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Abstract

In this thesis we estimate the Schechter luminosity function (LF) of different types of
galaxies in the rich Coma cluster, in order to search for environmental affects. We use
the SDSS DR10 spectroscopic galaxy catalogue. Initially we select as cluster members
those that meet certain criteria, and then we correct the magnitudes, in the three bands
g, r and i, for systematic effects. We study the shape of the galaxy LF within a radius
of R = 1.5h;) Mpe, for the whole sample of galaxies and separately for the ellipticals,
spirals and irregulars. To this end we apply for the estimation of the LF’s parameters
the x? minimization procedure. The elliptical galaxies dominate the form of the LF due
to the fact that they are more numerous. Subsequently, we study the shape of the LF
in the dense core of the cluster, which is dominated by ellipticals, and in the less dense
outskirts, where the number density of the spirals is relativity higher. Finally we study
the dependence of the LF’s parameters a and M* on the radial distance from the cluster

center.



ITepiindn

Yy gpyacio aut UTOAOYILOUUE TNV CUVIRETNOY PWTEVOTNTAS TWY YUAUELWDY TOU AVAXOLY
o710 TAolcto opnvog Yohaliov, Coma. To Belypo twv yoahaludy eivor amd T YUCHATOOKOTIXG
xatdhoyo yohallny Tou SDSS DRI10. Ocwpnviag tnv cuvaptnotoxy poper Schechter tne
CLVAPTNONS POTEVOTNTAC, UTOAOYILOUUE TIC TUEOUETEOUS O Xol M* YENOWOTOLOVTOG OAOUS
Toug YOAUCLEC TOU EUTIMTOUY GTa XELThpLe Vo efvon péhn Tou ourvoug. Ev cuveyela um-
oMY {COUUE TIC TOPAUUETEOUS TNG CUVARTNONE PWTEVOTNTAC EEYWELG TA Yiol TOUC EMELTTIXO0UC,
oTELOEWdElC xan avwuahoug yaraliee xon oto Tela glhteo g , 1 xou i Ilopatneolue ot
1 enidpaon TV EAAEITTIXGY YOAULLOY GTNV GUVORXT| UORP@PT TNG CUVAPTNONG EVAL TOAD
UEYSEAT xoddg evon xuplapyol oTo oufjvog. ‘Emeita pehetdue T pop@r tTng cuvdetnong
Schechter oTov muprva Tou ourvoug, o omolog Eyel UeYAAN cELIUNTIXT TUXVOTNTO XU XUEL-
opyelton xLplng amd eEMETTIN00E YUAAEIES, XAl OTIC TUPUPES TOU GUTVOUS, OTIOU 1) TUXVOTNTA
VoL TOAD LXQT] EVEM TO TOCOCTO TWYV OTEWROEWWY YUAUELOV €val opxeTd peydro. Télog,
UEAETAPE TNV eCAPTNOT TWV TUPUUETEWY TNG CUVEETNOTE AQUTROTNTOSC Ud THY ATOCTUO
OO TO XEVTPO TOU OUNVOUS, MO TE VO XATAVOTICOUNE TNV ETBpaoT Tou £YY g TEpBdALOVTOC

OTA TOCOGTE TV BLUPORETIXWY EWBOV YUAUELDY OAAY XL OTN CUVARTNOY QPOTEVOTNTIS TOL.
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1 Introduction

The effort of understanding the Universe as a single entity may have been the most
ancient question of all, even if the ideas and tools that people used throughout the
years were not necessarily scientific. Observational Cosmology attempt to study the
evolution of the Universe and its large scale structure as well as to fully discover all of the
Universe’s contents, through observations. It has radically developed since the middle of
the 20" century with its most important achievements being the discovery of the Cosmic
Microwave Background (CMB), the discovery of Dark Matter, the surveys of the millions
of galaxies and thousands of galaxy clusters and of course the accelerated expansion of

the Universe which revealed the necessity of the so-called Dark Energy.

1.1 Cosmological model

The current generally accepted cosmological model depends strongly on the Cosmological
Principle, which states that the Universe is isotropic and homogeneous for scales larger
than 100 Mpc. In other words, the Hubble expansion is a function only of redshift
z and not of the direction on the sky. Moreover, except for regular baryonic matter,
there is the Cold Dark Matter, to which we attribute nearly the 25% of the total mass-
energy density of the Universe, while the absolute dominant substance is the Dark Energy
which represents approximately the 70% of the total mass-energy density. Trough the

Friedman’s equation, the Hubble parameter H(z) is given by:

H(z) = HO\/QmO(l +2)3 + Qro(1+ 2)2 + Qpexp <3 /0211+Tw(;) dx) (1.1)

where ,, ;. o are the normalised, present epoch, density parameters for the matter (bary-
onic + Dark), the curvature and the Dark Energy respectively, while Hy' is the Hubble
constant. The different cosmological parameters affect the luminosity distance of a celes-

tial object for a specific z. In this thesis the cosmological parameters do not play a major

YHo = 72hys km/s/Mpc



role in our analysis and therefore we use the most recent and widely accepted values,

which are those for a ACDM model.

We can calculate the luminosity distance dj, of an astrophysical object for a flat geometry

Universe as follows:
* dz

dL:C(l—i—Z) ; H(aj‘)

(1.2)

This quantity is related to the apparent and absolute magnitudes m and M of a light

source (galaxies in our case) through the distance modulus equation:

w=m— M =>5logdy + 25 (1.3)

There are also other factors that interfere with our measured apparent magnitudes that

we will analyse in the next chapter.

1.2 Structure formation theory

The Cosmic Microwave Background (CMB) reveals an impressive amount of homogeneity
between different sky regions. However, there are temperature fluctuations of the order of
10~°. These temperature fluctuations also reflect density fluctuations of the same order in

the early Universe that would eventually grow and become galaxies and galaxy clusters.

In the early Universe there were quantum fluctuations in the matter-energy density that
became larger and macroscopic as the size of the Universe increased. The generally
accepted mechanism through which this happened is the inflation, during which the
Universe expanded rapidly for about 10732 s causing the existing quantum perturbations
to increase dramatically. Therefore, there were regions, of radius r, with higher matter

density p(r) than the average p, described by the quantity:

5(r) = 5TP _ p(r) —p (1.4)

Z p
The subsequent formation of the large scale structure of the Universe is a result of grav-

itational instability of these fluctuations. When a region is overdensed (§(r) > 0), the
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matter contracts because of the attracting forces and as a result § increases. Of course,
there are factors that resist this gravitational collapse, such as pressure effects and the
Hubble expansion. These two factors act as a ”friction” term. This can cause the matter
of a region not to collapse if the force of gravity cannot surmount the resisting forces.
The starting phase of a possible gravitational collapse can be well described in the frame-
work of linear growth of structure which is provide by the linear perturbation theory (eq.

Wintraecken, 2009). The time evolution equation of which is:

. . _ ﬂug

where 0 the transformation of ¢ in the Fourier space, G the universal gravitational
constant, u, is the speed of sound (us = g—i) and \ = 27?704’ with k the wave number.
As we can see from eq. (1.5) if the quantity in the brackets of the last term is positive, the
gravity overcomes the "friction” term and therefore the perturbations can grow larger.

This means that for that to happen the length scale A must be:

-\ 12
A> A =us | =— 1.
- “(Gﬁ) (1.6)

where \; the Jeans length, the crucial length scale that determines the evolution of small-
scale irregularities in an expanding Universe. The most common definition for it, is the
length scale for which the two opposing forces balance. The second term of eq. (1.5),

known as the "Hubble drag” is produced by the cosmic expansion and acts as a resisting

force to the gravitational collapse as we mentioned before.

If gravitational collapse was a result only of the existence of baryonic, "regular” matter,
the current age of the Universe would not be enough for the large scale structure to form.
Right after the recombination, the Universe can be described accurately by an Einstein-
de Sitter model (a model with only matter and no Dark Energy or curvature) since the
mass-energy density of baryonic+Dark matter is much greater than this of Dark Energy.
Also, since matter has an equation-of-state parameter w = 0 it has no pressure, and the

sound velocity u, in eq. (1.5) becomes us = 0, the pressure term vanish. Taking all these



into account, it can easily be proven that today’s value of the perturbations are related

to those at the recombination epoch by:

60 = 57"60(1 + zrec) (17)

where 2., ~ 1100 is the redshift in the recombination epoch and 6,. ~ 107° the per-
turbations in the matter distribution then, as we stated before. Thus, in the present
epoch the perturbations should be d; ~ 1072, Instead, the bulges of galaxy centres usu-
ally have densities a million times larger than the average density of the Universe which

3. This means that there are structures with d, ~ 10°. So,

is p ~ 1.88 x 107%gr/cm
the cosmological models with only baryonic matter are not able to produce this kind of
structure within the current age of the Universe (13.8 billion years). In order to explain
such large amplitude perturbations we need Dark Matter, which due to its abundant

existence, and the fact that it interacts only through gravity with the baryonic matter

starts its gravitational collapse much earlier than the recombination.

