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Abstract

The cold dark matter model has become the leading theoretical paradigm for the formation
of structure in the Universe. Together with the theory of cosmic inflation, this model makes
a clear prediction for the initial conditions for structure formation and predicts that structures
grow hierarchically through gravitational instability. Asaresult, small structures collapse first
and eventually build large structures such as groups and cluster of galaxies. While clusters are
among the most massive bound structures in the Universe, groups are more numerous and most
of the galaxies reside within galaxy groups. Testing this model requires that the precise mea-
surements delivered by galaxy surveys can be compared to robust and equally precise theoretical
models.

The current project consists of two parts. In the first part, we investigate the existence
and evolution of early-formed fossil galaxy groups, and the development of the luminosity gap
between its brightest galaxies. We study the correlation of these properties with the group
mass assembly history, by comparing observationsto the Millennium simulation of dark matter
particles, and the associated semi-analytic catalogues of galaxies, together with the Millennium
gas simulation.

Fossil Galaxy Groups are believed to be the end result of galaxies merging within anormal
galaxy group, leaving behind the X-ray halo characteristic of a group. The sample of fossilsin
our study are selected according to the useful definition of fossil groups. The luminosity gap

statistics in the Millennium Run are compared to the theoretical models. The study of the mass



evolution of fossils showsthat in comparison to normal groups, fossils are more evolved systems
and have assembled their masses at higher redshifts, while normal groups are still evolving.
Our work suggests the earlier formation and higher mass concentration of fossil systems. The
estimated space densities from the Millennium Run are smaller (sometimes in agreement within
the range of errors in the observations) than those obtained from the observations.

Furthermore, we study the development of magnitude gap from a general point of view
and its correlation with the mass assembly of groups and clusters of galaxies using the same
dark matter simulations. The results show that the current definition of fossils, based on the
magnitude gap Amy, > 2, does not satisfy the necessity for a group or cluster to be an early
formed system. Moreover, thefossil phase (the duration in which the magnitude gap of agalaxy
group remains aways above athreshold value, i.e. Amq, >2) isatemporary phasein thelife of
groups, and most groups would experience such aphase in their lifetime. We revise the current
optical definition of fossil groups, by studying the evolution and history of various physical
parameters associated with the mass assembly of galaxy groups and clusters.

In the second part of this dissertation, we study the optical properties of a sample of 25
optically selected groups from the XMM-IMACS (X1) project. The project aimsto improve our
knowledge of how the dynamics and properties of group galaxies describe the global charac-
teristics of groups, by using a combination of radio, X-ray, infrared, and optical observations
together with the imaging and spectroscopy of the group galaxy population. The observations
were performed during three observing run at the Las Campanas observatory. Image processing
and precise astrometry was done for spectroscopic follow-up observations. Group viria radii
were found by combining the spectroscopic results together with those from the Millennium
simulation. Finally we determined the group luminosity functions using the overdensity radii,
with the extracted colour-magnitude relation from the spectroscopic observations, and find that
the luminosity function of optically selected groups are very similar to that of X-ray selected

groups.
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Chapter 1

Groups of galaxies

1.1 Introduction

Astronomical redshift surveys in the last few decades such as 2dFGRS (2dF Galaxy Redshift
Survey) and SDSS (Sloan Digital Sky Survey) have reveaed that the nearby universe, and in-
deed out to very large distances, the distribution of the galaxiesis not uniform. An overwhelm-
ing majority of galaxies lie in gravitationally bound structures known as groups (Tucker et al.
2000; Giuricin et a. 2000; Merchan, Maia & Lambas 2000; Ramella et al. 2002; Mercha' n &
Zandivarez 2002; Eke et al. 2004; Yang et a. 2005; Merchan & Zandivarez 2005) though a
noticeabl e fraction of them reside within clusters and super clusters.

Hence, studying and identifying galaxies in groups is important as the formation and evo-
lution of most galaxies takes place in group environment. Another important issue is that since
groups are regions of intermediate density in comparison to field and cluster regions, we can
also study the environmental effects on the evolutionary states of galaxies and compare them
with results from observation of galaxiesin field and clusters.

Groups typically contain fewer galaxies than clusters though the number of constituent

galaxies does not provide a reliable definition for either groups or clusters. Obviously, such



CHAPTER 1. GROUPS OF GALAXIES 2

a quantity depends on the number of galaxies found to a certain magnitude limit, within alim-
ited volume. Therefore, though clusters are larger than groups, there is not an explicit sharp
dividing line between a group and a cluster.

There are similarities between groups and clusters. For instance, early type galaxies in
groups are found closer to group centres and tend to be more clustered similar to the density-
morphology relation found in clusters (Dressler 1980; Binggeli, Tammann, & Sandage 1987).
But in general, the physical properties of clusters such as the velocity dispersion of individual
galaxies, the matter content and the total optical luminosity are different from those of groups.

While clusters contain a small fraction (~ 2%) of the total stellar mass in the Universe,
groups of small size contain most of them (Eke et al. 2005). Furthermore, unlike clusters which
are essentially virialized systems, different groups may represent different evolutionary stages
of system of galaxies. There is awide diversity of groups in evolutionary stage. On the other
hand, there are groups like Local group which are coming together for the first time, and at
the other end of the spectrum there are fossil groups which are dominated by a luminous large
central eliptical galaxy and presumably are the end product of galaxy merging within groups
(Ponman & Bertram 1993; Jones et a. 2003; D’Onghia et al. 2005). Galaxy groups may
have been different from each other in terms of shapes, sizes, and morphologies, i.e. loose or
rich groups, poor groups, or compact groups. The Local Group of which the Milky Way is a
member of that, is a poor galaxy group. Our Milky Way together with M31 are the only two
largest spiral galaxies in the Local Group. It is the only place that astronomers can explore
various properties such as galaxy kinematics, star formation history, etc. by detailed studying

of their galaxy stellar population.
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1.2 Galaxy groups. an overview

A galaxy group or cluster is a concentration of galaxies, embedded in an extended dark matter
halo. The galaxies are physicaly bound together due to their mutual gravitational attraction
and the presence of dark matter halo, which is extends far beyond the radius at which one sees
galaxies. Thereisawide variety of galaxy groupsin termsof size, richness, velocity distribution
and distribution and morphology of constituent galaxies.

Groups have atypica size of afew megaparsecs (Mpc) with total masses (including dark
matter halo masses) intherange M = 10'2°~14h~1 M, (Huchra& Geller 1982). Groups can be
classified asrich or poor, X-ray luminous or X-ray-dim, cool or hot, early formed (fossils) or late
formed according to the properties being studied. For example, Hickson (1982) listed groups
of galaxies known as Hickson Compact Groups (HCG) which are compact configurations of
several galaxies that show their own peculiarities in terms of morphology, star bursts or AGN
activity (Hickson 1997).

Of course not al of these groups are real physical and bound systems as they could be
aresult of chance superpositions of galaxies at different redshifts or galaxies within filament
that are viewed edge-on. Such groups are unbound systems or pseudo-groups rather than real
gravitationally bound groups (Ramella, Pisani & Geller 1997; Hernquist, Katz & Weinberg
1995).

Since galaxy groups have sufficiently high densities but low velocity dispersions, galaxy
evolution processes such as transformation and merging occur more frequently in groups rather
than clusters where galaxies have large velocity dispersions. This is mainly due to the larger
dynamical friction force in group environment where galaxies have lower velocities. According
to Chandrasekhar (1943), the dynamical friction force f,,,, between a galaxy of mass A/ and

velocity v, in agalaxy system with the surrounding matter of density p, hasthe following form
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f M?p
dyn X —5—
U

(1.1)

In Eq. 1.1, f4,, o v;7 which means that the fractional rate of galaxy energy loss is lower at
highvelocities, i.e. in cluster environments dynamical frictionisrelatively lessimportant thanin
groups. Conversely groups with low galaxy velocity dispersions provide a suitable environment
where galaxies can lose energy due to dynamical friction and fall more rapidly toward the group
centre, where a rapid transition of galaxy properties (star formation, morphology, etc.) may
occur more efficiently. Thus group environment is very important particularly in the evolution
of galaxies and their interactions with intra-group environment.

Groups do not contain many luminous galaxies, and the optical study of groups alone does
not provide considerable insight into these systems. Because of this, there are uncertainties
in estimated dynamical properties of groups (in comparison to galaxy clusters) from optical
observations of their small number of luminous galaxies. Observations at other wavel engths,
notably in the X-ray and radio part of the electromagnetic spectrum, provide valuable insight

into the nature of galaxy groups.

1.2.1 Group catalogues

The identification of group members against foreground and background galaxies requires the
groups to be well isolated in space in order to minimise the contamination due to non-group
galaxies. Also, redshifts need to be known in order to find group in a 3D distribution of galax-
ies. Normally the bright group galaxies (ellipticals, lenticulars, or spirals) are identified based
on their spectroscopic or line-of-sight velocity data. The spectroscopic measurements are not
easily accessible for dwarf group galaxies with fainter luminosities. Therefore, in most red-
shift surveys only the identification of most brightest group galaxy membersis possible as such

surveys are limited to bright apparent magnitudes, leaving the redshift measurements of very
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faint dwarf group galaxy members undetected. The number of such faint galaxies could be
find statistically by comparing galaxy countsin agroup with an adjacent reference field (Miles,
Raychaudhury, & Russell 2006). In this method, the excess in the measured number of faint
galaxies is assigned to the group population. A major problem is the diversity and nonuni-
form distribution of field galaxies. Besides, groups themselves have alow density contrast (in
comparison to clusters) relative to the field which makes this procedure uncertain.

From the earliest redshift surveys, Geller & Huchra (1983) presented a statistically ho-
mogeneous catalogue of 176 groups, identified in the CfA redshift survey of galaxies at red-
shifts z ~ 0.03. Carlberg et al. (2001) identified ~ 200 groups at intermediate redshifts
(0.1 < z < 0.55) within the CNOC2 intermediate-redshift galaxy survey.

However, the recent galaxy group catalogues are constructed using automated group finding
algorithms based on large-scale galaxy redshift surveys which list galaxy groups in the nearby
Universe. For example, using the Two-degree Field Galaxy Redshift Survey (2dFGRS) final
data release, Eke et al. (2004) compiled a catalogue containing more than 3 x 10* groups
extending up to redshift z ~ 0.25 (2PIGG). Similarly there are several other identified and
published galaxy group catalogues which are constructed based on the 2dFGRS and the SDSS
redshift surveysrespectively (Mercha n & Zandivarez 2002; Merchan & Zandivarez 2005; Yang
et al. 2007; Tago et al. 2008).

The techniques used in such catalogues to identify groups from large-scale galaxy redshift
surveys is the friends-of-friends (FoF) algorithm developed by Geller & Huchra (1983). Alter-
native methods have been used to identify groups. The 2PIGG catalogue of Eke et a. (2004)
used a Percolation based agorithm. Another example is the group catalogue from DEEP2
Galaxy Redshift Survey (Gerke et a. 2005) in which groups have been identified using the
Voronoi-Delaunay Method of (Marinoni et al. 2002) over asmall sky areawith redshiftsin the

range 0.7 < z < 1.4.
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1.3 Virial theorem and time scales

1.3.1 Virial theorem

According to the virial theorem, the total gravitational potential energy of a group is related to
the sum of the kinetic energies of all of the individual galaxies that make up the group. Each
galaxy in agroup has akinetic energy and a gravitational potential energy which is due to the
gravitational interaction of that galaxy with al the other galaxies and the dark matter halo of
the group. The potential energy of a system of gravitating particles (here galaxies) is negative,
since work needs to be done to assemble them in a group, from a large distance away where
they have negligible influence on each other. If agroup isin a state of equilibrium, then the
virial theorem states that the total kinetic energy and the total potential energy are related by
(Binney, & Tremaine 1987)

2T +V =0, (1.2

where T and V are the total kinetic energy and potential energy in the system (proof is given in

Goldstein 1980).

Virial mass of groups and clusters

One method of identifying agroup or cluster isto regard them as material lying within a sphere,
centred on alocal maximum density or minimum potential, whose radial extent r, is defined

by an enclosed isodensity condition

M(< ’I“A)
T

Such spherical overdensity masses require a choice of threshold density p;(z) which ismultiple

A of the critical density p.(z) , i.e. pi(2) = Apc(z). The critical density p.(z) is in fact
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the boundary density between the case where the universe has enough mass per unit volume to
cause eventual collapse of the universe, and too little mass per unit volumeto stop the expansion
and is defined as follow

B 3H?(2)

pe(z) = R (1.9

where H(z) = 100h(z) km s™! Mpc™! is the Hubble parameter at redshift z. Notice that the
Hubble parameter appearsin the critical density relation since it measures the expansion rate of
the universe. The current critical density is approximately ~ 1.06 x 1072 gcm=3,
One of the useful applications of the virial theorem isthat it connects the velocity dispersion
o, and ICM (intracluster medium) or IGM (intragroup medium) temperature 7', within a sphere
of radiusr, to the corresponding overdensity mass M viathe form
o KkTges GMa

lopialie's =c , (1.5
pwmy, TA

where 1 is the mean molecular weight of the IGM/ICM, m,, the proton mass, ¢ a dimension-
less constant that depends primarily on the internal density profile of clusters, and 7, is the
intragalactic medium temperature. Using the definition of critical density p.(z) together with

Eg. 1.3 one obtains

raH?(2)

M :Mm’r:A
A AT

(1.6)

Thedensity contrast A (at virialization) in Eq. 1.6 isan important parameter in fitting theoretical
calculations to observation and depends on the density parameter 2 which in turn depends on
different cosmological models. In aflat universe for which 2 = 1, a spherical clump of matter

virializes at adensity contrast of order 100 (Peacock 1999). For example Cole & Lacey (1996)

1The density parameter ) is defined as the ratio of the density of the Universe p over critical density p. at a
particular epoch.
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has shown that A = 178 separate well the interior of the virialized halo from the surrounding
infalling material while for €2 # 1, A depends on Q2 (Eke, Cole, & Frenk 1996). However,
recent cosmological simulations have adopted A = 200 in which Eq. 1.6 reducesto (Evrard et
a. 2002; Croton et a. 2006)

1003, H?(2)

vir
Mvir =

e ) a.7)

wherer,;. = rogo iStheviria radius of agroup or cluster.

1.3.2 Timescales
Hubbletime

According to Hubble's law, there is a linear relationship between the receding velocity v of a
galaxy with the distance to that galaxy d at time ¢ due to the expansion of the overall universe.

Therdationis

v=H(t) xd, (1.8

where H (t) isthe constant of proportionality known as the Hubble constant (also called Hubble
parameter which is a value that is time dependent) at time ¢, ¢ is the speed of light in vacuum.
In Eq. 1.8, the quantity H~(¢) isin time units (s) and is known as the Hubble time and is a
measure of the age of the universe since it is the amount of time one predicts by projecting
back assuming the universe has always been expanding at its current rate. Recent data from the
Wilkinson Microwave Anisotropy Probe (WMAP) project estimates the age of the universe to
be (13.73 £+ 0.12) x 10? yr with an uncertainty of 120 million years (Hinshaw et al. 2008).
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Dynamical timescale (Crossing time)

Consider a homogeneous sphere of density p and mass M (r). A test particle within the sphere

experiences a gravitational potential of

M(r
o(r) = 6 (L9)
If the test particle movesin acircular orbit with circular velocity v. and period 7" then
- GM(r) A7Gp
Ve(r) = = T
") \/ r \/ 5 (1.10)

T = ? = V3nGp
If the test mass is released from rest at radius r in the gravitational field given by Eq. 1.9, its

eguation of motionis

a2 r2 3 7

2
d*r GM(r) _47err (1.11)

which is the equation of motion of a harmonic oscillator of angular frequency 27 /7. Sincethe
period 7" isindependent of theinitial value of r, the test mass will reach » = 0 in aquarter of a

period 7'/4, or

T_ 3
1=

: 1.12
16Gp (112)

tdyn -

For a system of mean density p, the dynamical time is defined using Eq. 1.12 and is approxi-
mately equal to the time required for an orbiting star to travel halfway across the system of this
mean density. For a non-homogeneous system, say a cluster of radius R and N galaxies with
individual mass m;, it is easy to use the virial theorem and show that

LINLLAE (1.13)

tam == % (Gap) ™
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where M = Zf\i , My, Isthe total mass of the cluster, and v is the average speed of the galaxy

with respect to the centre of the cluster.

Cooling time

Cooling time is the timescale over which the gas can continue to lose energy at its current rate
which is a simple estimate of the susceptibility of gas to radiative cooling. Thus defined, the
cooling time (in seconds) of a parcel of gas with volume, V' (in cm?), and luminosity, Lx (in

ergs!), isgiven by

kT
3 PV fie

teoos = 1.602 x 107
: X Q/LLX

(1.14)

where kT is the deprojected gas temperature (in keV), p is the electron number density (in
cm~?) and the constants 1. and . are the mean mass per electron (1.167) and the mean molec-
ular weight (0.593) of the gas (Sanderson, Ponman, & O’ Sullivan 2006). Given typical values
for physical parameters of groups and clusters (Binney, & Tremaine 1987), one can see that
teoot ~(0.3-6) x Hoh km s~!Mpc—! which means that the cooling time for most of the groups

and clusters is more than one Hubble time.

Dynamical friction time

The merger times of a satellite galaxy moving on the periphery of the primary galaxy, ob-

tained under the impulsive and adiabatic approximations, reduce to the decay time predicted

by Chandrasekhar’s formulafor dynamical friction (Chandrasekhar 1943) if the satellite galaxy

is regarded as a mass point (Binney, & Tremaine 1987). Based on these assumptions the time

needed for a satellite galaxy to merge with the central galaxy of adark halo is estimated as
Ver?

tiriction = 1.17———52 1.15
frict Gmsat InA ( )
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Thisformulaisvalid for a satellite of mass my,; orbiting in an isothermal potential of circular

velocity V. at radius r,,;. The parameter In A isthe Coulomb logarithm equal to

A = bmaw‘/c2/G(Mvir + msat)7 (116)

where b, 1S the maximum impact parameter of the encounter. In numerical simulations, In A
is approximated by (b,,az/bimin )2 Where by, is the minimum impact parameter, and In A could
be in the ranges of ~ 1 — 4 (Veldazques & White 1999; Fellhauer et al. 2000). Given typical
estimatesfor parameters of groups and clusters of galaxies (see Table 1-4 of Binney, & Tremaine
1987), it is easy to show that the dynamical friction timein clustersis ~50 times more than that

those for groups where t;.1ion 1S NOt More than afew gigayears,i.e. less than one Hubble time.

1.4 Formation of groups

The current model of the formation of the Universe is based on the Big Bang model. The model
constructs a framework for the standard cosmological model, in which the Universe starts to
expand from a singularity or an initial dense state. Shortly after the Big Bang, the inflation
happens in which the Universe experiences an extreme rapid expansion. Such model has been
proved to be useful in explaining several long-standing problems in cosmology (Guth 1981).
Within the current view, the formation of structuresis hierarchical in which the larger structures
form by clustering of smaller structures. Smaller structures originate due to development of
initial perturbationsin the density field.

In the very beginning, near after the Big Bang the temperature was very high. Under such
condition baryons synthesise to form deuterium, helium, light elements etc., until the tempera-

ture drops below a critical value needed for further nuclear reactions to take place. This baryon

2In the Millennium semi-analytic simulation of Croton et al. (2006) used in thiswork, Eq. 1.16 is approximated
by In A = In(1 + Myir/Mmsat)-
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material later makes up the visible or observable matter, though the largest fraction of matter in
the Universe isin the form of dark matter, which only interacts gravitationally.

As the temperature drops, the neutral hydrogen atoms form by combining the protons with
electrons. At this stage the radiation field which was previously coupled to the baryonic matter,
becomes decoupled from it (while still have little interaction with baryonic material) and the
wavelength of the radiation shifts as the Universe expands. Thisradiation is called the Cosmic
Microwave Background Radiation (CMBR) with athermal black body spectrum at a tempera-
tureof ~ 2.73 K (Penzias & Wilson 1965). Once decoupled from the radiation, clouds of matter
begin to collapse under gravity, as it overcomes the expansion caused by the cloud's thermal

energy. This happensif the perturbations are larger than acritical value,i.e. the Jeans’ Length 3,

2\ Y2
Ay = — . 117
i=a(g) (.17

In other words, if the oscillation wavelength of perturbations becomes larger than ), then
gravitational collapse will occur, otherwise the system remains in stable oscillating condition.
In Eqg. 1.17, GG is the gravitational constant, while ¢, and p are the sound speed and enclosed
mass density respectively.

Based on the assumed properties of dark matter, cosmologists have developed two major
theories of structure formation. These two theories are the Hot Dark Matter (HDM) model and
the Cold Dark Matter (CDM) model. Each model assumes a different for the composition of
dark matter particles. In the HDM model, dark matter are composed of relativistic subatomic
particles such as the neutrino which are in thermal motion. Also in HDM, largest structures
form at the beginning and later smaller structures form by fragmentation of the larger ones, i.e.
the process of structure formation isatop down process.

In contrast the structure formation in the CDM model is hierarchical in which larger struc-

ATrGup*
Boltzmann’s constants respectively, 7' and r are the cloud's temperature and radius, . is the cloud’'s mass per
particle, and p isthe mass density of the baryonic cloud,i.e. the cloud's mass divided by its volume.

3An aternative form of the Jeans Length is Ay = /12T Here, G and kp are the Gravitational and the
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tures form by clustering of smaller objects. Hence, CDM is abottom up process in which dark
matter particles are composed of nonthermal, slow moving particles. The nature of such par-
ticlesis still unexplored. However, > Gev particles such as the gravitino or axion are among
possible candidates (Okada & Seto 2005; Duffy et al. 2006).

One way to reveal whether the Universeis dominated by HDM or CDM isthe way that mat-
ter such as clusters and groups are distributed throughout the Universe. The comparative studies
between HDM and CDM models using the results of large scale cosmological simulations show
that CDM model reproduces the observed properties of the Universe and the clustering of matter
better than other models particularly with the cosmological parameters where A ~ 0.7 (ACDM
model; Springel et al. 2005).

Also according to the HDM model, galaxies should have been formed recently and groups
and clusters should be early formed systems. However, deep field observations show the exis-
tence of Lyman break galaxies at very high redshift which isin conflict with the predictions of
HDM which states that galaxies have formed recently (Steidel et al. 1996).

Structure formation and CDM

The collapse of matter happens when a perturbation starts to turn around while the Universe
is expanding. The process of collapsing continues until the internal velocity of system’s com-
ponents are large enough to hold the system against more collapse. At this stage the system
reaches to a state of dynamic equilibrium in which the virial theorem reducesto Eq. 1.2. Using
Eg. 1.2 together with energy conservation, one finds that the size of the system while it isin
the state of equilibrium is half of its size at turn around stage,i.e. just before collapsing. As
the system’s volume scales as inverse cube with its radius, i.e. V' oc =3, then the density of
the collapsed system will be eight times its average density at the time when the system turns
around.

Even before collapsing, the system’s perturbation is noticeably denser than the mean density
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of the Universe otherwise it does not turn around. Therefore the final virialized system will be
overdense in comparison to the mean density of the Universe by more than a factor of eight.
The spherical top-hat perturbation solution of Peebles (1980) estimates an overdensity of ~ 178
(1872) for the resulting collapsed system. This estimation is for a critical Universe in which
the mean density of the Universe goes beyond a fixed threshold known as the critical density
(Eq. 1.4) however for an open or closed Universe the overdensity can be significantly lower

(Bryan & Norman 1998).

Dark matter versus baryonic matter

Unlike baryonic matter, the behaviour of dark matter does not depend on the scale of the system
since dark matter only interacts gravitationally. It means that dark matter halos with different
sizes and masses are scaled versions of each other. But incase of baryonic matter, this is not
true and their properties are not scale free as they could undergo other physical processes rather
than gravity alone. The interaction between baryonic matter and the electromagnetic field in the
intragroup or intracluster medium is an example of such physical process. The mutual influence
of the interactions between electromagnetic field and baryonic matter results in pressure forces
that alter the energy of baryonic matter via electromagnetic radiation.

In small structures, the dominant physical process is cooling, which causes baryons to be
more central concentrated than dark matter halos. Such process lead baryons to collapse while
forming stars and galaxies. In contrast, in large structures, baryons experience a deeper gravi-
tational potential and gain potential energy as they fall to the centre of halo. This process heats
baryon and increases its temperature via shocks. Asaresult, baryon experiences pressure forces
which does not let them to be as concentrated as its host dark matter. Therefore in large scale
structures, the process of cooling will be important in their dense cores where the gas cools as
it flows inward, resulting in asharp tip in their observed X-ray luminosity profile.

The effect of heating on the gas dynamicsisless pronounced in large structures, in compari-
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son to small ones, unless the heating is very large. Observation of groups and clustersin optical
and X-ray, and the study of the metal content of IGM or ICM, show that a significant fraction of
gasin IGM or ICM has been processed through group or cluster galaxies (Rasmussen & Pon-
man 2007). Such amount of gas can carry a significant amount of energy out of galaxies, which

in turn could heat the gas component of the groups and clusters and affect their dynamics.

The Press-Schechter formalism

The Press-Schechter model wasfirst developed by Press & Schechter (1974). It provides an ana-
Iytical method in explaining the structure formation in the Universe. In this model, the Universe
isassumed to be well defined by low amplitude density perturbations with an isotropic random
Gaussian field distribution. The field can be completely described by its power spectrum and
the amplitudes of its Fourier components as fluctuations have random phases. The variations of
the initial density perturbations are very small, i.e. 6 = Ap/p < 1 and their evolution can be
described linearly. However, these variations grow with time and their evolution at some point
become non-linear, i.e. § ~ 1. In such a non-linear regime, the evolution of perturbations can
no longer be expressed by simple analytic methods.

To avoid such difficulty, Press-Schechter formalism postulates that the evolution of den-
sity perturbations can be followed based on linear assumptions until the clustered matter turns
around while breaking away from the expansion of the Universe. Assuming a spherical top-hat
perturbation, this separation happens at density contrast 6. = (p/p) — 1 ~ 1.686 where p isthe
mean density of the clump of matter and p is the mean background density of the Universein
the Einstein-de Sitter model (Gunn & Gott 1972). The clustered matter then collapses quickly
and independently from its surroundings. It is followed then by a violent relaxation which re-
moves the internal structure of the clustered matter (Lynden-Bell 1967). In such condition the
collapsed region behaves as a single body of large mass to the rest of the Universe. Thus, one

can apply the linear equation to the cloud of particlesto estimate their mass distribution.
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Though the above results ssimplify the equations defining the evolution of the density field,
still it is necessary to find a solution in counting the number of nonlinear objects of a given
mass. To do it, the probability distribution of the density field fluctuations averaged over a
given volume V' must be related to the probability that a given region is overdense enough to
collapse on the same scale V. This probability can be used later to estimate the fraction of the
mass of the Universe that will be retained within the clumps of mass pV'.

Finally in the framework of the Press-Schechter formalism the mass function n(M) (where

n(M )is the comoving number density of the collapsed objects in the range d M) is defined as

df O dlno < 102>

M (M)—‘ 1‘ e —
7 T A are Mldin M | TP\ T 252

(1.18)

where f(> 6., M) isthe probability that collapsed structures of masses larger than M appear at

agiven point.

1.5 Thestructureof groups

Groups and clusters of galaxiesrange in size from small systems consisting of pairs of galaxies
up to rich, massive clusters of several thousands of galaxies. But galaxies are not very important
in such galaxy systems as their contribution to the total mass of the system is ~ 10 percent.
Unlike galaxies, dark matter halo is the main component in groups and clusters that makes up
the majority (~ 90 percent) of the mass. Baryons contribute to the rest of the massin the form
of galaxies and gas, i.e. intragroup (IGM) and intracluster (ICM) mediums respectively. The
gas component is basically hot and ionised in the case of clusters but in case of groups, the

nature of gas has not been yet fully explored.
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1.5.1 Intra-group medium (IGM)

At the present time our view of the evolution of groups comes from the observed properties
of the luminous galaxies of the groups, and the diffuse X-ray emitting group halo as well as
numerical simulations (Mulchaey et al. 1993; Athanassoula, Makino, & Bosma1997). Besides,
measurements of metal abundance and radio observation of neutral hydrogen in IGM provide
useful insights into the star formation history, structure, enrichment, and evolution of groups.

Results of X-ray observations indicate that a large number of groups have X-ray emission,
from the hot intragal actic medium (IGM) extended beyond their optical extent, with temperature
rangesfrom ~ 0.3 keV t0 2.0 keV (Mulchaey 2000). Indeed, using thefirst results of the ROSAT
X-ray observatory, Ponman & Bertram (1993) and Mulchaey et a. (1993) presented detailed
studies of groups, and found that the observed X-ray emission in groups consists of a diffuse
component related to the group as well as an emission component associated with individual
galaxies.

They also compared the total mass of the group ( ~ 10*3h 4, M), estimated from the X-ray
ROSAT data, with the total mass derived from the observed optical luminosity of the constituent
galaxies and concluded that the majority of mass in these groups is in the form of dark matter.
The X-ray emission from hot IGM or ICM gas is characterised by thermal Bremsstrahlung for
which, in the case of fully ionised hydrogen gas, the energy emitted per unit volume per unit
time in frequency interval v and v + dv is given by (see for example Henriksen & Mushotzky

1986):

Ldv = 5.44 x 1074 (4xn2)T~Y2em/FT 4y [Wim?], (1.19)

where T" and n,, are the gas temperature and the number density of the electron respectively.
Note that X-ray observations of groups are only sensitive to the hot ionised gas component

of the IGM with high temperature in arange of 10° < 7' < 107 K and electron gas density
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of the order of 10~* — 107° cm~3 (Tripp, Lu, & Savage 1998; Pisano et a. 2004). There are
groups without any signature of hot, diffuse X-ray emission from their IGM (such as Local
group). Such groups are believed to be non-virialized systemsin which the IGM gas has not yet
been heated up to such temperatures as a result of gravitationally collapse, and therefore their
temperatureis still low or they are deficient in hydrogen (Rasmussen et al. 2006). Nevertheless,
in the case of virialized systems, the equation of state for the IGM or ICM can be approximated
by theideal gaslaw

P = nkT, (1.20)

where P, T, and n are the gas pressure, temperature, and number density of gas particles re-
spectively and k is Boltzman constant.

The IGM gas is not entirely primordia though it is composed mainly of hydrogen and
helium, but it is a'so contaminated by other heavier elements or metals (such as Iron, Silicon,
etc.). The chemical enrichment of the IGM is believed to originate from the gjected material
from group galaxies by supernovae, galaxy-galaxy, and galaxy-IGM interactions. Therefore,
studying the metal content and its distribution within IGM provide an excellent method for
investigating the physical processes and mechanisms, that, together with gravity, have shaped
the thermodynamic properties of gasin IGM (Rasmussen et a. 2006; Rasmussen & Ponman

2007).

1.5.2 Dark matter halos

Thefirst evidence of the existence of dark matter was provided by Zwicky (1933) from the ob-
servation of the dynamics of galaxiesin the Coma cluster. He found that the estimated cluster’s
total mass based on the motions of galaxiesis far more than the expected mass. Zwicky (1933)
concluded that extramassisrequired asthe gravitational potential of the visible cluster galaxies

would be too small for such fast orbits. He then inferred that there must be some sort of dark
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matter,i.e. anon-visible or hidden form of matter which would provide enough potential due to
its large mass to hold the cluster components together.

Dark matter affects galaxy groups aswell. The main evidence that the dominant constituent
of groupsisadark matter halo comes from the study of the velocity dispersions of group galaxy
members about the mean group recession velocities and from the X-ray study of the IGM (i.e.,
Ponman & Bertram 1993 and Mulchaey et al. 1993). Though further support for the existence
of dark matter halos and and the shape of their density profile comes from the studies of grav-
itational lensing due to the observation of galaxy clusters (e.g. Sand et al. 2004; Meneghetti,
Bartelmann, & Dolagde 2005; Smith et al. 2005; Shu et al. 2008).

The radial velocity dispersion, o,., of a galaxy group or cluster is a statistical quantity that

provides ameasure of the range of speeds of galaxies along the line of sight and is calculated as

o2 = 2 {(on, = (0 (121)

i

The measurement of galaxy velocity dispersion yields an estimate of the group or cluster mass
(eg. Eq. 1.5).

Both IGM temperature or the velocity dispersion o are too high for the gravitational po-
tential produced by the observed mass of group galaxies and IGM to confine them within the
group. So alarge amount of mass within the groups is necessary which is believed to be in the
form of dark matter to prevent the group galaxies as well as the IGM escape from the group
potential. In the presence of such a mass, galaxies would have a negative binding energy that
keep them together in group gravitational potential.

Asisobviousfrom its name, dark matter can not be observed directly. In order to follow the
temporal evolution of dark matter perturbations , formation of dark matter structures, and the
density profiles of dark matter halos, numerical simulations are the only tools at our disposal.

