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Abstract

It has been long known that galaxy properties are strongly connected to their envi-
ronment; however, a complete picture is still missing. This work’s aim is to better
understand the role of environment in shaping the galaxy properties, using a sample of
25 redshift-selected galaxy groups at 0.060 < z < 0.063, for which 30 multi-wavelength
parameters are available. Given the wide variety of group dynamical states, it was
fundamental to try and identify different classes of groups performing a statistical
clustering analysis using all the available parameters independently of their physical
meaning, which resulted in two classes distinct by their mass. To move beyond mass-
driven correlations, a new clustering analysis was performed removing the mass depen-
dent properties, this approach provided a categorisation in four classes with distinctive
group properties. Based on this, the galaxy properties were investigated and the classes
interpreted as follows: a class of field-like galaxies in the early stage of structure for-
mation; a class of low-mass groups either still in formation phase, or evolved, but small
because they are isolated; a class of massive groups with no, or very little, ongoing star
formation, likely in a more evolved stage of structure formation; and a class of massive
groups possibly experiencing merger events. The result obtained have shown that it is
possible to distinguish between classes of groups and thus be able to study the property
of galaxies in systems with homogeneous properties. The method developed applied to
data sets with larger statistics and good data quality could be a powerful tool to study

galaxy evolution in galaxy groups.
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Chapter 1

Introduction

According to the ACDM cosmology, all the structures in the Universe form via accre-
tion/merger of smaller structure, with a merger rate declining as the Universe ages
[Berrier et all 2006; McGee et al.) 2009]. The first to collapse are the dark matter
particles that form the so-called dark matter haloes. These structures gravitationally
attract baryonic matter which then will collapse and form stars. Stars will aggregate
to form isolated (or field) galaxies, these will interact and form bound groups of galax-
ies which will keep to accrete more galaxies and will become the largest structure in
the Universe: the galaxy clusters. In these structures galaxies will continue to evolve
interacting with each other and eventually merging. A schematic of how hierarchical
structure formation works is shown in Figure[l.1

Galaxy groups and clusters are physically bound systems that evolve toward virial
equilibrium. Galaxies come together under the pull of their relative gravitational force
and become gravitationally bound. The higher the number of bound objects the deeper
the gravitational potential well formed, thus more galaxies from the surroundings will be
‘captured’ and will join the larger structure. Because of the way galaxies are accreted,
a group or cluster can be virialised only in the core, since in the outskirts there is

continuous infall of new objects. When a new galaxy enters a larger structure it moves
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Figure 1.1: Cartoon illustrating the hierarchical growth of structures, time increases
from top to bottom. First the dark matter collapses and forms dark matter haloes.
The gravitational potential of the haloes attracts baryonic matter which collapses to
form stars and isolated galaxies (in yellow). Dark matter haloes attracted by each other
merge and the galaxies they contained become part of a larger halo (galaxy groups).
The intermediate size haloes merge to form larger structures (galaxy clusters) inside
which galaxies interact as well eventually merging to form more massive galaxies (in
orange).



toward the centre, and crosses it several times before settling in the central regions:
typically the crossing time of a Virgo-like cluster is ~ 1.7 Gyr [Boselli and Gavazzi,
2006].

The virial equilibrium is described by the virial theorem:

2B, =U (1.1)

where Ej is the kinetic energy and U is the gravitational potential energy. If the
structure is in virial equilibrium it is possible to infer its dynamical mass (halo mass)

from its velocity dispersion as:

B 20%°R

M
G

(1.2)

where M is the total mass, o is the velocity dispersion, G is Newton’s gravitational
constant, and R is the characteristic radius of the group/cluster [for more details see
Section 5.4.4 Mo et al., 2010].

Galaxy clusters are massive objects made of few hundreds of galaxies, virialised
in their core where a massive elliptical galaxy usually resides. These massive objects
(~ 10'-10'> M) are easy to observe: they are bright at optical wavelengths due
to the presence of massive galaxies and the Inter-Galactic Medium (IGM) (~ 75 %
of the total cluster mass, [Ettori et al. [2009]), heated in the gravitational potential
well at a temperature typically between 2 and 10 keV [Sarazin, (1986], emits at X-ray
wavelengths. Despite being easy to detect in multiple wavelengths, they are relatively
rare and they only show the final stage of structure growth.

Galaxy groups are instead an intermediate environment between the field and the
big clusters of galaxies. Despite the fact that not all groups necessarily end up in
clusters, observations show that most clusters are made up of groups [McGee et al.,

2009]. Furthermore, they host most of the galaxies in the local Universe, thus they are



ideal to understand galaxy evolution.
The following section will describe in more detail the properties of galaxy groups

since they will be the object of study of this work.

1.1 Group Properties

As mentioned above, groups are the most common environment for galaxies, compared
to clusters or field, and they contain most of the stellar mass in the local Universe [Eke
et al., |2004a), [2005} Tully, |1987]. The definition of galaxy group is not unique: it can
vary according to the purpose of the study and the selection method. Generally a group
is described as a system made of ~ 50 galaxies, or less, above a defined luminosity ,
usually L*, with typical halo mass between 102 and 10'* Mg, and size ~ 1 Mpc |[Eke
et al., [2004a; [Huchra and Geller} 1982].

Groups exist in a wide variety of dynamical and evolutionary states. They can
be virialised systems or still in a collapsing phase, as reflected by the wide variety of
morphologies, sizes and shapes, (e.g. poor, rich, loose, compact, see Figure . This
is because they are an intermediate environment between the field and the big clusters,
also suggested by the fact that a significant fraction of cluster galaxies are accreted
through groups [McGee et al. 2009].

Compared to clusters, groups contain fewer galaxies, are less massive, and have
smaller velocity dispersions, however they can also have similarities, such as an early-
type galaxy in their centre or diffuse X-ray emission if massive enough.

Virialised groups, similarly to clusters, have a nearly spherical shape and a Gaussian
velocity distribution [Faltenbacher and Diemand|, 2006; Hansen and Sommer-Larsen,
2006; Hoeft et al., 2004], while non-virialised systems can show elongated shapes |Plio-
nis et al. 2004], non-Gaussian velocities, and the presence of sub-structures. |[Hou

et al.| [2012] studied a sample of intermediate redshift groups (z ~ 0.4) from the GEEC



Figure 1.2: Pictures displaying the variety of group morphology. Top left Hickson 44
[MASIL| is mainly populated by late-type galaxies. Top right Hickson 40 [CISCO] is
a compact group with an early-type galaxy in its centre. Bottom Stephan’s Quintet
[HLA| |a] famous compact group populated by interacting late-type galaxies.



catalogue, and found that most of the groups with substructures have non-Gaussian
velocity. Furthermore the colour of galaxies within the sub-structures is comparable
to the colour of galaxies in the field, suggesting that they are not quenched by envi-
ronmental effect. By contrast, red and passive galaxies were observed in groups with
no substructures [Masters et al.l [2010; [Wolf et al., |2009]. Observing substructures in
groups and clusters also supports the hierarchical structure formation scenario.

Other differences between virialised and non-virialised groups emerged from the

work by [Ribeiro et al. [2013] who observed the presence of faint galaxies near the
centre of Gaussian clusters, compared to non-Gaussian, suggesting that these could be
used as dynamical indicators of cluster dynamics. In addition, in non-Gaussian clusters
the passive galaxies position segregation is not observed, in agreement with previous
studies.
The magnitude gap between the first and second brightest galaxies can also be used as
indicator of the dynamical state of a group. For instance, a system with large magnitude
gap is likely to have formed earlier respect to one with a small gap, as supposedly all
the bright galaxies have merged into a central elliptical and the group is now accreting
small and faint galaxies. This parameter was used to define fossil groups as galaxy
groups with R-band magnitude difference between the first and the second brightest
galaxy within 0.5Rqg0 of the group centre > 2 [Jones et al., 2003]. Dariush et al.| [2010]
concluded that the fossil group state is a temporary phase in a group’s life, which ends
as soon as an infalling galaxy of magnitude similar to the BGG enters the inner region
of the group.

To identify a group and its member galaxies, two methods have historically been
used, similarly to clusters: X-ray detection and optical selection.

The observed X-ray emission comes from the Intra-Group Medium (IGM) heated to
temperatures > 107 K (= 1 keV) mainly by thermal bremsstrahlung, reaching a typical

luminosity in the range of 104! - 10* erg s~!. This selection method is biased toward



those systems that are more evolved and relaxed or experiencing a merger events [Briel
et al., |1991}; |Sun et al., 2002], hence not representative of the main group population
since it does not detect groups in all possible evolutionary states.

The optical selection is done using spectroscopic redshift surveys [Eke et all [2004a],
which allow to perform a three-dimensional search for overdensities. This method
allows to find groups in all possible dynamical states, and the availability of many
redshift surveys and ground facilities to collect data makes it popular and effective. It
is common to use a friends-of-friends (FOF') algorithm, as per this study, developed in
the early '80s by |Geller and Huchra| [1983], to determine its members. The algorithm

works generally as follows:

e chooses a galaxy not assigned to a group or a cluster;

e defines a characteristic length called ‘linking length’, conventionally b=0.2 for

=1 cosmologies [Davis et al., [1985}; Lacey and Cole, [1994];
e searches for ‘friends’ (i.e. galaxies) within the linking length;

e adds the ‘friends’ as members of the group;

the search is repeated using every new member as centre until no new ‘friends’ are
found. If no galaxies are found after the first run, the galaxy is defined as isolated.
The main disadvantage of this method is the limited depth of spectroscopic surveys
(the 2-degree-Field Galaxy Redshift Survey (2dFGRS) used in this work goes down to
a magnitude by = 19.45, |Colless et al. [2001]), because of which many galaxies are left
out from the search being too faint to observe. However, the optical selection was used
for this work since the main aim was to select a sample of groups in a wide range of
evolutionary states.

The study of groups and clusters relies on the study of their member galaxies. The

next section will describe some of the galaxy properties known from literature.



1.2 Galaxy Properties

Historically, the study of galaxies started from observing their morphology. A study

by 11974] and then formalised by [1980] discovered the well known

morphology-density relation in clusters [and then by [Blanton and Moustakas, 2009;

Boselli and Gavazzi, 2006; |Goto et al., 2003; [Whitmore et al., 1993]: early-type mor-

phologies (i.e. ellipticals, lenticulars) are more likely to be found in denser environ-

ments, while spirals inhabit low density regions. This relation, originally found in

clusters, is also observed at lower densities and within groups [Hashimoto and Oemler,

[1999; Postman and Geller}, 1984} [Tran et al 2001} Zabludoff and Mulchaey, [1998].

However, accurately inferring galaxy morphology requires a time consuming visual
inspection, high-quality imaging which often isn’t available and does not necessarily
correlate with other galaxy properties. As an alternative, galaxy-type studies are more
often performed using colours, which are sensitive to a combination of stellar population
age, metallicity and dust. As expected, the results from these studies are consistent

with those based on visual morphology with the fraction of red galaxies higher in dense

environments, ~ 70 %, than in lower density regions, ~ 10 - 30 % [Baldry et al., 2004}

Balogh et al., 2004; Hogg et al., 2004; Strateva et al., |2001].

Many works have observed and confirmed that the star formation properties of

galaxies in different environment (i.e. clusters, field) are considerably different [e.g.

Balogh et al, 1997; Dressler et al., [1985; [Koopmann and Kenney), |1998].

The star formation rate (SFR) distribution is traced by colour and thus shows a de-

pendence with environment [Balogh| (1999; Balogh et al., 1997, 1998 Poggianti et al.,

1999], galaxies found in a low density environment have a higher star formation rate

than those in areas with a higher local galaxy density [Gémez et al.l [2003; Lewis et al.|

2002; [Mahajan and Raychaudhury, 2009]. However, the trend is observed only in the

fraction of star-forming galaxies, not in the rate at which star formation occurs [McGee)




ket al., 2011; Peng et al., 2010; [Wetzel et al., 2012].

Furthermore, from recent observations the decline in star formation appears to be slow

(few Gyrs), suggesting that only the hot gas is removed, while the reserve of cold gas is

consumed [Balogh, [1999; Balogh et al., [2000; |Gallazzi et al., 2009; McGee et al., 2008,

2009; Moran et al., 2006].

It was also observed that the evolution of the star formation depends on the halo

mass to light ratio (Mago/Lpg), which increases with the group mass [Eke et al., 2004b;

\Girardi et al., 2002]. In a large halo the star formation rate depends on the amount

of gas cooling, in smaller haloes feedback processes are more efficient at disrupting the
star formation.

Although these three indicators (morphology, colour and SFR) roughly correspond
to each other, it is not the case for all galaxies. In fact, red passive spiral galaxies have
been observed in the infall region of clusters. The existence of this population suggests

that there may be separate processes which transform morphology and SFRs [Masters

ket al.| [2010; [Wolf et al. 2009].

Some works discern between the brightest group galaxy (BGG) and satellite galax-
ies (i.e. all the other members), finding that the properties of satellite galaxies in
groups are strongly correlated with the properties of the BGG. In particular,
demonstrated that quenched BGGs are surrounded by a larger fraction of

quenched satellites even at fixed halo mass, which has been subsequently confirmed

and explored in several papers [Hartley et al., [2014; Hearin and Watson), |2013; [Hearin|

let all [2014; [Kauffmann et all [2010], 2013} [Knobel et all [2015} [Phillips et al.l 2014

Prescott et al) 2011; Wang and White, |2012]. This correlation is known as ‘galactic

conformity’.
Other properties studied such as the presence of Active Galactic Nuclei (AGNs),
the position of galaxies and their properties in the Large Scale Structure (LSS) of the

Universe.
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For instance, the distribution of AGN in dense environment compared to the field
showed an excess of AGNs in the central regions of clusters, which seems to increase at
higher redshift [Galametz et al., [2009; [Martini et al., 2007} 2009].

On the LSS side, redshift surveys of the nearby Universe showed that, if compared
to the distribution of all the galaxies in the sample, the distribution of group centres
traces the large-scale structure [e.g |[Ramella et al., [1989]. While, Lietzen et al.| [2012]
concluded that galaxies in groups of similar richness (i.e. number of members) are more
likely to be passive if the group is in a super-clusters.

Since the galaxy properties hence their evolution, appear to depend on the environ-
ment in which the galaxy resides, many studies tried to uncover what mechanism were
responsible for galaxy evolution.

Galaxies evolve driven by internal processes and by the physical interaction with their
surroundings. Figure [I.3|shows a cartoon listing the mechanisms responsible for galaxy
evolution and their relative timescale.

Different processes are invoked to explain how the environment can affect galaxy evolu-
tion. The most efficient in groups appears to be the direct galaxy-galaxy interactions,
mergers and tidal effects, due to the low velocity dispersion of the systems |Barnes,
1989; |Governato et al., |[1991]. Other mechanisms, such as ram-pressure stripping and
harassment, are known to be more efficient in the more massive cluster environment
[Abadi et all 1999; Bruggen and De Lucia, [2008; |Gunn and Gott, [1972].

In the following sections the mechanisms that may be responsible for the evolution of

galaxies are briefly described.

1.2.1 Internal Evolution

Internal (or passive) evolution only depends on a galaxy’s internal processes:

e gas cooling,
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Protogalactic internal versus external Galaxy mergers,

collapse | RAM-pressure
stripping of gas
star formation,
fast gas recycling, fast
versus metal enrichment, versus
slow energy feedback via supernovae, slow
etc.
Internal |nternal versus external Environmental
secular evolution secular evolution
driven by bar instabilities, driven by prolonged gas infall,

by dark matter halos, by minor mergers,
by bars and oval distortions, by galaxy harassment,
by spiral structure, etc.

by nuclear black holes,
by galactic winds & fountains,
etc.

Figure 1.3: Cartoon showing the processes of galactic evolution and their qualitative
timescales [Kormendy, 1982]. Processes are divided into fast (top) and slow (bottom).
Fast evolution happens on a ‘dynamical’ timescale, ~ (prl/ 2), where p is the density of
the object and G the gravitational constant. Slow means many galaxy rotation periods.
Processes are further divided into internal (left) and driven by the environment (right)
[Kormendy and Kennicut), 2004].

e supernovae (SN) feedback,
e AGN feedback and
e presence of a bar.

Galaxies form stars as long as there is a gas reservoir, sometimes supplied with gas
cooling from the outer hot gas halo, then the stars will age, turn redder |[Gadotti,
2011], and the gas will be metal enriched [De Propris et al.l 2005]. When the gas
reserve is depleted, the star formation will cease, leaving the stars to passively age.
This is usually the way isolated elliptical galaxies evolve |[Combes, 2005].

SN and AGN feedbacks can prevent the gas from cooling or push the internal gas out
in the IGM, stopping the star formation |Cattaneo et al., 2009; [Dekel and Silk, |1986;
Efstathiou, 2000], while barred spiral galaxies usually evolve into bulgy galaxies via the

bar-instability process [Bower et al., |2006].



This kind of evolution continues undisturbed until galaxies interact with each other or
with the surrounding environment.
1.2.2 Environment-related Processes

When galaxies live in dense environments, they interact with the surrounding medium
(i.e. hot gas residing in the gravitational potential well of a cluster) and with each other.

Different processes are invoked to explain galaxy evolution in dense environments:

e ram-pressure stripping,

strangulation,

starvation

e mergers,

e harassment,

tidal fields.

Ram-Pressure stripping

Ram-pressure stripping is due to the pressure exerted by the ICM/IGM (Intra-Cluster
Medium/Intra-Group Medium) on the infalling galaxy. It affects the intra-galactic
medium, cold gas, which is stripped away [Gunn and Gott}, 1972; Larson et al., [1980].
It has an induced pressure force ~ po?, where p is the density of the IGM and v the
velocity of the galaxy [Gunn and Gott} [1972]. This process appears to be efficient in
galaxy clusters, while as the velocity dispersion of galaxy groups are typically < 500
km s~! galaxies infalling are slower, thus the pressure exerted on the gas is smaller.
However, Fabello et al.| [2012] found evidence for rapid ram-pressure stripping even in
small haloes (~ 10'3 M) [see also Bosch et al., 2013; |Catinella et al.,[2013], this could

be due to the density distribution of the Intra-Group Medium.
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The timescale for stripping, from the time the galaxy enters the cluster to the time

all the gas is stripped, is estimated to be of the order of ~ 100-200 Myr [Boselli and

|Gavazzi, 2006} [Crow] and Kenneyl, [2008} [Roediger and Briiggen), 2007} [Vollmer et al.,
2004, 2008, 2009, |2012|, although in massive galaxies only a fraction of the total gas

is removed, while the star formation is completely stopped in dwarf galaxies
2008).

Despite the fact that ram-pressure stripping is considered a quenching mechanism,
suggested that initially it might trigger star formation, both within the
galaxy (as the gas gets compressed by the pressure) and in the stripped material where

the gas is compressed by turbulent motion. It is widely believed that spiral galaxies

stripped of their gas transform into lenticular galaxies [Boselli et al., 2006, 2009; |Gunn|

and Gottl, [1972; [Kormendy and Bender| 2012} [Laurikainen et al., 2010; Moran et al.,
2007].