In this case, the average density parameter in eq. (1.5) is the sum of the Dark Matter
and the baryon density parameters, p = ppys + pp- Since ppy, > p, and assuming that
the Universe can be described by an Einstein-de Sitter model until the first ~ 6 billion
years, it can be proven for the perturbations of baryonic and Dark Matter that they are

related to the scale factor as displayed:

5y~ Spar (1 . O‘a) (1.8)

Eq. (1.8) shows that for a > . (in the first 500 million years after the Big Bang is o &~
100 - avpee) We see that §, >~ dpys. Knowing that Dark Matter is far more dominand than
the baryonic one and that it has no radiation pressure, it starts collapse gravitationally
much earlier than the baryonic matter. As a result we can have structures forming in the

first hundred million years of the Universe.

There are two main forms of Dark Matter that have been studied in the past, Hot

(HDM) and Cold (CDM). Each type depends on the mass of the particles that it consists
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of. HDM consists of low-mass neutral particles that at the epoch of decoupling they were
(ultra)relativistic. The best example of such particles are the neutrinos. For instance,
while the decoupling time of neutrinos is t ~ 1 s at a temperature kT ~ 1 MeV, a

2

neutrino with rest energy of m,c” < 2 eV would be relativistic even a little after the

radiation-matter equality (t., ~ 50000 yr) (Ryden 2007).

To find out the expected structure that results from HDM models we have to take into
account that the expansion of the Universe caused the initially relativistic particles to
lose energy and cool. Though, they remained relativistic until their thermal velocities
were significantly lower than ¢ when kT ~ m,c? (Bond, Efstathiou & Silk 1980). This
corresponds to the equality temperature, T,, ~ 11600 - m, K and to an age of the
Universe of t., ~ 1.7 x 10'? (m,)"% s. Thus, before this epoch, neutrinos and other
possible relativistic HDM particles, move freely in random directions. This so-called
"free streaming” motion tends to erase density fluctuations smaller than ~ ct.,. This
corresponds to a physical scale of A\, ~ 18(m,)~2 kpc or a comoving length scale of
L., ~ 60/m, Mpc. If we assume that at the present epoch is €2,,0 = 0.3 then the
mass that corresponds to a sphere of radius L., is M ~ 10'® Mg, which is a typical
mass for superclusters. Therefore, the larger structures, such as superclusters, should
had been formed earlier than the smaller scale structures. This scenario is called the
"top-bottom” scenario. Clusters of galaxies, galaxies and stars are supposed to be a
result of the fragmentation of ”superclusters-like” systems. This scenario is not capable
of explaining very old systems of small scales such as quasars and early galaxies. In
addition, observations show that superclusters are not gravitationally bound yet, so the

HDM model is not supported by the data and has been abandoned since the 80s .

On the other hand, CDM consists of high-mass, nonrelativistic at their decoupling epoch,
particles. A very small fraction of CDM is represented by MACHOs (MAssive Compact
Halo Objects), which consist of normal baryonic matter that may emit very faint or no
radiation. Possible examples of MACHOs are black holes, neutron stars, brown dwarfs or
Jupiter like planets. The main candidates for CDM are the WIMPs (Weakly Interacting
Massive Particles) and the axions. WIMPs usually are considered to have rest energies

myc® € [1 GeV,1 TeV] and their free streaming is insignificant in cosmological terms.
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Considering their behaviour, for a WIMP with m,c* ~ 1 GeV its equality temperature
(KT ~ myc?) is Toy, ~ 10° K and the corresponding time is ¢ ~ 5 s. At this epoch
the Hubble distance is ¢/H(t) ~ 2ct ~ 2 x 10° m! and the comoving length scale is
Leg ~ 0.05 kpc. Therefore, the mass that is included in a sphere with radius L., for
Qo = 0.3 is M < Mg, 18 orders of magnitude lower than the corresponding value for
HDM. As a result, the fluctuations in matter are more intense in smaller scales and the
first things that form due to the gravitational instability are globular cluster size objects
then galaxies and finally superclusters. This scenario, in which smaller structures are
formed first is called the "bottom-up” scenario. This agrees with the observed structure
of the Universe since galaxies are the oldest systems, while cluster of galaxies are formed
subsequently and superclusters are still in the process of collapsing. The conclusion is

that CDM is the the most successful Dark Matter model to date.

1
'For the radiation epoch (t =5 s) the Hubble parameter is given by H(t) = %
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1.3 Large scale structure

The observable large scale structure is the result of the gravitational collapse of baryonic
matter within the gravitational field, mainly of Dark Matter, as we analysed above. The
main cosmic structures are galaxies, clusters of galaxies, superclusters, filaments and

voids.

Figure 1: Simulation of how the large scale structure evolves with time, from the early

Universe (left) to today (right)

1.3.1 Galaxies

The basic unit of collapsed matter in the Universe are the galaxies. Galaxies are probably
the earliest large-scale structures to form due to gravitational instabilitity. They consist
of stars, gas, dust and Dark Matter with proportions that differ between galaxies and
which are strongly depended on galaxy type. Their star-number can vary between a few
hundred of thousands of stars to one trillion, while their typical diameters are from a
few kpc’s to some hundreds of kpc’s. Most of them contain a central supermassive black
hole. The different types of galaxies were initially categorised by Hubble in 1926. In his
famous ”tuning-fork” diagram the position of a galaxy is determined by its shape, by the
size of its nucleus and the spiral arm tilt. The three main categories are the ellipticals
(~ 15% of all the observed galaxies) which for historical reason are referred to as ”early

types”, the spirals (~ 60%) or "late types”, the irregulars (~ 5%) and the lenticulars

13



(or SO’s, ~ 20%). The oldest galaxies that have ever been observed are over 13.1 billion

years old, so they were formed in less than 800 million years after the Big Bang.

The Hubble Tuning Fork Spirals
Diagram “aizie

Ellipticals Lenticulars/ S

.
F

S0 \ Barred Spirals

+

a -8 - 8

Irregulars - Peculiars

All images taken with the Faulkes Telescopes

College C.Perceret's astronomy workshop 2012
http://col21-perceret.ac-dijon.fr/col-astro

Figure 2: The Hubble’s ”tuning-fork” diagram for galaxy categorization.

Spiral galaxies consist of three parts, the disc, the bulge and the halo. Their main
characteristics are a flat rotating disc, which has a thickness of only a few hundreds of
pc’s and their bright spiral arms in which intense star formation takes place due to the
large amount of gas and dust that they contain. Their blue color indicates the rich young
O and B star population. The bulge usually contains older stars with low metal content,
with a number density of 1000 stars/pc?®, 4 orders of magnitude greater than the spiral
arms stellar density. Moreover, the whole galaxy is surrounded by many globular star
clusters and old stars, located in the halo of the galaxy. The mass of spiral galaxies varies

from 108 A=' Mg to 10" h=' M. Their mass-to-light ratio has a range 2 ~ (2 — 20)h.

Elliptical galaxies are ellipsoidal systems that contain old stars and very little cold gas and
dust, therefore there is almost none star formation. On the contrary, they contain signif-
icant amounts of hot X-ray emitting interstellar gas that can not collapse gravitationally.

The most massive and luminous galaxies, observed in the Universe, are ellipticals since

14



they can reach a mass of even 103 h=1 M. On the other hand, there are dwarf ellipticals
with 107 b=t M, a little larger than typical globular star clusters. Their brightest stars
are red giants and supergiants. They are considered to be the oldest galaxies that firstly
formed and to have this shape due to the important velocity dispersion of their stars.

Their mass-to-light ratio usually is % ~ (20 — 100)h.

1.3.2 Galaxy clusters

Galaxy clusters are cosmic laboratories that can be used as very useful tools for extra-
galactic astrophysics and helping us to study the components and physical properties of
the large scale structure of the Universe. They form at the intersections of the sheets and
filaments of the large scale structure as it is analysed below. Currently, they are thought
to form via hierarchical clustering, a process by which smaller structures (galaxies in this
case) merge due to gravity to form larger structures. As they grow, they accrete more
mass from the filaments within which they are embedded (Jones et al. 2010). They
are the largest gravitationally bound systems in existence and a large fraction of them
are dynamically relaxed. Their centres are dominated by elliptical galaxies, while spi-
rals are mostly located in their outskirts (Dressler et al. 1997). This is due to the fact
that (giant) ellipticals are older than spirals and they had enough time to in-fall into the
cluster’s potential while spirals are younger and they are usually not into full dynamical
equilibrium within the cluster (they are still in-falling). There are also other explana-
tions why ellipticals are far more common near the centre of clusters, as we mention
below. The two youngest clusters that have ever observed are the C1G J02182-05102 at
z = 1.63 (= 9.6 Gyr old) (Papovich et al. 2010) and the JKCS 041 at z = 1.8 (=~ 10 Gyr
old) (Andreon et al. 2009; Newman et al. 2014). Nearly half of galaxies in the Universe

are within clusters.

