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Abstract

Across cosmic time, stars have contributed most of the radiant energy found in the Universe and
have created nearly all the chemical elements heavier than helium. Understanding the evolution
of the Universe requires understanding the history of star formation. Stars form in galaxies,
which are in essence huge aggregations of stars, dust and gas. Understanding star formation
requires, among other things, measuring the rate at which interstellar gas is being converted
into stars in a given galaxy. Star formation, a critical driver of galaxy evolution, responds both

to external influences (local and global environment) and internal factors (e.g. dust).

For several decades, the properties of star formation have been studied in galaxies residing
in the dense environments of galaxy clusters and compared to those in the sparsely populated
field. In this thesis we aim to bridge this gap in the study of the star formation-density rela-
tion by studying the evolution of galaxy properties, particularly their star formation rate (SFR)
in the critical intermediate region on the periphery of rich galaxy clusters. Using photometric
and spectroscopic data from the Sloan Digital Sky survey (SDSS) we show how common ob-
servables, such as colour, SFR, and SERAre influenced when galaxies are assembled into
clusters via large-scale filaments. We discover that complex galaxy populations (e.g. blue pas-
sive galaxies and [optically] red star-forming galaxies) are commonly found in and around rich
clusters in the nearby: (~ 0.1) Universe. While the blue passive galaxies are the progenitors
of passive red cluster galaxies, the (optically) red star-forming galaxies are a mix of at least

two different populations. One set of red star-forming galaxies are dust obscured star-forming
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galaxies, while the rest of them are normal star-forming gatawhose colour is a result of

metal-rich dominant stellar populations.

For a sample of nearby £ 0.1) galaxy clusters from the SDSS we show that star formation
in galaxies (//, < —20.5) falling into clusters increases, in a brief interval, on the periphery of
the clusters, before the cluster-related environmental mechanisms begin to dominate the evolu-
tion of galaxies therein. We argue that galaxy-galaxy interactions in the intermediate density
regions such as the cluster outskirts play a critical role in galaxy evolution. We use the line-of-
sight velocity information obtained from the integrated galaxy spectra together with dark matter

simulations to show that statistically, a single passage through the cluster core can completely

guench star formation in a galaxy.

Using the optical spectroscopic and photometric data from SDSS for the nearlay { Mpc)
Coma supercluster, we show that dwarf galaxies are star-forming everywhere except in the core
of clusters and groups, while their massive counterparts mostly evolve passively irrespective of
their environment. In the Coma supercluster, transitional populations (post-starburst galaxies)
preferentially lie in the vicinity of clusters and occasionally in galaxy groups. These observa-
tions suggest that strong velocity fields such as those prevalent in the vicinity of rich structures
are critical for quenching star formation in galaxies on a short timescale of few Myr, thus caus-
ing the post-starburst phase. By comparing mid infraGuitgefMIPS) star formation tracers
with broadband colour and optical emission lines for galaxies in the Coma and Abell 1367 clus-
ters we find that the fraction of star-forming galaxies as a function of the cluster-centric radius

may depend upon the star formation tracer used.

In order to understand the correlation between different star formation tracers we make
use of the multi-band data acquired for the Star Formation Reference Survey (SFRS). Using
the ultra-violet GALEX), mid- (SpitzefIRAC) and far-infrared (FIR; IRAS) to 1.4 GHz radio
(VLA/NVSS) imaging, we compare the global SFR metric for a representative sample of star-

forming galaxies in the nearby Universe. We show how the SFRs based on these canonical
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indicators correlate with the ‘total’ SFR expected from a ggkbolometric luminosity. We
show that various individual SFR measures agree well within a factor of 1.5-4 of the ‘total’
SFR. In a multi-wavelength space spanned by then®@Qminosity, the FIR-to-FUV flux ratio

(the infrared excess ratio or IRX), F100/F60 colour temperature of dust ard+hé0 colour,
optically selected AGN show statistical differences with the rest of the sample for the distribu-
tion of IRX only. This suggests that, in the local Universe the AGN hosts display properties
very similar to star-forming galaxies, except that they are likely to be more dusty and/or FUV

faint.
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Chapter 1

Galaxies: evolution and star formation

history

1.1 Introduction

Clusters of galaxies are the youngest entities in the hierarchical Universe, formed by the infall
of galaxies through large-scale filaments. First cosmological simulations (Springel et al. 2005),
and now large sky surveys such as the Sloan Digital Sky Survey (SDSS) (York et al. 2000;
Stoughton et al. 2002) and the Two-degree Field Galaxy Redshift survey (2dFGRS) (Colless et
al. 2001), have shown the significant dominance of large-scale filaments in the space surround-
ing us. These studies reveal that matter is distributed on a filamentary ‘cosmic web’ structure
which extends isotropically to distances we have observed so far. In this cosmic web the galaxy
clusters are represented by dense nodes where filaments intersect.

Conventional wisdom suggests that cores of galaxy clusters are occupied by red, passively
evolving elliptical/SO galaxies, while their blue star-forming, spiral (or irregular) counterparts
prefer the sparsely occupied regions. For several decades astronomers compared the properties

of galaxies in two extreme phases of a galaxy’s life, in clusters, where they evolve passively after

1
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the end of the ‘active’ phase of star formation, or in the field where their evolution progresses
uninhibited by the hostile influence of the intra-cluster medium and proximity to neighbouring
galaxies. But the revelation of the presence of the cosmic web presents a challenge to our

understanding of the processes that are involved in the evolution of a galaxy over its lifetime.

Broadband colours (e.g. Butcher & Oemler 1984; Balogh et al. 20044a; Blanton et al. 2005),
surface brightness (Blanton et al. 2005), spectroscopic star formation rate (SFR)/indicators
such as equivalent width (EW) ofddand [O11] (e.g. Balogh et al. 1999; Gbmez et al. 2003;
Balogh et al. 2004b; Mahajan & Raychaudhury 2009) and morphology (e.g. Dressler 1980)
show a gradient as a function of environment. The galactic environment is often parametrized
in terms of the distance to the nth nearest neighbour (Dressler 1980; Balogh et al. 2004b),
projected galaxy density (Balogh et al. 2004b; Lewis et al. 2002; Gomez et al. 2003; Haines
et al. 2006b; Poggianti et al. 2008) or simply as the cluster-centric distance (e.g. Porter &
Raychaudhury 2007; Porter et al. 2008). Several processes that can result in such a gradient
have been proposed. All these environment related mechanisms cut off the fuel for further star
formation in a galaxy, leading to the transformation of late-type galaxies into passively evolving

spheroidals on different time scales.

Theories and simulations of processes like the ram-pressure stripping (Gunn & Gott 1972;
McCarthy et al. 2008; Kapferer et al. 2009) or strangulation (Larson et al. 1980) suggest that the
warm gas component( 10° K) of the interstellar medium (ISM) may be stripped from a galaxy
when it enters the galaxy cluster. Such processes are dependent on the properties of the cluster
in which they operate (e.g. the depth of its potential well). Other mechanisms such as thermal
evaporation of cold molecular gas from a galaxy disc via thermal conduction by the intra-cluster
medium (ICM) are considered to play a key role in the evolution of dwarf galaxies (Cowie &
Songaila 1977) (also see Fujita 1998 and Boselli & Gavazzi 2006 for a review of various other
mechanisms). Several authors have given great importance to repeated high velocity encounters

amongst galaxies or “harassment” (Moore et al. 1996) and/or galaxy-galaxy mergers for their
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role in the evolution of galaxies (Lewis et al. 2002; Haines et al. 2006a; Porter & Raychaudhury
2007; Moss 2006; Porter et al. 2008; Oemler et al. 2009). The frequency and impact of such

galaxy-galaxy interaction processes depends upon the local galaxy density.

The observed gradient in the observable properties of galaxies to distances surprisingly far
from the centre of clusters and very low inter-galactic medium (IGM) densities implies that a
combination of processes might be at play in evolving the galaxies. However, the nature of
these processes is yet being debated in literature. The already complicated scenario is worsened
by the discovery of starburst galaxies not far from the cores of galaxy clusters (e.g. Oemler
et al. 2009), thus challenging the classical view of galaxy clusters being the breeding grounds
for passively evolving galaxies only. Some of the questions that immediately come to mind
are: When do specific environmental effects become important in the life of a galaxy? Do all
processes influence all galaxies, or are some more important for dwarfs than giants? In what
environment is a process most active? Does it matter where a galaxy resides in the global

large-scale structure (LSS), or do the local surroundings dominate?

The dawn of the era of large redshift surveys (e.g. SDSS, 2dFGRS) brought with it an arse-
nal of data for studying not only the properties of galaxies (mainly) in the low-redshift Universe
but also an opportunity to see how the variations in the LSS have profound implications on its
smallest entities, the galaxies. We begin the next section by describing some mechanisms that
have been proposed in literature to be of consequence to the evolution of galaxies. In effect,
all the processes either force a galaxy to exhaust its fuel by providing ideal conditions for a
burst of star formation or expel hot (or cold) gas from it, thereby preventing any further star
formation. These mechanisms can be classified into two categories, one related to the vicinity
of clusters (global environment) and those that depend upon the number density of galaxies in

the surrounding space (local environment).
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1.2 Large-scale structure of the Universe and the distribution
of galaxies

Galaxies assemble into galaxy clusters, which together with the filaments crossing them consti-
tute the youngest structures present today, the ‘superclusters’ (e.g. Shapley supercluster; Ray-
chaudhury 1989). lhierarchicallygrowing Universe, structures evolve continuously. Thus itis

not surprising that the properties of the building blocks of the LSS, the galaxies, are themselves
influenced by the structure they constitute.

Clusters of galaxies act as a fantastic laboratory to study the influence of the LSS on the
galaxy population contained therein. The very high density of galaxies in clusters creates a
deep gravitational potential well which heats up the ambient medium to few keV. This medium
is detected in x-rays. So a galaxy in a cluster is not only surrounded by fellow galaxies but also
by the hot x-ray emitting gas called the intra-cluster medium (ICM). In addition, the galaxy
density changes rapidly with cluster-centric distance, thus providing an opportunity to study

galaxy properties as a function of environment when sampled to large radii.

1.2.1 Environmental processes in clusters

Since the advent of x-ray astronomy, the effect of ICM on the cluster galaxies has been explored
extensively in various studies. Pioneering amongst them is the work by Gunn & Gott (1972)
where they analytically showed that the ram-pressure felt by a typical galaxy is given4y

p.v?, wherep, is the ICM density and is the velocity of the galaxy. For a typical spiral galaxy

of 10" M, and radiusl0 kpc (and for gas and star surface density @f? g cm~2 and0.06 g

cm~2 respectively), moving through the ICM with an rms velocity of 1700 krh, she ram-
pressure exceeds the force binding the material to the disc if the ICM density is in excess of
5 x 10~*atoms cn3. This strips out the gas from the disc of the galaxy and eventually forms

a spheroid such as those found abundantly in the cores of clustersldisee Fig.1.1). To this
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Figure 1.1: Thi®.8" x 2.8 composite image shows one of the rare events captured by Sun et
al. (2006): ram pressure stripping of late-type galaxy ESO 137-001 orbiting in a rich cluster of
galaxies Abell 3627. The long x-ray tail (blue) is overplotted with the narrow banéthge
(pink) and HST optical broad band image. At least 29 different star-forming regions have now
been identified in tha 0 M, tail stretching out to 70 kpc where gas has been condensing
quickly to form new stars for the last 10° years. (image credit: x-ray: NASA/CXC/MSU/Sun

et al. 2006; optical: SOAR(MSU/NOAO/UNC/CNPg-Brazil)/Sun et al. 2006)

date, ram-pressure stripping is believed to be the best explanation for the absence of late type

galaxies in galaxy clusters.

In a more recent work, McCarthy et al. (2008) have simulated the effects of ram-pressure
stripping on galaxies falling into rich groups and clusters based on the above formalism except
that they considered a spherical hot gas distribution unlike the face-on cold spiral disc of Gunn
& Gott (1972). Their model is inspired by the idea that a disc galaxy is surrounded by a halo of
hot gas which acts as a source of cold gas for star formation. Although such a hot gas halo is

assumed to exist by most of the present day semi-analytic galaxy formation models, its presence
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has not yet been confirmed satisfactorily despite some claims of detections (e.g. Rasmussen et
al. 2006). McCarthy et al. found that stripping of the infalling galaxy is not instantaneous,
and 20-40% of its reservoir of cold gas can remain intact for almost 10 Gyr. Kapferer et al.
(2009) take a step further by adding spiral arms to a simple disc galaxy before exposing it to the
wind. Their extensive suite of simulations shows that ram-pressure stripping is important even
several Mpc away from the cluster core. Also, just as seen in the example illustrated in Fig. 1.1,
simulations show that the SFR of a galaxy experiencing ram-pressure stripping can increase by
a factor of up to 100, but is often not detected because it mainly occurs in discrete knots of
dense gas formed in the ‘wake’ (Kapferer et al. 2009; Smith et al. 2010). This wake is a tail
of gas and dust which trails behind the galaxy in a direction opposite to its motion through the

ICM, and mainly consists of material that once formed the spiral arms.

Larson et al. (1980) suggested that since the hot gas halo would be the first to come in
contact with the ICM when a galaxy falls into a cluster/group, it is stripped more easily than the
disc itself. This slowly vanishing reservoir of fuel for star formation can lead to a decline in the
observed SFR of a galaxy on time scales of the order of few timegedrs. This mechanism,
often referred to as ‘strangulation’ or ‘starvation’ gives convincing results from an observational
point of view (Balogh et al. 1999; Kauffmann et al. 2004), showing a slow decline in the mean

SFR of galaxies as the environment becomes denser.

In a numerical simulation, Bekki, Couch & Shioya (2001) showed that the global tidal
field of a cluster can efficiently remove the hot gas halo surrounding the infalling galaxy, thus
guenching star formation. Bekki et al. suggested that such a tidal field may lead to a momentary
burst of star formation when the galaxy first encounters the cluster’s tidal field. Gnedin (2003b)
suggested that the dynamical evolution of galaxies depends upon the tidal field along their
trajectories in the cluster, and may not depend on the distance of their closest approach to
the cluster core. They also argued that this tidal field is mostly created by the ‘local’ density

structures such as large cluster galaxies and the unvirialized remnants of infalling galaxy groups.
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In an interesting study of H content of galaxies in three rich Abell clusters (Abell et al.
1989) and Virgo, Valluri & Jog (1991) found that the Hdeficiency is stronger for larger
galaxies. Given that HI gas resides in dense molecular clouds while ¥ more sparsely
distributed with lower densities throughout the galaxy and that bigger disc galaxies (except the
low surface brightness ones) have a higher surface density, larger galaxies should protect their
gaseous content more efficiently. But this is counter to the observations. After considering
various possible mechanisms, Valluri & Jog (1991) suggested that thddficiency in their

sample could only be explained by tidal interactions.

Elsewhere (Bekki 1999) it appears in a numerical simulation that when a small greup (M
0.1M,) falls into a massive galaxy cluster, tikbanginggravitational field resulting from
the collision can efficiently transfer cold gas to the centre of a disc galaxy belonging to the
group, thus igniting a burst of star formation in it. This inflow of cold gas to the galactic
nucleus is a result of the field exerted on the non-axisymmetric structure of the galaxy. A view
complementary to this has been suggested by Struck (2006), who discussed the phenomenon of
‘gravitational shocking’. Observations suggest that the density at the centre decreases slowly
with mass in dark matter halos. So, in a hierarchical model, for comparable group and cluster
halo core densities, the passage of the group through the cluster centre would substantially
increase the instantaneous mass of the group. Since the typical core crossing time and the free-
fall time of the group are same, the group galaxies will have enough time to be pulled together
in a denser configuration. If the halo core densities of the cluster and group are comparable,
the mean separation distance between galaxies would roughly be halved, increasing the galaxy
density by an order of magnitude and the probability of interactions/mergers amongst them by
up to a factor of 100 (density squared). The dynamical friction would dissipate relative orbital
energy in these encounters, leading to galaxy-galaxy mergers. This mechanism can explain the
occurrence of starburst galaxies in the infall regions of clusters or similar intermediate density

environments (Moss 2006; Porter & Raychaudhury 2007; Porter et al. 2008; Oemler et al.
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2009) and even in the centre of clusters (Oemler et al. 2009).

Amongst other factors, the evaporation of cold gas due to friction becomes an important in-
fluence on the evolution of galaxies falling into clusters (Cowie & Songaila 1977; Fujita 2004).
This phenomenon is crucial especially for low mass galaxies (Barkana & Loeb 1999). Another
important mechanism that can have profound implications on the evolution of (especially) the
low mass galaxies is interactions and/or mergers with the more massive or equal mass neigh-

bours (Haines et al. 2007).

1.2.2 Galaxy-galaxy interactions and mergers

Intuitively, galaxy-galaxy interactions/mergers seem to depend only on the local galaxy number
density, but several studies (such as this work) show that the LSS may also be responsible for
at least accelerating such interactions by modulating the number density of galaxies in certain
regions of space. In simulations, Moore et al. (1996) have shown that the high speed encounters
amongst galaxies are crucial in their course of evolution. These high speed encounters, or
‘harassment’, can occur at moderate galaxy densities such as those found on the outskirts of
galaxy clusters. Such high speed encounters are more important for low mass galaxies, which
can be easily perturbed (e.g. Larson et al. 1980).

In a classical work, Toomre & Toomre (1972) used very simple models to argue that the
streaks of dust and stars seen around multiple galaxy systems such as NGC 4038/4039, NGC
4676, Arp295, etc. are tidal relics of close encounters between the parent galaxies constituting
them. Based on simulations and multiple galaxy systems known at that time, Toomre & Toomre
created a series of stages of mergers which is called the “Toomre sequence’. Now the NICMOS
and WFPC2 cameras aboard the Hubble Space Telescope (HST) have been used to study the
systems on the Toomre sequence at optical and near infrared (NIR) wavelengths (Laine et al.
2003; Rossa et al. 2007). The optical imaging in F555W and F814W and narrow band imaging

in Ha+[N 11] of 11 galaxies/galaxy systems do not show much trend in nuclear properties
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along the merger sequence, although the éitting gas does seem to be concentrated in
the central 1 kpc region in almost all the systems (Laine et al. 2003). But interestingly, the
NIR imaging of these systems show a statistically significant enhancement in the brightness of
nucleus with advancing merger state (Rossa et al. 2007). This result is consistent with the idea
that interactions/mergers can very efficiently drive gas from the outer disc of the galaxy to its
centre, thus triggering a burst of star formation (e.g. Laurikainen & Moles 1989; Bergvall et al.

2003; Jogee et al. 2005; Koulouridis et al. 2006).

Mergers are relatively rare events in the local(z1) Universe. In dense environments such
as groups, clusters, and their outskirts, where galaxies are under the influence of a strong poten-
tial well and/or velocity field generated by the LSS (Gonzalez & Padilla 2009), the probability
of mergers is reduced due to high velocities of galaxies. Hence in order to understand the evo-
lution of galaxies, the understanding of the role played by high-speed encounttesading
to mergers, is necessitated. Two key problems that inhibited the observational analysis of such
galaxy-galaxy interactions for a long time are (i) the unavailability of a large homogeneous data

set, and (ii) the absence of visible classic tails and bridges around such interacting galaxies.

The former is now being overcome by the data obtained by the large sky surveys. A good
attempt to get rid of the latter has been recently made in a study by Reichard et al.(2008,2009).
Using a sample of-25,000 galaxies from the SDSS, Reichard et al. have shown that the emis-
sion line signatures in the nuclear spectrum of a galaxy are well correlated with the asymmetry
in its stellar light distribution betweensRand R, where R is the Petrosian radius containing
x% of the galaxy’s light in a particular filter. Their approach is based on the method devised
by Rix et al. (1995), where a Fourier decomposition of the galaxy light is performed. The first
mode of such a decomposition quantifies the overabundance of light in one side of the galaxy
with a corresponding underabundance of the same in the opposite side. Reichard et al. (2009)
assume this radially averagéapsidednesso be the resultant of the galaxy’s interactions with

its neighbours. Such complementary approaches of quantifying the asymmetry in the stellar



10 CHAPTER 1. GALAXIES: EVOLUTION AND STAR FORMATION HISTORY

light distribution have been attempted in some other studies (Rix et al. 1995; Abraham et al.
1996; Conselice 2003) as well, but a direct correlation between galaxy-galaxy interactions and
the occurrence of nuclear starburst in such a large volume limited sample was made available
for the first time by Reichard et al..

Moss (2006) employed an ensemble of 680 giant galaxiés v+19) found in eight low-
redshift galaxy clusters to show that 50-70% of the galaxies falling into clusters show signs
of interactions and/or mergers. Moss suggested that physical deformations in the morphology
of infalling galaxies can be explained by gravitational shocking (Struck 2006), which leads to
gravitational encounters amongst galaxies. Although Struck (2006) discussed this scenario for
groups penetrating through the cluster core, it is undeniable that groups falling into clusters or
any substructure within a cluster will also experience some degree of gravitational shocking. In
fact, generalising this to the impact of the LSS, it won’t be wrong to assumartlyatte within
the LSS where the local galaxy density exceeds some critical value (e.g. Gobmez et al. 2003)
will intensify the activity of environmental mechanisms dependent on it. One of such critical

sites are the building blocks of the LSS itself, the large-scale filaments of galaxies.

1.2.3 The large-scale filaments

Only in the past decade or so technology has equipped us to explore the bridge between the
youth of a galaxy and its adulthood by observing the large-scale cosmic structure. Filaments of
galaxies are the most recently discovered mysteries of modern day Astronomy. We know they
exist but are unsure of their impact on the evolution of galaxies. High resolution simulations
of a supercluster-like region by Dolag et al. (2006) show some of such difficulties. These
simulations including dark matter (DM) and gas show that even though filaments host gas at
temperatured0® — 107 K, which can be detected in the soft x-rays through Bremsstrahlung
emission, or by weak lensing, will have observable signal too weak for the present day detectors.

Dynamically, the cosmic web represents preferred directions along which matter streams
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into the more massive structures at the nodes. In a theoretical framework it represents the
density enhancements in the primordial field, which are then sharpened by the evolution in the

non-linear regime later on (Bond, Kofman & Pogosyan 1996).

Although the existence of large-scale filaments was predicted by structure formation models
much before their discovery (e.g. Zeldovich, Einasto & Shandarin 1982), the identification of
these large-scale structures spanning several square degrees on the sky remained a challenge.
However, large sky surveys conducted in the last decade or so made it possible to create 3-
d maps of the galaxy distribution in the Universe. Efforts have now been made to trace the
cosmic web by using special statistical techniques (Bharadawaj & Pandey 2004; Ebeling et al.
2004; Pimbblet, Drinkwater & Hawkrigg 2004; Pandey & Bharadawaj 2006; Bond, Strauss, &
Cen 2010; Gonzalez & Padilla 2010; Sousbie 2010; also see Fig.1.2), and more recently indirect
measures testing the impact of the filamentary environment on galaxies traversing through them
(Edwards et al. 2010; Edwards, Fadda, & Frayer 2010). Filaments which have very low galaxy
density may also be traced by low column density ¢t warm ionized gas (McLin et al. 2002;
Manning 2002; Stocke et al. 2007). In a recent work, Sato et al. (2010) studied the high
temperature plasma in the Sculptor superclustet (0.108) and constrained the @11 and

O vi intensities in the filamentary region between various clusters in it.

Accurate mapping of galaxy filaments is crucial for the baryonic mass budget of the Uni-
verse because filaments can contain up to 60% of the total cluster mass at cluster-centric dis-
tance of 4-6.5%:~'Mpc (Colberg et al. 1999). While studying the properties of galaxy filaments
in simulations of theACDM Universe, Colberg et al. (1999) found that close pairs of galaxy
clusters are almost always connected by filaments, and more than half the flaments are warped
around the inter-cluster axis. Straight filaments are statistically shorter than warped filaments
(Colberg et al. 1999; Pimbblet, Drinkwater & Hawkrigg 2004; Colberg et al. 2005). The
more massive clusters are fed by more filaments (Colberg et al. 1999; Pimbblet, Drinkwater &

Hawkrigg 2004). These results are in sync with those presented by Bond, Kofman & Pogosyan
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Figure 1.2:(left) The (V Rz") image of a 20x 20 region around MACS J0717.5+3745 (z=0.551)
as obtained with SuprimeCam (Subaru). The overlaid contours show the smoothed surface
density distribution of galaxies witlh < 22.5 andV — R colours close to the cluster red
sequence. Contours are logarithmically spaced with the lowest contour corresponding to 10
galaxies Mpc2. The levels of adjacent contours differ by 20%. Contours are shown dotted
outside the region within which the adaptive-smoothing criterion (significance greaterahan 3
is met (bold red contour). The contour marking the shallow peak of the southeastern end of
the filament marks a local peak galaxy surface density of 20.7 galaxies?M@8ince the
bottom edge of the shown region is also the edge of the overall Subaru SuprimeCam image,
it is conceivable that the filament extends farther south than suggested by the galaxy surface
density contours shown in this image.
(right) Locations of all galaxies with spectroscopic redshifts (obtained till March 2004); filled
symbols mark galaxies with redshifts between 0.52 and 0.57, i.e., thar8e around the
systemic redshift of MACS J0717.5+3745. The shaded regions and box outlines mark the fields
targeted with the individual MOS masks. The dotted line marks a circle of 1 Mpc radius around
the nominal cluster center. (image credit: Ebeling et al. (2004))
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(1996), who predicted that ‘the more pronounced filaments will be found between clusters of

galaxies that are aligned with each other and close together’.

Based on galaxy positions obtained from the 2dFGRS, Pimbblet, Drinkwater & Hawkrigg
(2004) found that almost three quarters of filaments are either straight or warped with respect
to the inter-cluster axis. (PDH 2004) also found that filaments become more ‘curvy’ with an
increasing inter-cluster separation, and the curving occurs towards the more massive system in
general. Despite remarkable advancements, our present day knowledge of the cosmic web still
require answers to several key questions before a universal view explaining all observations of
all levels of the cosmic structural hierarchy could be constructed. How do the superclusters
appear in observables? How have they evolved over time? What impact do they have on the

galaxies inhabiting them?

Pandey & Bharadawaj (2006) show that the distribution of red and elliptical galaxies in the
SDSS is more filamentary than their bluer and ‘discy’ counterparts respectively. By compar-
ing their observational results with the galaxy catalogue of the Millennium simulations, Pandey
& Bharadawaj found that while the filamentaritygf the M* and elliptical galaxies is in good
agreement between the two, simulations fail to produce the right filamentarity for the brighter
and blue galaxies, implying that our current knowledge of processes involved in galaxy evolu-
tion is far from complete. In an exclusive study of large-scale inter-cluster filaments from the
2dFGRS, Porter & Raychaudhury (2007) and Porter et al. (2008) found that the SFR of galax-
ies is enhanced along the filaments 8-4 Mpc from the nearest cluster centre. By comparing
the filaments of galaxies found in DEEP2 with a sample extracted from the SDSS, Choi et al.
(2010) found that the filament length distribution has not significantly changed s deS.
However, the filament width distribution, which is sensitive to the non-linear growth of struc-

ture, broadens and shifts to smaller widths for smoothing length-scales ofi5L-Mpc from

1This shapefounder statistic is explained by Bharadawaj et al. (2000). It is defided-asP? — 47.5)/(P? +
47S), whereP is the perimeter anf is the area. By definitiofi < F' < 1, so that an ideal filament withwidth
hasF = 1, while a circular disc hag' = 0.
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z~0.8—0.1, in accord with N-body simulations.

1.2.4 Quantifying the environment

The properties of galaxies are well correlated with their surroundings, both local and global.
But the fact that our interpretation of a galaxy’s neighbourhood is restricted to the plane of sky
and the line of sight velocities only imply that some ‘correlations’ can be delusional. Hence,
guantification of the environment requires not only a careful consideration of the model em-
ployed but also its limitations. We outline below some of the most commonly used methods in
literature and their pros and cons where possible.

Galaxy clusters being the densest systems often serve as the origin of the richness scale.
Several studies, including this one, employ the projected distance from the centre of the cluster
scaled by some standard scale radius suchggthe radius at which the mean interior over-
density in a sphere of radiusis 200 times the critical density of the Universe). The obvious
advantage of this method is that it does not require detailed modelling of the velocity field and/or
density space around large structures. However, it works successfully only in the presence of
spectroscopic data, i.e. when the contamination due to the foreground and background galaxies
along the line of sight can be minimised.

Traditionally, galactic environment has been quantified in terms of the projected galaxy den-
sity. Dressler (1980) quantified the density of the surroundings of galaxies by dividing 10 by
the area covered within a circle of radius equal to the distance between the galaxy under con-
sideration and its 10th nearest neighbour, where each neighbour was constrained to be brighter
that My = —20.4 (H, =50 km s~* Mpc—2). Due to the ease of application this method gained
immediate popularity in literature and has since been used in several varied forms. An advan-
tage of using the nth neighbour density parameter (often designateg &sthat it quantifies
the environment in units of 2-d (or 3-d if circle is replaced by a sphere) derigityipc—2 (or

h3 Mpc3).
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Several authors have exploited different cluster-finding techniques to search for objects that
show clustering in n-dimensional space. Although such techniques could be both parametric
and non-parametric, most of those that initially found an application in Astronomy belong to
the former class. The parametric algorithms often begin by giving some fiducial values to the
considered parameters, for instance, local luminosity density of galaxy groups (Tully 1987) or
angular coordinates (Huchra & Geller 1982). The disadvantage of this method is that it works
well only when the range of values spanned by the considered parameter(s) is well known. But

for galaxy cluster searching, non-parametric techniques (e.g. Pisani 1996) work better.

Haines et al. (2007) demonstrated a modification ofati@ptive kernel smoothing method

explored by several other authors (e.g. Pisani 1996). In this method, the local g€rsity,

is determined by representing each galaiy. € —18) i by a Gaussian kernel,(x, z). Unlike

their predecessors, who defined the width of the Gaussian kernel iterativ)eﬁ/ésHaines

et al. (2007) kept the radial width fixed as 500 kmt sind found the transverse width as

(8/3)'/2 D3, where D5 is the distance to the third nearest neighbour within 500 ki dt

has been shown that this method robustly measures the local density of a galaxy on the scale
of its DM halo, thus forming a good local density estimator for galaxies in widely different

environments from poor groups to the cores of rich clusters. For each galayjocal density

p(x,z) o anexp{_% [(l;w) + (5(;8%7;;_1) ] } (1.1)

where, the normalisation factgy is C;' (2r) ~%/202, with "' being the local spectroscopic

is given by:

completeness for each galaxy andhe width of the adaptive kernel in the transverse direction,

D,; is the projected distance between the galaxi@sdj, v; is the line of sight velocity of the
galaxyi, and the sum is over all galaxies brighter thaf) = —18. The smoothing kernel
approach, in its varied forms has also been adopted by many other authors (e.g. Balogh et al.