Simulation of ram-pressure stripping showed that it takes > 1 Gyr [Tonnesen et al.|

2007| to completely remove the gas from the galaxy. It also appears that this mechanism

can be efficient out to the cluster virial radius [Fossati et al., 2012; Gavazzi et al., 2001}

Scott et al., 2012; [Yagi et al., 2010]. [Abadi et al.| [1999] simulated winds typical of

those experienced by group and cluster galaxies, and concluded that ram-pressure was

only efficient in the cores of massive clusters, but not in less dense environments (i.e.

galaxy groups) [see also Briiggen and De Lucia, 2008; |Gunn and Gott, 1972]. However

simulations depend hugely on the assumptions on the gas distribution and do not
include proper feedback, so the results obtained remain uncertain.
Strangulation/Starvation

Strangulation occurs when the hot gas of a galaxy halo is stripped by the group or

cluster halo, preventing it from cooling to supply cold gas for star formation, hence

once the cold gas reserve is depleted the galaxy cannot form new stars [Balogh et al.,
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Figure 1.4: Galaxy NGC 4522 in the Virgo Cluster affected by ram-pressure stripping.
The image is in the R-band while the contours represent the HI emission (1.4 GHz).
This processes has no effects on the stellar distribution, but it acts on the gas which is
bent in the direction opposite to that of infall [Kenney et al., [2004].

2000; Bekki et al.l [2002; Larson et al. [1980]. Figure illustrates how the process

works.

Rasmussen et al.| [2006a] suggested that strangulation could be important in groups

since in this environment stripping is not sufficient to deprive the galaxy of its cold
gas as well. However it could deplete the hot gas reserve leading to a strangulation

process. In addition, simulations confirmed that strangulation is still effective in low

mass groups |Kawata and Mulchaeyl 2008; McCarthy et al., |2008].

Peng et al.|[2015] estimated the typical timescale for local galaxies of mass M* < 10!

Mg to be 4 Gyr before all the gas is consumed.

Similarly to ram-pressure stripping, strangulation is believed to produce lenticular

galaxies from spirals [Larson et al. |1980].

Merger

Mergers are low-speed encounters between galaxies, very efficient in groups because of

their low velocity dispersion (a few hundred km s~!) and the close proximity of the
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Figure 1.5: Cartoon illustrating the strangulation process, time moves from left to
right. Initially gas is accreted onto the galaxies and fuels the star formation. When
gas stops being accreted the star formation continues until the gas reserve is depleted.
When no more gas is available the stars simply age and no new one are formed.

members, with a merger timescale given by Tyerge ~ o3.

This process is responsible for the change in galaxy morphology, bringing to the dis-
ruption of the spiral arms in spirals and leading to the formation of massive ellipticals,
effectively decreasing the number of galaxies [Toomre, 1977].

When gas-rich galaxies interact and merge, their interstellar gas can be compressed
and driven to the inner regions through shocks and gravitational torques, triggering
intense starbursts |[Sanders et al., 1988]. Simulations confirm this scenario and show
that mergers induce an intense and brief (of the order of a hundred Myr) burst of star

formation before the final coalescence [Hopkins et al., 2006].

Harassment

Galaxy harassment is the result of high speed galaxy encounters within clusters or
groups [Moore et al.l [1998]. It occurs when a low mass galaxy passes within 50 kpc of
a massive galaxy, however the velocity is too high to slow down the galaxy and lead
to a minor merger. It can produce a disturbed galaxy morphology (i.e. formation of a

bar, prolate morphology) and starbursts, it can also cause the loss of peripheral stars
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Figure 1.6: Figure shows the final stage of a galaxy-galaxy merger. In this object known
as NGC 2623 the disrupted spiral arms are well visible as long tails, also noticeable are
star-forming regions originated where shock waves compress the gas [HLA| b].

which will become intra-cluster stars [Willman et al., 2004].

Due to the high relative velocity of the galaxies, this process is more likely to happen
in clusters compared to groups.

As a consequence of harassment it is thought that spirals evolve into dwarf ellipticals

[Moore et al., 1998].

Tidal Interaction

Tidal effects where described for the first time by Zwicky| [1956], 1959].

Given the low velocity dispersion of galaxies in groups (a few hundred km s~!), compa-
rable to those of individual galaxies, tidal interactions play a prominent role in galaxy
evolution. Both galaxies feel each other gravitational force causing the outermost stars
and gas to get pulled away, forming long tails.

Tidal fields, due to a close encounter between galaxies, can be responsible for the sup-

pression of star formation, since they remove the galaxy interstellar gas, necessary to
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Figure 1.7: Close encounter between two late-type galaxies known as Arp 237. The
image shows the spiral arms distorted due to the tidal interaction between the two
galaxies [HHT].
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form stars, or they can ignite a starburst because the disturbed gas is compressed.
Eventually, the two galaxies will merge. Tidal forces due to the group or cluster po-

tential can have a similar effect [e.g. [Willman et al., [2004].

All of these processes are ongoing, but their strength and time scales are still very
much debated.
Recent observations suggest that galaxies are influenced by the local environment even
at mass scales much smaller than those of big galaxy clusters |[Balogh and McGee,
2010). However, galaxies are not necessarily transformed as soon as they are accreted
by a larger structure, as supported by the observation of star-forming galaxies in groups
and clusters. To do this the color-magnitude plot is observed. It shows three distinct
regions: the red sequence, the blue cloud and the green valley (see Figure . The
red sequence is mainly populated by passive early-type galaxies, the blue cloud by
star-forming late-type galaxies, while the green valley is the scarcely populated area
between the two. This diagram suggests that when quenching occurs it acts rapidly,
thus explaining the absence of a shift in the blue cloud population, as well as an
increased population of green valley galaxies in a colour magnitude diagram [Wetzel
et al) [2012]. |Wetzel et al.| [2013] suggested that these clues support a ‘delayed-then-
rapid’ quenching scenario in which satellites continue forming star for several Gyrs after
their first infall, then quenching occurs rapidly.
The results from the GIMIC simulation [Bahé et al., |2013] suggest an ‘interrupted
strangulation’ scenario where the galaxy evolution is initially dominated by internal
processes that consume the available gas. Once part of the gas has been used, strip-
ping then removes the remaining ISM.
Many recent observation are in disagreement with this descriptions suggesting that the

decline of star formation occurs slowly in both groups and clusters [e.g. Balogh) [1999;
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Figure 1.8: Cartoon illustrating the colour-magnitude diagram, R-band absolute mag-
nitude is on the x-axis, B-R colour on the y-axis. The red sequence is populated by
red and dead massive galaxies while the blue cloud by star-forming galaxies. The green
valley is an intermediate region scarcely populated where galaxies such as red spirals
can be found.

Balogh et al.l [2000; [De Lucia et al., 2012} [Gallazzi et al., [2009; McGee et al., 2008,

2009; Moran et al.| [2006; Rasmussen et al., [2012; [Taranu et al 2014} von der Linden|
et all, [2010; [Vulcani et all) [2010]. This is supported by observations of galaxies with

truncated or distorted Ha disks, suggesting that star formation is truncated in the

outskirts of a galaxy first rather than all at once [e.g. Bamford et al.l 2007; [ Koopmann|

land Kenney, 2004].

The current picture of galaxy evolution suggests that galaxies are affected in different
ways by their surrounding environment, and this depends on the galaxy stellar mass
and on the host halo mass . On top of this all the processes invoked have different
efficiencies at different epochs. Furthermore, it not clear whether the galaxies are uni-
formly affected or the outer and inner regions go through different transformations.

Many works done on this topic have shown the importance of the environment in in-

fluencing the evolution of galaxies, the first observational evidence for this was the
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morphology-density relation discovered in the early 80s. Other similar studies on mor-
phology, colour, and star formation properties, confirmed that the environment is re-
sponsible for the quenching of the star formation in a galaxy, which leads to old stellar
populations with typical red colour, and to morphological evolution towards massive
red, passive elliptical galaxies.

The study of groups is a powerful tool to understand the history of galaxies evo-

lution, given their variety of dynamical states, densities, etc. Furthermore, the cluster
physics alone is not able to explain the galaxy properties in rich structures, for that rea-
son Zabludoff and Mulchaey| [1998| suggested the necessity to invoke a pre-processing
mechanism which would be effective in groups.
Despite the fact that many studies were carried and the field is progressing, a complete
picture based on multi-wavelength observations is still missing. This work will try to
present a broad view on the group properties described in this chapter, and how galaxy
properties are affected, by studying a set of groups with available multiple wavelength
data. The final aim of the work is to look for hidden correlation in the data and to clas-
sify the groups according to their evolutionary state, in order to study how the galaxies
are affected by them. This might give new insights on the evolution and growth of
structure, as well as on the way the environment influences the galaxy evolution.

This thesis is structured as follows: Chapter [2] is a general introduction of optical
spectroscopy, Chapter [3]describes the data sample used and the data analysis performed
to pre-process the data, Chapter [f] describes the analysis correlation and clustering
analysis performed on the group properties, Chapter [ illustrates the study of the
galaxies properties based on the group properties, finally the Conclusions are presented.

Throughout the analysis we use the AB magnitude system and a flat, ACDM cos-
mology of h=0.7, Q,,, = 0.3, and Q = 0.7.
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Chapter 2

Optical Spectroscopy

This chapter will present an overview on spectroscopy and its importance in deriving
the properties of a galaxy stellar population, the informations it contains will be used
in the Lick indices analysis described in Section

Spectroscopy is the study of the energy distribution, in wavelength or frequency, of
the light emitted by an astronomical source.

All objects and physical electro-magnetic processes emit light at one or more wave-
lengths. If this light is dispersed using a prism (or a grating), one can see the spectrum;
this word refers to the plot of light intensity as a function of frequency or wavelength,
and it is characterised by a continuous shape plus numerous features, the emission and
absorption lines. The ability to identify such features depends on the spectral resolution

of the instrument R:

R==2 =" (2.1)
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Figure 2.1: Blackbody spectra shown for four different temperatures (7000, 6000, 5000
and 4000 K), the vertical dashed lines show the wavelength range of the optical window.
On the x-axis it is shown the wavelength in nm, on the y-axis the intensity in W /m3.

defined as the smallest difference in wavelength A\ (or frequency dv) that can be dis-

tinguished at a given wavelength A (or frequency v) |[Tennyson, [2005].

A spectrum is made of three essential elements:
e the continuum emission,
e the absorption lines,
e the emission lines.

The continuum spectrum of a body in thermal equilibrium, such as a star, is a blackbody
spectrum (Figure : the height and position of the peak depend on the temperature
of the source. As the temperature of the emitting body increases, the position of the
emission peak (Apeqr) moves to shorter wavelength as described by Wien’s displacement

law

MpearT = 2.898 x 10°mK, (2.2)
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and the height of the curve increases as described by Stefan-Boltzmann’s law [for more

details see Section 1.5 Rybicki and Lightman, [1979]

I=oT", (2.3)

where I is the energy emitted per unit surface area, T the temperature, and o = 5.67
x 1078 W m~2 K~ the Stefan-Boltzmann constant.

Emission and absorption lines derives from atomic or molecular transition of the
elements or compounds present in the observed source, each one typical of a certain
element or compound. The wavelength at which the line is observed corresponds to
the difference between the energy levels involved in the transition according to Planck’s

Equation [for more details see Section 2.1 and 2.2 Tennyson, 2005]:

E=h=— 2.4
hv e (2.4)

where h = 4.135667662 x 107! is the Planck constant, ¢ the speed of light, and A and v
the wavelength and frequency respectively. All energy levels of an atomic or molecular
species define a line series, unique for each atom or molecule, however single lines can
be overlapping for different species. A line is in emission when an electron jumps from a
higher to a lower level (i.e. the electron loses energy), and in absorption when the jump
occurs from a lower to a higher level (i.e. the electron gains energy); each transition is
characterised by a wavelength, as previously stated, and a probability of occurrence. A
distinct class of lines, called ‘forbidden’, originate from transitions that require a long
time to happen and have a very low probability of occurrence (1072-1071%). These can
only take place in very rarefied gas where the probability of the atom to interact is low,
for this reason they are observed in astronomical spectra, but not in laboratory spectra
[Section 5.3 |Tennyson), 2005].

To measure absorption and emission line strengths a quantity called equivalent
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Figure 2.2: Cartoon showing the equivalent width corresponding to the absorption line,
in green. The shaded rectangle is defined to contain the same area as the green line.
The original spectrum is in black while in blue and red the continuum at shorter (blue
passband) and longer (red passband) wavelengths respectively. The spectrum is fitted
on both sides of the line in order to define the continuum level from which to measure
the line strength.

width is defined. It is described as a rectangle with height equal to that of the line
peak-to-continuum emission, and width such that the area of the rectangle is equal to
the area described by the spectral line. The continuum emission from which to measure
the line is derived interpolating the flux on each side of the line, hence a blue (lower
wavelength) and a red (higher wavelength) passbands need to be defined. Figure
illustrates the definition of equivalent width, the equation used to calculate it is [for

details see Section 9.1 Draine, [2011]:

Wy = / <1 - 2) A\, (2.5)

where F is the line flux and Fy is the continuum flux.
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Figure 2.3: Spectra of different stellar types (O, B, A, F, G, K, M) in the visible
wavelength.

The Sun was the first star observed with a spectrograph, and since then many of
the stars in the Milky Way have been observed, all showing somewhat similar spectra
but with very distinctive features. This led to the classification of stars into seven main
types (O, B, A, F, G, K, M), based on the shape of their spectrum and hence their
physical properties. For instance, the temperature of the star can be inferred from the
shape of the continuum and its chemical composition from the study of the absorption
lines. The type is also tied to the star mass and evolutionary state. Figure [2.3] shows
the spectra of different stellar types in the visible wavelength. In massive young and
hot stars (Type O and B) the peak of the continuum spectrum is in the ultra-violet
(UV), then it moves toward longer wavelengths as mass decreases and age increases;
the absorption lines, being signatures of specific elements, do not move in wavelength

[for more details see Section 2.2.1 |Gray et al., 2009).
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Galaxy spectra are a combination of stellar spectra, hence being able to study them
can reveal insights on the stellar population properties. The next section will describe
galactic spectra and how to interpret them in view of the spectral analysis performed

in this work.

2.1 Galaxy Spectra

A galaxy spectrum is the superposition of the spectra of all the stars in the galaxy and
the gas that fills the space among them, the IGM (Inter Galactic Medium). Hence, using
the spectrum we can infer galaxy properties (i.e. redshift, type), stellar properties (i.e.
kinematics and star formation history), and gas properties (i.e. density, metallicity).

Different components characterise a galaxy spectrum:

e the continuum,

the absorption lines,

the emission lines,

the 4000 A breaks and

the Balmer breaks.

The continuum and the absorption lines derive from the sum of the stellar spectra con-
tinuum and absorption lines respectively. Lines in absorption originate on the surface
of cold and metal rich stars, or are due to the presence of cold gas or dust in the inter-
stellar medium (ISM). Some lines are more evident than others and easily recognisable
in the continuum shape, the main one originating in cold stars are the Calcium K and H

lines (A3933.66 and \3968.47) [NIST], Mg,(A5142.63), NaD(A5860.63) and various
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An = (ng —ny) | transition | name | Ao
A

1 3-2 Ha | 6563

p 4-2 HB | 4861

3 5-2 Hy | 4340

4 6-2 Hé 4102

Table 2.1: Table showing the wavelength at which the Balmer lines are observed. The
first column shows the transition number, the second the orbitals between which the
transition occurs, the third the line name, and the fourth the wavelength in A [Seeds
and Backman, [2016].

iron lines scattered at different wavelengths. Absorption lines are a powerful tool to
infer the metal content and the age of the stars populating a galaxy.

Emission lines originate when the ISM gas is ionised either by hot stars or by active
galactic nuclei (AGNs). In the first case the gas is excited by the UV radiation emitted
from young and massive stars (i.e. OB stars with a temperature of 30000 K or higher),
while in the second case the same thing happens by means of the high energy photons or
particles emitted by an AGN. The main lines observed in emission are [OI](A3727.32),
[OII1](A5006.84), [N1I](A6583.45), and [SII|(AN6716.44,6730.82) [NIST].

Hydrogen, the most abundant element in the Universe, populates the optical spec-
trum with a series of four lines arising from the transition between the second orbital
(i.e. principal quantum number = 2) and the higher levels, called the Balmer series

[see Section 3.7 [Tennyson, 2005]. The position of the lines is given by:

1 1 1

~ —R Bul—— 2.6

o (nf ”5) (26)
where \g is the wavelength, n; and ns are the orbitals between which the transition
occurs, and Ry = 1.0968 x 107 m~! is the Rydberg constant for Hydrogen. Table

describes the visible transitions and the wavelength at which they can occur, both in

absorption and in emission.
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The Balmer lines in absorption strongly depend on the age of the star, since their depth
and width (i.e. their strength) are observed to increase with time after a starburst. The
maximum strength observed when the dominating stars are type A stars of age 0.3-1.0
Gyrs.

The Balmer break corresponds to the limit of the Balmer series, it is due to the
presence of the high order Balmer lines, which produce a discontinuity in the spectrum
at wavelengths smaller than 3650 A. It overlaps with the 4000 A break, but has a
different origin due of the presence of an intermediate age stellar population.

The 4000 A break is due to the absorption of high energy photons by the metals
in the stellar atmosphere and the high opacity of the gas, indicating the presence of

mainly old, cold and metal rich stars with low surface temperature.

2.1.1 How to interpret a spectrum.

Many informations can be inferred by analysing a galaxy spectrum, most of which is
deduced studying the lines, both in emission and absorption.

The position of the lines is sometimes observed to be shifted compared to the
wavelength seen in laboratory, this effect, known as Doppler shift, is due to the radial
motion of a galaxy with respect to the Milky Way. The shift can be observed towards
longer and shorter wavelengths for nearby galaxies, where the peculiar motion prevails.
It is observed toward longer (more red) wavelengths for galaxies outside the Local
Group where the expansion of the Universe is the main component of the motion and

it defines the astronomical distance known as redshift [Sections 1.2 Tennyson, [2005]:

- 24 (2.7)

where v is the velocity of the source, c is the speed of light, A the rest-frame wavelength

of the transition, and A\ the observed change in wavelength.
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Figure 2.4: Voigt profile shown in blue, resulting from the sum of a Gaussian, in black,
and a Lorentzian profile, in red.

The ‘strength’ or intensity of the spectral lines, whether in emission or in absorption,
depends on the number of atoms in which a transition occurs, hence it depends on the
density of the gas, and also on its temperature, which determines how many atoms are
excited.