For example, the numerical simulations have been very useful in determining the form of dark
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matter density profile. Navarro, Frenk, & White (1996) proposed the following form for the
distribution of dark matter density from their numerical ssimulations of the formation of dark
matter halos

o Po
p(r) = —$ a4 33)2’ (1.22)

where z = r/R,. Navarro, Frenk, & White (1996) has shown that over a wide range of mass
scales, from dwarf galaxiesto rich groups and clusters, Eq. 1.22 (the NFW profile) does describe
the distribution of dark matter very well with the normalising density p, and the scale radius R,
asfitting parameters.

According to Eq. 1.22, density profile p(r) in dark matter halos essentially scales as ~ r—2
over the whole halo but is less steeper near the centre (~ r~!) and more steeper near the halo
outskirt (~ r=3). Note that the distribution of dark matter in groups or clusters is expected to
match an NFW profile in the form of Eq. 1.22 if they are in the stage of virialization. Thus,
if agroup or cluster is collapsing or shows a significant fraction of substructures then its dark
matter density profile does not follow exactly the same distribution as NFW.

From the numerical simulations of the formation of dark matter halos, Moore et al. (1999)
suggested a steeper asymptotic slope of —1.5, and a sharper turn-over resulting in a profile of

the following form:

plr) = i (1.23)

The ratio of the viria radius to the scale radius of a group or cluster is called the concen-
tration ¢ of the galaxy system. It isameasure of the density of the dark matter halo in itsinner

regions and is defined as

(1.24)
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where Ry is the viria radius within which the average density of the system is equal to 200
times the mean density of the Universe. So at afixed virial radius, a higher value of ¢ implies
a higher density of the halo and vice versa. The concentration also depends on group or cluster
halo mass such that lower mass halos are more concentrated than higher mass halos, i.e. the
halo mass is anti-correlated with the halo concentration (Navarro, Frenk, & White 1997).

This effect is normally explained in terms of the epoch of formation of groups and clusters
in the hierarchical model of structure formation, in which the small structures form first. Clus-
tering of smaller systems, leads to larger structures form later. Since the Universe has a larger
mean density at higher redshifts, the structures that formed earlier should be denser. Thus at a
fixed halo mass, agroup or cluster with higher concentration tend to be older (have been formed

earlier) than its counterpart with lower concentration (Khosroshahi, Ponman, & Jones 2007).

1.5.3 Galaxies

There are substantial differences between galaxy populations in the field and those in clusters
and groups. Dressler (1980) showed that the galaxy morphology is a strong function of galaxy
density, and numerous studies since then have shown the dependence of galaxy properties on
local environment (e.g Lewis et al. 2002; Balogh et a. 2004). While in the field, the majority
of galaxies are spirals, groups and clusters are populated mainly by lenticular and elliptical
galaxies. In groups however thereis more variance in the fraction of spiral to elliptical galaxies,
mainly due to differencesin evolutionary states of galaxy groups (Mulchaey 2000).

At the centre of the potential in the mgjority of the relaxed groups and clusters (such as
fossils), there is a cD galaxy. A cD galaxy is defined as a galaxy with a nucleus similar to
high luminous elliptical galaxies, embedded in alow surface brightness, extended halo (Morgan
1958). cD galaxiesinfossil groupsor clustersare believed to grow by accreting or merging with
other galaxies. Numerical simulations support scenarios that suggest galaxies within groups

merge eventually to form large elliptical galaxies (Athanassoula, Makino, & Bosma 1997).
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Obviously dynamical friction playsan important role in the formation and growth of cD galaxies
at the centre of fossil groups and clusters. Obviously dynamical friction is larger and more
effective in lower mass systems due to the lower velocity dispersion of galaxy membersin such

systems, in comparison to clusters where galaxies have higher relative velocities.

1.6 Theagesof groups

A long-standing and important issue in the field of galaxy groups and clustersisto find one or
more observable properties of such systemsthat are correlated with their formation history, age,
or mass assembly. In other words, how does one distinguish between an early-formed and late-
formed system in terms of their physical and observational properties? For example, Smith &
Taylor (2008) use the gravitational lensing masurements of substructure in galaxy cluster cores
to investigate the connection between evidence of substructure with cluster assembly histories.
Though such a technique is an efficient way to identify early formed clusters, it is not very
useful in studying the formation history in galaxy groups. The reason is that groups in genera
do not contain a large number of galaxies and rarely have relaxed morphology and hence an
identification of substructures within groupsisavery difficult and challenging task.

A combination of X-ray and optical study of galaxy systemsisin principle a possible way
to identify early formed groups and clusters. Galaxy groups are ideal sites for galaxy-galaxy
mergers. Thisis mainly because of the relatively high galaxy density and low velocity disper-
sion of groups. The merging timescales or collision time for bright group galaxieswith L ~ L*
islessthan a Hubble time which implies that many of the bright galaxies in groups should have
aready merged into a single giant object (presumably an eliptical galaxy) by the present time
if the systems had formed early (Zabludoff & Mulchagy 1998). In this sense, galaxy merging
might be a common process in the cores of galaxy groups.

Unlikethe collision time, the cooling timefor theintragroup medium islonger than aHubble
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time, which is due to the lower density of the gas in the outer region of groups, in comparison
to the gas density at the core. Thus while the bright galaxies in some groups have had enough
time to collapse via merging, the original X-ray halos of the groups remain unchanged.

Based on this hypothesis, one can expect the extreme case to be such that most of the
galaxies have merged, leaving a spatially extended X-ray source with a central bright galaxy.
Numerical simulations of Barnes (1985) imply that many group members are merger remnants
and that groups of galaxies evolve significantly on a dynamical time scale. Thus one expects
that a good way of finding groups that have been formed early is to study the so-called "fossil
groups’. The extended X-ray emission of such groups together with arelative large luminosity

gap between their brightest galaxies helps to distinguish them from normal galaxy groups.

1.6.1 Fossil galaxy groups

Ponman et al. (1994) used the ROSAT X-ray All-Sky-Survey to discover the first fossil group
candidate. Using Chandra X-ray data, Khosroshahi, Ponman, & Jones (2007) have compiled a
list of seven fossil groups and have presented X-ray scaling relations for them. The selection
criteria of fossil groups here are based on the definition of fossils given by Jones et al. (2003);
that is groups with X-ray luminosity of Lx o, > 102h;7 erg s~ and Amy, > 2.0 mag, where
Amy4 is the difference between the luminosity of the first and the second ranked galaxies in
the R-band within half the projected virial radius of the group centre. Though there is no
upper limit on the X-ray luminosity of fossil groups, their gravitational mass and physical size
cannot be arbitrarily large. An overwhelmingly large mass for a group would cause the scale
time for dynamical friction, over which a galaxy sinks to the centre of the group or cluster and
merges with the central galaxy, to exceed the Hubble time and hence the age of the universe
(Khosroshahi et al. 2006a; Milosavljevic et al. 2006).

Because of the relatively large Am,, the central galaxy of afossil group has a large con-

tribution to the total optical luminosity of the group. The results of Khosroshahi, Ponman,
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& Jones (2007) suggest that fossils have formed earlier than normal groups and clusters and
confirms the lack of recent star formation and recent major merger in fossil groups proposed
by Jones, Ponman, & Forbes (2000) by studying the spectral features of the central galaxy of
RXJ1340.5+4017, agroup in which 70% of the optical luminosity of the group comes from its
giant central elliptical galaxy and Amy, = 2.5. | will addressthisissuein detail in the next two

chapters.

1.7 Sef-amilar evolution

1.7.1 Introduction

Groups and clusters are believed to form as a result of the gravitationally driven process of
collapsing of baryonic and dark matters together. The process eventually leads to formation of
virialized structures while the gas particles are heated up to virial temperature via shocks and
adiabatic compression due to gravitational potential of the system. Dark matter particles are
at the same temperature as the gas particles since there is no interaction and energy transfer
between the gas and dark matter in this model. The initial conditions are set by adjusting
the power spectrum of the initial perturbations which is scale independent, i.e. the virialized
structures following the the collapse of the perturbations are scaled versions of one another and
their properties should not depend on their size.

Such assumptions which involve self-similar behaviour are useful in the study of groups
and clusters though they might not be necessarily true. The investigation of any deviations
in the observed properties of groups and clusters from those expected using self-similarity is
a good approach in the study of galaxy systems since they reveal the important contribution
to non-gravitational physical process. Such comparison with self-similar behaviour provides
a baseline to explore the extra physical processes underway in the formation and evolution of

groups and clusters.



CHAPTER 1. GROUPS OF GALAXIES 25

Weak and strong self-similarity

There are two types of self-similarity, i.e. weak and strong self-similarity (Bower 1997). Ac-
cording to weak self-similarity (Kaiser 1986) different populations of virialized systems should
all be self-similar, independent of their observed epochs. Contrarily strong self-similarity spec-
ifies that a given population of virialized systems will be self-similar versions of one another
for a given epoch, which is stricter condition than weak self-similarity.

One weak point about strong self-similarity is that even in the case of fully gravitational
collapse, it might not be necessarily true. The reason is that even within the same range of
mass, groups or clusters could have very different merger histories and therefore their structures
would not necessarily be similar to each other. However, comparison between strong self-
similarity predictions and the observed properties of groups and clustersin the real world gives
us noticeable insight into the merger histories of galaxy systems and the physical processes

within such objects.

1.7.2 Scalingrelations

Based upon the assumptions of self-similar model of formation and evolution of structuresin
the Universg, it is possible to estimate how various observed properties of galaxy groups and
clusters would be expected to be interrelated. These observations are carried out at different
wavel engths which enable astronomers to measure group physical properties.

In the optical band the observables include:

e the overal luminosity of the galaxies of the group, which comes from the integrated

luminosity of the individual galaxies and

o the velocity dispersion of group’s member galaxies.

Up to the present time, most of the X-ray studies of groups have been conducted with the

help of ROSAT, ASCA, XMM-Newton and CHANDRA X-ray telescopes. Their observations
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differ from each other in terms of spatial resolution and the X-ray photon energy sensitivity.

The observablesin the X-ray band are:

e theoverall X-ray luminosity of the group, coming from the hot gas trapped in the group’s

gravitational potential,
o the temperature of the group inferred from the X-ray spectrum of the gas and

o the abundances of various elements (metallicity) of the intragroup medium (IGM), in-

ferred from the emission lines in the spectrum of the hot gas.

Scaling relations between different physical parameters of groups and clusters provide a
powerful method to investigate the nature of these systemsin comparison with theoretical mod-

els. Bound, virialized systems of hot gas are expected to obey self-similar scaling relations.

Preheating model

In the standard hierarchical clustering model (ACDM), in which the Universe is filled with
adiabatic gas with dark halos adopting an NFW profile (Navarro, Frenk, & White 1996), the
gas temperature 7" of galaxy groups and clusters is expected to scales with their bolometric X-
ray luminositiesin aself-similar way, i.e. L oc T? (Kaiser 1986; Kaiser 1991; Evrard & Henry
1991). However, the observed relationship is considerably steeper (L « T72; e.g., Arnaud &
Evrard 1999), especialy for groups having 7' < 1.0 keV (L o T* or more; Helsdon & Ponman
2000).

There are also other respects in which the properties of groups and cluster are different. For
example groups have alower baryon fraction with alarger fraction of stellar massin comparison
to massive clusters (Renzini 1997; David et al. 1990; David & Blumenthal 1992). Entropy
profiles evaluated for groups and clusters indicate that the gas entropy in groups exceeds the

self-similar expectation by S ~ 100 keV cm? which cannot be achieved through gravitational
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collapse alone (David, Jones, & Forman 1996; Ponman, Cannon, & Navarro 1999; Lloyd-
Davies, Ponman, & Cannon 2000).

The minimum observed entropy in groupsis called the entropy floor. It is not exactly clear
whether such aminimum entropy exist in massive clustersor not. Thisis because the entropy in
massive clustersis much larger than those in groups which is due to stronger shocks originating
from collapse within cluster environment. So it would be difficult to detect such entropy floor
in clusters. Such deviationsin the entropy of groups from self-similarity are consistent with the
preheating model for the hot gasin groups. In this scenario, the intragal actic gas in groups was
heated by 0.5 — 1.5 keV per particle at earlier epochs.

Such additional heating could be dueto feedback from non-gravitational astrophysical sources
such as supernovae, star formation, active galactic nuclei etc. These could provide such addi-
tional heating to the gas before or during its deposition into the group halos (Kaiser 1991; Evrard
& Henry 1991). The preheating model explainsthe observed L — T and S — T' scaling relations
in groups. Such preheating leads to a more extended gas component in groups than in rich clus-
ters, lower central gas densities (and therefore increase the entropy of the intragal actic medium)
and shallower density slopes. Moreover, without preheating, groups appear to over-produce the

X-ray background (Wu, Fabian, & Nulsen 2000).

oc—T,0— M relations

Since the velocity dispersion of the galaxies and the temperature of the intragroup medium
provide a measure of the gravitational potential strength (Eq. 1.5), a correlation between these
two quantitiesis expected. The virial theorem (Eq. 1.2) tells us that the total kinetic energy of
the intragalactic medium 7" o< 02 oc GM /R, where M and R are the total mass and the radius
of group or cluster. Since the density of the baryonic matter pyayonic < M R™3, then using

Eq. 1.5it isobvious that
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Tyas X 02, M ox 0. (1.25)

Fig. 1.1 showsthe observed X-ray temperature against velocity dispersion for asample of clus-
ters and high temperature (7'x ~ 1 keV) groups. The group data are taken from the literature
compilation of Xue & Wu (2000), with the addition of the groupsin Helsdon & Ponman (2000).
The cluster data are taken from Wu, Xue, & Fang (1999). Groups appear to follow the extrapo-

lation of the trend found for rich clusters (i.e. T o o2; Mulchaey & Zabludoff 1998; Helsdon
& Ponman 2000).
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Figure 1.1: Logarithm of the X-ray temperature versus logarithm of optical velocity dispersion
for asample of groups (circles) and clusters (triangles). The solid line represents the best fit for
the sample of clusters and of galaxies is consistent with the scaling relation T'x oc o2, Within
thelarge scatter, therelation for the groupsis consistent with the relation for the clusters (Credit:
Mulchaey 2000). The slope of the relation does not appreciably change from clustersto groups.

Lx —Tyus, Lx — o relations

It has been established that X-ray luminosity isstrongly correlated with the intragal actic medium
temperature (Mushotzky et al. 1978). Two properties that can be obtained from the observed

continuum are the gas temperature 7,,, and the emission integral [ n,n.dV where n, and n.
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are the proton and electron density, and V' isthe volume of the gasin the group or cluster respec-
tively (Sarazin 1986). By assumption that the X-ray emission from the intragalactic medium
ismainly due to thermal bremsstrahlung, then the emission integral, X-ray luminosity L x, and

gas temperature T, are related by

Ly / T,/ 2n,n.dV, (1.26)
Volume

where the integral | dV X ppayonicM 1S Over the whole volume of the group or cluster.

olume

Again equations (1.25) and (1.26) lead us to the scaling relations among the X-ray luminosity,

X-ray temperature, and the velocity dispersion in the form of

Lx T2 (1.27)

4
Lx xo as:

T )

Figures 1.2 and 1.3 represent the observed Lx — T,,, and Lx — o relationsin groups (Helsdon
& Ponman 2000) and clusters (Xue & Wu 2000). Fig. 1.2 shows that for the most part, these
relations for groups are consistent with those for clusters. Based on ROSAT studies, the slopes
derived by Mulchaey & Zabludoff (1998), Ponman et al. (1996) and Helsdon & Ponman (2000)
are Lx o« o*3, o9 and o respectively, in fair agreement with the model. However Ponman
et al. (1996) and Helsdon & Ponman (2000) found that for groupsthe Lx — o, relationship is
somewhat flatter for low velocity dispersion systems. From the ROSAT All Sky Survey data,
Mahdavi et a. (1997) derived a significantly flatter slope (Lx o ¢-5¢) and suggested that for
low velocity dispersion systems the X-ray emission is dominated by hot gas clumped around
individual galaxies.

Also, there is considerable deviation from the self-similar Lx — T}, scaling relation ob-
tained by different authors. By studying hot groups (i.e. 7' ~ 1 keV), Mulchaey & Zabludoff
(1998) found that a single Lx — T, relationship in the form of Ly oc T3 could describe

groups and clusters. By including much cooler systems (down to 0.3 keV), Ponman et al.
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(1996) and Helsdon & Ponman (2000) found steeper relationships for groups (Lx oc Ty and
Tg4£, respectively). Fig. 1.3 suggests the deviation of the cool groups from the cluster relation-
ship. Thefact that the L x — o,. relationship for groups appearsto be similar to the relation found
for clusters, while the relation involving gas temperature significantly depart from the cluster
trends, may be an indication that non-gravitational heating is important in groups (Ponman et

al. 1996; Helsdon & Ponman 2000; Borgani et a. 2002).

46

4D||]||1|

Figure 1.2: Logarithm of optical velocity dispersion versus logarithm of X-ray luminosity for a
sample of groups (circles) and clusters (triangles). The solid line represents the best-fit for the
sample of clusters (Credit: Mulchaey 2000).

S — Ty, relation

The entropy is defined as

TCLS
S = 2% keVem?, (1.28)

2/3
ne/

which can be determined by X-ray measurements. n. is the electron density and T, is the
intragalactic gas temperature. Since the density of the gas remains constant at a particular

epoch, a self-similar relation of the following form is expected



CHAPTER 1. GROUPS OF GALAXIES 31

L o e I e e e e e L s p
£3
ke
fT;-l*l-— —
&2
o b
o -
r-}
=y i -
)
342— i —
»{_‘i
-
40 IlIIIIlIIIIIIIlIIII
-0.5 0 0.5 1
Log T (keV)

Figure 1.3: Logarithm of the X-ray temperature versus logarithm of X-ray luminosity for a
sample of groups (circles) and clusters (triangles). The solid line represents the best fit for
the clusters sample. The observed relationship for groups is somewhat steeper than the best-fit
cluster relationship (Credit: Mulchagy 2000).

S o Thas. (1.29)

However, observations show that the S — T, relation deviates from the self-similar model
given in Eq. 1.29. Results from Ponman, Sanderson, & Finoguenov (2003) show the presence
of excess entropy of ~ 100 keV cm? at avirial radius of 0.1r,;, in al temperature bands rel ative
to the very hot systems (7;,s ~ 10 keV) which appears as flattening in S toward low T,
in Fig. 1.4. Similar result was obtained by Lloyd-Davies, Ponman, & Cannon (2000) from
their study of 20 galaxy clusters and groups. Though measurements close to the cluster centre
provide the most sensitive probe of excess entropy, detection of additional entropy at larger
radii is specialy interesting. Evidence for entropy excess was found even at larger radius, 509

(~ %rQOO), by Finoguenov et al. (2002) and Ponman, Sanderson, & Finoguenov (2003).
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Figure 1.4: Gasentropy at 0.1y, asafunction of system temperature for 66 virialized systems,
ranging in mass from single eliptical galaxies to rich clusters. The dotted line shows the self-
similar slopeof 1, i.e. S o< T}, (Credit: Ponman, Sanderson, & Finoguenov 2003).

1.7.3 Scalingrelationsin fossil groups

Khosroshahi, Ponman, & Jones (2007) have provided the first detailed study of the scaling
relations in seven fossil groups and have compared them to normal groups and clusters. They
have also found that the mass concentration in fossils is higher than in non-fossil groups and
clusters. In addition, by comparison with X-ray bright groups of Helsdon & Ponman (2003) as
well asthe GEM S groups of Osmond & Ponman (2004), Khosroshahi, Ponman, & Jones (2007)
have shown that for a given total luminosity in the R-band (L), fossils are more luminous in
X-raysthan non-fossil groups. Also, for agiven group velocity dispersion, fossil groupstend to
be more X-ray luminous and hotter than non-fossil groups. However, they tend to follow galaxy

clustersinthe Ly — o and T'x — o planes.
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1.8 Galaxy luminosity function

1.8.1 Introduction

We can |learn about galactic evolutionary processes by studying the distribution of galaxy mag-
nitudes (in any photometric passband) or the observed number of galaxies with different lumi-
nosities that exist in a given volume of space. We quantify this distribution with the galaxy
luminosity function, ®(L). The luminosity functions of galaxies belonging to different envi-
ronments provide important observational ingredients for cosmology as well as studying the
formation and evolution of galaxies.

The luminosity function holds basic information about the power spectrum of the primor-
dia density fluctuations as well as the physical processes that convert mass into light such as
gravitational collapse, cooling and star formation. It does help us to improve models of galaxy
formation and evolution. Present semi-analytical models are being used to test such models.
Also it contains information on the baryonic and luminosity densities of the universe aswell as
the mechanisms that evolve the morphology of galaxies such as merging, tidal interaction, and
ram pressure stripping (Dressler 1984; Binggeli, Sandage & Tammann 1988).

The quantity ®(L) is proportional to the number of galaxies that have luminosities in the
range (L, L+dL). Schechter (1976) and Turner & Gott (1976b) determined the galaxy luminosity
functions of small groups and rich clusters. Schechter (1976) also proposed the following form

for the luminosity function according to the observed data of clusters and field galaxies

®(L)dL = &*(L/L*)*e"LE) (L)L), (1.30)

or in terms of absolute magnitude

O(M)dM = (0.41n 10)®* 104 =MA+e) 5 oxp (—1004M =M g7, (1.31)
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with the normalisation parameter ®* and characteristic luminosity L* (total magnitude M*).
Eq. 1.30 is called the Schechter function. At bright magnitudes, the Schechter function drops
sharply. It rises at the faint-end following a power law with a slope given by a (or —(1 + «)
in case of Eq. 5.10). Thereby, the faint-end slope is decreasing, increasing, or flat for a > —1,
a < —1,and a = —1 respectively.

Numerous attempts have been made to determine the precise shape and parameters (o, ®*,
and M ™) of the galaxy luminosity function, and its connection to local density and environment,
spectral type, and redshift. The luminosity functions of galaxies with different morphological
types for three different environments of the local field, clusters (the Virgo and Coma clusters),
and groups are shown in Fig. 1.5 (Thompson & Gregory 1980; Binggeli, Sandage & Tammann
1988). According to Fig. 1.5, the overall shape of the luminosity function may be due to the
varying functions of the different morphological type, however Miles, Raychaudhury, & Russell
(2006) shows the above hypothesisis not true and the observed of depletion might be due areal
effect, resulting from the [enhanced]merging of galaxies rather than a bright-end enhancement
caused by excess star formation (see Fig. 1.6).

Though in many casesthe overall Schechter function describes reasonably well the observed
luminosity functionsin field, clusters and groups, it is not easy to find a set of universal param-
eters that match to all environments. Even within the same environmental type, the determined
luminosity function might not be the same. For example deep surveys of clusters of various
richnesses, densities, evolutionary stages, and morphological classes have found a wide range
of faint-end slopes. Also the determined luminosity function parameters for a given group or
cluster are strongly correlated and significantly vary with the depth of the survey. It means that
the same group or cluster population analysed to different magnitude limits will not necessarily
give the same parameters for the Schechter function.

Thelocal galaxy number density in groupsis higher relative to the field. Because of that and

the fact that the mgjority (more than 50%) of galaxies reside within galaxy groups (Eke et al.
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Figure 1.5: Overall luminosity functions (solid curves) for three different environments. Dashed
curves show the contributions of the five main morphological galaxy types (ellipticals (E), spi-
rals (SO, Sp), dwarf irregulars (dirr), dwarf ellipticals (dE)) where their mixtures are indicated
as percentages (Credit:Binggeli, Sandage & Tammann 1988).
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Figure 1.6: Left panel: the best-fitting five-component luminosity functions, one for each mor-
phological type (ellipticals, SO0s, spirals, dwarf irregulars and dwarf ellipticals), that add up to
form the best model B-band LF. Also plotted are the observed data, averaged for 20 X-ray dim
groups (Lx < 10*'7 ergs!) out to 0.3 Rs5y. Here, the dashed line= dllipticals; dashdoted=
S0s; dotdashed= dEs; dotted line= dlrrs and continuous line= sum of all components). Accord-
ing to these fits, spirals make a negligible contribution to the morphological makeup, contrary
to observations. Right panel: The predicted K-band LFs of the five components, using the same
line styles, together with the observed L F from the 2MASS analysisin this paper (Credit: Miles,
Raychaudhury, & Russell 2006).

2004; Berlind et al. 2006), they provide an excellent site to study the formation and evolution
of galaxies and their dependence on the local environment. Unlike the clusters of galaxies,
galaxy groups have asmall number of luminous galaxies which together with their smaller size,
make them a difficult target for detection specidly if they are at high redshift. Therefore, the
determination of luminosity function of groupsis rather difficult than clusters.

Unlike groups, cluster of galaxies show a high galaxy density contrast against the field
galaxies. They contain hundreds of galaxies covering various morphological types, all located
at the same distancein asmall volume of space. It makestheidentification of clusterseasier than
that of groups and make them the best place to perform luminosity function studies. Because
of this, most of the studies have focused on clusters or the overall galaxy luminosity functionin

large redshift surveys. Studies of luminosity functions of galaxiesin the group environment for

large samples arerelatively rare (e.g. Mileset a. 2004; Miles, Raychaudhury, & Russell 2006).
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1.8.2 Isthegalaxy luminosity function a universal function?

An important topic of discussion in the early studies of the luminosity function has been to
determine whether the luminosity function in clusters has a universal shape or not (Oemler
1974). Schechter (1976) proposed a universal form for the cluster luminosity function in the
form of Eq. 1.30 with a faint-end slope of & = —1.25 and M}; = —20.6 + 5log hso. Several
studies supported the idea for auniversal luminosity function (e.g., Lugger 1986; Colless 1989;
Gaidos 1997; Yagi et al. 2002; De Propris et a. 2003).

From the 2dF Galaxy Redshift Survey De Propris et a. (2003) explored the composite
luminosity function of 60 catalogued clusters and found a good fit for a Schechter function with
M,,* = —20.07 £0.07 and o = —1.28 = 0.03. These parameters differ significantly from
the field luminosity function of Madgwick et al. (2002), with a characteristic magnitude M, *
which is nearly 0.3 mag brighter and a faint-end slope that is almost 0.1 steeper. They found
similar luminosity function for poor and rich clusters or even clusters with high or low velocity
dispersions without any evidence for variations in the luminosity function across a broad range
of cluster properties. Even clusters with and without substructures appeared to have the same
luminosity function in their studies.

Contrarily, there are several other studies that show that the cluster luminosity function does
not have auniversal form (e.g. Godwin & Peach 1977; Dressler 1978; Piranomonte et a. 2001,
Hansen et al. 2005; Popesso et al. 2004).

The dependence of the luminosity function on cluster-centric radius is expected as the
galaxy type mixture in clusters varies with radius. That is because galaxy morphology cor-
relates with the environmental density as inferred by Dressler (1980), which is now known as
galaxy morphology-density relation. It meansthat early-type galaxies (i.e., eliptical (E), lentic-
ular (S0), and dwarf elliptical (dE) galaxies) predominate in the high density regions whereas
the field is dominated mainly by late-type (star-forming) galaxies such as spirals and and dwarf

galaxies.
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Figure 1.7: Schechter parameters for the rest-frame B-band luminosity function in the redshift
bin 0.4-0.8 and the corresponding 1o error (Credit: Ilbert et a. 2006).

The current knowledge on the type specific luminosity functions in the field and clusters
isdtill in early stages. As discussed by Binggeli, Sandage & Tammann (1988), different mor-
phological types are shaped by different luminosity functions . There is some observational
evidence that the cluster luminosity function does vary with cluster-centric radius (Beijersber-
gen et al. 2002; Hansen et al. 2005; Goto et a. 2005; Popesso et al. 2004).

By classifying the cluster galaxiesinto early-type, intermediate, and late-type, De Propris et
al. (2003) found that the luminosity function of early-type galaxies have brighter characteristic
magnitudes and shallower faint-end slopes in comparison to late-type galaxies, similar to the
luminosity function in the field. But in comparison to thefield, the luminosity function of early-
type cluster galaxies is brighter and steeper while the luminosity function of |ate-type galaxies
issimilar in both field and cluster.

One of the most important quantities for characterising the luminosity function of a galaxy
population and its correlation to different environments and morphological type isthe faint-end
dope a. AsFig. 1.7 shows, the value of o derived for galaxies with different morphological
type seemsto be different from each other (llbert et al. 2006).

De Propris et al. (2003) argue that the difference between the cluster and field luminosity
functions for galaxies with different spectral types and morphologies can be explained qualita-
tively as aresult of the star formation truncation in the dense environment of clusters together

with galaxy mergers that produce the early type brightest cluster galaxies (BCGs).
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1.8.3 Theluminosity function in clusters

Unlike groups, Cluster of galaxies show ahigh galaxy density contrast against thefield galaxies.
They contain hundredes of galaxies covering various morphological types, all located at the
same distance in a small volume of space. It makes the identification of clusters easier than
groups and make them the best place to perform luminosity function studies.

Because of that, most of the studies have been focused on clusters (Oemler 1974, Dressler
1978; Oegerle et al. 1986; Oegerle et al. 1987; Garilli, Maccagni, & Vettolani 1991; Garilli et
a. 1992; Driver, Windhorst, & Griffiths 1995; Barrientos, Schade, & Lopez-Cruz 1996; Gaidos
1997; Valotto et a. 1997; Trentham 1997; De Propris et al. 2003; Gilbank et al. 2008) or the
overall galaxy luminosity function (Cole et al. 2001; Blanton et al. 2001; Norberg et al. 2002,
Madgwick et a. 2002; Blanton et al. 2003; Montero-Dorta & Prada 2008).

Note that the number of references regarding the study of luminosity function in clustersis
much more than what have been presented here. However, my main concern is to review the
previous studies on group luminosity function . Thus | just look over a few main results from
the study of luminosity function in field and clusters using large-scale galaxy surveys and then
direct the discussion toward the same in galaxy groups.

An important topic of discussion in the early studies of the luminosity function has been
to determine whether the luminosity function in clusters has a universal shape or not(OCemler
1974). Schechter (1976) proposed a universal form for the cluster luminosity function in the
form of Eqg. 1.30 with characterisation parameters of a faint-end slope of « = —1.25 and
M}, = —20.6 + 5 log hso. Several studies supported the idea for auniversal luminosity function
(e.g.,Lugger 1986; Colless 1989; Gaidos 1997; Yagi et al. 2002; De Propris et a. 2003).

For example by using data from the 2dF Galaxy Redshift Survey De Propris et al. (2003)
explored the composite luminosity function of 60 catalogued clusters and found a well fitted
Schechter function with M,,* = —20.07£0.07 and o = —1.28 £0.03. These parameters differ

significantly from the field luminosity function of Madgwick et al. (2002), with a characteristic
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magnitude M, " which isnearly 0.3 mag brighter and afaint-end slopethat isalmost 0.1 steeper.
They found similar luminosity function for poor and rich clusters or even clusters with high or
low velocity dispersions without any evidence for variations in the luminosity function across
a broad range of cluster properties. Even clusters with and without substructures appeared to
have the same luminosity function in their studies.

Contrarily, there are several other studies that show that the cluster luminosity function
has not a universal form such as Godwin & Peach (1977), Dressler (1978), Piranomonte et al.
(2001), Hansen et al. (2005), Popesso et al. (2004).

1.8.4 Luminosity function of groups

Given the observed differences between field and cluster mean galaxy luminosity functions ,
several studies have attempted to investigate the luminosity function of galaxies in moderate
density associations, i.e. in galaxy group environment. These studies use small group cat-
alogues (i.e., Turner & Gott 1976b; Heiligman & Turner 1980; Ferguson & Sandage 1991,
Muriel, Vaotto, & Lambas 1998) or large redshift surveys of galaxies such as SDSS (Yang et
al. 2005) at optical and near-infrared wavelengths. The group luminosity function may be an
important indicator of evolution of group galaxy members. In particular, the luminosity func-
tion may be modified by the effect of tidal distortion, stripping, dynamical friction, and merg-
ers, which would be expected to be quite severe in the low-velocity dispersion environment of
groups (Miles et a. 2004; Miles, Raychaudhury, & Russell 2006).

The luminosity function of groups selected according to different criteria (such as normal
groups, compact groups, fossil groups, or even groups selected according to their X-ray lumi-
nosities) are shown to be systematically different from each other. | summarise the main results

from these studies.
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Normal groups

One source of uncertainty in the determination of the group luminosity function is the small
number of known members per group. Taking into account chance superpositions of galaxies
along theline of sight, it would be difficult to distinguish between the bound group membersand
field galaxies. Statistical background subtraction on the other hand is sensitive to the large-scale
structure inhomogeneities especially in the case of groups with low surface density contrast. To
address such problems, it is important to study the galaxy luminosity function in a sample of
groups with not only the properties of bound systems (where there is evidence that memberslie
in acommon potential well) but also with alarge number of spectroscopically confirmed group
members.