2004b).
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1.3 The Spectral Energy Distribution of galaxies

Galaxies comprise stars, dust and gas. Even the star-forming regions within galaxies consist
of several components- young stellar clusters, individual massive OB stars born in the cores
of Giant Molecular Clouds (GMCs), older stellar populations, and a non-uniform screen of
dust. At different wavelengths the observed emission is a combination of two or more of these
components. We owe our current understanding of the internal structure, chemical composition,
precise distance measurements, age, radial and rotational velocities, stellar evolution (in nearby
galaxies), and the correlation between these and other observables in external galaxies to the
knowledge gained from their spectral energy distribution (SED).

The short wavelength radiation from young stars is absorbed by dust and re-radiated at
longer wavelengths. The presence and nature of the inter-stellar dust is deduced by studying
the pattern in which it scatters the absorbed starlight. At optical wavelengths we see the direct
starlight. Thus, the emission, for instance, in ldr [O 11] is a measure of the current and
recent € 10Myr) SFR of a galaxy. The OB stars are hot enough to emit ionising radiation
shortward of the Lyman limit (see below), such that in the absence of large amounts of dust
the corresponding radiation can be detected in narrow and/or broad-band optical imaging and
spectra. Optical emission lines can also be used to trace an active nucleus by studying emission
line ratios (e.g. Baldwin, Phillips & Terlevich (1981)), which can distinguish between emission
from star forming galaxies and from an Active Galactic Nuclei (AGN) (also see Sec. 1.5).

In a dust free environment one can use the ultraviolet (UV) light to trace the youngest of
the stars forming in a galaxy. Theoretically, the FIR and UV light together is a combination of
the obscured and unobscured light from stars and hence should account for most of the galaxy’s
bolometric luminosity. However, the situation becomes more complicated because dust is also
heated by AGN and older stellar populations. We discuss these issues in details further below.
In what follows, | briefly summarise the contribution of various galaxy components at different

wavelengths that help us in characterising a galaxy and its star formation history by studying
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the SED.

1.3.1 Radio measures

Stars more massive than8 M, produce supernovae remnants (SNRs) from Type Ib and Type

Il supernovae, which accelerate most of the relativistic electrons (Condon 1992). In non-AGN
galaxies the radio emission is dominated by the free-free emission originating from ithe H
regions. Thus radio continuum is a useful tracer of recent star formation in non-AGN galaxies
because the massive stars required to produce the SNR have a lifetime of tens of Myr and the

relativistic electrons live fo$ 100 Myr.

1.3.2 Infrared measures

First the Infrared Astronomical SatellitédRAS and now MIPS and IRAC aboard NASA's
Spitzerspace telescope have provided an insight into the obscured regime of dust surrounding
star-forming regions. IR luminosity in extragalactic sources is mainly produced by (i) the pho-
tospheric emission from stars, (ii) synchrotron emission from relativistic electrons spiralling in
the source’s magnetic field, and (iii) emission by dust heated by other luminous sources (Soifer,
Neugebauer, & Houck 1987). However, in most external galaxies dust heated by various radia-

tion field dominates the mid and far IR emission.

1.3.3 Optical spectra

The optical integrated galaxy spectrum is the ‘mean’ energy distribution of the most dominant
stellar population in the galaxy. A unique aspect of a galaxy spectrum is the presence of for-
bidden (also known as ‘nebular’) lines. These emission lines acquire their name historically
from their occurrence in the spectra of planetary nebulae. At the time of their discovery in the

mid-nineteenth century (Huggins & Miller 1864), they were thought to represent an undiscov-
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ered light-weight element called ‘Nebulium’. It was only after five decades that Bowen (1927)
discovered that the ‘chief nebular line’ at 50°®7([O 111]) originates from the doubly ionized
atoms of normal Oxygen. Soon after, several other lines from the non-terrestrial transitions
of H, He, C, N and O were also discovered (e.g. Bowen 1928). The major reason for these
transitions being ‘forbidden’ on earth is the presence of high particle dersitgy(cm=3) as
compared to the atmosphere of (for instance) a gas nebula. Forbidden transitions are produced
as a result of electron jumps from a metastable 4tate

Even in extreme cases in the high density terrestrial environments, the impact time (time gap
between consecutive collisions with walls or other particles) for an electrsriis? seconds
so the electron does not get time to emit a photon. But in environments such as that of a nebula,
the average time between two successive collisions suffered by an electron is estimated to be of
the order ofl0—10? seconds, and an electron excited into such a metastable state gets ample
time to spontaneously return to the ground state. Hence, the forbidden transitions are actually
‘delayed radiations’.

Although every line present in a spectrum tells a tale of its origin, the basic characterisation
of a galaxy can broadly be made on the basis of certain major signatures. We give below a brief
account of some of these features in the optical spectrum of a galaxy, and their role in probing

galaxy evolution:

Hydrogen lines

Being the simplest and the most abundant species known so far, hydrogen holds a special po-
sition for our understanding of galaxy spectra. Furthermore, three of its Balmer series lines
at 6563 (Ha), 4861A (H3) and 4300 (H~) respectively are prominent in the visible range

of the spectrum. These emission lines occur when an electron excited to an energy Jevel

recombines with a hydrogen ion. Electrons can be excited to such high energy levels by three

2A state is metastable when its mean lifetime before spontaneous emission is very long.
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main processes: (i) ionising radiation from hot (mainly O and B) stars, (ii) presence of an AGN,
and occasionally, (iii) shock waves emerging from interactions with neighbouring galaxies (the
discussion below is concentrated on the most probable case of photoionisation).

The presence of prominent Hydrogen lines, especiatlyalre indicative of massive young
stars and/or an AGN in a galaxy. The Balmer lines emerge from regions of the galaxy rich
in ionised hydrogen where the excited electrons in the gas are cascading to the ground state
following their capture by a proton. Such regions are called kegions. The probability of
any particular transition occurring in a gas under given physical conditions is dictated by the
atomic constants, and hence the relative intensities of emerging lines can be calculated. This
leads to the ‘Balmer decrement’, the ratios of the intensities of the Balmer lines, wheise H
the strongest line, H is weaker, H is weaker still, and so on. Under typical conditions in
nebulae, these ratios arexHH3 = 2.86 and HAH~ = 0.47 respectively at low optical depth
(Osterbrock & Ferland 1989).

Observationally the Balmer decrement is found to be much higher than that predicted by
theory. This discrepancy is attributed to the absorption of light by dust. Since dust absorbs blue
light more than red, the fraction of/Hphotons that are absorbed is more than the relatively red-
der Haphotons. This conjecture can be tested by comparing the observed and preditted H

ratio. Hence, Balmer decrement measure is a popular means of quantifying dust extinction.

Oxygen and other metal$

Despite its low abundance in the cosmos, emission-lines of oxygen (mostly forbidden) are of
great importance in studying galaxy evolution because unlike H and He, the most common
Oxygen ions such as [@] and [O 111] have energy levels with excitation potentials of the

order ofkT. Hence, Oxygen ions are one of the best candidates to serve as collisionally excited

coolants for radiative cooling in order to maintain thermal equilibrium. Moreover, the][O

3The quantities mentioned in this section are taken from Osterbrock & Ferland (1989) unless stated otherwise.
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lines at 3726, 3728 and [O11] lines at 4959, 5004 respectively lie in the visible region of

the spectra and therefore are easily detectable in the absence of large amount of extinction. The
equivalent width (EW) of [On] line varies from 0-4 in E/SOs to up to 208 in spirals and
irregular galaxies. It is commonly used to quantify the SFR, for instance, using the following

relation by Kennicutt (1998a):

SFR(Myyr™) = (1.4£0.4) x 100" L[OII] erg s7* (1.2)

[O 1] (also [N 11] with similar atomic configuration) is one of the few ions which emit lines
from different upper levels with considerably different excitation energies, making it useful
for measuring the temperature of the gas in low density @ cm=3) gas. The [On] line
intensity ratio(A4959 + A5007)/A4363 is considered to be a robust measure of the nebular
gas temperature. Besides this, thel[§ intensity ratio (A9531 + A\9069)/A6312, [Ne 1]
(A3869 + \3968) /13343, and even [Q1]/[S 11] are used as temperature indicators.

The closeness of the two energy levels of [P (3726,& & 3729,&) makes it useful for
probing the electron density of the nebular gas. For this purpose, an ion is required to emit lines
from two different levels having similar excitation potentials, so that the relative excitation
rates to the two levels depend only on the ratio of the collisional strengths. Further, assuming
that these levels will have different radiative transition probabilities (or different collisional
deexcitation rates), the relative populations of the two states will depend upon the electron
density which can then be measured from the ratio of intensities of the lines emitted by the two

levels. [SI1]A6716/A6731 is another ratio widely used for the same.

Lately, the [O111] nebular lines have been extensively employed to study the nuclear emis-
sion from the AGN host galaxies. Most of the gas in these objects seems to be photoionised by
hot stars in the galactic nucleus. A small fraction of spiral galaxies have also been found to have

an extremely bright nucleus with ionised gas at the centre, showing a wide range of ionisations
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in its emission spectrum, the so called ‘Seyfert galaxies’. According to the currently popular
theory, the source of ionisation in an AGN is the accretion disc surrounding the central Su-
permassive Black Hole (SMBH) or the relativistic particles in the magnetic field present in the
immediate vicinity of the black hole. The ionisation of neutral Oxygen tolJ@©ccurs at a tem-
perature of~ 30, 000 K, while to [O 111] might only occur aroun@d0, 000 K. Hence [O111]/Hj3
emission line ratio much larger than N 11] ratio (Baldwin, Phillips & Terlevich 1981) in

a galaxy spectra is a critical optical indicator of the presence of an AGN. Some AGN, known
as Seyfert | galaxies are distinguishable by characteristic broad emission lines in their spectra.
The forbidden doublet of [8] at 6716 and 6734 and [N11] at 6548 and 658A respectively

are also generally prominent in an AGN spectra.

Amongst other features significant with respect to the study of galaxy spectra are the Ca
doublet at 3935 and 3970respectively (generally called the H+K following the Fraunhoffer
nomenclature from the solar spectrum), and the UV emission line ofi I\AgZSOO& (mostly
significant in QSOs and quasars). As mentioned before, emission lines are also helpful in
interpreting the major stellar population dominating the spectrum. For instance, a typical Sc
galaxy has a mean spectral type of F to G-K stars with the blue part of the spectrum being

dominated by the Balmer emission lines of Hydrogen.

Lick indices

Lick/IDS indices are a set of 21 absorption-line features observed over a period of 12 years in a
set of 460 stars at the Lick Observatory (Worthey et al. 1994). These indices are good indicators
of metallicity for the old stellar populations. Lick indices measure six different molecular bands
(CN4150, G band (centred at 43@5) MgH+Mg b and two TiO bands) along with 14 different
blends of atomic absorption lines in the wavelength range of 4000&0D8ferent indices are

useful for probing different stellar populations in galaxies; for instance, Ca4227 is metallicity-

sensitive especially in dwarfs, while the Fe4668, also a highly sensitive metallicity indicator
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gets major contributions from Mg, Cr,@nd Ti, along with Fe, which makes it useful to study
the evolution of all types of galaxies. The G band around 480€present the population of

relatively cooler sun type stars.

The 4000A and Balmer break

The 4000A-break is a characteristic feature of the old, metal rich stellar populations. It arises
due to an accumulation of absorption lines mainly from the ionised metals in a narrow wave-
length range. This causes a sudden ‘break’ in the spectral continuum around.489the
mean temperature of stars decreases, opacity increases, and hence thebrl0becomes
larger in older, more evolved stellar populations. This makes the Aafi@ak a powerful tool
to quantify the mean age of the galaxy (or of the youngest dominant stellar population therein).
The Balmer break (364%), on the other hand, marks the termination of the Hydrogen
Balmer series. Since Balmer lines are found to be the strongest in Hydrogen-rich A-type stars,
a strong Balmer break in a galaxy spectrum implies the dominating presence of intermediate
age stellar populations (0.3—1 Gyr old).
Although these two features are often treated as one while analysing galaxy spectra due to
their overlapping positions, it must be taken into account that they arise from very different

phenomenon, and behave differently for different compaositions of stellar populations.

The Lyman break

Lyman break is denoted by the lower wavelength limit (9°§D£bf the Lyman series of Hydrogen
lines. This feature was first exploited by Steidel & Hamilton (1992) to discover star-forming
galaxies atz = 3.4. The Lyman break galaxies are generally selected by doing deep imaging
in at least three broadband filters (ewg.g, r). The star-forming galaxies at high redshifts are
either very faint or invisible in the:-band but are detected inandr because: filter is very

sensitive to flux emitted from the blue side of the Lyman limit in the rest frame of the galaxy
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at high redshifts. By definition of Lyman limit, the photons having wavelengths shortward of
912A can ionise neutral Hydrogen and hence are most likely to be absorbed. Also, not many

stars in a galaxy can produce photons of such high energies, making it a rare phenomenon.

The Lyman Alpha forest

This feature visible strongly in spectra of galaxies at high redshift, arises due to the presence
of gas clouds between the object and the observer. When a strgrigpeyis emitted by (say)

a quasar, it gets absorbed by the gas clouds which then re-emit it. As a result, the line gets
slightly blue shifted. This procedure is repeated several times, as there would be several such
clouds present, and hence what we see in the spectrum is a dense cluster of emission lines or a
‘forest’. Most of the clouds contributing to this dense array of emission lines are less massive
than dwarf galaxies, and hence can only be detected indirectly through spectral analysis of the
Lyman Alpha forest, thus providing an insight into the density fluctuations in the Universe on

the smallest observable scales.

1.3.4 Ultraviolet imaging

The infrared and radio tracers indirectly measure the recent SFR of galaxies based on the impact
of the surrounding media on the UV photons emitted by massive stars. The UVIgiot-
3200 A) by contrast provides a direct measure of star formation in a galaxy over timescales of
less tharl 0 Myr to > 1 Gyr. Even though dust extinction is a major limitation to UV analysis of
galaxy light, together with the information derived from other wavelength regimes it can well
constrain the global SFR (Salim et al. 2005) and stellar-to-dust mass ratio (da Cunha et al.
2010) of the galaxies.

Buat et al. (2005) compare the dust attenuation properties of neat T3 2750 A) and
FIR (60um) selected sources to provide new constraints for the spectral energy distribution of

the star-forming galaxies. Elsewhere (Salim et al. 2005), the UV luminosity is used to estimate
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the optical depth of extinction, and to derive the relationship between the galaxy mass and the
probability of a recent starburst. Salim et al. (2005) found that only 5% 6fM ., galaxies are

likely to have experienced a burst of star formation in last Gyr, as compared to 20% of galaxies
with mass~ 10® M. The dependence of SFR on the mass of a galaxy is discussed further in

§1.4.2.

1.4 Variation in star formation

The evolution of a galaxy is influenced by several internal and external processes such as feed-
back from nuclear activity, supernovae mass ejection, stellar winds and star formation. Amongst
these, star formation, though very poorly understood, undoubtedly is one of the key drivers of
galaxy evolution and the backbone of all present day galaxy formation theories. In conjunction
with the knowledge of gas mass and environment, the knowledge of star formation in a galaxy
not only provides an insight into its history, but can also be used to predict the evolution path

adopted by the galaxy.

1.4.1 SFR and gas mass

Stars form from cold gas, which mostly inhabits the disc in late-type galaxies. Over the years
technology has equipped us to measure precisely the amount of star-forming gas in a galaxy.
Together with the knowledge of the current SFR, this allows us to foretell the amount of stars
that will be formed by a galaxy, assuming that it will consume all the gas in the process at a
steady pace. The global relation between the gas surface density and SFR surface density of
galaxies was first found for our own galaxy in the pioneering study by Schmidt (1959). By
studying the distribution of H and stars normal to the galactic plane, Schmidt derived a power
law of index1.4 + 0.15. Sanduleak (1969) and Hartwick (1971) were the first to measure the

Schmidt law in external galaxies. Since then, the Schmidt like power law formalism has been
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confirmed down to sub-kpc scale (e.g. Bigiel et al. 2008) for the relation between SFR density
and atomic, molecular, or total gas surface density. The power law index in various studies
range from 1-3. This large range suggests that either the process of star formation does not
obey a universal law, or it is very sensitive to systematic methodologies involved such as the

star formation tracer and variations in the considered sample.

Recently, Bigiel et al. (2008) have studied the relation between SFR, &hd H 1 from
pixel-to-pixel in 18 nearby galaxies. They found a Schmidt like power law with index 0.2
for SFR and HiI density for disc averaged values as well as in radial bins and by considering
different star formation tracers. But most of their galaxies show little or no correlation between
Ysrr and Xy, resulting in large scatter in the star formation efficiency (SFEszr/%gas)
values across the sample, and within each galaxy. In spiral galaxies which have centres dom-
inated by dense Hi gas and H spanning the outskirts, the SFE is found to be a function of
radius (Bigiel et al. 2008; Leroy et al. 2008). It has also been suggested that the radial decline
of the SFE is related to the dependence of the formation of the GMCs on environment (Leroy
et al. 2008). Using a sample of 23 nearby galaxies, Leroy et al. (2008) found that the radial
decline in the SFE is too steep to be produced by an increase in the free-falt tijner (orbital
time alone. They also found that the atomic-to-molecular gas ratio is a function of radius, stellar

surface density, and pressure in galaxies with t& H | dominated ISM.

Several scenarios have been suggested in literature that may produce the Schmidt like power
law with an index of 1-3. For instance, if gravitational instabilities in the ISMI€Hl 11) are
a key ingredient for initiating star formation, the SFR may depend upon the free fallttime,
of the total gas. Assuming that the gas scale height is constgni E;ff or power law
index,n ~ 1.5 (e.g. Madore 1977). Silk (1997) and Elmegreen (1997) suggested other generic
scenarios where the Schmidt law of the forlgr- oc X" _, with n~ 1.5 could be produced by a

gas?

scaling relation between the SFR density and the ratio of the gas density to the local dynamical
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time scale.

by as
ZSFR X 4 X Zgasgzgas (13)

Tdyn
wherer is the local orbital timescale of the disc afids the angular rotation speed. Kennicutt
(1998b) tested this scenario using a sample of normal disc galaxies. He degfinas2TRV(R)
= Rr/Q(R), the orbit time at the outer radius R of the star-forming region in the galaxy, and

found the relation to be tighter than the Schmidt law itself.

The realisation of the fact that most of the ICM in our galaxy is in the form of GMCs
revolutionised the study of the SFR and evolution of galaxies. It has been shown that the
FIR luminosity (a proxy for SFR) of galaxies linearly correlates with the global HCN line
(a measure of the dense molecular gas) over three orders of galaxy luminosity on a logarithmic
scale (Gao & Solomon 2004). However, thez — Lo relation is non-linear (Solomon et al.
1997; Gao & Solomon 2004), implying that the star formation traced by IR luminosity in a
galaxy is proportional to the dense molecular gas traced by HCN, and not the total amount of
molecular gas traced by CO (Gao & Solomon 2004). Recently, small number of observations
have also been made in other molecular bands such as"HBON, CN, HNC and CS (e.g.
Graci-Carpio et al. 2008), but a global SFR-molecular gas density relation from such estimates

requires more work.

It yet remains to be seen whether the Schmidt law is an entirely molecular phenomenon or
not. Since stars form in molecular gas, intuitively it seems obvious that the relation between
the Xsrr andX g, should be tighter than that betweERrr andX; or the total amount of
gas in a galaxy. For the time being literature seems divided on the issue (e.g. Kennicutt 1998b),

providing motivation for future facilities such & MA®.

4Atacama Large Millimeter/Submillimeter Array
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1.4.2 Star formation and galaxy mass

Galaxy morphologies and SFE are known to correlate well with their mass. The passively evolv-
ing, bulge-dominated galaxies are much more massive than the star-forming, disc-dominated
galaxies. There appears to be a sharp bimodality in galaxy properties that occur around a criti-
cal stellar mass of/* ~ 3 x 10'° M, (Kauffmann et al. 2003a; Kauffmann et al. 2003b). The
bimodality seems to originate from different efficiency with which gas is converted to stars in
galaxies with different masses, as governed by the fundamental laws (Schmidt 1959; Kennicutt
1998a) of star formation. In the local UniverseJ0.1), around 50% of the total star formation
takes place in galaxies with’* > 2 x 10 M, and> 90% at M* > 10° M, (Brinchmann et al.
2004).

Some studies suggest that the difference between the properties of giant and dwarf galaxies
arises because the massive galaxies are capable of consuming all their gas in a single short
(~ 2 Gyr) burst at high redshiftsz(Z 2), while the dwarf galaxies continue to form stars on
timescales comparable to a Hubble time (van Zee 2001; Brinchmann et al. 2004). For SDSS
galaxies ¢t~ 0.1) Brinchmann et al. (2004) (their fig. 22) found that the fraction of galaxies that
are likely to have experienced a starburst in the recent gast3yr) declines steeply with/*.

They suggested this to be a consequence of lower gas fraction in more massive galaxies and/or
that the periods of intense starburst are shorter in more massive galaxies.

Recently some work has also been done to connect the atomic and molecular gas content of
galaxies and the SFE to their environment. For a sample of nearby galaxies Bothwell, Kennicutt,
& Lee (2009) showed that lower SFE in massive galaxies is mirrored by the lack of their H
content, suggesting that more massive galaxiés ¥ 3 x 10'° M) have lower SFRs due to a
lack of gas supply. However, they also notice that the observed broad distribution of SFEs for
dwarf galaxies is independent of their gas content. Thus, these results favour a dominance of
mass dependent quenching mechanisms in galaxy evolution.

Elsewhere (Noeske et al. 2007), in a study of coevolution of SFRV&h¢h field galaxies
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(0<z<1.1), a mass-dependent gas exhaustion model has been presented. Noeske et al. found
that the average specific SFR (SBR/or SSFR) increase towards lowkf* at all redshifts. In

the light of their findings they suggested a scenario where the redshift of major star-formation
event,SF'(z;) decreases with the mass of galaxy (also see Feulner et al. 2005). Similar trends
have also been observed for galaxies at low redshift (Brinchmann et al. 2004).

Since most of the massive galaxies are passive, and most galaxies in the cores of clusters are
passive, it is very difficult to isolate the effect of environment and mass on galaxy properties.
But aided by the large sky surveys, some recent attempts have been made to do this. By studying
> 27,000 galaxies from the SDSS DR4.(005<z<0.037), Haines et al. (2007) found that the
star formation histories of giant galaxies/{ > 10'°* M.; M, < —20.5) are driven by the
initial conditions during their formation, while dwarf galaxie®/{ ~ 1092 My; M, ~ —18.0)
are governed by their local environment. Their most intriguing result is that none eféhe
dwarf galaxies {18 < M,. < —16) found in the lowest density regions were found to be passive
(EW(Ha) <2A). The complete absence of passive dwarfs outside twice the virial radius of the
clusters may indicate that the cluster related processe§iseé) play an important role in the
evolution of low-mass galaxies (Haines et al. 2007; Mahajan, Haines & Raychaudhury 2010;

Mahajan, Haines, & Raychaudhury 2011a).

1.4.3 The morphology-density relation

Colour and morphology of galaxies are the fundamental physical characteristics of a galaxy. In
his pioneering work, Dressler (1980) studied the morphology of galaxies in 55 rich clusters to

show that while the elliptical galaxy population increases as a function of projected galaxy den-
sity (X19), the population of spirals decreases. The population of SO galaxies in these clusters
also increased towards the higher densities but had a different distribution with respect to the
ellipticals, indicating a different formation and/or evolution mechanism relative to the elliptical

galaxies.
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This ‘Morphology-Density’ relation has since been interpreted by some as a manifestation
of the SFR-density relation, while others have argued in favour of different environmental mech-
anisms that morphologically modify an infalling galaxy and those that quench star formation
in it. Also, since massive galaxies are mostly early-type galaxies residing in dense cores of
galaxy clusters, it is difficult to disentangle the impact of environment and galaxy mass on the
trends observed in galaxy properties. By studying galaxy clusters-&tand 0.8 Vulcani et
al. (2011) find that around 40% @f * at both redshifts is in elliptical galaxies but 43% M*
is in SO galaxies at z 0 but in late-type galaxies at higher redshifts. Their analysis suggests
that environment may be critical in changing the mass function of late-type galaxies through
morphological transformations.

Several studies have now shown that although flatter than that observed ate morphology-
density relation for luminosity-selected, volume-limited samples of galaxies was in place at
z~1 (Postman et al. 2005; Capak et al. 2007; Tasca et al. 2009). Moreover, the morphology-
density relation at all redshifts is strongest for the brightest galaxies (Tasca et al. 2009). But for
a stellar-mass selected, volume-limited sample Tasca et al. found that the morphology-density
relation is~ 3o significant for galaxies with/* < 10'%6 M, but the morphology of massive
galaxies is independent of their environment atlz These results suggest that factors respon-
sible for defining the morphology of massive galaxies are independent of environment, or, the
morphological type of such galaxies is determined when they are formed. On the other hand,
the morphology of dwarf galaxies just like their other properties is very much environment

dependent.

1.4.4 Star formation and galaxy dynamics

The evolutionary status of a galaxy in a cluster can be defined by the velocity fields prevalent in
the cluster and its vicinity. Literature suggests that galaxy properties such as luminosity (Chin-

carini & Rood 1977; Struble ; Bothun & Schombert 1990; Biviano et al. 1992), morphology (de
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Vaucouleurs ; Sandage & Tammann 1976; Moss & Dickens ; Helou, Salpeter, & Krumm 1979;
Sodre et al. 1989; Biviano et al. 1992; Girardi et al. 2003) and spectral emission lines (Biviano
et al. 1997; Pimbblet, Drinkwater & Hawkrigg 2004) vary between galaxies having different
velocities relative to the cluster: the early-type, massive and passive galaxies are found to have

lower velocity dispersion relative to their late-type, star-forming counterparts.

An interesting case of velocity segregation in the star formation properties of galaxies arises
for thebacksplasigalaxies (Gill, Knebe & Gibson 2005). These galaxies have already crossed
the cluster core at least once, but are currently observed close to its periphery. Such galaxies
are not expected to be found too far out from the cluster’s virial radius (Mamon et al. 2004).
Since these galaxies have already experienced cluster’s hostile environment, they are expected
to display properties similar to the virialized galaxy population in the cluster. But because they
appear on the cluster’s periphery with the galaxies that are currently falling into the cluster and
having their star formation quenched, a clear distinction between the backsplash and infalling
galaxies becomes very difficult. Nevertheless, some recent attempts have been made to seg-
regate the two populations using observables such as luminosity in simulations (Knebe et al.

2010), and sSFR in observational data (Pimbblet 2010).

1.5 Nuclear activity and star formation

In the context of quantifying SFR, the physical interpretation of the spectroscopic data for galax-
ies becomes complicated in the light of the knowledge that the ionising radiation could also be
emitted by an active galactic nucleus (AGN) over most of the wavelength range. At optical
wavelengths the line-ratio diagnostic, more popularly known as the BPT diagram (Baldwin,
Phillips & Terlevich 1981), could be used to distinguish between the ‘real’ star-forming galax-
ies and those with emission contaminated by an AGN. This diagram makes use of the Balmer

lines Hx and HBand nebular emission lines [@] and [N 11] (see Figure3.2).
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Lately it has been shown that bursts of star formation mostly occur in the circumnuclear
region of a galaxy (Popescu et al. 2005; Prescott et al. 2007). An interesting question then
is whether AGN support star formation or quench it. Reichard et al. (2009) found a relatively
strong correlation between the youth of stellar population and the growth rate of the blatk hole
but a weak correlation of either of these with the morphological asymmetry of the galaxy. Based
on these results derived from the SDSS data, Reichard et al. suggested that the presence of cold
gas in the central kpc region of the galaxy is a necessary but insufficient condition for continuous
fuelling of the black hole, and therefore processes other than those responsible for driving the
cold gas to the centre of the galaxy (such as interactions with neighbouring galaxies) must be
required to deliver that gas to the black hole.

Chen et al. (2009) showed that the SFR/in the central~ 1 —2 kpc region of local
(0.03 < z < 0.08) AGN correlate well with the Eddington rafimf their supermassive black
hole. Studies of this genre are exploring the role of supernovae driven winds originating from
the starburst in the circumnuclear region in driving the gas to the central engine for the growth
of black hole (Davies et al. 2007; Chen et al. 2009). Schawinski et al. (2009) found that
optical colour(g—r) of x-ray selected AGN galaxies is in the intermediate range between the
red sequence and the blue galaxies, implying that the episode of active star formation in these
galaxies ended- 100 Myr ago. This can be explained by two scenarios, either the AGN are
very long-lived, continuing accretion for around a Gyr, or there is a time delay 6f0 Myr
between the end of the starburst and detectable accretion by the central black hole. For the
present day estimates of the AGN lifetimes, the former seems unlikely, leading Schawinski et
al. to suggest that the low-luminosity (0** erg s'') AGN may be responsible for shutting off
star formation in these galaxies (also see Chen et al. 2009; Rogers et al. 2009). The mass ejecta

from the winds generated by OB associations have very high velocities and hence low accretion

5The studies mentioned in this section measure the black hole growth rate from the extinction correcfed [O
luminosity, unless stated otherwise.

SEddington ratio quantifies the strength of an AGN. It is measured as the bolometric luminosity in units of the
Eddington luminosity, i.eA= Ly /L gq4q; where,Lpgq=1.38 x 1038 erg s7L.
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efficiency onto the black hole, but AGB stars can drive winds with low velocities, and hence
have high accretion efficiency (Davies et al. 2007). This scenario is also in agreement with the
observed delay of 10—-300 Myr between the onset of AGN and termination of the circumnuclear

starburst (Koulouridis et al. 2006; Davies et al. 2007; Schawinski et al. 2009).

Intuitively it seems plausible that if interactions/mergers lead to the inflow of gas to the
centre of the galaxy igniting a nuclear starburst, this gas may then also fuel the black hole.
But to test such ideas high quality, spatially well resolved imaging and/or spectroscopic data
are required. From very deep NIR observations of the central 100—300 pc regions of a sample
of nine galaxies, Davies et al. (2005) found no evidence to support a difference between the

dominant mechanism leading to the excitation of gas in the nuclear and circumnuclear regions.

Li et al. (2008) attempted to distinguish between the star formation in the nuclear region of
AGN host galaxies caused due to gas accretion on the black hole from that due to the inflow of
gas because of tidal interactions with a companion galaxy. They found that star formation in
AGN with a close companion is enhanced in similar way as in their non-AGN counterparts, sug-
gesting that the accretion of gas onto the central black hole and nuclear star formation triggered
due to other mechanisms (such as galaxy-galaxy interactions) are distinct events. By studying
close pairs € 30 kpc apart and within 500 km$ of each other) of early-type galaxies from the
SDSS, Rogers et al. (2009) found that with respect to a control sample of early-type galaxies,
the recent star formation in close pairs is increased. They also found that the AGN luminosity
increased with decreasing pair separation, thus supporting the scenario whereby the first stage
of galaxy-galaxy interaction triggers star formation, followed by a more efficient inflow towards
the centre, which feeds the black hole and eventually turn on the AGN thereby quenching star

formation in the host galaxy.