Since the lines in a spectrum arise because of the occurrence of electron transitions from
two different energy levels, we would expect them to be very narrow, different from a
o-function only because of the natural broadening due to the uncertainty principle.
Instead we observe them to have a bell-shape known as Voigt profile, which results
from the convolution of a Gaussian and a Lorentzian profile (Figure [2.4)).

The two main mechanisms responsible for Gaussian line broadening are: the Doppler
broadening due to the thermal motion of the gas within the stars, and the ‘turbulent’
broadening, which derives from the proper motion of the stars in the galaxy.

The Lorentzian profile is produced by collisional broadening, which occurs if the main
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atom experiences a collision while an electron is changing orbital, making this mecha-
nism efficient in high gas density environments. The combination of these effects leads
to the final line shape observed: the Voigt profile [see Section 10.6 Rybicki and Light-
man, 1979]. These broadening effects need to be taken into account when analysing
absorption and emission lines to study the stellar or gas properties within a galaxy.
Absorption lines can be used to infer the properties of the stars in a galaxy, since
they originate on the stellar surface. The main properties to be inferred about a stellar
population are its age and metallicity. The latter, historically considered as a unique
parameter, thanks to a better understanding of stellar evolution, is now described by
two components: the a-elements (N, C, Mg, O) abundance and the Fe-peak elements
(V, Cr, Mn, Fe, Co, Ni) abundance. These are produced at different stages of the
stellar nucleosynthesis, hence on different time-scales. The lighter a-elements originate
in Type II supernovae, which occur in massive stars of age 100 Myr or less [Tinsley,
1979], while the Fe-peak elements are formed in Type la supernovae which occur in
binary systems of age 1 Gyr or more, since one of the two components has to be a
white dwarf star.
The major issue in determining age and metallicity of a stellar population from a
spectral analysis is the existence of an age-metallicity degeneracy [Worthey et al., 1994].
For instance, for ages > 5 Gyr, if we observe the spectrum of known age and metallicity,
we cannot distinguish it from the spectrum of another population three times older and

half the metal content (see an example in Figure .

2.1.2 Stellar population models

All the analysis aimed at studying stellar population properties are based on the avail-
ability of synthetic galaxy spectra or stellar population models.
The main ingredient necessary to build a model spectrum is a single stellar population

(SSP), which in turn needs four pieces:
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Figure 2.5: Plot showing two degenerate galaxy spectra models: in red the modelled
spectrum of a 6 Gyr old galaxy with metallicity 0.2, in black a 12 Gyr old galaxy
with solar metallicity. On the x-axis is plotted the wavelength, on the y-axis the flux
[Proctor et al., [2005]

e isochrones, lines on a temperature luminosity diagram (Hertzsprung-Russell) pop-
ulated by stars of the same age, but different masses; they determine the relation
between mass, surface gravity (log g) and effective temperature (T.f¢) of a star

at a given time and metallicity,

e stellar spectral libraries, catalogues of observed or synthetic stellar spectra; the
spectral resolution and wavelength range of these spectra determine the spectral

resolution and wavelength range of the models,

e initial mass function (IMF), the number of stars per mass interval at the moment

the stars were born,

e dust attenuation law, to take into account the effects of dust on the observed

spectrum.
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The last two points will be briefly described in the following paragraphs.
The first attempt to describe the IMF was made by |Salpeter| [1955], and was in the

form of a power law:

AN = cM~*dM, (2.8)

where dN is the number of stars with mass between M and M+dM, and c is the
normalisation constant. Salpeter| [1955] constrained the value of « to 2.3 for 0.4 < m
< 10 My, observing stars in the solar neighbourhood. However, given the proximity of
the observations, the model is mostly based on low mass stars. The IMF in this form
tends to infinity at low masses, thus a different « or shape is expected for M < 0.5 Mg,
where the curve flattens as suggested by observations. A later study by Kroupa] [2001]
lead to an IMF in the form of a broken power-law:

ap=0.3 for 0.01 < m/Mg < 0.08,

a1=1.8 for 0.08 < m/Mg < 0.50,

ap=2.7 for 0.50 < m/Mg < 1.00,

a3=2.3 for 1.00 < m/Mg.
Alternatively, |Chabrier|[2003] introduced a log-normal distribution at low stellar masses

(~ 1 Mo):

M¢(M) = Ajexp|—(LogM — LogM,.)?/20%  for m < 1Mg, (2.9)

= A M™" for m>1Mg, (2.10)

where A; and Ay are normalisations, M. is the mean mass and o is the variance in
logM .
The most popular IMF used is the one defined by Chabrier, although the consensus is

low and all of them are still used in literature.
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Dust is a big contributor to the spectral flux shape, thus a stellar population model

needs to take this into account. Dust absorbs, scatters and re-emits light in the NUV,
optical and IR, with a spectral shape dependent on the grain size, shape and distribu-
tion.
The dust mass is estimated to be ~ 1 % of the total HI gas mass, it mainly consists
of silicates (Mg/Fe rich) or graphites (C) and its temperature range in emission spans
from ~ 10 - 100° K. Light coming from young stars, usually embedded in their forma-
tion clouds, is the most affected by dust which absorbs the UV radiation emitted and
produces thermal IR radiation, usually observed in highly star-forming galaxies.

Attenuation due to dust is defined as:

Ay =my —myp, (2.11)

with my the observed apparent magnitude at a certain wavelength and m) the ap-
parent magnitude of a non-attenuated source at the same wavelength. The observable
linked to the attenuation is the reddening defined as the difference between the observed

and expected B-V colour:

E(B-V)=(B-V)—(B-V),. (2.12)

Attenuation and reddening are linked by:

Ay = RE(B-V), (2.13)

where R ~ 3.1 for the Milky Way [for details see Section 21.1.1 |Draine, [2011].

One of the main problems in modelling dust attenuation is the existence of a dust-age
degeneracy: the optical spectrum of a young and dusty galaxy will look similar to that
of an old dust-free one.

The most popular dust correction law was empirically estimated by |Calzetti et al.
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(1991

Qe(z) = —2.156 4 1.5092 — 0.198z2 + 0.011z3. (2.14)

Once all the necessary ingredients are available, the synthetic spectrum is obtained
integrating the spectrum of all the stars along the line of sight belonging to an SSP. The
combination of more than one stellar population defines a composite stellar population,

supposedly better descriptive of a real system. The most popular stellar population

models available are Bruzual and Charlot| [2003]; |Gonzélez Delgado et al.| [2005];

Borgne et al.| [2004]; [Leitherer et al.| [2010]; Maraston| [2005]; Schiavon| [2007]; Vazdekis

ket al.| [2010]; Worthey et al.|[1994].

The major uncertainties that still remains in the modelling process are:

e the poor understanding of specific stellar evolution phases (i.e. super-giant and

asymptotic giant branch (AGB) phases);
e the existence of the age-metallicity degeneracy;

e the non-universality of the chemical abundance ratio.

Stellar population models will be used to fit galaxy spectra in order to infer some of

their properties in a later stage of the analysis.

35



Chapter 3

Data Sample and Analysis

The XI (XMM-IMACS) Groups Project [Rasmussen et al., 2006b] is a multi-wavelength
study of 25 groups selected from the group catalogue of [Merchan and Zandivarez [2002],
derived from a friends-of-friends analysis on the first data release of the 2dF Galaxy
Redshift Survey (2dFGRS) |Colless et al., [2001].

The groups were selected between 0.06 < z < 0.063, the narrow range was chosen to
avoid redshift dependence of the group properties, thus no k-correction was necessary.

In fact to make sources at different redshifts comparable they need to be corrected by

(3.1)

K =2.5log(1+ z) + 2.5log{ Jo~ FQ0)Si(A)dA }

Jo© FITEIS (0 d

A further selection was applied so that the characteristic radius Rggy ~ 1 Mpc, which
corresponds to 13’ in the sky, matched the field of view of both IMACS (Inamori
Magellan Areal Camera and Spectrograph, on the Magellan telescope at Las Campanas
Observatory in Chile) used for spectroscopic observation, and XMM-Newton used for
X-ray observation. Other selection criteria were: velocity dispersion of the group o <
500 km/s, to include only the poorer and more common systems in the local Universe,

and number of confirmed members > 5, to reduce the risk of including groups which
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are not real physical associations. Although for this low richness groups the velocity

dispersion calculation is not reliable [Old et al., [2014]

3.1 Optical Data

The photometric images were taken using the 100-in Du Pont telescope at Las Cam-
panas Observatory (Chile), using the 2048 x 2048 Wide Field Camera (WFCCD) and
the Bessel filters B and R. Each group was observed entirely in one pointing given the
telescope field of view of 25 arcmin. Twelve dithered exposures were taken for each
group and filter, with exposure times of 24 min in R and 60 min in B. The images
were processed and median-combined using IRAF, the sources were identified using
SExtractor |[Bertin and Arnouts, [1996] and considered only if the stellarity index was
> 0.9 and Full Width at Half Maximum FWHM > PSF (Point Spread Function). A
fixed aperture slightly larger than the seeing was used to extract the magnitudes, which
have been corrected for galactic extinction using the dust map by [Schlegel et al.| [1998]
[Bai et al., 2010; Rasmussen et al., [2006b, 2012].

The spectroscopic observations were obtained with the IMACS spectrograph on
the 6.5 m Baade/Magellan telescope at Las Campanas Observatory (Chile) [Bigelow!

I covering a wavelength range

and Dressler, 2003] with a grism made of 300 lines mm™
between 3900 < A < 10000 A and with a dispersion of 1.34 A pixel~!. The exposures
were 2 hours long per each multi-slit mask, the objects to follow up were selected in
the photometric R-band images with priority to the brightest objects in the field of
view. Further photometric images of all the 25 groups were also acquired in the R-
band covering a field of view of ~ 15’ radius corresponding to 1 Mpc, extending at
least out to Rggg for all the groups |Bai et al., [2010; Rasmussen et al., 2006b, [2012].
The photometric data outside the IMACS Field of View (FoV) were obtained from

the SuperCOSMO Sky Surveys (SSSs, [Hambly et al.| [2001]). The spectroscopic data
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Figure 3.1: This plot shows the comparison between the R-band photometry measured
in this work (x-axis) and the one extracted from 2dF (y-axis). The solid line is the
identity line.

were extracted from the 2dFGRS (down to by < 19.45) and 6dFGRS (6-degree-Field
Galaxy Redshift Survey) [Jones et al. [2009] (down to b; < 16.75) [Bai et al., 2010;
Rasmussen et al., 2006b, 2012]. However no spectroscopic analysis was performed
on these data because of the poor quality and non-uniformity with the IMACS data
Furthermore most of these galaxies were at higher radii hence not relevant to the
analysis.

To make sure the data are uniform Figure [3.2| shows the comparison between the z
obtained in this work with that given by the 2dF survey for the overlapping galaxies.
The standard deviation of the distribution o., = 107.65 km/s, hence the two measure-
ment are consistent given the error on cz of 2dF ~ 85 km/s [Colless et al., 2001] and
of this work ~ 50 km/s.

A comparison with the original group velocity dispersion was not performed given the
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Figure 3.2: This plot shows the comparison between the redshift measured in this work
(x-axis) and the one extracted from 2dF (y-axis). The solid line is the identity line.
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consistency between the two cz measurement and the fewer number of members of the
original 2dF groups.

The final spectroscopic catalogue was 100% complete down to Mp = -20 within 15
radius, > 80% complete down to Mg ~ -19 in the internal region (< 10’ ~ 0.7 Mpc)
and > 50% complete out to 25" (~ 1.7 Mpc).

The galaxy velocities (cz) were obtained cross-correlating the spectra with SDSS
templates, as described in|Zabludoff and Mulchaey [1998], with errors of dv = 50 km/s.
The velocity dispersion (o) and membership of the groups were defined using a bi-weight
estimator of o [Beers et al., [1990] which iteratively discards 3o outliers in redshift from
a list of objects within 2000 km/s from the group main velocity, until the number of
group members converged. 1o error on ¢ was estimated using the bootstrap technique
from [Beers et al. [1990)].

From the velocity dispersion and the redshift of the group the characteristic quantities

Rapo and Mgy were calculated as Finn et al. [2004] [Bai et al., 2010; Rasmussen et al.,

2006h, [2012]:
Mooy = 1.2 x 1015(%()())3[5% + Qn (1 + 2)3 2 hyg Mo (3.2)
and
Rogo = 1.73%[(“ + Q(1+ 2)%] " 2hig, Mpe. (3.3)

They refer to mass and radius calculated where the density is 200 times the critical
matter density of the Universe at that redshift (24 = 0.7, ©,,, = 0.3). Completeness
issues would not bias the total mass estimated with this method, however a biassing
factor could be the non-virialised state of the groups which would lead to an overesti-
mate of the velocity dispersion hence of the mass. The complete list of XI groups with
some of their optical properties is shown in Table

The group centres, or centroids, were defined as the brightest galaxy within 0.5 Mpc
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Group z o RA (deg) Dec (deg) Moo R0

Name (km/s) (J2000) (J2000) Mg (Mpc)
MZ770 0.0606 215 334.013364  -27.948993  1.68x10'3 0.52
MZ1766 0.0610 227 9.615492 -27.188079  1.96x10%3 0.55

MZ3067 0.0602 168 334.181945  -25.754789  8.01x10'? 0.41
MZ3182 0.0612 244 334.785208  -27.061269  2.42x10%3 0.59
MZ3541 0.0627 121 150.970816 -4.145322 2.99x 1012 0.29
MZ3698 0.0609 215 149.971906 -95.753289 1.67x1013 0.52
MZ3849 0.0606 284 157.028493 -3.321549 3.85x 1013 0.68
MZ4001 0.0593 324 154.063201 -3.238172 5.70x 1013 0.78
MZ4548 0.0625 156 163.514718 -5.951039 6.41x1012 0.38
MZ4577 0.0621 231 173.155471 -4.010130 2.07x1013 0.56
MZ4592 0.0616 205 172.625530 -3.736310 1.45x10% 0.49
MZ4881 0.0613 509 175.050688 -3.532303 2.21x101 1.22
MZ4940 0.0620 64 173.963707 -3.761676 4.44x 101 0.15
MZ5293 0.0620 103 184.183716 -3.430441 1.87x10'2 0.25
MZ5383 0.0595 189 188.788030 -3.597105 1.14x10% 0.46
MZ5388 0.0598 143 188.634702 -3.428302 4.95x10"2 0.35

MZ8816 0.0608 290 1.776022 -27.761532  4.08x10'3 0.70
MZ9014 0.0608 288 9.413943 _27.466271  4.01x10'3 0.69
MZ9069 0.0615 361 7.136590 -27.506352  7.85%x10%3 0.87
MZ9137 0.0601 328 4.669429 -27.898349  5.92x 103 0.79
MZ9307 0.0598 334 10.139198  -27.504457  6.23x10'3 0.80
MZ9994 0.0621 224 30.535098 -20.227547  1.88x10%3 0.54
MZ10167  0.0606 200 27.792321  -27.721146  1.34x10'3 0.48
MZ10300  0.0618 271 36.105660  -28.365762  3.33x10%3 0.65

MZ10451  0.0610 454 37.439008 -29.631234  1.57x101 1.09

Table 3.1: Group sample: the first column contains the name of the groups, second
and third columns are redshift and velocity dispersion (not corrected for the velocity
uncertainty) respectively, RA and Dec are the group centroid coordinates, and the last
two columns are Mgy and Ragg.
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of the old group centre and with velocity within 20 of the group mean velocity.

To calculate the galaxy stellar mass the galaxies which overlap with SDSS had to be
used to derive a calibration for the R-band mass-to-light ratio and the B-R colour using
the kcorrect package by [Blanton and Roweis| [2007]. The derived relation was used to
estimate the stellar mass for all the other galaxies, included those with no B-band
observation. The uncertainty on the stellar mass calculation is ~ 45 % for each galaxy
[Bai et al., 2010; Bell et al., |2003].

The Sersic indices were obtained using GALFIT v3.0 [Peng et al., 2010] to fit a 2-D
Sersic profile to the surface brightness distribution of 471 spectroscopically confirmed
members, fit region was chosen manually (Rasmussen in preparation). Galaxies with
Sersic index > 8 and y? > 10 were visually inspected and re-fitted with masking of

nearby objects.

3.2 Infra-Red Data

The 24 pm infra-red (IR) observations were performed with the Spitzer satellite in 2007-
2008, using MIPS (Multiband Imaging Photometer for Spitzer) [Rieke et al.,[2004], with
field of view 20'x 45" (~ 1.4 x 3.1 Mpc?) and spatial resolution ~ 57, centred on the
group centroid. The data were processed with the MIPS Data Analysis Tool (DAT ver.
3.02, Gordon et al.| [2005]) and the final exposure time was ~ 80 s pixel 1. The sources
were extracted with SExtractor [Bertin and Arnouts, 1996] using a variable aperture
with a 3o point source detection limit < 0.35 mJy and cross-correlated with the galaxy
optical images within the spatial resolution.

The star formation rate (SFR) was extracted from the 24 ym flux for 6 x 108 Lg <

L(24) < 1.3 x 10'° L and for L(24) > 1.3 x 10'° L, respectively as|Rieke et al., 2009
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SFR(Mgyr™) = 7.8 x 1071°L(24um, L) (3.4)

SFR(Mgoyr™) = 7.8 x 1071°L(24pm, Lo) x (7.76 x 10711 L(24pum, Lo))*0%8.  (3.5)

These equations are valid for initial mass function (IMF) as derived in Rieke et al.
[1993]; for further details see Bai et al.| [2010].
The IR data are complete down to the SFR limit of the observation of 0.1 Mg yr—*

[Bai et al., 2010; [Rasmussen et al.l [2006bl 2012].

3.3 Ultra-Violet Data

The ultra-violet (UV) data, available for 22 out of 25 groups, were obtained with the
GALEX satellite in two bands out to 2Rggpp: near UV band (NUV) (1770 < X\ < 2830
A) and far UV band (FUV) (1340 < X < 1790 A). The exposure time of 1600 s in both
bands was chosen to measure the flux down to m4p =~ 21.75 in the NUV band, roughly
corresponding to a SFR of 0.1 My, yr~!. The sources were extracted with SExtractor
[Bertin and Arnouts, [1996] and, similarly to the IR analysis, cross-correlated with the
galaxy optical images within 5”7 and corrected for galactic extinction [Schlegel et al.)
1998].

Before inferring the UV SFR it was necessary to apply a dust correction to the flux
obtained from the 24 pm data, following Buat et al.|[2005] method the FUV attenuation

was defined as:

Appy = (—0.0333)y° + 0.3522u> + 1.1960y + 0.4967, (3.6)

where y = log[Lrrr/(v L,)] (Lrr is the total IR luminosity), v = 1.96 x 10'5 Hz is
the effective frequency of GALEX FUV band, and L, is the FUV luminosity in erg s~!
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Hz 1.