Following a combined multi-object spectroscopy and wide-field CCD imaging of a sample
of six nearby poor groups, Zabludoff & Mulchaey (2000) examined the form of the group galaxy
luminosity function. Their sample contained five X-ray luminous groups (with more than 300
confirmed spectroscopic members) while the sixth group was marginally X-ray detected. For
those five X-ray luminous groups, they found a composite group galaxy luminosity function
which iswell-fitted and consistent with a Schechter function with M/}, = —21.6 0.4 + 5log h
and « = —1.3 £ 0.1. Results from Zabludoff & Mulchaey (2000) also show that the form of
the galaxy luminosity function changes with environment, initially due to an increase in the
dwarf-to-giant ratio of quiescent galaxies in higher density regions, at least up to the densities
characteristic of X-ray luminous poor groups. Thus dwarf-to-giant ratios are smaller in regions
outside of groups and in poorer groups than in X-ray luminous groups.

Similar results were found by Trentham & Tully (2002) and Mahdavi, Trentham, & Tully
(2005) which strongly support the proposition that the faint-end slope of the luminosity function
of galaxies and dwarf-to-giant ratios varies with environment. Fig. 1.8 compares the percentage
of dwarf elliptical galaxies in Virgo cluster together with 6 other galaxy groups (NGC1407,
Comal, Leo, NGC 1023, and NGC 5846 ) and their variations with group central galaxy density
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(Mahdavi, Trentham, & Tully 2005).
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Figure 1.8: Percentage of dwarf galaxies (—17 < My < —11) classified as dE (including nu-
cleated dE,N subtypes and transition dE/I subtypes).The x-axis shows the ranking of the groups
in order of decreasing central galaxy density. (Credit: Trentham & Tully (2002), Mahdavi,
Trentham, & Tully (2005)).

However, Lin, Mohr, & Stanford (2004) found a different result from what was argued by
Zabludoff & Mulchaey (2000), Trentham & Tully (2002), and Mahdavi, Trentham, & Tully
(2005) regarding the fraction of dwarf-to-giant galaxies in groups and clusters. Their analysis
of K-band luminosity functions for a sample of 93 X-ray selected galaxy systems (with afaint-
end slope —1.1 < a < —0.84) whose virial masses range from groups (3 x 10'3h-4 M) to
clusters (1.5 x 10'°h-; M) show that there is a remarkable decrease in the number density of

faint galaxies (fainter than 1/*) as one moves from low mass groups to higher mass clusters.

Resultsfrom the large sky surveys

There have been at least two separate studies of galaxy luminosity function in groups (and in

fiveu, g, r, i, z bands) using the SDSS data with different methods to identify groups and with
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completely different results (Gonza'lez et al. 2006; Zandivarez et al. 2006).

Gonza'lez et a. (2006) computed the galaxy luminosity function in 728 spectroscopically
selected nearby groups and clusters using SDSS DR3 catal ogue and found a universal luminos-
ity function in galaxy systemswith only small variations of the shape of the luminosity function
in the faint end, irrespective of the group integrated colour, mass, number of members, or the
presence of a hot intra-cluster gas associated with X-ray emission. They argue that the galaxy
luminosity function cannot be described by a single Schechter function.

Interestingly, Zandivarez et al. (2006) used the fourth release of the Sloan Digital Sky
Survey to analyse the luminosity function of 14,004 samples of groups with different properties
and found that the luminosity functions are well described by Schechter functions (see Fig. 1.9).
Unlike the works of Gonza'lez et al. (2006), the detailed analysis carried out by Zandivarez et
al. (2006) shows the dependence of the galaxy luminosity function on group masses and rule
out the existence of a universal galaxy luminosity function . Their studies show a steepening of
the faint-end slope « and a continuous brightening of the characteristic magnitude M * as group

Mass iNCreases.

Compact groups & bimodality in luminosity functions

Severa studies have been carried out exclusively on the shape of galaxy luminosity function
in Hickson Compact Groups (HCGs; Hickson 1982), which in general represent a subset of
groups consist of highly concentrated bright galaxy population. There are some uncertainty
in the determined luminosity function in HCGs and the population of faint galaxies in these
compact systems.

Some authors believe that the standard Schechter form of the luminosity function can ex-
press the observed luminosity distribution of HCG galaxies (Heiligman & Turner 1980; Mendes
de Oliveira & Hickson 1991; Zepf, de Carvalho, & Ribeiro 1997). However, more recent stud-

ies of the luminosity function of compact groups show a bimodality in the distribution of bright
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Figure 1.9: The galaxy group r-band luminosity function from the SDSS DR4. The units are
arbitrary. The solid line represents the best-fitting Schechter function (Credit: Zandivarez et al.
(2006)).

galaxies and dwarf galaxy population (Hunsberger, Charlton, & Zaritsky 1998; Hunsberger,
Charlton, & Zaritsky 2000; Krusch et a. 2006).

From an analysis of the luminosity function and the estimated mean luminosity density of
galaxies in 68 HCGs, Mendes de Oliveira & Hickson (1991) concluded that bright galaxies
in compact groups merge on a relatively short time scale to form luminous elliptical galaxies.
From the Schechter fitting function, Mendes de Oliveira & Hickson (1991) obtained o« = —0.2
which indicates lack of faint galaxies in compact groups in comparison to the total luminosity
function of field, loose groups, and clusters in agreement with Sulentic & Rabaca (1994).

However, Ribeiro, de Carvalho, & Zepf (1994) obtained different results and found a slope
of thefaint end of the luminosity function of approximately o = —0.8 which isnot significantly
different from that found for galaxiesin other environments. Results from Ribeiro, de Carvalho,
& Zepf (1994) do not support the ideathat faint galaxiesin compact groups are underabundance

and therefore most galaxies in compact groups have not been dramatically affected by recent
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galaxy-galaxy merging.

X-ray groups

Hunsberger, Charlton, & Zaritsky (1998) found a deficit (dip) of intermediate luminosity galax-
ies around My ~ —18 4 5log h in the observed composite luminosity function of 39 HCGs
observed (Fig. 1.11). They suggested that galaxy mergers and dynamical friction cause inter-
mediate luminous galaxies to acquire mass and to move toward the bright end of the galaxy
luminosity function in some poor HCGs. They found a substantial population of dwarf galaxies
in X-ray HCG groups as well as groups with a dominant lenticular or elliptical galaxy. This
result together with the observed bimodal luminosity function, led them to conclude that the
initial dwarf galaxy population in compact groups belong to a subsequent generations which
have been formed in the tidal debris remnants from interaction of giant galaxies.

Miles et al. (2004) used a sample of galaxy groups, selected from the GEMS catalogue
(Gaaxy Evolution Multi-wavelength Study; Osmond & Ponman 2004), with measured X-ray
fluxesfrom ROSAT PSPC pointed observations and found that the luminosity function of galaxy
groups with X-ray luminosity Ly < 10*" erg s~! ishimodal in comparison to X-ray luminous
groups with Ly > 10*''7 erg s~!, which are not (Fig. 1.10). They interpreted this bimodality
in the observed luminosity function as aresult of enhanced region, aided by dynamical friction
between galaxiesin X-ray dim groups rather than due to the existence of galaxies with different
morphological types.

The above ideais further supported by studying the near-infrared J— and K-band luminos-
ity functions of 60 GEMS group (Miles, Raychaudhury, & Russell 2006) which show a deple-
tion of intermediate luminous galaxies around My = —23 in X-ray dim groups (Lx < 10*.7
erg s 1). They suggest that the low velocity dispersion in dim X-ray groups, resulting in rapid
major mergersin agreement with their previousfindings. This causes galaxieswith intermediate

luminosity to merge with each other and the brightest group galaxies, and is seen preferentially
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in the dynamically less active poorer groups. Such adeficit of intermediate luminosity galaxies
was found also by Krusch et al. (2006) from the luminosity function analysis of a sample of

five HCGs.

1.9 Numerical smulations

1.9.1 Introduction

Numerical methods and statistical tools have developed significantly in the last two decades for
simulating cosmic structure in the present of dark matter. In science and engineering, it is often
important to simulate a physical process because the ability to analytically describe the process
islimited.

The simplest form of acosmologica simulation isagravitational N-body simulation, which
calculates the trajectories of massive particles moving under mutual gravitation. Simulations of
specific models of dark matter allow us to make predictions for these models and compare with
observations. Simulations allow us to carry out numerical experiments with initial conditions
that have little to do with the real universe. The purpose of such experiments is to understand
the physics of gravitational collapse in an expanding universe. Simulations are also used for
testing approximate solutions for the growth of density perturbations.

Comparisons with N-body simulations allow us to validate these approximations and un-
derstand when these approximations are useful. Finally since in observations we have limited
information, we can calibrate methods for analysing observations on artificial catalogues made
from N-body simulations.

A great advantage is that in N-body simulations, the details of the model, used to generate
the simulation, are known, whereas the same is not true of thereal universe. For example all the
components of the velocity of agaaxy in acluster, with respect to the centre of the cluster, are

known, wherein real observations, only the radial component can be measured from the redshift
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Figure 1.10: () Differential B-band luminosity functionsof 25 GEM S groups of galaxies shows
that the X-ray dimgroups (L x < 10*-7ergs™!, circles) havea’dip’ intheir luminosity function
inthe range of —19 < Mp < —17 in comparison to the X-ray luminous groups (Lx > 10%7
ergs !, triangles) (b) Cumulative luminosity function for the same sample asin (a). The lumi-
nosity function of the X-ray luminous groups is fitted with a single Schechter function whereas
the luminosity function of X-ray dim groups represents two Schechter functions (Credit: Miles

et al. (2004)).
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Figure 1.11: Gaaxy luminosity function of 39 Hickson compact groups. Filled circles rep-
resent the average number of galaxies per group in each magnitude bin. The bright and faint
populations are fit separately using two Schechter functions. The Solid line is the best fit to the
bright end while the dotted line is the best fit to the faint end. The dashed line is the composite
fit (Credit: Hunsberger, Charlton, & Zaritsky (1998)).

of the galaxy. Furthermore, the evolution of the same galaxy or cluster can not be observed at
different redshifts.

The above agorithms of cosmological N-body simulations take only Newtonian gravita-
tional interaction into account. Gravitational force in the Newtonian limit fallsas ~ 2, hence
it isalong range force and we cannot ignore force due to distant particles. This makes calcu-
lation of force the most time-consuming task in N-Body simulations. As aresult, various algo-
rithms and optimising schemes have been developed to achieve this, within realistic bounds of
computer resources. Evaluation of force and solving the equation of motion are two key compo-
nents of N-body simulations. Setting up relevant initial conditions for cosmological simulations

is another important aspect.

In all N-body simulations, a value for the mass must be assigned to the particles. For
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example, if wewish to study the distribution of galaxiesin detail, then the mass of each particle
in the simulation should be much smaller than the mass of a typical galaxy. It increases the
resolution of the smulation but has a high computational cost.

Large scale cosmological simulations of structures in the Universe attempt to incorporate
physical processes (adiabatic gas dynamics, radiative cooling, photoionization and recombina
tion, radiative and heat transfer), in addition to gravitational effects, to trace back the structure
of the universe from the present day to a few billion years ago, according to the cosmological
models such as cold dark matter (CDM), or the ACDM model, in which the dark energy is
included as well. Different numerical methods and computer algorithms have been developed
to perform simulations with a large number of particles, dynamic range and resolution such
as Particle-Particle (PP) method, Tree Method, Fast Multipole Method, Particle-Mesh Method
(PM), Adaptive Mesh Refinement (AMR), P>M Method (Particle-Particle + Particle-Mesh) and
Tree + PM (TMP, TreePM) Method (for areview see Bertschinger 1998).

1.9.2 Semi-analytic modelling of galaxy formation

The Semi-analytic model (SAM) of galaxy formation has been devel oped by Kauffmann, White,
& Guiderdoni (1993).

In most semi-analytic models of galaxy formation (e.g. Kauffmann, White, & Guiderdoni
1993) the merger trees (merging histories) of dark matter halos are identified by implement-
ing numerical methods based on extended Press-Schechter models (Peacock & Heavens 1990b;
Bower 1991; Somerville et al. 2008) which isamodified version of the Press-Schechter formal-
ism of mass functions of dark halos (Press & Schechter 1974). The extended Press-Schechter
models are basically obtained from the power spectrum of initial density fluctuations together
with a spherical collapse model to specify non-linear evolution of density fluctuations (Gunn &
Gott 1972). The mass functions of the progenitors of later collapsed halos, at higher redshifts,

are obtained by considering density fluctuations within overdense regions correspond to those
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halos at lower redshifts which will collapse later.

Severa physical processes have been implemented into Semi-analytic models to enable
them to reproduce the observed properties of galaxies, galaxy groups and clusters (Bower et
al. 2006; Croton et al. 2006). These processes include gas cooling, star formation, heating
by supernova explosions (SN feedback) and active galactic nuclei outflows (AGN feedback),
cooling suppression, reionisation, and galaxy mergers which all take place within dark matter
halos. To compare results from Semi-analytic runs with those from observations, atechniqueis
used based on stellar population synthesis.

One advantage that make Semi-analytic modelsagood approach in understanding the physics
of galaxy evolution and formation is that it is much faster than hydrodynamical simulations.
Thereason isthat unlike hydrodynamical simulations, in numerical simulations based on Semi-
analytic models, the dynamics related with physical processes among particles are not included,
which enable semi-analytic model to investigate a much larger range of parameters character-
ising physical processes affecting the evolution and interaction of galaxiesin different environ-

ments.

1.10 Aim of thisthesis

In the following chapters, the mass assembly and evolution of galaxy groups are studied, using
numerical simulations as well as observations. In Sec. 1.6.1, we mentioned that the selection
of groups based on the definition of fossil groups is expected to identify early formed systems.
To test this hypothesis, the mass assembly history and formation of fossil galaxy groups are
investigated in Chapter 2 and Chapter 3, using a large scale cosmological simulation of the
Universe. Our aim isto investigate whether this class of groups represent early formed systems
in comparison to normal groups, and to what extent their mass function and space density are

in agreement with observations. Furthermore, we would like to find how the magnitude gap
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between the brightest galaxies within groups is related to their halo mass assembly history, and
test whether the magnitude gap can be used as a diagnostic of the age of the group, as it often
used in the literature.

The properties of galaxy groups are explored then by compiling a set of 25 galaxy groups
(with different merging histories). So in Chapters 4 and 5, the sample selection, observation,
data reduction, and preliminary results are given. These results include group memberships,
group galaxy luminosity function , as well as colour-magnitude relation. A brief on our future

work is discussed in Chapter 6.
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Chapter 2

The Mass Assembly of Fossil Groups of

Galaxiesin the Millennium Simulation

2.1 Introduction

Galaxy groups are believed to play akey role in the formation and evolution of structure in the
universe as, within a hierarchical framework, they span the regime between individual galax-
ies and massive clusters. They are also more varied in their properties than galaxy clusters, as
seen when various scaling relations are compared with those of galaxy clusters (Kaiser 1991;
Ponman et al. 1996; White et a. 1997; Allen & Fabian 1998; Mulchaey & Zabludoff 1998;
Arnaud & Evrard 1999; Xue & Wu 2000; Helsdon & Ponman 2000; Xue et al. 2001; Helsdon
& Ponman 2003). For instance, the relation between the luminosity and temperature of the
X-ray emitting hot intergal actic medium (the L — T relation) has alarger scatter and a different
slope for groups, when compared to similar properties of clusters. Various feedback mecha-
nisms are often invoked to explain these differences. In addition, due to their lower velocity
dispersion, groups are rapidly evolving systems, and galaxy mergers within groups can have

a more significant effect on these relations than in clusters. In principle, the presence of cool
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cores and active galactic nuclei (AGN), aswell as the star formation history, are all affected by
major interactions in the heart of agroup or cluster. It would therefore be useful to find a class
of groups or clusters with no major mergersin their recent history, to provide a baseline for the
evolution of a passive system, with no mgjor disruption.

Fossil groups are good candidates for such a class of objects. They are distinguished by a
large gap between the brightest galaxy and the fainter members, with an under-abundance of L.
galaxies. Zabludoff & Mulchaey (1998) suggest that, for an X-ray detected group, the merging
timescale for the most luminous group members (L. ~ L,) is of order of a few tenths of an
Hubble time, in agreement with the numerical ssmulations. A single giant elliptical galaxy can
form as aresult of multiple mergers within afew Gyr (Barnes 1989). Thus, it islikely that one
can find merged groupsin the form of an isolated giant elliptical galaxy with an extended halo of
hot gas, sincethetimescalefor gasinfall islonger than that on which galaxies merge (Ponman &
Bertram 1993). In such systems, the brighter galaxies, which have arelatively shorter merging
timescale, are expected to merge earlier leaving the fainter end of the luminosity function intact
(Dubinski ; Mileset a. 2004).

Following the discovery of a fossil group having the above characteristics from ROSAT
observations (Ponman et a. 1994), more fossil systems have been identified (Mulchaey &
Zabludoff 1999; Vikhlinin et al. 1999; Jones et al. 2000; Romer 2000; Matsushita 2001; Jones
et al. 2003). They are generally based on the definition of fossil groupsfrom Joneset a. (2003),
i.e. groups with a minimum X-ray luminosity of Lx 1, ~ 0.25 x 10*?h~2erg s7!, as well as
minimum magnitude difference of two between the first and second ranked galaxies, within half
the projected radius that encloses an overdensity of 200 times the mean density of the universe
(R200). For an NFW profile (Navarro, Frenk & White 1996), thisis roughly equivalent to Rsqo,
the radius enclosing an overdensity of 500 times the mean (for NFW halos of the appropriate
concentration, Rsqq ~ 0.59 X Roqg). A few of these fossil groups have been the subject of

detailed investigations (Khosroshahi, Jones & Ponman 2004; Yoshioka et a. 2004; Sun et al.
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2004; Ulmer et al. 2005; Cypriano, Mendes de Oliveira & Sodré 2006; Mendes de Oliveira,
Cypriano & Sodré 2006; Khosroshahi et al. 2006).

While most previous studies have focused on X-ray properties of fossils, thereisalso emerg-
ing evidence that the galaxy propertiesin fossils are different from those in non-fossils (Khos-
roshahi, Ponman & Jones 2006). For instance the isophotal shapes of the central fossil galaxies
appear to be non-boxy, suggesting that they may have formed in gas rich mergers. Various
observational and theoretical studies have suggested a significant fraction of galaxy groups to
be fossils (Vikhlinin et al. 1999; Jones et al. 2003; D’ Onghia et al. 2005; Milosavljevic et al.
2006; Sommer-L arsen 2006), though often the criteria used to define fossils in theoretical work
are not easy to relate to observational studies.

Fossils may represent extreme examples of a continuum of group properties — they are con-
sistently found to be outliersin the usual scaling relations involving optical, X-ray and dynam-
ical properties (Khosroshahi, Ponman & Jones 2007). While fossils fall on the L-T relation
of non-fossil groups and clusters, they appear to be both hotter and more X-ray luminous than
non-fossils of the same mass. Cooler fossil groups aso show lower entropy than their non-fossil
counterparts. According to Khosroshahi, Ponman & Jones (2007), the halos of fossil groups ap-
pear to be more concentrated than those of non-fossil systems, for a given mass, which suggests
that fossils have an early formation epoch.

As such, we have much to learn from them, and the investigation of objects with similar
properties in cosmological simulations can provide important insights into the physical pro-
cesses that underly the scaling relations. It can also reveal limitations in the numerical simula-
tions, related to the treatment of physical effects like pre-heating, feedback and merging, which
are difficult to model. It is thus important to study the formation and evolution of these sys-
tems in the cosmological N-Body simulations which have become essential tools for studying
formation of large scale structure in the Universe.

In this paper we use the Millennium simulation (Springel et al. 2005) together with the
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semi-analytic models (Croton et a. 2006) of galaxy formation within dark matter halos and the
Millennium gas simulation (Pearce et a. 2007), to identify fossil groups, study their properties
in the simulations and make a comparison to the observations. We begin with a brief discussion
in §2 of the Millennium Simulation, and the implemented semi-analytic galaxy catalogues and
gas simulations. In §3 we discuss our method of identifying optical and X-ray fossil groups
from these catalogues. In §4, we discuss the various properties of these fossil groups, their
abundancein the local Universe and the evolution of ssmulated X-ray fossilswith time. Finally,
in §5, we summarise the implications of our results in terms of the evolution of fossil groupsin
the context of multiwavelength observations. Throughout the paper we adopt Hy = 100 ~ km

s~! Mpc~! for the Hubble constant.

2.2 Description of the Simulations

In order to extract fossil groups in the Millennium simulation, using observational selection
criteria, we require a ssmulation suite that includes the baryonic physics of hot gas and galax-
ies, aswell as a high resolution dark matter framework and a sufficient spatial volume to limit
the effects of cosmic variance. For this study we use the dark matter Millennium Simulation
(Springel et al. 2005), a 10-billion particle model of a comoving volume of side 5002~ Mpc,
on top of which a publicly available semi-analytic galaxy model (Croton et al. 2006) has been
constructed. For the hot gas we have repeated the Millennium simulation with a lower resolu-
tion ssmulation including gas physics utilising the same volume, phases and amplitudes as the
origina dark-matter-only model. This run accurately reproduces the structural framework of
the Millennium Simulation (Pearce et al. 2007). Below we summarise the main characteristics

of the above simulations.
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2.2.1 TheMillennium Simulation

The Millennium Simulation is based on a Cold Dark Matter cosmological model of structure
formation, with a Dark Energy field A. The basic assumptions are those of an inflationary
universe, dominated by dark matter particles, leading to a bottom-up hierarchy of structure
formation, via collapsing and merging of small dense halos at high redshifts, into the large viri-
alised systems such as groups and clusters that contain the galaxies that we observe today. The
simulation was performed using the publicly available parallel TreePM code Gadget2 (Springel
et a. 2001), achieving a 3D dynamic range of 10° by evolving 2160° particles of individual
mass 8.6 x 10%h~! M, within a co-moving periodic box of side 500~ Mpc, and employing a
gravitational softening of 5~ kpc, from redshift z = 127 to the present day. The cosmological
parameters for the Millennium Simulation were: 2, = 0.75,Q,, = 0.25,Q, = 0.045,h =
0.73,n = 1, and o5 = 0.9, where the Hubble constant is characterised as 100 » kms~'Mpc 1.
These cosmological parameters are consistent with recent combined analysis from WMAP data
(Spergel et al. 2003) and the 2dF galaxy redshift survey (Colless et a. 2001), athough the
valuefor og isalittle higher than would perhaps have been desirable in retrospect.

The derived dark matter halo catalogues include halos down to a resolution limit of 20
particles, which yields aminimum halo mass of 1.72x10'°A~! M. halosin the simulation are
found using a friends-of-friends (FOF) group finder, tuned to extract halos with overdensities
of at least 200 relative to the critical density. Within a FOF halo, substructures or subhalos are
identified using the SUBFIND algorithm developed by Springel et al. (2001), and the treatment
of the orbital decay of satellitesis described in the next section.

During the Millennium Simulation, 64 time-slices of the locations and velocities of all the
particles were stored, spread approximately logarithmically intime between z = 127 and z = 0.
From these time-slices, merger trees are built by combining the tables of all halos found at any
given output time, a process which enables us to trace the growth of halos and their subhalos

through time within the simulation.
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2.2.2 The Semi Analytic model

Using the dark matter halos of the Springel et a. (2005) simulation, Croton et a. (2006)
have smulated the growth of galaxies, and their central supermassive black holes, by self-
consistently implementing semi-analytic models of galaxies on the outputs of the Millennium
Simulation. The semi-analytic catalogue contains 9 million galaxiesat = = 0 down to alimiting
absolute magnitude of Myr —5log h = —16.6, observed in B, V, R, I and K filters. The
models focus on the growth of black holes and AGNSs as feedback sources. The inclusion of
AGN feedback in the semi-analytic model (which allows the cooling flow to be suppressed
in massive halos that undergo quasi-static cooling) and its good agreement with the observed
galaxy luminosity function, colour distribution and the clustering properties of galaxies, make
this catalogue well-matched and suitable for our study of fossil systems.

In the semi-analytic formulation, galaxies initially form within small dark matter halos. As
the simulation evolves, such ahalo may fall into alarger halo. The semi-analytic galaxy within
thishalo then becomes a satellite galaxy within the main halo and followsthe track of itsoriginal
dark matter halo (now a subhalo) until the mass of the subhalo drops below 1.72x 101°4~1 M,
which corresponds to a 20-particle limit in the Millennium Simulation. At this point the galaxy
isassumed to spiral into the centre, on some fraction of the dynamical friction timescale, where

it merges with the central galaxy of the larger halo (Croton et a. 2006).

2.2.3 TheMillennium Gas Simulation

The Millennium Gas Simulations are a suite of hydrodynamical models, utilising the same
volume, and values of initial perturbation amplitudes and phases as the parent dark-matter-
only Millennium Simulation. Each of the three models completed to date contains additional
baryonic physics. The first does not follow the effects of radiative cooling and so overpredicts

the luminosities of group-scale objects significantly. The second includes a simple preheating
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scheme that is tuned to match the observed X-ray properties of clusters at the present day and
the third includes a simple feedback model that matches the observed properties of clusters
today, aswell as having some chance of following the time evolution. We have used the second
of these models in this work, as we only utilise the hydrodynamical properties of the groups at
z = 0, where the observational and simulation results are well matched.

Each of the Millennium Gas Simulations consists of 5 x 108 particles of each species, result-
ing in adark matter mass of 1.422 x 10'°A~! M, per particle and agas mass of 3.12 x 10°h~!
Mg per particle. The Millennium Simulation has roughly 20 times better mass resolution than
this and so some perturbation of the dark matter halo locations isto be expected. In practice the
position and mass of dark matter halos above 1034~1 M, are recovered to within 50 h~'kpc
between the two volumes, allowing straightforward halo-halo matching in the large majority of
cases.

The Millennium gas simulations used exactly the same cosmological parameters as those
stated above. With the inclusion of a gaseous component, additional care needs to be taken
in choosing the gravitational softening length in order to avoid spurious heating (Steinmetz &
White ). We use a comoving value of 25(1 + z)h~! kpc, roughly 4% of the mean interparticle
separation (Borgani et al. 2006) until z = 3, above which a maximum comoving value of
100~ kpc pertains. We have adopted a different output strategy for the Millennium Gas
Simulations, preferring to output uniformly in time with an interval roughly corresponding to
the dynamical time of objects of interest. This strategy resultsin 160 rather than 64 outputs and

places particular emphasis on the late stages of the simulation.
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2.3 Sample Selection

2.3.1 Definition of fossils

Fossil groups are sel ected according to a combination of X-ray and optical criteria, based on the
observational definition given by Jones et a. (2003), which iswidely followed in the literature.
Their X-ray luminosity must satisfy Lx o1 > 0.25 x 1022 ~2erg s™!, and the difference between
the R-band magnitudes of the first and second ranked galaxies, within half the projected radius
enclosing 200 times the mean density (R2q0), must be Amq, > 2 magnitudes. A limit of 0.5R5,
is used because L, galaxies within this radius should spiral into the centre of the group due to
orbital decay by dynamical friction within a Hubble time (Jones et a. 2003). The limit on the
bolometric X-ray luminosity Lx 1,,1 helps to exclude poor groups and individual galaxieswith a
few small satellites. Such groups are often not in dynamical equilibrium, and in addition there
might be a gap in their galaxy luminosity function simply as a result of the small numbers of

galaxiesinvolved. We address thisissuein § 2.3.3.

2.3.2 Selection of Fossil galaxies

For this investigation, we first selected dark matter halos from the Millennium Gas Simulation
with masses M (Ray0) > 10 h~' M. AsFig. 2.1 demonstrates, all halos for which Lx . >
0.25 x 10* h—2erg s™! are expected to be included in this sample and thus our fossil sample
will be complete. A bolometric X-ray luminosity of 0.25 x 10*2 h=2 erg s—! corresponds to a
temperature of 7'~ 0.5 keV. This constraint on the halo masses results in an initial sample of
51538 dark matter halos, within which we search for fossil groups.

In order to extract information about dark matter and galaxy properties, for each of these
51538 halos found in the Millennium Gas Simulation, the counterpart in the Millennium Sim-
ulation needs to be found. Thisis a straightforward procedure because the simulated volume

and the amplitudes and phases of theinitial power spectrum were matched. However, the dark-
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Figure 2.1: The bolometric X-ray luminosity versus dark matter halo temperature (left panel)
and mass within Ry (right panel) for all halosin the Millennium gas simulation. The vertical
dashed lines correspond to the X-ray luminosity threshold Lx 1, = 0.25 x 102 h2erg 7!
adopted in this paper for defining fossil groups. The cutoff M (Ry0) > 1013 h=t M, is adopted
ing23.2.

matter-only Millennium Simulation has 20 times the mass resolution of the corresponding Mil-
lennium Gas Simulation and so contains some additional small scale power. Thisleadsto small
offsets (typically around twice the gravitational softening length) in the final co-ordinates of
equivalent halos, and even smaller mass differences (typically less than 5%). Of the 51538 ha
los, 48774 (~95%) have corresponding halos identified in the Millennium Simulation. For each
of these matched halos we extracted the coordinates and BV RI K magnitudes for each galaxy
contained within Ry, from the publicly available catalogue of Croton et al. (2006).

The simulated properties of the galaxies occupying each dark matter halo were then used to
calculate Am,s, i.e. the difference in R-band magnitude of the first and second ranked galaxies
within 0.5R;, of the centre of the halo. Out of the 48774 matched hal os, 6502 are found to be
optical fossil groups, i.e. haloswith Am,5 > 2 mag, among which 1300 are X-ray fossil groups,

i.e. optical fossil groupswith Ly 5, > 0.25x 10* b2 ergs~!. Ascan be seen from Fig. 2.2, X-

ray fossil groups do not form a separate population but are rather extreme examples of asmooth
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distribution. It is aso clear that the spread in Am;, increases dramatically with decreasing in
the X-ray luminosity and hence the enclosed mass, in agreement with the conditional luminosity
function (CLF) formalism of van den Bosch et al. (2007).

Control groups are necessary for our study in order to allow us to compare the properties
of X-ray fossil and non-fossil groups. We define two control group samples, based on the
magnitude difference of the two brightest members of the group (within 0.5R;,, of the centre
of the dark matter halo): (i) 0.8 < Amys < 1.0, and (ii) 0.1 < Amy < 0.3. While members
of the former are examples of intermediate groups, the latter could be regarded as a class of
extreme non-fossil groups in that they contain at least two galaxies of very similar magnitude.
The bolometric X-ray luminosity limit for each of the control samplesisthe same asthat of the
X-ray fossil group sample (see Fig. 2.2).
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Figure 2.2: X-ray luminosity versus the R-band luminosity gap Am;, within 0.5R5, for each
of the dark matter halos with gas properties. The horizontal dashed-line intersects the vertical
axisat Lxpo = 0.25 x 10**h%erg s~!. The top-right part of the graph shows the region for
which Ams > 2 mag and L, > 0.25 x 10*2h~%erg s™*, the optical and X-ray criteria that
jointly define fossil groups. The two shaded regions show the location of our control samples
(see§ 2.3.2for details). The histogram shows the fraction of optical fossilsin each bin of L p.
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2.3.3 Thelikelihood of finding groupswith Am;, > 2 at random

One of the central criteria used to define fossils is the absence of galaxies within a range of
two magnitudes of the brightest galaxy (Amq, > 2). However, for groups with only a small
number of members, there is a significant probability of obtaining such a luminosity gap as
a natural consequence of the high-end tail of the galaxy luminosity distribution. To quantify
the likelihood of obtaining a value of Am,, > 2 by chance, Jones et al. (2003) performed 10*
Monte Carlo simulations for groups and clusters with absolute magnitudes selected at random
from a Schechter function (Schechter 1976). Using the parameters of the composite luminosity
function of MKW/AWM clusters (Yamagata & Maehara 1986), they found that for the systems
of ~40 galaxies, 0.4+0.06% of the generated luminaosity functions had Am., > 2.

We performed a similar analysis for groups spanning a range in richness, and using param-
eters appropriate to our data from the Millennium simulation. For twenty classes of groups,
containing 10, 15, 20, 25,... galaxies respectively, we randomly generated galaxies according to
a Schechter luminosity function. (None of our X-ray fossil groups from the Millennium simu-
lation contain fewer than 10 galaxies.) The characteristic magnitude M, ~ —22.1 and faint-end
exponent o ~ —1.19, were adopted from afit of the Schechter function to the R-band luminos-
ity function of the semi-analytic catalogue. A magnitude cut off of —17.4 was then applied to
the magnitude of generated galaxies as thisis the R-band magnitude completeness limit of the
semi-analytic catalogue. 10° simulations were carried out for each richness class of group.