So, the issue is currently debatable in literature and it yet needs to be seen whether the
triggering of AGN activity in a galaxy depends on its environment, and what impact does it

have on the interplay between environment and the process of star formation in it.
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1.6 Evolution of star formation rate

All observables of galaxies evolve over time and are influenced by the immediate and global
environment of the galaxy. Galaxies in the past were more star-forming (e.g. Madau et al.
1996; Bouwens et al. 2010), bluer (Butcher & Oemler 1984), and statistically, smaller (e.g.
Bouwens et al. 2004) and less regular. These observational inferences have been drawn by
studies conducted over decades, but some aspects of the trends seen in the evolution of galaxies
are still being debated. In this section we discuss some such trends and their contradictory

aspects.

1.6.1 Cosmic evolution of the SFR density

It is inevitable that the galaxies in the past were more actively forming stars than their present
day counterparts. The reason could be the high SFE of galaxies in the pa%t.G&eg, or, if

the monolithic collapse scenario as suggested by some is true, the present day cluster galaxies
formed in a single major star formation event at high redshift 2. But whatever the cause,
literature seems to agree that the SFR density of the galaxies in the Universe has been progres-
sively declining since ~ 2 (Fig. 1.3; also see for instance Bouwens et al. 2010 and references
therein). The first insight into this evolutionary trend in the star formation history of the Uni-
verse was provided by the pioneering work of Madau et al. (1996). Since then, several attempts
have been made to interpret and improve this well known redshift vs SFR density relation (as-
suming a particular cosmological model), often called the ‘Madau plot’ or the ‘Madau-Lilly
plot’, following the additional efforts put in by Lilly et al. (1996) in correcting the SFR density
values for extinction. The Madau plot (Madau et al. 1996) shows that the star formation history
of the Universe peaked & z <2 and has been declining since (Madau et al. 1996; Lilly et al.
1996; Steidel et al. 1999; Trentham et al. 1999; Hopkins 2004; Bouwens et al. 2010).

A key issue of concern with such an interpretation that remains is that the evolutionary trend
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Figure 1.3: This figure shows the evolution of SFR density witishift, using a common
obscuration correction where necessary. The points are color-coded by rest-frame wavelength
as follows: Blue: UV; green: [O II]; red: Hand H;; pink: x-ray, FIR, submillimeter, and

radio. The solid line shows the evolving 1.4 GHz luminosity function (LF) derived by Haarsma

et al. (2000). The dot-dashed line shows the least-squares fit to all<the data points,

log(*) =3.10log(1+4z)—1.80. The dotted lines show pure luminosity evolution for the Condon
(1989) 1.4 GHz LF, at rates of ©2.5 (lower dotted line) and @ 4.1 (upper dotted line). The
dashed line shows the “fossil” record from Local Group galaxies (Hopkins, Irwin, & Connolly
2001). (image credit: Hopkins 2004)
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has at least two distinct aspects to it, one, determined by the optical observations (as done by
Madau et al. 1996) and the other that is being explored by the recent IR and UV observations
(e.g. Steidel et al. 1999; Trentham et al. 1999; Bouwens et al. 2010). In other words, the
consistency of large-scale flux-limited surveys to determine the SFR density at all redshifts
must be taken into account while interpreting a Madau like plot of evolution in the SFR of

galaxies.

In order to understand the general picture of SFR density evolution, several cautions are ne-
cessitated. For instance, it is possible that at the present epoch a major contribution to the SFR
density from a non-negligible fraction of galaxies are ignored because they are insignificant in
optical light but very bright in the IR (e.g. Arp 220), although some studies (Trentham et al.
1999) report otherwise. Another caution that should be considered when interpreting this re-
sult is that we observe only the brightest starburst galaxies at the farthest distances conceivable.
Such a generalisation of a special class of objects at any epoch thus require very precise mod-
elling and careful statistical corrections. Presently these are mostly sourced from simulations

and/or by extrapolating the local empirical relations.

Hopkins (2004) (also see Bouwens et al. 2010) presented an extensive compilation of SFR
density measurements as a function of redshift from literature (Fig. 1.3). These data have been
converted to a consistent set of SFR calibrations, common cosmology, and consistent dust ob-
scuration corrections where necessary. Hopkins (2004) show that by combining the constraints
from the global SFR density evolution with those from the 1.4 GHz radio source counts at sub-
millijansky levels, the well known degeneracy between the luminosity evolufien(fl +z)%]
and density evolutionfo (1+2z)"] of star-forming galaxies can be broken. For a concordance
cosmology from these combined constraints, Hopkins (2004) found a preferred evolution model

with Q@ =2.704+0.60, P=0.1540.60.
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Figure 1.4:(left) The fraction of blue galaxieg) for galaxy clusters at different redshifts. This
evolutionary trend, i.e. clusters in the past had a higher fraction of blue galaxies as compared
to their low redshift counterparts, first seen in the legendary work of Butcher & Oemler (1984)
came to be known as the ‘Butcher-Oemler effect’.

(right) Butcher & Oemler (1984) further showed the radial dependence of the blue-fraction
in nearby clusterscfosse} and those at intermediatefden circle$ and high redshiftf{lled

circle). Within 2Ry, (~ 1.5 h-y Mpc for Abell clusters), they found thagfincreases outward

from the cluster core at all redshifts. (image credit: Butcher & Oemler 1984)
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1.6.2 The Butcher-Oemler effect

Amongst trends of galaxy evolution, the one discovered by Butcher & Oemler (1984) (Fig. 1.4;
also see Butcher & Oemler 1978) is the most intriguing and still controversial in literature.
Butcher & Oemler found that the galaxy clusters at 2.2 have an excess of blue galaxies

as compared to their low redshift counterparts. Butcher & Oemler estimated the blue fraction
within a cluster-centric radius aRs, i.e. the radius containing 30% of the cluster’s red se-
quence galaxiesM{y < —20; Hy =50 km s~! Mpc™1). This so called ‘Butcher-Oemler effect’

has since been explored for various samples of galaxies and using other galaxy properties such
as morphology (Goto et al. 2003b), stellar mass (De Propris et al. 2003) and IR emission
(Haines et al. 2009).

Ellingson et al. (2001) and De Propris et al. (2004) use various multiples of cluster-centric
radius, scaled with,g, to show the effect of chosen aperture size on the blue fraction (also see
Fig. 1.4). Ellingson et al. (2001) suggest that the origin of the Butcher-Oemler effect lies in the
fact that the relative fraction of ‘blue’ galaxies on the outskirts of clusters at higher redshifts
is higher than in their local counterparts. Even though most of the above mentioned studies
use optical spectra for most or all of their sample (except for Butcher & Oemler 1984), the
spectroscopic information is used only for assigning cluster membership.

By studying MIR properties of galaxies in 30 massive galaxy clustegsiat< z < 0.40,
usingSpitzefMIPS 24um and near-infrared data, Haines et al. (2009) found the best-fit redshift
evolution model of the fornfsy o< (1+2)", wheren=>5.7"2%. They remarked that, statistically,
this excess is associated with galaxies found at large cluster-centric radius, specifigatly
r <T900, IMplying that the MIR Butcher-Oemler effect can be attributed to a combination of the
global decline in star formation in the Universe sineel, and enhanced star formation in the
infall regions of clusters at intermediate redshifts.

We discuss several other aspects of the Butcher-Oemler effect in context of the results de-

rived in this thesis and their implications in the following chapters.



Chapter 2

Data used in this work

In this thesis we make use of data from UV to radio wavelengths sourced from various publicly
available catalogues and archives. We give below a brief account of various datasets and data
characteristics in increasing order of wavelength. In particular, | have sourced the optical SDSS
data, and performed photometry on IRAC &a8LEXUV data. The radio data for the Star For-
mation Reference Survey (SFRS) galaxies (Chapter 8) has been reduced by Prof. S.P. Willner
(CfA), while Dr. M.L.N. Ashby (CfA) has compiled all other ancillary data for this dataset (see
below). The IRAC data for SFRS galaxies has been reduced by Dr. M.L.N. Ashby (CfA) and

other SFRS team members at the University of Western Ontario.

2.1 The ultraviolet data

The ultraviolet (UV) data used for SFRS (Chapter 8) are taken from data releases 4/5 and 6 of
the Galaxy Evolution EXplore(GALEX Martin et al. 2005; Morrissey et al. 20083ALEXis
conducting an all-sky imaging survey along with targeted programs at two photometric bands:
1520A in far ultraviolet (’UV) and 231Q in the near ultravioletiy U'V'). In Chapter 8 (SFRS)

we studied the global star formation properties of a representative sample of FIR selected galax-

ies. the aim of this project was to understand the correlation between SFR measured at different

38
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wavelengths. To do so we employed 1.4 GHz radio continuum, UV, FIR and MIR imaging data
to measure global SFR for a representative sample of nearby star-forming galaxies. We cross-
correlated the SFRS catalogue with the UV database, requiring to observe the galaxy in at least
one band. Almost three quarters of the UV imaging data used in this paper were taken as a
part of GALEXs primary all sky survey (AIS) having an effective exposure time-dd.1 ks,

and the nearby galaxies survey (NGS) with an effective exposure time 6fks. The remain-

der were observed as a part of otli@ALEX surveys as well as individual guest investigator
programs. Since bulk of the SFRS sample is comprises nearby bright and big galaxies, we did
not impose any exposure time or brightness limit for the matches. For the same reason, we
did not impose any constraint on the location of galaxy in the 1.2 degpdeEXfield of view

even though the point spread function (PSF) varies acg@ddsEXimages, thus requiring non-
negligible aperture corrections for faint sources detected away from the image centre. However,
where possible, we chose to analyse images where the galaxy was closer to the centre of the
field of view than towards its edges. Whenever a galaxy was observed as a part of more than
one program we chose the deepest observations. These criteria resulted in a match for 332/369
(90%) galaxies. Three galaxies— NGC 2500, IRAS161B63 and IRAS10562448W were
observed inVUV only. Q101281653, IRAS111023026 and IRAS16053.836 are observed

as a part of the AIS, and the low exposure time2(0 s) have resulted in no detection in FUV.

Photometry and aperture correction

We derive the photometry uUsSirgEXTRACTOR (Bertin & Arnouts 1996). To do so, we first
registered the tw@ALEXimages and the four IRAC images usisgARP (Bertin et al. 2002).
SWARP brings all six images to a common pixel size 6867 SEXTRACTORIs then run in dual

mode, such that the apertures are selected on theBIRAC image (see Sec. 2.3.1). The
3.6um image is chosen for reference because this band is most sensitive to the star light of the

galaxy. Allimages are visually inspected to check if tidal features visible in UV and/or IR were
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included in estimating the total magnitudes, else the relevant processes as mentioned above

were repeated.

Next we apply the extended-source correction to the obtained fluxes. Fig. 4 of Morrissey
et al. (2007) shows that the aperture correction for apertures of radiul8” and > 6” are
approximately linear. Hence, following Fig. 4 of Morrissey et al. (2007) we bin our data into
three sets with- < 3.8”,3.8” —6” and > 6", where r is the half-light radius from tH&MASS
catalogue §2.3.1). To the first set we apply a linear correction of the fotm4- B, where
A = —0.5608 (—0.6521) and B = 2.4912 (3.0682) respectively inFUV(NUV). To the second
set we apply the corrections suggested by Morrissey et al. (2007) fax’ tredius aperture.

To the third set we apply the linear correction by approximating the curve of growthdfom
onwards such that = —0.0016 (—0.0028) and B =0.14 (0.2128) respectively foFUV(NUV).

We compare the fluxes hence obtained with those presented in Dale et al. (2007) for six of
our galaxies which overlap with the SINGS sample (Kennicutt et al. 2003) and find a perfect

agreement within errors.

Galactic extinction

The dust in the Milky way attenuates the light from external galaxies. Amongst others, the
amount of this extinction depends upon the galactic latitude of the external source. This fore-
ground extinction becomes even more important in the UV wavebands. In order to take this into
account we apply a correction dfpyy =8.29E(B—V) and Axyy =8.18E(B—V) (Seibert

et al. 2005), where the colour exceS$B — V) calculated using the dust reddening maps of

Schlegel et al. (1998) is taken from the NASA Extra-galactic Database (NED)

http://nedwww.ipac.caltech.edu/
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Internal extinction

The UV light emitted by young hot stars is absorbed by the dust enshrouding the star forming
regions. The amount of this extinction not only varies from galaxy to galaxy, but also from one
star forming region to another within the same galaxy. Recently, Boquien et al. (2009) analysed
H 11 regions in eight nearby galaxies to show that the observed dispersion in dust attenuation of
normal star-forming galaxies is likely due to a range of dust geometries and extinction curves.
Some of itis also caused by potential dilution of the youngest stellar population by the relatively

older populations formed in earlier unrelated bursts of star formation.

In this work we employ the IRX based empirical prescription provided by Buat et al. (2005)

to correct for intrinsic dust extinction.

Apyy =—0.0333p>+0.3522p° +1.1960p+0.4967, and (2.1)

Where,p:Log(LF[R/LFUV) (§231)

Anvy =—0.0495¢+0.4718¢%+0.8998¢+0.2269 (2.2)

where,q=Log(Lrir/Lnuv) (Sec. 2.3.1). This correction is based on the idea that the amount
of UV light lost due to the absorption by dust can be known exactly by assuming that all the
FIR light from the galaxy is the re-emission of the absorbed short wavelength light. However,
as mentioned before this is not always the case because some FIR light also comes from the
dust due to heating by older stars. §8.4 we compare the IRX and IRXmwith extinction
indicators at other wavelengths, as well as the classical spectroscopic extinction tracer, the

balmer decrement.

2Throughout this work we use IRX to represent the ratio of fluxes FIR/FUV and IRXn for FIR/NUV
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2.2 The Sloan Digital Sky Survey

The Sloan digital sky survey (SDSS) (York et al. 2000; Stoughton et al. 2002) is the largest
photometric and spectroscopic survey coverirgieradians (mainly) of the northern sky. The
survey is done using a 120-megapixel CCD camera on the 2.5-m telescope at the Apache point
observatory. This set-up maps 1.5 square degrees of sky at a time, in the drift-scan mode. We

briefly describe some basic characteristics of the data below.

2.2.1 Photometric measurements

The photometry is done in five bands,g, r, i, z, with a pixel scale of 1896 pixel!. The
SDSS images have an exposure time of 53.9s and the medias=RSF in the r — band.
The astrometry is done with 0.1” rms absolute per coordinate. The faint limit of SDSS for

photometry of a point source in theband is 22.2 mag.

We use the SDSS Petrosian magnitudes as a measure of the optical flux in the five bands
(Blanton et al. 2001). In all bands the Petrosian magnitudes are calculated using the aperture set
by the ‘Petrosian radiudin ther-band, thus providing consistent measurements. Theoretically,
SDSS Petrosian magnitudes should recover all the flux for an exponential galaxy profile and
about 80% of the flux for a de Vaucouleurs profile. Blanton et al. (2001) have shown that
this fraction is fairly consistent with the axis ratio, but shows variations when galaxies become
smaller. These magnitudes areorrected ta=0.1 (median redshift of the sample, Yang et al.
2007). Unless stated otherwise, we only consider galaxies with absolute magWviitsde 20.5
(this corresponds to the apparent magnitude limit of 17.77 for the SDSS spectroscopic

catalogue at the median redshift of our sampte(.1).

3The ‘Petrosian ratio’ at a radiusfrom the centre of an object is defined to be the ratio of the local surface
brightness in an annulus ato the mean surface brightness withifBlanton et al. 2001).
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2.2.2 The spectroscopic catalogue

In the SDSS, spectroscopy is performed by employihfitBes, and covers a wide wavelength
range of 3800-9208 with a spectral resolution, R¥§) of 1850—2200. The spectroscopic
targets for SDSS are automatically picked from the imaging catalogue using the algorithm de-
scribed in Strauss et al. (2002). The main galaxy sample comprises galaxies brighter than 17.77
mag in the Petrosiarband, and having Petrosian half-light surface brightness radig24.5

mag arcsec®. At a median redshift of 0.104, these selection criterion selét galaxy targets

per square degree of the sky (Strauss et al. 2002). Around 6% of the selected targets could not
be observed because they have a companion closebffiawhich is the minimum separation
between the spectroscopic fibres (Strauss et al. 2002). The high signal-to-noise ratio4(S/N

per pixel atg = 20.2) of the SDSS spectra ensures that redshifts for most of the sample are
measured precisely, with a statistical error less than 30 KniStrauss et al. 2002).

For the spectral reduction, the spectrum fitting algorithm locates the emission lines to mea-
sure a redshift, and then all the possible emission lines are again compared to a list of emission
lines. For latter, the line list is divided into three categories: lines that should be found in (i)
QSOs, (ii) galaxies, and (iii) both, based on which the spectrum is then classified.

The derived data products from this spectroscopic catalogue are described in Appendix B.

2.3 Spitzer Mid infrared data

2.3.1 IRAC data for SFRS

The Infrared Array Camera (IRAC) observations of most SFRS sources (Chapter 8) were carried
out during Cycle 5 (PID 50128, PI G. Fazio) using standard observing parameters. Each of the
273 galaxies targeted by this project was observed with at teast2 s full-array exposures

using a cycling dither and a medium dither scale factor. All sources were observed in both IRAC
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fields of view, yielding a total exposure time of at least 72 s in each of the four IRAC bands at
3.6, 4.5, 5.8, and 8.0n. All sources not included in PID 50128 had already been observed by
other programs and the corresponding data were downloaded from the archive; these and the

PID 50128 were reduced together in as homogeneous a manner as possible.

The basic IRAC data reduction was carried out by the SFRS team members at the University
of Western Ontario and at the Harvard-Smithsonian Center for Astrophysics. In both instances
it was based on the Basic Calibrated Data (BCD). The BCD frames were object-masked and
median-stacked on a per-AOR basis; the resulting stacked images were visually inspected and
subtracted from individual BCDs within each AOR. This was done to eliminate long-term resid-
ual images arising from prior observations of bright sources from the 3.6, 5.8, gnu 83D
frames (the 4.bm detector array did not suffer from residual images du8pgzeis cryogenic

mission); it also served to minimise gradients in the celestial background around each source.

After these preliminaries, the data for each galaxy were mosaiced into four spatially-registered
mosaics using IRACproc (Schuster, Marengo & Patten 2006). IRACproc augments the capa-
bilities of the standard IRAC reduction software (MOPEX). Photometry was carried out with
SExtractor (ver. 2.5.0; Bertin & Arnouts 1996). Since our interest lies in global photometry and
in particular in ensuring accurate global SEDs, we first registered all IRAG&LdE Xmosaics
(for which GALEXdata were available, see below) to a common spatial scale using SWarp (ver-
sion 2.17.1) and then applied SExtractor in two-image mode to photometer our galaxies. This
was done because the IR and UV mosaics were found in many instances to have significant
morphological differences; two-image mode prevents this fact from biasing the global colour
measurements. In two-image mode, SExtractor performs detection and characterisation of the
surface brightness distribution in one image, and applies that surface brightness distribution to
a second image. We used the IRAC 316mosaic — the best tracer of the stellar light distribu-
tion, as the detection image and photometered@AeEXand IRAC mosaics using the surface

brightness distribution at 3.6n to define the apertures. In a few cases, where UV-bright fea-
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tures dominate, it was necessary to useGide. EXNUV image as the detection image in order

to ensure that the SExtractor captures all the light in al3& EXand IRAC bands.

2.3.2 MIPS data for the Coma supercluster

For the mid-infrared study of Coma and Abell 1367 (Chapters 4 & 7), we use archjval 3gitzer
MIPS data covering x 2 deg® in the case of Coma (PID: 83, PI G. Rieke) atdx 30’ for Abell

1367 (PID: 25, PI G. Fazio). The Coma 2#dataset consists of four contiguous mosaics (see
Fig. 7.2) obtained in medium scan mode, with scan leg spacing equal to the half array width,
producing homogeneous coverage over the mosaic, with an effective exposure time per pixel of
88 s. Baietal. (2006), who used these data to determine thma R4ninosity function of Coma,
estimate the 80% completeness limit to be 0.33 mJy, corresponding to a SFR of 0y02'M

at the redshift of Coma. The Abell 1367 /2% dataset consists of a single mosaic obtained in
medium scan mode, with scan leg spacing equal to the full array width, producing an effective
exposure time per pixel of 40 s.

The SEXTRACTOR package (Bertin & Arnouts 1996) was used to automatically detect
sources, and obtain photometric parameters. The images were first background-subtracted,
and then filtered with Gaussian functions, with full width half maximum (FWHM) matching
the 24um point-spread function (PSF). Aperture photometry was obtained for all objects hav-
ing eight contiguous pixels above the ims background noise level. Following SWIRE, we
measured the fluxes within circular apertures of diameter 21, 30, 60, 90 at\dFAfGhe vast
majority of sources, the"6FWHM PSF of MIPS leaves the object unresolved ati®4 and
hence we estimate the total 2% flux of these objects from the flux contained within th¢ 21
aperture, corrected by a factor 1.29.

However, at the redshift of the Coma and Abell 1367 clusters, many of the brighter galaxies
(spirals in particular) are larger than our nominal 2liameter aperture, such that a significant

fraction of their 24sm flux is missed. For these galaxies, we use instead one of the larger



46 CHAPTER 2. DATA USED IN THIS WORK

apertures, matched to contain the optical flux as parametriseghbytRe radius which contains

90% of thez-band flux) as measured from the SDSS image (see Sec. 2.2). Finally, for some
of the bright cluster galaxies (9 in total), the value @f Ris underestimated. To correct for
this, SM eyeballed the 24n images of these objects, and estimated an appropriate radius, in
each case, for extracting the ‘total’ 24yiflux. In the case of the brighter spiral galaxies in
Coma and Abell 1367, the 24n emission often shows significant structure due to spiral arms
and star-forming regions, necessitating a high value of the deblending parameter, to prevent the
galaxy being shredded by KERACTOR. Particular care was required to correctly deblend the
face-on spiral NGC 3861 from NGC 3861B, while keeping NGC 3861 intact. We note that for
~ 50% of our sample the typical measurement error in then24lux is < 0.1 mJy (which is

< 10% of the measured flux), and for 95% the error is< 0.35 mJy. In total,~ 90% of our

galaxies have 24m flux measured witk: 30% uncertainty.

2.4 2MASS: Near infrared data

The near infrared (NIR) data for all the 369 galaxies belonging to SFRS used in Chapter 8
are sourced from the public database of the Two Micron All Sky Survey (2MASB)JASS
provided the all-sky photometric census of galaxies brighter tian= 13.5mag. The final
catalogue of> 1, 500, 000 galaxies include photometric measurements in three NIR bands,

and K s which are sensitive to the stellar populations dominating the luminous mass.

2.5 IRAS FIR data

For the selection of the SFRS sample (Chapter 8), we usd&#&®60.m luminosity as an un-
biased star formation tracer by virtue of the breadth and uniformity of its coverage and because

of the proximity of the 6@m band to the SED peak associated with star formation for selecting

4http://www.ipac.caltech.edu/2mass/
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the SFRS galaxies (Chapter 8). The parent sample is the PSCz catalogue (Saunders et al. 2000),
a full-sky database of 15,000 nearby star-forming galaxies brighter than 0.6 Jyrat 60ost
PSCz objects are closer thas0.2. The PSCz galaxy luminosities range frér60um) =107

t0 10'2L,.

2.6 1.4GHz Radio data

Most of the radio observations come from the NRAO VLA Sky Survey (NVSS; Condon et al.
1998), a snapshot survey of 82% of the celestial sphere at 1.4 GHz. The angular resolution of
NVSS is 4%, while the typical rms brightness fluctuations in the survey are 0.45 mJyBeam

The survey catalogue reaches the 50% completeness legekat2.5 mJy. In practise, the

Star Formation Reference Survey (SFRS henceforth; Ashby et al. 2011) sources studied in
Chapter 8 were retrieved from the online catalo§weith a 30’ search radius. Such queries
returned results for 342/369 of the SFRS galaxies, all with unique matches. Fig. 6 of Condon
et al. (1998) shows a 1% chance of finding a spurious match within this distance of an arbitrary
position. For 192 galaxies the flux densities based on the NVSS data were taken from Condon et
al. (2002), while for the others the NVSS images were examined and blends were deconvolved
to retrieve flux corresponding to the desired object, which were almost always separable in the
IRAC or NEDf image.

16 SFRS sources which either were not detected in the NVSS or had very low signal to
noise were observed with the VLA in D configuration in 2008 July (program AA 319). The
observations used the same observing frequencies and bandwidth as those of the NVSS but
were >7 minutes longer in comparison to 30 s for the NVSS in the relevant declination bands.

The data were reduced as consistently as possible with the NVSS data.

Shttp://www.cv.nrao.edu/nvss/NVSSlist.shtml, lookup done in 2010 in catalogue dated 2004
5The NASA/IPAC Extragalactic Database; http://ned.ipac.caltech.edu/



Chapter 3

Red star-forming and blue passive galaxies

INn clusters

3.1 Introduction

If, as is widely believed, large-scale structures form in the Universe by means of the hierarchical
assembly of dark haloes, one would expect the most massive galaxies to be the youngest, as
they would be formed from mergers over time. However, the brightest galaxies, elliptical in
morphology, typically found at the centres of rich clusters, appear to be dominated by old
stellar populations. Galaxies with current star formation, on the other hand, have been shown
to be disc-dominated, mostly occurring in regions of lower density. Such relations between
the properties of galaxies and their environment were first pointed out using morphology to
characterise galaxies (Oemler 1974; Melnick & Sargent 1977; Dressler 1980), but, in later
studies, other photometric properties such as colour (e.g. Kauffmann et al. 2003a; Balogh et
al. 2004b; Weinmann et al. 2006; Cooper et al. 2007) have been shown to correlate with

environment as well.
In addition to understanding the formation of dark matter haloes, the study of galaxy for-

48
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mation and evolution clearly requires detailed knowledge of the various physical processes that
affect baryons, such as mergers, tidal interactions, stripping, cooling and feedback. Observa-
tions of the relevant galaxy features and their dependence on environment are very important in
our comprehension of the relative importance of these processes, a subject that remains an issue

of considerable disagreement (see, e.g., Oemler et al. 2009).

The availability of large-scale spectroscopic surveys, such as the Sloan Digital Sky survey
(henceforth SDSS), has resulted in structural parameters of galaxies being largely replaced by
spectroscopic properties, in the exploration of the impact of the global and local environment
on the nature of a galaxy (Balogh et al. 2004b; Porter & Raychaudhury 2005; Haines et al.
2006a; Haines et al. 2006b; Pimbblet, Drinkwater & Hawkrigg 2004; Weinmann et al. 2006;
Porter & Raychaudhury 2007; Porter et al. 2008; Mahajan, Raychaudhury & Pimbblet 2011c,
among others). Compared to broad-band colours, spectroscopic parameters such as integrated
star formation rate (SFR), specific star formation rate (SSFR or SHRHJ equivalent width
(EW) and the 400@ break (D,4000), in principle, give more detailed information about the
underlying stellar populations in galaxies, but one cannot expect these parameters to behave in

the same way with environment as the global photometric properties.

Various factors, including the presence of dust, and the well-known degeneracy between
the effect of age and metallicity, prevent a straight-forward correspondence between the star
formation history of a galaxy and its broad-band colours (e.g. Faber 1973; Calzetti 1997). As a
result, the use of broad-band colours and of spectroscopic indicators might yield different clas-
sification for a galaxy on an evolutionary sequence. In order to compare observational studies
where different photometric or spectroscopic parameters have been used to define sub-samples,
one would like to ask, for instance, for what fraction of galaxies the correspondence between
morphology, colour and star formation properties fails to hold, and whether such galaxies could
be identified from other observable properties. Are these unusual galaxies more likely to occur

in certain kinds of environment?
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In order to address some of these questions, we choose, for this study, galaxies in and around
rich clusters in the low redshift Universe. Galaxy clusters are well suited for such an analysis,
since from their cores to their infall regions, they provide a wide range of environments, with
varying space density and velocity dispersion. The aim of this work is to examine how well
galaxy properties obtained from two mutually independent techniques, namely photometry and
spectroscopy, correlate with each other, and to explore the possible causes of discrepancy.

The outline of this paper is as follows: in the next section we define the galaxy sample, and
the galaxy properties to be used here. We plot the specific star formation rate of these galaxies
against colour, and identify the four classes of galaxies that we will deal with: red sequence,
red star-forming, blue star-forming and blue passive§3r8, we examine the various galaxy
properties, derived from photometry and spectra, that we use in this analysis. The insight these
properties provide into the nature of blue passive and red star-forming galaxies are discussed
in §3.4, and the main conclusions are summarisegBib. Throughout this chapter we adopt a
cosmology with(2,, = 1 & Q, = 0 andh = 70 km s~* Mpc~! for calculating distances and
absolute magnitudes. We note that in the redshift range chosen for thissw@k{ = < 0.12),

the results are insensitive to the choice of cosmology.

3.2 The observational data

The galaxy data used in this Chapter are discuss&@.thand the methodology for deriving

SFR and SSFR are described in Appendix B.

3.2.1 Cluster membership

We take all Abell clusters (Abell et al. 1989), in the redshift range 0.22<0.12, that lie
sufficiently away from the survey boundary so as to be sampled ogt@d-; Mpc from the

cluster centre. We constrain our sample to moderately rich clusters by considering only those
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that have at leas?0 galaxies (brighter than the magnitude limit,. M< —20.5) with SDSS
spectra withirs h-; Mpc of the cluster centre. This leaves us with a sampleléfclusters.

We aim to study the effect of present and recent star formation on the observed properties
of galaxies over a wide range of environment, and so we seek to examine galaxies not just in
the cores of the clusters, but also on the outskirts. Detailed studies of the velocity structure in
the infall regions of clusters show that the turnaround radius of clusters extends out to almost
twice the virial radius (Diaferio & Geller 1997; Rines & Diaferio 2006; Dunner et al. 2007),

S0 we chose to examine radial trends of the properties of galaxies out to a projected radius of
R=6 h-; Mpc of each cluster centre. Within this radius, we pick galaxies within the following

velocity ranges about the mean redshift of the cluster:

3000kms' if R <1Mpc
Az = ¢ 2100kms! ifl<R<3Mpc ¢- (3.1)
1500 kms! if3 <R <6Mpc

In Fig. 3.1 we show the phase-space distribution of galaxies selected for two clusters,
Abell 85 and 1024, representative of our sample. Fig. 3.1 shows that by adopting the differ-
ential velocity slices helps in reducing interlopers, in the absence of a rigorous procedure for
assigning cluster membership, and hence is well suited for a statistical study like this. Note that
other popular methods, such as the $elocity dispersion cut, are prone to include galaxies
at large projected radius from the cluster centre. Our velocity cuts are also consistent with the
caustics in velocity space used by the CAIRNS survey (e.g. Rines et al. 2003; Rines & Diaferio

2006).