The dust-corrected SFR is calculated as in [Salim et al.| [2007]:

SFRFUv(M@yI‘_l) = 1.08 x 10_28LFUV (37)

where Lpyy is the dust-corrected specific FUV luminosity. Equation [3.7] is valid for
mean stellar metallicity of 0.8 Zs, and a Salpeter IMF; for further details see [Rasmussen
et al.[[2012].

The NUV data are complete down to myp = 22.0. Furthermore, the data are UV
complete for objects with NUV-R < 4.5 down to Mp = -18.

UV data are not available for three groups: MZ 770, MZ 3849 and MZ 9994. However
NUV informations for the BGGs were retrieved from the GALEX online catalogue to

be able to include these groups in the multi-variate analysis.

The above data, given by the collaboration, are not corrected for completeness.
However, the analysis performed in previous works confirmed that including or ex-
cluding the dimmer members to the analysis did not change the overall result [see

Rasmussen et al.| 2012, for details].

3.4 X-ray Data

This project was originally designed to compare the group optical and X-ray properties.
The X-ray observations were performed with the XMM satellite, but unfortunately due
to a lack of allocated time as a consequence of a low rate of X-ray detection of the
observed groups this project was never completed. The results obtained with the data
available are published [Rasmussen et al.l 2006bl 2010; |Shen et al. [2007] and will be

summarised below.
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Of the 25 XI groups only 9 were allocated time on XMM, they were observed for ~ 20
ks with the aim to detect luminosities < 10! erg s=*.
The first four groups studied in Rasmussen et al.| [2006b] were MZ4577, MZ5383,

MZ9024 and MZ9307 with the following outcome:
e MZ5383 and MZ9307 showed no diffuse emission;

e MZ4577 showed evidence of diffuse emission, but with a significance lower than

30;
e MZ9014 showed diffuse emission at a 3o level of significance.

Although detected, MZ9014 had a very low luminosity and the X-ray mass was not cal-
culated. Comparing these X-ray luminosities and upper limits with the values obtained
in Osmond and Ponman, [2004] for X-ray bright groups, showed that these systems are
under-luminous given their velocity dispersion. Another peculiarity is that none of the
groups hosts an elliptical galaxy in their centre.

On top of these, five more groups were studied in Shen et al. [2007] with the purpose to
characterise X-ray AGNs, one of these was further analysed in Rasmussen et al.| [2010]:
MZ3849, MZ4592, MZ7Z4940, MZ5293 and MZ10451.

Among these only MZ10451 showed X-ray diffuse emission with L, > 10%? erg s~
This result led to the conclusion that these groups are still in a collapsing phase hence
the velocity dispersion is not a good indicator for the gravitational potential depth.
This explanation allows for the presence of intra-group gas although not yet shock-
heated to emit in the X-ray.

Among these, the only group in a more evolved dynamical state appears to be MZ10451
which shows X-ray emission.

The high number of groups still in a collapsing phase confirms the outcome of cosmo-

logical simulations and is in agreement with previous optical group studies.
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The data described above (except for the X-ray data) will be used in a multi-
parameter analysis. However some of them need to be analysed further in order to
extract physical quantities. It is the case for the spectral data and some of the opti-
cal spatial parameters. The next two sections will describe the Lick indices analysis
performed on the spectral data, and a dynamical analysis performed on the spatial

parameters.

3.5 Lick Indices Analysis

The spectral data needed to be analysed in order to obtain quantifiable parameters,
specifically age and metallicity of the stellar population. For this purpose a Lick indices
analysis was performed.

The Lick indices are absorption features defined to study galaxy stellar populations
properties. Originally, eleven indices were defined by |Faber et al. [1985]: CN, G-band
(CH molecule absorption line), H3, Mg b, Mg; (MgH), Mgy (MgH + Mg b), two Fe
lines, NaD, and two TiO bands.

With the improvement of stellar population models, which allowed to reproduce the
real spectra in more detail, it was possible to include weaker absorption features, to-
gether with the higher order Balmer lines (i.e. Hd and H~y) [Worthey and Ottaviani,
1997]. This brought the number of measurable indices to twenty five [see |Vazdekis,
1999; [Vazdekis et al.l [1996]. All the indices are single absorption lines except for the
pairs Ho4 and Hégr, and Hy4 and Hvyp which are two definitions for the line, involving
a narrow and a wide central bandpass. All the Lick indices were fitted to determine the
light-weighted stellar population parameters excluding Nap, TiO; and TiO2 because

in their region the data were too much affected by noise.
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Figure 3.3: Plot showing the raw spectrum for one of the galaxy studied (MZ 9307-5).
The wavelength in A is shown on the x-axis and the flux in counts on the y-axis. Two
chip gaps are visible at ~ 4500 A and ~ 7200 A respectively, there is a negative spike
at ~ 7100 A and some positive ones in all the wavelength range due to reduction errors.
The noise at red wavelengths (2 8000 A ) does not allow to study this region of the
spectrum.

The indices allow to determine the light-weighted age and metallicity ([Fe/H] and
[a/Fe]) of the galaxy stellar populations (i.e. the light deriving from the sum of all
the different stellar population in the galaxy), bearing in mind that young stars are ~
20 times more luminous than old stars. Thus, when we observe a galaxy containing
young stars, these are not necessarily the largest fraction of stars despite contributing
more to the galaxy luminosity. The theoretical values of the indices have been cal-
ibrated on synthetic spectra with known stellar population compositions [Lee et al.l
2005; Trager et al. [1998].

This method was chosen for the analysis due to the low galaxy spectra quality, not only
beacuse of low signal-to-noise ratio (S/N) for the dimmest galaxies, but also because
of the presence of chip gaps and reduction defects clearly visible in Figure |3.3

The advantages of the Lick indices analysis, compared to methods that fit the contin-
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uum together with absorption and emission features to determine age and metallicity

of composite stellar populations, are:

e minimisation of effects due to calibration errors (e.g. sky subtraction, flux cali-
bration, presence of cosmic rays), since by definition the indices do not need an

absolute calibration of the spectrum;

e minimisation of effects due to modelling errors, since the continuum, where the

models are weaker, is not fitted;

e ability to break the age-metallicity degeneracy (see[2.1.1]) for light-weighted stellar

populations [Tripicco and Bell, 1995; Worthey et al., [1994].

The last point is explained by the fact that some features are more affected by a change
in metallicity and some are more age-dependent (hence their depth changes as these
two parameters change). Tripicco and Bell [1995] performed a detailed study on how

each index is influenced by these two parameters, the main results are described below.

e (G4300: very sensitive to the abundances of C and O;

e Fe4383: Fe is the dominant species, but its strength is also affected by Mg and
C. This is the most sensitive of all the Fe indices to the change in abundance of

Fe, respect to a change in the overall metal abundance;

e (Ca4455: it is almost insensitive to the variation of Ca, but it is mainly affected

by a variation in Fe and Cr;
e Fe4531: dominated by abundance of Ti;
e Fed668: sensitive to the abundance of Ca;

e Hp: very little metallicity sensitivity, but can be contaminated by many emission

features;
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Mgi, Mgo, Mgy: very sensitive to Mg, but also to C, Fe, and other species;

Feb270, Feb335, Feb406: strongly dependent on Fe abundance;

Fe5782: nearly independent of Fe abundance, it is mainly affected by Cr;

Nap the dominant element is Na, but this index is often contaminated by inter-

stellar absorption.

The higher order Balmer lines (Hy and H¢), are not as good indicators of the age of the
stellar population as HB, so they cannot be used as substitutes. This result, although
not directly applied to this work, is the reason why it is important to use as many
indices as possible in the analysis, and justified the decision of cleaning the spectra
from the emission line as described in Section below. The Balmer lines, especially

Hp, required cleaning given their strong dependence on the stellar population age.

The procedure followed to perform a Lick indices analysis is made of several steps,
and the final result will consist of a measure for the light-weighted age, [Fe/H], [a/Fe],
[Z/H], the total number of indices used in the fit, and a value for the goodness of the
fit (x2). The analysis was performed on all the galaxies with spectrum available and
mp < 17.6 corresponding to Mg ~ -19.5. However the spectra were visually inspected
and excluded in case of major calibration errors or included if the major indices were
recognisable. Figure shows examples of galaxies with different noise level.

The first step of the study was to measure the velocity dispersion of the galaxy (i.e.
the velocity of the stars in the galaxy). The value obtained was used to correct the
line for broadening, so that the shape of the line was depending entirely on the stellar
population properties. To calculate the velocity dispersion the pPXF (Penalised Pixel-
Fitting) routine developed by Michele Cappellari [Cappellari and Emsellem|, 2004] was

used as described below.
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Figure 3.4: This figure shows four galaxy spectra, the wavelength in A is on the x-axis,
the flux in counts on the y-axis. The spectrum is shown in red, while the Lick indices
central bands are highlighted in green. Each band is labelled with the name of the
corresponding index. The top panels show a galaxy with a very low level of noise on
the left, and a galaxy with higher noise but where the absorption features are still well
visible on the right. Both these galaxies are suitable for the Lick indices analysis. The
bottom left panel shows a galaxy where the blue part of the spectra is too noisy for the
Lick indices analysis, but the red end of the spectrum can be analysed. The result in
this case would have a higher uncertainty given the lower number of indices used. The
bottom right panel shows a galaxy where the absorption features are not discernible

from the noise thus making the Lick analysis not possible.
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3.5.1 pPXF

The pPXF algorithm was designed to study the stellar dynamics of nearby galaxies,
more precisely to study the line of sight velocity dispersion (LOSVD) of the projected
galaxy in the sky at all galaxy radii. In this work, the algorithm was used to infer
the velocity dispersion of each galaxy by fitting the spectrum and measuring the line
broadening due to the stars in the galaxy.

The algorithm works in pixel space and uses a Gauss-Hermite parametrisation for the
LOSVD as shown by the following equation [Gerhard, [1993; van der Marel and Franx,
1993]:

12y M
L) = 1+ o Hin(0)] (3.8)
m=3

 oV2r

where y = (v — V) /o, v is the LOSVD, V the mean radial velocity, o the velocity
dispersion, h,, free parameters, and the H,, are the Hermite polynomials.

A spectrum model, to fit the observed spectrum, is created convolving the templates
with the parametrised LOSVD, then the best fit parameters are determined minimising
the y2.

The strongest assumption made was considering the galaxies as pure stellar systems,
hence their spectrum is simply the sum of all stellar spectra, each one redshifted ac-
cording to the line-of-sight velocity of the stars.

pPXF was chosen for the optimisation because it is able to recover the details of the
LOSVD profile in case of high S/N, and tends to a Gaussian shape (expected for
LOSVD) in case of low S/N. All the free parameters (h,,) are fitted simultaneously
(V, o, h3, ..., hM) and a penalty term (P) is added to the x? in order to bias the
solution toward a Gaussian when the S/N is low (i.e. when the higher moments are
not constrained by the data).

The final x? is
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x5 =x?+aP (3.9)

where

aly) = e2v’, (3.10)
The algorithm works as follows:

1. the user gives an initial guess for V and o, while the higher order parameters are

set h3,....hM = 0;

2. the galaxy spectra templates are weighted and combined, and the optimal spec-

trum is chosen;
3. the algorithm computes the residuals from the fit;
4. the residuals are perturbed;

5. the least squares optimisation starts and iterates from the second step to fit the

parameters (V, o, h3,..., hM).

In this work pPXF was applied to galaxies with velocity dispersion > 100 km s~! or
mp < 15, in the wavelength range A\ 3800,7000 A where the spectra were less affected
by noise. The MILES models were used to fit the spectra [Vazdekis et al., |2010], their
wavelength range is 3540.5 < A <7409.6 and the resolution 2.54 A. Figure shows a
fit example.

For the remaining galaxies the velocity dispersion was extrapolated using the Faber-

Jackson relation:

oo = 104-8M (3.11)
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Figure 3.5: Plot output by pPXF. The original spectrum is in black and the fit in red.
The blue colour shows the masked regions (i.e. the chip gap and the emission lines), in
green are shown the residuals. The algorithm works in pixel space so pixel instead of
wavelength is shown on the x-axis and flux in counts is on the y-axis.

where A = -2.889 + 0.028, B = 0.239 %+ 0.013, from Nigoche-Netro et al.|[2010], and

M is the B-band absolute magnitude. The absolute magnitude was calculated from

M =m —5(logi1oDy, — 1) (3.12)

where m is the apparent magnitude in the B-band and Dy, is the luminosity distance

Dr(z) = (1+2)Du(z) (3.13)

where z is the redshift and Dj; is the comoving distance.

The Faber-Jackson relation is valid for elliptical galaxies, thus the values of o obtained
with this method are an approximation, since we use it for all the group members
independent of their morphology. However the error does not interfere with the results

since it is below the resolution of the spectra.
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Given that most of the sample galaxies showed the presence of emission lines, and
that some of these occur at the same wavelength as some of our key indices (i.e. Hf), a
further step had to be added to the analysis. The emission lines removal was performed
using the algorithm GANDALFH (Gas AND Absorption Line Fitting algorithm), to-
gether with pPXF. It consisted in measuring the emission lines flux then remove them
from the spectrum effectively cleaning it, and giving back as a result a measure for the

emission lines strength.

3.5.2 GANDALF

GANDALF is an algorithm designed to measure the gas fluxes and kinematics in galaxy
spectra, separating the stellar continuum from the nebular emission. It is an extension
of pPXF which alone masks the emission lines while fitting the spectral continuum.
GANDALF instead allows simultaneously fitting of the emission lines as additional
Gaussian profiles. The flux value for each line is obtained from the best-fit of line
width and peak flux density.

GANDALF outputs the measured equivalent width of the emission lines and the ‘cleaned’
spectra with emission lines subtracted to be used in the Lick indices analysis. Unfortu-
nately, because of the quality of most of the spectra it was necessary to run GANDALF
separately for the red and blue part of the optical spectrum (as shown in Figure ,
then collate the result. The derived ASCII spectra had to be converted into FITS files
using the task ‘rspectext’ in IRAF.

In this work GANDALF was applied to all galaxies, in fact it is sometimes possible to
detect emission lines even when the continuum is impossible to discern from the noise.
In this case, though, it is not possible to use the absolute value of the line strength, it is
however possible to use the ratios to study diagnostic diagrams (see Sections and

in order to distinguish between AGNs and star forming galaxies. The number of

!GANDALF was developed by the SAURON team and is available from the SAURON website
(www.strw.leidenuniv.nl/sauron). See also [Sarzi et al.l |2006] for details.
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Figure 3.6: Plot showing the fit performed with GANDALF for the blue end of the
spectrum (top) and for the red end (bottom). The original spectrum is in black and
the fit in red. The green colour shows the residuals, while the light blue shows the
fitted emission lines minus the continuum. Similarly to pPXF GANDALF woks in
pixel space, so pixels are shown on the x-axis and flux in counts on the y-axis.
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galaxies for which the emission line measurement was possible are shown in Appendix

1 for each group.

3.5.3 Spectral Fitting

After the preparatory work, the ‘cleaned’ spectra were ready for the Lick indices mea-
surement.

The analysis consisted on measuring the spectral line strength using the equivalent
width described in Chapter [2, Hence it was necessary to define three passbands (i.e.
wavelength bands): a central one where the line is, with the typical width of the line
itself, and two side ones, on the blue (shorter wavelength) and on the red (longer
wavelength) side of the line. The flux value in the two side bands is averaged, then
interpolated to determine the continuum flux from which to consider the line height.
The central and side passbands are defined for every index as listed in Table [3.2]

The indices were measured using a routine written by Rob Proctor [see Proctor and
Sansom), 2002] and modified to use the Gaussian broadening developed by Mike Beasley
[Beasley et al., 2004; [Worthey and Ottaviani, [1997].

Subsequently, they were fitted with the Korn, Maraston & Thomas models (KMT)
[Korn et al. 2005] using a Fortran routine written by Alexandre Vazdekis [Vazdekis,
1999] and adapted by Robert Proctor [see Proctor and Sansom)| 2002; Proctor et al.,
2004a,b]. These models were chosen after having compared them with the Bruzual &
Charlot models (BC03) |[Bruzual and Charlot|, 2003], for details see Appendix 2. The
KMT models estimate [Z/H] and a-enhancement in their original formulation for [E/H]
= 4+0.0, 40.3, +0.5 dex (see Table 1| for the complete model parameter ranges), then

[Fe/H] was extrapolated as

[Fe/H| = [Z/H] — 0.942[E/ Fe, (3.14)
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where the value 0.942 is given in [Proctor and Sansom| [2002].

The values obtained from the fit were the light-weighted age, [Fe/H], a-enhancement,
and [Z/H] of each galaxy, together with the number of indices used (limited by the S/N
of the spectrum, the presence of chip gaps or hot pixels), and the value of the x?.
The number of galaxies for which the analysis was possible are shown in Appendix 1

for each group.

3.6 Galaxy Cluster Fitting with Background

This section describes the analysis performed on the optical spatial data to obtain
dynamical parameters. The tool used was an algorithm based on Bayesian technique
that models the 3-D distribution of the group galaxies (this algorithm was developed
in collaboration with Dr Will Farr).

The data required for the analysis were the centroid coordinates (i.e. RA and dec),
redshift z and velocity dispersion ¢ of the groups, together with coordinates, redshift
and its uncertainty for all the galaxies in a cylinder of diameter ~1.5° up to z ~
0.1 centred on the group centroid. The algorithm fitted two 3-dimensional Gaussian
profiles, one to model the group galaxies distribution and the other (expected to be
almost flat) to model the background/foreground galaxies distribution.

If the galaxies belong to the group then their redshifts are Poisson distributed according

to:

dN, group

dz (z) = AgmupN[Nz> O’Z](Z), (3.15)

where N[u, o] is a Gaussian distribution with mean p and standard deviation o, Agpoup
is the number of group galaxies, u, and o, the mean group redshift and velocity dis-
persion respectively.

Similarly, if the galaxies belong to the background they are Poisson distributed accord-
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ing to:

(2) = 274, (f(zm g A z> , (3.16)
max Zmaw

where A is related to the redshift density profile, Ay, is the number of background

galaxies, and 2,4, is the highest redshift available in the galaxy sample (z ~ 0.1 in this

case). If A=1 all background galaxies are concentrated at z = 0, if A=0 all background

galaxies are at z = zZqz-

The parameters derived with this technique are (see Figure :

e size of the distribution in ra, dec and z (0,4, Ogec, 02): the average width, in
degree for ra and dec and in km/s for redshift, of the projected galaxy distribution

assumed spherical;
e richness (Ng,oup): the number of galaxy group members;
e projected ellipticity of the group;

e R, and R_, correlation coefficient between the major and minor axis of the
projected group distribution on the sky and the redshift: the higher this number
is the more the major (or minor) axis of the projected distribution of galaxies

correlates with the redshift distribution;
e the number density of group members per squared degrees on the sky;

e the probability of each galaxy being a group member;

the projected density of group members.