The smallest clusters of galaxies contain some tens of galaxies while the most massive
ones have some thousands of members and have typical diameters inthe range of one to
a few Mpc. Clusters with less than 20 galaxies are called ”galaxy groups” (Mulchaey

2000) and have typical mass M ~ 10'3h~! M. These astrophysical systems were first
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studied at the beginning of the 20" century and in 1933 F. Zwicky made an estimation
of the Coma cluster’s mass. He found that there was a need for a significant amount of
mass which was unobserved and which later called Dark Matter. Nowadays we know that
~ 85% of the mass of clusters is in the form of Dark Matter, while the typical masses of
clusters are in the range M ~ 103 — 10~ M. They contain significant amounts of
hot ionized X-ray emitting gas that makes them visible even at very large redshifts. In
addition, diffuse radio emission has also been detected in galaxy clusters (Ferrari et al.

2008).

There are several ways to categorize clusters the most common of which is between regular
and irregular clusters. Both categories can be further divided into two subcategories, rich

clusters (> 50 members) and poor clusters (< 50 members).

Regulars are characterised by their smooth and spherical symmetric structure, their small
proportion of spiral galaxies (< 20%) which are located mainly in their outskirts, their
highly dense centre with > 10% Galaxies/Mpc® (Bahcall 1996) and their high X-ray
luminosity due to the large amounts of hot gas. Most of them contain > 1000 galaxies.
Moreover, their velocity dispersion is high and of the order of ~ 10% km/s, something
that together with their smooth structure is considered to be the result of the fact that
they are relaxed, in virial equilibrium. Thereby, subclustering is not significant in this
type of clusters. Finally, there are more massive than other cluster types while in the
center we usually observe one or more giant elliptical galaxies. Coma cluster is such a

regular cluster.

Irrequlars are identified by their lumpy structure which has no symmetry, their high
fraction of spirals (> 40%) and their lower X-ray luminosity. Additionally, due to their
low velocity dispersion sometimes substructures of double or multiple systems of galaxies
are present in these clusters (Forman et al. 2002). There is no easily distinguished
centre while the number of galaxies is < 1000. Finally, their mass is usually an order of
magnitude lower than the mass of the regulars clusters. A well-known irregular cluster

is the Virgo cluster.

Another noteworthy category of clusters is those which have a central large bright galaxy,

16



VIRGO 0.5-2.0 keV
Coma Cluster CLUSTER .

0.5-2.0 keV

0.5 Degree : 1 degree

Figure 3: Left panel: The regular Coma cluster in X-rays. Right panel: The irregular Virgo

cluster in X-rays.

called BCG (Brightest Cluster Galaxy) or ¢D galaxy (supergiant diffused ellipticals).
These huge galaxies have a mass of M > 10'2 h=! M, and can have more than one nuclei.
A generally accepted scenario for their formation is that of ”galactic cannibalism” which
refers to the process of the collision of two or more galaxies due to tidal gravitational
interactions that leads to the merger of these galaxies and the formation of supergiant
elliptical galaxy. Another common scenario claims that these huge galaxies might have
been formed in special locations which happen to be the cores around which clusters

formed via anisotropic accretion of mass (West 1994).

A different categorisation of galaxy clusters is that of Bautz & Morgan (1970) and it
separates clusters into five classes. In the first class belong clusters which at their centres
have dominant supermassive cD galaxies that emit significantly in the optical wave-
lengths. The fifth class does not contain galaxies that are distinguishable from the other
normal bright galaxies of the cluster. The intermediate classes have central galaxies with

descending luminosity from the first to the last class.

Another important characteristic of galaxy clusters are the so-called morphology-density
relation (MDR) and a lot of studies have focused in it. Firstly, Dressler (1980) showed,
using 55 rich clusters, that the higher the density of a cluster, the higher the fraction of

elliptical and SO galaxies and, correspondingly, the lower the fraction of spirals. This
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outcome is independent of the type of the cluster. Moreover, Van der Wel et al. (2007)
confirmed the above result and also studied the evolution of the early-type galaxy fraction
with redshift both for the field as well as for within groups and clusters. It was showed that
for galaxies with masses M > 4 x 10'° b= M, the fraction does not change significantly
with time, being 48 7% for z ~ 0.8 and 43+3% for z ~ 0.03. This means that the MDR
does not change significantly with redshift. This result has a key role in understanding
the effect that the environment dependencies of galaxy evolution. However, systematic
uncertainties of the morphology is a possibility since it is relatively difficult to distinguish

ellipticals or SO’s from face-on spirals, although such spirals are not that common.

1.3.3 Superclusters, filaments and voids

Figure 4: Simulation of Superclusters, filaments and voids

Superclusters are groups of galaxy clusters and galaxy groups. Generally, they are defined
as groups of two or more galaxy clusters above a given spatial density enhancement
(Bahcall 1988). They are the only larger in size isolated systems than galaxy clusters but
they are not gravitationally bound since they haven’t have enough time to collapse under
their own gravity within the age of the Universe. This results from the fact that a typical

cluster’s peculiar velocity is ~ 10® km/s and thus the distance that it could move within
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a Hubble time it is 10h~! Mpc while the typical size of a supercluster is 30 — 50h~ Mpc.
However, their size can reach even ~ 150h~! Mpc as seen in some filamentary structures
(Chon et al. 2014). Usually their appearance is generally not spherically symmetric but

rather irregular, usually flattened and elongated.

Filaments are long bridges of gravitationally bound galaxies that connect rich clusters and
usually they constitute the boundaries of large voids. Their typical size is ~ 40 — 60h ™1
Mpe. Using simulations, Aragén-Calvo et al. (2010) showed that filaments contain 40%
of the total mass content of the current Universe while they occupy only 10% of space.
Most evolutionary structure formation models claim that these structure get tighter with

time but not longer.

Voids are large semi-spherical regions with no luminous galaxies and with very low average
density surrounded by filaments and sheets of galaxies(van de Weygaert & Platen 2011).
Their typical size is 15h~! Mpc and their mean overdensity factor § as defined by eq.
(1.4) is § = —0.94 (Coil 2012). The lack of luminous matter probably provides an ideal

place to test different galaxy formation models, according to Peebles (2001).
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1.4 Luminosity Function

One of the most basic tools in the study of galaxy clusters is the galaxy luminosity
function (hereafter LF) of their members. LF gives the expected number (density) of
galaxies ®(L)dL within a luminosity interval [L, L + dL] over an appropriately defined
volume (Spinrad 2005) and provides the luminosity and absolute magnitude distribution
of galaxies within the clusters or groups of galaxies or even the field. In 1976, P. Schechter
published the most common and efficient expression of the LF for galaxy clusters so far

(Schechter 1976) which is:

a(1)dr = & (i)“exp (-1 ) (19)

which, if we combine it with

L
M*— M =25log —
ogL*

we get the Schechter LF in terms of absolute magnitude, so

O(M)dM = 0.41n10 ¢*[1070AM=M))(Fe) oy, [0~ 0AM =M g pp (1.10)

where ¢* is a normalisation factor (number per volume, Mpc—3), M* is the characteristic
absolute magnitude at which the LF change significantly from the exponential law to the
power law (it represents the "bend”) or in other words the luminosity where the brighter
galaxies are separated by the fainter ones. Finally, « is the slope of the LF in the faint-
end, when M > M*. Most light of a cluster comes from galaxies with M = M* since the

brighter ones are relatively rare and the fainter ones are too faint (Hansen et al. 2005).

The Schechter LF has many advantages such as being analytic, continuous and having
many mathematical properties. Generally, the main reasons we want to study the LFs
of galaxies within clusters and to constrain their parameters are that, firstly, we want to
compare their LF's to that of the field galaxies. Doing this, we will be able to understand
the importance and influence that environment has on the evolution and population of

galaxies (Popesso et al. 2005). Furthermore, we can compare different galaxy clusters
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and find out if approximately the same parameters’ values describe similar clusters or
the luminosity distribution is strongly depended on each cluster, something that could
indicate differences in the processes of cluster formation. Also, valuable information
is provided by the LF regarding the formation of new galaxies, the primordial density
fluctuations that gave birth to the cluster as well as the transformation processes of mass

into light.

Montero-Darta & Prada (2009) used the 516,891 galaxies in r-band contained in the SDSS
DRG6 release and calculated the Schechter LF parameters as follows: a = —1.23 4+ 0.02,
M* = —20.73 + 5logh + 0.04 and ¢* = (0.9 + 0.07)h® x 1072 Mpc—3. For these values,

we can calculate the mean luminosity density using eq. (1.9) as following:

(L) = /ch(L)dL ~ 2 x 10°h Ly Mpc™® (1.11)

Through several studies some characteristics concerning the shape of the LF for different
galaxy types or for different environments have been observed. To begin with, all giant
types of galaxies (Ellipticals, Irregulars and Spirals) have a maximum in their luminosity
function while Irregulars and Spirals appear to a Gaussian distribution of luminosities.
Additionally, for a single Hubble type of galaxies, the LF does not change significantly for
regions with high or low density. Therefore, the parameters in the Schechter LF does not
significant changes between different galaxy types but apparently not between different
environments so it is very important to study these differences and to extract conclusions
about the magnitude characteristics for different Hubble types (Wen & Han 2014), but

also to check for possible environmental dependencies.
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2 Observational Data

Clusters of galaxies are important tools of extragalactic astrophysics, for studying the
formation, the evolution and the interactions between the galaxies in cluster environ-
ments. The form of the galaxy LF in the cluster core region and in the outskirts, where
the number density of galaxies is different, leads to an estimation of the cluster’s regions
properties. In addition, the extraction of the LF for elliptical, spiral and irregular galaxies

separately, gives essential informations in terms of attributes of different kind of galaxies.