3.2.2 Cluster parameters

We find the velocity dispersiorv() of each cluster, from the identified members, using the

bi-weight statistics (ROSTAT, Beers, Flynn & Gebhardt 1990). The characteristic size of the
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r/Ra00 r (Mpc)

Figure 3.1: This figure shows the cluster galaxigs € —20.5) selected by our velocity cut for

two typical clusters in our sampletof) Abell 85 & (bottom) Abell 1024, in a scaled velocity-
scaled radius spacéeft), and the same in linear phase-spacdghf). The l.o.s. velocity of
galaxies is scaled by the velocity dispersion)(of the cluster, while the cluster-centric radius

is scaled by the cluster'®syy,. The bounding lines in the right-hand plots correspond to the
redshift slices mentioned in Eqn. 3.1. In order to keep the results based on stacking all cluster
galaxies together, independent of cluster to cluster variations, we select galaxies in linear space
but perform the analysis using scaled quantities.
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Figure 3.2: The distribution of the galaxies used in this waorkhie plot of the two line-ratios,
recommended by (Baldwin, Phillips & Terlevich 1981; BPT), that are often used to discriminate
between star-forming (and composite) galaxies (belowehdine; Kauffmann et al. 2003c)

and the AGN-dominated galaxies (above). All galaxies in our sample, except the ‘unclassified’,
are plotted here.

cluster (the radius at which the mean interior over-density in a sphere of rad 290 times
the critical density of the Universe) is calculated using the relation given by Carlberg, Yee &
Ellingson (1997):7500 = V/30,/10H(z). Our final sample comprises afi9 Abell clusters

(z < 0.12) in which there are 6,010 galaxies wittim,, of the cluster centres.

3.2.3 Four categories of galaxies

Galaxy properties measurable from photometry or spectra, such as colour, SFR oESSIHRI(/*)
have been extensively used in studies of their dependence on the environment of the galaxy

(e.g. Balogh et al. 2004b; Haines et al. 2006a; Haines et al. 2006b; Pimbblet, Drinkwater
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Figure 3.3: The relation between specific star formation B8R or SFRY/,) for all galaxies
found within 3 r9y, of the centre of each galaxy cluster in our sample. The contours represent
150, 100, 50 and25 galaxies respectively. The horizontal line marks the colour cut adopted by
most Butcher-Oemler effect studies, i@2 mag bluer than the red sequence: this labels%

of all galaxies as blue. To match this cut, we adopt a SSFR threshold)8FRA10.16 yr—*

such that5% of all the galaxies are classified as star-forming. We thus categorise our galaxy
ensemble into four classesclgckwise from rightred star-forming, blue star-forming, blue
passive and red sequence galaxies respectively.

& Hawkrigg 2004; Weinmann et al. 2006; Porter & Raychaudhury 2007; Porter et al. 2008;
Mahajan, Raychaudhury & Pimbblet 2011c), or on other variables representing mass, such as
the stellar mass of the galaxy (Kauffmann et al. 2003b) or its circular velocity (Graves et al.

2007).

In this work, we study the colour and SSFR as indicators of the evolutionary stage of a
galaxy. In Fig. 3.3 we plot the colours of all galaxies found withirny, of the centres of all
the clusters in our sample against their specific star formation rates. In a pioneering study of
evolution of galaxies in clusters, Butcher & Oemler (1984) had adopted a colour cut to define
blue galaxies a®? — V' = 0.2 mag lower than the cluster’s red sequence. Here we stack all the
cluster galaxies together, and fit a red sequence to galaxies which has a stap@3dfwith an
absolute deviation df.080. Since this slope is negligible, we adopt a null slope red sequence at

(g — r)>1=1. We note that using the actual red sequence fit does not change our results at all.
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red SF| red sequence blue passive blue SF
Clusters 539 3998 538 935
Entire SDSS| 24039 163904 44877 113909

Table 3.1: Number of galaxies in the four categories

The blue galaxies are thus defined to haye- )% <0.8. This classifies- 25% of all galaxies
as blue.

Correspondingly, we choose the SSFR threshold at 8FR/-10.16 yr!, defining the
25% of all galaxies with a higher value of SSFR as star-forming. We note that our results do not
gualitatively change even if the SSFR threshold is changed to the 50-percentile valug/(SFR/
-10.45 yr!). We thus classify the galaxies in the 4 quadrants of Fig. 3.3 as red star-forming, red
sequence, blue passive and blue star-forming, anti-clockwise from top right. Table 3.1 gives the
number of galaxies in our cluster sample in each category, and also the corresponding numbers
in the whole of SDSS DR4 spectroscopic catalogue in the same redshift and magnitude range

as our cluster galaxy sample.

3.2.4 Spatial distribution of galaxies in clusters

Having divided the galaxies into four classes, we consider their radial distribution within the
clusters to examine the possible influence of local environment. Fig. 3.4 shows the distribution
of galaxies in all four categories as a function of distance from the corresponding cluster, scaled
by ro99. FOr each category, the curve has been normalised by the total number of galaxies in
that category.

As expected, the fraction of the passive red sequence galaxies increase towards the cluster
centre. The red star-forming galaxies closely follow the distribution, but their fraction inside
ro00 do€s not increase as steeply as that of the red sequence galaxies, suggesting a different
evolutionary path. Here it would have been very interesting to examine the detailed difference

between these two distributions as a function of halo mass, since in both clusters and groups the
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Figure 3.4: The radial distribution of galaxies in the fouregptries defined i§3.2.3 is plotted

as a function of cluster-centric radius, scaledrhy. Each distribution is normalised to unity.

The Poisson error on each pointis smaller than the size of symbols. The fraction of red sequence
galaxieqsolid black) as expected, increases toward the cluster centre, and the red star-forming
galaxieqred dashedjollow them closely. The blue star-forming galaxigdue dottedshow a
decline withinrygg, while their passive counterpafgreen dot-dashedhow a constant fraction

out to3 509, €xcept for a mild increase 2 ry.

morphology and star formation properties seem to vary between dwarfs and giants (Khosroshahi
et al. 2004; Miles, Raychaudhury & Russell 2006), and/or central and satellite galaxies (Ann,
Park, & Choi 2008), indicating different evolutionary histories. But in this work, over the
redshift range of our sample, we have to be confined mostly.tand brighter galaxies\(, <
—20.5).

At the other extreme, the blue star-forming galaxies show a constant distribution beyond
900, dropping steeply in the cluster core. This is the consequence of the observed lack of neutral

gas in galaxies in the cores of rich clusters (e.g. Giovanelli & Haynes 1985; Raychaudhury et

al. 1997).

However, the blue passive galaxies, which also have a more or less constant radial distribu-
tion over the entire range, do not show this rapid drop in the cores. This is consistent with the
observation, discussed below in some detail, of nuclear star formation in a substantial fraction

of brightest cluster galaxies (Bildfell et al. 2008; Reichard et al. 2009), which will cause the
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innermost bin to be significantly higher for this distribution than that for the blue star-forming
galaxies. It is interesting to note that the fraction of blue passive galaxies also show a minor
increment around 2,. Other studies have shown that in clusters, particularly those that are
fed by filaments, there is an enhancement of nuclear star formation in the infalling galaxies
beyondryy, (e.g. Porter & Raychaudhury 2007; Porter et al. 2008; Mahajan, Raychaudhury &
Pimbblet 2011c).

3.3 Do the Galaxy properties derived from photometry and
spectroscopy agree with each other?

One of the objectives in this paper will be to examine the hypothesis that the galaxy populations
can indeed be divided, on the basis of a single parameter, into two classes: passive and star-
forming, and that the incidence of red star-forming or blue passive galaxies is merely due to the
scatter in the measured parameters within reasonable errors. As we show below, this hypothesis

fails to hold.

3.3.1 The effect of extinction and abundance

Star-forming regions in a galaxy are often surrounded by dust, which can significantly affect
guantitative analyses based on optical light. Conversely, the presence of dust in a galaxy would
imply the presence of star-forming regions therein. In the absence of infrared observations,
which are often used to quantify the effect of dust in star-forming systems (e.g. Calzetti 1997),
optical photometry can also be used to constrain the internal extinction in a galaxy (also see
Fig. 3.10).

In one such attempt, Kauffmann et al. (2003b) have estimated the degree of dust attenuation
(A.) in the SDSS:-band, by comparing model colours to the measured colours to estimate the

reddening for each galaxy. The shape of the attenuation curve from observations is found to
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resemble a power law with slope—0.7 over a wavelength range from 1250-80®QCaIzetti
et al. 1994). A standard attenuation curve, of the fosmx A~°7, is then extrapolated to
obtain the extinction in the SDSSband. We use thd, values from Kauffmann et al. (2003b),
expressed in magnitudes, in this section. The typieakrror on the estimated., is ~ 0.12
mag. They also note that comparisonget » andr —i colours yield similar extinction values

for most galaxies if the colours are corrected for nebular emission.

The red colour of a galaxy can result from a combination of several factors, involving the
presence of dust and/or metals in the interstellar medium and old stars. In our attempt to in-
terpret the apparent evidence of star formation in the fibre spectra of some red galaxies (‘red
SF’), and the low values of SFR in the spectra of some blue galaxies (‘blue passive’), we plot,
in Fig. 3.5, the distribution of internal extinctiaf, of the galaxies in the four populations as

classified in Fig. 3.3.

As expected, the ‘red sequence’ galaxies, most of which are passively evolving massive
galaxies in the cores of clusters, show very little extinction (negative values dieing in-
terpreted as zero here). However, even among passive galaxies, there is a small fraction that
constitutes a tail extending to non-negligible extinction values. The blue star-forming galaxies,
on the other hand, show a clear sign of attenuation going uptenag in thez-band, with
most galaxies having extinction values aroun@ mag for the blue star-forming galaxies and

0.35 mag for the blue passive galaxies respectively.

In contrast, the red star-forming galaxies show a mix of at least two different populations:
about half of them are unattenuated (similar to the red sequence galaxies), and the other half
contributing to the skewed high extinction end of the distribution. We employ the KMM algo-
rithm (Ashman, Bird & Zepf 1994) to quantify the existence of bimodality in our data. The
KMM algorithm fits a user specified number of Gaussian distributions to the dataset, calculates
the maximum likelihood estimate of their means and variances, and assesses the improvement

of the fit over that provided by a single Gaussian. The KMM likelihood ratio test statistics
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(LRTS) used here is a measure of improvement in using two Gaussian distributions (since we
are testing bimodality) over a 1-mode fit.

For the distribution of extinction, in the red star-forming galaxies the KMM test gives the
value of likelihood ratio (LRTS) to be 75, when using a bimodal fit to the data than using a uni-
modal fit, with nil probability of the null hypothesis being satisfied. The 2-modes of the internal
extinction distribution are found to be centred aroune®.06 (read zero extinction) and 0.72
mag respectively for the sample of cluster galaxies. We further note that the improvement in fit
to an asymmetric data by double Gaussians relative to a single in itself is inconclusive to how
many such modes would best describe the data. However, in this case the physical significance
of this bimodality in the distribution ofi, becomes clearer in the context of other galaxy prop-
erties that are discussed below. Interestingly, we find that even by changing the selection criteria
for defining the red star-forming galaxies to a higher value of log SFR/MO yr-!, the KMM
test still yields statistically significant result in favour of a bimodal fit to the data (LRTS=21 at
a significance level x 1075).

Along with the distribution of extinction values for the cluster galaxies, we also show the
corresponding distributions fo¥r300,000 galaxies, with the same magnitude and redshift range
as our cluster sample, drawn from the entire SDSS DR4 spectroscopic catalogue (grey thin
lines). For this much larger sample, the histograms of extinction values are not significantly
different from those for the cluster sample, except for the red star-forming galaxies, where
cluster galaxies seem to have relatively fewer galaxies with high extinction values than similar

galaxies in the larger all-SDSS sample.

3.3.2 Hdand the 400 break

In order to probe the presence of yourg [ Gyr old) stellar populations among galaxies with
an unusual combination of SFRF and colour, we plot the distributions of the EW of the H

absorption line, and of the ,[2000 values in Figs. 3.6 and 3.7 respectively. Thd@O is the
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Figure 3.5: The distribution of internal extinction among oluster galaxies in the four quad-
rants as specified in Fig. 3.3. Each histogram is normalised to unity. It is clear that in general
more ‘blue’ galaxies are prone to internal reddening than the ‘red’ ones, with star-forinhireg (
dotted and passive blue galaxiegréen dot-dashgadhowing slight offsets. Interestingly, while

< 45% of the red sequence galaxidBack solig show signs of some extinction, the red star-
forming galaxiested dashejlhave a bimodal distribution in extinction values (see text). The
grey linesrepresent the same distributions as above, but-f@00, 000 galaxies found in the

entire SDSS DR4, divided in the four quadrants in the same way as described for the sample of
cluster galaxies studied here. Here, negative values afidicate the absence of extinction.

strongest discontinuity occurring in the optical spectrum of a galaxy, mainly due to the presence
of ionised metals. On the other handj Hbsorption is detected after most of the massive hot
stars have finished evolving on the main sequence, i.e. at least 0.1-1 Gyr after a starburst is
truncated. Thus the HEW is a measure of the age of the youngest stellar population in a galaxy,
and has been extensively used to estimate the mean stellar ages as well (Worthey & Ottaviani
1997). Even though several studies have shown that the Balmer emission due to Hll regions,
AGN and/or planetary nebulae can fill in the underlying Balmer absorption lines, causing age
estimates to be spuriously high (Trager et al. 2000; Prochaska et al. 2007}, E\& Femains

a popular stellar age indicator because it is less affected than the lower order Balmer lines, due
to the steep Balmer decrement in emission (Osterbrock & Ferland 1989; Worthey & Ottaviani

1997).

Here we use the measured values of the (emission correcteBYWand the (Nell con-
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Figure 3.6: The distribution of the (emission corrected)dduivalent width (EW) for galaxies

in our cluster sample, with line styles the same as in Fig. 3.5. As expected, the blue star-
forming galaxies have the highest absorption, showing the presence loGyr old stellar
population/s, while the red sequence galaxies show little evidence for absorption ihhe

blue passive galaxies have a broad distribution with equal probability of findirig eimission
(negative EW) or absorption. The distribution for red star-forming galaxies is bimodal, which,
in conjunction with the distribution of their internal extinction (Fig. 3.5), indicates the presence
of two distinct galaxy populations.
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Figure 3.7: The distribution of the (Nelll continuum corredt®, 4000 values, with line styles

the same as in Fig. 3.5. As expected, the red sequence galaxies have the largest values, while the
blue star-forming galaxies the smallest valuesiigi000 respectively. The blue passive galax-

ies have a small offset( 0.2) from their star-forming counterparts, revealing the presence of
slightly older stellar populations. The histogram for red star-forming galaxies has a statistically
significant bimodality (see text), similar to that seen in Figs. 3.5 & 6.5.
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tinuum corrected) 4000 from Kauffmann et al. (2003b), who, for the latter, have adopted a
modified version of the original definition (Bruzual 1983) of thedD0O0 introduced by Balogh

et al. (1999). A stronger 1000 is an indicator of a metal-rich inter-stellar medium, which,
together with the HEW, indicates whether the galaxy has been forming stars continuously (in-
termediate/high 4000 plus low HEEW) or in bursts (low D4000 plus high HEW) over the

past 1-2 Gyr (Kauffmann et al. 2003b). We note that the observational erroiddD index is

very small, typically~0.02, but the same is not true for thé BW, which has an uncertainty of
1-2 A in measurement (Kauffmann et al. 2003b). Kauffmann et al. (2003b) discuss the phys-
ical constraints leading to these uncertainties, and show that&heddx can assume only a
selected range of values for all possible star formation histories. The large observational errors
on the HH EW imply that the estimated value of this index is constrained by the parameter space

spanned by the acceptable models.

The red sequence galaxies in our sample do not shbim Bimission, and yield large values
for the D,4000, confirming the fact that their main ingredient is a population of old, passively
evolving stars, which determines the overall galaxy colours and dominates the spectra. The
high observational uncertainty in the EW{Hmplies that it is hard to determine whethes H
is actually occurring in emission, or the negative EWs are a result of a high correction factor in
individual galaxies. This is a common problem with the use &irttlex in individual systems,
but this might not be an important issue for this statistical study. The blue star-forming galaxies,
in sharp contrast, yield small values for the4D00 and strong Hin absorption. The blue
passive galaxies follow the blue star-forming galaxies, with the mean value for,#@0D
systematically higher by 0.2, but with a very broad distribution of HEW, revealing a mix of
galaxies with a large scatter in the ages of their youngest stellar populations. In red star-forming

galaxies, the distributions of HEW as well as the 4000 are bimodal. The KMM test prefers

INote that since the EW(#) used here are corrected for emission, galaxies for which the spectra have been
overcorrected due to the lack of any absorption, appear to shoim Emission (private communication, Kauff-
mann, G.)
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Figure 3.8: The relation between the equivalent width of the lihe EW(H) and the

40004 break index 4000, for all galaxies in our sample. These two indices together form a
robust diagnostic of the star formation history of a galaxy, irrespective of the stellar ages and
metallicity (Kauffmann et al. 2003a), also see text). The red sequence gdlgegscaleform

a core in the passive region of the plane, while the blue star-forming ga(@kiescontourspc-

cupy the region indicating recent and ongoing star formation. The blue passive gédp&es
contours)closely follow the blue star forming galaxies, but with somewhat highgrD0 and

low EW(H)), indicating recent truncation of star formation. The innermost contours represent
24 galaxies in both cases, and the number decreases by 3 at every successive level of contour.
The red star-forming galaxies seem to span the entire range in both indices defining this space,
a relatively large fraction of them being passively evolving just like the red sequence galaxies,
but a non-negligible fraction intruding the space dominated by the blue star-forming galaxies.

a 2-mode fit over a 1-mode fit with likelihood ratios of 78 and 84, for EW and D,4000

respectively, with zero probability for the null hypothesis in both cases.

We also check whether this bimodality is a result of the threshold chosen to define whether
a galaxy is star-forming or not. As for the internal extinction, the KMM test results remain
statistically significant, for both HEW and the 34000, when the red star-forming galaxies
are selected with an even higher SSFR threshold (log SER/A10 yr!), showing that these
results are not sensitive to how the four categories are chosen, within reasonable limits. The
above results become even more convincing when we plot the four different galaxy populations
on the plane defined by the two indices4D00 and EW(HY (Fig. 3.8). Kauffmann et al.

(2003a) have shown that these two indices taken together can very effectively determine the
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Figure 3.9: The cumulative distributions @f r aperture colour, measured within thé SDSS

fibre, relative to the overall colour of the entire galaxy. At- 0.1, > 60% of the light in

the fibre comes from the bulge and hence the fibre colour can be assumed to be a proxy for
the colour of the bulge. The slope of the distributions for blue galaxies is much steeper than
that of the red ones, showing the large spread in the relative colour, irrespective of the SSFR.
Although the red galaxies have a relatively small spread in colour, a significant number of red
star-forming galaxies have bluer bulges. This could be the signature of the presence of active
nuclei supporting star-formation activity in the core of the galaxies, while the overall galaxy
colour remains dominated by the older stellar population elsewhere in the galaxy.

star formation history of a galaxy. As shown in Fig. 3.8, this indeed seem to be the case. The
blue star-forming and the passive, red sequence galaxies occupy the opposite ends of the space.
But whilst the blue passive galaxies seem to follow the blue star-forming galaxies, although
with somewhat lower EW(B) and higher 4000, the red star-forming galaxies span the entire

range of values in both indices, as would be expected given their bimodal distribution.

3.3.3 AGN and star formation

Figs. 3.5, 3.6, 3.7 and 3.8 clearly show that while most of the cluster galaxies follow the classi-
cal picture, blue colours correlating with higher SSFR, and redder colours with negligible star
formation activity, there is a non-negligible fraction of galaxies in either class which deviate

from the norm. It is thus crucial to understand the properties of these galaxies and identify

the cause of their occurrence. In order to do so, we make use of the classification of galaxies,
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based on the BPT diagram, as star-forming, composite, AGN and those without emission lines
(unclassified; see Appendix B).

Ignoring, for the time being, the unclassified galaxies for which the nature of star formation
activity cannot be conclusively determined from the spectroscopic data, we find 368t of
the red star-forming galaxies andb0% of the red sequence galaxies are classified as AGN.
This agrees with the well-known observation that AGN are predominantly hosted by the mas-
sive elliptical galaxies. In Fig. 3.10, we plot 1.4GHz radio sources (from NVSS, Best et al.
2005) and IRAS 60m sources found in the SDSS DR2 (Cao et al. 2006), along with all the
galaxies found in the same redshift range<(0.12) and magnitude limit (M < —20.5) in our
galaxy sample. The radio-loud AGN are clearly seen to be hosted mostly in the red sequence
galaxies. Interestingly, not many of the red star-forming galaxies are found in the iRAB
source catalogues, disagreeing with the usual expectation that the colour of the red star-forming
galaxies is a result of the presence of dust around star-forming gas clouds. We further explore

this issue irt3.4.2.

3.3.4 Aperture vs global colours

An SDSS spectrum comes from a fixed aperture, which is equal to the diameter of the fibres
(3") used in the spectrograph. Since this aperture would encompass a varying fraction of the
light of a galaxy depending upon its size and distance, going up4®-60% atz = 0.1, the
spectrum might not, in most cases, be a true representation of the galaxy’s mean overall star
formation activity. In this work, we compare photometric colours and spectroscopically derived
specific star formation rates, which come from independent observations of the same galaxies.
It would be interesting to see how the colour derived from the fibre aperture, as opposed to the
value averaged over the entire galaxy, relates to SSFR. For instance, if an early-type galaxy
has significant star formation in the core, we would expect to see a bluer core, while the overall

photometric colour would be dominated by the older stellar populations elsewhere in the galaxy.
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In Fig 3.9, we plot the difference between the colour measured within the fibre and the
overall colour of the galaxy, normalised by the overall colour, separately for galaxies belonging
to the four categories. A noticeable characteristic of this plot is that irrespective of their star
formation properties, the blue and red galaxies have very different slopes for this cumulative
distribution. The steeper slope for the blue galaxies is a consequence of their wider range in
colour. While most of the galaxies have fibre colours that are redder than the overall galaxy
colours,~15% of the blue star-forming and15% of the red star-forming and red sequence
galaxies have bluer cores. This suggests the presence of centrally concentrated star formation in
these galaxies. It must be noted that although relative fibre colour is a good first approximation
to the colour of the bulge of a galaxy, in this work where we stack galaxies over a range of
redshift, the ratio of central and overall colour is not derived on the same physical scale for all

galaxies. This result should therefore be considered to be a qualitative one.

3.4 Discussion

Numerous studies of the evolution of galaxies have made use of either global photometric prop-
erties such as colour (e.g. Butcher & Oemler 1984), morphology (Dressler 1980) or luminosity
of a galaxy, or spectroscopic properties such as circular velocity (e.g. Graves et al. 2007), the
D,,4000, EW of B absorption line (e.g. Balogh et al. 1999), emission lines @fdd Oll (e.g.
Lewis et al. 2002; Gomez et al. 2003; Balogh et al. 2004b; Haines et al. 2007) or integrated
SFR and/or SSFR (B04). Often samples are chosen based on colour or star formation proper-
ties. Are the properties derived from photometry and from spectra correlated enough to yield
similar results?

Blue galaxies are thought to be of late-type morphology and and have significant star for-
mation activity, while red galaxies are early-type and show little or no evidence of current

star formation. However, with the recent availability of extensive multi-wavelength photomet-
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Figure 3.10: The central panel of this plot shows(er)®! coour of all the spectroscopically
covered SDSS DR4 galaxiegréy dot$ in the colour-SSFR space (same as Fig. 3.3), found

in the same redshift range and magnitude limit as our cluster galaxy sample. Over-plotted
are 1.4 GHz radio sources from the NVS§4n, IRASpoint sources (PSMlue) and IRAS

faint sources (FSQged) respectively. The top and the right panel show the histograms of these
guantities along the two axes. As expected, most of the radio-loud AGN concentrated along the
red sequence, and IR bright sources in the blue star-forming galaxies. It is interesting to note
that the red star-forming galaxies (top right quadrant, central panel), a large fraction of which
are expected to be dust-reddened, do not seem to have many IRAS sources. This supports
our conclusion here that a non-negligible fraction of the red star-forming galaxies obtain their
colour from the presence of excessive metals.
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ric databases, and of large optical spectroscopic surveys, several authors (e.g. Wolf, Gray &
Meisenheimer 2005; Bildfell et al. 2008; Haines et al. 2008; Koyama et al. 2008; Saintonge,
Tran & Holden 2008; Graves, Faber, & Schiavon 2009; Wolf et al. 2009) have suggested that
optical colour may not necessarily be a good representation of a galaxy’s evolutionary state. In
this paper, we have explored both photometric colours and spectroscopic specific star formation
rate from optical observations of galaxies, in a wide range of environments, in and near rich
clusters in the local Universe, to examine cases where the usual correlation between the two
fails to hold.

We find that>80% of the red galaxiesd —r)%! > 0.8) that are classified to be part
of the red sequence of clusters, on the basis of photometric colours, also have very little or
no star formation (SFR/*<-10.16 yr!, see Fig. 3.3). Similarly, 65% of the blue galaxies
found within3 r, of rich clusters also have high SSFR. However, in addition to these ‘normal’
galaxies in which the colour and spectroscopic SFRidrrespond well with each other, a
significant fraction of galaxies deviate from the norm, and would be classified differently, if

treated solely on the basis of one of their spectroscopic and photometric properties.

3.4.1 Blue passive galaxies

The blue passive galaxies in our cluster sample (Fig. 3.3) have spectroscopic properties quite
similar to their star-forming counterparts. The colour of a galaxy cannot be expected to, and
indeed does not, correlate in the same way with environmental properties, as the star formation
properties do (e.g. Kauffmann et al. 2003b). Our analysis shows that the values foitb@0D

(Fig. 3.7) and internal extinction (AFig. 3.5) for blue passive galaxies are similar to those of
blue star-forming galaxies, but the HEW distribution (Fig. 3.6) is very different for the two
populations. Since our sample is chosen to be in or near rich clusters, the discrepancy between
their mean photometric colour, and their SSFR derived from spectra, suggests two possible

scenarios: (i) these are galaxies in which star formation has been receht® Gyr) shut off
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Figure 3.11: The distribution of the concentration paraméler Ry,/R5, for the red sequence

(red solid and blue passiveb(ue dashejlgalaxies respectively. The thick and thin lines rep-
resent the distributions with and without unclassified galaxies in each case respectively. The
blue passive galaxies clearly have late-type morphologies along with bluer colours. The fact
that these galaxies have very low SSFR thus make them candidates for progenitors of the red
sequence galaxies, in which star formation has been recently@yr) truncated, eventually
leading to red colour and early-type spheroidal structure typical of the present day cluster red-
sequence galaxies.

due to the impact of local and/or global environment (e.g. Porter & Raychaudhury 2005; Porter
& Raychaudhury 2007; Porter et al. 2008; Mahajan, Raychaudhury & Pimbblet 2011c), or (ii)
these are bulge dominated galaxies where the mean colour is dominated by the young stellar
populations distributed in the disc but the spectrum sourced from an almost dead centre shows

little sign of star formation activity.

A galaxy that has experienced a major burst of star formation 1-2 Gyr ago will show signif-
icant absorption in Héwhich is found in a non-negligible fraction of the blue passive galaxies
here (Figs. 3.6 and 3.8). This is because the A stars which significantly contribute t@ the H
absorption, have a lifetime of1.5 Gyr, but the burst of star formation produces enough ion-
ising radiation to fill in the Héabsorption line. But the absorption line shows up in the galaxy

spectrum once the starburst has been truncated/ended.

Fig. 3.11 provides statistically significant evidence in favour of (ii). As a morphological
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Distributions D p
Red & blue star-forming galaxies 0.67| 0.0000
(including unclassified galaxies)

Red & blue star-forming galaxies 0.60| 0.0000
(excluding unclassified galaxies)

Red star-forming galaxies 0.08| 0.1870
(including & excluding unclassified galaxies)

Blue star-forming galaxies 0.02| 0.9999
(including & excluding unclassified galaxieg)

Red & blue passive galaxies 0.35| 0.0000
(including unclassified galaxies)

Red & blue passive galaxies 0.29| 0.0000
(excluding unclassified galaxies)

Red passive galaxies 0.08] 0.1772
(including & excluding unclassified galaxieg)

Blue passive galaxies 0.01| 0.9999
(including & excluding unclassified galaxieg)

Table 3.2: K-S test results for distributions in Fig. 3.11 &3Bréspectively

index, here we use the concentration param@ter Ry, / R59, Where R is the Petrosian radius
encompassing x% of the galaxy’s light in thdoband from SDSS images. In Fig. 3.11, we plot

the distribution of” for the red and blue passive galaxies respectively. The blue passive galaxies
clearly show late-type morphologieS k& 2.6; Strateva et al. 2001), while their red counterparts
mostly have values of concentration typical of spheroidals. The galaxies in the former category
are similar to the passive blue spirals that have been studied by other authors (e.g. Goto et al.

2003a; Wild et al. 2009).

By analysing the spatially resolved long-slit spectroscopy of a few passive spiral galaxies
selected from the SDSS, Ishigaki et al. (2007) find that th@lbkorption lines are more promi-
nentin the outer regions of the disc, while the nuclear regions show strongest valug4®0D
Their findings are consistent with the idea that the star formation in passive late-type galaxies
ceased a few Gyr ago. Kannappan et al. (2009) have recently identified, characterised and stud-
ied the evolution of galaxies which, though morphologically classified as E/SOs, lie on the blue

sequence in the colour-stellar mass space, and suggest that these systems almost always have a
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bluer outer disk, and that they are a population in transition, potentially evolving on to the red
sequence, or have (re)formed a disk and are about to fall back in the class of late-types. Hence,
the blue passive galaxies can be considered to be the progenitors of their red counterparts, in
which star formation has been recently shut-off: these galaxies will eventually acquire redder
colours and early-type morphologies, over a period that depends upon their environment (Goto

et al. 2003c).

3.4.2 Red star-forming galaxies

Even more interesting are red galaxies with signs of active star formation in their fibre spectra.
We find that 53.4% of the 539 galaxies in this class have significant emission lines on the basis
of which their SSFR has been evaluated. These red star-forming galaxies are made up of at least
two kinds of galaxies (chosen from simple limits in colour and SSFR). One kind appears to be
very similar in photometric properties to the red sequence galaxies but with spectroscopically
derived properties consistent with their late-type counterparts, while the other class has both
photometricand spectroscopic properties similar to the red sequence galaxies, yet has a high

SSFR.

The origin of the latter class is not clear. It is likely that these galaxies are currently expe-
riencing a starburst, which has started very recenfl.5 Gyr). Stellar populations resulting
from such a starburst would be detected in spectral indices suclxd@W (leading to high
values of SFRI/*), but will not dominate the P4000 and the B EW for another~0.5-1 Gyr.

The former sub-population is most likely to be bright cluster galaxies (BCGs), with nuclear
star-formation linked with the AGN (see Goto 2006; Bildfell et al. 2008; Reichard et al. 2009).

In the following we turn our attention to this sub-population.