Fig. 2.3 compares the percentage of optical and X-ray fossil groups from the Millennium
simulation as a function of number of galaxies within 0.5R,, for each dark matter halo, with
those populated using a Schechter luminosity function as detailed above. The lower panel
shows the result when the expected number of randomly generated groups with Am., > 2, is
subtracted from the optical fossils. For poor systems, the incidence of ‘statistical fossils' is
significant. It can be seen that approximately one third of the fossil systems with fewer than

25 galaxies seen in the Millennium data can be attributed to statistical chance (as opposed to
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the result of physical processes generating a non-statistical luminosity gap). However, even
after these random fossils are removed, the fraction of optical fossils increases as the number
of galaxies within dark matter halos decreases. In contrast, for X-ray fossils, many of the poor
halos which qualify as 'statistical fossils fail to pass the X-ray luminosity threshold criterion,
so the chance fraction is never much larger than 20%. We return to thisissue in Sec. 2.4.1. For
groups with more than 30 galaxies, the fraction of fossils meeting the Am;, > 2 criterion by

chance drops below 1.0%, and soon becomes negligible.
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Figure 2.3: The histogram shows the incidence rate of Am, > 2 occurring by chance from
a random population of galaxies selected from a Schechter luminosity function in comparison
to fraction of optical fossils (open circles) and X-ray fossils (solid triangles) in the Millennium
simulation, as a function of number of galaxies per halo within 0.5R5q,. The lower panel plot

(filled circles) shows the result of subtracting random groups from the optical fossil groups.
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2.4 Reaults

24.1 ThelLuminosity Gap Statistic

If galaxies in groups and clusters merge with the central galaxy over a finite time to produce
a progressively greater massive central galaxy, then one way to quantify the dynamical age
of a galaxy system is to measure the luminosity gap between the two most luminous galaxies
remaining in the group, provided that there is no infall of bright galaxies from other nearby
systems. A relaxed X-ray morphology in observed fossils is an indication of the absence of
such a process. Within such a merging scenario for the formation of the brightest group galaxy,
the luminosity gap distribution depends on the halo merger rates. This has previously only been
examined in analytical studies (Bond et al. 1991), or in large-scale cosmological simulations
without a hot baryonic component. Thus, while animportant observational criterion for defining
fossils relies on the X-ray properties of the group, this has not previously been implemented

within the models.

The R-band magnitude gap distribution

Here we compare the luminosity gap distribution between the luminous galaxies found at the
centre of dark matter halos extracted from the Millennium simulation with expectations from
the analytical model of Milosavljevic et al. (2006), and with observational properties from
SDSS clusters.

Milosavljevic et al. (2006) compared the distribution of the predicted luminosity gaps from
their analytical model within R, as a function of halo mass, with the observed luminosity
gaps in the SDSS (DR4) clusters (Miller et al. 2005), ranging in mass and redshift from M =
0.5—10 x 10 h~* M, and 2=0.02 to 0.17, respectively, within a projected physical radius of
500 h~'kpc. Halo merger ratesin their model have been analytically estimated according to the

excursion-set theory of Bond et al. (1991), which isaso known as the extended Press-Schechter
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Figure 2.4: The R-band luminosity gap distribution for halosfrom the Millennium semi-analytic
model within the massrange M = 0.5—10 x 104 h~1 M, evaluated relative to the first and
second most luminous galaxies and the first and the third most luminous galaxies, superposed
on the theoretical model of Milosavljevi€ et a. (2006) and the SDSS data for the same mass
range but different searching radius (R, for the model and projected radius of 500~ *kpc for
the SDSS data). The Millennium data are plotted within Ry, (closed circles) as well as the
projected radius of 500k~ kpc (triangles). (a), (b): The luminosity gap statistic predictions
of the theoretical model of Milosavljevi€ et al. (2006) with In A = 1 (thin green line) and
In A = 2 (thick blue line). (c), (d): The r-band luminosity gap distribution from 730 clusters
(red histogram) in the SDSS C4 Catalogue of Miller et a. (2005).

formalism. Assuming a halo density profile of the form of Navarro, Frenk & White (1996), a
subhalo of mass m merges into a primary halo of mass M (m > %M ) and makes a composite
halo. Asthe centre of the subhalo crosses the virial radius of the new composite halo, a merger
happens. Then the subhalo spirals toward the centre of the composite halo in a near circular
orbit, experiencing dynamical friction.

For comparison with the above study, we evaluate the R-band luminosity difference between

the first and second most luminous (Am;,) and the first and the third most luminous (Am;3)
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galaxies in our Millennium data within Ry, and within 500 4~ 'kpc. In Fig. 2.4, we plot the
R-band luminosity gap distribution of the Millennium simulation for the same mass range as
the models, together with the luminosity gap distribution of 730 SDSS C4 clusters (Miller et
al. 2005). Figs. 2.4aand 2.4b compare the predicted gap statistics from Milosavljevi€ et al.
(2006) for two values of the Coulomb logarithm, In A = 1 and In A = 2, within Ryqo. Sincethe
parameter In A is proportional to the force of dynamical friction between the centres of subhalo
and primary halo during the process of merging, a higher value of In A corresponds to a faster
effective halo merger rate. In numerical simulations, In A is approximated by b,,,4. /bmin, Where
bmaz @ b,,;, ae the maximum and minimum impact parameters respectively, and In A is
expected to be ~ 1 — 4 (Velazquez & White 1999; Fellhauer et al. 2000; D’ Onghiaet al. 2005).
However, in the semi-analytic galaxy catalogues (Croton et al. 2006), based on the Millennium
simulation, used in thiswork, the above relation is approximated by In A = In(1 + Mago/mgat),
where my,; isthe halo mass of the satellite galaxy.

Within the mass range of the SDSS data there are 8842 halos in the Millennium simulation
catalogue. Accordingly, in Fig. 2.4, our data have been normalised to be comparable with the
SDSS data and the theoretical model of Milosavljevi€ et a. (2006). However, the simulation
datais, unlike the observations, complete and uncontaminated by spurious groups or foreground
and background galaxies. All these effects are likely to be heavily dependent on the number of
galaxies residing in the halo. As such, the comparison with the SDSS data shown in Fig. 2.4
should be treated with caution.

Given this caveat, our analysis based on the Millennium simulation catalogues agrees re-
markably well with the models of Milosavljevic et a. (2006) based on the SDSS survey for
the luminosity gap distribution of the two brightest galaxies in each of the dark matter halos,
particularly for In A = 2 (Fig. 2.4a). However, for the R-band luminosity gap between the
brightest and third brightest galaxies in each system (Fig. 2.4b), the smulations significantly
depart from the model. When comparing with the SDSS data (Figs. 2.4c and 2.4d), the sSim-



CHAPTER 2. THE MASSASSEMBLY OF FOSSIL GROUPS 78

ulations overpredict the frequency of groups. The simulations and the SDSS data have similar
shaped distributions for the luminosity gap Am;3, but with a shift of ~0.5 mag toward higher
Amy3 in the simulated halos.

We emphasise that the Millennium predictions for the luminosity gap statistic are sensitive
to the assumed mass range and search radius of dark matter halos within which brightest halo
members are identified. SDSS cluster masses have been estimated from total -band luminosi-
ties, so any inaccuracies in this procedure would affect the comparison with the Millennium
data

Observationally there isan excess population of groupswith asmall luminosity gap between
the first and second ranked galaxies, above what is predicted by the theoretical models or the
simulations. This excess population is likely to result from contamination of observed group
samples by local structure alignments, and renormalising to a sample without these groups
scales down the “Millennium” distribution in Fig. 2.4c, bringing the simulation results and the

observational measurements into better agreement. Results are similar in the K'-band.

The abundance of fossil groups

The probability of finding fossil systems is expected to increase with decreasing halo mass, as
shown in previous studies based on theoretical models or hydrodynamical simulations (D’ Onghia
et a. 2005; Milosavljevit et al. 2006; Sommer-Larsen 2006; van den Bosch et al. 2007). Un-
fortunately, it is difficult to compare the results from different studies (both theoretical and
observational), since they have used arange of search radii (from R;gy t0 R337; — See Table. 1)
within which the Amy5 > 2 mag criterion isimposed. Clearly, the larger the search radius, the
more demanding is the requirement on the galaxy contents of the system, and the smaller the
fraction of groups which will qualify asfossils.

In Fig. 2.5, the rates of incidence, Py(M), of optical fossils and X-ray fossils (using our

preferred search radius of 0.5R, following Jones et al. (2003)) are plotted, as a function of
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the mass M of the halo, together with the predicted values from the models of Milosavljevi€
et a. (2006) for two values of A. The shape of our curve for optical fossils is quite similar
to the theoretical models (which included no X-ray luminosity criterion), but the latter actually
employed a search radius of Ryy. To see the effect of this, we also show our Millennium
results for this larger search radius. The fraction of fossil systems fals by approximately a
factor of 2, when this more demanding requirement is imposed, and so lies significantly below
that predicted by Milosavljevi€ et a. (2006).

On scales of M ~ 103 —10“h"1M,, ~5%-18% of groups are optical fossils. This proba-
bility falls to ~3%-5% for more massive (M > 10*h~tM,,) fossil systems. For halo masses
> 5 x 101*h~'M,, dl optical fossilsin the simulation are also X-ray fossils. However, at the
lowest halo masses the fraction of X-ray fossils drops steeply, since many low mass halos do
not satisfy the L x threshold criterion.

In Table. 1, we summarise the incidence rates of fossil systems from present study as
well as those found in the literature. Comparison between these different estimates is difficult,
since both the search radius and the halo mass range varies considerably from study to study.
However, a direct comparison with the only observational estimate (from Jones et a. (2003))
is possible, since we have used the same definitions of fossil groups as these authors. Based
on a comparison with the integrated local X-ray luminosity function of Ebeling et al. (2001),
Jones et al. (2003) estimated that X-ray fossil systems constitute 8-20% of all systems of the
same X-ray luminosity (Lx 5 > 0.25 x 10*?h~2erg s~'). Theright panel histogram of Fig. 2.2
represents the fraction of optical fossil systems in each bin of Lx ;.. Integrating this over all
X-ray luminosities above the threshold value for fossils, we find that ~ 7.2 4+ 0.2% of halos
with Lx 5 > 0.25 x 10*2h~%erg s~! are X-ray fossils, which is reasonably consistent with the
lower limit of ~ 8%, derived by Jones et a. (2003).

In comparison, detailed hydrodynamical simulationsby D’ Onghiaet al. (2005) and Sommer-

Larsen (2006) of 12 galaxy groups, predict alarger fraction of 33%+16% for fossil systems of
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Table 2.1: Theincidence rates of fossil systems.

Massrange Ly Fossil 2 Search Fossi Reference”
(h~My) (102h=2  type radius fraction (%)

ergs )
~ 1013—1014 - @) R200 ~5H—40 MO6
~108—-10" - @) Riso ~3.6+£01 vdBO7°
> 101 - @) Rsqo ~1-3 MO6
~10"—10Y - @) Riso ~6.5+0.1 vdBO7
~10 - @) R337 ~33+16 SL 06, DO05?
~1018-10 - O 1h'Mpc ~8—10 So7°
- > 0.25 X 0.5R99 ~8—20 Jo3
- > 0.25 X 05Ry, ~ 72402 Present study'
~108—-10Y - @) 0.5R9599 ~ 13.3+0.2 Present study

a0: Optical fossils, X: X-ray fossils.
S07: Sales et al. (2007); M06: Milosavljevic et al. (2006); vdBO7: van den Bosch et al. (2007);
SL06: Sommer-Larsen (2006); DOO05: D’ Onghiaet al. (2005); J03: Jones et a. (2003).
®Based on the conditional luminosity function (CLF) formalism of van den Bosch et al. (2007).
4From hydrodynamical simulations of 12 galaxy groups.
¢Based on the Millennium simulation. The first brightest galaxies of fossils in their sample are
always brighter than Mz = —20.5.
fHistogram on the right panel of Fig. 2.2, gives the fraction of X-ray and optical fossilsin each
binof L.
mass 10'*h~tM,, or larger. Thismay be because it is easy to overestimate the local viscosity in
hydrodynamic simulations (Tittley et al. 2001), aprocessthat would lead to central overmerging

in the models.

2.4.2 The Space Density of X-ray Fossil Groups

So far, the integrated space density of X-ray fossil groups has been studied for small samples,
each of three to five X-ray fossil systems, at different limiting luminosities (Vikhlinin et al.
1999; Romer 2000; Jones et al. 2003). Here, we estimate the space density by systematically
counting the fossil groupsin the whole 500 ~~! Mpc survey volume of the Millennium Simula-
tion at z=0. For comparison with previous studies, we select and count X-ray fossi| groups for
three limiting X-ray luminosities ranging from 0.25-5x10%? h~2erg s!. The space densities

calculated at different limiting luminosities as well as those from previous studies are given in
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Figure 2.5: The probability, P;(M ), that adark matter halo of mass M contains an X-ray fossil
group (closed triangles), optical fossil group within 0.5Ry, (open circles), or optical fossil
group within Ry (closed circles) from the Millennium simulation. The fossil incidence rate
from the analytical study of Milosavljevic et a. (2006) for two values of LnA = 1 (green line)
and LnA = 2 (blue line) is aso plotted. The vertical dotted-line corresponds to halo mass
~ 3.34 x 108 h=1 M, (see Sec. 2.4.3).

Table 2. The value from Romer (2000) is avery rough estimate, since no redshifts for galaxies
surrounding the central object were available in this study.

Our values show that for X-ray luminosities exceeding 2.5-5x 102 h—2erg s™*, the space
density of fossilsin the Millennium simul ation agrees within the errors with those estimated by
Vikhlinin et al. (1999) and Jones et a. (2003). At the lowest X-ray luminosities, the density
from the Millennium simulations appear to be lower than observed, though the observational
values given in Table 2 have large uncertainties due to the small number of X-ray fossil groups
and the effects of cosmic variance. Recent studies of Khosroshahi, Ponman & Jones (2007) and

Jeltemaet al. (2006) show that one of the fossils in the sample of Jones et al. (2003) does not

satisfy the fossil criterion of Amq, > 2, which reduces the observational space density. Cer-
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Table 2.2: Space densities of fossil galaxy groups.

Lx? N;® Density® Reference’ Present study®
>025 5 32007 JO3 104 £3

>25 3 16752 Jo3 224413
>25 4 3682 vo9 224413
>25 3 ~160 ROO 224413
>50 4 19272 V99 1284+ 1.0

3|n unitsof 10*2h=2 ergs™!
®Number of fossils
°Inunitsof 10~7h3 Mpc—3
4v99:Vikhlinin et al. (1999), ROO:Romer (2000), J03:Jones et al. (2003)
tainly the number of X-ray fossilsfound is heavily dependent on the X-ray luminosity threshold

chosen and may be influenced by the scatter in X-ray group properties near this lower limit.

2.4.3 Evolution of Fossil Groups

Strong interactions and mergers between galaxies occur more efficiently in the low velocity dis-
persion environment of galaxy groups (Miles et al. 2004). Therefore in old, relatively isolated
groups, most massive galaxies have sufficient time to merge via dynamical friction. If X-ray
fossil groups are indeed systems that formed at an earlier epoch, we should be able to verify
this from the merger histories of present-day fossils in the Millennium simulation: an exercise
that is not directly possible to perform with observational surveys. In Fig. 2.6 we trace the mass
evolution of present-day X-ray fossil systems backwards from z =0, to z=0.82 when the scale
factor, a, of the Universe was 0.55 timesits current size.

At any given redshift in Fig. 2.6 the average ratio of the mass of a halo to its final mass
(at z=0) is caculated for all eligible halos. The error is represented by the standard error on
the mean, i.e. o/v/N, where o is the standard deviation of the original distribution and NV is
the sample size. The same was done for both sets of control groups. The origina sample of
fossils was divided into two subsamples, of low mass and high mass groups (see Fig. 2.6b and

Fig. 2.6¢), such that both subsamples have equal numbers of groups. The boundary between the
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Figure 2.6: Tracing back the mass build-up of the dark matter halos as a function of expansion
factor and redshift for both the X-ray fossils and the control groups 1 and 2. (a) For al halos. (b)
High mass halos (my., = 3.34 x 10'* h~! M). Both plotsindicate the earlier formation of X-
ray fossil groupsin comparison to control groups. (c) Low mass halos (mypa, < 3.34 x 1013 A1
M). Here the difference in evolution between the X-ray fossil and control groups is not as
pronounced as in those seen in high mass X-ray fossils. All the masses are normalised to the

mass at z=0.
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two subsamples corresponds to the median present-day mass ~ 3.34 x 1013 b=t M,

Fig. 2.6a shows that at a scale factor of 0.8 (= ~ 0.24), the fossil groups have already at-
tained ~90% of their final mass while, at the same redshift, the fraction of assembled mass
of the extreme non-fossil groups is about ~77% of their final mass. The intermediate control
group gives intermediate values. The fossil groups have aimost al their mass in place by ared-
shift of z~ 0.1, and show no evidence of recent major mergers, while the non-fossils seem to be
assembling mass even at the present day. These results suggest an early formation and conse-
guent higher mass concentration in fossil groups, in comparison to normal groups, particularly
for the more massive fossils.

As Figs. 2.6b and 2.6c show, the difference in mass assembly is larger in more massive
halos than halos with lower mass. The decreased distinction in the assembly history for our
lower mass fossil systems probably results from the fact there is a large fraction of “statistical
fossils’ in this category: groups which achieve Ami, > 2 due to random chance, because of
the small number of members. As can be seen in Fig. 2.3, ~50% of optical fossil groups with
masses lessthan ~ 3.3 x 10" h~! M, are expected to fall into this “statistical fossil” category.

Various observational properties (Ponman et al. 1994; Jones et al. 2003; Khosroshahi,
Jones & Ponman 2004; Ulmer et al. 2005; Khosroshahi et al. 2006; Khosroshahi, Ponman &
Jones 2007) have suggested an early formation epoch for fossils. D’Onghia et al. (2005) and
Sommer-Larsen (2006) used a set of twelve high-resolution numerical simulationsinthe ACDM
cosmology to study the formation of fossil groups, and found a correlation for the magnitude
gap between the brightest and second-brightest galaxies and the halo formation epoch, with
fossils accreting half of their final dark matter mass at z > 1. Such an early assembly of fossil
halos |eaves enough time for L, galaxies to merge into the central one by dynamical friction,
resulting in the observed magnitude gap at = = 0.

Fig. 2.7 shows the history of mass assembly of atypical example of amassive fossil group

(right panel) and a control group (left panel) from the Millennium Gas Simulation from redshift
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z = 1.0to z = 0. The dimension of each image is 10 x 10 Mpc, centred around the central
halo. It can be seen that at » = 0.3, the X-ray fossil group has already largely been assembled,

while the control group has considerable substructure even at alater epoch.

2.5 Discussion

We studied the history of the mass assembly of fossil groups, selected using the usual obser-
vational criteria at z = 0, from a redshift z = 0.8 to the present day, within the Millennium
simulation. A sample of X-ray fossil groups was defined from the Millennium simulations and
associated gas and galaxy catalogues, according to the usual criteria: (@) the difference between
the R-band magnitudes of the first and second ranked galaxies, within half the projected radius
enclosing 200 times the mean density of material (Rsq), iS Amq2 > 2 magnitudes, and (b) The
bolometric X-ray luminosity of the group is Lx s > 0.25 x 10*2h~2erg s!. While optical
fossil groups fulfil just the first condition, X-ray fossils satisfy both criteria. Our main results

are asfollows;

e The space density of X-ray fossil groups isin close agreement with the observed space
density of fossilswith Ly > 2.5 x 102 h—2erg s~1. Although for low luminosity fossils
we find roughly 1/3 of the observed fossil space density, there are several potential factors
that could lead to this difference. Aswell as significant uncertainties in the observational
studies, the X-ray properties of halos in the real Universe show far greater scatter than
those seen in the preheating ssimulation used here (Hartley et al. 2007). Given the X-ray
luminosity threshold in the definition of an X-ray fossil, scatter in Ly will ater the X-ray

fossil number density, since the number density of halosis a steep function of mass.

e By selecting optical fossils from groups randomly generated from a Schechter luminos-
ity function, we demonstrate that for small numbers of galaxies per group, a significant

fraction of optical fossil groups are expected to be purely statistical, requiring no special
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Figure 2.7: Evolution of a typical of massive X-ray fossil group (right) in comparison to a
typical massive normal group (left) from redshift z=1.0 to 0. The dimension of each panel is
10 x 10 Mpc. The points represent individual gas particles from the Millennium Gas simulation

(Pearce et d. 2007).
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Figure 2.8: Comparison between the mass growth of high and low-mass X-ray fossils plotted
inFigs. 2.6b and 2.6c.
physical mechanism to generate the 2 magnitude luminosity gap. For groups with more
than 40 members, this effect largely disappears, with very few fossil groups expected at

random.

e The probability of finding optical fossilswithmass M, i.e, Py(/; optical) isadecreasing
function of: (a) group dark matter halo massand, (b) the fraction of thevirial radiuswithin
which the first and second brightest galaxies are being found. Conversely, as dark matter

halo mass become small, the probability P(A/; X-ray) for X-ray fossils decreases.

e Both high-mass and low-mass X-ray fossil groups are found to have assembled ~ 90%
of their final masses by a redshift of 2 =0.24. The corresponding mass fraction is about
~ 70 — 80% for two different sets of high-mass control samples, and ~ 85% for low-
mass control samples, where groups fulfil the same X-ray luminosity criterion (= 3.34 x

10 h~'M.,) but have the optical luminosity gaps corresponding 0.1 < Am;, <0.3 and
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0.8 <Amqy < 1.0 magnitudes.

This study shows that fossils indeed are formed early, with more than ~80% of their mass
accumulated as early as 4 Gyr ago. They are also relatively isolated compared to non-fossils.
The strongest X-ray fossil candidates are those with the highest X-ray luminosity as these sys-
tems are not expected to have a large luminosity gap between their first and second ranked
galaxies entirely by chance. As aways, systems with more than a handful of galaxies areto be
preferred.

In principle, comparison of the observed space density of fossils as afunction of X-ray lu-
minosity with that of fossils from simulations can provide valuable constraints on the treatment
of physical processes included in the smulations. The tentative evidence for a discrepancy,
whereby the observed space density of low X-ray luminosity fossil groups may exceed that
predicted from the simulations, will be worth revisiting in the future, when better observational
estimates are available.

It isinteresting that while the amount of recent mass assembly in control groups increases
with halo mass, asis expected in the hierarchical growth paradigm, thereisamost no difference
between the mass assembly of high-mass and low-mass X-ray fossils after redshift = = 0.6 (see
Fig. 2.8). It seems that both low-mass and high-mass fossil systems are undisturbed at low
redshift.

Since we expect faster orbital decay and more efficient galaxy merging in lower mass sys-
tems, due to the lower velocity dispersion of individual galaxies within the group, we would
expect to find a higher incidence rate of fossils amongst poor groups. Fig.2.3 shows that this
is indeed the case, but the effect is not very strong, once the influence of statistical fossils is
removed, and in X-ray fossils any rising trend at low richness is overwhelmed by the fact that
many of the optical fossils fail to exceed the X-ray luminosity threshold. A word of caution
about the treatment of orbital decay isin order here. Asdiscussed in Sec. 2.2.2, the orbital evo-

lution of subhaosin the Millennium simulation iswell treated until these subhal os are reduced
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by stripping to 20 dark matter particles, but thereafter is calculated semi-analytically, using an
approximate formula. In practice, a significant fraction of the second ranked galaxies in the
fossil systems we have extracted from the simulation have been stripped below this 20 particle
limit. For example, in fossils with masses of only 10! = M, approximately 35% of second
ranked galaxies have been stripped below the limit, though this fraction drops to ~10% for
systems with mass > 10'* h=' M. For such galaxies the timescale for their subsequent decay
and merger with the central galaxy is not very reliable. However, thisis not a major issue for
massive halos, and it isinteresting and surprising that the incidence of fossilsin rich systemsis
fairly flat at 3-4%. Observational studies should, in due course, show whether thisis reflected
in the real Universe. One example of afairly rich fossil cluster has already been reported by
Khosroshahi et a. (2006).

The magnitude gap distribution of halos at different X-ray luminosities and the mass evo-
lution of fossil groups discussed above both support the idea that X-ray fossil groups are not
adistinct class of objects but rather that they are extreme examples of groups which collapse
early and experience little recent growth, so that their galaxies have time to undergo orbital
decay and merging. The X-ray and optical scaling properties of such extreme groups can be
expected to differ from those of groups with more typical evolutionary histories, and such dif-
ferences have already been observed (Khosroshahi, Ponman & Jones 2007). A comparison of
such observed differences with the properties seen in the Millennium simulation groups is un-
derway, and should provide a valuable check on the adequacy with which feedback processes
and other baryon physicsis handled in the simulations.

The final caveat is the fact that our results presented in this chapter depend upon the semi-
analytic model used to study fossil groups. We will see in the next chapter that parameters such
as space density, distribution of magnitude gap, etc. change remarkably if one uses another

semi-analytic model of galaxy formation. We will discuss more about thisissue in Chapter 3.
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Chapter 3

The mass assembly of galaxy groupsin the
Millennium Simulation and the evolution

of the luminosity gap

3.1 Introduction

Existing observations of large scale structures overwhelmingly favor cold dark matter (CDM)
cosmologies, although the paradigm faces challenges both from the luminous passive galaxies
at high redshift, and small galaxy over-densities in the local universe (Balogh et al. 2008).
Galaxies dominate the visible universe and any cosmological model is expected to reproduce
the observed global properties of galaxies, at least statistically, in the first instance. Based on
CDM hierarchy, small systems such as groups are the primary environments for galaxies where
processes such as galaxy mergers occur with higher efficiency than in massive halos such as
gaaxy clusters.

Even though the Millennium Dark Matter ssmulation (Springel et a. 2005), is the largest

cosmological simulation available, it has very few cluster scale halos and better serves the

94
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studies of group scale over-densities. In the previous chapter, we studied the formation of fossil
groups (Dariush et a. 2007) in the Millennium Simulations. Fossils are known to be archetypal
relaxed systems, optically dominated by a giant elliptical galaxy (Ponman et al. 1994) and can
be used to test halo evolution models owing to their clear definition (Jones et al. 2003) and
homogeneity (Khosroshahi, Ponman, & Jones 2007).

The results of these and similar studies depend heavily on modelling of galaxy models,
e.g. semi-analytic modelling, which describe galaxy formation and evolution in the hierarchical
merging of dark matter halos in the CDM model. Once the the merging hierarchy is com-
puted, from N-body simulations, galaxy formation is then modelled by considering the rate at
which gas can cool within these halos, the rate of galaxy merging (driven by dynamical fric-
tion) and the rate and efficiency of star formation and the associated feedback in individual
gaaxies (Croton et al. 2006; Bower et al. 2006). There are two sets of observations which
are used to constrain the semi-analytic models, the local galaxy luminosity function and the
colour-magnitude relation (Bower et al. 2006). However, the number of tunable parameters
and the physical processes implemented in the models are well above those two constraints.
Other observations often used to make the semi-analytic models self-consistent are primarily
based on the observation of IGM and hot gas properties within the halos which itself is at the
center of extensive investigations, and requires more detailed observations and addressing of
observational biases. In addition the IGM models still employ simple prescriptions for cooling
and heating. Thus, more observations are needed, preferentialy involving galaxy properties, to
test the models.

Our aim isto analyze the Millennium simulation datain order to study early-formed galaxy
systems. So far early-formed groups are identified mainly based on their observed luminosity
gap between the first two brightest group galaxies. In this chapter we investigate whether such
a criterion is a valid method, using the best current cosmological simulations. If this method

is found to be less than adequate, we wish to discover what conditions one needs to apply to
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identify early-formed systems in an optimised way. In other words, is there any connection
between the magnitude gaps between galaxies within groups and their halo mass assembly
history? If so, then how are they related to each other, and what is the physical basis of this
relations?

In an earlier study of the Millennium Simulations, we showed that the conventional defi-
nition of fossils, namely alarge luminosity gap between the two brightest galaxies within half
avirial radius and the group X-ray luminosity > 10*? erg/s, results in halos which are signifi-
cantly (15%-30%) more massive than the rest of the population of galaxy groups with the same
halo mass, when the Universe was half of its current age. This suggests an early formation
epoch for fossils. The conventional fossil selection criteria, specially the requirement of high
X-ray luminosity, filter out " statistical” fossils, and therefore thereisavery small probability for
alarge luminosity gap in ahalo to occur at random. The fraction of fossils with non-statistical
originis =~ 8%, amost independent of halo mass (Dariush et al 2007, Khosroshahi et a 2008).
Another important finding of the study was consistency between the space density of fossilsin
the simulations and in the observational estimates.

In this chapter we use an aternative semi-analytic model (Bower et al. 2006) on the basis
that it provides galaxy properties at different epochs. We select a new class of early formed
galaxy groups, purely on the basis of their halo mass evolution, and study the luminosity gap
between their brightest galaxies. We compare fossil groups selected based on conventional

selection, with this new model based selected groups.

3.2 Data

We start with a catalogue of groups extracted by a friends-of-friends (FoF) algorithm from the
Millennium DM runs (see Chapter 2). Hereafter a “group” or “group halo” would refer to a

group taken from this catalogue.
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In order to follow the evolution of groups from z ~1.0 to present epoch, we require various
combinations of the Millennium FoF group and the semi-analytic catalogues. We select groups
of M(Ryy) > 10" = M, from the FoF group catalogue at z = 0.998. The mass cut-off is
intended to ensure that the progenitors of the present day galaxy groups are indeed groups at
z ~1 with at least four or five members (galaxies), above the magnitude cut of the catalogue.

The evolution of each group was followed from z = 0.998 to z = 0 (at 23 discrete val-
ues, equally spaced in log z) by matching the position of each halo to its descendants at later
redshifts.

The position of the central galaxy of each galaxy group, and the corresponding dark matter
halo, were used to identify the member galaxies of each group. At each redshift and for each
group halo, optical properties were extracted for its corresponding galaxies from the semi-
analytic galaxy catalogue. The model galaxies become incomplete below a magnitude limit of
Mg — 5log(h) ~ —19.7, due to the limited mass resolution of the Millennium simulation. We
applied a K -band absolute magnitude cut-off of M < —19 on galaxies at all redshifts.

During the matching process, for more than 99% of the groups at each redshift, correspond-
ing galaxies were found in the semi-analytic galaxy catalogue. The remaining groups were
excluded from our final compiled list.

In order to find the gas properties of all groups at z=0, further cross-correlation was car-
ried out using the Millennium gas catalogue, which enables us to select galaxy groups at z=0
according to their bolometric X-ray luminosity. The gas halos were well matched to all dark
matter group halos at redshift z = 0.

Out of 19066 dark matter group halos with M (Ryg0) > 10" h~! M, selected at z = 0.998,
optical properties from the semi-analytic catalogue (as well as gas properties from the gas sim-
ulations at z=0) and the entire history of evolution at all redshifts up to =0, were found for
17866 (~94% of the initial sample at =z ~ 1) of group halos. Fig. 3.1 shows the bolometric

X-ray luminosity from the Millennium gas simulation, plotted against the the corresponding
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dark matter halo mass of each group, at redshift z=0 for all of the matched 17866 groups.
The vertical dashed linein Fig. 3.1 corresponds to the conventional X-ray luminosity threshold
(Lx ot = 0.25x10** h—2ergs™') for fossil groups (Joneset a. 2003), asadopted in Sec. 3.3.2to
define X-ray bright groups. There are 14628 groups above this threshold, out of 17866 groups.
With the exclusion of Sec. 3.3.1 and Sec. 3.3.2, where the whole range of halo mass has been
explored to study the luminosity gap statistics and thelocal environment of groups, X-ray bright

groups constitute the main data set for the rest of our analysis.

3.3 Resaults

3.3.1 The R-band Magnitude Gap Statistic

The distribution of the magnitude gap between the brightest galaxy, and the second and third
brightest galaxies, in each group, provide useful statistics to probe the reliability of physical
processes (e.g. prescriptions for feedback) implemented in semi-analytic models to predict the
interaction and merging of galaxies in a system. The magnitude gap statistics therefore is an
essential key parameter in studying fossil groups of galaxies as it quantifies the dynamical age
of galaxy groups (Milosavljevi€ et al. 2006; van den Bosch et al. 2007; Dariush et al. 2007;
von Benda-Beckmann et a. 2008). Thisis because dynamical friction fyy, will cause multiple
luminous group galaxies to merge on a time scale which depends upon the velocity dispersion
of galaxies within groups as fay, o v™2.

We determine the magnitude gaps from the Millennium semi-analytic models of Bower et
al. (2006) and Croton et al. (2006), and compare them with observational results from the Sloan
Digital Sky Survey (SDSS) C4 cluster catalogue data of Miller et al. (2005) and the 2-degree
Field Galaxy Redshift Survey (2dFGRS) group catalogue of van den Bosch et a. (2007).