2.1 The cluster sample and its basic properties

In order to perform an investigation of the shape of the LF in different bands (g, r, i), we
chose one of the biggest clusters from the Abell (1958, ACO 1989) cluster catalogue, the
A1656, known as Coma Cluster. The A1656 is one of the richest clusters at low redshifts
(z = 0.0231), having a luminosity distance of D = 97.9 Mpc and equatorial coordinates
a = 194.95° and 6 = 27.98°. The cluster is located in the constellation Coma Berenices,
which is near the Milky Way’s north pole. Due to the fact that is located in an area that
is not affected by the gas and the dust of the plane of our galaxy, having galactic latitude
87.95 degrees and longtitude 58.08 degrees, makes it easier to be observed and studied.
Most of the galaxies that inhabitant the central region of the Coma Cluster are elliptical,
while at the outskirts there are several spiral galaxies. In abundance are giant and dwarf
ellipticals in the cluster, while the core is dominated by two supergiant elliptical galaxies,

the NGC 4874 and the NGC 4889.

Throughout this thesis we assume a flat (Q2,, + Q5 = 1) ACDM model with the cosmo-
logical matter density parameter €2, = 0.3, consistent with the most recent cosmological

results.

In the beginning of our analysis, we downloaded the essential galaxy data in the region
of the Abell cluster A1656, from the Sloan Digital Sky Survey Data Release 10. The
range covered is a square with right ascension 193 < a < 197 degrees and declination

26.4 < 6 < 29.6 degrees. The region contains 839 and for each we downloaded the
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following parameters: celestial coordinates («,d), redshift, Petrosian magnitudes in the
three bands (g,r,i) with their errors, the galaxy ZOO categorization of galactic types
(number SP=1 for spiral galaxies and EL=1 for ellipticals), the probability for spiral and
elliptical type, the axial ratios b/a in the three bands, based on exponential fits (these
parameters are valid only for spirals) and the axis ratio b/a when fitted by De Vaucaluers

profile (this is valid only for ellipticals).

In order to identify the galaxy members of the cluster A1656 we set some criteria. We

select only the galaxies which fulfill all the following criteria:

e The cluster galaxy members are selected within a specific range of radial velocity.
This is a requirement because all the members of the cluster should move at rela-
tively close velocities to each other due to the gravitational interaction among them.
In NASA’s Ned, the given 1o radial velocity of the cluster members of A1656 from
the center is 777 km/s. In order to select the cluster members, we accept galaxies
within 3o velocity dispersion from the center, i.e. £2300 km/s. In this way we can
easily exclude background and foreground galaxies. In other words, we select only

galaxies within £0.0077 from the cluster nominal redshift (z = 0.0231).

e The second condition for using galaxies in our analysis, is that their magnitude

uncertainties are < 1.5% of the magnitude at all three bands (g,r,i).

e Finally, we select galaxies within different radii fromthe cluster center, depending
on the particular study that we are interested in.To this end, we compute for each
galaxy the angular separation 6 from the cluster center using the law of cosines and

then its spatial distance estimated by:

r(i) = Dy - tan 6(3) (2.1)

where Dy = 93.5 Mpc is the angular diameter distance of the cluster. The maxi-
mum distance that we use is 2.5 h-, Mpc, while we consider as the nominal cluster
that which corresponds with a radius 1.5 hzy Mpc. Within this radius there are

477 cluster members.
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The above procedure, aiming to select and use for our analysis only the galaxies that
are specifically cluster members, is obviously very important, in order to come up with

accurate and noise-free results.

In order to study the shape of the LF of the different type of galaxies separately, we
categorized the galaxies of the cluster into ellipticals, spirals and irregulars using the

following criteria:

e As elliptical galaxies we have been selected those with ZOO number El=1. Oth-
erwise if E1=0, then elliptical galaxies are those for which the probability of being

ellipticals is >0.6 and the probability of being spirals is <0.6.

e As spiral galaxies we identified those for which the ZOO number is SP=1. Other-
wise, if SP=0, then spiral galaxies are considered those with probability of being

spirals is >0.6 and having also the probability of being ellipticals is <0.6.

e Asirregular galaxies we identified those for which the ZOO number is SP=0, EL=0,
the probability of being spirals is <0.6 and the probability of being ellipticals is
<0.6.

e The galaxies with both the ZOO numbers EL and SP equal to -1, have not been
categorized. Within the radius 1.5h7_21 Mpc, only one galaxy has not been catego-
rized (0.2%) while within the radius 2.5h7; Mpc,there are three galaxies that have

not been categorized.
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2.2 Visualisation of the Cluster

Out of the 477 cluster members, within R = 1.5h-; Mpc, the elliptical galaxies are 304

constituting the 63.73 % of the galaxies, the spirals are 70 (14.67 %) and the irregulars

are 102 (21.38 %).

In order to have a visual idea of the spatial distribution of galaxies within this cluster we
plot the distribution of the different types of galaxy members in an equal area projection
(Figure 5). The x axis of the plot represents the right ascension multiplied by the cosine
of the declination of the cluster center and the y axis represents the declination. In order
to visualize better the distribution of the different types of galaxies we plot the ellipticals

in red colour, the spirals in blue and the irregulars in green. The galaxy that is not

categorized, is plotted as a black square.
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Figure 5: . Equal area projection of cluster A1656.
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2.3 Correcting magnitudes for systematic effects

As we already established, the luminosity function, ®(L), of a cluster is the number
density of galaxies per luminosity interval. In order to estimate the LF of the Coma
cluster, we transform the apparent magnitudes, in the three bands g,r,i of the SDSS
galaxies data, into absolute magnitudes using the well-known distance modulus, according

to:

m; — M; = 5logyo[Dr] + 25 + Ki(2) + As/sin(b) + Ai (2.2)

where:

e m;, is the Petrosian apparent magnitude for the three bands (g,r,i). We use Pet-
rosian magnitudes because the galaxies do not have the same radial surface bright-
ness profile. So in order to avoid biases, the SDSS using a form of the Petrosian
(1976) system, carries out a measurement for a constant fraction of the total light.

This system is independent of galaxy distance.
e M;, is the absolute magnitude (i=g,r,i)
e D;, is the luminosity distance, which for Coma cluster is Dy = 97.9 Mpc.

e K;(z),is the K-correction for the tree filters (i=g,r,i), which is a function of redshift.
This correction is necessary due to the fact that, when we measure the magnitude of
the galaxies, at large distance at a specific wavelength \,, the light that we receive
is actually emitted from a different part of the spectrum at different redshifts. For

that reason the galaxy could be brighter or fainter in this part compared to the

benchmark A\, .

For this procedure, we use the Poggianti’s (1997) tabulation of K-correction where
it is listed by redshift in bins of variable width. Using a linear interpolation between
given redshift values we estimate the K-correction for z = 0.0231, in the three bands
g,r and i, and for elliptical and spiral galaxies separately (for irregular galaxies we

use the same values of k-correction as for spirals).
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Table 1: K-correction, at z = 0.0231, in g, r, i bands for elliptical and spiral galaxies.

Type K, K, K;

Elliptical 0.046 0.0205 0.018
Spiral 0.03 0.0115 0.0075

e The term A;/sin(b), is used for correcting the Galactic extinction. The interstellar
gas and dust of our Galaxy absorb and scatters light of extragalactic sources. Dust
is able to scatter more efficiently the blue light. In this way the background light
appears redder. Due to this fact, the distance of the galaxies can be overestimated,
increasing the apparent magnitude of the latters, especially at low galactic lati-
tudes. The term A; is the galactic absorption in the three bands that corrects the
magnitude for this effect. We use for this process the values for the A; given by

NASA ned.

Table 2: Galactic absorption, 4;, in g, r, i bands.

A, A A

0.027 0.019 0.014

Finally, b, is the galactic latitude which for the Coma cluster is b = 87.96°.

e A, is the internal absorption term, which is necessary only for spiral galaxies.
Spiral galaxies due to the dust and gas that they contain, they exhibit absorption
and scattering of electromagnetic radiation which depends on the inclination of the
disk with respect to the observer. Galaxies with high inclination are affected by
more extinction due to the longer path length that light needs to travel. To estimate

At we use the recipe of Pastrav et al. (2013).
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2.4 Luminosity Function analysis

Having convert the apparent magnitudes, in the three bands, into absolute magnitudes as
we analysed in the previous paragraph, we derive the frequency distribution magnitudes
in the three bands g,r and i, for the whole cluster, for different radial shells and for

different types of galaxies separately.

Subsequently, we use the y? minimization method in order to fit a Schechter luminosity
function to each M distribution. Since this is a parametric method we need to decide of
the optimal number of magnitude bins. To this end, we vary the number of bins until we
obtain the best y2. We investigate the range between 6 to 30 bins. Bins more than 30,

are dominated by short noise.