72 CHAPTER 3. RED STAR-FORMING & BLUE PASSIVE GALAXIES IN CLUSTERS

Star formation at the core of giant ellipticals

The hypothesis that AGN and star formation activity in the core of a galaxy may be linked

is supported by the fact that30% of the red star-forming galaxies with emission lines are
classified as AGN on the BPT diagram (e.g. Fig. 4.8). The fact that 50% of the emission-
line red sequence galaxies (defined according to Fig. 3.3) are also classified as AGN does not
contradict this scenario because either (i) the red sequence AGN galaxies in general have high
stellar mass, and so can have low SSFR even though they have significantly high SFR, or (ii)
they do not have enough cold gas to form stars, because of the presence of an active nuclei.

A significant fraction of giant ellipticals show evidence of ongoing star formation or signs of
recent &2 Gyr) star formation in their cores, particularly in environments where the likelihood
of recent mergers is high (e.g. McDermid et al. 2006; Nolan et al. 2007). For a sample of
BCGs in 48 X-ray luminous clusters, Bildfell et al. (2008) find that 25% of the BCGs have
colour profiles(g —r) that turn bluer toward the centre. Our radial distribution of galaxies in
this category (Fig. 3.4), compared to the distribution of blue star-forming galaxies, is consistent
with this (se€§3.2.4).

Elsewhere, Gallazzi et al. (2009) analyse an extensive dataset, covering UV to IR SEDs
for galaxies in the Abell 901/902 cluster pair, to show tha@i0% of the star-forming galaxies
residing in intermediate to high density environments have optically red colours. They show
that these galaxies are not starbursts, and have SFRs similar to or lower than that of their blue
counterparts. Whether the occurrence of blue cores in red sequence galaxies is linked to their
nuclear activity, and whether the nuclear activity itself is modulated by the immediate environ-
ment of a galaxy (such as the presence of close neighbours), remains a debatable issue. We
intend to return to this in future work involving a more detailed study of nuclear starbursts (also
see Li et al. 2008; Reichard et al. 2009).

The scenario discussed in (ii) above complements the blue passive galaxy population dis-

cussed irg3.4.1- massive galaxies without much cold gas could be formed in dry major mergers



3.4. DISCUSSION 73

of the passive blue progenitors, while high speed encounters amongst them in moderately dense
environments, such as in the infall regions of clusters (e.g. Porter et al. 2008; Mahajan, Ray-
chaudhury & Pimbblet 2011c), could lead to excessive loss of cold gas, leaving the galaxy to
evolve passively thereafter.

In a spatially resolved spectroscopic study of 48 early-type galaxies, the SAURON team
(de Zeeuw et al. 2002) simultaneously observed the CO(1-0) and CO(2-1) lines with 28%
detection rate (12/43) (Combes et al. 2007). In this sample they find that the CO-rich galaxies
show strongest evidence of star formation in the centrdix@ arcset) regions and also tend
to have higher ¥ and lower Fe5015 and Mghdices. The results presented in this work
also support various studies based on the UV data obtained by the Galaxy Evolution Explorer
(GALEX which suggests that a significant fraction15%) of bright (\/, < —22) early-type
galaxies show signature of recertl Gyr old) star formation (e.g. Yi et al. 2005; also see

Crocker et al. ; Gallazzi et al. 2009).

Stellar and gas phase metallicities

Since star formation in a galaxy is often associated with the presence of dust, one would naively
expect these red star-forming galaxies to be the dusty starburst galaxies widely discussed in
the literature (Wolf, Gray & Meisenheimer 2005; Bildfell et al. 2008; Koyama et al. 2008;
Saintonge, Tran & Holden 2008; Gallazzi et al. 2009; Wolf et al. 2009). However, we find that
only ~ 50% of the galaxies in this class show presence of any optical extinction (Figs. 3.5 &
3.10). So why are the rest of the galaxies red?

To address this question, we explore two other factors affecting galaxy colours, namely age
and metallicity. We use stellar metallicities and mean luminosity-weighted stellar ages from the
work of Gallazzi et al. (2005), which are estimated from 150,000 Monte Carlo simulations of
a full range of physically plausible star formation histories. These models are logarithmically

distributed in a metallicity range of 0.2—-27,. In a given model, all stars have the same metal-
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Figure 3.12: The distribution of stellar metallicities (fro@allazzi et al. (2005) for the red
star-forming (ed solid and blue star-formingbjue dashellcluster galaxies in our sample.
The thick and thin curves are distributions including and excluding the unclassified galaxies
respectively in each case. The distributions evidently show that the stars in the red star-forming
galaxies are much more metal-rich with respect to their bluer counterparts. Given that the inter-
nal extinction in galaxies belonging to the two categories does not show a significant difference
(Fig. 3.5), presence of metal-rich stellar populations in the red star-forming galaxies seems to
be a likely cause of their redder colours.
licity, interpreted as the ‘luminosity-weighted stellar metallicity’. For each model in the library,
Gallazzi et al. (2005) measure the strength of thgd@O0, and the HH;4+H, 4, [Mg2Fe]
and [MgFe] spectral indices in the same way as they are measured in the SDSS spectrum of
a galaxy. By comparing the strengths of these indices in the observed spectrum to the model
spectra in their library, the probability density functions (PDFs) of several physical parameters,
such as age and metallicity of a galaxy, are constructed.

We use the--band luminosity weighted ages (hereafter referred to as ‘mean galaxy ages’)
and stellar metallicities derived from these PBIFASor galaxies in our cluster sample, we find
that the red star-forming galaxies are systematically older than their blue counterparts by 5-
7 Gyr. In Fig. 3.12, we compare the distributions of stellar metallicities of the red and blue

star-forming galaxies. We confirm that the two distributions are statistically different by using

the Kolmogorov-Smirnoff (K-S) statistics, which finds the probability of two datasets being

2http://www.mpa-garching.mpg.de/SDSS/DR4/Data/stellarmet.html
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drawn from the same parent population. The K-S test finds the maximum difference between
the cumulative frequency distributions of the red and blue star-forming galaxiedie4e35,

with the probability of the null hypothesis being satisfied to be essentially zero.

Further support for the presence of excessive metals in the red star-forming galaxies is
provided by a comparison between the gas-phase metallicities (logfQ®Hi]estimated by
Tremonti et al. (2004) who have compiled a sample 653,000 star-forming galaxies from
the entire SDSS DR4 (selected to havg HS5 & [NII] emission lines at> 50 detection). We
find that the cumulative distributions of the gas-phase metallicities of the red and blue popula-
tions are statistically different. The K-S test yielfls= 0.18 at a significance level of 0.043.
Though the two samples compared here have widely different numbers of galaxies, our con-
clusion is consistent with that of Ellison et al. (2008), who show that for a sample of 43,690
galaxies selected from the SDSS DR4, the gas-phase metallicities of galaxies with high SSFR
are lower by 0.2 dex, compared to those with low SSFR at fixed stellar mass. The fact that their
metallicities are estimated by a comparable but independent method (see Kewley & Dopita 2002

for details), further strengthens our result.

Around 35% of all red star-forming galaxies are classified as star-forming or composite
galaxies from their spectra. This is in agreement with the results of Graves, Faber, & Schiavon
(2009) who also find-30% of nearby red sequence galaxies from SDSS show presence of emis-
sion lines in their spectrum. They analyse LINER like emission in these galaxies to show that
they are systematically younger by 2.5-3 Gyr than their quiescent counterparts without emission
at fixed rotational velocity. At~0.1, Tremonti et al. (2004) have shown that the metallicity is
well correlated with the stellar mass of the galaxy. These quantities correlate well ¥d0§.5
M* <10.5 M., but the relation flattens thereafter. The fact th&0% of our red galaxies have
log M* in the range 10.6-10.9 Msupports the hypothesis that a significant fraction of the red

star-forming galaxies obtain their red colours from the residual older generations of stars.

Shttp://www.mpa-garching.mpg.de/SDSS/DR4/Datadabalogue.html
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We have also shown that50% of all the red star-forming galaxies are likely to be attenuated
by >0.2 mag in the SDSS-band (Fig. 3.5), and have bimodad HW and D,4000 distributions
(Figs. 3.6, 3.7 and 3.8) which are very different from that of the typical red sequence galaxies.
As discussed ir$3.3.1 ands§3.3.2, the red star-forming class of galaxies remain bimodal in
the distributions of A, Hé and D,4000, even if the selection criterion based on SHR/s
changed to a significantly different value (eg15-percentile, corresponding to log SBRY
= -10 yr!). This clearly indicates that the component of red star-forming galaxies that are
similar in properties to the red sequence galaxies are not merely a result of scatter from the red

sequence (quadrant 1; Fig. 3.3).

3.4.3 Implications for the Butcher-Oemler effect

Butcher & Oemler (1984) found that clusters at moderate to high redshift contain an excess
of blue galaxies, compared to their low-redshift counterparts. For the redshift regime of our
sample ¢ ~ 0.1), they found a uniform blue fraction, bf ~0.03 in all clusters within R,
the radius containing 30% of the cluster’s red sequence population. This exercise has been
repeated several times in recent years for many samples of clusters (Butcher & Oemler 1984;
Margoniner & Carvalho 2000; Ellingson et al. 2001; De Propris et al. 2004). Most studies of
this kind define ‘blue’ galaxies in terms of a broadband colour that is bluer by 0.2 mag than
that of the cluster’s red sequence galaxies. From the above discussion, it is clear that this cut
leaves out a significant fraction of star-forming galaxies that have redder broadband colours,
and classifies some passively evolving galaxies as ‘star-forming’.

Margoniner & Carvalho (2000) found the blue fraction of galaxies to 5©.03+0.09,
similar to Butcher & Oemler (1984), for 44 Abell clusters at G<@30.38 within a fixed cluster-
centric distance of 0.7 Mpc, which translates into the megnf&® most Abell clusters below
z < 0.1. However, Margoniner et al. (2001) measured the fraction toll2 + 0.07)z — 0.01

for clusters atz < 0.25, again for galaxies within a fixed cluster-centric aperture of 0.7 Mpc.
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Elsewhere (Ellingson et al. 2001; De Propris et al. 2004), various multiples of cluster-centric
radius, scaled withyp,, have been used to show the effect of chosen aperture size on the blue
fraction. Ellingson et al. (2001) suggest that the origin of the Butcher-Oemler effect lies in the
fact that the relative fraction of ‘blue’ galaxies on the outskirts of the clusters at higher redshifts
is higher than in their local counterparts. If confirmed, this result can have a critical impact on
the study of evolution of galaxy properties. It is worth mentioning here that even though most
of these studies use optical spectra for most or all of their sample (except for Butcher & Oemler

(1984)), the spectroscopic information is used only for assigning cluster membership.

Recently, with the increasing availability of large multi-wavelength datasets, the possibil-
ity of the Butcher-Oemler effect being observed in other fundamental galaxy properties (e.g.
morphology, Goto et al. 2003b), or in non-optical data e.g. mid-IR, Saintonge, Tran & Holden
2008; Haines et al. 2009), are being explored. The study of Wolf, Gray & Meisenheimer (2005)
unraveled the presence of young stars and dust in the red sequence galaxies in a cluster pair at
z~0.17, while Bildfell et al. (2008) found that the colour profile of 25% of the brightest clus-
ter galaxies (BCGs) turn bluer by 0.5-1.0 mag towards their centres, compared to the average
colours seen in the cluster’'s red sequence. All of this has serious implications for Butcher-

Oemler like effects based on global photometric properties.

Our sample provides some additional insight to this discussion. The presence of metals, and
of colour gradients related to SFR in a galaxy, will affect the estimated fraction of ‘star-forming’
galaxies in low redshift clusters. The fact that nearby cluster galaxies are more metal-rich than
those in high-redshift clusters, will artificially enhance the fraction of passive galaxies that are
selected solely on the basis of their colour. Such an effect is usually not accounted for while
comparing the blue/star-forming galaxy fraction in clusters at different redshifts. A quantitative
analysis of this effect requires a consistent study of an unbiased sample of mutually comparable
galaxy clusters spanning a wide redshift range, for which both photometric and spectroscopic

multi-wavelength data are available. We leave this for a later consideration.
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3.5 Summary and Conclusion

We divide a sample af6,000 galaxies found in or near rich Abell clusters(z12) in the SDSS
spectroscopic catalogue, into four populations, defined by placing simple limits-in-)°-!
colour (derived from photometry) and specific star formation rate (derived from the detailed
modelling of optical spectra). While most blue galaxies have evidence of star formation, and
red galaxies do not, this identifies two significant populations of blue passive galaxies and red
star-forming galaxies.

We trace the spectroscopic and photometric properties of galaxies in these four sub-samples
in detail, using data available from SDSS DR4. The main results of our analysis can be sum-

marised as follows:

e For the blue passive galaxies, the dust content and values for, #@0D are similar to
those of the blue star-forming galaxies, indicating similar metal content, mean ages and

internal extinction.

e Since the blue passive galaxies have a broad distributiondoEW, along with late-
type morphologies, they appear to be similar to the passive blue spirals studied by other
authors. Our results support the hypothesis that these galaxies could be the progenitors
of the red sequence galaxies in which star formation has been recently shut off due to the

impact of local/global environment.

e An intriguing find of this study is that only50% of the red star-forming galaxies have

significant values of extinction, indicative of the presence of dust.

e By comparing the stellar metallicities, gas-phase metallicities and mean ages of the red
and blue star-forming galaxies, we find statistically significant evidence in support of the
fact that, for at least half of the red star-forming galaxies, the red colours result from a

relatively metal-rich stellar population. Our argument remains valid even if the criterion
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for classification as star-forming based on SSFR is changed within reasonable limits (15-

50 percentile, instead of the 25-percentile used in this work).

A significant (around 15%) fraction of the red star-forming galaxies have blue cores, indi-

cating recent star formation which might be linked to the AGN activity in these galaxies.

More than 30% of red star-forming galaxies are classified as AGN from their spectral

emission lines.

The population of passive red sequence galaxies increase toward the cluster centre, closely
followed by the red star-forming galaxies, except that the latter does not rise steeply in

the cluster core.

The blue star-forming galaxies are distributed uniformly at J,p3rom the cluster cen-
tre, but decline steeply withing,. The blue passive galaxies on the other hand show a

constant distribution, except for a small increase aroun.2r

Galaxy evolution studies which base their sample selection criterion only on broadband
colours to test Butcher-Oemler like effects, may be significantly affected by the presence
of ‘complex’ galaxy populations such as the red star-forming and blue passive galaxies

discussed here.



Chapter 4

Star formation, starbursts and guenching

across the Coma supercluster

4.1 Introduction

The Coma supercluster is the nearest rich supercluster of galaxies (Chincarini & Rood 1976;
Gregory & Thompson 1978), consisting of two rich Abell clusters, separated by, Mpc,
but connected by a prominent filament of galaxies and poorer groups (e.g. Fontanelli 1984),
which is part of the supercluster identified as the “Great Wall” in the first major redshift survey
of galaxies in the nearby Universe (Geller & Huchra 1989). At a distanee o0 h-; Mpc,
it affords a closer look at the properties of individual galaxies (1kj2cl arcsec), but its large
angular scale on the sky presents observational challenges for the narrow fields of view of most
instruments.

It is interesting to note that even though they are the two most significant structures in the
supercluster, the two Abell clusters are remarkably different in every respect. The optical lumi-
nosity function of galaxies in the Coma cluster, for instance, has a much steeper faint-end slope

than that of its neighbour Abell 1367 (Iglesias-Paramo et al. 2003). Early studies (e.g. Dressler

80
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1980) revealed that the fraction of spiral galaxies in the Coma cluster is anomalously low com-
pared to Abell 1367. In addition, galaxies in the core of the Coma cluster were identified to be
unusually deficient in neutral hydrogen (e.g. Sullivan & Johnson 1978; Giovanelli & Haynes
1985; Bernstein et al. 1994), ionised hydrogen (Raychaudhury et al. 1997) and molecular gas
(H2/CO) (Boselli et al. 1997a). Bothun, Schommer, & Sullivan (1984) found a strong H
gradient in Coma galaxies- many of the innen, pbor spirals being quite blue, suggesting that
some gas removal process has acted quite recently, while Abell 1367 was found to be a mixture

of H I poor and rich galaxies.

The availability of more detailed analyses of star formation, based on multi-wavelength
data, and of spectral indices sensitive to stellar ages, has made this field more interesting. Es-
timates of star formation activity from mid-infrared (IR) (Boselli et al. 1997b) and Galaxy
Evolution Explorer GALEX) ultraviolet (Cortese, Gavazzi, & Boselli 2008) photometry show
that star formation in Coma on the whole is substantially suppressed compared to that in the
field, while Abell 1367 has an abundance of bright star-forming galaxies (Cortese, Gavazzi, &

Boselli 2008).

In a hierarchical model of the formation of structures in the Universe, it is not surprising that
a rich cluster, with a relaxed appearance in its x-ray image, such as Coma, would represent the
end product of the gradual assimilation of several galaxy groups over time. In spite of the claim
of Dressler & Shectman (1988) that the Coma cluster does not have significant substructure, it
has subsequently been shown to have at least three major subclusters in the optical (e.g. West
1998) and x-ray maps (e.g. Davis & Mushotzky 1993; Adami et al. 2005). At the other end of
the supercluster, Abell 1367 is also found to be elongated with three major subclusters, along the
axis of the filament, with a population of star-forming galaxies infalling into the SE cloud and
possibly the other two as well (Cortese et al. 2004). This has prompted a multitude of studies
attempting to link the dynamical history of the supercluster with the properties of individual

galaxies to investigate both the process of building clusters, as well as the effect of large-scale
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structure on the star formation history of galaxies (e.g. Haines et al. 2006b).

By employing the spectral analysis of galaxies in Coma, together with the x-ray map of
Neumann et al. (2003), Poggianti et al. (2004) found that the post-starburst (k+A) galaxies, in
which star formation has been quenched within the last 1-1.5 Gyr, are associated with the x-ray
excess attributed to the substructure in Coma. However, this work was limited to 3 fields in the
~ 2 Mpc region surrounding the centre of Coma.

In addition to star formation indices measured from optical spectra, the availabifyitzier
MIPS mid-IR observations has been recently utilised by several authors to characterise the
star formation properties of the obscured component in galaxies in clusters and groups (e.g.
Saintonge, Tran & Holden 2008; Haines et al. 2009; Wolf et al. 2009; Bai et al. 2010), since
the 24um flux can be used as a representation of the dust-reprocessed overall IR flux.

Hereafter, we will refer to the pair of clusters Coma and Abell 1367, along with the asso-
ciated filament of galaxies as the Coma Supercluster. In this paper, we uSpitberMIPS
24um observations, wherever available, along with the broadband colours and spectral star for-
mation indicators from the SDSS. We adopt the distance modulus of the Coma Supercluster
to bem — M = 35.0, and use cosmological parametérg = 0.70, Q,, = 0.30, and Hy, = 70
km s~ Mpc~! for calculating the magnitudes and distances. We note that at the redshift of
Coma (z=0.023), our results are independent of the choice of cosmology. In the next section,
we present our data and reduction methodology, and summarise our main regdlts amd
84.4. We discuss their implications, and compare the properties of galaxies in various parts of

the supercluster if4.5, summarising i4.6.

4.2 Observational Data

The optical spectroscopic and photometric data used in this chapter are defli#d.imhe

24um MIR data are described i§2.3.2. In the following section we describe how the two
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datasets are matched in position against each other.

4.2.1 Matching the SDSS spectroscopic catalogue with the 24 sources

To match the SDSS spectroscopic catalogue for the Coma supercluster with the MR 24u
data, we choose the nearest optical counterpart withiof @ach 24.m source. This accounts
for a displacement of no more than Z5' kpc between the centres. We note th#0% of

the matches are found to have centres withimReach other. None of our sources above the
detection threshold were found to have multiple matches.

Our final dataset comprises of 3,787 galaxies (7.77) with spectroscopic redshifts from
SDSS, and radial velocity withift2,000 km s! of Coma or Abell 1367, in around 500 square
degree region of the sky covered by the Coma supercluster. Out of these, 197 sm&thin
hzs- Mpc of the centre of Coma and 24 within0.65 h-,; Mpc of the centre of Abell 1367
are found to have a 24n counterpart. The catalogue of data for theser@4letected galaxies

is presented as Table A.1.

4.3 Star formation and AGN across the Coma supercluster

Located~100 Mpc from us, the Coma supercluster offers a unique opportunity for investigating
the effect on individual galaxies of the hierarchical formation of structures in the Universe, as
galaxies progress through various environments towards the cores of the clusters.

In order to give a general overview of the optical star formation properties of galaxies along
the entire supercluster, in Fig. 4.1 we plot the positions of all the galaxies from the SDSS
spectroscopic catalogue found in our redshift range, and the major galaxy groups obtained from
the NED. In order to avoid multiple detections, we consider the groups only from the NGS,
WBL, USGC and HCG catalogues, and even amongst these, we identify duplication by merging

groups closer tha’ aind within+100 km s* of each other.
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Figure 4.1: Top panel: The surface density of galaxies in the Coma supercluster is shown

in grey. The positions of passive galaxidddgck dot3, AGN host galaxiesdpen red circle}

and starburst galaxigblue stars); EW(Hg > 25A~ log SSFR- —10yr—!) are indicated.

The big green circlesare the groups in the region, from the NASA Extragalactic Database.
The rectangular pink regions show t8pitzeMIPS fields of view for the two cluster&ottom

panel: Thesolid redline and thedashed blu¢ine show the fraction of AGN and of the starburst
galaxies, among all the galaxies shown in the upper panel. The bins are chosen to have 150
galaxies in each of them. The solid vertical lines represent the centres of the Coma cluster
and Abell 1367 respectively, while tlimt-dashed linshows the RA position of the NGC 4839
group (see text). All the dotted lines represent the positions of groups, shown in the upper panel.
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The positions of AGN host galaxies, identified using the BPT diagram (e.g. Baldwin,
Phillips & Terlevich 1981; also se$t.4.2), and non-AGN starburst galaxies (star-forming on
the BPT diagram, and having EW(Hiz254), are indicated in Fig. 4.1. We also show the
limited regions at the cores of the Coma and Abell 1367 clusters, over which the ddta
are available, and utilised in this paper. Plotted in the bottom panel of the same figure is the
distribution of the AGN and starburst galaxies, as fractions of the 150 galaxies contributing to
each bin. It is worth mentioning that although these distributions are a fair representation of the
data, the binning has resulted in a spurious feature at the position of Abell 1367. As is already
well known in the literature, the central region of Abell 1367 is sparsely populated, the majority
of galaxies in the core being late-type. In this figure, it appears that the fraction of starburst
galaxies does not decline in the core of Abell 1367, but if the data is re-binned so as to have
equally-spaced bins, this would not be the case. Having said that, the decline in the fraction of

starburst galaxies at the centre of Abell 1367 is much shallower than that seen in Coma.

In general, the optically-identified AGN seem to be more or less uniformly distributed
throughout the supercluster (Figs. 4.1 and 4.2), except for a sharp decline in the cores of both
the clusters. This latter result is counter-intuitive, because AGN hosts are known to be early-
type massive galaxies which mostly reside in dense environments. Hence, this may indicate that
the optical emission from the AGN present in this region is obscured and/or detectable at other
wavelengths (radio/x-ray). The latter is beyond the scope of this work, but our MIR& 24
data supports the former possibility. As seen in Fig. 4.11, not only does the relative fraction of
the red 24.m galaxies marginally increase towards the centre, around 50% of them are found
within 0.5k, Mpc of the centre of the Coma cluster, indicating that optical emission from sev-
eral AGN hosts may be obscured. Further evidence in support of this argument may be drawn
from Fig. 4.8 where a large fraction of galaxies detected at2do not show [Q11] and/or HS
in emission, but their HAN 11] flux ratios are consistent with the presence of an AGN (Miller

et al. 2003) on the BPT diagram (Baldwin, Phillips & Terlevich 1981).
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AGN fraction among massive (z<14.5) galaxies
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Figure 4.2: The local AGN fractionf(;;y) among massive galaxies< 14.5), as a function of
spatial position across the Coma supercluster. The map is colour-codedwith Theblack
contoursindicate the local luminosity-weighted-pand) galaxy density across the supercluster.
Thewhite contoursndicate regions with AGN fractiori,oy = 1 and 2¢ below the mean value
over the supercluster.

We further investigate the environmental trends for AGN and star formation activity within
the Coma supercluster, by estimating the local fraction of star-forming galgkiesgnd AGN
(facn) over the entire supercluster, both for massive galaxies ¢esgl4.5; M. <M* + 1.8,
assumingM = — 22.32 from Blanton et al. 2001) and the dwarf galaxy population>( 15;

M, > M* + 2.3). Following Haines et al. (2007), we define the local projected density of
galaxies f(x)) using a variant of the adaptive kernel estimator (Silverman 1986; Pisani 1993),
where each galaxyis represented by an adaptive Gaussian ketyigl). This is different from

the algorithm of Silverman (1986), which, in its previous applications to astronomical data,
requires the kernel width; to be iteratively set to be proportional,bg_)l/z. In this work, we fix

the transverse width; to be proportional taD3;, whereDj is the distance to the third nearest

neighbour within 500 kms!.

The dominant factors governing the star formation properties of a galaxy are the mass of its
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DM halo, and whether it is the central or a satellite galaxy in a halo (Kauffmann et al. 2004;
Yang et al. 2005; Blanton et al. 2006). We adopt the above method, and choose the dimensions
of the kernel, keeping this in mind. In the case of galaxies within groups or clusters, the local
environment is measured on the scale of their host halo (0.1-1 Mpc), while for galaxies in field
regions the local density is estimated by smoothing over their 5-10 nearest neighbours or on

scales of 1-5Mpc (e.g. for details, see Haines et al. 2007).

We can then map the local galaxy densjygndz-band luminosity densityj() asp(x) = >, xi(x—x;)
andj.(x) = >, L., ki(x—x;), whereL, ; is thez-band luminosity of galaxy (see Fig. 4.3).
Following Yang et al. (2005), we identify local maxima in thédand luminosity density as
galaxy groups and clusters, whose masses correlate with the-todad luminosity associated
with the peak. By comparison with the Millennium simulation, we expect all groups with 4 or
more members to be associated with a local maximup(ir) (Haines et al. 2007). The local

z-band luminosity density is shown as black contours in Figs. 4.2—4.4.

In Fig. 4.2 we show the spatial variation §f;y among massive galaxies< 14.5) across
the supercluster, where we calculdig;y as) ; oy £(x—X;)/p(x), WhereiCAGN is the
subset of galaxies classified as optical AGN, based on the ratios of thermally excited and re-
combination lines used in the BPT diagram. We do not consider the lower mass galaxies, as the

fraction of AGN declines rapidly to zero below, > M*+2.

For comparison, Fig. 4.3 shows the distributionfof(x) as) _, ¢p k(x—x;)/p(x), Where
iCSF is the subset of galaxies classified as star-forming according to the line-ratios used in
the BPT diagram. Fig. 4.4 shows a map of the local mean equivalent width (EW) aff H
star-forming dwarf galaxies d&'W (Ha)(x)) = > ;- gp EW(Ha) 6(x—%;)/ >, c g £(Xx—X%;),
plotted in a manner analogous to that used by Haines et al. (2006b) for galaxy colours in the

Shapley supercluster.

In Fig. 4.2 we see that the AGN fractigih gy, among massive galaxies< 14.5) declines

at the centre of the Coma and Abell 1367 clusters, while elsewhere, it is uniformly distributed.
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Star-forming fraction among massive (z<14.5) galaxies
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Figure 4.3: The local fraction of star-forming galaxigfs ) as a function of spatial position
across the Coma supercluster, for massive galaxies {4.5; top pane) and dwarf galaxies

(z > 15; lower pane). The colours indicatgsr, and the same colour scale is used in both the
panels. Overlaid are black contours indicating tHeand luminosity-weighted galaxy density
across the supercluster. This figure shows that in the Coma supercluster, star formation in the
massive galaxies:(< 14.5) seems to be suppressed independent of their local environment,
while the dwarf galaxies:(> 15) are star-forming everywhere except in the dense environment

in the vicinity of rich clusters and galaxy groups.
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Mean EW(Ha) among dwarf (z>15) star-forming galaxies
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Figure 4.4: The local meandlequivalent width of star-forming (EW(Hp> 2,&) dwarf (z >

15) galaxies across the Coma supercluster, indicated by colour. Overlaiagie contours
indicating thez-band luminosity-weighted galaxy density across the superclustenvhite
contoursshowing regions where the local observed mean value of the EY\V@H2 and 3¢

above that averaged over the whole supercluster.

This appears to contradict the results of Haines et al. (2007), who found the AGN fraction to
be independent of environment, and to be a monotonically increasing function of stellar mass.
However, the volume studied by Haines et al. (2007) within SDSS DR4 did not cover clusters as
rich as Coma or Abell 1367. This may indicate that only the very dense environments affect the
optical AGN activity of galaxies. The relation betweék, y and local environment is unclear

in the intermediate density group environment. While fhey values decline in the centre

of some groups, in others they exceed the mean value for the field. Although there is a slight
indication that the groups in which thfa; v appears to be declining, mostly lie on the filament
connecting the Coma and Abell 1367, or in the vicinity of the clusters themselves, while the
groups with higher values of 4y lie in underdense regions. However, it is not possible to

draw any firm statistical inferences from this observation.

Whether the AGN fractiorf 4y varies with environment or not depends on how the activity

of the galactic nuclei is defined. Miller et al. (2003) do not find any correlation between galaxy
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density and f. in a large sample of galaxied/4. = —20; 0.05 < z < 0.095), where the AGN

are defined in terms of optical emission line ratios characterised by the BPT diagram. Other
studies find higher incidence of optical AGN in groups and clusters (Arnold et al. 2009). If the
AGN were selected according to their radio, mid-IR or x-ray properties, they would be found
in different hosts: radio AGN in early-type galaxies, IR AGN in bluer galaxies, and x-ray AGN

in galaxies of intermediate colour (Hickox et al. 2009). The environment dependence of AGN
activity is thus largely linked to the distribution of the hosts. The incidence of x-ray AGN is
higher in galaxy groups than in galaxy clusters (Martini et al. 2006; Shen et al. 2007). The
fraction of radio-loud AGN is the same in the brightest galaxies of groups and clusters and
in the field, but higher in non-central galaxies (Best et al. 2005). Del Pozzo et al. (2011)
showed that the mass function of black holes is independent of environment, and the variation
in the distribution of optical, radio and x-ray AGN can be understood in terms of the accretion
processes that lead to the manifestation of the AGN in the various ranges of electromagnetic

radiation.

We measured the significance of the spatial variations segxyin across the supercluster
by performing Monte Carlo simulations, in which we made repeated maps-af after ran-
domly assigning the positions of the AGN to the bright galaxies (i.e. testing the null hypothesis
that f4on IS constant across the supercluster), and measuring the fraction of maps in which a
given local value off 4y was obtained within one of the Monte Carlo simulations. The results
of these simulations are represented by the white contours, which indicate regions that have
faagn = 1 and 2¢ below the mean value across the supercluster. This confirms that the decline
in fagn Seen towards the core of the Coma cluster is significant at theveéd; while that seen

in Abell 1367 is significant at thea2level.