The 2dFGRS group catalogue is constructed based on a halo-based group finder algorithm
of Yang et al. (2005) and contains ~ 6300 groups within the mass range log(M/h~' M) >
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Figure 3.1: The relation between the mass of group halos (within Ryy) at z = 0 from the
Millennium DM simulation, and the bolometric X-ray luminosity of the corresponding halos
in the Millennium gas simulation. All groups have M (Ryy) > 102 h 1 Mg at 2z ~ 1.0. The
vertical dashed-line corresponds to the X-ray luminosity threshold Lx 1,1 = 0.25 x 10*? h~?erg
s~! adopted in this paper for defining X-ray bright groups (see Sec. 3.3.2). Of the 17866 groups
matched in the two catalogues, 14628 groups lie above this threshold.
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13.0 where the mass of each group has been determined from the total luminosity of al group
members brighter than M, — 5log h = —18.

Contrarily the C4 catalogue Miller et al. (2005) consists of ~ 730 clusters identified in the
spectroscopic sample of the Second Data Release (DR2) of the SDSS inside the mass range
13.69 < log(M/h~*Mg) < 15.0, estimated from the total r-band optical luminosity of cluster
galaxies. The results are shown in Fig. 3.2 where the blue histogram displays the observational
data together with estimated R-band magnitude gaps from semi-analytic models of Bower et al.
(2006) aswell as Croton et al. (2006).
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Figure 3.2: The R-band luminosity gap distribution for halos from the Millennium semi-
analytic models of Bower et al. (2006) (red triangles) and Croton et al. (2006) (black circles)
superposed on the data from 2dFGRS group catalogue of van den Bosch et al. (2007) as well
as SDSS C4 cluster catalogue of Miller et al. (2005) (blue histograms). (@) The magnitude
gap Am,, between the the first and second most luminous galaxies, compared with galaxies
from the SDSS C4 catalogue of clusters computed within projected radius of 5004~! kpc. (b)
The same asin (a) but for the magnitude gap Am3 between the first and the third most lumi-
nous galaxies. (c) The magnitude gap Am;, estimated within Ry, compared with galaxies
from the 2dFGRS group catalogue. The ~ 6300 2dFGRS groups are within the mass range
log(M (Rayp0)/h~ Mg) > 13.0, and those from SDSS C4 catalogue consist of ~ 730 clusters
within mass range 13.69 < log(M (Rag0)/h~ M) < 15.0.

Fig. 3.2 shows that the luminosity gap statistics Am, and Amy3 from Bower et a. (2006)
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are in excellent agreement with those obtained from 2dFGRS group catalogue and SDSS C4
catalogue of clusters. However, the semi-analytic galaxy catalogue of Croton et al. (2006)
predicts a larger fraction of groups with Am,, > 2.0 for both the SDSS and 2dFGRS samples.
Thisisin particular of great importance to the determination of the space density of fossil galaxy
groups, which use the magnitude gap as a key discriminant, and comparison of fossil samples
drawn from simulated and observed catalogues (e.g., see Table 2.1 or Table 1 of Dariush et al.
(2007)).

3.3.2 Evolution of galaxy groups

In cosmological simulations, the age of galaxy groups can be expressed in terms of the rate
of the mass assembly of the groups. This means that for a given group halo mass, groups
that formed early, assemble most of their masses at an earlier epoch in comparison to younger
groups. Thusthe assembly time of adark matter halo, defined as the look-back time at which its
main progenitor reaches a mass that is half of the halo’s present day mass, is larger in “older”
systemsthan in “younger” ones. Of course, in cosmological simulations such asthe Millennium
runs, where the structures in Universe from hierarchically, massive systems which form later
turn out to have shorter assembly time than low mass groups. Therefore one should take into
account the mass of systems when comparing the mass assembly of various types of groups and

clusters.

Fossil groups of galaxies

How does the history of mass assembly of agroup or cluster isrelated to its present observable
parameters? For example, it is expected that groups which have formed earlier tend to have a
hotter IGM/ICM (intra group/cluster medium) and therefore be more dynamically relaxed and
X-ray luminous, while groups with the same mass that have formed late, and are still in a state

of collapse, would not show X-ray emission associated to their IGM/ICM gas (Rasmussen et al.
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2006).

Hitherto the so-called fossil galaxy groups, which are supposed to be canonical examples
of groupsthat have formed early, have been identified by requiring that they X-ray luminosities
exceed Lx o > 0.25 x 10**h%erg s! (e.g. Khosroshahi, Ponman, & Jones 2007; Jones et
al. 2003). In addition, a fossil group needs to have, within half a virial radius of the group’s
centre, the second brightest galaxy to be at least 2-mag fainter than the brightest galaxy, i.e.
Ami, > 2.0 ! So far these two observational criteria have been jointly used to explore fossil
groups and clusters of galaxies. Therefore, Fig. 3.3, which displays all the X-ray bright groups
fulfilling the X-ray criterionin Fig. 3.1, and the optical criterion Am,, > 2.0 (dotted horizontal
line) should separate groups which have been formed earlier in comparison to their counterparts
with Amqs < 2.0.

Note that in numerical simulations fossils are identified as groups with Amq, > 2.0 within
Ragp 0r 0.5Ry00. Our resultsfrom this study aswell asthose represented in Dariush et al. (2007)
show that the fraction of fossils (and therefore their space densities) depend on the search radius
within which Am,, is estimated, whereas the history or mass assembly does not change that

much.

The mass assembly of X-ray fossil groups

Let us introduce the parameter o, which for an individual group is the ratio of its mass at
redshift z toitsfinal massat = = 0,i.e. a, = M, /M,—_,. Thusat agiven redshift z, groups with
larger o, have assembled a larger fraction of their final mass by z=0 than groups with smaller
values of a,.

In Fig. 3.3, we plot the magnitude gap Am., (within 0.5Rs), estimated for all 14628 X-
ray bright groups (i.e. groups with Lx 1, > 0.25 x 10*?h~2erg s™') at z = 0 as afunction of

their mass fraction a; o a z = 1. Groups are colour-coded according to their dark matter halo

1This condition can be replaced by log(L,/L,) < —0.8 where L; and L are the luminosities of the first two
brightest galaxies.
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mass. The horizontal dashed line separates groups into fossils (Am, > 2.0) and non-fossils
(Amyy < 2.0). All data points on the right side of the vertical dashed-line have assembled
more than 50% of their mass by = ~1.0 and hence have a minimum assembly time of about
~7.7 Gyr. The contour lines represent the number of data points (groups) in each of 25 x 25
cells of an overlaid grid which is equally spaced along both the horizontal and vertical axes.

Two results emerge from this plot: (i) Asis expected, on average the rate of mass growth in
massive systems is higher than in low mass groups as the mgjority of massive groups and clus-
ters have assembled less than 50% of their final mass at z ~1.0. (ii) Less massive groups (and
therefore early-formed ones) tend to develop larger magnitude gaps in comparison to massive
groups and clusters. Consequently the fraction of massive fossils, identified in this way, isless
than low mass fossil groups. However, at the same time, for a given «; o, groups with smaller
values of Am, < 2 exceeds the number of fossil groups, as it is evident from the density of
the contours.

Unlike the first result, the second conclusion is not in agreement with our current view
that groups with relatively large Am,, are older systems. Clearly, a mgority of groups with
similar high values of «; , have smaller magnitude gaps. Without doubt, the parameter Am., is
influenced by infall and merging of galaxies and sub-groups within galaxy groups. This could
end up with an increase (in case of merging) or decrease (in case of infalling of new galaxies)
in Amqs. Indeed, in the work of von Benda-Beckmann et al. (2008), one finds that the “fossil”
phase of any fossil group is transient, since the magnitude gap criterion will sooner or later be
violated by a galaxy comparable to the brightest galaxy falling into the core of the group.

To quantify the above results, we study the evolution with redshift of various physical pa-
rameters for two different sample of groups, drawn from the distribution of galaxy groups in
Fig. 3.3. In the first sample, halos are divided into old(«;.o > 0.5, b+c in Fig. 3.3) and young
(a0 < 0.5, atd in Fig. 3.3) groups respectively. In the second population, halos are classified
as X-ray fossil (Amys > 2.0, atb in Fig. 3.3) and control (Amy, < 0.5, d+c in Fig. 3.3)
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Figure 3.3: The magnitude gap Am, within 0.5 Ry, estimated for all 14628 X-ray bright
groupsin Fig. 3.1 (i.e. groups with Lx 1, > 0.25 x 10"2h~%ergs™!) at z = 0 versus the ratio
of the group halo mass at redshift = = 1 toitsmassat = = 0 («y9). The horizontal dashed-line
separates groupsinto fossils (Amq, > 2.0) and non-fossils (Am., < 2.0). Thevertical dashed-
line corresponds to a1 o = 0.5. Groups with a1 o > 0.5 have formed more than half of their
mass by z ~ 1.0 and hence have a minimum assembly time of about ~ 7.7 Gyr. Data points
are colour-coded according to FoF group halo mass M gsq @ the present epoch. The density
of data points is represented by black contour lines which is the number of groups in each of
25 x 25 cells of an overlaid grid, equally spaced horizontally and vertically. The upper panel

represents the histogram of X-ray fossil groups,

i.e. al groupswith Am., > 2.0.
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Figure 3.4: Evolution of various physical parameters of X-ray bright groups versus redshift in
different group mass bins. Left panel: Haloes are classified as X-ray fossil (Amq, > 2.0, red
triangles) and control (Amq, < 0.5, blue circles) groups based on the magnitude gap between
the first and the second brightest galaxies within 0.5 Roqo. Right panel: Groups are divided into
old(ay9 > 0.5, red stars) and young (a1, < 0.5, blue squares) population respectively. The
horizontal green dashed-lines intersect y-axisat G, = 1. Each row represents the evolution
of one parameter belonging to galaxy groups. From top to bottom these parameters are: o,
(al, ..., ab6); the magnitude gap Amyo within 0.5R5 (b1, ..., b6); ratio of the number of galaxies
within 0.5 Ry at redshift = of a given galaxy group to the number of galaxies within 0.5 Rzq
at redshift = = 0 of the same group, i.e. G, (cl, ..., ¢6); and group velocity dispersion oy in

kms™t (d1, ..

., d6).
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groups based on the magnitude gap between the first and the second brightest galaxies within
half avirial radius of the centre of the group.
For each sample, the evolution of various parameters are shown in two panels of Fig. 3.4.

From top to bottom these parameters are:

e ., i.e theratio of the group halo mass at redshift z toitsmassat z = 0,
e Amqy within 0.5R50,

e Ratio of the number of galaxies within 0.5Ry, at redshift > of a given galaxy group to

the number of galaxies within 0.5 Ry at redshift z = 0 of the same group, i.e. G,
e Group velocity dispersion oy inkm s,

In each panel of Fig. 3.4, the left, middle, and right columns correspond to different group
mass bins, as indicated. The left panel in Fig. 3.4 illustrates X-ray fossil (red triangles) and
control (blue circles) groups respectively while the right panel shows old (red stars) and young
(blue squares) groups. The horizontal green dashed-lines intersect y-axesat G, = 1. Errorson
data points are the standard error on the mean, i.e. o /+/N, where o is the standard deviation of
the original distribution and N isthe sample size.

A comparison between Figs. 3.4al, a2, a3 and Figs. 3.4a4, a5, a6 shows that old groups
which have been picked up according to their lower rate of mass growth (i.e. larger a4 ),
represent a perfect class of fossils, though they develop a magnitude gap Amq, which isnot as
large as those seen in X-ray fossils (see also Figs. 3.4b1, ..., b6).

On the other hand, unlike old groups, X-ray fossils develop large magnitude gaps, which
do not necessarily correspond to their rapid mass growth, specialy in massive groups with
log(M (Rap0)/h~t M) > 14.0. It reflects the fact that the majority of real passive groups have
a small magnitude gap between their two brightest galaxies. Thus the expression Amq, > 2
only partially separates genuine old/passive groups from young/forming groups, as there are a

larger fraction of genuine old groups but with small Ams.



CHAPTER 3. THE MAGNITUDE GAP DEVELOPMENT IN GROUPS 107

From Figs. 3.4¢4, ¢5, ¢6, it is obvious that old groups are essentially more relaxed systems
without recent major merger, as the rate of infall of galaxiesis equal or even less than the rate
at which galaxies merge with the central group galaxy. Therefore in old groups the parameter
G, is more or less constant in time in comparison to young groups within the same group
mass bin. The situation is a bit different in X-ray fossils with log(M (Rap) /R~ M) < 14.0
(Figs. 3.4d1, d2) sincetherate of galaxy merging is noticeably larger than infall of galaxies. As
aresult, very large magnitude gaps are being developed in X-ray fossil groups. However, both
massive X-ray fossils and control groups with log(M (Rag)/h™ ' Mg) > 14.0 (Fig. 3.4d3) are
in astate of rapid mass growth. As a consequence, massive X-ray groups are not dynamically
relaxed systems as they are influenced by infall of galaxies and substructures.

Finally, it is worth considering how the velocity dispersion, plotted in Figs. 3.4d1, ..., d6
changes in different type of groups. As Figs. 3.4d4, d5, d6 show, as long as the rate of in-
fall of substructures of groups, is close to 1.0 (green dashed-line) the velocity dispersion does
not change significantly in time which in turn is a sign that these groups are certainly relaxed

systems.

BCG R-band magnitudes

Since the central galaxy in fossil groups has been subjected to numerous mergersin such away
that L, galaxies have merged with the central galaxy, more X-ray fossils are expected to be
dominated by luminous (R-band) BCGs than their non-fossil counterparts. Thus one may pick
up genuine old systems by selecting galaxy groups with large magnitude gaps, and brighter
central galaxies. Therefore it worth checking the correlation between the luminosity of the
central galaxies of groups, with large magnitude gaps, as well as their mass assembly history.
Thefour panelsin Fig. 3.5 demonstrate the relation between the absol ute R-band magnitude
of BCGsfor al X-ray bright groups and the magnitude gap Am5 within 0.5Ryq in four differ-

ent mass bins. In each panel of Fig. 3.5, an overlaid grid of 45 x 55 cells has been used where
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each cell is colour-coded according to the median of 4  inthat cell. Accordingly contour lines
in each panel represent the regions with the same «; o values.

Fig. 3.5 shows clearly that both «; o and BCG R-band magnitudes increase with decrease
in group halo masses. But it does not show a tight correlation between the R-band luminos-
ity of BCGs and group magnitude gaps Am,,, though the correlation is more pronounced in
clusters with M (Ryy) > 10 h=' M, (Fig. 3.5d). Therefore, putting any magnitude cut in
BCG of groups, end up inloosing many real genuine groups which are not X-ray fossil systems

according to the optical condition on Ams,.

The Fossil phasein the life of groups

The existence of large magnitude gapsin X-ray fossilsin Figs. 3.4b1, b2, b3 is expected as these
groups were initially selected according to their Am;y5 a 2=0. It would be interesting if they
could be shown to have maintained such large magnitude gaps for alonger time, in comparison
to control groups, which would be the case if X-ray fossils were relaxed groups without recent
major mergers. Also if fossil groupsin general are the end results of galaxy merging, then we
do expect the mgjority of fossils selected at higher redshifts to till be detected as fossils at the
present epoch. To put it another way, the fossil phase in the life of a galaxy group should be
a long-lasting phase and not a temporary one, in which the group may change its status from
fossil to non-fossil frequently.

We carry out afurther investigation by selecting three sets of fossil groupswith Am, > 2.0
at three different redshifts. Then by tracing the magnitude gap of each set from 2=1.0 to =0,
we examine the fossil phase of each set intime. In Fig. 3.6, fossils (black shaded histogram)
and control (red dotted-line histogram) groups are selected at z=0 (left column), z=0.5 (middle
column), and z=1.0 (right column). Fractions of fossil and control groups in each column of
Fig. 3.6 have been estimated separately by normalising the number of fossil and control groups
at other redshifts to their total numbers at the redshift at which they wereinitially selected.
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Figure 3.5: The absolute R-band magnitude of BCGs for all X-ray bright groups versus the
magnitude gap Am, Within 0.5Ry in four different massbins. Groups are weighted according
to a1 9. Anoverlaid grid of 45 x 55 cells has been used in each panel to estimate the median
of ay in that cell according to which the cell is colour-coded. Contour lines in each panel
represent the regions with the same o values. All panelsin Fig. 3.5 have the same scale.
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This plot shows that, contrary to expectation, no matter at what redshift the fossils are
selected, after ~4 Gyr, more than ~80% of them change their status and become non-fossils. It
means that the fossil-phase is atemporary phase in the life of fossil groups, rather than along-
lasting phase (also see von Benda-Beckmann et al. 2008). Therefore, there is no guarantee that
an observed fossil group, at arelatively high redshift, remains afossil until the present time, if
fossils are selected according to their magnitude gap Amq, > 2.0, @ many groups seem to go

through atransient phase.

The environment of X-ray fossils

If the merging mechanism is responsible for the absence of L, galaxies in fossil groups, then
most of the mass infall into these systems would have happened at a relatively earlier epoch.
Therefore at the present time, X-ray fossil groups should be more isolated than non-fossil
groups. Fig. 3.7 shows the fraction of environmental density A4 of halos, which is the num-
ber of halos within a distance of 4 h~'Mpc from the centre of each group in the X-ray fossil
and control categories. The local densities are calculated at z = 0 according to the following
equation:

A=, (3.1)

Pbg

In Eq. 3.1, p, is the number density of halos within a spherical volume of of 4 h~*Mpc
in radius and p,, is the background density of halos within the whole Millennium volume.
Since the mass assembly of groups is mostly influenced by the infalling of substructures, which
individually have masses typically below ~10% (and often substantially smaller) of the parent
halo mass, it isimportant to take into account all halos with M (Raq9) > 10 A~ M, from the
FoF group catalogue in order to estimate A .

Fig. 3.7 also shows that X-ray fossils are dlightly more likely to liein lower density regions

than control groups. The polynomial fit to control groups (Fig. 3.7, red dotted line), peaks
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Figure 3.6: The fraction of fossil and control groups at different redshifts. Fossil groups (black
shaded histogram) and control groups (red dotted-line histogram) are selected at z=0 (left col-
umn), 2=0.5 (middle column), and z=1.0 (right column). Fractions of fossil and control groups
in each column have been calculated by normalising the number of fossil and control groups at
other redshifts to their corresponding total numbers at the redshift at which they were initially

selected.
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Figure 3.7: Histograms of the environmental density A, of halos within adistance of 4 h~*Mpc
(see Eg. 3.1). from the centre of X-ray fossil groups (black shaded histogram) and the control
groups (red thick histogram) estimated using all halos with M (Ryq0) > 10 A= M, from the
FoF group catalogue. The black dotted line and red dotted line are polynomial fitsto fossil and
control groups respectively.
around ~5.1 while the same for X-ray fossils (Fig. 3.7, black dotted line) peaks about ~3.7.
Thus the difference is not large enough, from what one expects to see for X-ray fossils in
comparison to control groups.

A similar trend is seen for A5 and Ag but as the sampling volume increases (> Ag), the

above trend disappears, showing that the trend is related to the immediate environment of

groups.
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3.3.3 Revising the Optical Criterion for finding fossil groups

Based on these results, using the Millennium simulation DM runs as well as the gas and semi-
analytic galaxy catalogues based on them, it seems that the conventional optical condition
Amis > 2, used to classify groups as fossils, does not support fully the idea that these sys-
tems represent an old class of galaxy groups, in which the central galaxy has grown through
the merging of other comparable group galaxy members. Having said that, it is true that the
magnitude gap in a galaxy group is related to the mass assembly history of the group, for we
saw that in groups such a gap develops gradually in time. However, the difference in luminosi-
ties between the first two brightest galaxies in groups is not very reliable for our purpose, as it
could be altered by the infall of satellite galaxies. We therefore ook for a more optimal way of
defining the magnitude gap among the brightest galaxies in agroup, which would help in better

identifying systems where most of the mass has assembled at an early epoch.

A general criterion for the magnitude gap

Assume a general optical condition in defining fossils according to the magnitude gap between

the brightest group galaxy and other group galaxiesin the following form:

where Am,; isthe difference in R-band magnitude between the first brightest group galaxy and
the i** brightest group galaxy within Ry, of the group centre. The current definition of fossils
isbased oni = 2 and j = 2. Obviously the group should contain at least i + 1 galaxies. We do
not consider 7 > 10 since then we have to exclude most groups in our sample, and it would turn
out not be be very useful for observers as well. The i'* galaxies are being found within Ry
instead of 0.5R5(,, which improve our statistics noticeably.

As we consider the magnitude gap between the brightest to the i = 1,2,...10"" brightest
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Figure 3.8: Colour-coded ratio of the mass assembly parameter «; o for groups that satisfy
Amq; > j, to the value oy o of controlsg, groups. In each bin of ¢ and for all values of j in
that bin, the first 500 groups with minimum magnitude gaps and at least i galaxies serve as
control sy, groupsin that bin. Dashed contours represent the equality lines where the fraction of
groups is the same in the two samples.
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galaxy, the value of the magnitude gap varies from j >0to j; <5. Our am isto find the pair
(4, 7) in (Eq. 3.2) which yields the best selection of genuinely old groups with a history of early
mass assembly. A suitable choice of < and ;7 not only should select more isolated groups, but
also should pick up those systems which have been in the fossil phase for alonger time.

The colour-coded plot in Fig. 3.8 shows the ratio of the mass assembly fraction a1 ¢ Groups
for groups to o o, controls00 OF CONtrol groups, for pairs of (¢, j) satisfying Eq. 3.2. In each bin
of 7 in Fig. 3.8 and for all values of j in that bin, the first 500 groups with at least i galaxies
and lowest magnitude gaps serve as the control groups in that bin. Hereafter to avoid any
confusion between these recent controls and those we selected earlier, we denote the new sets
as controlso, groups. The outlines (black dashed-line) of Fig. 3.8 represent the equality lines,
i.e. the locations where the fraction of groups are the same.

Fig. 3.8 suggests that systems with :=8 and j=3.5, i.e. Am;s > 3.5 led to the largest dif-
ference in mass assembly between selected groups and their counterpartsin control s, samples.
In addition, the fraction of groups picked out by applying Ams > 3.5 is identical to those
selected according to i=j=2 and is equal to ~2.4%. But it limits our new groups to those with
at least (=8 galaxies.

A more appropriate pair (i, j) can be selected in such away that it would be applicable to
groups with fewer members, while retaining the ability to identify a larger fraction of genuine
old groups. By choosing =6 and j=3, the fraction of groups with Am,s > 3 would be doubled
in comparisonto i=j=2. Therefore, it ismore practical asone can apply it to groupswith at |east
i=6 galaxies. However, the difference in the rate of mass assembly of groups and controls;gg is

dlightly less (~ 2.5 percent) if one adoptsi=6 and j=3.0 rather than =8 and j=3.5.

Theoptical criterion Am.g > 3.0 within Rygq

Our am in this section is to show that a better way to find genuine fossil groups (i.e. groups

that form early) is by applying the optical criterion Amys > 3 in the R-band, rather than
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Figure 3.9: al,a2: Mass growth history of groups;s and groups;» (red triangles) versus their
counterpart controlsoo groups (blue squares). b1,b2: Histogram of the environmental density A,
of the same groups asin al and a2. Groups;s and groups;, are shown in red-shaded histogram
while blue histograms represent controlso, groups. cl1,c2: Phase of groups;s and groups,;, at
redshifts = = 0 (red histogram) and =z = 0.36 (look-back time ~ 4 Gyr, black shaded histogram)

respectively.
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using Amy, > 2 in the same band. The new expression improves the efficiency of separating
fossil groups from normal groups, compared to the current definition. To test the validity of
this statement we compare the mass assembly of groups selected according to Amqg > 3.0
(hereafter groups;) with those groups selected according to Amy, > 2.0 (hereafter groups;s).
Note that the mass assembly of X-ray fossils presented in Fig. 3.4 is for groups, where their
Am, values have been estimated within 0.5Ryy, whereas the same is Ry for groupss.

The comparison between the mass assembly, and environment, of groups;¢ and groups;» as
well as their counterpart controlssg, for all X-ray bright groups are presented in Fig. 3.9. As
before, al groups are selected from the X-ray bright population displayed in Fig. 3.1. It isworth
recalling that for a given 4, the control s, groups are the first 500 groups with minimum magni-
tude gaps Amq; within Rygg. Fig. 3.9(al) clearly shows that in comparison to controlso, groups
at 2=1.0, groups;s have assembled ~10% more mass than groups;, [shown in Fig. 3.9(a2)].
Note that o o of groups,¢ is greater than o o of groups;, by only ~1.0% however the fraction
of groupss is twice as the fraction of groups;, which means that by using Amys > 3.0, we
can not only select a population of groups which are older than their corresponding controls,
groups but also it picks almost twice as many groups than when they are selected according to
Amqy > 2.0.

The difference in the environment (A,) of groups;s and groups;, is rather interesting to
examine. As Figs. 3.9bl and b2 show (groups;s) groups with Am.g > 3.0 are essentially
more isolated and tend to have lower A, relative to controlsq, groups, whereas in groups;, the
difference in A, is not very pronounced. This is in agreement with our expectation of early
formed groups as they are assumed to be in low-density environments.

Moreover, Fig. 3.9(cl) showsthat out of all groups; selected at z=0 (thick red line), ~31%
of of them maintain their magnitude gap Am¢ to be morethan 3.0 till = ~0.36 (look-back time

~4 Gyr, black shaded area) whereasin contrast in Fig. 3.9(c2) the sameis ~22% in groups;».
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The abundance of groups

Various studies have shown that the fraction of early-formed groups increases as the group
halo mass decreases (e.g. Milosavljevic et al. 2006; Dariush et a. 2007). This phenomenon
reflects the fact that structures form hierarchically, where, unlike small virialised groups, most
massive clusters are late-forming systems. Asthe merging of galaxiesin clustersislessefficient
than in groups, due to the high velocity dispersion of cluster galaxies, clusters are less likely
to develop large magnitude gaps. At the same time, dynamical friction is more effective in
ensuring galaxies fall to the core of the system, in low-mass groups due to the smaller relative
velocitiesinvolved. As aresult the existence of large magnitude gaps should be more frequent
in groups rather than in clusters. Thus, to find an old population of groups according to some
criterion, and to study the way the criterion depends on group halo mass, would be a good test
on the validity of the condition.

Fig. 3.10 displaysthe abundance of groups;,(red triangles) and groups;s(black squares) ver-
sus group halo mass for group mass range log M ( Rogy) = 13.4 inunitsof h~! M. Below this
mass range the number of groups abruptly decrease, since all groups here have been chosen to
be X-ray bright groups (see Fig. 3.1). The red dashed line and black dotted line are polynomial
fits to the groups;, and groups,; data points respectively. The result is encouraging as most of
the groups;¢ consist of less massive halos. Beside, there are almost no groups;s with halo mass
M (Rag0) > 10 b=t M, (just two groups out of 703 groups;s) while ~4.5% of groups,, have
massive halos with M (Ryy) > 10'* =1 M. It should be noted that the estimated abundance
of groups shown in Fig. 3.10 is a function of radius where the brightest galaxies are selecting.
It means that we may find massive halos with Am; more than 3.0 if Am isestimated within
0.5R500, but the fraction of groups with Amy, > 2.0 increases in away that the ratio of their

abundances remain almost intact.
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Figure 3.10: The abundance of groups;s(red triangles) and groups;s(black squares) versus
group halo mass. The red dashed line and black dotted line are polynomial fits to groups;
and groups; ¢ data points respectively.

3.4 Discussion

Severa studies show that early formed systems of galaxies develop a larger magnitude gap
between their first two brightest galaxies in comparison to normal or late formed systems. The
idea is supported observationally (e.g. Ponman et al. 1994; Khosroshahi, Ponman, & Jones
2007) and theoreticaly (e.g. Milosavljevic et a. 2006; van den Bosch et a. 2007) or from
N-body numerical simulations (Barnes 1989; Dariush et al. 2007). These studies also predict
that such early formed galaxy groups or clusters should be relaxed and relatively more isolated
systemsin comparison to their late formed counterparts. Assuch, Joneset al. (2003) define such
early formed systems to have a minimum X-ray luminosity of Lx 1, > 0.25 x 10*?h2erg s7!
in addition to their large magnitude gap in the R-band between their first two brightest galaxies,
i.e. AM;5 > 2.0 to separate them from non-virialised, late formed groups and clusters, some of

the latter systemsare in the stage of collapsing rather than being virialised systems and possibly
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are not luminous in X-ray but could have large magnitude gaps. von Benda-Beckmann et al.
(2008) found that A M4 isnot agood indicator for identifying early formed groups, as it does
change with infall of satellite galaxies into group. However their simulation and the derived
galaxy properties are based only on the evolution of dark matter particlesand it is not still very
clear that the optical parameter A M, used so far in identifying early formed groups, and its
link with group halo mass assembly, is the optimal one to discriminate between early and late
formed systems.

Here, we studied the evolution of the luminosity gap in galaxy groups and its correlation
with the group mass assembly history, using the results from cosmological N-body simulations.
By comparing the estimated magnitude gaps in galaxy groups from two different semi-analytic
models of Bower et al. (2006) and Croton et al. (2006) with the measured magnitude gaps
from SDSS and 2dFGRS sky survey group catalogues, we found the semi-analytical model of
Bower et al. (2006) to be more suitable for our intention of studying the evolution of magnitude
gaps in galaxy groups. A group catalogue was then compiled, consisting of group dark matter
halo and galaxy properties (from z ~ 1.0 to = = 0) as well as group gas propertiesat z = 0
by combining the Millennium dark matter ssimulation of Springel et al. (2005) together with
the semi-analytic model of Bower et al. (2006) and the Millennium gas simulation. Our major

conclusions can be summarised as follow:

1. The parameter A M;; defined for a galaxy system as the magnitude gap between the first
and ;" brightest galaxies is not necessarily linked to the halo mass assembly of that
galaxy system. Though in a given galaxy group, the merging of the i*" galaxy with the
group central galaxy results in an increase of AMy;, such a gap could be filled later by
the infalling of satellite galaxies into that group. Therefore such a phase in which the
group could maintain its large magnitude gap is essentially a temporary phase, and all
groups more or less spend a part of their lifein such aphase. Therefore groups with small

magnitude gaps are not necessarily late formed systems. This result isin agreement with
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von Benda-Beckmann et al. (2008) who investigated the fossil phase, i.e., the time period
in which agroup could maintain its magnitude gap A M, to be always above 2.0, in their

subset of smulated groups.

2. Statistically the optical criterion AM¢ 2 3.0 in the R-band does better in identifying
early formed groups in comparison to AM;, > 2.0 [in the same filter] which is gener-
aly used in classifying galaxy systems into fossil groups. In this sense the new optical

condition has the following advantages:

(i) The maximum difference in halo mass assembly between galaxy groups with large
magnitude gaps and their control counterparts with small magnitude gap is ~ 10 percent
more if early formed groups are selected based on AM;¢ = 3.0 rather than AM;, > 2.0
(see Fig. 3.9al and Fig. 3.9a2),

(i) In comparison to systems selected based on AM;, > 2.0, the identified groups ac-
cording to AM¢ 2 3.0 are more isolated than their corresponding control groups (see

~

Fig. 3.9bl and Fig. 3.9b2),

(iii) Moreover, after ~ 4.0 Gyr, only ~22% of groups selected according to AM;5 > 2.0
maintain their magnitude gap while the same is ~31% if groups are selected using the

condition AMys 2 3.0 (see Fig. 3.9c1 and Fig. 3.9¢2).

3. Findly astudy of the abundance of groups, asillustrated in Fig. 3.10, show that identified
groups based on A M4 2 3.0 are mostly populated by the low-mass halos. Thisisto be
expected from the hierarchical formation of dark matter halos. At the sametime, systems

selected based on their AM;, > 2.0 contain massive groups and clusters.

Note that these results depend to some extent on the employed semi-analytic model in our
current analysis and the statistics may change if one uses different analytical model of galaxy

formation. Physical prescriptions such as galaxy merging, supernovaand AGN feedback used in
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such models are somewhat different from one another. Though merging is the most important
process that affects galaxies in groups, there are still other physical processes such as ram
pressure stripping, interactions and harassment, group tidal field, and gas loss, that are not
fully characterised by current semi-analytic models. In addition, superfluous mergers that are
artifacts of the standard Friends-Of-Friends (FOF) halo identification algorithm, do exist within
the Millennium dark matter ssmulation. By removing such effects, one may find alower merger
rate compared to the one used in our study (Genel et al. 2008).