The algorithm finds a probability distribution, for the purpose of the analysis the peak

value of the distributions is considered.
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Figure 3.7: Parameters obtained with the group fitting routine for group MZ1766. On the y-axis of panels
a),b),c),d),e),f) and i) there is the probability distribution of each quantity. The x-axis in panels a) and b) shows
the RA and Dec in degrees respectively, in panel c) cz in km/s, and in panel d) the richness. In panel e) the
x-axis shows the ellipticity, while in panel f) it is the value for both R4 and R—. Panel g) and h) have the RA
and Dec in degrees on the x and y-axis respectively, they show all the galaxies in a cylinder of diameter ~1.5°
up to z sim 0.1. The background colour-coding in g) represent the projected density, while in h) it shows the
probability for each galaxy of being a member. The x-axis in panel i) is the projected density of group members.
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The above analysis was aimed at producing physical quantities to be used in the multi-
parameter analysis described in the following chapter.
The properties of each group (plots, number of galaxies used in each step of the analysis,

etc.) are schematically summarised in Appendix 1.
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Index

Blue continuum (A)

Band (A)

Red continuum (A)

Hd 4
Hér
CN;
CNy
Cayaor
G4300
Hva
Hyp
Fey3ss
Cauygss
Feys31
Cae6s
Hp
Feso15
Mg
Mgo
Mg
Fesa70
Fessss
Fes406
Fesro9
Fes7s2
Nap
TiO;
TiO9

4041.600 — 4079.750
4057.250 — 4088.500
4080.125 — 4117.625
4083.875 — 4096.375
4211.000 — 4219.750
4266.375 — 4282.625
4283.500 — 4319.750
4283.500 — 4319.750
4359.125 — 4370.375
4445.875 — 4454.625
4504.250 — 4514.250
4611.500 — 4630.250
4827.875 — 4847.875
4946.500 — 4977.750
4895.125 — 4957.625
4895.125 — 4957.625
5142.625 — 5161.375
5233.150 — 5248.150
5304.625 — 5315.875
5376.250 — 5387.500
5672.875 — 5696.625
9765.375 — 5775.375
5860.625 — 5875.625
5816.625 — 5849.125
6066.625 — 6141.625

4083.500 — 4122.250
4091.000 — 4112.250
4142.125 — 4177.125
4142.125 — 4177.125
4222.250 — 4234.750
4281.375 — 4316.375
4319.750 — 4363.500
4331.250 — 4352.250
4369.125 — 4420.375
4452.125 — 4474.625
4514.250 — 4559.250
4634.000 — 4720.250
4847.875 — 4876.625
4977.750 — 5054.000
5069.125 — 5134.125
5154.125 — 5196.625
5160.125 — 5192.625
5245.650 — 5285.650
5312.125 — 5352.125
5387.500 — 5415.000
5696.625 — 5720.375
9776.625 — 5796.625
5876.875 — 5909.375
9936.625 — 5994.125
6189.625 — 6272.125

4128.500 — 4161.000
4114.750 — 4137.250
4244.125 — 4284.125
4244.125 — 4284.125
4241.000 — 4251.000
4318.875 — 4335.125
4367.250 — 4419.750
4354.750 — 4384.750
4442.875 — 4455.375
4477.125 — 4492.125
4560.500 — 4579.250
4742.750 — 4756.500
4876.625 — 4891.625
5054.000 — 5065.250
5301.125 — 5366.125
5301.125 — 5366.125
5191.375 — 5206.375
5285.650 — 5318.150
5353.375 — 5363.375
5415.000 — 5425.000
5722.875 — 5736.625
9797.875 — 5811.625
5922.125 — 5948.125
6038.625 — 6103.625
6372.625 — 6415.125

Table 3.2: Definition of the Lick indices. The first column shows the index names,
the second defines the passband range at lower wavelength (blue passband), the third
defines the line itself (central passband), and the fourth the passband at higher wave-
length (red passband) [Vazdekis| 2001; [Worthey and Ottaviani, [1997; [Worthey et al.,
1994].

Models
KMT

[Z/H] (dex) [Fe/H] (dex)
-2.25 - +0.8 -

[E/H] (dex)
-0.3 — +0.8

Log age (yr)
1.0 - 1.175

Table 3.3: KMT parameter ranges, this model gives the total metallicity and the a-
enhancement [Korn et al., 2005].
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Chapter 4

Multi-variate analysis to reveal
the existence and properties of
classes of low redshift galaxy

groups

The data described in the previous chapter will be used in the multi-variate analysis,
however some of them need to be further manipulated before being used.
In the next section the data manipulation and the tools used will be described, then

the correlation and multi-variate analysis will be presented and the results discussed.

4.1 Data sample

For the purpose of this analysis the multi-wavelength parameters were divided into five
categories: scaling properties, specific properties, dynamical properties, BGG prop-
erties, and environmental properties. The following sections will describe how the

parameters in each category were calculated for each group.
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4.1.1 Scaling properties

The scaling properties are in some way related to the mass of the group, either because
they describe a global property (e.g., mass or radius), or because they are integrated
quantities (e.g., integrated luminosities or SFRs). They were calculated using all the
data available within Rogg, issues of completeness have been discussed in Chapter

o, Magg, and Reogg were the main indicator of group mass and size, however o was
the only one considered since it was used to derive the other two.

The integrated quantities calculated for each group were R-band and far ultra-
violet (FUV) luminosities, infra-red (IR) and ultra-violet (UV) SFR, and stellar masses.
These were simply obtained adding the values for each galaxy within Rggg. For a
description of how the original quantities were calculated see Chapter

The richness (N) was defined as the number of galaxies within 1 Mpc from the

group centroid with Mpr < —16.5 .

4.1.2 Specific properties

The specific properties are, by definition, normalised either by the mass of the system
or by the number of galaxies within Rsgg. IR~ and UV- specific star formation rates
(sSFRs) were obtained by dividing the integrated SFR by the integrated stellar mass.
The stellar mass fraction is simply the integrated stellar mass (intSM) divided by
Maoo.

The early-type fraction was calculated by dividing the number of early-type galaxies
by the total number of galaxies within Rsgg. To determine the galaxy morphologies the
results from the Sersic indices extraction described in Chapter [3] were used. Early-type
galaxies were identified as having a Sersic index value > 2.5 [Patel et al., 2012|, all the
others were considered late-type.

The AGN fraction was also calculated. AGNs were identified using a BPT-type

diagram (Baldwin et al.| [1981]), based on line ratios using either the [OI] or [NII] lines.
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Both methods were used to have as much information as possible, and because they
depend on different features, but give similar information. For the [OI]-based ratios,

the following equations defined an AGN (see Figure :

log O111] > 0.73 +1.33 (4.1)
H [o1]
B lOg (m) + 059
and
[01]
log ( o ) 0.7, (4.2)

while for [NII]-based ratios, the following equations were used (see Figure [4.2)):

[OIII]> 0.61
log < > +1.19 (4.3)
H [N11]
p log (L) — 0.47
and
[NII]
—_— .215. 4.4
log ( o )~ 0.215 (4.4)

Similarly, composite galaxies (both AGN and SF) are found in the region where:

0.61

[OIII])
. l 4.
tog () 005 (5 o
and
0.61 [0]11])
. l .
log (U;f[g]) ~oar +1.19 > log < HE (4.6)

(Kewley et al. [2001], Kauffmann et al. [2003], Kewley et al.| [2006]). The values indi-
cated as [OIII], [NII], [OI], HS, and Ha represent the equivalent width of the lines in
emission of OIII, NII, OI and two of the hydrogen Balmer lines. They were obtained
using GANDALF as described in Section [3.5.2] no errors were available for this mea-
surement. After distinguishing between [OI] AGNs, [NII] AGNs and [NII] composite

galaxies, their fraction for each group was calculated by dividing the total number of
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Figure 4.1: BPT diagnostic diagram [Baldwin et al., 1981; Kewley et al., 2006] contain-
ing all the galaxies within Rggp in each group for which the line ratio were measured.
On the x-axis it is shown the ratio [OI]/He, on the y-axis the ratio [OIII]/HS. The
solid line divides the star-forming galaxies (below) from the AGNs (above), the dashed
line divide Seyfert galaxies (above) and LINERs (below).

each type by the number of galaxies within Rogg.

4.1.3 Dynamical properties

The dynamical properties give an indication of the evolutionary state of the group.
They are a powerful tool, but can be difficult to interpret, mainly due to projection
effects.

To study these properties, a Bayesian technique was applied to model the 3-D distribu-
tion of the group galaxies as described in Section For the purpose of this analysis
three of the derived parameters were used (i.e. the peak values of the probability dis-
tribution): the projected ellipticity of the group, the correlation coefficient between the

major axis of the projected group distribution on the sky and the redshift (R+), and
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Figure 4.2: BPT diagnostic diagram [Baldwin et al., 1981; Kewley et al., 2006] contain-
ing all the galaxies within Rggg in each group for which the line ratio were measured.
On the x-axis it is shown the ratio [NII]/Hea, on the y-axis the ratio [OIII]/HS. The
solid line divides the star-forming galaxies (below) from the AGNs (above), the region
between the solid and the dashed line contains the composite galaxies (star-forming
galaxies showing signs of AGN activity).
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the virial ratio defined as o /R, where o is the velocity dispersion and R is the effective
radius of the group, both independently obtained from the fit.

A further property which gives indication on the dynamical state of a group is the
Brightest Group Galaxy (BGG) distance, namely the distance of the brightest galaxy
(R-band) within Rggo from the group centroid. A large distance is expected to be an
indicator of a non-evolved group since the most massive clusters, assumed to be relaxed

in the central region, host a bright elliptical galaxy in their very centre.

4.1.4 BGG properties

The BGG was defined as the brightest galaxy in the R-band within Rsg9. The BGG-

specific properties utilised were:

e R-band luminosity,
e B— R and NUV — R colours,

e R-band magnitude gap between the first and the second brightest galaxies within

1
5R200(~ Ryir),
e Sersic index,

e light-weighted age, iron abundance ([Fe/H]), a-enhancement ([E/Fe]) and total

metallicity ([Z/H]) from the Lick indices analysis of the BGG spectra (see Section

3.5).

For three BGGs (MZ 4592, MZ 5388 and MZ 9014) it was not possible to perform
the Lick indices analysis thus no stellar population parameters were available. However
since these quantities were not used for the clustering analysis the groups were included.
The magnitude gap could not be calculated for three groups because they only had one
galaxy within %Rgooi MZ 4940, MZ 5293, MZ 5388. These groups were excluded from

the clustering analysis which thus only contains 22 groups.
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4.1.5 Environmental properties

The environmental properties are an attempt to describe the global environment sur-
rounding the group.
To study the large scale structure (LSS), the distribution of galaxies extracted from
the 2dFGRS within 10 Mpc from the group centroid and +£1500 km/s from the group
redshift was visually inspected. Four different LSS environments were defined (see Fig-
ure :
1) isolated group: lack of galaxy overdensities up to at least 5 Mpc;
2) group offset from a cluster: presence of a large structure between 5 and 10 Mpc, but
no obvious link with the group visible;
3) group part of a sparse supercluster: presence of several structures within 10 Mpc of
the group, but no obvious link with the group visible;
4) group part of a supercluster: presence of large structures near the group, visibly
linked with each other and with the group itself.

As a further measure of the large scale environment the projected density of galaxies

within +£1500 km/s were calculated from 1 to 3, 3 to 5 and 5 to 10 Mpc respectively.

Table summarises all the parameters available for the correlation and multi-variate
analysis described in the following two sections: the notation used, the name of the
variable, its definition, the range of values (minimum and maximum), the number of

groups for which the parameter is available and if the quantity has been logged.
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Figure 4.3: Example of four groups in the different categories: an isolated group in the
top left corner, a group offset from a cluster in the top right, a group part of a sparse
supercluster in the bottom left panel, and a group part of a supercluster in the bottom
right. The contours show the density of points on the plot; the dashed circles are the
radii at 1, 3, 5 and 10 Mpc respectively. The group members are contained within 1
Mpec (inner dashed line), the green triangles are known Abell clusters. See Appendix 1
for full sample plots.
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4.2 Multi-variate Data Analysis

4.2.1 Correlation Analysis

The first step of the analysis consisted in studying the correlation between variables to
confirm known trends and to identify new ones. To do this a Spearman rank correlation
test was performed on each pair of parameters (excluding Mgy and Ragy because they
are directly derived from o, see Equations and , the results can be seen in Figure
The significance of the result, determined using the p-value, is indicated by the
symbols; three stars are used for a p-value of 0, two stars for 0.001, one star for 0.01,
the small square for 0.05, and no symbol for higher values.

Some of the parameters were correlated by construction as expected, for instance all
the variables containing information about how massive the system is (i.e. o, integrated
far ultra-violet luminosity (intLpyy ), and other scaling properties). However, other
correlations were found to be more interesting and/or surprising and will be discussed
further.

The most straightforward observable related to the total system mass is the velocity
dispersion, o, so correlations with it are of particular interest. The velocity dispersion
is anti-correlated with the stellar mass fraction (slope = -0.76 with p-value = 0), in-
dicating that more massive systems contain more dark matter than stellar content, in
agreement with previous studies [e.g. |Giodini et al., 2009; (Gonzalez et al.l 2007]. Two
other interesting correlations regarding o are with BGG Sersic index and environmental
parameters. The first one indicates that more massive systems have bulge dominated
BGGs, and so could indicate that they are in a more advanced evolutionary state.
Interestingly, the R band luminosity of the BGG does not correlate with o, nor with
Sersic, which rules out the potential that the o-Sersic correlation was simply reflecting
an underlying BGG luminosity trend.

Additionally, the correlation with environmental parameters shows that more massive
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systems tend to populate denser regions. While the most significant correlation is with
the 3 Mpc environmental parameter, there are still strong correlations on the scale of
10 Mpc. Intuitively, this means that groups have been able to grow accreting mass from
their surroundings, this explanation is consistent with a standard picture of hierarchical
growth in which the most massive systems reside in more massive locations.

UV sSFR is anti-correlated with the luminosity of the BGG (slope = -0.54 with
p-value = 0.001), thus the star formation is quenched in systems with a high mass
BGG, which is a typical sign of an older structure. Notice that there is no similar
correlation between UV sSFR and o. While intLpyy and UV SFR and sSFR are all
anti-correlated with the stellar mass fraction (slope = -0.55 with p-value = 0.001, slope
= -0.60 with p-value = 0.001, slope = -0.64 with p-value = 0.001 respectively), only
UV sSFR is uncorrelated with . This seems to indicate against a simple halo mass
dependence, and may again point to sSFR being fundamentally linked with the state
of the group.

The stellar mass fraction is anti-correlated with two environmental parameters: the
LSS and the density at 3 Mpc (slope = -0.52 with p-value = 0.001, slope = -0.53 with
p-value = 0.001 respectively). This could indicate that in less dense areas the dark
matter haloes are smaller and, as expected for smaller haloes, they have a higher ratio
of visible matter. Another interesting correlation of the stellar mass fraction is with
the total metallicity ([Z/H]); low mass systems have higher metallicity. Notice that, if
treating the galaxies as a whole, this is in the opposite direction to the standard galaxy
mass-metallicity relation, which has higher metallicity for higher mass galaxies. This
correlation does not have an obvious driver, but may reflect the more evolved state of
the group.

The NUV — R colour of the BGG correlates with the density parameters (i.e. 3, 5,
10 Mpc) (slope = 0.53 with p-value = 0.001, slope = 0.52 with p-value = 0.001, slope

= 0.63 with p-value = 0 respectively) suggesting that the star formation is somewhat
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linked to the large scale environment (i.e. suppressed in denser large scale environment).
However, the BGG colour does not correlate with ¢ and this might again reflect that
there are fundamental correlations that are not only governed by the system mass.

Indicators of the formation history of a group are always powerful as probes of the
growth of structure. As might be expected, the magnitude gap (maggqp) between the
first and second brightest galaxies in the group correlates weakly with the Age of the
BGG (slope = 0.41 with p-value = 0.05). Similarly, the maggq, anti-correlates with the
distance between the BGG and the center of the group (slope = -0.57 with p-value =
0.001). This would suggest a natural scenario where magqqp reflects how evolved the
system is.

Although also the absence of correlation could be significant, given the high number
of parameters it was not possible to infer it.

Most of the correlations observed show some sort of dependence on the mass of
the system, and they support the idea that more massive structures are older, hence
in a more advanced evolutionary state. This is probably the case in dense large-scale
environments, where lots of material is available for accretion and, as time go on, a
group grows. However, this may not be the case for isolated systems, which could be
in a relaxed dynamical state, but stay small since there is nothing to accrete from the

surrounding regions.

4.2.2 Multivariate Data Analysis

In the previous analysis, there can be a concern that the correlation between two
parameters is reflective of a third driving parameter, or that such an analysis will miss
correlations that more parameters have in common. In an attempt to do a fully multi-
dimensional analysis which looks for the common origin of the correlations, the second
stage of the analysis consisted of identifying different classes of groups using all the

parameters available. To do this, a statistical clustering analysis was performed using
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Figure 4.4: Correlation plot: in the lower left triangle the scatter plot for each pair of parameters are shown;
on the diagonal there are the histograms showing the distribution of each variable; in the upper right triangle
it is shown the result of the Spearman correlation test, highlighting the significance of the result obtained using
the p-value (three stars for p=0, two stars for p=0.001, one star for p=0.01, and one small square for p=0.05).
The numbers shown on the four sides are the lower values for each variable. This plot is solely shown with the
purpose of displaying the large number of parameters available and analysed, the results are discussed in the
text.
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X-means [Dan Pelleg, 2000].

X-means

X-means is an algorithm used to find statistical clustering of points in n-dimensions. It
is an extension of a previously existing algorithm called k-means [Bishop, [1995; Duda
and Hart|, [1973].

The original algorithm, k-means, divides the input data points into & subsets, called
clustersﬂ7 where k is given by the user. To do this, it defines £ random centroids and
calculates the distance of all points to each centroid, assigning membership according to
the minimum distance obtained. Once the membership is determined the new centroids
are calculated averaging the n-dimensional coordinates of all the points, the process is
iterated until the result converges (i.e. the algorithm always finds the same centroid
and assigns the same membership).