In Fig. 4.3 we show the general correlation between the fraction of star-forming galaxies
(fsr) and environment for massive galaxies<(14.5; top panel) and the dwarf galaxies*%

15; bottom panel). For the massive galaxies we find an almost unif@sm< 0.5 in all the
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environments. For dwarf galaxies, we see a much stronger SF-density relatiorfgwiising

rapidly from the fs < 0.1-0.4 seen in the cluster cores, fg- > 0.95 in the field. This

result is in agreement with literature, where, using colour or SFR indicators, it has been shown
that dwarf galaxies exhibit much stronger radial trends with environment than their massive
counterparts (e.g. Gray et al. 2004; Tanaka et al. 2004; Smith et al. 2006; Haines et al. 2007
among others). The origin of the SF-density relation for the dwarf galaxies can be attributed to
the fact that (i) the star formation in dwarf galaxies can easily be quenched by the tidal impact of
a massive neighbour and/or the ICM of the cluster (e.g. Larson et al. 1980), and (ii) unlike their
massive counterparts, dwarfs (of the luminosities considered here) do not become passive by
internal mechanisms such as gas consumption through star formation, merging etc.. However,
the effects of supernovae wind blowouts and feedback become significant for relatively faint
(M* <107 M,,) dwarfs (e.g. Mac Low & Ferrara 1999; Marcolini et al. 2006). In this work we

do not find any evidence for the quenching of star formation in galaxies on the filament(s), but

only in the cores of the embedded galaxy groups.

The Hx emission traces the current SFR of a galaxy, while the continuum flux under this
line can be used as an indicator of its past SFR, making the globally averagedaf:Wgbh
a galaxy an effective indicator of the birthrate paramefier current SFR normalised by the
SFR averaged over the lifetime of a galaxy). Recently, Lee et al. (2009) have shown that
EW(Ha) ~ 40A corresponds td = 1. In Fig. 4.4 we show the variation in the mean EV(H
as a function of environment for the star-forming dwarf galaxies. This is potentially a very
powerful technique for dissociating the intrinsically active star formation history (SFH) of low-
mass galaxies from a starburst caused by the impact of local environment (see Haines et al.

2007 for instance).

If galaxies are slowly quenched by interactions with their environment (Balogh et al. 2004b),
a decline in the mean EW(J is expected in the regions of denser environment. On the other

hand, if star formation is triggered due to the impact of environment, the mean &Vg(iould
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increase. Unlike the slow quenching of dwarfs in dense environments (Tanaka et al. 2004;
Haines et al. 2007), here in the Coma supercluster, we find that the dwarf galaxies follow
different evolutionary paths in galaxy groups and in the denser cluster environment. In galaxy
groups, a dwarf galaxy is slowly quenched via interactions with the other group members and/or
the tidal field of the group, while in the clusters, an infalling dwarf experiences a starburst in the
intermediate density environment at the cluster periphery (Porter et al. 2008; Mahajan, Ray-
chaudhury & Pimbblet 2011c), and is then rapidly quenched via cluster-related environmental
mechanisms, such as ram-pressure stripping.

In analogy to Fig. 4.2, we measure the significance of the spatial variations seen in the
mean EW(Hqg via Monte Carlo simulations, this time by making repeated maps after randomly
swapping the values of EWJ among the dwarf star-forming galaxies. In doing this, we
seek to test the null hypothesis that the EWJHhk independent of spatial position among star-
forming galaxies. In Fig. 4.4, we show, as overlaid white contours, the regions in which the
local observed mean value of the EW(His 2 and 3 above that averaged over the whole
supercluster. This confirms that the excess star formation seen in the infall regions of Coma,
and towards the core of Abell 1367, is indeed significant 8t level. In quantitative terms,
this excess in the infall regions of the Coma cluster is due to a populatioi@30fdwarf starburst
galaxies £ > 15, EW(Ha) > 40,&) located within or along the white 2-contours in Fig. 4.4,

The analogous excess in the core of Abell 1367 can be ascribed@cstarburst dwarf galaxies.

4.4 Optical and mid-IR analysis of Coma and Abell 1367 galax-
ies
The IR emission from normal galaxies aroukd24,m is dominated by hot dust in the iiHre-

gions of massive stars, in addition to (usually) minor contribution from asymptotic giant branch

(AGB) stars and the general interstellar medium (ISM). This recycled emission, together with
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Figure 4.5: Theg—r) vsr colour-magnitude relation for the 2#ubright galaxies detected

in the Coma clustercfrcles) and Abell 1367 lpig starg. The solid line shows the colour-
magnitude relation (CMR) fitted to the Coma data points, while the dot-dashed lines mark the
mean absolute deviation (MAD) boundaries on either side. We adopt the lower MAD boundary
in (g—r) for segregating the red sequence from the blue cloud. Note that we do not use any
upper bound for the red sequence because fitting is done using spectroscopically confirmed
cluster members only. The symbols are colour-coded according t@4hez) colour of the

MIR bright sources (Fig. 4.6). All the other Coma galaxies are showgr@sstars Note that
(24— z) =-6 mag separates the red sequence galaxies from the blue ones {34 z) plane

(Fig. 4.6).

the optical emission, can thus provide a good estimate of the total starlight of a galaxy and be
used to better constrain the current and past SFR of a galaxy (e.g. Calzetti et al. 2007; Kenni-
cutt et al. 2009; Rieke et al. 2009 among others). While IR astronomers usually study late-type
galaxies, early-type galaxies have received sporadic attention only in the context of the warm

dust component detected in a few of them (e.g. Knapp et al. 1989).

In this chapter, we combine the optical photometric and spectroscopic data taken by the
SDSS DR7, with the 24m SpitzefMIPS data, which is sensitive to processed optical emission
from stars, to study the star formation activity of galaxies residing in the denser regions of the

Coma supercluster.
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Figure 4.6: Thg24— z) colour of all galaxies in the Coma supercluster sample, divided into
blue cloud blue star$ and red sequenceefl) (Fig. 4.5) galaxies, are plotted against their

band magnitudes. The dotted line shows the 80% completeness limit of tine @dta. The
constant SFR lines are drawn using the conversion factor given by Calzetti et al. (2007). The
horizontal dashed line 424 —>) = —6 mag is our empirically chosen criterion for selecting
star-forming galaxies. The top axis shows the stellar mass of galaxies estimated using a relation
from Bell et al. (2003).

4.4.1 Optical and MIR colours

In Fig. 4.5, we show the colour magnitude relation (CMR) for all the spectroscopic galaxy
members { < 17.77) found in this region in the SDSS DR7, and those that are also de-
tected at 24m in the SpitzefMIPS observations. For comparison, the.84 galaxies found
in Abell 1367 are also shown. We only use galaxies brighter than5.5. The CMR is of the
form g—r=1.244—0.032 r for all the Coma galaxies, where the mean absolute deviation from
the relation ist).064 mag.

We repeat this analysis in Fig. 4.6 for the near-infrared (NIR) band of SD®&r{d), and
the 24um MIPS band. The galaxies classified as red and blue on the optical colour-magnitude
diagram, split into two separate classes aro(id-z) = —6 mag on the plot of the near/mid
IR colour and magnitude as well. Although we overplot the lines of constant SFR in Fig. 4.6,
according to the empirical relation given by Calzetti et al. (2007), it is important for the reader

to consider that the 24m flux alone is an accurate SFR indicator only for the late-type, dusty
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star-forming galaxies (we return to this issue below). The SB88nd, centred at 90004, is

a good measure of the light from evolved stars, and hence the stellar mass of a galaxy. The top
axis shows the stellar mass of galaxies estimated using the relatidf* = —0.306+1.097(g —
r)—0.1—0.4(M,—5log h—4.64), from Bell et al. (2003). On the other hand, the.24MIPS

band in the MIR is a good proxy for the dust-processed light. This makeQ4hez) colour

an excellent approximation for the value of the specific star formation (SSFR or SFBRIM

galaxies.

Figs. 4.5 and 4.6 together show that the.@ddetected red sequence galaxies in Coma have
consistent optical and MIR colours. We note that the optical-MIR colours of the red sequence
galaxies are not consistent with those expected from photospheric emission from old stellar pop-
ulations, with an excess emission always apparent @24 heSpitzerinfrared Spectrograph
observations of early-type galaxies in Virgo and Coma clusters show that the diffuse, excess
emission, apparent at 10-3® in these galaxies, is due to silicate emission from the dusty
circumstellar envelopes of mass-losing evolved AGB stars (Bressan et al. 2006; Clemens et al.
2009). The strength of this silicate emission is a slowly declining function of stellar age (Pio-
van, Tantalo & Chiosi 2003), and persists even for very evolved stellar populatiarisGyr).

The optical-MIR colours of Virgo and Coma galaxies have been found to be consistent with

such old stellar populations (Clemens et al. 2009).

The blue galaxies in Fig. 4.5 have a wide spread in both colour and magnitude. The in-
homogeneity of this class of galaxies becomes even more clear in Fig. 4.7, where we plot the
optical (g—r) colour against the near/mid-IR4—z) colour. Just as in Fig. 4.5, the passive red
galaxies cluster in a small region of the colour-colour space, but the blue galaxies and (optical)
AGN span a wide range along both the axes. We note the clear separation of star-forming (blue
stars) and passive (red points) galaxie&ifi— z) colour. The horizontal dashed line in Fig. 4.7
indicates our empirically chosen criterion to separate the two populations@dout) = —6.

Interestingly, although the AGN and star-forming galaxies (green and blue symbols respec-
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Figure 4.7: This colour-colour diagram shows that the gataxientified as AGNdreen circle}

and star-forminglglue starg, on the basis of the BPT diagram according to their optical spectra
(see Fig. 4.8), occupy different regions on the near/mid IR magnitude-colour diagram. The
solid andopen green circlesepresent AGN classified on the BPT diagram and by the Miller
et al. (2003) criterion respectively (see text). The passive galareesppinty detected at
24um are concentrated in a small region on the top right of the diagram. The horizontal line at
(24—2z) = —6 mag marks the boundary between these two classes i {the—2) IR colour
magnitude space (Fig. 4.6).

tively) are classified on the basis of their optical spectra on the BPT diagram (e.g. Baldwin,

Phillips & Terlevich 1981; also se®t.4.2), they occupy distinct regions in this plot of optical

vs optical-IR colour, as well.

4.4.2 Optical and 24.m star formation indicators

The understanding of the formation of stars in galaxies requires, among other things, the mea-
surement of the rate at which the interstellar gas is converted into stars. With the development
of appropriate technology, radio, IR and UV photometry and spectroscopy are increasingly be-
ing employed, in addition to the traditional optical observations, for the purpose of measuring
the rate of star formation. The dust clouds surrounding the young stellar concentrations absorb
starlight and re-radiate it at IR wavelengths. Thus, the SFR measured by IR measurements is

accurate only in the optically thick limit. The observed UV radiation escaped from the molecu-
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Figure 4.8: The BPT diagram (Baldwin, Phillips & Terlevich 198or the 24:m detected
galaxies in the Coma clustdfilled circleg and in Abell 1367 ¢pen triangle¥ colour coded by

their 24um flux. We also plot all the galaxies withia 2,000 km s! of Coma or Abell 1367,

in the 500 square degree supercluster region, but not detectegrat 24grey crosses The

points plotted in a line at log[M1]5007/H; = —1.5 are the galaxies which have no detected

[O ni] and/or H; emission. Itis interesting to observe that a large fraction of the Coma galaxies
without [O 111] and/or HBhave their [Ni1]/Ha flux ratios as expected for AGN, suggesting that
these galaxies may have their nuclear emission obscured. We classify such galaxies as AGN if
they have Log([NI]/Ha)>-0.2 (Miller et al. 2003).

lar clouds which block the UV light at earlier ages, comes mostly from stars with age& @0

yrs (Calzetti et al. 2005). Hemission is produced only in the first few million years from

the most massive stars (Leitherer et al. 1999). Indeed, a combination of &Jahl IR obser-
vations is required to give a full measure of the obscured and unobscured star formation (see
chapter 8). In this section, we attempt to combine the direct (optical) and the obscured (IR)
radiation from the Coma and Abell 1367 galaxies to understand the process of star formation

across this supercluster.

The 24.m IR emission in galaxies can result from dust heated by young massive star clusters
as well as the AGN. Since our MIPS data comes from the densest regions at the core of the
Coma cluster (Fig. 4.1), which is a favourable environment for AGN hosts, it is important to
investigate the origin of the 24p emission in these galaxies. To do so, in Fig. 4.8 we plot the
usual ratios of optical emission linewidths ([@], HS, [N 11] and Hx), known to distinguish

star forming galaxies from those dominated by AGN, in what is popularly known as the BPT
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diagram (Baldwin, Phillips & Terlevich 1981).

In Fig. 4.8, we show all the emission-line galaxies found in #h2,000 km s redshift

slice around Coma and/or Abell 1367, in thés00 square degrees Coma supercluster re-
gion (see Fig. 4.1), along with the galaxies detected an24MIPS) in Coma (circles) and
Abell 1367 (open triangles). Although we find a significant number gfi24letected galaxies
with [N 11)/Ha ratios suggestive of AGN, this does not mean that then24mission is pre-
dominantly due to AGN. Goulding & Alexander (2009) have tried to estimate the contribution
of the AGN component to the IR emission from galaxies uSipgzefIRS spectroscopy. Al-
though only a few galaxies in their sample have IR fluxes produced predominantly by AGN,
they also find that a substantial fraction of AGN are optically obscured, consistent with the

results presented here.

We find that most of the galaxies which have measured values of all four emission lines
are dusty star forming galaxies. However, interestingly, a large number of galaxies detected
at 24,m in Coma that do not show emission in [@] and/or H3, do have a [Nil]/Ha flux
ratio consistent with the presence of an AGN. Such galaxies can be classified as AfgN if

(IN n}/Ha)>-0.2 (Miller et al. 2003).

The EW of the balmer lines, especially that of the EImission line, has been extensively
used to estimate the current optical SFR of galaxies. It has been shown in the literature that the
24um flux is a good measure of dust-processed star light (e.g. Calzetti et al. 2007). But, the
24um observations used in this work cover the very central regions of the Coma cluster, and
Abell 1367, which comprises mostly of early-type galaxies. In order to test the correspondence
between the direct and dust-processed SFR tracers, in Fig. 4.9 we p{atithe) colour as a
function of spectroscopically measured EWA(H We also colour-code the symbols according
to the concentration parameter of the galaxies (ratio of the Petrosian rdirRE, from the
SDSS photometric catalogue, which is an indicator of morphology), to show that the early and

late-type galaxies are uniformly distributed along both the axes. Passive spirals often have
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Figure 4.9: The4— 2z colour as a function of H EW for Coma (filled circles) and Abell 1367
(stars) galaxies respectively. The straight line represents the linear fit to galaxies in the Coma
cluster. Though there is a considerable scatter, the correlation between the two quantities is
significant. The dotted lines represent the lower limits adopted to select star-forming galaxies
using (Hx EW:4A) and24—z colour= —6.0 (see Fig.4.6). For completeness, we also show the
24um detected galaxies that do not hawe émission in SDSS spectra at EW(Ha0.2A (open
circles). The 24:m emission in these galaxies is likely to come from the evolved AGB stars.

concentration indices consistent with early-types (e.g./Rso. > 2.6; also see Mahajan &
Raychaudhury 2009). But Fig. 4.9 implies that the emission-line galaxies detectednata24
the core of Coma and Abell 1367 are not dominated by galaxies of any particular morphological
type (as quantified by the concentration index).

Due to the dominance of early-type galaxies in oun@4sample, it is not surprising that
only a small fraction of galaxies classified as star-forming on the basis of(fleirz) colour
(Fig. 4.6), show no signs of current star formation in their optical spectra. For completeness,
at EW(Ha) =0.2A we plot all the 24:m detected galaxies that do not show optical emission in
Ha. As expected, most of these galaxies h&#— z) colours and concentration parameters
consistent with those of quiescent early-type galaxies. This suggests that theiredigsion
is primarily due to the contribution from AGB stars, which (unlike young stars) do not pro-
duce Haemission. The good overall correspondence between the photoffétric) colour
and spectroscopic EW(Hanakes the€24 — =) colour a good candidate for comparing the star

formation activity in nearby galaxies, in the absence of optical spectra.
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Figure 4.10: The fraction of star-forming galaxies as a furctof (projected) cluster-centric
radius for Coma in théeft panel and Abell 1367 on thight. In both panels, theolid black

line shows the radial variation in the fraction of star-forming galaxies, selected usifg-th¢
colour threshold, thelotted red linemakes use of the HEW (22,&) and thedashed blue

line represents the same, for star-forming galaxies chosen bi2dhez) < —6 criterion. The
correspondinghin curvesshow thet1—o Poisson scatter. In all cases, all the spectroscopically
identified galaxy members with M« —20.82 (M%+1.5; see text), and l.o.s. velocit¢ 3,000

km s! of Coma and/or Abell 1367, are used to estimate the fractions. For Abell 1367, we
show galaxies only within the region, of scal®.75 h-, Mpc, for which the 24m data is
available. This diagram shows the importance of taking account of the star formation activity
used to quantify and understand evolutionary trends, such as the Butcher-Oemler effect. For
comparison, the R radius adopted by Butcher & Oemler 1984, and the fraction of blue galaxies
found in Coma and Abell 1367, are also shown by the verto&ldashed lineandopen green
diamondgespectively.

4.4.3 Varying fractions of star-forming galaxies with SFR tracer: impli-

cations for the Butcher-Oemler effect

Photometric colours and EWSs of emission lines likei@nd Hahave been extensively used

for studying the evolution of galaxies in time and across the sky. In one such pioneering work,
Butcher & Oemler (1984) found that clusters at moderate to high redshifts contain an ‘excess’
of blue galaxies, relative to their local counterparts. They estimated the blue fraction by con-
sidering galaxies found within Jg (radius containing 30% of all red sequence galaxies), for

which the optical broadband colours are bluer by at least 0.2 mag than that of the red sequence
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galaxies. For the redshift regime of Coma(.1), BO84 found a uniform blue fraction within
R30. Since then, several such studies have sought to quantify and validate the Butcher-Oemler
effect for different samples of clusters. Some of these define their samples in a way similar to

that of BO84, and obtain similar results (e.g. Margoniner & Carvalho 2000).

Using panoramic MIR data for 30 clusters (including both Coma and Abell 1367) over

0 <z<0.4, Haines et al. (2009) are able to reproduce the Butcher-Oemler effect using a fixed
limitin L;z (5x10* L) (equivalent to a fixed SFR of 8 Myr—!), but show that the Butcher-
Oemler effect can be largely explained as a consequence ch$ingicdecline in star formation

(Le Floc’h etal. 2005; Zheng et al. 2007). In this case, the blue galaxies in clusters are those that
are recently accreted from the field (e.g. accretion has occurred at a relatively constant rate since
z ~ 0.5; Berrier et al. 2009), but since the global level in star formation among these galaxies
has declined, a smaller fraction of the infalling population is classed as blue (which assumes a

non-evolving level of star formation), resulting in the observed Butcher-Oemler effect.

Elsewhere, studies (Balogh, Navarro & Morris 2000; Ellingson et al. 2001; De Propris et
al. 2004) going out to several multiples of the cluster-centric radius, scaledypydRow the
effect of the chosen aperture size on the blue fraction. It has been shown that the observed
gradual radial trend of s is consistent with a simple infall scenario, whereby the star-forming
galaxies are infalling field galaxies, which are then quenched rapidly upon their first passage
through the cluster core (Balogh et al. 2000; Ellingson et al. 2001; Haines et al. 2009). By
comparing the photometric colour with the spectroscopically determined SSFR, Mahajan &
Raychaudhury (2009) show that the presence of metal-rich stellar populations in low redshift
cluster galaxies can also influence the evolutionary trends such as the Butcher-Oemler effect, if
they are studied only using galaxy colours. Several recent studies indicate that a non-negligible
fraction of red sequence galaxies show signs of ongoing star formation from their optical spectra
and/or broad-band colour, and that a robust separation of passive and star-forming galaxies

requires mutually independent data (e.g. Bildfell et al. 2008). In this work, we show that in the
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Coma Supercluster, the value £ not only varies with the cluster-centric aperture used for

measuring the blue fraction, but can also be severely effected by the SFR tracer employed.

In Fig. 4.10 we plot the fraction of non-AGN, star-forming galaxies found using three dif-
ferent criteria: (i) IR colour [#4 —z) < —6 mag; Fig. 4.6], (i) EW(H)> 2A and, (iii) the
photometric coloufg—r) is bluer than that of the fitted red sequence (Fig. 4.5, by more than
the mean absolute deviation, for all the Coma and Abell 1367 galaxies. BO84 had included
galaxies brighter than M= —20 (H, = 50 km s 'Mpc™!) in their sample. To make a fair
comparison with the work of Butcher & Oemler (1984), without adding uncertainties by us-
ing empirical relations to convert magnitudes from one passband to the other, in Fig. 4.10 we
choose to only include galaxies brighter than-M.5 (e.g. M =—22.32; Blanton et al. 2001)
for calculating the fractions. Also, note thalt the spectroscopic galaxy members are used to

calculate the fractions in each radial bin.

These distributions show that, by taking into account the obscured star formation estimated
from the 24:m flux, the fraction of star-forming galaxies can dramatically vary at any given ra-
dius from the centre of the cluster. In both clusters, the ‘blue’ fractfgnig higher, and flattens
at lower cluster-centric radii, than th& estimated using the EW(Hqevidently showing a
significant contribution of the post-starburst galaxies to the fragtiqalso see Section 4.5.2).

We note that this trend may vary if the dusty red galaxies have a non-negligible contribution in
building the red sequence (also see Chapter 8). But as seen in Fig. 4.5, in the Coma cluster, this

does not seem to be the case.

It is interesting to note that unlike Coma, Abell 1367 has an increasing fraction of blue
galaxies with cluster-centric radius (black lines), but an inverse trend emerges when the frac-
tions are measured using tfiel—z) colour (blue lines) or the H&EW (red lines). This implies
that some of the blue galaxies outside the core of Abell 1367 are post-starburst galaxies (see
Fig. 4.12). This result supports the results obtained in our general work by Mahajan & Ray-

chaudhury (2009) (chapter 3), where we showed that using a single galaxy property, such as
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the broadband colour, is not an appropriate way of quantifying evolutionary trends like the

Butcher-Oemler effect.

4.5 Discussion

In this chapter we set out to understand the relationship between the star formation activity in
galaxies, as depicted by an assortment of indicators encompassing the optical:anthz4

IR wavebands, and their immediate and global environment, in the Coma supercluster. A wide
range of local and global environments of galaxies, and a uniform optical coverage across the
entire ~ 500 square degrees of sky, make this supercluster an ideal laboratory for examining

the environmental dependence of galaxy properties. We discuss below the implications of the

results from our analysis presentectth3 ands4.4.

4.5.1 The spatial and velocity distribution of galaxies detected at 24n

The 24um data for the Coma cluster extend out to a few times its core radius (Fig. 4.10), al-
lowing us to analyse the spatial (sky and velocity) distribution of the galaxies detectednat 24
relative to all the spectroscopic members found in the SDSS. In order to do so, in Fig. 4.11, we
plot the distribution of all the spectroscopic galaxies, and the (optically) red and blue galaxies
detected at 24m respectively. As discussed above (Figs. 4.5 and 4.6), in Coma bothhe 24
and optical colours mostly segregate the same galaxies into ‘red’ and ‘blue’ ones. Fig. 4.11 (top
panel) shows that, of the 2#n detected galaxies, the distribution of the (optically) red ones is
similar to that of all the galaxies, but the (optically) blue ones tend to pelaR /- Mpc from
the centre of Coma.

In Fig. 4.11 (bottom panel), we plot the distribution of the line of sight (l.0.s.) velocities of
galaxies, with respect to the mean velocity of the Coma cluster (called the ‘relative velocity’

hereafter), for the same three sets of galaxies. The distribution of the relative velocity of ‘all’
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Figure 4.11(top panel):The distribution of cluster-centric distance for all the spectroscopically
identified galaxies in a&3000 km s! slice in the Coma clustethick blackhistogram). The

solid redandopen bluehistograms show the same for theu24 MIPS galaxies, divided into

red and blue galaxies on the basis of the r)—r colour-magnitude plot (Figs. 4.5 & 4.6). The
horizontal axis is limited by the coverage of the MIPS field. Interestingly, even though the red
24um galaxies are uniformly distributed within-a2 Mpc radius, the blue galaxy population
seems to peak away from the cluster core at 1-1.5 Mpc from the céndtéom panel) These
histograms represent the the same galaxies as in the upper panel, but for the l.o.s. velocity of
galaxies, relative to the mean redshift of the Coma cluster. Intriguingly, while the red galaxies
follow the distribution ofall the spectroscopic galaxy members of the Coma cluster, the blue
24um galaxies show a remarkable peak around the velocity of the galaxy group NGC 4839,
shown here as thdot-dashedine, with 4o, =329 km s~! (Colless & Dunn 1996).
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and (optically) red galaxies are statistically similar. But the (optically) bluen2galaxies
show a bimodal distribution, with a large fraction of one mode concentrated around relative
velocity ~ 600 km s™t. A Kolmogorov-Smirnoff (K-S) test suggests that the probability of
the parent distribution of the relative velocities of red and blue galaxies being sampled from
the same population is=8.023 x 10~°. The same comparison between the relative velocity
distribution of ‘all’ and blue galaxies gives= 0.005, suggesting that it is highly unlikely that
the blue and red (or ‘all’) galaxies are drawn from the same parent distribution (Fig. 4.11). This
leads us to conclude that a non-negligible fraction of the (optically) blugdgalaxies within
2 h-;- Mpc of the centre of the Coma cluster are star-forming galaxies which may belong to the
substructure associated with NGC 4839 ($¢6&.3 for further discussion).
The l.o.s. velocity distribution of the (optically) blue 2d galaxies is highly non-Gaussian,
with an excess at 600 km s !, suggesting that many of them have recently entered the cluster.
If these blue 24m galaxies were virialized, a Gaussian distribution centred, ¢éike that seen
for the red (red dashed histogram) and ‘all’ (solid black histogram) galaxies would be expected.
The current episode of star formation in these galaxies can be attributed to the environmental
impact of the cluster's ICM (e.g. Poggianti et al. 2004), or the enhanced galaxy density in the
infall region (e.g. Mahajan, Raychaudhury & Pimbblet 2011c). This result is consistent with
the findings of Caldwell & Rose (1997), who analysed the spectra of early-type galaxies in 5
nearby clusters, including Coma, and found that in 4 of the 5 clusters, the early-type galaxies

show signatures of recent star formation in their spectra (als§4sBe?).

4.5.2 The distribution of k+A galaxies

The post-starburst, or k+A galaxies, as they are popularly known in the literature, are passive
galaxies that have recently (1-1.5 Gyr) experienced a strong burst of star formation. These
galaxies are very crucial in understanding the impact of environment on various galaxy prop-

erties, especially their SFR. The spectrum of a k+A galaxy shows strong absorptionbatH
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Figure 4.12:(Top): The distribution of the passiv@ed dots) AGN host(green points)star-
forming (blue starsyand the post-starburst (k+Apurple circles)galaxies in~5.0x4.2 h-; Mpc
region surrounding the centre of Coma. The contours show x-ray emission XtiviaNewton

EPIC/PN observation. As can be noticed, not only the star-forming, but also the k+A galaxies
seem to avoid the dense cluster centre. Also, the presence of k+A galaxies out to almost twice
the virial radius from the centre shows how strong the impact of the ‘global’ cluster environment

is on the evolution of galaxies in the vicinity of massive structu(Bsttom): Same as above,

but for the5.0x5.0 k7, Mpc region surrounding the centre of Abell 1367. Itis interesting to see
that in contrast with Coma, most of the k+A galaxies in Abell 1367 seem to be aligned along the
direction of the filament feeding it from the direction of Coma. We also note that the (optical)
AGN in both the clusters are mostly found in the direction of the filament connecting Coma and

Abell 1367.
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Figure 4.13: Theg—r)— z cdour-magnitude diagram of all the spectroscopically identified
galaxies(black points)in the ~ 5.0 x 4.2 hz;Mpc region surrounding the centre of the Coma
cluster (shownin Fig. 4.12). The k+A galaxigairple diamondsare mostly blue dwarfs. These
observations confirm that the low-mass galaxies are the first ones to experience and reflect the
impact of rapid change in their local environment.

little or no emission in kK.

In this work we make use of the SDSS DR7 spectroscopic galaxy catalogud1.77)
for identifying the k+A galaxies (EW(K) < —3A & EW(Ha ) < 2A) in the Coma supercluster
(Please note that throughout this work, negative values of EW indicate absorption). In Fig. 4.12
we show these k+A galaxies together with the passive, star-forming and AGN galaxies in and
around the Coma and Abell 1367 cluster respectively. As can be easily seen, the k+A galaxies
preferentially avoid the dense region in the cluster core but inhabit the surrounding infall regions
out to~ 5 hoy Mpc (almost twice the virial radius). In Fig. 4.12 we have also over-plotted the
contours of intensity from the mosaiced 0.5-2 keV image of the core of Coma cluster from
XMM-Newton EPIC/PN observations (Finoguenov, Briel & Henry 2003), kindly supplied to
us by A. Finoguenov. We note that there are almost no star-forming galaxies in the x-ray
emitting region of the core. This observation further strengthens the argument that the changes
in environment experienced by a galaxy on the outskirts of clusters play a key role in modulating

the properties of galaxies, especially the dwarfs (e.g. Porter & Raychaudhury 2007; Porter et
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al. 2008).

By analysing deepN/z < —14) photometric and spectroscopic optical data for 3 regions in
Coma (two near the centre and one near NGC 4839, ealck 1.5 Mpc in size), Poggianti et
al. (2004) found that- 10% of the cluster’s dwarf (M > —18.5) galaxies have post-starburst
spectra. They also used the results from the x-ray analysis of Neumann et al. (2003) to show
that the k+A galaxies in the Coma cluster are likely to be a result of the interaction between the
Coma cluster and the adjoining NGC 4839 galaxy group {4€23). In Fig. 4.12, we overplot
as dashed rectangles, the approximate location of the substructures found by Neumann et al.
(2003) in the temperature map. As has been shown by (Poggianti et al. 2004, their Fig. 6), on
the western side of the Coma cluster, the k+A galaxies seem to lie along the x-ray temperature
substructure (e.g. also see Fig. 2 of Neumann et al. 2003). We demonstrate this by overplotting

contours of x-ray intensity in Fig. 4.12.

However, it is also interesting to note that the southern substructure, apparent from the x-ray
surface brightness contours, is almost devoid of k+A galaxies, but has a stream of star-forming
dwarf galaxies flowing towards the cluster core (Fig. 4.4; alsg4de4). Contrary to Poggianti
et al. (2004), by taking into account the extended region surrounding the Coma cluster, we find
that the k+A galaxies preferentially avoid the cluster core but their spatial distribution does
not show any correlation with the substructure evident in the x-ray temperature map of the gas

(Fig. 4.12).