In this work, we used the Bower et a. (2006) model since we showed it to be better com-
patible with the observed surveys than the Croton et al. (2006) model. The number of observed
fossil galaxy groups is small which makes it difficult to have a direct comparison between the
observation and simulation. For example, according to Sales et a. (2007) who derived the
magnitude gap from the published results of the luminosity functions of three fossil groups
(e.g. Jones, Ponman, & Forbes 2000; Cypriano, Mendes de Oliveira, and Sodre 2006; Mendes
deOliveira, Cypriano, & Sodre 2006), the value of A M;, (magnitude gap between thefirst and
10" brightest galaxies) in fossil groups span the range from ~ 3 to ~ 5. Sales et al. (2007)
found the observed range of AM;, in agreement with their results from the analysis of the

Millennium data together with the semi-analytic catalogue of Croton et al. (2006).
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Chapter 4

An optically selected sample of poor
groups of galaxiess The XM M-Imacs (XI)

sample

4.1 Introduction

In hierarchical models of structure formation of the Universe, structures grow progressively
as they detach from the Hubble expansion, collapse, and eventually form virialized systems.
In this scenario, larger structures such as galaxy groups and clusters form later, i.e. at the
present epoch. As aresult, the bulk of the matter in the Universe at lower redshiftsis believed
to be dominated by systems of galaxies such as galaxy groups (Fukugita, Hogan, & Peebles
1998). Hence, understanding groups and the physical processes that |ead to their formation and
evolution is essential in understanding the Universe. The velocity of galaxies in groups is not
more than a few hundred km s~ which is similar to those of individual galaxies. Such low
galaxy velocities together with a shallower potential wells in galaxy groups (in comparison to

galaxy clusters) make them an ideal site for the interaction of galaxies with each other, and
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galaxies with the group potential (Sersic 1974; Menon 1992; Mendes de Oliveiraet al. 2003;
Miles at al. 2004). Therefore, the group environment does affect the properties of its galaxy
members while the group itself evolves through mergers or via collapsing or virialization.

In comparison to clusters, less attention has been paid to groups though they have an impor-
tant role in formation and evolution of structure of the Universe. One reason is that in general
groups do not contain a large number of bright galaxies. As such, the dynamica studies of
groups is more difficult in comparison to larger clusters. On the other hand, observations of
groups in optical wavelengths suffer from the fact that some catal ogued groups do not represent
real physical system of galaxies (Hernquist, Katz, & Weinberg 1995; Frederic 1995; Ramella,
Pisani, & Geller 1997) as they can be large-scale structure filaments viewed edge-on (in case
of compact groups, Mamon 1986) or but rather chance superpositions of galaxies which do
not belong to galaxy groups. In this sense, X-ray observation offers a more reliable method
of detecting real galaxy groups. Such X-ray emission results from the existence of hot gas
in intragroup medium (IGM) of virialized systems. Several attempts have been made so far
using pointed ROSAT X-ray observations to investigate various properties of galaxy groups
(Mulchaey et a. 1996; Mulchaey & Zabludoff 1998; Zabludoff & Mulchaey 1998; Zabludoff
& Mulchaegy 2000; Helsdon & Ponman 2000; Helsdon & Ponman 2003; Osmond & Ponman
2004). Although galaxy groups in these studies cover a wide range of properties, they are till
biased since al of them are selected based on their X-ray emission.

Meanwhile there are various studies of galaxy systems based on data from the ROSAT All-
Sky Survey (RASS) in which an unbiased sample of galaxy groups (or even poor clusters) are
optically or redshift selected (Ebeling, Voges, & Bohringer 1994; Burnset a. 1996; Mahdavi et
a. 1997; Mahdavi et al. 2000). Unlike Mahdavi et al. (1997) and Mahdavi et al. (2000) whose
their studies do not cover the dynamics of groups, work done by Burns et a. (1996) contains
detailed information on the galaxy dynamics. However, group selection in Burns et al. (1996)

is based on photometric enhancements and not on velocity information. Also due to the low
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RASS exposures (~ afew hundred seconds), groups with Ly < 10%2 erg~! can not be studied
properly asin many cases just the hot intragroup gas could be detected which does not alow a
detailed investigation of gas propertiesin groups.

Recent observations of groups with XMM-Newton and Chandra have usually focused on
systems which have been studied before as a part of pointed ROSAT X-ray observations, or
those which have been detected in X-ray using RASS data. Hence, most of these groups are X-
ray selected and therefore do not necessarily represent the overall population of galaxy groups
at lower redshifts. Indeed, observations and studies of galaxy clusters show that selection of
galaxy systems based on their X-ray could incorporate some bias effects. As such, optically
selected and X-ray selected systems show dissimilar X-ray properties and in some cases the
samples are entirely different (Donahue et al. 2008). For example Gilbank et al. (2004) showed
that alarge fraction of optically selected galaxy clusters do not exhibit clear X-ray emission in
ROSAT data though their spectroscopic follow-up observation shows that even faint systemsin
their sample are real physical system of galaxies.

Based on multicolour imaging in optical wavelengths, Barkhouse et al. (2006) found such
similar result using Chandra X-ray data. In addition, from the X-ray study of a high-redshift,
optically-selected sample of galaxy clusters, Lubin, Mulchaey, & Postman (2004) found that
for agiven velocity dispersion o, galaxy clustersin their sasmple are X-ray underluminous and
the Lx — o, scaling relation from their measurements deviate from those estimated for nearby,
rich X-ray clusters. Both Hicks et al. (2004) and Popesso et al. (2004) reached to similar results
wherethe | atter worked out on a subset of Abell clusters and found that their sample were X-ray
underluminous with respect to the virial mass of their clusters.

These results indicate that the selection of large galaxy systems based on their X-ray prop-
erties provides a biased picture of clusters. The effect should be the same in galaxy groups
and since groups are naturally less luminous in X-rays than their cluster counterparts, such an

effect is expected to be even more stronger in groups than in clusters. Most X-ray studies on
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small galaxy systems have employed X-ray selected groups or those groups which aready have
been observed to have X-ray emission in RASS data. Therefore, at the present time thereis no
unbiased statistics of hot gas properties and their correlation to the dynamics of galaxies within
groups of galaxies.

The initial goa of the X1 Project is to understand and study the nature and evolution of
an unbiased subset of optically (redshift) selected galaxy groups, and to investigate the way in
which the properties of such agroup population are connected to those of their member galaxies.
Besides, an important outcome of the project is to find an estimate of the fraction of optically
selected groups which actually hold a hot IGM and the way that such hot IGM is correlated to
the dynamical state of galaxy groups. Such studies can be done by taking advantage of using
large redshift surveys, together with the spectral capability, spatial resolution, and high sensitiv-
ity of Chandraand XMM-Newton X-ray telescopes. While the properties of any hot intragroup
gas can be studied using deep X-ray datafrom XMM-Newton, the group dynamical state can be
found spectroscopically using the 6.5-m Baade/Magellan telescope at Las Campanas equipped
with the IMACS multi-object camera and spectrogram (Bigelow & Dressler 2003).

4.2 Group sample selection

The XI-groups consists of a redshift-selected subset of galaxy groups. X-ray selection may
introduce some bias since it fails in detecting galaxy groups which have been collapsed but
till are not virialized. Groups are selected from the 2dF Galaxy Redshift Survey (2dFGRYS)
catalogue of 2209 groups extracted by Mercha n & Zandivarez (2002)(hereafter, MZ02) who
used a friends-of-friends (FOF) algorithm in constructing the catalogue. From this catalogue,

25 groups have been selected with the following additional conditions:

e (i) Groups are within the same redshift, i.e. z = 0.060 — 0.063. This condition chose

all groups at the same luminosity distance where the overdensity radius R, corresponds
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to angular size of ~ 13 arcmin for groups with typical characteristic radii of ~ 1Mpc.
Such angular size is well matched to both the IMACS and XMM fields of view. Another
advantage is that limiting groups to a narrow sice of z removes any bias due to the
growth of the friends-of-friends linking length with redshift. Otherwise group properties

may vary systematically with z.

o (ii) All groups have relatively low velocity dispersion, i.e. o, < 500 km s~!. This con-
dition limits the selected systems to poor groups in which the dynamical friction is more
efficient and galaxy-galaxy interactions are stronger. Thus, groups are subject to rapid
dynamical evolution. Besides, the mgjority of galaxies in the Universe are within such

poor groups (Eke et al. 2004).

e (iii) The number of spectroscopically confirmed 2dFGRS members of each groups should
not be lessthan five, i.e. N,,; > 5. Such condition guarantees that the selected groups are
al real physical galaxy systems. Results from numerical N-body simulation show that in
general FOF groups with N,,; > 5 could hardly be an unbound density fluctuation and
generally all of them are real gravitationally bound structures (Ramella, Pisani, & Geller
1997).

e (iv) To avoid an incompleteness in redshift, groups with poor completeness or those that

are too close to the edges of the 2DFGRS area have not been selected.

Within the above constraints, 25 groups have been selected randomly which spanning a wide

range of group properties (see Table 4.1).

4.3 Preliminary results

In this section, to show what kind of groups the XI sample represents, | summarise the prelimi-

nary results given by Rasmussen et al. (2006) (hereafter, RJ0O6) from optical and X-ray data of
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four XI-groups (MZ 4577, MZ 5383, MZ 9014, MZ 9307).

Comparison to X-ray selected groups

According to RJO6 there is no detectabl e diffuse emission in two groups MZ 5383 and MZ 9307
whereas group MZ 4577 shows evidence of very low IGM emission which is not significant at
the 30 level. However, in galaxy group MZ 9014, some X-ray emission has been detected at
a 30 significance, though the X-ray luminosity of this system is among the lowest found for
X-ray detected galaxy groups (see Table.3 of RJ06). In addition, all of these four groups are
X-ray underluminousin comparison to X-ray detected groups with similar velocity dispersions.

Fig. 4.1 represents the observed Lx — o, scaling relation in four XI-groups together with
those from the GEM S groups of Osmond & Ponman (2004), along with observationally mea-
sured Lx — o,relations from Mahdavi et a. (1997) and Helsdon & Ponman (2000). The
derived slopes of the Ly — o, relation illustrated in Fig. 4.1, spans a large range of gradients
from Ly o 0% to Ly o o,°. Though a combination of these measurements results in a
highly scattered relation in Lx — o, still the four X1 groups are noticeably underluminous for
their velocity dispersions.

This result strongly suggests that unlike the present optically selected groups, previous X-

ray detected sample of galaxy groups represent a biased picture of the group population.

Physical state of the IGM

Following the results shown in Fig. 4.1, the main question is how to explain the lack of signifi-
cant X-ray emission in these observed four groups and whether such deficiency in Ly islinked
to their dynamical state. It is most improbable that the two X-ray undetected groups are not
gravitationally bound systems, as only galaxy groups with number density contrasts p/p > 80
have been included in the MZ02 group catalogue where p is the mean galaxy number density

used in MZ02 FOF algorithm to distinguish groups from field galaxies. This leaves the follow-
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Figure 4.1: Lx — o, relations for X-ray bright groups. Downward arrows represent 3o upper
limits. Overplotted for comparison are the data points of Osmond & Ponman (2004) for GEM S
groups. (Credit: Rasmussen et a. 2006)

ing three possible interpretations for the lack of significant IGM emission in these four groups.

e (i) These four groups are in the stage of collapsing for the first time. If thisis true, then
the velocity dispersion o, may not be a good representative of the depth of the group
gravitational potential well or its gas temperature. Thus, a large amount of IGM gas
may not have been shock-heated to the virial temperature of the final group in which
case one might expect an evidence of dynamical substructure in the distribution of group
galaxy members. Results from studying group galaxy velocities suggest that the velocity
dispersion in these groups are bimodal. The stacked histogram of the normalised galaxy
velocitiesderived for all four groupsare shownin Fig. 4.2. The histograms show that there
is a deficiency in the velocity distribution of group galaxies. Such bimodality suggests

these groups are still in the process of dynamical relaxation.

e (ii) Another explanation for the lack of remarkable amount of X-ray emission in these

groups is that the gravitational potentials of these groups are too shallow so they can
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Figure 4.2: Stacked histogram of all galaxy velocities belong to four groups MZ 4577, MZ
5383, MZ 9014, MZ 9307 measured relative to the mean velocity for each group and nor-
malised to the velocity dispersion of that group. Green shaded area outlines the histogram for
the three groups with IMACS velocities, while the lighter gray shaded area aso includes MZ
9307. (Credit: Rasmussen et al. 2006)
not heat the intragroup gas to X-ray temperatures. In other words, there could be plenty
of groups with very low temperature (~ 10° K) intragroup gas which make the gas un-
detectable in these observations. But given the high velocity dispersions measured for

these group, which are unlikely to be substantially overestimated, such an argument is

unattractive and not very strong.

e (iii) Finaly the groups could be X-ray dim because many of them could have ssmply very
little intragroup gas. As such, the unbiased selection of XI-groups possibly is picking up
such systems since they are more populated than X-ray bright groups. Physical processes
like strong galactic feedback can gject aremarkable fraction of the initial intragroup gas
from the group potential. But if such a mechanism is responsible for the lack of the
significant amount of IGM gas, then it isnot understood why this processis more effective
in some groups, such that it reduces the detectable X-ray hot gas mass by a few order of
magnitude, in comparison to other groups with similar depth of potential well. Besides,
such feedback should be linked to some extent with the formation of elliptical galaxies

(Arnaud et al. 1992). As a result, groups with large amount of feedback should have a
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lower fraction of spiral galaxies. Thisisnot the case in XI-groups as the spiral fraction of
this sub-sample of four groupsis ~65 percent. Such that alarge fraction of spiral galaxies
may not be easily correlated with the idea that galactic feedback has expelled much of the

IGM from the groups.

Finally RJO6 conclude that the lack of significant X-ray emission in the four XI-groups, is
most likely related to the fact that these systems are collapsing for thefirst time, i.e. they belong
to scenario (i). However they do not exclude completely the other two scenarios which state
that such observed low diffuse X-ray luminosity of four groups is because of the absence of
IGM or its very low temperature. To have a better understanding of the status of IGM within
XI-groups, our collaborators have started a programme to observe and monitor the H | content
of XI-groups using the Giant Metrewave Radio Telescope (GMRT). Using H | imaging of the

groups, it iseasier to test the validity of either scenarios (ii) or (iii) as mentioned above.

4.4 Group size

A major goal in optical studies of galaxy groups and clusters is to investigate the luminosity
function of these systems. In this sense, the group size (radius) would be a key parameter in
determining group luminosity function . There are different ways in determining the radius for
a given group. Here | just want to make a comparison between the virial radii estimated for

XI-groups using different methods.

441 Theoriginal catalogue of MZ02

The original group virial radius (see Table 4.1) estimated by MZ02 is based on the following

formula:



CHAPTER 4. THE XMM-IMACS (X1) PROJECT 134

Ryir = gNg(Ng - 1) (Z Rz_gl) ) (41)

1>7
where N, is the number of group galaxy members and R;; is the projected distances between
the i*" and j*" group galaxy members. Infact, Eq. 4.1 represents group’s mean harmonic radius

ry given by Huchra & Geller (1982) asfollows:

N -1

T . 1

rH = §DL sin |:Ng(Ng —1) (Z 0”1> ] , (4.2
i>5 U

where 0;; is the angular separation between galaxy members and Dy, is the group luminosity

distance. However Huchra& Geller (1982) consider the mean pairwise separation asameasure

of the size of the group given by:

r —§D sin 1 i&-- (4.3
P_7T L Ng(Ng_l) i>7 Y1 .

Note that the mean harmonic radius r is purely geometrical. From a sample of 60 galaxy
groups (GEMSS catalogue) Osmond & Ponman (2004) estimates the R5q, of a group as afunc-

tion of group velocity dispersion o, in the following form:

0.960,
Hy, ’

Rs00(Mpc) = (4.4)

where o, is the group one-dimensional velocity dispersion. Assuming Rsop =~ 0.66 Rooo (Voit
2005), Eg. 4.4 can be rewritten in logarithmic form as follow:
log Rono(Mpc) = log o, (km/s) — 2.682. (4.5)

The calculated Rsy based on Egs. 4.5 is expected to be more reliable (for groups with large

velocity dispersion) asit isafunction of group’s physical properties.
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4.5 Estimating theradii of groupsfrom the Millennium sim-
ulation

Results from cosmological simulations provide an aternative way to determine group size. In
this section | use the Millennium simulation (Springel et al. 2005) together with the semi-
analytic catalogue of Bower et a. (2006) to examine how does group size scales with velocity
dispersion in galaxy groups. To find a description of the Millennium dark matter and semi-
analytic catalogue, see Chapter 2.

To compile a catalogue of groups with galaxy properties, | start with a catalogue of groups
extracted by a FOF agorithm from the Millennium dark matter runs. Groups of M (Rsgo) >
103 =1 M, are selected from the FOF group catalogue at z = 0. The mass cut-off isintended
to select halos in group or cluster mass range. The xyz position of the central galaxy of each
galaxy group, and the corresponding group dark matter halo, were used to identify al group
members. Galaxy magnitudes become incomplete below amagnitude limit of M — 5log(h) ~
—19.7, due to the limited mass resolution of the Millennium simulation. Therefore in our
analysis we apply a K'-band absolute magnitude cut-off of M < —19 on al galaxy members.
Then for each group halo, optical properties were extracted for its corresponding galaxies from
the semi-analytic galaxy catalogue. These include the magnitude of galaxies as well as their
velocity dispersion components. The group one-dimensional velocity dispersion in x direction

then was estimated using the following formula:

oy = {(vs — (1:))%)? | (4.6)

where v, isthegalaxy velocity relativeto its host group halo. During the the process of matching
galaxies with their associated halos, for 51547 groups at present epoch, corresponding galaxies

were found in the semi-analytic galaxy catalogue with the exclusion of remaining groups from
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our final compiled list.

451 Results

Each data point in Fig. 4.3 represents agroup with masslog M > 103571 M, at redshift z = 0
(total number of groups is 51547). For each group, Ry, the radius enclosing a mean density
of 200 times the critical density of the Universe, has been estimated using the Millennium dark
matter simulation (Springel et al. 2005).

Within the Millennium simulation M o< Rag, SO a cut-off in group halo mass selects
groups with corresponding R, above the threshold value ~ 0.55Mpc. The corresponding
one-dimension velocity dispersion o, for each group has been adopted using Eg. 4.6.

The linear fit to the Millennium group data points suggests an empirical relation for Ryyy as

afunction of group one-dimensional velocity dispersion ¢, in the following form:

log Rgoo(MpC) = 0.89 x log O'v(km/S) — 2.19. 4.7

In Fig. 4.3, the value of Ry is plotted against the one-dimension velocity dispersion o, for
groups from the Millennium simulation. In the same plot Red circles represent the sample of 59
GEMS groups from Osmond & Ponman (2004). The Blue line has been plotted using Eq. 4.5
while the black dashed-line shows alinear fit to the Millennium group data points (i.e. Eq. 4.7).

Though the distribution of GEMS groupsin Fig. 4.3 isin agreement with distribution of the
Millennium data but, still there is a clear offset between the determined Ry using Eg. 4.5 and
the linear fit to the Millennium data points. In fact Osmond & Ponman (2004) use Eg. 4.5 to
estimate group size where the information on group temperature is not available and not for all
60 groupsin their GEMS sample.

In Fig. 4.4, the median of the velocity dispersion o,__,.. in each bin of Ry is represented

by red circles. The +1¢ limitsin each bin of Ry, were then found by finding the minimum and
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maximum values of ¢, (e.g. o, and o, ) centred around the median value such that the terms
N(oy+)-N(oy, 4..) @A N(o,_ ... )-N(o,_) each contain ~ 34.2% of the total number of groups
in that bin, where N(o,) is assumed to be the number of groups with velocity dispersion < o,,.

A linear fit on the median has the following form:

log Rogo(Mpc) = 1.13 x log o, (km/s) — 2.48. (4.8)

It is clear from Fig. 4.4 that there is a large scatter in the estimated velocity dispersion of
small size groups. So the fit to the median data points shows a small deviation from a linear
correlation (i.e. alinear fit with slope=1.0). Thisis partly due to statistical effect since to take
the averagein Eq. 4.6, theterm inside () was divided by N, rather than N,,, — 1 where Ny, is
the number of group galaxies within each simulated dark halo. This does not affect the derived

o, for groups with large number of galaxies (for example N, 2 10) but in groups with a

few galaxies the effect becomes important. Generally the first few bins of Ryq in Fig. 4.4 is
populated by such groups. In addition the estimated slope in Eq. 4.8 is not very different from
1.0. Therefore, we can consider smply alinear fit to the median data points with fixed slope

(=1.0) and rewrite Eq. 4.8 as:

log Rano(Mpc) = log o, (km/s) — 2.50. (4.9)

The black dashed-line in Fig. 4.4 shows a linear fit to the velocity dispersion median values
using Eq. 4.9. The blue lines are the corresponding +1 o confidence levels which have been
estimated at each bin of R,y separately. Table 4.1 summarise the determined Ry for XI-
groups. Thevirid radius R,;; given in Table 4.1 is from the group catal ogue of MZ02 has been
calculated by means of Eq. 4.1. The last column shows Ry, for XI-groups using Eq. 4.9.

In Fig. 4.5 a comparison has been made among different measured viria radii for all 25

XI-groups using data given in Table 4.1. The dashed line shows the equality line. The circle
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size of each data point illustrated in Fig. 4.5 scaleswith its corresponding observed line-of-sight
group velocity dispersion.

Though we do not expect that group R derived from the Millennium simulation be exactly
the same asthe estimated R,;,. given by MZ02, however, acloser look at Fig. 4.5 showsthat the
majority of groups with large offsets from the equality line are among those with low o,,. In fact
the estimated error in the observed line-of-sight velocity dispersion range from ~ 20 — 40 km/s.
Such an error is important in estimating Rs for low velocity dispersion groups if one uses
Eq. 4.9 to estimate group o,

A visual test on the relative positions of group galaxy members shows that Eq. 4.9 underes-
timates the size of groups with small values of o, since a significant fraction of galaxies belong
to these groups fall outside of group Ryqg. For the time being that spectroscopic observations
of these groups are underway, | consider a minimum fixed value of Ry, estimated at the me-
dian velocity dispersion of the whole sample of 25 groups, using Eq. 4.9. The median velocity
dispersion of the current sampleis ~ 250 km s~t. As such for every group with o, < 250 km

~

s1, avalue of Ry ~ 0.75 Mpc has been adopted.
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Figure 4.3: Plot of Ry, versus one-dimension velocity dispersion o, for 51547 galaxy groups
from the Millennium simulation. Red circles represent the sample of 59 GEMS groups from
Osmond & Ponman (2004). The Blue line has been plotted using EQ. 4.5 of Osmond & Ponman
(2004), while the black dashed-line shows a linear fit to the Millennium group data points

(Eq. 4.7).
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Figure 4.4: Plot of R, versus one-dimension velocity dispersion o, for 51547 galaxy groups
from the Millennium simulation. Red circles represent the median of o, in each bin of Ry
whiletheblack dashed-line showsalinear fit with fixed slope (Eg. 4.9) to the velocity dispersion
median values. The blue lines are the corresponding +1 o confidence levels.
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Figure 4.5: The estimated R,,;, from the original catalogue of MZ02 (i.e. EqQ. 4.1) in compar-
ison to the current analysis of the Millennium data using Eq. 4.9. The dashed line shows the
equality linewhere R,;, = Rsn. Thecircle size of each data point scaleswith its corresponding
observed line-of-sight group velocity dispersion as tabulated in Table 4.1.
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Group RA DEC N o,kmst R, (Mpc) Ro00 (MpC)
Name J2000.0 J2000.0 MZ02 Millennium sim.
MZ 770 22:16:09.27 -27:58.09.8 10 79 0.669 0.250
MZ 1766 | 00:38:32.01 -27:11:17.6 12 99 0.779 0.313
MZ 3067 | 22:16:16.42 -25.42:.26.4 7 116 0.951 0.367
MZ 3182 | 22:19:17.34 -27.01:21.8 8 122 0.786 0.386
MZ 3541 | 10:03:41.03 -04.09:48.8 12 161 0.498 0.509
MZ 3698 | 09:59:27.30 -05:43:58.8 9 199 0.990 0.629
MZ 3849 | 10:27:35.61 -03:21:30.5 13 200 1.094 0.632
MZ 4001 | 10:16:23.25 -03:15:17.1 23 204 1.001 0.645
MZ 4548 | 10:53:52.88 -05:59:43.7 4 222 1.713 0.702
MZ 4577 | 11:32:30.79 -04.00:00.8 16 223 0.352 0.705
MZ 4592 | 11:30:52.15 -03:47:27.4 24 233 1.405 0.737
MZ 4881 | 11:39:50.67 -03:30:29.5 15 234 1.308 0.740
MZ 4940 | 11:36:04.74 -03:39:56.6 9 244 0.948 0.772
MZ 5293 | 12:16:19.85 -03:23:37.7 6 255 0.855 0.806
MZ 5383 | 12:34:52.83 -03:35:54.3 25 285 1.158 0.901
MZ 5388 | 12:34.04.54 -03:22:21.2 20 304 0.693 0.961
MZ 8816 | 00:06:43.24 -27:47:33.4 22 308 1213 0.974
MZ 9014 | 00:37:48.12 -27:30:29.1 25 309 0.862 0.977
MZ 9069 | 00:28:25.31 -27:28:57.0 24 315 0.659 0.996
MZ 9137 | 00:18:53.59 -27:54:58.9 13 325 1.300 1.028
MZ 9307 | 00:40:48.64 -27:27:06.1 14 350 0.763 1.107
MZ 9994 | 02:01:58.99 -29:14:43.3 14 370 1.072 1.170
MZ 10167 | 01:51:12.40 -27:44.09.7 19 375 0.688 1.186
MZ 10300 | 02:24:27.21 -28:19:20.1 31 376 0.747 1.189
MZ 10451 | 02:29:30.40 -29:37:44.1 36 423 0.901 1.338

Table 4.1: List of al 25 XI-groups and their estimated overdensity radii. The assumed richness

of each group IV represents the number of spectroscopic confirmed group galaxy members.
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Chapter 5

XI groups: Optical observations and Data

analysis

5.1 Observation

Optical observationsof X1 groupsused in the present study were performed during three observ-
ing runs in August/September 2006, December 2007, and April/May 2008 using the 2.5-meter
(100-inch) Irénée du Pont telescope, operating at Las Campanas Observatory!. The telescope
was calibrated with the wide field reimaging CCD (WFCCD) camera which reimages a 25 ar-
cminute diameter field onto the TEK5 CCD camera, with a scale of 0.77 arcsec pixel~!. The
characteristic redshift of XI groupsis z ~ 0.06 which corresponds to a luminosity distance
D ~ 265 Mpc, using aflat concordance cosmology with H, = 71 kms~! Mpc!, Q,, = 0.27,
and 2, = 0.73. At thisdistance the comoving radial distance (whichisused in the Hubble law)
is ~ 250 Mpc. The angular scale at this distance is 1.144 kpc arcsec™!. At this scale, 1 Mpc
IS ~ 14.57 arcmin. Therefore, the field of view of WFCCD camera is slightly smaller than

the actual FOV necessary for imaging our groups. Thus for each group four different pointings

1The August/September 2006 was done by Jesper Rasmussen, our collaborator from the Carnegie Institution
of Washington
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were used. Each pointing has an offset of 6 arcminute in both RA and DEC from group centre
which covers the whole group FOV.

For each galaxy group atotal exposure time of 3600s and 1440s were applied in B-band and
R-band respectively. Since each group image is a mosaic frame consisting of four individual
pointings, the actual exposure time used for each group is one fourth of those values, i.e. 900s
in B-band and 360s in R-band. The exposure times in B and R was not applied continuously
as there is arisk that group images being saturated by bright stars in the field of view. So the
exposure times were split and each pointing was taken as three separate images, each with 300s
and 120s in B-band and R-band. Splitting images would help us aso in removing of cosmic
rays during data reduction. Another advantage in taking several low-exposure images rather
than a long continuous one is to prevent the bright stars in the FOV from being saturated. A
dithering was applied between individual exposures by moving the telescope in either RA or
DEC by ~10 arcsec which should be taken into account during image processing.

The observed magnitudes of galaxies are instrumental magnitudes which are different from
standard magnitudes. Thus in order to calibrate the observed galaxy magnitudes, images of
standard stars are necessary. These images of standard stars should be taken two or three times
per night as the weather condition might not be stable during the whole night in which case the
calibration of magnitudes based upon one standard field is not reliable. During the observation
of X1 groups, the Stetson Photometric Standard Fields were used 2 with exposure times range

from 10-16 sec in B-band and 4-8 sec in R-band.

5.2 Preliminary data reduction

The images of XI-groups were analysed using |RAF 3(Image Reduction and Analysis Facility

). IRAF is an astronomical data analysis package which is a collection of different computer

2http://www3.cadc-ceda. hia-iha.nrc-cnre.ge.ca/community/STET SON/standards/
Shttp://iraf.noao.edu/ - also http://iraf.noao.edu/docs/docmain.html
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algorithmsin order to analyse images. There are severa parametersin each algorithm or IRAF
task, to be set by the user. Usually the default settings are the optimised ones but afew of them
suchasCcCD GAIN depend on CCD type, used during the observation. To reduce and calibrate

the CCD imagesin IRAF, the following steps were followed.

5.2.1 Making bad pixel map file

A common problem with CCD images is the presence of poorly performing pixelsin the CCD
array, which produce unsatisfactory images. The process of detecting and correcting these
bad pixelsis easy. We need two sets of bias subtracted flat field images, taken with different
exposure times. We call these two sets of images as short (short exposure time) and long (long
exposuretime) flats, i.e. FlatS.fitsand FlatL. fits. Thestepsinvolved in constructing

a bad pixel map (also called bad pixel mask) are as follow

imarith FlatS / FlatL Flatdiv lcreate the new flat filed image

'Flatdiv.fits’

ccdmask Flatdiv mask=badmap.pl !create a pixel mask from the

CCD image 'Flatdiv.fits’

fixpix ImageName.fits badmap.pl !fix pixels identified by the

bad pixel file ’'badmap.pl’

5.2.2 Aligning images

As galaxies are usually faint objects and we want to achieve some limiting signal-to-noise or

limiting surface brightness, long exposure time is needed for CCD imaging. This could be
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done either by taking a continuous, single long exposure image of the object, or taking several
shorter exposures and combine them (using IRAF task imcombine). One advantage isthat by
stacking a series of images, pixels which have very deviant values from the othersin the series
(dueto the arrival of cosmic rays on the CCD chip for example) can be rejected. Also between
each exposure, an offset of ~ 10 arcsec is needed either in RA or DEC so that on none of the
series of images the object is exactly at the same location on the CCD chip. So in case that an
object’s image falls on bad pixels, it is less probable that it happens again in the next image as
the telescope has dithered for a few arcseconds. Note that image alignment should be carried
out only on fully reduced images.

For example, to align three images of the same object, i.e. ccd01, ccd02, and ccdo03,
each shifted a bit from the others, the image names werefirst listed in thefile images . list.
Oneimage (for example ccd01) was selected to be the reference image. A coordinate file was
then created, using the IRAF task i mexamine program from the measurement of the centroids
of 4 or 5 stars in the field on the reference image. These centroids (1 per line) were recorded
inafilecaled images . coord. To estimate the shifts for the other frames/with respect to the
reference frame], one of the starsin the images . coord file was selected, and its coordinate
was measured on the other images in the sequence. The shift in RA or DEC was estimated by
subtracting the location of that star on the reference frame from the other images, i.e. 2, ; — 2o,

s Yref — Yobj - Thelist lookslikethis:

images.list images.coord images.shift
ccdol 374 557 0 0
ccdo02 597 533 64 O
ccdo03 602 501 -64 0
655 453

Note that the first line of the images . shift fileindicates no shift on the reference image

relative to itself. Finally, imalign alignsall three images:
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cl > lpar imalign

input = ccd01l,cd02, ccd03 Input images

referenc= ccdol Reference image

coords = images.coord Reference coordinates file
output = scced01, sccd02, sccd03 Output images

(shifts images.shift) Initial shifts file

Now theseimagesare combinedinto asingleframe, say result . fits, using imcombine.

5.3 Astrometry

The spectroscopic observations of group galaxies have been performed using the Inamori-
Magellan Areal Camera and Spectrograph (IMACS) multi-slit spectrograph. In general for
studying galaxy population in groups, the selected dlit width isnot more than afew arcsec. This
makes the determined positions of group galaxies very crucial as the construction of slit masks
are based on the extracted coordinates. Fig. 5.1 illustrates a typical IMACS spectrum using a
mask with 240 dlits.

The raw CCD images obtained at the observatory do not contain any information on the
right ascension (RA) and declination (DEC) of objects in the CCD field of view. In order to
calibrate our images to celestial coordinate systems in which the coordinate of each object is
expressed in RA and DEC, we need to compute plate solutions using the IRAF task ccmap. For
each CCD image to be calibrated, ccmap asks for an input text file (input . txt) containing
the pixel and celestial coordinates of points in the input image. It is worth identifying six or

more reference stars as input for plate solution. To find the celestial coordinates, corresponding
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Figure5.1: A typical IMACSdlit mask with 240 dlits. (Credit: Robert W. O’ Connell, University
of Virginia).
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to selected stars, | used USNO-A2.0 catalogue of astrometric standards’®, available from the
NED (NASA extragalactic Database) database®. The coordinates are listed one per line with
X, v, RA, and DEC in the columns specified by the xcolumn, ycolumn, 1ngcolumn, and

latcolumn parameters respectively. Theinput file input . txt lookslikethis:

1245.03 1049.89 11:35:55.98 -03:45:34.2
1034.67 881.87 11:35:44.84 -03:47:47.8
806.07 865.68 11:35:32.97 -03:47:59.4
1061.79 1324.94 11:35:46.33 -03:42:03.4
1318.06 1300.99 11:35:59.64 -03:42:23.2

730.65 1226.03 11:35:29.11 -03:43:19.1

As ccmap uses different fitting functions to estimate a new world coordinate system (wcs)
for CCD framesand to minimise the residual s between the image wcs and the model fitting func-
tionsin either x or y directions, we selected stars with small point spread functions (PSFs) and
with symmetric surface and accurate radia profiles. After running ccmap in non-interactively
mode, alist of the fitted values of the ra and dec and their residuals appear on the screen. One
must try to select sufficient number of proper reference stars to end up with residuals around

~ 0.2 or lessin both ra and dec.