The main improvement of X-means is that it optimises the number of classes found,
requiring only a lower bound to start with. Figure schematically shows how the
optimisation process works. After k-means has found a stable result for the lower bound
set by the user ), it splits the centroids in two random and opposite direction within
the boundary, and at a distance proportional to the size of the class ) Then k-
means is run again within the ‘parent’ distribution for each pair of new centroids (i.e.
k-means with k=2) (4.5c). The algorithm uses the Schwarz criterion to determine
whether the new result ) models the distribution better than the previous one
(4.50) or not, and kills either the old ‘parent’ centroid or the new ‘children’ centroids
(4.5e). If the new classes better describe the data distribution, the same procedure
is repeated until the ‘parent’ centroid is chosen as best result. For more details see

Dan Pelleg [2000].

n the rest of this work a cluster will be referred to as a class, to avoid confusion with the term
cluster of galaxies.
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a)

Figure 4.5: Cartoon explaining the optimisation of the number of classes k performed
by X-means. The black lines represent the boundary between the classes, in red are
shown the centroids. The number of cluster optimisation start after k-means has found
a stable result for the lower bound set by the user a). Then it splits the centroids in two
in a random and opposite direction within the boundary, and at a distance proportional
to the size of the class b). k-means is run again within the ‘parent’ distribution for
each pair of new centroids (i.e. k-means with £=2) ¢). A model selection criterion
determines whether the new result d) models the distribution better than the previous
one a) or not, and kills either the old ‘parent’ centroid or the new ‘children’ centroids e).
If the new classes better describe the data distribution, the same procedure is repeated
until the ‘parent’ centroid is chosen as best result.
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Originally, due to missing data this analysis was performed on 17 groups. Before
the clustering analysis, the set of data containing all the parameters available were
normalised using the standard deviation of their distribution. Then the data were
fed to the algorithm, setting the initial minimum class number to 2 and allowing 100
iterations per run and a total of a hundred runs.

A stable result was obtained, finding 2 classes with constant membership, a low

mass groups class and a high mass groups one. Not surprisingly, these classes were
dominated by mass dependence which prevailed over any other property. In Figure
it is shown a plot of NUV-R vs Sigma where the groups were divided according to
their mass as shown by the two symbols, although there is an obvious visual grouping
in NUV-R. This suggested that mass was not allowing a clustering based on any other
property, effectively hiding any other classification.
Therefore, the next step was to exclude the mass dependent variables from the analysis.
Furthermore, since in the following stage of the analysis the galaxy properties will
be explored as a function of the group classes, they were excluded as well in order
to remove any potential circularity. Variables dominated by low statistics were also
discarded from the analysis in order to lower the noise introduced in the clustering
analysis by unreliable, or in some way biasing, parameters. From this point onward
also the density at 10 Mpc was excluded given its strong correlation with the density
at 5 Mpc.

The exclusion of some of the parameters allowed to include more groups, thus the
analysis was performed on 22. The final set of parameters used in the clustering analysis
were: magnitude gap, stellar mass fraction, density at 3 and 5 Mpc, BGG distance from
the centroid, ellipticity of the group, R+ parameter (described in section , and R-
band luminosity, Sersic index and NUV — R colour of the BGG.

X-means found a stable result, identifying 4 classes (see Table [4.2)). In 20% of the
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Figure 4.6: The plot shows how, in the first run of X-mean, the clustering is dominated
by the mass of the systems. The two symbols represent the two classes obtained, the
green crosses are the centroids of each class.
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A B C D

3182 | 770 1766 | 9137
3849 | 3541 | 3067 | 9307
4548 | 3698 | 4001 | 10451
4577 | 4592 | 4881

9994 | 5383

10167 | 8816
9014
9069
10300

Table 4.2: This table shows the class memberships. The numbers are the groups ID
(MZ*).

iterations two classes were joined, but they will be kept separated for the rest of the
analysis and eventually rejoined if the galaxy properties will not show any difference.
The stability of this result was confirmed by the fact that the final clustering was mostly
consistent with that obtained in various check runs done excluding few variables at the
time.

As a further check, the values for each of the ten parameters used in the clustering
analysis were simulated in 30 iterations. The new points were distributed within each
class according to the mean and standard deviation of the values in the class itself.
The clustering analysis was re-run for each of the 30 iterations to check the new class
assignment for each group.

The significance that a given group is in its class rather than another class is given by:

(No. in original group — No. in next group) /Viterations. (4.7)

The result summarised in Table and Figure [4.7) confirms that the reliability of the
clustering is > 3 o confidence level for all the groups hence confirming the robustness
of the result.

After identifying the four classes, the value for every parameter was plotted for each
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group # in # in confidence level

main group | next group (o)

MZ770 22 5 3.10
MZ1766 25 2 4.20
MZ3067 25 2 4.20
MZ3182 28 2 4.75
MZ3541 24 3 3.83
MZ3698 26 2 4.38
MZ3849 25 3 4.02
MZ4001 24 3 3.83
MZ4548 28 1 4.93
MZ4577 30 0 5.48
MZ4592 25 5 3.65
MZ4881 24 2 4.02
MZ5383 23 4 3.47
MZ8816 24 2 4.02
MZ9014 24 3 3.83
MZ9069 21 4 3.10
MZ9137 21 4 3.10
MZ9307 22 4 3.29
MZ9994 27 2 4.56
MZ10167 23 5 3.29
MZ10300 21 4 3.10
MZ10451 22 4 3.29

Table 4.3: Table showing the results obtained for the clustering analysis after the MC
simulation of the points. The first column shows the name of the groups; the second
the number of times the groups were classified in the same class as the main analysis;
the third the number of times the groups were classified in the second most probable

class; the fourth is the significance calculated as in Equation
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Figure 4.7: Each plot shows a histogram containing the classification of every group for
each run of the clustering for the simulated points. The class assigned using the real

data is shown by the dashed red vertical line.
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group in the four classes (Figure , the parameters used in the multi-variate analysis
are shown in red.

It can be observed in the plot that, despite the fact that none of the mass related
parameters were included in the analysis, the clustering shows a separation in mass
well visible in the sigma plot, where the left two classes are low mass systems (class A
and B), whereas the other two are the high mass systems (class C and D).

One of the main differences between the two low mass systems is the UV sSFR which
looks enhanced in class A. This same class appears also to have a peculiar behaviour in
the stellar mass fraction parameter, which is lower than expected in that mass range.
In fact as previously observed more massive systems contain more dark matter than
stellar content and vice versa [e.g. |Giodini et al., 2009; Gonzalez et al., 2007]. It can
be expected that this value will increase thanks to the ongoing star formation, and,
at a later stage, will be the same as that of class B, effectively making the groups in
A and B part of the same class. The BGG distance of this highly star-forming class
spans a wide range of values, as expect for systems in an early stage of formation, and
NUYV — R colour and age are consistent with the UV sSFR. Another difference between
the two low mass classes is the density at 3 Mpc, lower for class B than for class A. This
might imply that galaxies are still accreting in class A groups, while class B groups are

isolated.

4.3 Discussion

The aim of this work is to perform a systematic study of galaxy groups with the aim
to find correlations within the multi-wavelength data available, and be able to divide
the groups in different classes according to their evolutionary state.

From the correlation analysis it is clear that the main driver of the group properties

is the mass. High o groups, hence more massive groups, show the expected trend in
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Figure 4.8: Each plot shows the value of every parameter for each group in the four
classes. The dashed line shows the mean for that parameter calculated for all the
groups. In red are plotted the variable used in the X-means clustering analysis.
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stellar mass fraction, have bulge-dominated BGGs, and live in denser environments.
The presence of an elliptical galaxy in the centre of the group is a clue of an evolved
system, (i.e. the group looks like a small scale cluster), hence it is not expected to
observe star formation getting closer to the centre, which is supported by the correlation
with the UV properties. These results agree with the hierarchical growth of structures
scenario: galaxies meet for the first time and are observed as a poor, not strongly bound,
group of field-like galaxies. Then more galaxies accrete from the surrounding regions
and the system slowly moves toward gravitational equilibrium with the formation of a
larger dark matter halo. The group, whether relaxed or not, continues to accrete new
members, eventually groups will merge or will be accreted by larger clusters.
However, because groups can be in a big variety of dynamical states, there is the
chance to observe different stages of their evolution. Hence, it would be interesting to
be able to separate these stages, classifying the groups according to their properties,
other than their mass. Thanks to a statistical clustering analysis performed on selected
parameters which describe different properties of the system, except for the total mass,
four classes of groups are found.
Interestingly, the mass remains the dominant parameter in the characterization of a
group evolutionary state. In fact the four groups can still be divided into two low mass
(A and B) and two high mass (C and D) group classes.
C and D do not show many differences except for a few parameters, these are in fact
the classes that are joined in some runs of the clustering analysis. The differences are
in sSFR, R-band luminosity, age and metallicity of the BGG, which suggest ongoing
star formation, hence younger stellar population, in class D despite the fact that this
was expected to be in a more advanced evolutionary state given its mass. Also class
D contains only three groups suggesting that these kind of groups are rare. It will
be possible to better understand this with the study of the galaxy properties, but in

the meantime assumptions can be made about the possibility of these being disturbed
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systems, for example the BGG could be experiencing a merger, or the whole group
could be in the process of infalling into a larger cluster.

Class A and B show more striking discrepancies. Given that these low mass classes
were predicted to contain no relaxed groups, high SFR is expected to be seen in both,
this is however only observed in class A, while class B simply looks like a small scale
version of class C (e.g. the systems look in an advanced evolutionary state, but with
smaller mass). This last point could be explained by the fact that class B groups reside
in a low density environment, hence they are not surrounded by galaxies or gas to
accrete. However, there is a large spread in stellar mass fraction which could indicate a
wide range of dynamical states: some of the groups are small because they are isolated,
others are still in an early stage of their evolution.

The most distinct class is A. Apart from the high UV sSFR, all the groups have low
metallicity; SF metal poor galaxies are typical of the field and this suggests that they
may be encountering each other for the first time, as it is also suggested by the large
spread of BGG distances, since the brightest galaxy would be expected to occupy the
centre of the halo in an evolved system. Furthermore, the stellar mass fraction is low
compared to what expected for small haloes, thus it is reasonable to argue that the
galaxies are not yet part of the same dark matter halo. If it was possible to observe the
groups in this class in a later evolutionary stage, the star formation would be expected
to have increased the stellar mass fraction to a value comparable to that of class B,
and had been quenched by interaction with the evolved intra-group medium (IGM) and

with the other group members.

After observing the different properties of these four classes, the galaxy properties and
their relation with the different evolutionary state of groups will be studied. Ultimately,

the aim is to be able to find new insights in the galaxy evolution process, what affects
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it and on what time scale, and in the formation of large structures in the Universe.
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Chapter 5

Properties of (zalaxies within

Classes of Groups

The aim of this chapter is to study the properties of galaxies belonging to the four
different group classes defined in Chapter [d] with the aim to disentangle the different
evolutionary states of the groups and to determine the effect these have on the evolution
of galaxies.

The group classification showed that mass, both the halo mass and the mass traced
by the luminous matter, is a key parameter in the characterisation of a system, so by
studying the galaxy properties in the different classes a different trends reflecting the
system state is expected. Several key diagnostics for the star formation, morphology
and metallicity of these galaxies will be investigated in an attempt to unravel the
connections between evolutionary state and galaxy property.

The generally accepted mass-metallicity relation |[Tremonti et al., |2004] states that
high mass galaxies have high metallicity. More recently the metallicity have been stud-
ied in the context of environment. |Cooper et al| [2008] studied SDSS galaxies and
observed that galaxies in high density environment have higher metallcity. Similarly

Ellison et al.| [2009], also using SDSS galaxies, observed that galaxies in denser local
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environment had higher metallicity, whether they were cluster members or not. Con-
versely, [Hughes et al| [2013] observed no dependence of the mass-metallicity relation
with environment. Mannucci et al.| [2010] uncovered a relation between metallicity and
stellar mass: low-mass galaxies have lower metallicity the higher the SFR, while no
dependence is observed for high-mass galaxies. In relation to this study, [Peng and
Maiolino [2014] studied the mass-metallicity dependence with environment using SDSS
galaxies and distinguishing between central and satellite galaxies. Similarly to Man-
nucci et al.| [2010] they observed that satellites in denser environment, thus with less
star-formation have higher metallicity, while centrals, more massive show no such de-
pendence. Furthermore the differences between the two populations are smaller at
higher masses.

The galaxies studied in this work, independent of the class, follow the general mass-
metallicity trend |Tremonti et al., [2004], as shown in Figure in spite of the smaller
mass range analysed in this study. The larger plot shows all the classes together plotted
in different colours (class A in black, B in red, C in blue, and D in green), two different
symbols have been used for galaxies within Rgg (circles) and outside Rggo (crosses).
The smaller plots on the right represent each class, where the same general trend is
followed by all the distributions, but the range in mass and metallicity varies, with
class A having the smallest distribution in both parameters. The number of galaxies
in the plots reflect the number of spectra for which it was possible to perform a Lick
indices analysis. The outliers (i.e. highly scattered low-metallicity high-mass galaxies
and high-metallicity low-mass galaxies) could be due to the high uncertainty in the
determination of the metallicity, as shown by the size of the errobars, but may also re-
flect unique galaxy properties and should be further investigated. The galaxies outside
R2go do not show any difference in their distribution on the plot, except in class A and
B where they appear to be systematically at lower metallicity. This could reflect the

fact that they are field galaxies in the process of being accreted by the groups, but this
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Figure 5.1: These plots show the mass-metallicity relation: on the x-axis is plotted the
stellar mass, on the y-axis the metallicity. The bigger plot on the left shows all the
classes together represented in different colours: class A in black, B in red, C in blue,
and D in green. The circles are used for galaxies within Rggg, the crosses for galaxies
outside Rggg, the squares show the BGGs. The smaller plots on the right show the
same relation for each class. In the bottom right corner of the main plot the typical
size of the errorbars is illustrated.

hypothesis needs further investigation. Strangulation, or stripping, processes is likely
to move galaxies at fixed stellar mass to higher metallicity.

Exploiting the availability of multi-wavelength data, another general relation stud-
ied is between NUV-R colour and R-band magnitude, previously analysed by [Ras-
mussen et al., [2012] using the FUV-NUV coulour. Similarly to this previous work,
the trend observed confirms that passive galaxies are the brightest in the R-band (see
Figure . However, faint passive galaxies are not included in this study because
their UV luminosity is lower than the detection threshold. The plot, similarly to the

previous one, shows the classes in different colours (A in black, B in red, C in blue, and
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Figure 5.2: These plots show the NUV-R colour-magnitude relation: on the x-axis
is plotted the absolute R-band magnitude, on the y-axis the NUV-R colour. The
horizontal dashed line at NUV - R = 4 divides passive from star-forming galaxies,
while the diagonal red dashed line shows the detection threshold. The bigger plot on
the left shows all the classes together represented in different colours: class A in black,
B in red, C in blue, and D in green. The circles are used for galaxies within Ragg, the
crosses for galaxies outside Ragg, the squares show the BGGs. The smaller plots on the
right show the same relation for each class.

D in green) and the galaxies within and outside Ragp are represented with two different
symbols, circles and crosses respectively. The dashed line at NUV-R = 4 separates
the passive from the star forming galaxies [Salim et al., [2007], the red diagonal dashed
line shows the detection threshold. The same plot split into classes does not show any
substantial difference, neither does the distribution of galaxies within and outside Rogg.

As it was obvious from the plots showing the single classes, the distribution of
galaxies are very different from one class to the other. To better quantify this, Figure
[.3]shows the luminosity function for each class, as described in Chapter [3|the catalogue

is 100% spectroscopically complete down to Mz = -20, with an even deeper photometric
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Figure 5.3: Plots showing the luminosity function for each class: the absolute R-band
magnitude is on the x-axis, while the number of counts in logarithmic scale is on the
y-axis.

completeness as in 2dF, and with no slit collision thanks to the multiple pointings in
the group central regions. Classes A and B contain small mass groups hence the small
number of galaxies, class D small number reflect the fact that it only contains three
groups. The most noticeable characteristic of the luminosity functions is that class
A and D lack bright galaxies compared to the other two. For class A this could be
explained by the small mass of the groups, on the contrary class D contains massive
groups, however they appear to be disturbed hence not virialised, this implies that the
velocity dispersion could have been overestimated and so the mass. Additionally, the
almost flat distribution could be explained by the absence, in galaxy groups, of galaxies
comparable to the most massive galaxies in the Universe as seen in big clusters.

To study the galaxies in each class separately, it is interesting to plot the projected

phase-space diagram showing the radial dependence of the velocity of each galaxy. This
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is useful to deduce the infalling history of galaxies in groups and clusters, in fact, as
shown by Haines et al.| [2012] galaxies accreted at different epochs occupy different
regions of the diagram: passive galaxies accreted early are found at small radii and
velocities, while recently accreted objects occupy all the radial and velocity regions.
A third important class is made of the so-called backsplash galaxies, namely those
galaxies which have crossed the cluster core once, hence have interacted with the en-
vironment, but have not yet set in the virialised region [Balogh et al., 2000]. These
galaxies occupy an intermediate region at high radii and small velocities compared to
the recently accreted ones. A study by Noble et al.|[2013] quantified the regions on the
phase-space diagram using lines of constant (R/Ragg) X (Av/0), called caustic lines,
the three population of galaxies are now defined as follows: virialised galaxies are found
within 0.1 (R/Rggp) x (Av/o), backsplash galaxies between 0.1 and 0.4 (R/Rggp) X
(Av/o), and recently accreted galaxies reside outside 0.4 (R/Ra00) x (Av/o). [Muzzin
et al. [2014] confirmed that quiescent galaxies are found at small radii and velocities,
while post-starburst galaxies occupy a ring on the diagram at small radii, but high
velocities, avoiding the cluster core, similarly to backsplash galaxies. This might sug-
gest that post-starburst have crossed the cluster core once and have experienced a fast
quenching mechanism. A similar results is also found by |Jaffé et al.| [2015] which stud-
ied the HI deficiency of galaxies in cluster and observed that they appear to occupy
the same region as backsplash galaxies suggesting that the environmental effects, such
as stripping, are experienced by a galaxy during its first crossing.

Despite galaxy groups not being well studied in phase-space because of the small num-
ber of members which makes the centroid definition highly uncertain, it can be assumed
that they are small-scale clusters. Thus the study of their phase-space diagram should
give some insight on their dynamical state. For instance more massive groups with a
bright elliptical galaxy in the centre can be expected to be relaxed in the core simi-

larly to clusters, hence have a similar phase-space galaxy distribution. Galaxies in less
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massive groups or at an early stage of their formation can be expected to populate
areas of the diagram at higher radii and velocities, typically populated by infalling or
backsplash galaxies in clusters.

In this work different phase-space diagrams were studied, each one colour coded accord-
ing to some of the most meaningful galaxy properties: morphology (i.e. Sersic index),
R-band magnitude (i.e. mass), and NUV-R (i.e. star formation activity). We expect
the diagram to be similar to that of massive clusters if the groups are virialised, or we
expect to see the regions at high redius and velocity to be the most populated if the
group is in its formation phase.

The first diagram shown is colour coded according to the Sersic index value for each
galaxy (see Figure. We decided not to assign a morphology to a certain Sersic value
due to the uncertainty in this measurement, moreover the Sersic index for BGGs could
be due to extended emission and not indicative of its morphology. Thus the Sersic
continuum was used, as it was for the clustering analysis, being a direct measurement
and not a derived quantity. However in some studies Sersic values > 2.5 are considered
to describe bulge-like galaxies [Patel et al.l 2012].