In Fig. 4.13 (also see Fig. 4.1) we examine the position of the k+A galaxies in the Coma
cluster in the plot of(¢ — ) colour vsz magnitude. Fig. 4.13 show that almost all the k+A
galaxies in Coma are dwarfs £ 15), suggesting that either only the infalling dwarf galaxies
are rapidly quenched, or the SHR* relation (e.g. Feulner et al. 2005) dilutes the post-starburst
signature in massive galaxies. Since dwarf k+A galaxies in the Coma supercluster are found
on the outskirts of Coma and Abell 1367 clusters, and occasionally in galaxy groups embedded

elsewhere in the large-scale structure (LSS), this might suggest that dwarf galaxies falling into
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Table 4.1: Dwarf £ > 15 mag) galaxies in the Coma supercluster

Total | Star-forming| k+A
Coma 438 55 50
(~5x4.2Mpc?; Fig. 4.12)
Abell 1367 391 203 19
(~5x5Mpc?; Fig. 4.12)
Supercluster 1106 667 23
(excluding regions mentioned above)

deeper potentials are more likely to show k+A features, whitesé being assimilated into
galaxy groups may be quenched on a longer time-scale. We discuss this in greater detail in

chapter 7.

The handful of galaxies with very blue coloufg ) <0.5; Fig. 4.13) are the k+A dwarfs
in which the episode of starburst could have endeg80 Myr ago, unlike the more evolved
red post-starburst dwarfs (Poggianti et al. 2004) (Fig. 7.1). By studying spectra of early-type
galaxies (M < 16.7) in Coma, Caldwell & Rose (1997) also found thafL.5% of these galaxies
show signatures of recent or ongoing star formation. Based on this result, Caldwell & Rose
(1997) suggested that the present day clusters act as a catalyst for galaxy evolution, though at a

reduced level as compared to their high redshift counterparts.

Given the vulnerable nature of dwarf galaxies, it is not surprising that a large fraction of them
are the first ones to reflect the impact of rapid changes in their environment during the transition
from filament to cluster. This contributes to dwarf galaxies having a better-defined SF-density
relation, relative to their more massive counterparts (Fig. 4.4). Table 4.1 shows that 11.4%
of dwarfs in Coma, 4.8% in Abell 1367 and 2.1% in the neighbouring supercluster region have
spectra with k+A features. This evidently shows that the mechanisms responsible for quenching
star formation in dwarf galaxies and rapidly transforming them to passive galaxies via the post-
starburst phase, are strongly dependent on the cluster potential. This result is also in agreement
with the observation of excessive red, dwarf ellipticals (dEs) in the Coma cluster (Jenkins et al.

2007). In Table A.2 we provide a list of all the 110 k+A dwatf¥ 15) galaxies found in the
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Figure 4.14: The spatial distribution of galaxies detecte@d4aim in the Coma Supercluster
region. The galaxies are coded by theit { z) colour as following: reds —4, orange:—4 <
(24—2) < —6, green:-6 <(24—z) <—8 and blue:<—8. Thepurple circlesare the blue 24m
galaxies moving at velocities similar to that of the NGC 4839 galaxy group (i.e. having l.o.s.
velocity="73394329 km s7!; Colless & Dunn 1996). We note that 19 of these 26 galaxies have
(24— =) colour corresponding to that of the passive galaxies (i2.—z) < —6; Fig. 4.6). The
contours are from a 0.5-2 keV XMM-Newton EPIC/PN x-ray mosaic image of the extended
Coma cluster.

entire Coma supercluster. We continue the discussion on the properties of Coma supercluster

dwarfs, particularly the evolutionary link between the dEs found at the centre of clusters and

the k+As residing in the less dense regions closer to their outskirts in Chapter 7.

453 Comaand NGC 4839

As noted above, the Coma cluster is known to have significant substructure in the optical and
x-ray maps. The most prominent x-ray emitting substructure is associated with a galaxy group,
of which NGC 4839 is the most prominent galaxy. By combining N-body hydrodynamical
simulations withROSATx-ray and VLA radio observations, Burns et al. (1994) remarked that
the NGC 4839 group has already passed through the core of can@yr ago, and is now

on its second infall (also see Caldwell & Rose 1997). However, several other studies based on

optical spectroscopy and imaging, and x-ray observations conclude otherwise (Colless & Dunn
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1996; Neumann et al. 2003; Adami et al. 2005). No consensus seems to have been reached on
the dynamical state of NGC 4839. Studies supporting the first infall argument suggest that the
NGC 4839 galaxy group has a velocity dispersion ) of 329 km s! (e.g. Colless & Dunn

1996), while others claim it to be as high as 963 km &.g. Caldwell et al. 1993), the latter

being consistent with the scenario where the galaxies belonging to the group have dispersed

during their first passage through the cluster.

Located~ 1.1 Mpc from the centre of the Coma cluster, the NGC 4839 galaxy group was
first detected as an asymmetric extension to the otherwise relaxed x-ray morphology of Coma
(Briel, Henry and Bohringer 1992). Several authors have discovered post-starburst (k+A) galax-
ies associated with this group (Caldwell et al. 1993; Caldwell & Rose 1997; Poggianti et al.
2004). In this work, we find that most of the known post-starburst galaxies in Coma, such as
those found by Poggianti et al. (2004), are either not detected,;ah2dr show little MIR
emission. We hence confirm that almost none of these post-starburst galaxies have a significant

amount of obscured star formation going on in them.

Struck (2006) suggests that when a galaxy group passes through the core of a cluster, as
suggested by Burns et al. (1994) for Coma and NGC 4839, the group galaxies are gravitation-
ally shocked. In this scenario, enhancement in star formation activity is a natural consequence
of an increase in galaxy-galaxy interactions among group galaxies. Such a scenario has been
suggested for Coma and NGC 4839 by Neumann et al. (2003). Fig. 4.14 may provide circum-

stantial evidence to support this argument.

In Fig. 4.14 we show the spatial distribution of the.24 detected Coma galaxies colour-
coded by theirZ4—z) colour. The blue 24m galaxies constituting the peak, which also corre-
sponds to the mean velocity of the NGC 4839 group (Fig. 4.11), are explicitly shown. We note
that 19 of the 26 galaxies belonging to this peak have colours consistent with that of passive
24;m detected galaxiesZ4d —z) < —6; Fig. 4.6). The probability of picking 19 red galaxies

out of the 197 24m detected galaxies (of which 143 are red)i8.77 x 104, suggesting that
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the occurrence of these galaxies in a narrow velocity range (Fig. 4.11) may not be an event of
random chance. The fact that these galaxies are not concentrated close to NGC 4839, and a
large fraction of them are passively evolving, may indicate that the NGC 4839 galaxy group has
already passed through the centre of Coma and is now on its second infall towards the Coma
centre (e.g. also see Burns et al. 1994; Caldwell & Rose 1997). However, our data does not
allow us to draw firm conclusions on either of the two scenarios associated with the NGC 4839
galaxy group and the Coma cluster, namely, (i) whether the group is on it’s first infall, or (ii) it

has already passed through the core and is on it's second passage.

45.4 Coma, Abell 1367 and the filament

In the hierarchical model, galaxy clusters grow by accretion and/or mergers with other clusters
and groups. In simulations, galaxies are seen to be accreted along the network of filaments of
galaxies, feeding these clusters, along preferred directions (e.g. Bond, Kofman & Pogosyan
1996). Although several observational techniques are now being implemented to detect and
guantify such large-scale structures (LSS), the low surface density of matter, enormous spatial
scale, and projection effects make it difficult to observe the extent of these filaments of galaxies
(Colberg 2007).

One way of exploring the evolution of the LSS is to probe its impact on the galaxies travers-
ing them. The spectacular filament crossing the Coma and Abell 1367 clusters is an exclusive
object in the low redshift Universe, because it is not only traced by the spatial distribution of
galaxies (Fig. 4.1), but has also been detected at radio wavelengths (Kim et al. 1989). One of
the aims of this chapter is to understand and interpret the difference in the evolutionary paths
adopted by galaxies in the vicinity of the clusters, the filament and the groups embedded in
the filament. In agreement with the scenario emerging in the literature (e.g. Gray et al. 2004;
Tanaka et al. 2004; Smith et al. 2006; Haines et al. 2007 among others), we find that the

SFR-density relation across the Coma supercluster is much weaker for the massive galaxies
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(2 < 14.5; Fig. 4.3), relative to the dwarfs ¢ 15; Figs. 4.3 & 4.4).

Empirical studies of galaxies infalling into clusters along filaments suggest that an enhanced
galaxy density at the cluster periphery may lead to a burst of star formation in them, consuming
a large fraction of cold gas (e.g. Porter et al. 2008; Mahajan, Raychaudhury & Pimbblet 2011c).
This effect would be more efficient for the dwarf galaxies. In a study based on the SDSS data,
Haines et al. (2007) find that the dwarf galaxies§ < M, < —18) residing in high density
regions show a systematic reduction~of30% in their Ha emission relative to the mean of
the sample, leading the authors to favour slow quenching of star formation in these galaxies
(also see Balogh et al. 2004b; Tanaka et al. 2004). On the contrary, in Coma it is likely that
the infalling star-forming dwarf galaxies undergo a burst of star formation, followed by rapid

guenching leading to the k+A population (Fig. 4.4, also®E8.2).

In contrast, star formation in dwarf galaxies infalling into galaxy groups, seems to be slowly
guenched without an intermediate starburst phase, resulting in the observed reduction in the
mean EW(Hq values seen in the vicinity of groups in Fig. 4.4. This observation could be
attributed to the relatively inefficient ram-pressure stripping in galaxy groups (Tanaka et al.
2004), transforming infalling galaxies slowly over several Gyr via a process involving progres-

sive starvation (Larson et al. 1980).

Another notable fact in Fig. 4.4 is the orientation of the stream of blue star-forming galaxies
southward of Coma, almost orthogonal to the direction of elongation of the galaxy density
(Figs 4.3 & 4.4). This may be significant given the observations presented in the previous
section (also see Burns et al. 1994). Consistent with the results presented in literature, we find
that the instantaneous SFR of a galaxy depends upon the stellar mass of the galaxy, as well as
on the local galaxy density, and on whether the galaxy is in a group or cluster. The cosmic web
does play a crucial role in defining the evolutionary path of the galaxy, as is seen by different
rate of quenching of dwarf galaxies in groups and clusters (Fig. 4.4). The different fractions of

dwarf k+A galaxies in the three major components of this supercluster further strengthens this
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argument (Table 4.1). It is indeed remarkable that the Coma and Abell 1367 clusters, that are
well known to have very different galaxy properties, influence the star formation histories of the
infalling galaxies very differently. While the fraction of star-forming and k+A dwarf galaxies in
Abell 1367 vary by a factor of 10~ 52% & 4.8% respectively; Table 4.1), in the Coma cluster
neither dominate (12.5% & 11.4% respectively; Table 4.1).

4.6 Conclusions

This work is a step ahead in understanding the star formation properties of galaxies in one of
the richest nearby superclusters. We analyse the spectroscopic and photometric data obtained
by the SDSS and archival 2dudata obtained by the MIPS instrument on boSpitzer Our

major results are:

e The fraction of (optical) AGN drops significantlyf{oy < 0.25) in the dense cluster
environment. But the relation between AGN activity and environment is unclear in the

intermediate density environments of groups.

e Star formation in the massive galaxies € 14.5) seems to be low everywhere in the
supercluster region studied here, almost independent of the local environment. In sharp
contrast, the dwarf galaxies £ 15) can be seen to be rapidly forming stars everywhere,

except in the dense cluster and group environments.

e The passive, AGN host and star-forming galaxies as classified from their optical spectra,

occupy different regions on th@4 — z) — (g —r) colour-colour diagram.

e The fraction of star-forming galaxies in Coma is determined to within%, irrespec-
tively of the definition of star-forming in terms of opticéj —r) colour, optical-mid-IR
(24— z) colour or EW(Hy). Many of the blue galaxies in Coma are found to be post-

starburst galaxies, whose blue colours are due to a recent burst of star formation which
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has now terminated, as revealed by their lack aféiission and excess Hibsorption.
However, in Abell 1367, th¢s obtained using the 3 different indicators show different
trends. While the fraction of blue galaxies increases outward from the centrés the
obtained by employing the{—z) near/mid IR colour decreases away from the centre of

Abell 1367.

e Most of the (optically) blue 24m galaxies detected in Coma are on their first infall to-
wards the cluster. The current episode of star formation in such galaxies is possibly a

result of a rapidly changing local environment.

e 11.4% of all dwarf ¢ > 15) galaxies withins x 4.2 h-J Mpc? of the centre of Coma,
and 4.8% within the same area around Abell 1367 have post-starburst (k+A) type spectra.
In the surrounding supercluster region this fraction drops to 2.1% only, suggesting that
the mechanism(s) responsible for quenching star formation in dwarfs depends upon the
cluster’s potential. The starburst, rapid quenching and subsequent k+A phase requires
the dense ICM and high infall velocities attainable in rich clusters, as opposed to galaxy
groups where star formation in infalling dwarf galaxies appears to be quenched gradually.

The k+A galaxies preferentially avoid the dense centre of the cluster.

e There is no correlation between the spatial distribution of k+A galaxies and the substruc-
ture seen in the x-ray emitting gas in the Coma cluster, suggesting that the merger with

NGC 4839 group could be one, but not the only origin of k+A dwarf galaxies in Coma.



Chapter 5

Evolution of galaxies in the cosmic suburbs

5.1 Introduction

Several spectacular starburst galaxies have recently been discovered in galaxy clusters. Most of
these galaxies are found at high redshifts (22; Keel 2005; Moran et al. 2005; Sato & Martin

2006; Marcillac et al. 2007; Fadda, Biviano & Durret 2008; Oemler et al. 2009), but some
have also been found in the low redshift Universe (Sun & Murray 2002; Gavazzi et al. 2003;
Cortese et al. 2007; Reverte et al. 2007). These serendipitous discoveries challenge the con-
ventional picture where galaxy clusters are always populated by passively evolving quiescent
galaxies, which progressively assume bluer colours and higher SFRs with increasing cluster-
centric radius (e.g. Dressler 1980; Gomez et al. 2003; Balogh et al. 2004b; Pimbblet et al.
2006).

It has long been established that environment of a galaxy profoundly effect its properties-
both intrinsic and physical. Colours (Butcher & Oemler 1984; Balogh et al. 2004a; Blanton
et al. 2005; Mahajan & Raychaudhury 2009), surface brightness (Blanton et al. 2005), spec-
troscopic SFR/indicators such as EW of ldad O 11 (e.g. Balogh et al. 1999; Gomez et al.
2003; Balogh et al. 2004b; Mahajan & Raychaudhury 2009) and morphology (Dressler 1980)

116
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show a gradient as a function of environment. The galactic environment is often parametrised
in terms of the distance to the nth nearest neighbour (e.g. Dressler 1980; Balogh et al. 2004b),
projected galaxy density (e.g. Balogh et al. 2004b; Lewis et al. 2002; Gomez et al. 2003;
Haines et al. 2006b; Poggianti et al. 2008) or simply as the cluster-centric distance (e.g. Porter
& Raychaudhury 2007; Porter et al. 2008). Several processes that can result in such a gradient

have been proposed.

Essentially, all environment related mechanisms cut-off the fuel for further star formation in
a galaxy, leading to the transformation of star-forming late-type galaxies into passively evolving
SO0 or ellipticals. Theories and simulations of processes like the ram-pressure stripping (Gunn &
Gott 1972; McCarthy et al. 2008) or strangulation (Larson et al. 1980), suggest that the warm
(and cold) gas component (L0°K) of the inter-stellar medium (ISM) may be stripped from a
galaxy when it enters a galaxy cluster. Such processes are thus dependent on the properties of

the cluster in which they operate (e.g. the depth of cluster potential well).

Other mechanisms such as thermal evaporation of cold molecular gas from a galaxy disk
via thermal conduction by the intra-cluster medium (ICM), are considered to play a key role
in the evolution of dwarf galaxies (Cowie & Songaila 1977) (also see Fujita 2004 and Boselli
& Gavazzi 2006 for a review of various other mechanisms). Several authors have given great
importance to repeated high velocity encounters amongst galaxies or “harassment” (Moore et
al. 1996), and/or galaxy-galaxy mergers, for their role in the evolution of galaxies (Lewis et
al. 2002; Haines et al. 2006a; Porter & Raychaudhury 2007; Moss 2006; Porter et al. 2008;
Oemler et al. 2009, among others). The frequency and impact of such galaxy-galaxy interaction
processes depends upon the local galaxy density and the velocity field generated by the cluster’s

potential.

So, in principle any site within the large-scale structure (LSS), with galaxy density above
the ‘critical’ value (see Gomez et al. 2003 for instance), should encourage interactions amongst

galaxies, capable of initiating a burst of star formation. The LSS in the form of filaments and
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sheets of matter exert tidal field on objects embedded in it (Colberg et al. 1999). Recent studies
suggest that filaments of galaxies (Porter & Raychaudhury 2007; Bole et al. 2008; Fadda,
Biviano & Durret 2008; Porter et al. 2008) and infall regions of clusters (Rines et al. 2005)
are some of such favourable sites, which provide intermediate galaxy deasitiés/ourable

velocity fields.

The study of photometric properties of galaxies belonging to the Shapley supercluster (Ray-
chaudhury 1989) reveal that the supercluster environment might be solely responsible for the
evolution of faint & M*+2) galaxies (Haines et al. 2006b). Elsewhere (Struck 2006), the effect
of gravitational shocking by LSS on galaxies falling as small groups into clusters, is discussed
(also see Moss 2006; Oemler et al. 2009). In a 2dFGRS based study of inter-cluster filaments
it has been found that the SFR of galaxies falling into clusters through filaments is enhanced at
3-4h-; Mpc from the cluster centre (Porter & Raychaudhury 2007; Porter et al. 2008). Porter
et al. employed the statistical-parameter (Madgwick et al. 2002) from the 2dFGRS database
as a proxy for SFR, to find that the enhancement in SFR occurs exclusively in dwarf galaxies
(Mp > —20). They proposed this to be a consequence of galaxy-galaxy harassment (Moore et
al. 1996), due to enhanced galaxy density and a coherent velocity field (Gonzalez & Padilla

2009) on the outskirts of galaxy clusters.

In this chapter we re-address the issue of enhancement in star formation activity in galaxies
found on the outskirts of nearby galaxy clusters. We employ integrated SFR and specific star
formation rate (SFRV/*) to quantify the star formation activity of galaxies in our sample, and
emission line ratios to separate out the emission due to AGN from that of ‘true’ star formation.
We also use a catalogue of large-scale filaments of galaxies sourced from the SDSS DR 4
to evaluate the impact of the position of a galaxy in the cosmic web, on its star formation
properties. The data and sample properties used in this chapter are desdfib2dTine outline
of this chapter is as follows: in the following section we discuss the properties of clusters, and

different galaxy populations (unclassified, starburst etc.) therein. We present the star formation
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properties of our cluster galaxiesb.3, briefly discussing the behaviour of galaxies falling in
clusters for the first time. The impact of the immediate and the LSS environment on the star
formation properties of galaxies is discussed¢®¥, and the main results are summarised in
§5.5. Throughout this work we adopt a cosmology with =1 & 9, =0 andh =70 kms™!

Mpc~! for calculating distances and magnitudes. We note that in the redshift range chosen for

this work (0.02 <z <0.15), our results are insensitive to the choice of cosmology.

5.2 Clusters and galaxies

5.2.1 Cluster membership

The galaxy members for the Abell clusters (Abell et al. 1989) in the redshift range< z <

0.15 studied in this chapter are chosen using the methodology descrif8ia.

5.2.2 Cluster parameters

Once the galaxy members of the clusters are known we find the velocity dispersjarsing

the bi-weight statistics (ROSTAT, Beers, Flynn & Gebhardt 1990). Then assuming the cluster
massM (r) ocr, rog0 (the radius at which the mean interior over-density in a sphere of radius r is
200 times the critical density of the Universe) is calculated using the relation given by Carlberg,
Yee & Ellingson (1997)rq90 = /30, /10H (2).

We exclude any comparison clusters (described below) which are not fully covered by the
SDSS DR 4 footprint. We also exclude any clusters for which reliable velocity dispersion
information is neither available in literature nor obtainable from our data. This gives us a final
sample ofl07 Abell clusters (.02 < z < 0.15; Abell et al. 1989), lying in those regions of the
sky where SDSS DR 4 has70% spectroscopic coverage.
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5.2.3 The Unclassified galaxies

Any galaxy which can not be classified using the BPT diagram (Butcher & Oemler 1984) be-
cause of low S/N ratio or absence of all the required emission lines, (@ 111], Ha and HpH

in the BPT diagram, is termed as ‘unclassified’, which makes this class of galaxies highly amor-
phous. But a more careful analysis shows that these are bulge dominated systems, in fact even
more concentrated (concentration parametd®y,/Rs,, where R is the radius emitting x% of

the galaxy’s light in the Petrosiartband; Strateva et al. 2001) than the AGN or composite
galaxies (private communication with Brinchmann, J.). The spectra sampled frort fibec3

which encompasses 40-60% of the galaxy’s light (at2 0.1) may only represent the dead
centre of the galaxy, lacking any emission. An investigation of whether all of these galaxies are
indeed passively evolving or comprise a sub-population of dust obscured galaxies with an AGN
supported star formation in the galactic nucleus, is beyond the scope of this work (see Mahajan
& Raychaudhury 2009 or Chapter 3 where we briefly address this issue).

In Fig. 5.1 we plot the distribution of absolute SFR and log SERbf all galaxies (23 <
M, <—18) in SDSS DR 4 as a function of their luminosity for the three different classes: star-
forming (& composite), AGN and the unclassified (Brinchmann et al. 2004). As previously
speculated, the unclassified galaxy class seems to be dominated by quiescent galaxies (also see
6B.1 in Appendix B for a discussion on the methodology and reliability of SFR estimate for
the unclassified and AGN galaxies). It is also not surprising that the galaxies hosting AGN
which are known to be bulge-dominated systems, follow the same distribution as that of the
unclassified galaxies.

In agreement with previous findings, Fig. 5.1 shows that most low-luminosity galaxies are
efficiently forming stars (Kauffmann et al. 2004; Haines et al. 2006a; Haines et al. 2007,
Damen et al. 2009; Mahajan & Raychaudhury 2009; Mahajan, Haines & Raychaudhury 2010).
Interestingly, the observed bimodality in SFR, such asEW (e.g. Brinchmann et al. 2004,

Haines et al. 2007; also see Mahajan & Raychaudhury 2009) is seen exclusively in the un-
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Figure 5.1: (top) SFR and(bottom) SFR/A/* as a function ofr-band magnitude for all the
galaxies in SDSS DR4, divided according to their position in the BPT diagram (e.g. Fig. 4.8).
The contours for star-forming+Composite class (right panel) are repeated in other panels to
compare the relative distributions. The outermost contour in each case represents 100 galaxies
per bin, increasing by 100 for every consecutive contour inwards. As expected, the AGN seem
to follow the passive galaxy distribution. It is also interesting that the difference between various
classes become more distinct for SFR/(bottom panel). These plots show that absolute SFR
follows the galaxy luminosity, but the trend reverses when specific SFR is considered. Another
interesting feature that emerges here is that the observed bimodality in SFR seems to be largely
contributed by the ‘non-emission line’ galaxies only. This plot gives no indication of enhanced
star formation in AGN, although it would be wiser to consider that this might be due to the
obscuration of emission lines by dust around the active nuclei.
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classified galaxies. If the SFR of the star-forming galaxies is a function of environment, one
should expect the distribution of their SFR to show a bimodal distribution in a dataset which
samples a wide range of environments, such as that employed here. We also note that in our
present analysis no conclusive remarks can be made on the issue of starburst-AGN connection,
because at visible wavelengths the circumnuclear star formation (which largely contributes to
the 3' SDSS fibre spectra) may be entirely obscured by dust enshrouding the active nucleus

(also see Mahajan & Raychaudhury 2009 for a relevant discussion on this issue).

5.2.4 Starburst galaxies

‘Starburst galaxy’ is an ambiguously used term in literature. In general, a galaxy with current
SFR much higher than that averaged over its past lifetime, may be regarded as a starburst. In
agreement with several other studies (e.g. Feulner et al. 2005; Noeske et al. 2007), we note
that by choosing starburst galaxies according to absolute SFR orM8F&bne, biased the
selected galaxies to giant or dwarf galaxies respectively (also see Damen et al. 2009). Hence, in
context of this paper, we adopt a dual criterion to define a starburst galaxy: log/B8ER-10
yr~t andSFR>10 Moyr—t. These limits are purely empirical, driven by the idea of selecting
galaxies having current SFR much higher than that averaged over the past star formation history
of galaxies. These limits thus encompass the galaxies contributing to the high end tail of the
SFR and SFRV/* distributions only. In particular, they label 3% of all cluster members
and~ 13% of all star-forming galaxies in our sample as a starburst. These starburst galaxies
cover a wide range of structural properties; some typical examples found on the cluster outskirts
(1-2Ry0) are shown in Fig. 5.2.

Please note that the above definition of starburst galaxies is used only to sub-classify galaxy

clusters in our sample, and qualitatively our results remain unaffected by the specific choice of

SFR and SFRV/* thresholds for defining starburst galaxies (§88 for a detailed discussion).
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Figure 5.2: True colour SDSS images of some of the typical statlgalaxies found on the
outskirts (1-2sq,) of SB clusters iry’, v’ andwe’ filters (represented byed, green and blue

colours respectively). These galaxies cover a wide range in morphologies, and some show
structural deformities and presence of close neighbours. Overlaid @ghlexies (nagenta;

far right) are the unsmoothed contours representing the UV light distribution in the UW1
(t09; Amean ~ 2500A) and UM2 filter (second row; Amean ~ 2250A) from the SWIFT archival

data respectively.
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Figure 5.3: Galaxies\{,. < —20.5) in the cluster and the filaments feeding Abell 1190. The star-
forming and starburst galaxies (s#£2.4) are shown a®gd circlesandblue starsrespectively.
The dotted circles show they and 3 5o boundaries.

5.3 Star formation & environment

From our sample of 107 clusters we select those which have a non-AGN starburst galaxy (M
—20.5; as defined ir§5.2.4)anywherewithin 3 h; Mpc of the cluster centre (see for instance
Fig. 5.3). This distance is chosen empirically, based on the fact that,tjeoRmost of the
galaxy clusters in our sample-sl.5 h-} Mpc. So, the starburst galaxies chosen to sub-classify
the cluster sample either lie in the cluster or its infall region. The choice of this distance in
linear units ensures that our analysis done with respect to the scaled radius remains independent
of this classification criteria (Fig. 3.1). In order to make the selection procedure independent
of the uncertainties in the SFR estimatgB.(), we ignore the unclassified galaxies with high
SFR (10 M, yr~!; also see Fig. B.1). This yields 46 clusters which are termed ‘SB clusters’
(clusters with starburst galaxies) henceforth. The rest of the 61 clusters which do not have
any starburst galaxy within 3.} Mpc of the cluster centre form our comparison sample (‘CN

clusters’ henceforth). The fundamental properties of our cluster samples are listed in tables
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A.3 and A.4 respectively. In total 3,966 galaxies,(M —20.5) are found within 3Ry, of

the cluster centres, of which 3,903 are non-AGN and are used for all further analysis unless
stated otherwise. In the absence of any other underlying difference between the properties of
the clusters with a starburst galaxy in or around them (SB clusters), and those without it (CN
clusters), the occurrence of starburst galaxies in some of them is purely coincidental. So, it can
be hypothesised that the CN and SB clusters will display similar properties. We show below

that this hypothesis fails to hold.

5.3.1 The ‘burst’ of star formation

The 4000 A break (D,4000) is one of the strongest discontinuity that occurs in the optical
spectrum of a galaxy. It arises because a large number of absorption lines, mainly from ionised
metals accumulate in a small wavelength range. In hot massive stars, the metals are multiply
ionised and hence the opacity is low, anglD00 has a smaller value, relative to old, metal rich
stars. We use the same definition of4D00 as adopted by Brinchmann et al. (2004), which
is the ratio of average flux density in the narrow continuum bands (3850-3950 and 4000-4100
A). This definition was initially introduced by Balogh et al. (1999) and is an improvement over
the original definition of Bruzual (1983) in the sense that the narrow bands make the index
considerably less sensitive to reddening effects.

The Hj absorption line occurs when the optical light from the galaxies is mainly contributed
by the late-B and early-F stars. A large absorption drirHplies that the galaxy has experienced
a major burst of star formation 0.1 — 1 Gyr ago. A stronger 4000 is an indicator of metal-
rich ISM, and hence together with the) EW indicate whether a galaxy has been forming stars
continuously (intermediate/high,/2000 and low H EW) or in bursts (low 4000 and high
Hé EW) over the past 1-2 Gyr (Kauffmann et al. 2003a). In Fig. 5.4 we show the distribution
of the spectacular starburst galaxies (SFR M,yr—! & log SFRIM* > —10.5 yr—1), relative

to all other galaxies in the SB cluster sample, in thgl@0-HJ plane. Fig. 5.4 clearly shows
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Figure 5.4: All galaxies in the SB clusters are plotteksck dots in the [}4000-Hj space.
Overplotted aged stars are starburst galaxies foundlakr/roog < 2. The blue circles are
galaxies at same distance from the cluster, but having absolute>SFRI® yr—!. Most of

these infalling galaxies with high SFR (and SBERY) occupy positions in the 1000-Hdspace

where galaxies with currently ongoing or recent starbursts are expected to lie.

that our adopted criteria for defining starburst galaxies (red stars) on the basis of integrated SFR
and SFRA* well segregate these galaxies in the space defined by spectral indices sensitive to
recent star formation (also see Mahajan & Raychaudhury 2009). For a comparison, we also

show galaxies which have the same SFR/But absolute SFR which is upti® times lower

than our starburst galaxies (blue points).

5.3.2 Starburst galaxies on cluster outskirts

We began this section by sub-classifying the clusters on the basis of the presence of a starburst
galaxy anywhere within 34 Mpc of their cluster centre (e.g. Fig. 5.3). We now want to test

the hypothesis that these starburst galaxies occur randomly within a cluster. To do so, in Fig. 5.5
we plot the first, square root of the second and the third moment (mean, standard deviation &
skewness) of SFR respectively, as a function of the (scaled) cluster-centric radius. We extend
our analysis upto 3§, because it encompasses the core of the galaxy cluster and the infalling

region surrounding it (Diaferio & Geller 1997; Lewis et al. 2002; Gomez et al. 2003; Rines et



5.3. STAR FORMATION & ENVIRONMENT 127

@ T T T T T T T T I T T
- Starburst T Control A

Skewness

SFR (Mg yr™ ")

ollllllllIIIIIIIIIIIIII
N
@)

r/To00 "/ T200

Figure 5.5: The mearsdid line, bottom pang| skewnessypper paneland standard deviation

(red) in SFR of galaxies in SBI¢ft) and CN (ight) clusters in running bin260 galaxies per

bin) of (scaled) cluster-centric radius. AGN and unclassified galaxies with-SFRM,, yr—!

are excluded. As expected the SFR falls toward the cluster centre. But the difference in the
SFR profiles of the two samples is striking. The high standard deviation at the cluster boundary
(r/ro09 ~ 1) indicates the presence of galaxies with extreme SFRs. It is also noticeable that the
mean SFR of CN clusters is lower than that of SB clusters in general.

al. 2003; Rines et al. 2005), providing us with a range of galactic environments.