Having found the proper number of bins, we perform the x? minimization, living free the

three parameters a, M*, ¢* of the Schechter LF:
O(M)dM = 0.41n 10 ¢*[10704M=M")]a+l oxp[10-04M=M)]g\f

Finally we multiply the LF with the volume of the region in which the galaxies existed

in order to estimate the ¢* in correct units.

To this end we estimate the volume of a spherical or shell region of the cluster by mea-

suring the Virial radius, given by (eg., Tovmassian & Plionis 2009):

_ n(n—1)
Z?:_f Z;‘L:z‘—f—l [Dp, tan (Mij)]_l

R (2.3)

where Dj, the luminosity distance and 66;; the angular (i-j)-pair separation. Then the

volume is given by V = 47 R3/3.
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3 Results

In this chapter, we study at first the LF of the whole cluster A1656 within a radius of
1.5h75 Mpc in the tree bands g, r and i. We also estimate the LF for elliptical, spiral
and irregular galaxies separately in order to evince and evaluate the differences in the
functional form. In order to make a deeper study of the estimated LF’s parameters «,
M* and investigate possible dependencies among the parameters, we plot within the 3o
and 1o contorts. We also study separately the core region of the cluster within a radius
R = 1hzy Mpc, the shell region with 1k, Mpc < R < 2.5h-) Mpc and the outskirts of
the cluster at a region 1.7 5h7_21 Mpc <R < 2.5h7_21 Mpc. We perform this independently
for all different kind of galaxies aiming to investigate a possible difference in their LF
also as a function of a different region of the cluster. Finally, we study the dependence

of the LF’s parameters o, M* on radial distance from the cluster center.

3.1 Luminosity Function of the Cluster at R = 1.5h;21 Mpc

In order to have a picture of galaxy magnitude distribution we present the combined
histograms (using 20 bins with width 0.5), in each of the three bands, as well as for each

type of galaxies.

As we mentioned above, the cluster members are within this radius 477. The elliptical
galaxies are 304 ( 63.73 % of the galaxies), the spiral galaxies are 70 (14.67 %) and the
irregulars are 102 ( 21.38 %). The virial radius of this region is R = 1.39 Mpc and the
volume is V' = 11.3 Mpc3. The number density of the galaxies in this volume is n = 42.21
Galaxies Mpc?, the number density for elliptical galaxies is n = 26.9 Galaxies Mpc3, for

spirals n = 6.19 Galaxies Mpc? and for irregulars n = 9.02 Galaxies Mpc3.

In order to derive the parameters of the luminosity function «, M*, ¢*, for the whole
sample and for all types of galaxies in the three bands we follow for each band the
following procedure: first, we choose the number of magnitude bins to be such as to give
the best x? (as we have already estimated). We eliminate the bins that have central

value approximately greater than -17.77, because galaxies with corresponding value or
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Figure 6: Combined histograms, in g, r, i bands, of the absolute magnitude distribution of
the Coma cluster’s galaxies. The black histogram corresponds to the whole sample, the red,
blue and green to elliptical, spiral and irregular galaxies, respectively. We can see a lack of very

faint spirals, as expected since no dwarf spirals have been ever observed.

fainter are not within the completeness limit of the SDSS spectroscopic sample. Next,
we search for the best fitted LF through the x? minimization procedure leaving free the
three parameters. The range of values that we use are the following: for o € [—4,—0.5]
with a step size of 0.01, for M* € [—30, —17] with a step size of 0.01 and for ¢* € [0, 9]
with a step size of 0.1. Ny is the different free parameters (Ny= 2 or 3 for our analysis)
and the degrees of freedom are d.o.f = n, — Ny, where n; is the number of selected bins
that taken into account for y? estimation. As we can see from Table 10, for Ny = 3 we
have the 1o (68.3%) confidence level for Ax < 3.53. At Figure 7 we present the r-band
absolute magnitude histograms and the fitted LFs for the whole sample of galaxies and
for the three types separately, while for the other bands g and i the results can be found
in the Appendix B. Our results for the best fitting LF parameters, in the three filters,

for all galaxies and the different galaxy types presented in Table 3.
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Figure 7: Galaxy luminosity functions in the r-band, for a radius R = 1.5h-, Mpc from the
cluster’s center. Left upper panel: the whole sample of galaxies. Right upper panel: elliptical
galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies. The

purple bins are those that have been eliminated from the analysis.
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Table 3: Best fit Schechter parameters in the three bands g, r, i, for the whole sample of
galaxies and for the different types of galaxies separately, within a cluster radius of R = 1.5h;21
Mpec. The uncertainty of the parameters o and M*, is the range for which Ax? < 2.3 when the

parameter ¢* is kept fixed at its best value.

Band Type a M* o*[h® Mpc™3] x?/d.o.f
All Galaxies —1.07100%  —20.79701%% 3.70 0.44

g Ellipticals ~ —0.97700% —20.1970122 4.50 0.47
Irregulars  —1.43%09%7  —20.3575:27 0.70 0.89
Spirals ~ —0.961003 —21.697027 1.10 0.34

All Galaxies —1.0713%3% —21.42701%° 4.10 0.47

r Ellipticals ~ —0.97"0035 —20.95701%% 4.42 0.54
Irregulars  —1.53700)5 —22.3370357 0.40 0.22
Spirals ~ —1.46701%% 225270581 0.30 0.48

All Galaxies —1.117593% —21.8670153 3.90 0.44

i Ellipticals ~ —1.04700% —21.54%01% 3.00 0.70
Irregulars  —1.51%9915 225270214 0.30 0.10
Spirals ~ —1.257016% 22527043 0.60 0.69

As we can see, for the whole sample of galaxies and for ellipticals, which dominate the
cluster, a standard Schechter function provides a satisfactory fit to the data dropping
steeply at bright magnitudes and rises gradually at fainter magnitudes (Schechter 1976),
while for irregular and spiral galaxies the fit is not that good due to the fact that the
number of galaxies is small. Nonetheless, we can notice that for irregular and spiral
galaxies, the LF has a steeper faint-end slope in the r and i band. It is also noteworthy
that the characteristic M* brightens systematically going from the g to r and then the i
band as expected from the fact that red galaxies dominate the cluster potential. Lopez-
Cruz et al. (1997) propose that the flat faint-end slope of the LFs in rich clusters like,
Coma cluster, is a result of the disruption of dwarf galaxies. Beijersbergen et al. (2002),

performing a similar study, estimated the corresponding Coma cluster LF parameters to
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be a = —1.16%5013 and M* = —21.587012 (after converting for A = 0.72), consistent
with our results. Also, Loveday et al. (2012) estimated, assuming a Hubble constant of
Hy = 100h km/s/Mpc and €2, = 0.3, the LF’s parameters for 12860 low-redshift field
galaxies at the r-band: o = —1.26 & 0.02 and M* — 5logh = —20.73 £ 0.03. This latter

study can be used to compare results of our Coma cluster LF to that of field galaxies.

Finally, keeping fixed the value of ¢* (we use the value that revealed through the 2
minimization procedure for three free parameters) and having now only two free param-
eters using the range of values: for a € [—5,—0.5] with a step size of 0.001 and for
M* € [—40,—15] with a step size of 0.001. We provide the 1o and 3¢ uncertainties
contour plots of the two fitted parameters at Figure 8 where are showed the results for
all galaxies in the sphere with R = 1.5h7) Mpc and for the different types of galaxies as
well. For N; = 2 the 1o (68.3%) confidence level corresponds to Ax? < 2.3 while the 3¢
error corresponds to Ax? < 11.83. It is notable that for the whole sample of galaxies,
the range of 1o and 30 is very narrow, indicating a good fit of the Schechter model,
while for the irregular and especially for the spiral galaxies the degeneracies among the
parameters are large since all the combinations of & and M* within the 1o contour are

equally possible.
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Figure 8: Solution space for & and M*, in the r-band, within a radius R = 1.5h7_21 Mpc. The
blue contour corresponds to the 1o confidence level (68.3%) and the grey to the 3¢ confidence
level (99.73%). The best-fit values are at the intersections of the dashed lines. Left upper panel:
the whole sample of galaxies. Right upper panel: elliptical galaxies. Left bottom panel:

irregular galaxies. Right bottom panel: spiral galaxies.
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3.2 Luminosity Function of the core and the outskirts of the

cluster

In this paragraph we intent to study the form of the LF in the core region of the cluster,
where the galaxies are expected to have a different formation history than the galaxies in
the outskirts of the cluster. This should be reflected in differently shaped LFs for these
regions due to the fact that they are dominated by different types of galaxies while the

density of the various regions is significantly different.

We wish to study the core region at R = 1ho; Mpc, the shell region 1h7, Mpc < R <
2.5h- Mpc and the outskirts of the cluster 1.75h-; Mpc < R < 2.5, Mpc. In Table 4
are given the volume, the number of galaxies and the number of different types of galaxies

with the percentage of each type for the different regions studied.

Table 4: The volume and the number of galaxies with their percentages (for each type), in

the three regions of the cluster.

