only the spec-z sample we do not
have enough statistic to disentangle between the two. Reassured by the similarity of
the general trends we decided to focus on the effect of environment on the blue active
galaxies.

To disentangle whether the environment causes a fading of the mean EW of star
forming galaxies or it simply regulates their fraction, we measured the EW of blue
active galaxies at fixed mass and environment. Fig. showed that EW correlates
with the galaxy stellar mass but it is independent of environment. In other words
star forming galaxies share the same properties among all environments and at any
group-centric distance. This means that we are not able to detect galaxies with a
blue color/continuum but lacking a prominent emission feature. This would be the
transition status from blue star forming field-like galaxies and red quenched group-like
galaxies. The absence of this kind of galaxies implies that the transition between the
two status should be rapid enough (see also ‘Muzzin et al.HZOll‘).

This result is in perfect agreement with our conclusions in Chapt. [6] where we
suggested a time-scale shorter than 1.5-2 Gyrs.

The second important conclusion of Chapt. [6is that lower mass galaxies in poorer
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7.4 Low mass galaxies: the key to understand the rapid nurture effects

groups hold the smoking gun of environmental effects in action. These are the galaxies
that clearly display a gradual change in the blue fraction and that mostly differ from
their counterpart in the field. To further investigate this issue, we selected all spiral
galaxies and we looked for differences in both their structural parameters, i.e., their
bulgeness, and they emission properties, i.e., the fraction of passive galaxies. The

statistic allowed us to perform this analysis in stellar mass bins only for the low-z SG.

Fig. [7.5]showed that at fixed galaxy stellar masses, differences between environments
arise only for galaxies with 9.8 < log(Mga /M) < 10.56, while most massive galaxies,
log(Mga1/Mg) > 10.56, share the same bulge distribution. On average lower mass
galaxies have a dominant bulge in group environment, while they are mainly bulgeless
in the field. This result confirms once again the importance of galaxy stellar mass as a
key parameter in driving the galaxy evolution together with the environment. It also
highlights that we might be able to detect strong morphological changes for galaxies

with lower masses as a function of environment.

This is confirmed by Fig. [7.4, where the fraction of FGF and F, gﬁy group galaxies
with lower masses is significantly different from that of the field sample. This plot
suggests that part of the late-type galaxies with low mass has suffered morphological
changes while entering the group potential well. On the contrary, the difference be-
tween thlz and ngfly in group and field for most massive galaxies is less prominent,
but still in place. Once inside group environment, both galaxies with low and high
mass show a morphological segregation as a function of group-centric distance. The
radial trend is mild and for the most massive galaxies is exclusively driven by the
FOR/ FOE,
steady increase in early-type fraction as a function of distance at fixed stellar mass.

values in the core region. Bamford et al. 42009‘) found a similar small,

Our results at high-z, where we are complete only for this mass range, are in goood

agreement with those at low-z in the same mass bin.

The connection between the spectro-morpho segregation analysis and our previous
results might be summarized by Fig. It shows that there is a considerable fraction
of red-passive late-type galaxies, more than 10%, both in the group and in the field.
At fixed stellar mass the only difference between environments is still for lower mass

galaxies. Bamford et al. 42009‘) made a similar exercise by studying the fraction of

red spirals as a function of group-centric distance. They found a strong dependence
on the explored region with a peak towards 0.4 R,;.. At higher densities or in the
cores of groups they found that the red spiral fraction declines sharply. We do not
find any group-centric dependence of the red passive spirals, but we shall remind that
we specifically select only quenched red spirals, while there is a considerable fraction

of red active galaxies. We plan to analyze these peculiar objects in the future.
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7 Segregation effects: further insights from spectra and morphologies

Adding the morphological and spectroscopic information to our analysis has con-
firmed that the group environment shares an important role in galaxy evolution with
galaxy stellar mass. In particular, nurture effects in act can be highlighted exploring
lower mass galaxies in poor groups, where the short environmental processes are still
visible and detectable due to the recent accretion history of these systems.

7.5 Conclusions

In this Chapter I presented the preliminary results on how galaxy morphologies and
spectral properties vary as a function of the distance from the group center. The
analysis was performed using mass-complete samples to disentangle the obvious galaxy
stellar mass/spectro-morphological dependencies.

The main results are:

(i) In both the redshift bins explored we detect morphological segregation both as a
function of group-centric distance and as a function of the environment. For massive
galaxies, i.c., log(Mgqi/Mg) > 10.56, the morphological segregation is mainly driven
by the core region where th]z' and Fecjzf?ly differ significantly from that in the outskirts

and field. Galaxies with lower stellar mass, i.e., 9.8 < log(Mgyai/Mg) < 10.56, have

only a mild group-centric dependence of F) gt]z and F glfly,

while they show the strongest
differences with respect to the field.