In this plot and all the following phase-space diagrams the BGG is shown with a square
symbol, the galaxies withing Ragg are circles and those outside are crosses. Simply
looking at the distribution of points on the plot, a few differences between the classes

can be observed:

e Class A shows an asymmetric distribution of galaxies, supporting the hypothesis
that the groups are not relaxed, as suggested by the study of phase-space diagrams
indicating that galaxies at higher radii and velocities are likely in the process of

being accreted by a larger halo;

e (Class B and D seem to lack galaxies at small radii, suggesting that the groups are

either not virialised, or disturbed, for example some galaxies might have moved in
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the phase-space diagram because they were experiencing mergers and thus have
high velocity offsets. Another possibility for class B is that, given the small mass
of the groups, there are simply not many galaxies overall, nor new ones to accrete,

this explanation does not hold for class D which contains high mass groups;

e Class C shows a concentration of bulge-like BGGs (i.e. high Sersic index value)
at small radius and velocity, suggesting that this class contains the most evolved
systems in the sample, again this is supported by previous studies of phase-space
diagrams showing that the galaxies residing at small radii and velocities are in

virial equilibrium.

In classes A and B some of the BGGs are late-type galaxies giving a further evidence
that these groups are not yet relaxed. Globally, the colour coding shows that bulge-like
galaxies, including the BGGs, tend to be concentrated at small radii, it also shows that
apart from class C, the groups do not have a large population of these morphological
types. This might indicate that these groups have not reached densities that affect
the morphology type of the galaxies, meaning that they are still in a collapsing phase,
similarly to what was observed by |Oemler| [1974] .

The second interesting quantity to study in the phase-space diagram is the absolute
magnitude in the R-band (Figure , since it is strongly correlated with the galaxy
mass. The R-band magnitude was chosen instead of the mass because it is a direct
measurement and does not add uncertainty deriving from assumptions in the mass
calculation. Brighter galaxies in R-band are displayed in a darker shade of red. The
larger number of galaxies at higher radii compared to the previous plot is due to a
higher R-band completeness thanks to the available data from 2dF for which a Sersic
index analysis was not performed. The brightest galaxies are concentrated at small
radii and, in class C, also at small velocity. This result is somewhat expected given

that bulge-like galaxies are usually also the most massive. Class A seem to be the only
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Figure 5.4: Phase-space diagram colour-coded according to the Sersic index value plot-
ted for each class: on the x-axis is shown the radius in units of Rogg, on the y-axis the
difference between the galaxy velocity (cz) and the average group velocity, normalised
by the velocity dispersion of the group. The circles are used for galaxies within Rogg,
the crosses for galaxies outside Rogg, the squares show the BGGs.
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Figure 5.5: Phase-space diagram colour-coded according to the absolute R-band mag-
nitude plotted for each class: on the x-axis is shown the radius in units of Rggg, on the
y-axis the difference between the galaxy velocity (cz) and the average group velocity,
normalised by the velocity dispersion of the group. The circles are used for galaxies
within Rggg, the crosses for galaxies outside Ragg, the squares show the BGGs. The
brighter the galaxy the darker the colour.

one lacking bright galaxies at all radii. As expected the BGGs are the most massive
members of the groups.

Since the star formation rate is one of the most interesting variable in the environ-
mental study of galaxy properties, a useful parameter to exploit is the NUV-R colour.
The choice of using the colour instead of the SFR was dictated by the fact that the
former is a direct measurement, also the SFR is a combination of different physical
quantities and in a multi-variate analysis can introduce a redundancy. A work done by
Salim et al.| [2007] showed that the distinction between star-forming and passive galax-
ies occurs at NUV-R = 4, higher values are typical of passive galaxies (in red in the

plot), while below resides the star-forming population (in blue and white in the plot).
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Figure 5.6: Phase-space diagram colour-coded according to the NUV-R, colour plotted
for each class: on the x-axis is shown the radius in units of Regg, on the y-axis the
difference between the galaxy velocity (cz) and the average group velocity, normalised
by the velocity dispersion of the group. The circles are used for galaxies within Rogg,
the crosses for galaxies outside Rogg, the squares show the BGGs.

The phase-space diagrams showed in Figure has a smaller number of data points
than the previous two due to the availability of UV data for less galaxies. However the
distribution of passive galaxies is coherent with the morphology and mass of the galax-
ies as observed in the previous plots, in fact passive galaxies tend to be concentrated
toward the centre of the groups. Particular attention needs to be paid to classes A and
C, the former lacks passive galaxies (apart from an isolated case), the latter reveals a
more uniform distribution of passive galaxies at all radii which may indicate that the
galaxies have experienced some sort of quenching, supporting the idea that this class
contains the most evolved systems.

To better study the star-forming and passive galaxy population, it was useful to

plot the radial dependence of the NUV-R colour and, using the colour coding, directly
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relate it to the other two parameters just studied: Sersic index value (Figurgb.7)) and
absolute R-band magnitude (Figurep.§)).
Both the plots show somewhat similar results despite the different number of data

points as described above:

e class A shows no passive bright bulge-like galaxies;

e class B and D have few passive bright and bulge-like galaxies mainly concentrated

at small radii;

e class C has many passive galaxies, the bright ones are found mostly in this area
of the plot and distributed out to Rogg, the bulge-like galaxies are passive as well,

but are mainly concentrated at small radii.

A direct comparison between NUV-R colour and Sersic index values is shown in
Figure As expected bulge-like galaxies tend to be passive, however the passive
region of the plot is also populated by low Sersic index galaxies, this is more evident if
the single classes are plotted. As previously noted, class A has no passive galaxies, class
B and D have passive galaxies all above Sersic = 2, while class C has a large population
of low Sersic passive galaxies that could be associated with the known population of
passive spirals observed by |[Masters et al., 2010; [Wolf et al., 2009].

To study in more detail the star-forming properties of the galaxies in the different
classes of groups it is interesting to look directly at the stellar population properties
(i.e. age, [Fe/H], [E/Fe]) using the results obtained in the Lick indices analysis (see
3.5).

Figure [5.10| shows a plot of age and iron-elements abundance colour coded according
to the a-enhancement (yellow shows low a-enhancement, red high). The symbols are
used as before to indicate galaxies within Rogg (circles) and outside Rogg (crosses), the

BGGs are plotted as squares. The stellar population light-weighted age roughly spans
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Figure 5.7: Plot showing the radial dependence of the star formation activity based
on the NUV-R colour and colour coded according to the Sersic index value: the x-axis
shows the radius in units of Ragg, the y-axis the NUV-R colour. The circles are used for
galaxies within Rogg, the crosses for galaxies outside Rogg, the squares show the BGGs.
The dashed lines separates the star-forming from the passive region.
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Figure 5.10: Plot of light weighted age against iron-element abundance ([Fe/H]) colour-
coded according to the a-element abundance ([E/Fe]) shown for each class: the loga-
rithm of the age is on the x-axis, [Fe/H] on the y-axis. The symbols are circles for the
galaxies within Rggg and crosses outside, the squares show the BGGs.

from 1 Gyr to the age of the Universe in all classes, while the metallicity varies from
class to class. Class A spans a small metallicity range around solar values or slightly
less, the BGGs span the entire age renge but have high metallicity. Old galaxies in
class B, ~ 10 Gyrs, span a broad metallicity range going well below solar metallicity,
while the younger galaxies are distributed similarly to those in class A, but they can
be slightly metal richer. In this class, apart from one exception, the BGGs are old and
metal rich. Class C and D have a similar distribution, however class C galaxies extend
to lower ages and metallicity and in class D the BGGs have a distribution similar to
class A. The a-enhancement does not show any particular trend.

Figure and shows the age-metallicity plot colour coded by R-band absolute

magnitude and Sersic index respectively to be able to compare with the results obtained
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Figure 5.11: Plot of light weighted age against iron-element abundance ([Fe/H]) colour-
coded according to the absolute R-band magnitude shown for each class: the logarithm
of the age is on the x-axis, [Fe/H] on the y-axis. The symbols are circles for the galaxies
within Rogg and crosses outside, the squares show the BGGs.

in the previous plots, again the symbols used are circles within Rggg and crosses outside,
BGGs are shown as squares. In the Sersic index colour coded plot, it is interesting to
notice that bulge-like galaxies are old and with high metallicity in class B and C,
while the few in class A and D have younger age. Looking at the R-band magnitude
colour-coded plot the reddest galaxies, hence most massive, are the oldest and those
with higher metallicity in class B and C, while they are lacking in class A and D as
previously observed. The BGG properties also show the same trend observed before.

Figure and shows that old galaxies have high a-enhancement and are the
brightest in the R-band and more bulge-like in class B and C. Class A and D do not
have bright galaxies, A also lacks bulge-like galaxies. This confirms the hypothesis that

these groups are still in a building phase, hence the galaxies are field-like galaxies. Class
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Figure 5.12: Plot of light weighted age against iron-element abundance ([Fe/H]) colour-
coded according to the Sersic index value shown for each class: the logarithm of the age
is on the x-axis, [Fe/H] on the y-axis. The symbols are circles for the galaxies within
Rogo and crosses outside, the squares show the BGGs.
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Figure 5.13: Plot of light weighted age against a-element abundance ([E/Fe]) colour
coded by the absolute R-band magnitude shown for each class: the logarithm of the age
is on the x-axis, [Fe/H] on the y-axis. The symbols are circles for the galaxies within
Rogo and crosses outside, the squares show the BGGs.

D similarly to class A does not have bright red galaxies, however in this case this can be
attributed to the ongoing star formation, despite the fact that most galaxies are bulge-
dominated. This suggests that this group are going through some sort of dynamical
perturbation (e.g galaxy mergers, infalling of the group into a larger structure).

The plot comparing the two families of metal abundances (i.e. Fe-peak elements and a-
elements) in Figure and suggests that the brightest galaxies, belonging to class
B and C, are more a-enhanced, while bulge-like galaxies span all the a-enhancement
range. There are no clear differences among the classes: this could signify that the
metal enrichment history of galaxies is independent on the environment in which the

galaxy evolves.
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Figure 5.14: Plot of light weighted age against a-element abundance ([E/Fe]) colour
coded by the Sersic index value shown for each class: the logarithm of the age is on the
x-axis, [E/H] on the y-axis. The symbols are circles for the galaxies within Rogo and
crosses outside, the squares show the BGGs.
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Figure 5.15: Plot of light weighted iron-element abundance ([Fe/H]) against a-element
abundance ([E/Fe]) colour coded by the absolute R-band magnitude shown for each
class: [Fe/H] is on the x-axis, [E/H] on the y-axis. The symbols are circles for the
galaxies within Rggyp and crosses outside, the squares show the BGGs.
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Figure 5.16: Plot of light weighted iron-element abundance ([Fe/H]) against a-element
abundance ([E/Fe]) colour coded by the Sersic index value shown for each class: [Fe/H]
is on the x-axis, [E/H] on the y-axis. The symbols are circles for the galaxies within
Rogo and crosses outside, the squares show the BGGs.
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5.1 AGNs Properties

The environment can affect not only a galaxy stellar population and morphology, but
also the activity of its central black hole. For this reason it is interesting to study AGN
population related to the environment. With this purpose in mind two of the three
diagnostic diagrams originally used by Baldwin et al.| [1981] were plotted using Ha, H,
[OI1I], [NII], and [OI] emission lines (see Figures and [5.18). The third diagnostic
diagram could not be studied because the [SII] line was not available due to the quality
of the spectra at red wavelengths. The curves on the diagrams were empirically obtained
by [Kewley et al.|[2006], and they divide the star-forming galaxies and the AGNs. The
galaxies shown in the plots are all those for which the emission line measurements were
available, hence the completeness reflects the spectroscopic completeness described in
Chapter |3] The equivalent width errors are dominated by systematic effects dependent
on the GANDALF emission line fit and are due to uncertainty in the kinematic of the
gas, hence a Monte Carlo simulation would be required to properly estimate them.
The first diagnostic diagram (Figure uses the [NII] and [OIII] lines together
with two Balmer lines, Ho and Hf3, the solid line divides the AGNs (above) from the
star-forming galaxies (below), the dashed line further divides the star-forming galaxies
from those galaxies which are both star-forming and show some signs of AGN activity
(i.e. composite). Again galaxies within and outside Rggp are shown with two different
symbols (circles and crosses respectively), the BGGs are shown as squares.
All the classes have similar distribution of star-forming galaxies, passive galaxies are not
shown in this plot because they do not have any emission line, as expected. Class A lacks
AGNs within Rggg, the AGNs outside Rogg likely do not depend on the environment.
Class B has a few AGNs, but appear to lack composite galaxies which could be an
indication of internal quenching where the AGN feedback is responsible for stopping

the star formation. Class C shows a uniform distribution of star-forming galaxies,
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composite galaxies and AGNs, suggesting again that this class is in a more evolved
evolutionary state; class D has mainly star-forming galaxies and very few AGNs. The
small number of BGGs in the plot confirms that these are passive galaxies or, in some
cases the host an AGN. However as previously inferred using other parameters class A
contains star-forming BGGs supporting the conclusion of this being a class of galaxies
interacting for the first time.

The second AGN diagnostic diagram (Figure uses [OI], [OIII], Ha and Hp,
the solid line is the boundary between the star-forming galaxies region (below) and the
AGNSs region (above), the symbols are used to discriminate between BGGs (squares),
galaxies within (circles) and outside Ragp (crosses). In disagreement with the previous
result, class A has a few AGNs, class B and C do not show substantial differences from
the results of the previous plot, and class D seems to have more galaxies classified as
AGNs in this diagnostic. The BGGs have the same classification in both diagrams for
classes B and C, in class A one previously classified as star-forming is now in the AGN
region and class D BGG has no [OI] emission and does not appear in this plot.

Figure [5.19 shows the AGN fraction in each class for the two different diagnostic
diagrams and the composite fraction (i.e. star-forming galaxies which also host an
AGN). The diagnostic diagram comparing [OIII]/HS vs [NII]/Ha makes a distinction
between galaxies hosting an AGN and galaxies both star-forming and with an active
nucleus, the ‘purely’ AGN fraction is lowest in class A (~ 0.05), roughly the same in
class B and C (~ 0.3) suggesting that the groups in these two classes might be in the
same evolutionary state, and has a value between the other two in class D (~ 0.13).
The composite fraction slightly increase from A to C (from ~ 0.10 to ~ 0.15), with a
steep increase for class D (~ 0.22). The second diagnostic diagram shows an increase
in the AGN fraction from class A to C, going from ~ 0.25 to ~ 0.45, to decrease again

in class to a value close to class B (~ 0.40)
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Figure 5.17: BPT diagnostic diagram [Baldwin et al., [1981; Kewley et al., [2006]: on the
x-axis it is shown the ratio [NII]/He, on the y-axis the ratio [OIII]/HB. The symbols
represent galaxies within Rggg (circles) and outside Rogg (crosses), the squares show the
BGGs. The solid line divides the star-forming galaxies (below) from the AGNs (above),
the region between the solid and the dashed line contains the composite galaxies (star-
forming galaxies showing signs of AGN activity).
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Figure 5.18: BPT diagnostic diagram [Baldwin et al., [1981; Kewley et al., [2006]: on the
x-axis it is shown the ratio [OI]/He, on the y-axis the ratio [OIII]/H5. The symbols
represent galaxies within Rogo (circles) and outside Rggp (crosses), the squares show
the BGGs. The solid line divides the star-forming galaxies (below) from the AGNs
(above), the dashed line divide Seyfert galaxies (above) and LINERs (below).
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Figure 5.19: Plot showing the AGN and composite fraction with errors for each di-
agnostic diagram: on the x-axis is shown the class, on the y-axis the AGN fraction
obtained using the [NII] line (top left), the AGN fraction obtained using the [OI] line
(bottom left), and the composite fraction (top right).
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5.2 Conclusion

This section summarises the results obtained from the study of the galaxy properties

in the four group classes.

e Galaxies in class A appear to be very similar: they have a small range of masses
(~ 10%5 - 10%), metallicity (~ solar), morphology (late-type), and they are all
classified as star-forming. Furthermore none (or very few depending on the di-
agnostic used) of the galaxies hosts an AGN. These characteristics together with
the asymmetric distribution of galaxies in the phase-space diagram and late-type
star-forming BGGs are typical of field galaxies thus suggesting that the groups in
this class are in the process of forming and are made of galaxies coming together

for the first time.

e Galaxies in class B do not show any peculiarity, suggesting that these groups,
despite being low mass groups, appear to be evolved systems. This could be jus-
tified by the fact that they are isolated groups, so they might be unable to accrete
new galaxies from their surroundings. The only clues against this interpretation
are the lack of galaxies at small radii and velocities in the phase-space diagram
and the late-type star-forming BGGs, for this reason it would be interesting to

further study these systems.

e Galaxies in class C have all the characteristics of galaxies living in evolved and
relaxed structures, the major indication being the lack of star formation out to

Rao0-

e Galaxies in class D have some characteristics similar to galaxies in evolved clus-
ters, however they show signs of star formation ongoing and dynamical distur-
bance from their distribution on the phase-space diagram, for this reason it would

be interesting to further study these systems.
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These results agrees with the hypothesis formulated studying the groups properties,
suggesting that the galaxies are shaped by the environment in which they reside. How-
ever, the uncertainty on the measured quantities could introduce bias and compromise
the clustering and any further study. For this reason a uniform data set obtained with
in mind the purpose of the analysis and a larger statistical sample could increase the

reliability of the results.
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Chapter 6

Conclusion and Future Work

This study was aimed at understanding the properties of galaxy groups and how they
affect the galaxy properties. The sample used was a set of 25 redshift selected groups
in a very narrow redshift range (0.060 < z < 0.062) and with velocity dispersion <
500 km/s. For each group, a multi-wavelength set of data was available: photometric,
spectroscopic, UV and IR. Some data were directly used, some were analysed using
dedicated tools to obtain the needed quantities, bringing the total number of parameters
available for this study to 30.

The first step was to perform a Spearman rank correlation analysis on all the pairs of
the 30 multi-wavelength parameters describing the group properties to investigate the
existence of any correlation overlooked in previous studies, and to confirm the existence
of widely accepted trends. To each correlation, a value was assigned a significance
which indicated the strength of the correlation itself. The main picture arising from
this analysis was that higher mass groups tend to be more evolved, hence they host a
bulge-like galaxy in their centre and their galaxies have lower star formation ongoing,
as expected.