Region [Mpc]  Vol.[Mpc?] Nyus Ellipticals (%) Irregulars(%)  Spirals(%)

R= 3.88 318 214 (67.3%) 62 (19.5%) 41 (12.89%)
1 <R <25 30.02 317 196 (52.83%) 96 (25.88%) 77 (20.75%)
175 <R <25  19.99 151 75 (49.67%) 39 (25.83%) 35 (23.18%)

In order to derive the parameters of the luminosity function o, M*, ¢*, for the whole
sample of galaxies and for the different galaxy types, in the g,r and i bands and for the
three selected regions, we follow the exact same procedure used previously. The results
for each region are presented in the Table 5, Table 6 and Table 7 respectively. The
histograms and the fitted LFs, in the r-band, for the whole sample of galaxies and for the
three types of galaxies separately are showed in Figure 9 , 10 and 11 (the corresponding

figures for the g and i bands can be found in Appendix C).
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Table 5: Best fit Schechter parameters in the three bands g, r, i, for the whole sample of
galaxies and for the different type of galaxies separately, within a cluster radius R = 1]17*21 Mpc.
The uncertainty of the parameters o and M* is the range for which Ax? < 2.3, when keeping

the parameter ¢* fixed at its best value.

Band Type a M* o*[h® Mpc™3] x?/d.o.f
All Galaxies —1.07%391%  —20.6475150 8.90 0.54

g Ellipticals ~ —1.01700% —20.3170353 8.90 0.49
Irregulars  —1.0179153  —19.3775:32 6.50 0.54
Spirals ~ —1.6210157 —21.8670:350 0.60 0.25

All Galaxies —1.047003 —21.317015> 8.70 0.26

r Ellipticals ~ —1.01709%  —20.951075} 6.80 0.39
Irregulars  —0.95%01%2  —19.8670572 5.30 0.53
Spirals ~ —1.28%0728  —21.6870:45 1.80 0.48

All Galaxies —1.08%3032 —21.70751%2 8.40 0.47

i Ellipticals ~ —1.10700:0  —21.6370 755 8.90 0.62
Irregulars  —0.857015%  —20.0670340 6.30 0.49
Spirals ~ —1.7170.26  —23.5470:3%6 0.30 0.68
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Figure 9: Galaxy luminosity functions of the core region of the cluster, in the r-band, within
a radius R = 1h7_21 Mpec. Left upper panel: the whole sample of galaxies. Right upper panel:
elliptical galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies.

The purple bins are those that have been eliminated from the analysis.
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Table 6: Best fit Schechter parameters in the three bands g, r, i, for the whole sample of
galaxies and for the different type of galaxies separately, within the shell region 1h;21 Mpc
<R < 2.5h;21 Mpc. The uncertainty of the parameters o and M* is the range for which

Ax? < 2.3 when keeping the parameter ¢* fixed at its best value.

Band Type a M* o*[h® Mpc™3] x?/d.o.f
All Galaxies —1.08%303% —20.87751%% 0.90 1.10

g Ellipticals ~ —0.9370032  —20.12103% 1.20 0.78
Irregulars  —1.53%001%  —20.9770:35% 0.10 0.62
Spirals ~ —1.2970010  —23.06170551 0.10 0.58

All Galaxies —1.097005 —21.55701%, 1.00 0.59

r Ellipticals ~ —1.0070058 —21.0413353 0.60 0.62
Irregulars  —1.43%0000  —21.2570349 0.10 0.67
Spirals ~ —1.071997%  —21.8610:55 0.30 0.64

All Galaxies —1.1070050 —22.017535 0.80 0.80

i Ellipticals ~ —1.027053% —21.51102)] 0.70 0.50
Irregulars  —1.44100%2  —22.4370:3%8 0.10 0.55
Spirals ~ —1.070971  —22.2010837 0.30 0.73
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100 1

23 2256 -21.86 -21.16

-20.46

-19.76 -19.06 -18.36 -17.66 -7

n=23.20 Galaxies/Mpc3
Iregular Galaxies [

o=-1.43, M*=-21.24 -
100

-23 223

2175 212

Figure 10: Galaxy luminosity functions, in the r-band, of the shell region: 1h7_21 Mpc <R <

2.5h-" Mpc. Left upper panel: the whole sample of galaxies. Right upper panel: elliptical
72

-20.65

-20.1 -19.55 -19 -1845 179 -17.35 17

Mr

100

100 -

n=6.53 Galaxies/Mpc3
Elliptical Galaxies [

o=-1.0, M*=-21.04 -

n=2.56 Galaxies/Mpc3
Spiral Galaxies [

0=-1.07, M*=-21.82 -~

28 -213 2082 -2034 -19.86 -19.38 -18.9

-18.42 1794 1746 17

T

galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies.
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Table 7: Best fit Schechter parameters (for the three bands g, r, i) for the whole sample
and for the different types of galaxies separately, within a cluster’s shell region 1.75h;21 Mpc
<R < 2.5h;21 Mpc. The uncertainty of the parameters o and M* is the range for which

Ax? < 2.3 when keeping the parameter ¢* fixed at its best value.

Band Type a M* o*[h® Mpc™3] x?/d.o.f
All Galaxies —1.1070035 —21.18703%9 0.80 0.60

g Ellipticals ~ —1.0073%% —20.43%34%° 0.70 0.58
Irregulars  —1.57H000  —21.17703%) 0.10 0.28
Spirals ~ —1.35707%  —21.2870750 0.10 0.77

All Galaxies —1.2075919  —21.7670:3% 0.50 0.81

r Ellipticals ~ —1.17M00%  —21.82+33% 0.40 0.63
Irregulars — —1.517005  —21.9075479 0.10 0.27
Spirals ~ —1.26%00% —22.2610%70 0.10 0.61

All Galaxies —1.19705%  —22.0770:3%9 0.50 0.90

i Ellipticals ~ —1.01700% —21.59%0751 0.60 0.71
Irregulars  —1.5070068  —22.167045% 0.10 0.49
Spirals ~ —1.27109%  —22.8470:5%) 0.10 1.43
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n=8.39 GaIaxies/Mpc3 n=4.17 Galaxies/Mpca
Number of Galaxies [ Elliptical Galaxies I

0=-1.20, M'=-21.76 -~ 0=1.17, M=-21.83

100 1 100 q

-24 225 -21.76 -21.02 -20.28 -19.54 -18.8 -18.06 -17.32-17 24 -218 -21.26 -20.72 -20.18 -1964 -19.1 -1856 -1802 -1748 -17

r MI
n=2.17 Galaxies/Mpc® n= 1.95 Galaxies/Mpc®
Iregular Galaxies [ Spiral Galaxies [
o=-151, M*=-21.91 - 0=-1.26, M*=-22.24 -
100 4 100 4
Z Z

-24 217 211 205 199 193 -187  -181 -175 17 24 -21.4 -20.97 -20.54 -20.11 -19.68 -19.25 -18.82 -18.39 -17.96 -17.53  -17

Mr Mr

Figure 11: Galaxy luminosity functions, in the r-band, for the cluster shell 1.75h;21 Mpc <
R < 2.5h;21 Mpc. Left upper panel: the whole sample of galaxies. Right upper panel:

elliptical galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies.

We can see from the tables and the figures above that there is an increase, in r and g
band, in the faint-end slope of the LF from the core toward the outskirts. This happens
due to the fact that at the outskirts the fraction of faint galaxies increases. We can
also notice that in the core, the irregular’s and spiral’s do not provide good fit to the
Schechter function due to the small number of galaxies. At the outskirts we can obtain
better fits of the LF due to their relatively higher galaxy density of spirals and irregulars.

Additionally the parameter M* is brighter in the outskirts than in the core.
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3.3 The dependence of the LF’s parameters o, M* on cluster-

centric distance

In this chapter we intent to study the dependence of the two parameters o and M* on
the radial distance from the cluster center. To this end, we separate our galaxy sample in
the four radial regions that are presented in Table 8, where the volume, the total number

of galaxies and the number of the different galaxy types are showed.

After separating our sample in the radial regions we perform the same procedure that we
use in the previous paragraphs, in order to estimate the parameters a and M*. The results
for the four regions are presented in Table 10, 11, 12 (that can be found in Appendix D)

and Table 7, respectively.

Table 8: The volume and the number of galaxies with their percentages (for each type), in

the four regions of the cluster.

Region [Mpc]  Vol.[Mpc®] N,qus Ellipticals (%) Irregulars(%)  Spirals(%)

R=05 0.77 166 120 (72%) 27 (16.26%) 17 (10.24%)
05< R <1 3.11 152 94 (61.84%) 33 (21.71%) 24 (15.79%)
1< R <175 12.03 220 121 (55%) 57 (25.9%) 42 (19.09%)

1.75< R <25  19.99 151 75 (49.67%) 39 (25.83%) 35 (23.18%)

In order to have an idea of the dependence of the LF parameters with cluster-centric
distance, we produce, for the r-band, the dependence of the parameter o and M* on
the radius R (Figure 12). The error bars are included only for the irregulars to avoid
overcrowding. The values of the uncertainties for the two parameters o and M* can be

found in in Table 10, 11, 12 and 7.

As we can see at Figure 12 the slope « of the LF is the flattest for the whole sample of
galaxies, for ellipticals and spirals at the shell region 1 < R < 1.75h-, Mpc. The faint
end slope is steeper at the outskirts of the cluster for all galaxy types ( note that for

spirals the fit at 0.5 < R < 1ho, Mpc is very bad and the results are not showed).