(ii) Group spirals with low mass have a bulge distribution peaked towards bulge
dominated types, while their field counterpart are significantly shifted towards bulge-
less types. At higher masses this differences is erased.

(iii) Globally most massive galaxies are more bulge dominated than low mass galaxies
irrespective of the environment.

(iv) There is a considerable fraction of red-passive late-type galaxies in both group
and field. Group galaxies with low masses show an excess of these strangled spirals
with respect to the field.

(v) In the low-z bin we detect a variation of the Hoe EW of the mean stacked spectrum
as a function of group-centric distance out to the field. On the contrary in the high-z
bin there is no radial trend in the intensity of the [OII] EW.

(vi) Blue active galaxies have the same EWs at fixed stellar mass irrespective of the
environment they live in. On the mean low mass galaxies show higher EWs than high
mass galaxies at fixed environment.

All these observations confirm the scenario we proposed in the previous Chapter and
suggest that the group environment determines the fraction of blue active galaxies and

not their properties. The process that regulates the transition from blue-active to red-
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7.5 Conclusions

passive should be short enough to prevent us detecting variation in the properties of
the blue active sample as a function of environment and to keep a strong bimodality
distribution of galaxy colors. Lower mass galaxies seem to be the witnesses of the
nurture effects in act as they show the strongest segregation effects.

This spectro-morpho analysis is far from being exhaustive and there is a lot of work
that can be done. For example we are going to investigate the dependence of peculiar
objects, e.g., post starburst galaxies and red active galaxies, on environment, and we

plan to study also absorption lines.
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8 Conclusions and future prospects

In this last Chapter, I will summarize my overall findings and give a brief outlook for

further investigations.

8.1 Conclusions

The aim of this thesis was to provide a signicant contribution to our understanding
of galaxy evolution, specifically focusing on the role of group environment in affecting
galaxy properties. It is well established that the environment of a galaxy correlates
with its properties, e.g., denser environments host a higher fraction of red/early-type
galaxies. However, there are several key questions that are still open: the so-called
nature/nurture debate, i.e., are the differences between galaxy population in group
and field the result of two distinct evolutionary tracks (nurture), or do they just reflect
the initial conditions and general evolution of galaxies irrespective of environment
(nature)? Furthermore, if the environment plays a key role in galaxy evolution, which
are the environmental processes which cause the galaxy transformations? And, finally,
are we able to reconstruct the accretion history of groups throught the star formation
history of their member galaxies?

This thesis attempts to address these important questions by exploring segregation
effects of group galaxies over a wide redshift range. The thesis is based on the unique
data set from both COSMOS and zCOSMOS survey, which enable me to study group
galaxies out to z=0.8 on a mass complete sample.

Here I summarize the main results of my thesis:

1. Using realistic mock galaxy catalogs, properly designed to match our observed
data set I developed an algorithm to incorporate into groups those galaxies
brighter than Inp = 22.5 and missing the spectroscopic redshift information.
Thus providing statistically reliable sample,i.e., ~90% complete with only ~3%
of interlopers, to study galaxy evolution in group environment. The code was
specifically designed in order to not introduce any significant radial trend of the
contamination from interlopers, thus allowing a reliable study of the variation of

group member galaxy properties as a function of the group-centric distance.
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. Aming at building a composite group I developed a new technique to define

group centers and central galaxies. The new centers get as close as 40 h;ol Kpc
to the real center of the groups, as tested on the mocks. The new estimator to
retrieve the central galaxy of a group works correctly in 60% of the cases, an
improvement when compared to simpler definitions. Furthermore it can be used
as the center of the group, with an overall median distance to the real group
center of 16 hy; Kpc.

I studied color and mass segregation effects at fixed stellar mass in two composite
groups at 0.2 < z < 0.45 and 0.45 < z < 0.8. The blue fraction of most massive
galaxies, i.e., log(Mge/Mg) > 10.56, does not display strong group-centric
dependence, despite displaying a clear lower blue fraction in groups than in
the field. This result holds irrespective of group richness. On the contrary for
galaxies of lower masses, i.e., 9.8 < log(Mgq/Mp) < 10.56, there is a radial
dependence in the changing mix of red and blue galaxies, red galaxies being found
preferentially in the group center. This trend is stronger for poorer groups, while
it disappears for richer groups. Mass segregation shows the opposite behavior
with respect to galaxy colors trends: it is visible only in rich groups, while poorer
groups have a constant mix of galaxy stellar masses as a function of group-centric
distances. Therefore the observed color trends cannot be simply explained as

caused from different stellar masses distribution in different group regions.

From the morphological and spectral segregation analysis I found that the early
type fraction at fixed stellar mass is a strong function of environment, especially
for galaxies with log(M ga1/ M) > 10.56, and there is a dependence of morphol-
ogy on group-centric radius at fixed stellar mass. Overall the main morphological
differences between group and field arise when studying spirals with low mass,
i.e., their bulge distribution is much more peaked towards bulge dominated types
than their field counterpart. The galaxies with low mass also show an excess of
red-passive late-type galaxies, the so called strangled spirals, with respect to
the field. We observed spectral segregation, i.e., the emission line EW of the
mean stacked spectrum changes as a function of group-centric distance out to
the field. Nevertheless, blue active galaxies have the same EWs at fixed stellar

mass irrespective of the environment they live in.