The second analysis was a statistical clustering analysis performed on the 30 multi-

wavelength parameters, with the aim to classify the groups according to their properties,
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expecting the resulting classes to contain groups at different stages of the structure evo-
lution. The 30 parameters clustering analysis appeared to be driven by the group mass,
substantially dividing the groups in 2 classes, split in low mass and high mass groups.
This result is somewhat similar to that obtained in the previous analysis, confirming
that low mass and high mass systems are likely in two different evolutionary states.
However, given the aim of the study that of studying the galaxy properties, it was
interesting to separate the classes according to some other group properties other than
mass, for this reason some of the parameters were excluded and the clustering analysis
repeated. The parameters excluded were those related to the mass of the systems,
the galaxy properties, and those dominated by low statistics. Finally, the analysis was
performed on 10 parameters and 4 stable group classes were found. Surprisingly, the
4 classes still showed a mass dependence with 2 lower mass groups classes and 2 high
mass group classes, the other striking differences for some classes where the UV sSFR
and the stellar mass fraction.

The next step was to study the galaxy properties within each of the 4 classes exam-
ining different galaxy properties. From their distribution it was possible to physically
interpret the meaning of the 4 classes. The outcome of this analysis allowed to physi-

cally interpret the four classes according to their evolutionary state as follows:

a class of field-like galaxies in the early stage of structure formation;

a class of low mass groups either still in formation phase, or unable to grow more

mass because isolated;

a class of massive groups with no, or very little, ongoing star formation, likely in

a more evolved stage of structure formation;

a class of massive groups showing signs of ongoing star formation, indicating pos-

sible interactions among the galaxies or between the groups and a larger structure.
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This analysis reveals how the group classes appear to be tightly related to structure
formation in the Universe, showing different stages of their evolution, and how galaxy
properties trace the properties of the environment they reside in.

However the objective of this work was not only aimed at getting significant results,
but also at developing a new method to study galaxy groups utilising all the available
multi-wavelength data and not only focussing on few properties.

The XI sample was ideal for this purpose being a homogeneous sample of galaxy
groups not biassed toward any evolutionary stare given the optical selection of the
groups. Unfortunately, it was not possible to exploit all the potential of the survey
since the X-ray data were not available for most of the groups. Also the spectral data
quality was not ideal for most of the galaxies because the original purpose of the spec-
tral observations was only to derive the galaxy redshift to determine the membership.
Furthermore some of the parameters defined in this work should be reviewed and sub-
stituted with more quantifiable ones, for instance the large scale classification should
be replaced by some objective way of determine the large scale environment properties.
Similarly, the method to define the dynamical parameters used in this work should be
tested on mock data in order to have a better physical understanding of the inferred
quantities.

The results obtained are however robust, despite the data quality and the low statistics,
although not conclusive. Anyhow, the method developed could be applied to other data
sets after determining what parameters should be considered for the analysis.

The most straightforward application, also useful to refine the method, would be to
apply it to a simulated mock group catalogue. This would help understanding how the
data clustering works and how it is affected by data quality. A further step would also
be to implement a clustering algorithm that takes into account the errors on the data
and that gives a significance for the result.

The experience developed in this work made possible to plan future applications of
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the method on data samples more adapt for the analysis.

The ideal characteristic of the data sample are:

e higher statistics with at least double the groups number (> 50 groups);

e uniform data and clear understanding of the data completeness in order to be

able to apply corrections;

e good quality spectroscopic data which should be properly wavelength and flux
calibrated in order to allow a continuum fitting to determine the stellar population
properties and possibly identifying different stellar population (as opposite to

light-weighted stellar population properties);

e availability of data in multiple optical bands, UV, IR, X-ray and radio observa-

tions.

Bearing in mind what stated, two already available group catalogues would be ideal
for this kind of study: the CLoGS (Complete Local-volume Groups Survey Vrtilek et al.
[2013]) and the GAMA (Galaxy And Mass Assembly [Robotham et al., 2011]) group
samples.

CLoGS is a survey of 53 optically selected local groups (z < 0.03). Photometric and
spectroscopic observations were carried out with the Wide Field Reimaging CCD Cam-
era (WFCCD) on the DuPont telescope and IMACS on the Magellan telescope at Las
Campanas Observatory, some of the data are extracted from HyperLEDA (originally
used for the groups slection) and Sloan Digital Sky Survey (SDSS). Radio observations
were performed with the Giant Metrewave Radio Telescope (GMRT) at 601 and 235
MHz, but the groups were also selected to be observables with the Very Large Array
telescopes (VLA). XMM-Newton and Chandra satellites were used to acquire X-ray
data. The Complete H-Alpha imaging of Nearby Group EnvironmentS (CHANGES)
provided Ha observations. UV and IR data are also available from GALEX and Spitzer

respectively.
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The GAMA group catalogue contains 14,388 galaxy groups. The spectroscopic ob-
servations were carried out with the AAOmega multi-object spectrograph on the Anglo-
Australian Telescope (AAT) and integrated with SDSS data. The United Kingdom
Infrared Telescope (UKIRT) and Herschel were used for IR observations and GALEX
for UV observations. Radio and X-ray data were acquired with the GMRT and XMM-
Newton respectively.

These samples make ideal data sets to continue this work.
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Appendix 1

The appendix summarises the group properties.

Large scale classification:

isolated,

offset from a cluster,

part of a sparse supercluster,

part of a supercluster.
The group classification after the clustering analysis:
e Class A: small groups in a collapsing phase.
e (Class B: small and isolated groups.
e (Class C: massive groups in an advanced evolutionary state.
e Class D: massive and disturbed groups.

The table shows the number of group members within Rggg, the number of IR and
UV luminous members, the number of members for which the emission lines measure-
ment was possible and the number of members for which the Lick indices analysis was

possible.
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The first plot shows the spatial distribution of galaxies, RA on the x-axis and Dec on
the y-axis. The source from which the photometry was extracted: galaxies observed
with IMACS are shown as circles, while those extracted from the 2dF are shown as
reverse triangles. Crosses denotes galaxies for which the R-band magnitude was not
available, while the red cross is the BGG. The colour-coding shows the galaxy redshift,
while the symbol size reflects the absolute R-band magnitude. The blue solid circle
shows Ragg, while the purple one the 1 Mpc radius. The bottom histogram shows the
redshift distribution of the galaxies within Ragg, the left side histogram shows the same
thing for the absolute R-band magnitude. In both histogram the values for the BGG

are shown by the red annotation. The name of the group is shown on top of the plot.

The second plot shows the large scale distribution of galaxies for each group and was
used to define the large scale classification described above. The name of the group is
above the plot, RA and Dec are shown on the x and y-axis respectively. The magenta
dashed circles describe the radii at 1, 3, 5 and 10 Mpc, all the group members are within
the 1 Mpc radius. The contours visually show the projected galaxy overdensities, the

green triangles are known Abell clusters..

When extracting the groups from the [Merchan and Zandivarez, 2002] catalogue it was
noticed that four of them showed a bi-modal redshift distribution. At an early stage
of the project it was decided to consider only one of the two distribution as group.
So for MZ4577, MZ5383, MZ5388 and MZ8816 the histogram showing the bi-modal
distribution is shown and it is described which peak was used as group in this analysis.

The member were determined with the same procedure described in Section [3.1
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MZ 770

Large scale classification: part of a sparse supercluster.

Group classification: B small and isolated groups.
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MZ 1766

Large scale classification: offset from a cluster.

Group classification: C massive groups in an advanced evolutionary state.
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MZ 3067

Large scale classification: part of a sparse supercluster.

Group classification: C massive groups in an advanced evolutionary state.
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MZ 3182

Large scale classification: part of a sparse supercluster.

Group classification: A small groups in a collapsing phase.
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MZ 3541

Large scale classification: offset from a cluster.

Group classification: B small and isolated groups.
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MZ 3698

Large scale classification: isolated.

Group classification: B small and isolated groups.
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MZ 3849

Large scale classification: part of a supercluster.

Group classification: A small groups in a collapsing phase.
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MZ 4001

Large scale classification: part of a supercluster.

Group classification: C massive groups in an advanced evolutionary state.
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MZ 4548

Large scale classification: isolated.

Group classification: A small groups in a collapsing phase.
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MZ 4577

Double group.

Large scale classification: part of a sparse supercluster.

Group classification: A small groups in a collapsing phase.
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The histogram shows the redshift distribution on the x-axis and the number of galaxies
in each redshift bin (counts) on the y-axis. For this work the peak at higher redshift
was chosen to be studied.
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MZ 4592

Large scale classification: part of a sparse supercluster.

Group classification: B small and isolated groups.

’ members within Rogg ‘ IR luminous ‘ UV luminous ‘ line measurement ‘ Lick indices ‘

19 5 ] 7 | 6 R
MZ4592
dec ® |IMACS 0.0645
-24f 1.l v 2dF ||
X NoMAG 0.0630
j bg _=el — Ry 1 ’
-22 S — 1 Mpc
x x BGG 0.0615
-3.7}4 J
—-20} 1 v
-38} | 0.0600
-18 | | 4 -39} R 0.0585
—16} 17T . AR A 0.0570
-4l |
v 0.0555
14l s . . \ \ \ d
o1 2 s 1722 172.4 172.6 172.8 173.0
4.0 ‘ ‘ ‘ : \
351 o ]
30f ]
251 Q ]
20 ]
15} ]
10} ]
05| ]
0o \ \ \ \
0.056 0.058 0.060 0.062 0.064
MZ 459
—1pTTTT T T T T ™
: L ]
-2F - . . : E
g 2 ’ e - N R g
LT3 L L e T =
¥ . v - A < ]
P iy e
~— = i T %7 R
g T4f e j@ . R
R DN S 7 LT
« . ., & oo ' E
—5F 'w.,,:-..«’-' — - _;
z A!: , 5
-6F e 3
T [T [T T T
170 171 172 173 174 175
ra {deg}

134



MZ 4881

Large scale classification: part of a sparse supercluster.

Group classification: C massive groups in an advanced evolutionary state.

’ members within Rogg ‘ IR luminous ‘ UV luminous ‘ line measurement ‘ Lick indices ‘
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MZ 4940

Large scale classification: offset from a cluster.

Group classification: n/a

’ members within Rogg ‘ IR luminous ‘ UV luminous ‘ line measurement ‘ Lick indices ‘
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MZ 5293

Large scale classification: isolated.

Group classification: n/a

’ members within Rogg ‘ IR luminous ‘ UV luminous ‘ line measurement ‘ Lick indices ‘
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MZ 5383

Double group.

Large scale classification: part of a sparse supercluster.

Group classification: C massive groups in an advanced evolutionary state.
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The histogram shows the redshift distribution on the x-axis and the number of galaxies
in each redshift bin (counts) on the y-axis. For this work the wider peak at lower
redshift was chosen to be studied.
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MZ 5388

Double group.
Large scale classification: part of a sparse supercluster.

Group classification: n/a
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The histogram shows the redshift distribution on the x-axis and the number of galaxies
in each redshift bin (counts) on the y-axis. For this work the peak at lower redshift
was chosen to be studied.
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MZ 8816

Double group.
Large scale classification: part of a supercluster.

Group classification: C massive groups in an advanced evolutionary state.
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The histogram shows the redshift distribution on the x-axis and the number of galaxies
in each redshift bin (counts) on the y-axis. For this work the wider and larger peak at
lower redshift was chosen to be studied.
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MZ 9014

Large scale classification: offset from a cluster.

Group classification: C massive groups in an advanced evolutionary state.
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MZ 9069

Large scale classification: part of a supercluster.

Group classification: C massive groups in an advanced evolutionary state.
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MZ 9137

Large scale classification: part of a supercluster.

Group classification: D massive and disturbed groups.
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MZ 9307

Large scale classification: offset from a cluster.

Group classification: D massive and disturbed groups.
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MZ 9994

Large scale classification: isolated.

Group classification: B small and isolated groups.
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MZ 10167

Large scale classification: isolated.

Group classification: B small and isolated groups.
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MZ 10300

Large scale classification: offset from a cluster.

Group classification: C massive groups in an advanced evolutionary state.

’ members within Rogg ‘ IR luminous ‘ UV luminous ‘ line measurement ‘ Lick indices ‘
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MZ 10451

Large scale classification: part of a supercluster.

Group classification: D massive and disturbed groups.

’ members within Rogg ‘ IR luminous ‘ UV luminous ‘ line measurement ‘ Lick indices ‘
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Appendix 2

Before performing the Lick indices analysis it was necessary to choose between the
two available Single Stellar Population (SSP) models: KMT [Korn et al., 2005] and
BC03 [Bruzual and Charlot|, [2003]. The choice between them was not obvious so a test
was performed in order to have an indication of which might be more suitable for the
purpose.

The most striking difference between the two models is that the a-enhancement is
not included in the BC03 models which only measure [Fe/H], but was manually added
using Equation Table [1] shows the value ranges for both models.

Models Log age (yr) [Z/H] (dex) [Fe/H] (dex) [E/H] (dex)
KMT -1.0 - 1.175  -2.25 - 40.8 - -0.3 - +0.8
BC03 -0.993 - 1.301 - -2.25-4+0.4 -

Table 1: In this table it is shown the parameter ranges for the fitting models. The KMT
models give the total metallicity and the a-enhancement [Korn et al., 2005], while the
BC03 models give only the iron abundance.

For the test 80 SDSS galaxies where selected in a narrow redshift range (0.029 <
z < 0.031) and g-band magnitude range (14 < g < 14.5) with spectra available and
morphological classification from Galaxy Zoo.

The process followed was the same as described in Section the advantage in
this case was the uniform spectral quality. Figure [5| shows the Lick indices position on

one of the galaxy spectra used.

152



T e B s B B 1
d
. i3 11 ; ]
L Bt }
) 200~ )y g BE 8 | 7 | :
;If: i it A,
L | A 11T A P
L 150 §g§§ | MM‘I -
[ I\"N‘M‘]"' | ”«“-‘«W | | :
i 100 “J]‘JM ' ]
g i 1L!'ﬂ| | ]
= 50; WI _:
0: PRI (U U SRS (U S S S S RS S NS RS NS S S NS S :
4000 4500 5000 5500 6000 6500 7000
M

Figure 5: Spectrum of SDSS J090311.33+133756.4 (in red) cleaned from any emission
line. In green is shown the central passband of all the 25 Lick indices for which the
name is annotated in black. On the x-axis is shown the wavelength in A, on the y-axis
the flux in units of 10717 erg s~ em=2 A~

The results obtained fitting the spectra with the two models are compared in Figure
|§| where age, [Fe/H], a-enhancement and total metallicity are plotted, the galaxies are
divided according to their morphology (i.e. ellipticals and spirals) as defined by Galaxy
Zoo. The most striking result is the large size of the error bars, despite the good quality
of the data, as obtained perturbing the Lick index values in a MC simulation. This is
due to the large model uncertainty which does not allow to consider the absolute value
but only the relative difference between the two model results. The age shows good
agreement and elliptical galaxies are older as expected, however the major discrepancies
seem to be at higher ages where the BC03 models overestimate the age with respect
to the KMT models, this is surprising since we expect younger galaxies cleaned of
emission lines to be more trivial to fit. The a-enhancement is also in good agreement

and it shows the expected separation in morphology, similarly to the age plot since
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a-enhancement is strongly correlated to the age of the stellar population. [Fe/H] and
total metallicity are the most difficult to interpret due to both the intrinsic distribution
and the size of the errors. They both show an outlier which should be investigated
on its own, but it is not the purpose of the test. In this case it seems that the major
discrepancies are on the determination of values for spiral galaxies.

The direct comparison of the results did not show any major problem with any of the
models, hence a choice cannot be based on this.

A further investigation is done comparing the results with the galaxy velocity dis-
persion. Figure [7]shows the results obtained using both the models for the four stellar
population parameters compared to the velocity dispersion. The data were fitted using
the orthogonal method in the BCES (Bivariate Correlated Errors and Intrinsic Scatter,
Akritas and Bershady| [1996]) package. From the plots it is obvious that [Fe/H| does
not depend on o, similarly [Z/H] slightly depends on this quantity and the dependency
is introduced by the a-enhancement which is included in [Z/H] according to Formula
Both age and a-enhancement depend on the velocity dispersion. The result of
the Lick indices analysis do not show any anomaly in either model, however it is ob-
served that the BC03 models over-estimate the age and a-enhancement of the stellar
population (blue dashed line is above red solid line, and red dashed line is below blue
solid line) and underestimate [Fe/H] and [Z/H] (blue dashed line is below red solid line,
and red dashed line is above blue solid line). It is expected that [Fe/H] and [Z/H] show
a similar behaviour, which also opposite to what observed for the a-enhancement, the
latter is linked to the age by the stellar population properties. The fact that BC03
over-estimates the age could be simply a reflection of the higher age boundary of the
models, however it is impossible to further infer from these results given that the real
stellar population parameters are not known.

A similar approach is taken plotting the stellar population parameters as a func-

tion of colour u-r (Figure , bearing in mind that it is expected that a redder colour
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corresponds to an older or more metal rich stellar population. In this study there is no
[Fe/H]-colour dependence, possibly given the very large uncertainty on the determina-
tion of metallicity-related parameters, the age-colour relation is observed as expected.
This analysis does not add any further information about the models behaviour since
the same trends as before are observed: BC03 over-estimates age and a-enhancement
while it under-estimates [Fe/H] and [Z/H] compared to the KMT models.

It is immediately clear from the plots that this kind of analysis is affected by very
large errors and it is difficult to infer whether either model is better than the other one.
The differences shown are clearly depending on the way the models were constructed,
but neither seem to suffer from major instabilities or problems, however they cannot
be used to infer an absolute value for the parameters, but only a relative one.

Thus, the choice between the two models was purely arbitrary, the KMT models
were chosen because they included the a-enhancement by construction and because the
top value for the stellar population age in the BC03 models was higher than the age of

the Universe inferred by the Cosmology used in this work.
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Figure 6: The four plots compare the results obtained fitting the spectra with the BC03
(x-axis) and KMT (y-axis) models. Circles represent elliptical galaxies while crosses
are spirals, the solid line is the identity line. Log age (top left) and a-enhancement
(bottom left) show good agreement between the two models and, as expected, elliptical
galaxies tend to be older and have higher a-enhancement. The iron-abundance results
(top right) are not consistent between the two models. The total metallicity (bottom
right) being a combination of the previous two quantities, shows an agreement lead by
the a-enhancement but weakened by the iron-element abundance. The size of the error
bars does not allow to draw any definitive conclusion.
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Figure 7: The four plots show the stellar population parameters (y-axis) plotted against
the Log galaxy velocity dispersion (x-axis). BCO03 results are shown in blue, KMT in
red. The two solid lines are independent fits of the two point sets. The dashed lines
are fits to the points with the slope set to match the opposite colour solid line (e.g blue
dashed line has the same slope as red solid line, and vice versa) to allow for a direct
comparison.
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Figure 8: The four plots show the stellar population parameters (y-axis) plotted against
the galaxy u-r colour (x-axis). BC03 results are shown in blue, KMT in red. The two
solid lines are independent fits of the two point sets. The dashed lines are fits to the
points with the slope set to match the opposite colour solid line (e.g blue dashed line
has the same slope as red solid line, and vice versa) to allow for a direct comparison.
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