The characteristic magnitude M*, for the r-band, is brighter in the core region (within
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0 0‘5 1 o1 1.‘75 25 0 0‘5 1 o1 1.‘75 25
R[h "Mpc] R[h "Mpc]

Figure 12: The dependence of the LF’s parameters a, M* on cluster-centric distance, in the r-
band. Left panel: The dependence of the a parameter on cluster-centric distance. Right panel:

The dependence of M* parameter on cluster-centric distance.

a radius of R = 0.5h7, Mpc ) for all of our samples, due to the fact that the core
region is dominated by giant elliptical galaxies. Fainter M* values are found in the
1 < R < 1.75h;) Mpc region, while the uncertainties of both a and M*, for spirals and
irregulars, are quite large. However,the brightest M™* values appear to be of the irregulars
and the spirals in the core region but these are unreliable results due to extremely small
number of corresponding galaxies in this region. The same results apply for the g and i

band.

The steepening of the faint-end of the LF towards the outskirts, where the number density
is small, indicates the existence of environmental effects. The difference of the shape of
the LF as a function of cluster-centric distance indicates changes in the galaxy population
mix. This could lead to the conclusion that, while a steeper faint end slope in the outskirts
indicates a greater percentage of faint galaxies, in the virialized core region where galaxies

have already been processed via mergers and interactions the faint-end LF is flatter.

Inspecting also Table 8, where we see clearly that the spiral and irregular fraction is
significantly higher at the cluster outskirts with respect to the cluster core, we conclude
that their interactions eventually lead not only to a higher fraction of elliptical galaxies

but also to brighter galaxies.
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4 Conclusions

In this thesis we studied the LF of galaxies in the Coma rich cluster of galaxies. We have
first identified the cluster members from the SDSS DR10 spectroscopic galaxy catalogue,
applying all the necessary corrections (K-corection, Galactic and internal absorption)
to the apparent magnitudes (in g, r and i bands). We then estimated the LF of the
cluster within radius R = 1.5h7_21 Mpc for the whole sample of galaxies, comparing the
results with the field LF, and separately for ellipticals, spirals and irregulars as well. We
notice that a single Schechter function provides a relatively good fit to our samples. As
expected ellipticals shape the LF of the whole sample of galaxies, due to the fact that they
are more numerous, especially in the cluster’s core region. Next, in order to study the
environmental dependence of the different galaxy types, we estimate the LF’s parameters
a and M* in the core and the outskirts of the cluster. We notice that the faint end
slope of the LF steepens towards the outskirts. Unfortunately, the fits for irregulars and
spirals are not very reliable since their numbers are very small and thus we cannot derive
strong conclusions. Finally we study the dependence of the two LF parameters on the
radial distance from the cluster center. Also this analysis shows the presence of clear
environmental effects that alter the shape of the LF, leading to a steeper faint-end slope
at the outskirts and to flat faint-end slope towards the core region. Physical processes,
like mergers, interactions and tidal stripping of the IGM gas, that alter the population
mix as a function of cluster-centric distance and alter also the galaxy luminosities, are

most probably the causes of the observed LF differences.
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Appendices

A The y? minimization procedure

The most common statistical method to identify how well a theoretical model describes the

observed data, is the y? minimization procedure.

Suppose that we make a measurement (z;,y;) of a quantity y for a given z;. The expected
value for y; according to the theory would be f(z;) and the total error of the experimental
measurement (due to uncertainties of the measurement, etc.) would be o. The probability to

make this measurement is 1

Pz;) = ml/%exp [—; (yaf()> ] (A1)

Now suppose that we make N measurements of this quantity that are independence of each
other. The total probability of obtaining this entire set of these N data points is equal to the

product of the probability of each data point (C. Laub, T. Kuhl), so

N N N AN 2
el [l w5

i=1 Ji i—1

If we want to find the maximum probability we have to minimize the sum in the exponential

term of P, so, we define this quantity as

X = é (yi _U]:(xi)>2 (A.3)

and for sz-n we have the maximum probability. Thus, if the theoretical function f(z;,p),
depends on a set of parameters, which correspond to the elements of the vector p, we can test

for which values of these parameters we get the maximum probability.d

In our case, y; is the number of galaxies in each bin in the magnitude distribution histogram,

with the center of each bin being M;. Furthermore, f(z;) is the theoretically expected number

!Probabilities are normalized to their maximum values (Plionis et al. 2011)
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of galaxies ®(M) x V for the same central magnitude M;, with p = (a, M*, ¢*), for instance.

So, we have

N 2
9 O(M;,p) x V —N;
-y (A.4)
YT ( VN >

where N; is the number of galaxies in each bin of the histogram and V the volume of the cluster’s

region.

For the best-fit parameters pg we obtain the minimum X?%’Lin' When the parameters differ from
these values, p # Ppo, then x? increases, so Ax? = x? — x2,,,, > 0. Limits of Ax? that depend
on the number of the fitted parameters, Ny, define confidence regions that contain a certain
fraction of the probability distribution of p’s !. Almost every possibility region corresponds to

a certain standard deviation o. All these are shown in Table 9.

Table 9: Ax? limits for Ny fitted parameters and different confidence levels.

g P Nle Nf:2 Nf:3

lo 68.3% 1 2.3 3.53

90% 2.71 4.61 6.25
200 95.4% 4 6.17 8.02
30 99.73% 9 11.83 14.2

In order to see how good our fit is, we have to divide the minimum y?2 . by the degrees of
freedom, d.o.f. and obtain the reduced chi-square, x?2,;,/d.o.f. If we have N bins and N ¢ fitted
parameters, then d.o.f. = N — N;. For a satisfactory fit we want X?nm/d.o.f. < 1, which implies
that our model describes the observational data very well, inside our uncertainties limits. If
X?ﬂin /d.o.f. > 1 it means that our model is not an appropriate fitting function or that we
have not taken into account some form of unknown systematic error. Finally, we may have

underestimated our observational uncertainties (Bremer, 2009).

!For more information see ” Numerical Recipes 3rd Edition: The Art of Scientific Computing”, William

H. Press
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B &(L) within R = 1.5h-, Mpc, in the g, i bands

In this appendix we present the absolute magnitude histograms and the fitted LF's for the whole

sample of galaxies and separately for the ellipticals, spirals and irregulars, in the g and i bands.

n=42.21 Galaxies/Mpc3 n=26.9 Galaxies/Mpc3
Number of Galaxies [I] Elliptical Galaxies [

(1=—1.07, M*=-20.79 - 0=-0.97, M*=-20.19 -

100 4 100 4

Z 4
10 4 10 4
1 — 1 - — .
-23 222 -2152  -2084 -20.16 1948 -18.8 -18.12  -1744 -1676 -16 23 -22.15 -21.69 -21.23 -20.77 -20.31 -19.85 -19.39 -18.93 -18.47 -18.01 -17.55 -17.09 -16.63 -16
M M
9 9
n=9.02 Galaxies/Mpc3 n=6.19 Galaxies/Mpc3
Irregular Galaxies [ Spiral Galaxies [
0=-1.43, M*=-20.35 -~ 0=-0.98, M*=-21.69 -~
100 4 100 4

23 2132 2079 2026 -1973 -192 -1867 -18.14 -1761 -17.08 -1655 -16 23 -21.8 -21.36 -20.92 -20.48 -20.04 -19.6 -19.16 -18.72 -18.28 -17.84 -17.4 -16
Mq Mq

Figure 13: Galaxy luminosity functions in the g-band, for a radius R = 1.5h7_21 Mpec.
Left upper panel: the whole sample of galaxies. Right upper panel: elliptical galaxies.
Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies. The purple bins

are those that have been eliminated from the analysis.

49



n=42.21 Galaxies/Mpc3 n=26.9 Ge{laxies/Mpc3
Number of Galaxies [ Elliptical Galaxies [

o=-1.11 M*=-21.87 - 0=-1.04, M*=-21.54 -
100 100

Z
10 4
1 :
-24 -23.27-22.8622.4522.0421.6321.2220.81-20.4-19.9919.5819.17-18.7618.3517.9417.53 -16 -24 -2327 -22.47 -21.67 -20.87 -20.07 -19.27 -18.47 -17.67 -16
M; My
n=9.02 Galaxies/Mpc3 n=6.19 Galaxies/Mpc3
Irregular Galaxies I Spiral Galaxies [
o=-1.51, M*=-22.54 -~ o=-1.25, M*=-22.53 -
100 4 100