. I'identified in both starvation and collisions the possible physical processes that

causes the transformation of galaxy properties in groups. We do not detect any
radial trend of the blue fraction in the proximity of group environment, i.e., no
large scale trends in the blue fraction. This means that the physical length-
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scale on which the environment plays its role coincides with the group physical
scales. Furthermore the processes should act on short time-scales, less than 1.5-2
Gyrs to keep the observed strong bimodality distribution of galaxy colors. This
short time-scale processes regulate the changing fraction of blue active galaxies

between different environments.

6. Our results can be interpreted in a scenario in which environmental effects are
superimposed over galaxy secular evolution and group dynamical evolution. The
parallel absence(/presence) of color segregation in rich(/poor) groups hints to
the fact that nurture effects are still in action in poorer structures, whereas
in richer systems have already exhausted their effects, so that all galaxies are
uniformly red irrespective of their position within the group (at least down to
the galaxy stellar masses we explored). The corresponding presence(/absence)
in rich(/poor) groups of mass segregation suggests that richer systems have been
in place for time long enough so that more massive galaxies have sank to the
group center, something that has yet to happen for the poorer groups, that still
keep memory of their more recent growth history.

7. In this scenario our chance to observe nurture in act resides in lower mass galaxies
in poorer groups. These galaxies still display gradually bluer colors moving from
group center to more external regions and show an excess of strangles spirals
than in the field, as a consequence of the still recent accretion history of these

groups.

8.2 Future plans

This thesis has exploit only part of the possible studies this powerful data set can
allow. Here I list some of the projects that can be pursue using the algorithms and SG

I constructed:

1. First of all the algorithms I developed can be applied to any kind of spectro-
scopic survey with ancillary photometric data to implement group catalogs. For
example the spectroscopic survey VIPERS is an ongoing ESO large program
to measure 100000 redshifts for galaxies with Iap < 22.5 over an area of 24
square degrees. At completion, this survey is supposed to reach a high effective
spectroscopic sampling rate (> 50%) and to cover the CFHTLS W1 and W4
fields.
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. In the recent years galaxies has been divided into two categories: centrals and

satellites. Many studies have highlighted differences of properties between the
two of them dSkibba‘QOOQ;
galaxy I developed can be used to separate the zCOSMOS data set into these

Peng et al. ‘2010‘). The new estimator of the central

two classes. This allows a detailed analysis of the dependence of these differences
at fixed group richness, an issue that has barely been addressed in these kind of
studies. Furthermore a detailed comparison of the properties of central galaxies
with those of simulations can help to investigate the so called central galaxy
paradigm. Skibba et al. 42011) has tested this assumption at low redshift, finding

discrepant results between observed and mock centrals. Here we can extend this

analysis to higher redshift.

. Another interesting topic that we can explore with these SGs is the group-close

pair connection and its dependence on both galaxy colors, group richness, and
group-centric distance. This may shed further light on the accretion history of

the groups and on the role of collisions, mergers as environmental process driving

the migration from the blue cloud to the red sequence dLépez-Sanjuan et al. ‘2010;

‘Kampczyk et al. ‘2011).

. These SGs allow to study on a statistically way the peculiar objects such as post

Vergani et al.

)

starburst,i.e., recently-quenched galaxies fPoggianti et al. ‘2009
‘2010; Kampezyk et all2011; Muzzin et al. 2011), red active galaxies, i.e., galax-

ies showing a different stellar/gaseous behaviour, and the galaxies in the green
valley, i.e., the population of transition galaxies in their migration from the blue
cloud to the red sequence dBalogh et al.HZOll).

. From the stacked spectra we can perform a detail analysis of the absorption

features of both the typical galaxy and the red inactive galaxy as a function of

both galaxy stellar mass and environment.

. Since this work has highlighted the importance of galaxies with low mass as

witnesses of nurture in act, a follow-up of with a K band selection to reach
completeness down to lower masses may help us to understand the role and

impact of environment on these galaxies.

. Most of this work was dedicated to study galaxy evolution in the environment,

but the environment itself was not explored in detail. A comprhensive study
of group global properties would include their morphologies, i.e., do they show
regular or elongated shapes? how does it depend on their richness? Is there any

connection with their central galaxy properties?



8.2 Future plans

8. There were some groups for which the algorithm did not add any photo-z. These
groups have a smaller projected radius than the others. It would be interesting

to further analyze this sub-set of groups.

This is a short list of possible proposals, but there are many more projects that are

worth to be undertaken using my algorithms and the SGs I constructed.
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