54 Photometry

The imaging and photometry of XI groups is important for the following reasons: (i) To find

the exact position of each group galaxy for IMACS followup spectroscopy. This is necessary

“http://tdc-www.harvard.edu/software/catal ogues/ua2.html
Shttp://nedwww.i pac.caltech.edu/
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to find the redshift and spectrum of group galaxies and from that the group memberships, metal
abundance, and also toidentify AGN and star forming galaxies, (ii) To study the dynamical state
of XI groups from colour-magnitude relation among group galaxy members as well as group
luminosity functions, and (iii) To study the morphology of group galaxies and its correlation

with group’s environment.

54.1 Magnitude Zero Point

The first step in doing photometry is to find the zero point magnitude m.,. It is basically an
offset between the observed instrumental magnitude of a standard star and its actual apparent
magnitude m. The apparent magnitude in turn is related to the flux (£) of photons emitted by

the standard star in each second viathe following relation

m = —2.5 X log F' 4+ my,. (5.2)

Eq. 5.1 till does not take into account the effect of the Earth’s atmosphere at different
wavelengths. In fact the column density of air along the line of sight is minimum if stars are
being observed at the zenith rather than toward the horizon. Defining the air mass asthe ratio of
air column density at an arbitrary angle to its value at zenith, one can find a simple correlation

for the air mass at zenith angle z in form of

airmass = sec 2. (5.2

This formula is valid for plane-paralel atmosphere, but it does not change noticeably if
one take that into account the curvature of the atmosphere. Also the response of atmosphere
is not the same at all wavelengths and the atmospheric extinction (k) produces the dimming of
starlight which depends on the filter’s bandpass. | adopted kr ~ 0.1 and kg ~ 0.3 as extinction
coefficientsin B-band and R-band respectively (Sung & Bessell 2000). Considering al of these
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Figure 5.2: A sample of standard field from Stetson E3 field (RA=06:42:22.9-DEC=-45:12:30)
used for calibrating the observed magnitude of galaxies.

effects, we can rewrite Eq. 5.1 as

F ) — k x sec(z) + my, (5.3

erp

mr = —2.5 x log(

where m; is the airmass corrected instrumental magnitude and ¢, is the image exposure
time in second. Note that flux given in Eq. 5.3 is the net flux and is estimated by subtracting
the sky flux from the total flux, i.e F' = F,., = Fiox — Fsy. ToO estimate F' in Eq. 5.3, we
use a sample of standard stars from images of Stetson standard star fields taken several times
during each night of observation. Fig. 5.2 is a sample of such standard field from Stetson E3
field (RA=06:42:22.9-DEC=-45:12:30). In comparison to science images of galaxy groups,
the exposure times used for standard stars is much smaller. The reason is that stars are much
brighter than galaxies. In each image a set of five or six stars should be selected where their

standard apparent magnitudes are given in the catalogue of standard stars.
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There are severa tasks in IRAF to perform aperture photometry on selected stars. Here |
use the IRAF task daophot /phot which is suitable for single aperture photometry.

After running phot the command asksfor input parametersaperture radii,annulus,
and dannulus. These parameters are better displayed in Fig. 5.3 where annulus and
dannulus correspond to inner radius of sky and width of sky respectively. The parameter
aperture radii definesacirclewhich enclosesthe starlight flux. It must not be very small
so that it does not include the star light itself or should not be so large as some other extra light
from other faint sources may enter into our calculation. Normally aperture radii should
be 4 or 5 times the size of star’'s FWHM (full width at half maximum) to ensure that all light
are being measured. The IRAF task imexamine can be used to find the FWHM of astar. The
task also alows usto do avariety of analysis on images. | run imexamine and put the cursor
on the star | wish to measure its flux. Then by hitting r the radial profile of the star would be
displayed as is shown in Fig. 5.4. Three values of FWHM (in unit of pixel) are printed at the
end of status line on the bottom of the plot according to different algorithms such as Gaussian
and Moffat fitting functions. The procedure can be repeated for all the standard starsin thefield,
but it is better to use the same aperture radii for all standard stars.

A good test to see whether a suitable value of aperture radii has been selected isto
use a series of apertures including the one which has been estimated from the star’s FWHM and
see how the measured fluxes are changing. Those radii are acceptable for which the measured
fluxes do not depend on small changesin radii. For example after running phot, the command
asks for alist of aperture radius which can beentered asr1:r2:step (5:25:2). Note that
all parametersin phot arein scale units of pixel.

As mentioned before several short exposure times were used for imaging of standard stars.
In the R-band for example these include 4.0, 6.0, 8.0, 10.0, and 12.0 sec. The idea behind this
isto check the CCD linearity before doing further image processing. In fact the most advantage

of CCDs over photographic plates is that the CCD picture elements response in a linear way
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Figure 5.3: A cartoon of the various IRAF command phot input parameters used for doing
aperture photometry (see Sec. 5.4.1 for more details).

NOAO/IRAF V2.12.2-EXPORT sm@echidna Thu 17:26:01 31-Jan-2008
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Figure 5.4: Theradial profile of a sample star using the IRAF command imexamine.
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to light photons, i.e the CCD counts or the number of electrons generated in each CCD pixel
isalinear function of time. For a set of observed standard stars, the fluxes are estimated from
images taken with 6.0, 8.0, and 10.0 sec of exposure times and are shown in Fig. 5.5 versus
their corresponding standard apparent magnitudes. Note that the estimated fluxes from which
the instrumental magnitudes in Fig. 5.5 have been measured are normalised to 1.0 sec. That is
why we find the same instrumental magnitudes correspond to different exposure times.

The fina step in finding the magnitude zero point is to plot the instrumental magnitudes
estimated for the standard stars versus their correspondent standard apparent magnitudes given
in the standard star catalogue of Stetson (2000). This has been donein Fig. 5.6 where the dotted

line represents alinear regression in the form of

m;=0bxmg+ ZP, (5.4

where b is the slope of the linear fit and Z P is Y-intercept or the magnitude zero point. m;
and mg are the instrumental and apparent standard magnitudes respectively. The slope b in
Eq. 5.4 isfixed to one (b = 1.0) as both magnitudes (instrumental or standard) have been mea-
sured using CCDs. Hence any sort of discrepancy should be accounted in Z P. Theinstrumental
magnitude or the determined zero point magnitude depends on weather condition at the night of
observation as both parameters are directly affected by airmass as well as atmospheric extinc-
tion. Therefore at each night of observation and in each filter (B-band, R-band, or V-band), one
needs to estimate a separate value of zero point magnitude. Table. 5.4.1 is an example of the

determined zero point magnitudes during the observing run of XI-groups in December 2007.

5.4.2 Astronomical Source Extractor (SExtractor)

The magnitude of galaxiesin different bandsis akey parameter in investigating various physical

properties of these objects such as galaxy luminosity function, colour-magnitude relation, star



CHAPTER 5. X1 GROUPS: OPTICAL OBSERVATIONS AND DATA ANALYSIS 157

Instrumental, R-band
©
T
1

0 Exptime6s |
L = O Exptime8s |
4 Exp.time 10s

12 13 14 15 16 17

Figure 5.5: The estimated instrumental R-band magnitudes m; for atypical sample of standard
stars using different exposure times of 6.0s, 8.0s, and 10.0s versus their corresponding standard
magnitudes mg. Instrumental fluxes are normalised to 1.0sec. This demonstrates the linearity
of the CCD images.

Table 5.1: Determined zero point magnitudes estimated from observational run of XI-groupsin
December 2007.

Date (December 2007) ZP(R) ZP(B) ZP(V)

10-11 2292 23.06 -
11-12 2314 23.23 -
12-13 2323 2324 -
13-14 2318 2328 2314
14-15 2319 2323 23.08
15-16 2320 2324 2312

16-17 23.24 - -
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Figure 5.6: The same asin Fig. 5.5 but for asingle exposure time. The dotted line isalinear fit
(with fixed slope=1.0) to the observed data points in R-band. The y-intercept of the linear fitis
an estimation of the zero point magnitude.

formation activity etc. There are several methods to determine and estimate the magnitude of a
galaxy. Sincefor agiven type of galaxy, its projected image and physical appearance on the sky
is not circular, we can not use the same IRAF packages, tasks or algorithms used to measure
the flux of stars, i.e. gphot, apphot, phot, which usecircular apertures.

Fig. 5.7 shows that such circular aperture may contains extra photons due to contamination
from other astronomical sources such as stars or faint galaxies which are close or in vicinity of
the target galaxy. So one needs to measure fluxes from non-spherical objects with non-circular
projected images using elliptical apertures. There are different methods to measure the object’s
flux for non-circular sources. For exampleit can be done using the IRAF task e11ipse within
stsdas package (stsdas/analysis/isophote/ellipse). The STSDAS isan IRAF
external package, i.e. it runs under IRAF but is distributed separately from the core IRAF
system. The package is very useful in determining photometric parameters such as galaxy

optical diameter D25 (see Sec. 5.6), however it is not oriented towards reduction of large scale
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gaaxy-survey data similar to ours.

An aternative way is to use the astronomical source extractor program or the SExtractor
(Bertin & Arnouts 1996) which is a code that builds a catalogue of objects with information on
their fluxes, magnitudes, and physical shapes from astronomical images. SExtractor is particu-
larly suitable for reduction of large astronomical data files. Though various useful documents
on using SExtractor are available viathe world wide web however, | discuss afew major points
on running the code .

After installation of the programme, one can run the codesimply by typing . /sex image.fits.
Theimage file must bein fits format and should be in the same directory as SExtractor. The out-
put files consist of an analysed image filein FITS format (check . £its) from which various
parameters have been estimated by SExtractor and stored in another plain TXT image.cat
file (image cataloguefile).

Setting up SExtractor is the most important step in using the program. Each time before
running SExtractor on a specific image, two major files must be modified. These two files are
default.sex anddefault.param. Thefirstfile(default . sex) actsas SExtractor in-
put file and the user should adjust acouple of initial parameters according to his’her image char-
acteristics and scientific purpose. The second file serves asthe output parameter file and the user
can control the number of exported parameters by editing the content of default.param.
Eachlineindefault . param correspondsto one parameter. Whether that parameter appears
in the output file or not can be controlled by adding # symbol at the beginning of each line. For

example out of following four parameters

#A-TMAGE
#B-IMAGE
A-WORLD

B-WORLD,

5To download the latest version of SExtractor as wel as its documentation see:
http://terapix.iap.fr/soft/sextractor/
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aperture aperture

Figure5.7: The effect of aperture’s shapein determining the object’sflux. Thereisalesschance
for the measured flux to be over estimated due to the existence of starsin the vicinity of galaxy
if the aperture is elliptical rather than circular.

only the last two parameters (A-WORLD, B-WORLD) would appear in the output image . cat

file.

54.3 Settingup SExtractor input parameter filedefault.sex

Modification of SExtractor input parameter file default.sex is essentia in getting right
values of output parameters. Similar to the output parameter file default . param, each line
in the input file default . sex that starts with # symbol, represents a comment and would
not be read by the computer. A default value has been assigned to each parameter in the input
configuration file. A few of these parameters are related to the instrument which have been
used during observation such as PIXEL-SCALE and GAIN which describe the size of CCD
pixels in arcsec and detector gain in electron/ADU respectively. During the observation with
du Pont telescope the ccd command window allows for the selection of 3 possible CCD gain

settings. For direct imaging, it is suggested that gain 3 be used, which gives approximately
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3.0 electrons/ADU and a read out noise of ~ 7 electrons. Thusin our case GAIN=3. 0 with
PIXEL-SCALE=0.77.

There are other parameters which are essential in calibration of the output values esti-
mated by SExtractor from astronomical sources in the input image like MAG-ZEROPOINT
and SEEING-FWHM. These two parameters which are respectively the magnitude zero point
and the stellar full width at half maximum (FWHM) in arcsec and the way they have been
measured are discussed in Sec. 5.4.1. As afinal caveat it should be noted that if the input
image which has been taken with an exposure time of ¢ sec is not normalised to 1.0 sec, then
MAG-ZEROPOINT=ZP + 2.5 x log(t) rather than MAG- ZEROPOINT=ZF otherwise SEx-
tractor overestimates the measured fluxes of individual sources by a factor of ¢, i.e. the final
measured magnitudes would have an offset of —2.5 x log(t) from their real values.

Thelast parameter which | think isimportant intermsof the scientific goal isthe DETECT-MINAREA
parameter or minimum number of pixels above threshold. The parameter forces the code to fix
the minimum object size to be detected by SExtractor. For example, the luminosity function of
galaxy groups in our study is one of the mgor quantities that direct us upon the population of
galaxies at different bins of absolute magnitudes. In such case even very faint dwarf galaxies
are important and have to be detected. However, our detection threshold is limited by two fac-
tors: (i) CCD pixel sizeand (ii) observed limiting apparent magnitudesin B and R filterswhich
depend on the given exposure times.

A typical dwarf galaxy with a diameter of ~ 5kpc appears in observed images as an object
with an optical diameter of ~ 4 arcsec. Given that each CCD pixel is 0.77 arcsec/pixel, we
find that such a dwarf galaxy does appear as a source with a maximum diameter of ~ 5 pixels.
Though studies of local dwarf galaxies show that dwarf galaxies could have smaller size (Mateo
1998), but we can not detect or classify smaller objects in our images given current CCD pixel
size and exposure times. Hence in all of our analysis a value of 10 pixels was assigned to the

parameter DETECT-MINAREA within the input parameter file default . sex.
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5.5 Rdiability of magnitudes

Measuring galaxy magnitudes in different bands is of great importance in studying galaxy
groups, since they are used in estimating galaxy colours, luminosity functions etc. Therefore
it is very important to know the reliability of our measured magnitudes. This could be done
by comparing the observed magnitudes of galaxies in different bands with large sky surveys
such asthe well known Sloan Digital Sky Survey (SDSS)’. Fortunately SDSS has some overlap
with the field of view of X1 galaxy groups. Of course we do not need to check individual group
fieldswith their SDSS counterparts as we have used the same method to reduce al of our galaxy
group images.

For agiven source (whether star or galaxy) in animage, SExtractor estimates several magni-
tudes, each according to adifferent algorithm where detailed description of each of these magni-
tudesare given in SExtractor manuals. In brief, these magnitudesare MAG- IS0, MAG- ISOCOR,
MAG-APER, MAG-AUTO, and MAG-BEST. For example either MAG-AUTO or MAG-BEST
magnitudes give the object’s total magnitude, estimated from its total flux within an aperture
which depends on the shape of the source. Such magnitudes are useful in determining the
luminosity function of galaxies. Yet if one needs to find the colour of galaxies, the aperture
magnitude MAG-APER must be used rather than MAG-BEST or MAG-AUTO. In fact unlike two
other magnitudes, MAG-APER is the magnitude of an object estimated from its flux within a
fixed circular aperture. The size of the aperture hasto be set viathe aperture-size param-
eter within the SExtractor input parameter file default . sex.

In our study of XI-groups, MAG-BEST has been adopted to estimate galaxy apparent magni-
tudesin either R-band or B-band. To compare our observed magnitudes with those from SDSS,
we need to know the transformations between the SDSS ugriz and U BV R magnitudes. There
have been severa efforts in calculating transformation equations between ugriz (or U'g'r'i’z’)

and UBVRI. Here, we focus on Lupton & Ivezi (2005) who derived transformation equations

’http://www.sdss.org/
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for stars. These equations are derived by matching SDSS DR4 (Data Release 4) photometry to
Peter Stetson’s published photometry for stars (Stetson 2000) and are as follow:

p

B =u—0.8116 x (u — g) + 0.1313 sigma= 0.0095
B =¢+0.3130 x (g —r)+0.2271 sigma= 0.0107
(5.5)
R=7r—0.1837 x (9 —r) —0.0971 sigma= 0.0106
R=1r—0.2936 x (r —i) — 0.1439 sigma= 0.0072

\

Fortunately there are overlaps between the observed field of view of seven groups in our
sample (MZ 3849, MZ 4001, MZ 4881, MZ 4940, MZ 5293, MZ 5383, MZ 5388) and those
from the SDSS. For a set of 2032 objects (representing both galaxies and stars) in field of view
of the observed group images, Eg. 5.5 has been used to transform SDSS magnitudes to B and
R band magnitudes. The results of such comparison are shown in Fig. 5.8.

The left panel in Fig. 5.8 suggests an excellent agreement between our observed R-band
magnitudes and those from the SDSS for objects fainter than mr = 14. However, in B-band
our observed magnitudes are systematically fainter than those from the SDSS by < 0.2 mag
as is shown in the right panel of Fig. 5.8. Such an offset is unlikely to be due to an error
in our analysis or pixel saturation of our observed B-band images, and is possibly due to the
conversion formula used for comparison between our B-band data and those from the SDSS.
The current conversion formula as given in Eq. 5.5 are transformation equations for stars. At
the moment, there are no transformation equations explicitly for galaxies. Furthermore, all of
our luminosity functions presented in this chapter (e.g. Figs. 5.21, 5.22, and 5.23) are estimated
in the R-band magnitude bins of 1.0 which is not affected by the observed offset of < 0.2 mag
in the B-band.

There are two additional features in distribution of data points shown in Fig. 5.8. First one
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is the large scatter of a few data points about the line of equality. These objects are those with
large FLAG valuesin the output of Sextractor. FLAGs are produced by the various detection and
measurement processes within SExtractor; they tell for instance if an object has been truncated
at the edge of the image or the object contains bad or noisy pixels. Therefore, such data points
can be removed easily by selecting objects with FLAG=0 as is shown in the right panel of
Fig. 5.9.

In addition, Fig. 5.8 indicates that for bright objects (mz < 14 or mp < 16) our estimated

fluxes are underestimated in comparison to those from SDSS as our data points deviate from
lines of equality. The reason is that since our exposure times are longer than the one used
by the SDSS survey, bright objects (mainly stars) in our images are partially saturated. This
is clear from the left panel of Fig. 5.9 where the objects are colour-coded according to their
STELLARICITY index. A visua inspection of the images of these deviant objects in DS9,
shows that they are stars which are partially saturated but have not been detected by Sextrac-
tor. However, it does not affect our results on the estimated galaxy colour or their luminosity
functions as magnitudes of the brightest group galaxies in our sample are fainter than 14. Fur-
thermore, galaxies are extended objects in comparison to stars with sharp central light profiles.

Sowhile astar startsto get saturated for a given magnitude m, agalaxy with the same magnitude

does not necessarily get saturated.

5.6 Galaxy Optical Diameter

Galaxies within groups lose their gas (mostly composed of neutral hydrogen HI) via gravita
tional interaction with other group galaxies. Also the gas can be stripped away due to the in-
teraction of galaxies with intragroup medium. In both cases galaxies would be deficient in gas
in comparison to their field counterparts of the same size and similar morphological type. Such

interactions take place in galaxy clusters as well however it should be more efficient in group
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Figure 5.8: Comparison between the observed R-band MAG-BEST (left panel) and B-band
MAG-BEST magnitudes (right panel) of 2032 objects selected from the field of view of seven
XI-groups (MZ 3849, MZ 4001, MZ 4881, MZ 4940, MZ 5293, MZ 5383 , and MZ 5388)
with their corresponding magnitudes from the SDSS using Eq. 5.5. The pointsin these figures

represent images of both stars and galaxies.
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Figure5.9: Comparison between the observed R-band MAG-BEST magnitudeswith their corre-
sponding magnitudes from the SDSS (using Eq. 5.5). The dashed lines in both panels represent
the line of equality. Left panel: Objects are colour-coded according to their STELLARICITY
index. Right panel: Data points are colour-coded according to their FLAG index.
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environments due to low velocity dispersion of galaxies in groups. The parameter that quanti-
fies neutral hydrogen deficiencies for individual galaxiesis known as H; deficiency (DEF) and
isexpressed as (Haynes & Giovanelli 1984):

M
DEF =log(~55")| rieta = 108(~3" ) obs (5.6)
l

In Eq. 5.6, H; is the galaxy neutral hydrogen mass and D, is the galaxy optical major
isophotal diameter measured at or reduced to the surface brightness level m=25.0 mag arcsec 2
in the B-band (hereafter | call this parameter as D,5, See Fig. 5.11).

If the H; content of a galaxy scales with its apparent diameter in B-band, then for a given
galaxy morphological type the value of DEF estimated according to Eg. 5.6 should be positive
for galaxies within groups. The reason for using B-band images in determining Do5 is that
B-band images can better represent the young population of stars within galaxies. Since the
formation of young stars is correlated to the amount of interstellar cold gas resources, mostly
in the form of hydrogen, B-band images are better represent the area of the galaxies where
star formation is occurring. The study of H; deficienciesin galaxy groups is beyond the scope
of thisthesis. | measured the parameter D5 for all galaxy members of three XI-groups for the
radio 21cm lineradio follow up observations. These groupsare MZ4577,MZ5383, and MZ9014
where their hydrogen contents have been measured from the H; 21 cm line observations using
the Giant Metrewave Radio Telescope (GMRT) near Pune in India (Sengupta et a. 2009). In
the rest of this section, | discuss the way | measured D, for galaxy members for these three

XI-groups.

5.6.1 Measuring Dos; in IRAF

Finding D5 of a galaxy is not as simple as finding galaxy total apparent magnitude. The

external IRAF package STS and its implemented tasks were found to be quite useful in finding
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Figure 5.10: The B-band image of the galaxy LCRS B123236.4-032105 in galaxy group
MZ5383. (a),(b): show the same galaxy but the image contrast and brightness are different.
Asaresult, the galaxy’s spiral arms appearsin image (b). (c): By using the IRAF package STS,
successive isophotes are plotted and overlaid on the image of galaxy.
Dss. For example, the galaxy in Fig. 5.10a is similar to a ring galaxy while its spiral arms
appears in Fig. 5.10b. Using STS, successive isophotes are plotted and overlaid on galaxy
image as appears in Fig. 5.10c. Note how the direction of outward successive isophotes in
Fig. 5.10c start to change when they are plotted in the regions where spiral arms emerge from
the bulge of the galaxy. Such isophotes are an output example of the STS package which can be
used to estimate D, for individual galaxies. Here | go through the steps, | adopted to measure
the optical diameter D, for XI-group galaxies.

AsFig. 5.11 shows, various isophotes can be fitted to a two dimensional image of a galaxy.
In galaxies, light intensity decline radially from galaxy centres. Hence, the net flux in outer
isophotes is always less than the total flux within inner isophotes. The objective is to find the
length of the semimgjor axis or diameter of a galaxy isophote such that the net flux within that
isophote would be equal to 25 magnitude per square arcsec (in B-band). To do this, | use the
task ellipse (stsdas.analysis.isophote) which fits successive elliptical isophotes
to images of galaxies by reading image sectionsin FITS format. Then it produces atable as an

output which contains many parametersfor each fitted isophote, one table row for each isophote.
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Figure 5.11: The galaxy optical major isophotal diameter D,; measured at or reduced to the
surface brightness level m=25.0 mag/arcsec? in B-band.
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In order to measure D-5 | followed the following procedure:

e Normalisingtheimageexposuretimeto 1.0second (imarith image.fits / exposure.time

new-image.fits).

e Whiletheimageisopenin ds9, | select the X, Y coordinates of up to 5 or 6 regions of the
background where at least within aradius of 20 or 30 pixels of a circle centred on X, v,
there would be no bright sources such as stars or galaxies and save those coordinatesin a

separatefile, i.e. sky.coord.

e Runnoao.digiphot.daophot .phot ontheimagewhilesettingthe input name
(epar phot) as sky.coord and the output name as sky.mag. Thetask phot
then generates sky . mag file which contains the information on the sky fluxes of those

selected background regions (MSKY in sky . mag).

Taking an average of al of these gives an estimation of the overall background flux of the
image. If you have done the preliminary reduction properly, then the level of background
counts should be around ~ 1.0. Note that the MSKY of each region should not be very dif-
ferent from the other regions. For examplein my case, al of these five or six background
fluxes are within +0.05 counts of each other. If the galaxy is close to abright source such

asabright star then for that galaxy, aloca background flux must be estimated separately.

e Once the average background sky level of an image was found it can be either subtracted
from theimageitself (which has been already normalised to 1.0 second exposure time) or
it can be used later as the sky level input before running ellipse. | subtracted the sky

level from my image of each galaxy group.

e Loadthe isophote packagein stsdas.analysis. Beforerunningellipse afew

parameters should be set. These parameters are the x, y coordinate of the target galaxy
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for which we are to find the isophotal magnitudes and image zero point magnitude m.,,.

These two parameters have to be set by editing geompar@ and magpar@ respectively.

e Thelast step in estimating the isophotal magnitudesistorunellipse. It could be done
in either interactive or non-interactive mode. After running ellipse, the
command starts fitting several isophotes using an initial guess for the centre of isophotes
x,y aswell astheir position angles (see Fig. 5.11. The output parameters estimated from
each isophote would be saved in a st sdas tablefileformat, i.e. . tab. Thisformat is
different from ASCII format and isreadable by st sdas tasks such as i soexam which

plots ellipses on the image display.

e After finishing running el1lipse on al galaxy images, we have as many as « . tab files
equal to the number of our galaxies. To finalise the procedure, it is worth checking these
output files to see whether e11ipse has done a good job on our galaxy images or not.
The stsdas.isoexam task is an ideal agorithm to do it. The task reads simultane-
oudly the galaxy image file in ds9 while overlaying its isophotes using the ellipse
output table file already generated for that galaxy. | checked all images one by one by eye

for the two following reasons:

(i) There are cases in which the e11ipse makes awrong guess for the initial isophotal
position angle and the task follows to adopt the same incorrect position angle for succes-
sive isophotes. It happens normally when the galaxy image is very small or due to the
lack of sufficient resolution. Fig. 5.12 shows such an example for one of MZ5383 group
galaxy members. It is obvious from this figure that the initial guess made by ellipse
for the position angle (red dashed line) is very different from the correct angle (blue

dashed line).

(ii) It is not unusual to find stars or even other galaxies in close vicinity of a target

galaxy. In such a case ellipse takes them into account when measuring isophotal
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Figure 5.12: An example of a galaxy in which the initial guess made by ellipse for the
position angle (red dashed line) is very different from the correct angle (blue dashed line).
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magnitudes which results in overestimating of isophotal magnitudes and hence underesti-
mating galaxy optical diameter. The left panel of Fig. 5.13 represents such an examplefor
amember group galaxy. Basically such objects should be blocked or masked to prevent

them being involved in estimating galaxy isophotes.

Using ellipse ininteractive mode one may get rid of such problems. If theellipse
task starts with the interactive parameter set to yes, several cursor commands be-
come available in a way that the user can, at any time, list and modify parameters and
the current ellipse geometry. It is possible to mask or unmask regions in the image, dis-
carding them from subsequent galaxy image. These regions may be specified by asingle
keystroke which will mask a square region of specified size centred on the cursor position

(seeright panel of Fig. 5.13).

It is also possible to specify a completely new semi-major axis, centre and orientation or
position angle. The cursor returns after each isophote fit, until you select non-interactive
mode (by hitting ' 4’ key). | found the keystroke commands "a’," c¢’,’d’,and ' £’

very useful. A help fileregarding running e11ipse in non-interactive mode is available

viaelcursor helpfilein stsdas.analysis.isophote.

Thefinal el1ipse output tablefile containsinformation on total and isophotal galaxy flux
and magnitude. Since these output parameters depend upon pre-set parameters such as those
in magpare@, then if any one of those pre-set parameters are wrong, the estimated isophotal
magnitudes would be wrong as well. Apart from checking geometrical shape of isophotes that
aready has been discussed, we can check the total magnitude and see whether isit equal to the
one measured by SExtractor or not. Thisis a good test to ensure that are presetting have been
adjusted properly.

Both isopall and isoplot can be used to check thetotal magnitude of the target galaxy.
The main table generated by ellipse is used as input for these two tasks. The difference

between isopall and i soplot isthat unlike the second one, thefirst one plots all results of
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Figure 5.13: Left panel: an example of a galaxy with bright starsin its vicinity. Such stars are
sources of bias in measuring the galaxy optical diameter Dy5. Right panel Such stars can be
blocked using the IRAF command e11ipse ininteractive mode.
the isophotal analysis. To estimate the galaxy total magnitude, after running isoplot, | plot
SMA (semi-major axis length in pixel) versus either TMAG-E (total flux enclosed by ellipse)
or TMAG-C (total flux enclosed by circle). However as the comparison is being made with
SExtractor and the object is agalaxy with eliptical shape, it is better to use TMAG-E.

The output table generated by el 1ipse isnot in ASCII format. To convert the table from

stsdas format to ASCII format, thetask stsdas.ttools. tdump must be used. Hereis

an example:
tdump INPUT.tab cdfile=STDOUT datafile=STDOUT > OUTPUT.txt.

All fluxes and from that the magnitudes as well as other parameters such as the length of
semi-major axis(SMA) estimated by e11 ipse areinunitsof image pixel whilein our definition
of D,s, the isophotal magnitudes must be expressed in mag/arcsec?. Therefore the correct
conversion formula should be applied to the e11 ipse output datato find Dy5. An example of
such a conversion is shown in Fig. 5.14 where D, has been estimated for the galaxy shown in
Fig. 5.13.

Fig. 5.14 is in fact a conversion of the profile shown in the inset (red plus signs). The
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Figure 5.14: A plot of the isophotal diameter versus flux surface density for a given galaxy.
The inset shows basically the same plot but before converting the axes into proper units for
measuring the galaxy optical diameter D-s.

inset has been plotted directly from the measured isophotal data while the main plot takes into
account the fact that plate scale of our imagesis0.77 arcsec.pixel ~ which should be considered

to find the right conversion from mag/pixel? to mag/arcsec?.

5.7 Resaults

5.7.1 Galaxy spatial distribution within groups

As was outlined in Chapter 4, for high velocity dispersion groups with o, > 250 km s™!, the

~Y

virial radiusis adopted using the following equation (see Chapter 4 for more details):

log Rano(Mpc) = log o, (km/s) — 2.50, (5.7)
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while for groups with o, < 250 km s~ the group Ry is estimated (using Eq. 5.7) at the
median velocity dispersion of groupswhichis 250 km s~t. However, initial estimates show that
the derived Ry, (based on Eq. 5.7) for high velocity dispersion groupswith o, > 250 kms™tin
our sampleislarger than the observed field of view. Thiswill introduce some biasin finding the
group luminosity function. Hence, | decided to measure the group luminosity function within
0.7 X Ragp.

Since the interstellar medium does affect the observed galaxy fluxes, the estimated magni-
tude of galaxies should be corrected for the interstellar or galactic extinction. Such extinction
not only varies with galactic latitude but also it varies with wavelength such that the shorter the
wavel ength the stronger the extinction. To correct the galaxy magnitudes for galactic extinction
in agiven filter either in B-band or R-band, | use the galactic extinction presented as total ab-
sorption A, in magnitudes, as calculated by Schlegel, Finkbeiner & Davis (1998). Hence, for
each galaxy in the field of view of agiven galaxy group, the value of A, was extracted from the
NED and subtracted from the estimated magnitude of galaxies.

Each panel in Fig. 5.16 shows the spatia distribution of galaxies in one of the XI-groups.
Galaxies are shown with blue circles while their sizes are in proportion to their R-band lumi-
nosities. In the same plot, the overlaid circles correspond to different group radii. The black
dotted circle and the black cross sign correspond to group virial radius R,;. and group centre
as measured by Merchan & Zandivarez (2002). The group 0.7 x Raqo is shown with a red
circle. Note that group 0.7 x Ry IS centred around the new estimated group centre (red plus

sign ) which is the luminosity-weighted mean position estimated according to the following

eguations:
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( N
> Lg, x RA;
RAnew = =1 n
i
L (5.9)
> Lg, x DEC;
DECnew = = n
i
=1

\

where N isthe number of galaxies in each group and L isthe galaxy R-band luminosity. We
need to revise the positions of groups as our current group sample contains more spectroscopic
confirmed member galaxies than what was found initially by Mercha n & Zandivarez (2002).
However, these new galaxies could belong to other groups and not necessarily a member of the
current group. Group MZ 3541 is a good example of such a case. In this sense the estimated
group centre from X-ray data analysis should be more reliable. Otherwise it is better to rely on
the original group centres rather than the new ones.