- — T T
24 2254 2196 -21.38 -208 -2022 -1964 -19.06 -1848 -17.9 -17.32 -16 24 -22.69-22.16-21.73 -21.3-20.87-20.44-20.01-19.58-19.15-18.72-18.29 -16
M M;

i i

Figure 14: Galaxy luminosity functions in the i-band, for a radius R = 1.5]17_21 Mpec.
Left upper panel: the whole sample of galaxies. Right upper panel: elliptical galaxies.
Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies. The purple bins

are those that have been eliminated from the analysis.
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Figure 15: Solution space for o« and M*, in the g-band, for a radius R = 1.5h7_21 Mpec. The blue
contour corresponds to the 1o confidence level (68.3%) and the grey to the 30 confidence level
(99.73%). The best-fit values are at the intersections of the dashed lines. Le ft upper panel: the
whole sample of galaxies. Right upper panel: elliptical galaxies. Left bottom panel: irregular

galaxies. Right bottom panel: spiral galaxies.
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Figure 16: Solution space for @ and M*, in the i-band, for a radius R = 1.5h7_21 Mpec. The blue
contour corresponds to the 1o confidence level (68.3%) and the grey to the 30 confidence level
(99.73%). The best-fit values are at the intersections of the dashed lines. Le ft upper panel: the
whole sample of galaxies. Right upper panel: elliptical galaxies. Left bottom panel: irregular

galaxies. Right bottom panel: spiral galaxies.
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C &(L) of the core & the cluster outskirts, in the g,

1 bands

In this appendix we present the absolute magnitude histograms and the fitted LF's for the whole
sample of galaxies and for the three types of galaxies separately (in the g and i band) and for
the three selected regions R = 1h7*21 Mpc, 1h;21 Mpec < R < 2.5117*21 Mpc and 1A~ Mpc

< R < 1.75h~! Mpc, respectively.

we also present

n= 81.90 Galaxies/Mpc® n= 55.12 Galaxies/Mpc®
Number of Galaxies [ Elliptical Galaxies I
0=-1.07 M*=-20.64 - 0=-1.01, M*=-20.31 -

100 4 100 4

T T T T T
24 2218 2136 2054 1972 -189 1808 1726  -16.44 -16 24 -22.13 -21.63 -21.13 -20.63 -20.13 -19.63 -19.13 -18.63 -18.13 -17.63 -17.13 -16.63  -16
M

g Mq
n=15.97 Galaxies/Mpc® n=10.56 Galaxies/Mpc®
Irregular Galaxies [ Spiral Galaxies [
0=-1.01, M*=-19.37 - 0=-1.62, M*=-21.86 -

100 4 100 4

T T - - — T — T
-24 206 -19.74 -18.88 -18.02 -17.16 -16.3-16 24 213 2075 202 -19.65 -19.1 -1855 -18 -17.45 -169 -16
MG Mq

Figure 17: Galaxy luminosity functions of the cluster core, in the g-band, for a radius
R= 1h;21 Mpec. Left upper panel: the whole sample of galaxies. Right upper panel: elliptical
galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies. The

purple bins are those that have been eliminated from the analysis.
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n=381.90 Galaxies/Mpc3 n=55.12 Galaxies/Mpc3
Number of Galaxies [ Elliptical Galaxies I
0=-1.08 M*=-21.70 - 0=-1.10, M*=-21.63 -
100 4 100 +
Z Z
-24 -233 -22.48 -21.66 -20.84 -20.02 -19.2 -18.38 -16 k -24 -2314 2247 218 2113 2046 -1979 -19.42 -1845 -17.78 -16
My i
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Figure 18: Galaxy luminosity functions of the clusterr core region, in the i-band, for a radius
R= lh;Q1 Mpc. Left upper panel: the whole sample of galaxies. Right upper panel: elliptical
galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies. The

purple bins are those that have been eliminated from the analysis.
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Figure 19: Galaxy luminosity functions, in the g-band, of the shell region: 1h7_21 Mpe <R <
2.5h;21 Mpc. Left upper panel: the whole sample of galaxies. Right upper panel: elliptical

galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies. The
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9

purple bins are those that have been eliminated from the analysis.
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n=12.36 Galaxies/Mpc3
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Figure 20: Galaxy luminosity functions, in the i-band, of the shell region: 1h;21 Mpe <R <

2.5h75 Mpe.

galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies. The
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Left upper panel: the whole sample of galaxies. Right upper panel: elliptical
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Figure 21: Galaxy luminosity functions, in the g-band, at cluster’s shell region 1.75h7_21 Mpc

<R < 2.5h;21 Mpc. Left upper panel: the whole sample of galaxies. Right upper panel:

elliptical galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies.

The purple bins are those that have been eliminated from the analysis.
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Figure 22: Galaxy luminosity functions, in the i-band, at cluster’s shell region 1.75h;21 Mpc
<R < 2.5h;21 Mpc. Left upper panel: the whole sample of galaxies. Right upper panel:

elliptical galaxies. Left bottom panel: irregular galaxies. Right bottom panel: spiral galaxies.
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D The dependence of the (L) parameters on cluster-

centric distance

In this appendix we present the best fit Schechter parameters in the three bands g, r, i, for the
whole sample of galaxies and for the different type of galaxies separately in Table 10, Table 11,
Table 12, at cluster’s region R = 0.5h;21 Mpc, ().5h;21 Mpe <R < 1]17721 Mpc, 1.75h;21 Mpc

<R < 2.5h7_21 Mpc respectively.

We also present the diagrams of the dependence of the two Schechter parameters oo and M* on

the radial distnce from the cluster’s center, in the g and i band.

Table 10: Best fit Schechter parameters in the three bands g, r, i, for the whole sample of
galaxies and for the different types of galaxies separately, within a radius of R = 0.5117_21 Mpc.
The uncertainty of the parameters a and M*, is the range for which Ax? < 2.3 when the

parameter ¢* is fixed at its best value.

Band Type a M* o*[h® Mpc3] x?/d.o.f
All Galaxies —1.267003) —21.991031% 8.70 0.65
g Ellipticals ~ —1.25700%  —20.9270:33% 8.90 0.93
Irregulars  —1.3770080  —24.637336) 0.40 0.28
Spirals —0.98T0%%  —20.8975%0 3.90 0.10
All Galaxies —1.2970035  —22.20703T7 8.90 0.64
r Ellipticals ~ —1.22700%%  —21.7670317 8.90 0.70
Irregulars  — 1457098  —25.09109% 0.50 0.33
Spirals —1.08"0%s1  —23.0972:967 2.10 0.48
All Galaxies —1.307093% —22.97+0522 8.90 0.80
i Ellipticals ~ —1.28700% —22.87+01%. 8.90 0.79
Irregulars  —1.54%0018  —25.157 0% 0.40 0.48
Spirals ~ —1.0770 00  —25.1679331 1.40 0.42
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Table 11: Best fit Schechter parameters in the three bands g, r, i, for the whole sample of
galaxies and for the different type of galaxies separately, at cluster’s shell region 0.5h;21 Mpc
<R < 1]17721 Mpc. The uncertainty of the parameters o and M?*, is the range for which

Ax? < 2.3 when the parameter ¢* is kept fixed at its best value.

Band Type a M* o*[h® Mpc™3] x?/d.o.f
All Galaxies —0.95700% —20.4870323 7.10 1.27

g Ellipticals ~ —1.060 05 —20.3310358 6.30 0.09
Irregulars  —0.85107% —19.2570:27 3.80 0.10
Spirals ~ —1.9570100 —22.8270-3%5 0.10 0.54

All Galaxies —1.08759% —21.37702% 5.10 0.28

r Ellipticals ~ —1.17700%2 —21.37103%) 4.60 0.03
Irregulars  —1.427009%  —22.0275:899 0.60 0.01
Spirals ~ —2.49707% 222910370 0.10 1.11

All Galaxies —1.0770081  —21.4475:27 5.40 0.74

i Ellipticals  —1.0670 00 —21.42135% 6.30 0.38
Irregulars  —1.25%0102  —21.0970:228 1.60 2.30
Spirals ~ —2.2970%%% 229570392 0.10 1.03

60



Table 12: Best fit Schechter parameters in the three bands g, r, i, for the whole sample of
galaxies and for the different type of galaxies separately, at cluster’s shell region 1]17*21 Mpc <
R < 1.75h;21 Mpc. The uncertainty of the parameters o and M*, is the range for which

Ax? < 2.3 when the parameter ¢* is kept fixed at its best value.

Band Type a M* o*[h® Mpc™3] x?/d.o.f
All Galaxies —1.027002) —20.7170357 2.00 0.53

g Ellipticals ~ —0.9170197  —19.9710383 1.60 0.68
Irregulars  —1.53100% —22.73704% 0.10 0.41
Spirals —0.8219218  _20.2310-547 1.20 0.94

All Galaxies —1.017554%7 —21.357023 2.20 0.40

r Ellipticals ~ —0.94700%  —20.8710301 1.50 0.50
TIrregulars  —1.57700%;  —23.21754% 0.10 0.22
Spirals  —1.01%00% —21.8775039 0.60 0.40

All Galaxies —1.02%3915 —21.7375:25¢ 2.80 0.34

i Ellipticals ~ —0.97"000s  —21.367032 1.40 0.43
Irregulars  —1.55700%  —23.7770:33° 0.10 0.29
Spirals ~ —1.0570105 —22.6675212 0.50 0.905
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Figure 23: The dependence of the LF’s parameters a, M* on cluster-centric distance, in the

g-band. Left panel: The dependence of o parameter on cluster-centric distance. Right panel:

The dependence of M* parameter on cluster-centric distance.
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Figure 24:

i-band. Left panel: The dependence of o parameter on cluster-centric distance. Right panel:

The dependence of M* parameter on cluster-centric distance.
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