For example our new determined group position for MZ 9014 (RA=9°.41;DEC=-27°.507)
is in agreement with the one found from the analysis of diffuse X-ray emission in the XMM-
Newton observationss (RA=9°.42;DEC=-27°.508, Rasmussen et al. 2006) while according to
Mercha n & Zandivarez (2002), the position of MZ 9014 is RA=9°.45,DEC=-27°.508. The
estimated offsets in RA and DEC between new R-band Luminosity-weighted mean positions
(e.g. Eg. 5.8) and those from group catalogue of Mercha' n & Zandivarez (2002) is shown in
Fig. 5.15. Each data point represents a group where its size corresponds to the deviation of its
position from ARA=ADEC=0.

Finally the green rectangles in each panel present the observed field of view which is the

same for all groups and is equal to ~ 30 x 30 arcmin?.
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Figure 5.15: The estimated offsets in RA and DEC between the new R-band Luminosity-
weighted mean positions and those from group catalogue of Merchan & Zandivarez (2002).
Each data point represents a group where its size corresponds to the deviation of its position
from ARA=ADEC=0.

5.7.2 Group member luminosity function

In this section | examine the luminosity function of groups just from their spectroscopically
confirmed members. The results are illustrated in Fig. 5.17 where each histogram represents
the luminosity function of individual groups based on the number of group members within the
estimated 0.7 x Ryq9. Groups are ordered by their ascending velocity dispersions o, from left to
right and top to bottom in the same way asin Fig. 5.16. The plot shows that the distribution of
members at faint end declinesat —20 < Mz < —18. Thisismainly due to fact that the current

spectroscopic sample of group galaxiesisincompleteat Mz = —20.0.
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Figure 5.16: Spatial distribution of galaxy membersin XI-groups, ordered by ascending group
velocity dispersion o, from left to right and top to bottom. The green rectangular in each panel
presents the observed field of view which is the same for al groups and is equal to ~ 30 x 30
arcmin®. Galaxies are shown with blue circles while the circle size is in proportion to galaxy
R-band luminosity. The black-dotted circle and the black-cross sign correspond to group virial
radius and group centre measured by Mercha n & Zandivarez (2002). The red circle in each
panel shows the group 0.7 x Ry, (from the Millennium data using Eq. 5.7). Group 0.7 X Rag
is centred on the new estimated group centre (red plus sign ) which is the luminosity-weighted
mean position estimated according to Eq. 5.8.
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Thisis more clear in Fig. 5.18 where the individual group luminosity functions are stacked
together using all group galaxy members, i.e. including all members inside and outside 0.7 x
Rsgo. Theleft panel in Fig. 5.18 shows the stacked luminosity function for all 25 groups while
on the right (the two small panels), groups are divided into two sub-groups, i.e. low-velocity
dispersion (o, < 250 km s™1) and high-velocity dispersion groups (o, = 250 km s™1). The
black line shows the differential luminosity function while the red dashed-line represents the
cumulative luminosity function . The plot shows clearly that in either low or high velocity
dispersion groups, the spectroscopic sample becomes incomplete at Mz = —20.0. Therefore,
the observed galaxy luminosity function based on the spectroscopic membersis not reliable as

our imaging data is complete up to M ~ —16. In the following sections, | use a different

method to study the luminosity function in XI-groups.

5.7.3 Colour-magnitude diagram

Following the aperture photometry in both R and B filters, the B — R colour for all objects as
well as group galaxy members is measured as presented in Fig. 5.19. The size of the aperture
within which the aperture magnitudes have been estimated in either B or R was selected to
be ~ 5 arcsec in diameter. To check the variations in the estimated colour with the selected
aperture size, two other different apertures of ~ 4 arcsec and ~ 3.5 arcsec were aso examined
but results remain the same. So an aperture of ~ 5 arcsec was adopted to find B — R colours.
The yellow data points in Fig. 5.19 represent the objects in the observed fields of view.
Overlaid are the colour-magnitude diagram for spectroscopically confirmed group members.
Galaxy members outside group 0.7 Ry are shown with green triangles while red circles rep-
resent those members which are within group 0.7 Rsqo. The red line is alinear fit to all group
galaxy members while the blue dotted lines are 99% confidence levels. The inset shows the
normalised histograms of the B — R colour distribution of group galaxy members inside (red

histogram) and outside (green shaded histogram) group 0.7 Roqo. A few results emerge from
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Figure 5.17: Individual group luminosity function calculated within 0.7 x Ry from spectro-
scopically confirmed members, ordered by ascending group velocity dispersion o, from left to
right and top to bottom.
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Figure 5.18: Group luminosity function using all spectroscopically confirmed members. The
left panel shows the stacked luminosity function for all groups while on the right panels groups
are divided into two sub-groups, i.e. low-velocity dispersion (o, < 250 km s7!) and high-

~

velocity dispersion groups (o, > 250 km s™1). The black line shows the differentia luminosity
function while the red dashed line represents the cumulative luminosity function .

Fig. 5.19;

e (i) The R-band photometry is complete up to mr ~ 19 as the number of objects in the

observed fields of view decline at fainter magnitudes.

e (i) The overal observed B — R colour distribution of group galaxy members does not
span awide range as at all range of apparent magnitude mg, 1.0 < B — R < 2.5. This
isvery useful in determining group luminosity functions since one can put an upper limit
on the observed colour of galaxies to increase the chance of identifying group galaxy

members.

e (iii) Theinset showsthat those galaxy membersinside group 0.7 Roqo arein general redder

than those outside group 0.7 Rogo. Thissuggeststhat galaxiesin theinner regions of group
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potential, are brighter, and are more evolved systems in comparison to those which are
further away from group central regions. A KS-test on the colour distribution of the two
galaxy populations, i.e. those inside and outside group 0.7 Ry shows that the probability

that these two distributions are drawn from the same populationisjust P ~ 0.03.

The results from this section will be used in Sec. 5.7.4 in determining group luminosity func-

tions.

5.74 Theluminosity function of XI Groups

Sincein Sec. 5.7.2, we found that the spectroscopically confirmed membersin the current status
of the survey are incomplete fainter than Mz = —20, venture now to examine the luminosity
function of a colour-selected sample solely based on the photometric data.

Following the extraction of fluxes and other optical propertiesfor all identified objectsusing
the package SEXTRACTOR (Bertin & Arnouts 1996) objects with stellaricity > 0.95 were
removed from the final compiled sample as they are assumed to be definitely stellar objects.
Galaxies were selected as being likely group members on the basis of the estimated upper
99% confidence level found in Sec. 5.7.3 from alinear fit to B — R colour of group members.

Therefore for al groups, a B — R colour cut-off was applied at

B—R=—0.13 x mg + 4.6, (5.9)

where mp is the apparent R-band magnitude of any object in the field. Though such a cut
in colour removes the majority of background galaxies, there are still contamination from
foreground-background objects. To take into account the effect of such objects, a statistical
method of background subtraction is applied. To do so, four regions each ~ 5 arcmin in di-
ameter are selected at the corners of each group [mosaic] image (see Fig. 5.20). The average

background luminosity function (LFg) is then found by taking the average over all four re-
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Figure 5.19: The colour-magnitude diagram for all objects within the observed field of views
(yellow data points). Overlaid are the same for spectroscopically confirmed group members.
Galaxy members outside group 0.7 Ry are shown with green triangles while red circles rep-
resent those members which are within group 0.7 Rs. The red line is alinear fit to al group
galaxy members while the blue dotted-lines correspond to upper and lower 99% confidence
levels. The inset shows the normalised histograms of the B — R colour distribution of group
galaxy membersinside (red histogram) and outside (green shaded histogram) group 0.7 Ragg.
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gions.

The [normalised]average luminosity function for all groups and backgrounds are determined
separately as illustrated in the Fig. 5.21. This plot shows clearly that the projected density of
galaxies within the area of each group is more than those determined from the backgrounds.
The plot shows clearly that with the current observation, we can not distinguish between the
field objects and group members for objects fainter than My ~ 20 mag.

For each group, the final luminosity function was determined by subtracting the normalised
background luminosity function from the one extracted for the same group in the R-band. The
group R-band luminosity distributions found in this way are shown in Fig. 5.22 for individ-
ual groups. On the same plot lines are fitted to the data according to the Schechter function

(Schechter 1976)

®(M) = (0.41n 10)P*10%4M" =M)U+e) o oxpy (— 1004 =MDy (5.10)

where ®*, M*, and o are Schechter fitting parameters. Obviously an individual Schechter
fit does not necessarily give a reliable information on the nature of these groups as these are
relatively poor systems. Therefore, the differential R-band luminosity function of all groups
areillustrated in the right panel of Fig. 5.23.

Groups are then re-plotted into two categories of high (o, < 250 km/s) and low (o, 2
250 km/s) velocity dispersion asis shown in Fig. 5.23 (middle and left panels respectively). A
single Schechter function of the form of Eq. 5.10, yielding best fitting valuesin R-band as are
givenin Table. 5.7.4. The red dashed histograms in Fig. 5.23 show the R-band luminosity dis-
tribution of al spectroscopically confirmed galaxy members within group 0.7 Rooo. These his-
tograms show clearly that the spectroscopic membership is completed up to for Mz < —20.0,

and the spectroscopic information is currently incomplete at fainter magnitudes. The full spec-

troscopic data have not yet been reduced.
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Figure 5.20: The observed mosaic image of MZ 770. The dimension of the image is ~ 30 x
30 arcmin. Four regions (blue circles) each ~ 5 arcmin in diameter are selected at the corners
of the group in order to perform a statistical background subtraction. The bold red circle shows
the estimated 0.7R,,, from our study, from which the luminosity function is estimated.
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Figure 5.21: The average, normalised luminosity function for all groups (red circles) and back-
grounds (triangles). This plot shows that the projected density of galaxies within the area of
each group is more than those determined from the backgrounds, we can not distinguish be-
tween the field objects and group members for objects fainter than Mz ~ 20 mag.

5.8 Conclusion

We present the optical properties of a sample of statistically unbiased and redshift selected poor
groups as a part of the XMM-IMACS (X1) project. We have performed optical observationsin
R and B filters using WFCCD camera on the 2.2 m du Pont telescope. The main purpose of
imaging of these groups was to perform precise astrometry for the spectroscopic observations

with the IMACS multi-dlit spectrograph. The estimated offsets in either RA or DEC are <

Table 5.2: Best fitting values of the Schechter function (Eg. 5.10) on the observed group differ-
ential luminosity functionsin R-band.

Group M !

al —2284+0.7 —-13+0.1
o, $250km/s —221+04 —-1.3+0.1
o, 2250 km/s —229+0.8 —-1.3+0.1
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Figure 5.22: The differential group R-band luminosity histograms estimated for individual
groups after applying the colour-cut according to Eq. 5.9 and statistical background subtrac-
tion. Overlaid on each histogram, is the best Schechter fit according to Eqg. 5.10. Groups are
ordered by ascending group velocity dispersion o, from left to right and top to bottom.
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Figure 5.23: Differential R-band luminosity function of all groups (Right panel), low-velocity
dispersion groups with o, < 250 km/s (Middle panel), and high-velocity dispersion groups

~Y

with o, = 250 km/s (Left panel). The parameters for the best Schechter fits black lines are

~Y

given in Table. 5.7.4. The red dashed histograms show the R-band luminosity distribution of
all spectroscopically confirmed galaxy members within group 0.7 Rago.

1.5 arcsec in comparison to those from the USNOA2.0 catalogue. For each group, individual
images were combined to make the final mosaic image of the group with a field of view of
30 x 30 arcmin®. These images are presented (for one filter) in the Appendix for all the XI
groups. Magnitudes were then extracted in both filters following the data reduction of all group
images using IRAF and SEXTRACTOR.

Based on the determined group velocity dispersion and the membership, we calculated new
positions and virial radii for the group sample. While the former was calculated using the R-
band luminosity of the spectroscopic confirmed group galaxies, the latter was determined from
the analysis of the Millennium data and the semi-analytic catalogue.

The composite luminosity function of these groups based on their spectroscopic confirmed
members suffers from the incompleteness in the spectroscopic observations of these groups
though further spectroscopic anaysis are underway. We therefore decided to determine the
group luminosity function by using the photometric information.

The estimated B — R colour of group members show a positive slope toward the brighter
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magnitudes. Such a slope has been observed in clusters (e.g. Gladders et al. 1998). However,
unlike clusters the observed slope in our groups is steeper. Here are afew explanations for the

existence of such aslope:

1. As group members become brighter, they tend to be redder and hence more massive.
We already showed that those galaxies which are in the inner parts of group potential are
redder than those which are outside (A(B — R) ~ 1.6). Thisis because that more massive

group galaxies are more evolved than smaller group galaxies.

2. Since structure forms hierarchically, most of the bright galaxies in clusters have been a-
ready evolved to some degree in a group-like environment before they fall into the cluster
gravitational potential. Therefore though galaxiesin clusters form the red sequence, their
colour should not be much different from one another. This is not the case in groups
where the chance that the infalling galaxies belong to the field is more that those that fall

into clusters.

3. Preliminary results of Rasmussen et a. (2006) show that the current sample of groups
are possibly a mix of X-ray marginaly luminous groups as well as groups which are
collapsing for the first time. Such a mix is apparent in the colour-magnitude diagram
since the group galaxy population is a mix of highly evolved, massive and red galaxies
with a population of intermediate size, or satellite galaxies belonging to non-virialized,

collapsing groups.

To quantify different scenarios, more spectroscopic and X-ray information of groups are
necessary. For example we have to see whether such an observed slope in colour-magnitude
relation changes if we split the sample into X-ray detected and non-detected groups, or even
classify the galaxies according to their morphol ogy.

The determined composite luminosity function of XI-groupsis similar to the results given

by Zabludoff & Mulchaey (2000) who found M}, = —21.6 £ 0.4+ 5loghanda = —1.3+0.1



CHAPTER 5. X1 GROUPS: OPTICAL OBSERVATIONS AND DATA ANALYSIS 190

for a sample of six poor groups (all spectroscopically observed) out of which five were X-ray
detected. Also Trentham & Tully (2002) and Mahdavi, Trentham, & Tully (2005) found similar
results to what we have presented. It is interesting since unlike these studies, our groups are
optically selected groups though so far X-ray emission has been detected in three out of nine

XI-groups.
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Chapter 6

Conclusions and future work

6.1 Summary of results

The motivation of the current research and the work presented in this thesis is to study the
formation of old galaxy systems and its connection to observable properties of galaxy groups.
It has being implied by several authors (e.g. Ponman & Bertram 1993; Ponman et al. 1994;
Jones et al. 2003) that old groups can be characterized from their X-ray luminosities as well as
the luminosity gap between the first and the second ranked galaxies in the R-band within half
the projected virial radius of the group centre.

Following this, Jones et a. (2003) suggested that such old groups, i.e. fossil galaxy groups
could be identified based on two criteria: (i) Amyz>2, and (i) Lx po1 > 0.25 x 10*2h2erg s~
To test this hypothesis, and to find the limitations of the use of fossil galaxy systemsin current
cosmological analyses, we studied the evolution of present-day fossil galaxy groups (groups
with Amqs > 2 and Lx e > 0.25 x 1022 72erg s7!) in the Millennium Simulation (Springel
et al. 2005), and its various associated catal ogues which provide useful sources of datafor our
purpose. The large ssimulated volume and number of particles of the Millennium Simulation

enable us to study thousands of halos within the mass range of galaxy groups.

193
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Using the corresponding Millennium gas ssimulation and semi-analytic galaxy catalogues
(Croton et al. 2006), we selected fossil groups at redshift zero according to the conventional
observational criteria, and traced the halos corresponding to these groups backwards in time,
extracting the associated dark matter, gas and galaxy properties. The space density of the fossils
from our study isremarkably closeto the observed estimates (e.g. Joneset al. 2003) and various
interpretations for the remaining discrepancies are discussed.

In Chapter 2 we find that the fraction of X-ray bright systemswhich are fossils appearsto be
in reasonabl e agreement with observation, and the simulations predict that fossil systemswill be
found in significant numbers (3-4% of the population) even in quite rich clusters. Furthermore,
it was found that fossils assemble a higher fraction of their mass at high redshift, compared
to non-fossil groups, with the ratio of the currently assembled halo mass to final mass, at any
epoch, being about 10 to 20% higher for fossil than for non-fossil groups. This supports the
paradigm whereby fossils mostly represent undisturbed, early-forming systems in which large
gal axies have merged to form a single dominant elliptical.

Though our initia results were in agreement with observationa studies of fossil galaxy
groups, further investigations into these issues were necessary since (i) The mass assembly
history of halos were traced back up to = ~ 0.55 and for a sample of ~400 groups, and (ii) the
semi-analytic model used was based on the simulated dark matter halos at z=0 which did not
let us follow the evolution of the magnitude gap at different redshifts.

Therefore, the mass assembly of groups and clusters of galaxies, in particular the devel-
opment of the magnitude gap between their two brightest galaxies, was studied in Chapter 3
using the Millennium dark matter smulation and the associated Millennium gas simulations,
and semi-analytic catalogues of galaxies of Bower et al. (2006) which was found to better agree
with observations than Croton et a. (2006).

We selected ~ 2 x 10* galaxy groups at redshift =1 with dark matter halo mass M (Ry0) >

10" h=1 M, and traced their properties until the present time (z=0). We found that the con-
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ventional definition of fossil galaxy groups based on the magnitude gap Am5 > 2 (within Rogg
or 0.5 Ryg) does not fulfil the requirement for a group or cluster to be a genuine old system
with an early mass assembly. Furthermore, the selection of fossil groups based on Amqs > 2
does not guarantee that the system remainsin a[fossil phase] for along time. In other words,
the fossil phase (where the optical criterion for fossil identification is Am;, > 2) isatemporary
phase in the life of groups, and most groups would pass through such a phasein their lifetime.

In addition, our results reveal aweak correlation between the magnitude gap among bright
group galaxies and group mass assembly history. We attempt to revise the current optical def-
inition of fossil groups by studying the evolution and history of various physical parameters
associated with galaxy groups and clusters, to establish a more meaningful connection with the
evolutionary state of the group. However, our results from Chapter 3 show that the identifica-
tion of old groups, on the basis of their large magnitude gap among their brightest galaxies,
does not necessarily separate genuine old galaxy systems from younger ones. In other words,
an early-formed group does not necessarily have alarge magnitude gap.

Finally we presented the results from imaging of the XI (XMM/IMACS) Groups Project,
a study targeting, for the first time, an optically selected, statistically unbiased sample of 25
poor galaxy groups (Rasmussen et al. 2006) at the same redshift. The project aims to advance
the understanding of how the properties and dynamics of group galaxies relate to global group
properties via a combination of radio observations of cold gas, X-ray observations, and optical
imaging and spectroscopy of the galaxy population. Observations and precise astrometry was
done for IMACS follow-up spectroscopic observations in order to find group galaxy members
and their redshifts. From the extracted group members the centroids plus size of groups was
estimated. Though at the time of writing thisthesis, the spectroscopy (aswell as X-ray observa-
tions) of these groups have not been completed, however our initial results show that (i) group
galaxy members follow ared sequence on colour magnitude diagram with a slope greater than

those observed in clusters, and (ii) the estimated group luminosity function can be fitted with
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a single Schechter function (Schechter 1976) with best Schechter fitted parameters similar to

those observed in normal and poor groups.

6.2 Futurework

6.2.1 Formation and evolution of galaxy groups

One reason that makes cosmological N-body simulations an important tool isthat one can study
the evolution of astronomical objects at different redshifts. In addition, using different types of
simulations such as dark matter simulations together with those from semi-analytic models (of
formation and evolution of galaxies), enables us to investigate and correlate the observables
with dark matter halo properties. The semi-analytic models are under development as they do
not yet take into account all physical processes that exist in the real world. For example, there
has been a recent attempt to develop simple analytic models that describe the gas stripping of
the hot gaseous halos of galaxies as they fall into massive groups and clusters (McCarthy et
al. 2008). Such modification make the predictions from semi-analytic models more reliable in
studying the formation of galaxy groups and clusters.

Using the Millennium simulation, the evolution of groups was carried out by studying their
halo mass assembly in time while groups were classified according to their semi-analytic optical
properties. Such a study could be optimised if the dark matter density profile of group halos
were taken into account. In other words, from the shape of the density of group halos and their
deviations from NFW profile of Navarro, Frenk, & White (1996), groups could be classified
into early and late formed in a more efficient way. In this way, the group semi-analytic optical
properties in comparison with the observed properties of fossil groups, can be used to tune the
parameters used in such semi-analytic models.

In addition the cosmo-dynamical evolution of groups can be investigated using the Millen-

nium simulation and be compared with the theoretical models. Theoretical studies of Mamon
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Figure 6.1: Cosmo-dynamical evolution of galaxy systems. The left panel shows the theoretical
evolution of an isolated binary system of two extended subgroups of very different masses,
with no specific angular momentum. The right panel shows observed groups (Fouqué et al.
1992; Gourgoulhon et al. 1992), with increasingly larger symbolsfor richer groups. The largest
symbol isthe Virgo cluster (Credit: Mamon 2006).

(2006) predict that the members of group follow a track during its dynamical evolution as is
shown in Fig. 6.1. Since from the dark matter simulations, we have the dynamical information
for the particles, we would like to classify the Millennium groups in our sample into various

stages of formation, and find which observable properties can be used to characterise them.

6.2.2 Scalingrelation in groups: Isthe scatter dueto epoch of formation?

Khosroshahi, Ponman, & Jones (2007) presented various X-ray scaling relationsin fossil groups
with high-resolution X-ray datafrom Chandra observations and argued that the deviationsin the
observed scaling relation in fossils in comparison to those of normal groups, indicate that these
systems are indeed early formed groups. Taking into account the observed scatter in studies
of thiskind, it is very difficult to compare the observed scaling relations with those extracted

from the simulations. Thisis clear from Fig. 6.2 where it shows the simulated Ly — 7" scaling
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Figure 6.2: Compilation of low redshift observed group and cluster X-ray luminosities within
r500, COMpared to their emission-weighted temperature. The small points are the ssimulated
groups and clusters from the hydrodynamical simulation of the gas particles based on the Mil-
lennium dark mater run (Credit: Hartley et a. 2008).

relation from the Millennium gas catalogue in comparison to several other studies from the
observations (Hartley et al. 2008). However, we can study various scaling relations for early-
formed, late-formed systems using the Millennium simul ations and make a detailed comparison
between them and find whether the epoch of formation is related to the origin of the scatter in

these relations. The results of such comparison is interesting but it needs a careful analysisin

selecting the early-formed, late-formed groups from the simulated data.

Group Scaling relations from the Millennium catalogues

Values of the overdensity radius Ry, were computed for a sample of over 50,000 group-sized
halos, in Chapter 4, and a ssmple relation was found between them and the velocity dispersion
of the halos. This relation was used to define the regions over which the luminosity function of
the XI groups were determined in Chapter 5.

In principle, such relations can be found by merging the Millennium DM catal ogues, and
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the corresponding gas catal ogues and the semi-analytic galaxy catalogues (as used in Chapters
2 and 3), over awider range of mass (for groups and clusters), keeping in mind the limitations
of each catalogue. These will be useful for the general community. We plan to determine
such relations between velocity dispersion and g, obtained from the DM catal ogues, and gas
parameters like X-ray luminosity and temperature (also see Hartley et al. 2008), as well optical
parameters like luminosity profiles (NFW parameters) and blue galaxy fraction in alater paper
(Dariush et al. 2009, in preparation). We will relate these to the observed properties in various

samples, including the X1 groups sample.

6.2.3 Xl groups-futurework

Currently the spectroscopic analysis of XI-groups, which is based on the optical imaging pre-
sented in the current thesis is not finished yet, even though all the spectroscopic observations
using the IMACS instrument on the Badde/Magellan telescope have been completed. As was
explained in Chapter 5, further analyses have to be done with the photometric data as soon as

the spectroscopic analysisis completed.

Group size and position

As groups in the XI sample are essentially poor groups, it is very important to find the correct
centre for each group before study their luminosity functions. We found new group centres
from the observed R-band luminosity of spectroscopic confirmed group members by finding
their luminosity weighted mean position. However, the estimated position for 5 groups (e.g.
MZ 3698, MZ 4001, MZ 4548, MZ 4881, and MZ 5388) was based upon the members found
using the NASA/IPAC Extragalactic Database (NED), though for the rest 20 groups, group
memberships were still incomplete at the time of writing this thesis.

Also we have imaging and photometric information in both B and R which enable us to

do weighting the central position of groups according to their stellar mass rather than simply
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from their R-band luminosities (see for example Table.1 in Bell & de Jong 2001). Therefore,
we need to re-calculate both centres and virial radii as well as group member colour and the

luminosity functions when the final spectroscopic information is available.

Cold gasin groups

The surface density (or deficiency) of neutral hydrogen in disk galaxies, and in theinter-galactic
medium in groups, is indicative of the level of stripping due to tidal effects of galaxies as well
as ram pressure of the IGM, and thus provides information about the nature of the state of
evolution of a group. It has be shown (e.g. Sengupta & Balasubramanyam 2006; Sengupta,
Balasubramanyam, & Dwarakanath 2007) that galaxies in X-ray bright groups are in general
more HI-deficient than in X-ray faint groups, though no significant correlation is found between
the diffuse X-ray luminosity of groups (L x) and the HI deficiency of their galaxies. So the HI
deficiency may be indicative of the the state of evolution the group isin, rather than any one of
the detailed physical processes that lead to stripping. We would like to investigate this with the
X1 groups. We have aready observed 3 XI groups at 1420 MHz with GMRT, where high levels
of HI deficiency are being found (Sengupta et al. 2009, in preparation). | have been measuring
the Dy5 values from the R-band images for the XI groups, since from these the HI deficiency
values are calculated, and my colleagues are conducting the 21-cm observations. This project

will be extended further with the VLA, and | will provide the optical input to this project.

Morphological studies of group members

Animportant ingredient in studying the dynamical status of groupsisto investigate the diversity
in the physical shape of group galaxy members. From the current study, we already know that
galaxiesin the inner parts of the groups are redder than those in the outer parts the others but
how does the morphology of these galaxies change with radial distance from the group centres?

Another point of investigation is whether the fundamental plane parameters (e.g. Séersic
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Figure 6.3: A comparison between two images taken from the same galaxy in MZ 9994 with the
du Pont WFCCD camerawith plate scale ~ 0.8 arcsec/pixel (left panel) and IMACS wide-field
imager with ~ 0.2 arcsec/pixel (right panel).

index) of galaxies vary according to their position in groups, or the kind of group they arein
(e.g. Khosroshahi et al. 2004). This is why we had originally planned to perform a detailed
morphological analysis of each galaxy-by fitting two dimensional model (Sérsic+exponential)
to each of the galaxy imagesin our sample.

Unfortunately the optical resolution of the currently reduced du Pont images does not let us
to do a proper morphological analysis of group members. The plate scale of du Pont WFCCD
is ~ 0.8 arcsec/pixel while the same is ~ 0.2 arcsec/pixel for the IMACS wide-field imager
(calibrated with a 8192 x 8192 CCD array with 27 x 27 arcmin FOV) installed on the Magel-
lan/Baade telescope. We now have direct IMACS images of al of our groups taken at the time
of the spectroscopic observations.

Fig. 6.3 shows a comparison between two images taken from the same galaxy with the du
Pont WFCCD camera with plate scale ~ 0.8 arcsec/pixel (left panel) and IMACS wide-field
imager with ~ 0.2 arcsec/pixel (right panel). Note that this galaxy is a typical medium size
galaxy and our groups have many smaller galaxies than the one shown in Fig. 6.3.

To investigate to what extent such difference in pixel size might affect our results of group
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members, we analyse the morphology on a few different galaxy sizes using images from both
instruments and compare the estimated parametersin each case. Figs. 6.4 and 6.5 illustrates the
morphology study of two of our group members using the galaxy/point source fitting algorithm
(GALFIT; Peng et al. 2002). In each figure, the left-top panel represents an image taken with du
Pont WFCCD while left-bottom panel shows the image of the same galaxy, taken with IMACS
imager. Also in each figure and from left to right, the panels correspond to the original, model,
and residual images of the same galaxy. The radia profile of model galaxiesin each figureis

based on the Sérsic profile with the following functional form:

S(r) = %, exp [—k; ((;)Un — 1)] , (6.1)

where X, is the pixel surface brightness at the effective radius r., and parameter n refersto as
the concentration parameter or the Sérsic index. The estimated concentration parameters for
the galaxy in Fig. 6.4 aren = 1.06 (WFCCD) and n = 1.05 (IMACYS) respectively. These two
numbers are not very different as the galaxy isrelatively large but in case of the smaller galaxy
shown in Fig. 6.5, the calculated concentration parameters are very different with n = 1.80
(WFCCD) and n = 1.34 (IMACS).

Therefore the morphological parameters change significantly if the galaxy is small and the
signal-to-noise per pixel is not good, or if there are not enough pixels in the image. We also
tried to apply the PSF corrections to the low-resolution WFCCD images. However, the results
do not change naticeably as the PSF of the du Pont images are very large (~ 1.9 )arcsec. Since
most of the group members are small galaxies, similar to the one shown in Fig. 6.5, it is better
to use IMACS images for morphological classification of galaxies in our group sample. The
IMACS observations have been completed for al groups. Further reduction, image processing

and data analysis will bein the future.
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Figure 6.4: Morphological study of a galaxy member belongs to MZ 9014. The left-top panel
represents an image taken with du Pont WFCCD while the left-bottom panel shows the image
of the same galaxy, taken with IMACS imager. From left to right, the panels correspond to the
original, model, and residual images of the same galaxy. The radial profile of model galaxies
(middle panels) is based on the Sérsic profile (e.g. Eq. 6.1) with the concentration parameters
n = 1.06 (WFCCD) and n = 1.05 (IMACYS) respectively.
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Figure 6.5: Thesameasin Fig. 6.4 but for agalaxy member belongsto MZ 770. The calculated
concentration parameters are n = 1.80 (WFCCD) and n = 1.34 (IMACYS).

6.24 GEMSgroups

The GEMS catalogue of Osmond & Ponman (2004) consists of s subset of 60 galaxy groups
with measured X-ray fluxesfrom ROSAT PSPC pointed observations. From optical and infrared
studies of these group (e.g. Miles et al. 2004 and Miles, Raychaudhury, & Russell 2006) it has
been found that the luminosity function of galaxy groupswith X-ray luminosity Ly < 10*!'7 erg
s~ ishimodal. They interpreted this bimodality in the observed luminosity function as a result
of enhanced dynamical friction between galaxiesin X-ray dim groups (low velocity dispersion),
thus resulting in rapid major mergers. This causes galaxies with intermediate luminosity to
merge with each other and the brightest group galaxies.

Further questions arise such as. (i) Can a study of morphology of galaxiesin these groups
support this scenario? and (ii) Is the evolutionary history of X-ray bright groups (Lx > 10*7

erg s~ ! ) similar to that of clusters, as the similarity in the form of their luminosity functions
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seemsto indicate? Therefore, following the work of (Miles, Raychaudhury, & Russell 2006) we
intended to study aX-ray selected sample of groups (Lx > 10*''7 ergs—!) using ESO 2.2m/WFI
photometry. On an observing run during March 2006, | observed six X-ray bright GEM S groups
(e.g. HCG042, HCG048, NGC3557, NGC3923, NGC4697, HCG062, HCG067) on 5 nights at
the the 2.2-m MPG/ESO telescope using The Wide Field Imager (WFI). We however did not
have the time to analyse the data fully to include in thisthesis.

The newly observed groups together with the previously compiled sample would help us

address the following issues:

e Computes luminosity functions of the sample to see whether X-ray bright groups (i.e.
groups with high velocity dispersion) have luminosity functions characterised by asingle

Schechter function as clusters do,
e Morphology of galaxiesin rich groups,
e Global Photometric Properties and the Scaling Relations, and
e Dynamical properties of groups.

We have obtained 6dF redshifts for about 20 galaxies per group for all our groups as well
as optical wide-field CCD data for the rich groups in the GEMS sample. Thus we have veloc-
ity dispersion profiles as another ingredient in our investigation to probe the link between the
dynamical history of the group and its evolution. The observations were completed in March
2006 and preliminary reduction for this sample has been done. But our attention was diverted

to work on the Millennium groups, and to the X1 sample, and thus work is yet to be completed.
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Appendix A

In the appendix, we present the R-band images (mosaiced from 2 x 2 pointings), using the
WFCCD camera on the 2.5-meter (100-inch) Irénée du Pont telescope, operating at Las Cam-
panas Observatory. Dataobtained in in August/September 2006, December 2007, and April/May
2008. Details of data reduction are presented in Chapter 5, and a summary of the properties of
the groups are given by Table 4.1 of Chapter 4 and Table 5.2 of Chapter 5. Each image is

~ 30 x 30 arcmin?.
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