The SFR profiles of the two samples are strikingly different, with CN clusters showing
a lower mean SFR at almost all radius. The most striking feature of this plot is the sudden
increase in the standard deviation (red curve) in SFR, accompanied by positive skewness (top
panel) in the SB clusters. This shows that several star-forming galaxies with very high SFR
are present just outside the boundaxy1(.5R5y) of these clusters. Given that our selection
criteria demanded that the starburst galaxies could occur anywhere within the given threshold
(3 hyMpc), it seems highly unlikely that occurrence of such a ‘blip’ is a random chance.

There seems to be another region of increase in the mean SFR of galaxies in the SB clusters



128 CHAPTER 5. EVOLUTION OF GALAXIES IN THE COSMIC SUBURBS

L S S S S S S S
[P Starburst]
15 Control T
o | ]
(0]
-.(;JJ -
E -
910 | _
% i
< i
9 i
g i
zZ o5 r 7
- : '~' .
O 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1
0 500 1000 1500

Velocity dispersion (km s~ )

Figure 5.6: The velocity dispersion distribution of Sibited) and CN 6olid) clusters respec-
tively. The error bars show th&r scatter in each bin. There is a clear indication that the SB
clusters are systematically more massive than the CN clusters.

at ~ 0.5Ry00. We note that this second feature is neither due to the presence of group-like
structures € 300 km s!) nor due to the nearby interacting cluster pair Abell 2197 and 2199
present in our sample. Both these features in the SFR profile of SB clusters are thus considered

real. We discuss them in detail in the following sections.

5.3.3 Clusters & Filaments

In order to explore whether the enhancement in SFR of galaxies found on cluster outskirts (as
discussed ir§5.3.2), is related to the properties of clusters themselves, we plot the velocity
dispersion §,,) distribution of the two cluster samples in Fig. 5.6. Since the velocity dispersion
values are derived from spectroscopic redshifts using an iterative procedure (ROSTAT; Beers,
Flynn & Gebhardt 1990), the error in individua) values are very small. The massive galaxy
clusters have a deeper potential well, so they are expected to show higtien their low

mass counterparts. Fig. 5.6 clearly shows that despite the wide range of objects covered by
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Figure 5.7: Contours and gray-scale showing galaxy densitheitwo projected planes in a
warped filament detected in our SB cluster sample. The two horizontal lines mark the positions
of the two Abell clusters, while the vertical line is the inter-cluster axis. Both axis are in units
of Mpc with the centre of frame of reference set at the lower cluster.

both the cluster samples (group-like structures to massive clusters)gthéistributions are

significantly different.

Statistically, the SB clusters have higleithan the comparison cluster sample. The Kolmogorov-
Smirnoff (K-S) test finds the maximum difference between the cumulative distributions of
of the two cluster sample to b = 0.2858, at a significance level di.022. The observed
difference is definitely not due to different redshifts of clusters because both the samples are
uniformly spread over a small redshift range (0.02—-0.15) spanning~emly Gyr in lookback
time. This implies that either SB clusters are (i) more massive, or (ii) less relaxed than the CN
clusters. Unfortunately, since x-ray data for majority of our cluster sample are unavailable we

could not pursue any argument in favour of (ii) above.

Recently, several authors have shown that the global environment, the LSS in which the
galaxies are embedded, may also play a significant role in their evolution (e.g. Haines et al.
2006b; Porter & Raychaudhury 2007; Fadda, Biviano & Durret 2008; Porter et al. 2008). We

evaluate the impact of the LSS on the star formation properties of galaxies, by studying their
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position in the cosmic web. We employ the catalogue of galaxy filaments sourced from SDSS
DRA4 by using the algorithm described in (Pimbblet, Drinkwater & Hawkrigg 2004; PDH 2004
hereafter). The morphological classification of filaments in this chapter is the same as described
in PDH (2004), where types | to V refer to straight, warped, sheet-like, uniform and irregular
distribution of galaxies respectively, projected on two orthogonal planes with respect to the
inter-cluster axis (e.g. Fig. 5.7). Simulations show that the properties such as matter density
of filaments, are closely related to their morphology (Colberg et al. 2005; Dolag et al. 2006).
So, by studying the morphology of filaments through which a galaxy approaches the cluster, we

intend to explore how, if at all, is the LSS effecting the evolution of galaxies.

The algorithm for identifying filaments is well described in PDH (2004), but for the benefit
of reader we briefly describe it here: to identify galaxy filaments in a large-scale survey such as
the SDSS involves setting up orthogonal planar pair projections of the filaments viewed along
the inter-cluster axis. The planes correspond-#9 Mpc from the inter-cluster axis and have
a depth of+-5 Mpc around it. This choice of depth and width ensures that we retain an ability
to see highly curved and complex filaments (Fig. 5.7; also see fig. 1 of PDH 2004). Finally,
those filaments for which both Mahajan and Pimbblet agreed on the same morphological type,

are chosen to be a part of the ‘clean’ sample, and are used for all further analysis.

In Fig. 5.8 we plot the distribution of type of filaments belonging to both the cluster samples.
The errors are calculated using binomial statistics, where,afit of N clusters in the given
sample have a particular morphological type for a filament, then the likelihood of a cluster to
have that class of filaments is given b¥: o< f*(1 — f*)¥=" (De Propris et al. 2003). The

scatter on the fraction of clusters is given by the standard deviation

Af, = w (5.1)

Each distribution is independently normalised to unity. The number of filaments classified for
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Table 5.1: Type of filaments

Sample| | | Il | Il | IV |V | undetermined
SB |18|10| 2| 1 |7 47
CN |25/35| 6|39 68
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Figure 5.8: The distribution of filament type for the 'cleanafitents in the SBdptted and CN

(solid) cluster samples respectively. The errors are calculated using Eqn.5.1. The SB and CN
clusters show significantly different preferences for type we and type Il filaments respectively.

each cluster sample are listed in Table 5.1. Note that a large fraction of our filaments remain

unclassified mainly because our choice of magnitude &it,< —20.5, excludes low-mass

galaxies from the analysis, thus significantly underestimating the density of galaxy filaments.
On the other hand, this also implies that the uncertainty in determining the morphological class

of the classified filaments is very small.

Although the number of filaments associated with individual clusters do not show any par-

ticular trend, Fig. 5.8 do suggests that the CN clusters are more likely to be fed by Type Il

(warped) filaments. We return to this observatiofj5m.2.
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5.4 Discussion

Superclusters (e.g. Shapley; Raychaudhury 1989) are the most massive and youngest structures
in the Universe, within which groups and clusters of galaxies are evolving through interactions
and mergers. In this hierarchical model, clusters assemble by accreting surrounding matter
in the form of galaxies and galaxy groups (e.g. Bekki 1999; Struck 2006; Oemler et al. 2009)
through large-scale filaments (Zeldovich, Einasto & Shandarin 1982; Colberg et al. 2000; Porter
& Raychaudhury 2007; Fadda, Biviano & Durret 2008; Porter et al. 2008; Gonzalez & Padilla
2009; Gay et al. 2009). The galaxies under the influence of varying environment evolve not
only by exhaustingll the fuel for star formation, but also bgosingit to their surroundings.

The cluster cores contain passively evolving red galaxies which have lost all their cold gas
to the hostile ICM of the cluster either due to the processes like ram-pressure stripping (Gunn &
Gott 1972; McCarthy et al. 2008), or a burst of star formation resulting from the first encounter
with the ICM and/or galaxy-galaxy interactions (e.g. Moss 2006; Porter & Raychaudhury 2007;
Porter et al. 2008; Gay et al. 2009; Oemler et al. 2009). The low density environments out-
side the clusters mostly host young late-type galaxies, which account for over 50% of the SFR
density of the Universe (e.g. Brinchmann et al. 2004). But a crucial missing link required to
fully understand the process of galaxy evolution is to find how does galaxies in cluster cores
become passive while those in the field remain star-forming? How does the hierarchy of struc-
ture formation influence the properties of individual galaxies? Does the physical process of
star formation in a galaxy dependent on its local environment only, or does it matter where the

galaxy resides in the cosmic web?

5.4.1 Excessive star formation on the outskirts of clusters

In the past few years extensive studies have been undertaken to understand the evolution of

galaxies in various environments. Some of these studies are generalised (e.g. Kauffmann et al.
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2004; Tanaka et al. 2004), while others target particular environments (Gavazzi et al. 2003;
Balogh et al. 2004b; Mercurio et al. 2004; Rines et al. 2005; Marcillac et al. 2007; Porter &
Raychaudhury 2007; Porter et al. 2008; Verdugo et al. 2008, among others). Recently, several
starburst galaxies are serendipitously discovered in and around rich clusters, most of which are
at high redshifts. In this chapter we attempt to understand the nature and origin of such starburst

cluster galaxies.

To do so, we take all Abell cluster8.(2 <z<0.15) in SDSS DR4, and classify the galaxies
(M, < —20.5) found within 3Ry, of their centres, into SB and CN samples as described in
§5.3. We find that the mean SFR distribution of the galaxies in the two samples, as a function
of the (scaled) cluster-centric radius are very different (Fig. 5.5). It is worth noting that despite
selecting SB clusters such that they have at least one starburst giay Janywherewithin
3 h-y Mpc of the cluster centre, the major ‘blip’ in the SFR of SB clusters occur close to the

cluster boundary.

The ICM density on the outskirts of a cluster is very low, hence any cluster related en-
vironmental process that could directly influence the infalling galaxies, such as ram-pressure
stripping, can be ruled out as a cause of enhancement in the SFR of galaxies (but see Kapferer
et al. 2009 for an alternative view). The local conditions on the outskirts of clusters: small rela-
tive velocities amongst galaxies, a coherent velocity field (Gonzalez & Padilla 2009) and higher
galaxy density with respect to the field, seems to favour interactions amongst galaxies as a pos-
sible explanation for the observed enhancement in SFR of galaxies in these regions. Fig. 5.9
provide further evidence in support of this argument by showing that the starburst galaxies at
0.5-2 Ry, are more likely to have at least one neighbouring galady € —20.5) relative to

other cluster galaxies at similar distance from the cluster centre.

Several other observational studies (Lewis et al. 2002; Balogh et al. 2004b; Moran et al.
2005; Sol Alonso et al. 2006; Porter & Raychaudhury 2007; Porter et al. 2008; Oemler et al.

2009) and simulations (Fujita 1998; Gnedin 2003b) have also considered galaxy-galaxy inter-
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Figure 5.9: Distribution of number of neighbouring/{ < —20.5) galaxies around starburst
galaxies fed) and other cluster galaxiebl&cK) in the scaled radial range 6f5 <R /ryp <1

(top) and1 < R/rep0 < 2 (bottom). This shows that the starburst galaxies are more likely to
have at least one (or more) neighbouring galaxies than other cluster galaxies residing in similar
environments.
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actions as the most suitable candidate for explaining the observed differences among galaxies

in clusters and field.

Study of close galaxy pairs in the 2dFGRS and SDSS suggests that interactions amongst
galaxies are most efficient in triggering a burst of star formation when the projected distance
between galaxies is 100 A~! kpc and their relative velocity is: 350 km st in low/moderate
density environments (Sol Alonso et al. 2006). At the cluster periphery, the local projected
density £5) is ~ 2 — 3 h2 Mpc—2 (Rines et al. 2005), which is similar to the critical density
mentioned elsewhere (Balogh et al. 2004b). The conditions just outside the cluster boundary are
thus well suited for galaxies to tidally influence each other. But given the complicated kinemat-
ics involved, galaxies do not have enough time to merge completely while they are progressively
drifted towards the cluster core with an additional effective infall velocity @20-900 km s!

(for clusters having mask)!'? < M, < 10 M; Pivato, Padilla, & Lambas 2006). Pivato,
Padilla, & Lambas (2006) also found that even when considering the broad cluster mass range
as above, the maximum infall velocity always occurred in the narrow clustercentric radial range

of 2h~! <70 <6h~ MpcC.

The blips in the mean SFR profile of SB clusters (Fig. 5.5) could be a result of these short-
time interactions. As the galaxy approaches the core of the cluster into which it is falling in,
it begins to experience the tidal influence of the residual substructure in the cluster (Gnedin
2003b). We stress that such a trend has yet not been widely noticed in literature because it is
very difficult to detectand quantify the meek signal for an enhancement in the star formation
activity, occurring on small timescales and confined to very narrow regions on the sky. Hence
it is not surprising that despite stacking a fairly significant sample of clusters together, we
detect a subdued signal. Also, studies where radial distribution of SFR/indicator is analysed
as a function of cluster-centric radius, or projected galaxy density (e.g. Lewis et al. 2002;
Balogh et al. 2004a; von der Linden et al. 2010), the small signal of enhancement in SFR of

galaxies falling into massive clusters can be wiped out by stacking them with their less massive
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counterparts.

Kauffmann et al. (2004) (their fig. 12) show that4D00 in star-forming galaxies is well
correlated with internal extinction (measured in SDSI&and). For 4000~ 1 (for reference
note that most of our cluster galaxies havgdD0O0> 1; Fig. 5.4), the internal extinction can
be as high ad.5 magnitudes (ir-band). Hence it is very likely that the number of observed
starburst galaxies at visible wavelengths may be severely underestimated, making observations
of this phenomenon even more difficult with visible data alone (Fadda, Biviano & Durret 2008,
also see Wolf, Gray & Meisenheimer 2005; Koyama et al. 2008; Mahajan & Raychaudhury
2009; Wolf et al. 2009).

A radially infalling galaxy will experience decrease in star formation time scale, but increase
in star formation efficiency (Elmegreen & Efremov 1997; Fujita & Nagashima 1999) due to the
rapidly changing tidal field of the cluster and residual substructure in it (Bekki 1999), and/or
ram-pressure stripping (Kapferer et al. 2009). The star formation efficiency of a cloud of cold
molecular gas with mass 10° M, is enhanced when it experiences a pressure of aldnt,,
where R, = 3 x 10* cm™3, is the total pressure in the solar neighbourhood (the star formation
time scale of such a cloud in the solar neighbourhood wilkbE) Myr with an efficiency of
~0.1; Elmegreen & Efremov 1997). Hence, the interactions of a galaxy with the ICM near the
cluster core £ 0.5Ryy) would then result in a more devastating tidal stripping scenario, where
not only the Hi gas and stars, but also the IHgas residing in the dense molecular clouds
(mostly) in the circumnuclear regions of the galaxy are removed from it (e.g. Weinmann et al.
2006; Dolag et al. 2009). The first impact of this encounter has both the ingredients required to
trigger a burst of star formation: cold gas in galaxies, and an external influence (Fig. 5.5). The
SFR that is boosted at the first encounter with the cluster on its periphery, will thereafter decline

as the galaxy approaches its burial grounds at the core of the cluster.

A cluster with deeper potential will attract relatively more galaxies. The increased galaxy

density on the outskirts of galaxy clusters imply higher probability for galaxy-galaxy inter-
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Figure 5.10: Fraction of galaxie$.¢ < r/ryo0 < 2.8) in the SB (lotted and CN 6olid) cluster
samples as a function of scaled relative velocity. No significant peak at O or above implies that
these galaxies are a mix of infalling and backsplash galaxies.

actions. It is therefore not surprising that SB clusters seems to be relatively more massive
(Fig. 5.6), though in literature there seem to be an ambiguity in the observational results. By
analysing 25 clusters, Poggianti et al. (2006) find that although the fraction of emission-line
galaxies is anti-correlated with clusters at high redshifts({.04 < z < 0.8), the intermediate

mass ¢, ~ 500 — 600 km s71) z=0 clusters do not show any systematic trendzAt0 Biviano

et al. (1997) showed that the fraction of emission-line galaxies is higher 8§% in clusters

with o, > 900 km s~! as compared to those with, <600 km s™!. But in a study of 17 clusters

from the 2dFGRS, Lewis et al. (2002) find no difference between the mean luminosity nor-
malised SFR (proxy for specific star formation rate) profile of their cluster sariple € 0.8)

separated around, =800 km s,

It might be argued that the observed enhancement in the SFR of galaxies on the periphery of

clusters is due to the mixing of ‘backsplash’ galaxies with those infalling in the cluster for the
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first time. These ‘backsplash’ galaxies are supposed to have crossed the cluster’s core at least
once (Balogh et al. 2000; Mamon et al. 2004; Rines et al. 2005; Gill, Knebe & Gibson 2005;
Mahajan, Mamon & Raychaudhury 2011b). Gill, Knebe & Gibson (2005) used hydrodynamical
DM simulations to show that the population of backsplash galaxies can be detected by a distinct
centrally peaked, in the radial interval 1.4-2.8R,; while a non-zero velocity distribution peak
shows that the galaxies are falling into the cluster for the first time (see Chapter 6; Mahajan,

Mamon & Raychaudhury 2011b).

We test this hypothesis by plotting the distribution of the relative line-of-sight (I.0.s.) veloc-
ities of galaxies in the interval 1.4-2.8R. The distribution for SB (and CN) clusters’ sample
as shown in Fig. 5.10 show no prominent peak’st|/o, = 0, suggesting that the galaxies on
the outskirts of our cluster samples are a mix of infalling and backsplash populations. This is
in agreement with literature (Rines et al. 2005; Pimbblet et al. 2006), confirming that some
emission line galaxies in and around clusters are backsplash, but a pure backsplash model can

not explain all their properties.

Earlier studies have shown that the starburst galaxies in distand.() clusters are likely
to be dwarf galaxies (Poggianti et al. 1999). Moran et al. (2005) observe an enhanced O
emission at 1.8, Mpc from the centre of the cluster CL00242).4). All the high emission
line galaxies in CLO024 are dwarfd/fz > —20). Haines et al. (2006b) find an excess of blue
dwarf galaxies {/, > —18) around 1.52;; Mpc from the centre of the Shapley supercluster.
In Mahajan et al. (2010a, 2011a) we analysed the star formation properties of galaxies in the
Coma supercluster region. Our analysis suggested that unlike giant galaxies, star formation in

dwarf galaxies is independent of their environment, except in very dense environments.

Although, due to the flux limitations of the SDSS data used in this work, we have not in-
cluded the low luminosity X/, > —20.5) galaxies in our analysis, it is worth noting that the
picture portrayed above will hold for them too. The only exception in case of dwarf galaxies

might be the absence of the second burst seen near the cluster eehfiB; Fig. 5.5). This
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is because amongst others, evaporation of cold gas becomes very important for dwarf galaxies
(Fujita 2004; Boselli & Gavazzi 2006). Hence even a relatively softer encounter with a more
massive galaxy may lead to loss of all gas via tidal stripping and/or evaporation. Porter &
Raychaudhury (2007) and Porter et al. (2008) also find that the enhancement in star formation
(quantified using the-parameter) seen in filament galaxies is exclusive to dwarf galaxies. Stud-
ies of dwarf galaxies in the nearby Coma supercluster show that the dwarf population is more
vulnerable to the impact of the changing environment on cluster outskirts, as a result of which
they experience a burst of star formation on first encounter, and are quenched soon thereafter

(Smith et al. 2008; Mahajan, Haines, & Raychaudhury 2011a).

5.4.2 The LSS connection

High resolution simulations suggest that intermediate-density regions like inter-cluster fila-
ments can host a significant fraction of gas with temperature ®fl00K (Cen & Ostriker

1999; Croft et al. 2001; Phillips, Ostriker & Cen 2001; Dolag et al. 2006). It thus becomes
crucial to understand the properties of galaxies on these filaments in order to evaluate their role
in the evolution of galaxies. This gas may be detected as radio emission (e.g. Kim et al. 1989),
or through its bremsstrahlung emission in soft x-rays. But not only is the signal too weak for
the present day detectors, the former can be employed only for very nearby cluster pairs. How-
ever, in literature there are a few claims of detections of such warm intergalactic medium (e.g.
Kaastra et al. 2003; Markevitch et al. 2003).

Recently, Dolag et al. (2006) have attempted a hydrodynamical dark matter (+ gas) simula-
tion to understand the global properties of these large-scale structures. They show that due to
very low gas density (1%® g cm 3 in 3-d and 102 g cm2 in projected space respectively) and
temperature< 107 K, it is very difficult to observe these filaments directly. In order to under-
stand the role of filaments in the evolution of galaxies indirectly, some studies have specifically

targeted the galaxies traversing through filaments (e.g. Porter & Raychaudhury 2007; Bole et
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al. 2008; Fadda, Biviano & Durret 2008; Porter et al. 2008; Mahajan, Haines & Raychaudhury
2010).

Semi-analytic modelling shows that galaxies with similar local density, but different ‘global’
environment (i.e. different position in the LSS), show subtle but non-negligible differences in
their SFR and colours (Gonzalez & Padilla 2009). Gonzéalez & Padilla attribute their result to
the coherent motion of galaxies approaching clusters through large-scale filaments (Porter &
Raychaudhury 2007; Fadda, Biviano & Durret 2008; Porter et al. 2008; Mahajan, Haines &
Raychaudhury 2010). Struck (2006) discuss an interesting scenario whereby the galaxies in
a galaxy group crossing a cluster may be pulled towards each other, thus increasing the local
galaxy density by an order of magnitude, and the probability of galaxy-galaxy interactions by
about a factor of 100 (density squared). Even though we do not find any statistically significant
evidence to support that the enhancement in SFR is seen in galaxies falling in as groups, some
other observational studies seem to favour this scenario (Gavazzi et al. 2003; Moss 2006;

Oemler et al. 2009).

Type | (straight) flaments mostly occur between close5(— 10 Mpc) pairs of clusters
(Colberg et al. 2005; Dolag et al. 2006; Pimbblet, Drinkwater & Hawkrigg 2004). But majority
(>50%) of filaments in the cosmic web are of type Il (warped). Relatively shorter length (Col-
berg et al. 2005; Dolag et al. 2006; Pimbblet, Drinkwater & Hawkrigg 2004) and higher matter
density may imply that the probability of galaxy-galaxy interactions occurring amongst galax-
ies on these filaments is higher than their warped counterparts. Fig. 5.8 favours this scenario.
We find that~ 32% of the (classifiable) filaments feeding the comparison (CN) clusters are of
type | (straight), as compared t047% in the SB clusters. This is in agreement with the results
from simulations, where it is shown that in a CDM Universe more massive structures are more
strongly clustered than their less massive counterparts (Colberg et al. 2005). Hence, the rela-
tively massive €, = 500 km s7!) clusters are more likely to have a straight filament connecting

them to a nearby companion cluster. It is worth noting that the morphology of a significant
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fraction of our filaments remain uncertain because of low galaxy< —20.5) densities, so the
guantities mentioned in this section may only be considered representative, not precise.

On a final note, we suggest that our SB clusters are most likely to be relatively massive
clusters connected to a neighbouring cluster through a straight filament. The occurrence of
starburst galaxies at their periphery is a direct consequence of the way local conditions (i.e.

galaxy density and relative velocity) are affected by the global LSS layout.

5.4.3 Future implications

As compared to the galaxies atZ), galaxies in the past were more gas-rich. Hence it would

not be an exaggeration to say that such events of spectacular starbursts would be more com-
monly seen at higher redshift; although a confirmation of this can only be made by studying an
unbiased sample of high redshift clusters, sampled upto their infall regions (e.g. Kartaltepe et
al. 2008; Verdugo et al. 2008).

Once such data are available, one can ask the question whether the excess of blue galax-
ies observed in clusters at higher redshift, the well known ‘Butcher-Oemler effect’ (Butcher &
Oemler 1984) is linked to the occurrence of starburst galaxies in infalling galaxies, which appear
to be nearer the cluster centre in projection (see Oemler et al. 2009 for instance). For a sample
of x-ray luminous clusters dL18 < z < 0.55, Ellingson et al. (2001) showed that the galaxy
populations in the cluster cores are same at all epochs, but higher redshift clusters show a steeper
gradient in the fraction of blue galaxies when region outside the cofe5R,y) are consid-
ered. But such colour-based studies may have inherent bias due to the non-negligible fraction of
galaxies that deviate from the normal correspondence between photometric colours and spec-
troscopically derived SFR/indicators (see Mahajan & Raychaudhury 2009 for instance).

Another interesting idea to explore, though relatively more plausible in simulations, is to
find what is the likelihood of seeing a starburst galaxy on the filament feeding a cluster along

the line of sight. Such a galaxy will appear to be at the centre of cluster, yet showing physical
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and intrinsic properties as that of its counterparts far away from the cluster core (for instance
see Oemler et al. 2009).

It would also be very interesting to study the intermediate/dwaff € —20.5) galaxies
in the infalling regions of the SB clusters. Since they can be harassed more easily relative to
their massive counterparts, a detailed morphological analysis of the dwarf starburst galaxies
can provide useful clues to understanding the impact of environment on galaxy evolution (e.g.
Moss 2006). Considering galaxy-galaxy harassment to be the process dominating the current
star formation properties of galaxies on cluster outskirts, these galaxies may show signatures
of tidal interactions with their neighbouring galaxies. But unfortunately, the SDSS data used
in this work limits us from doing either of the above mentioned, and we leave this for future

communication.

5.5 Summary and Conclusion

Using the integrated SFR (and SBRY) derived by Brinchmann et al. (2004) for galaxies in
the SDSS DR4, we have analysed the star formation properties of galaXies (20.5) in

nearby (.02 <z<0.15) Abell clusters. The main results obtained in this chapter are:

e Star formation activity in galaxies on the outskirts of some clusters is enhanced near
their boundary (Ry), and less prominently but significantly, further into the clusters at

N0.5R200.

¢ In agreement with several other observational studies and simulations, we find that this
enhancement in the SFR of galaxies on cluster outskirts is most likely to be due to en-

hanced galaxy-galaxy interactions.

e The galaxy-galaxy interactions seems to be more efficient in the infall regions of relatively

massive clusters (Fig. 5.6), which are likely to be fed by high-density straight filament.
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The clusters which do not show any starburst galaxy on their outskirts (CN), are more

likely to be fed by type-II (warped) filaments.

e The galaxies on the cluster outskirts4{<r/Rsq <2.8), showing high SFR are a mix of
galaxies that have passed through the cluster core at least once (the ‘backsplash’ popula-

tion), and those which are falling in it for the first time.



Chapter 6

Velocity modulation of galaxies in and

near clusters

6.1 Introduction

The wide variety in star formation properties of galaxies is an inevitable consequence of the
varied environments they inhabit. Physical properties of galaxies such as morphology (Dressler
1980), colour (e.g. Balogh et al. 2004a), luminosity (e.g. Adami, Biviano, & Mazure 1998),
individual spectral indices used as star formation rate (SFR) tracers, such as the EW of O
or Ha (e.g. Balogh et al. 2004b; Haines et al. 2006a), are known to vary systematically with
environment. As they leave their sparsely populated base iretddor the high density regions

of galaxy clusters, galaxies see their dominant stellar population become older, emission lines
disappear from their spectra, complex spirals transform into more uniform spheroids, and the

SFR decreases by 1-2 orders of magnitude.

It is thus generally believed that the cluster environment is hostile to star formation. For
example, the denser the environment, the stronger will be the stripping of interstellar gas either

by the ram pressure of the intra-cluster gas (Gunn & Gott 1972) or by the tidal field of the

144
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cluster (Merritt 1983), leading to starvation for subsequent star formation (Larson et al. 1980).
So a galaxy that entered the cluster virial radiué Gyr ago, and has since crossed the core

of the cluster, should have lost its gas via either of these two effects during its passage through
the cluster core (see for instance Vollimer 2009 for the impact of ram-pressure stripping in the
Virgo cluster). Moreover, in the intermediate density environments on the cluster outskirts,
mechanisms like galaxy-galaxy interactions (e.g. Moore et al. 1996) seem to dominate the
process of galaxy evolution (e.g. Porter & Raychaudhury 2007; Porter et al. 2008; Mahajan
& Raychaudhury 2009). Thus star-formingfalling galaxies are expected to have distinctive

properties compared to the passively evolwiriplized population inside the cluster.

However, one can define an intermediate population of galaxies that have travelled through
the cluster core (perhaps more than once) and have not yet had time to mix with the virialized
population. Thesbacksplashgalaxies would have felt the first effects of the cluster environ-
ment, but may not have evolved all the way to attain the passive properties of the virialized
population. In their simulations of six clusters, Balogh et al. (2000) found that-52%0% of
dark matter (DM) particles at—2 Ry, from the cluster centre had been inside the virial radius
(R20p) at some earlier time. Gill, Knebe & Gibson (2005) estimated similar fractions, consid-
ering a virial radius equivalent t&,y,, and further added that 90% of such particles went as
close to the cluster centre as 50% of the virial radius. Mamon et al. (2004) used both analytical
methods and cosmological simulations to conclude that DM particles travel through the core of

the cluster out to 1-2.B,o, on the other side.

The backsplash galaxies may contribute to the observation that the radial trends of star for-
mation diagnostics extend to at least twice the virial radius (Balogh et al. 2000) from cluster
centres. Hence, the intermediate environments found in inter-cluster filaments and on the out-
skirts of galaxy clusters play a key role in defining the evolutionary history of galaxies (Rines

et al. 2003; Gill, Knebe & Gibson 2005; Porter & Raychaudhury 2007; Porter et al. 2008;

1The termbacksplash galaxiesas first coined by Gill, Knebe & Gibson (2005).
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Mahajan & Raychaudhury 2009).

Most results indicate that the properties of galaxies evolve as they encounter denser envi-
ronments, i.e. progress from the field towards the cluster. This could be due to the prevalence of
smaller clusters (galaxy groups) as one approaches rich clusters, as the tidal field and possibly
some mild form of ram pressure stripping might play a similar role, as they do in more mas-
sive clusters, to deplete the gas reservoirs of galaxies. Alternatively, it is possible that the gas
reserves of galaxies may be protected by the pressure of the surrounding intra-group medium
(IGM) from being tidally perturbed, preventing the star formation in the galaxy from being
guenched, even after spendingl Gyr in crossing the cluster. In such a case, an increase in
tides generated during the group—cluster merger may instead result in an enhancement of SFR
in group galaxies (Bekki 1999). Although such a group pre-processing scenario is yet to be
confirmed, some evidence in its favour is found in recent observational studies (e.g. Oemler et

al. 2009).

The main difference between infalling and backsplash galaxies is that the former have larger
apocentres, hence larger radial (3D) velocities. Therefore one expects that backsplash galaxies
will have lower absolute line-of-sight (hereafter, LOS) veloctitsan the infalling galaxies.

One is therefore motivated to study the modulation of the radial trends of galaxy properties
with absolute LOS velocity.

In the central regions of clusters, the relative velocities of galaxies have been found to be
correlated with their luminosity (e.g. Chincarini & Rood 1977; Struble ; Bothun & Schombert
1990; Biviano et al. 1992 among others), morphology (de Vaucouleurs ; Sandage & Tammann
1976; Moss & Dickens ; Helou, Salpeter, & Krumm 1979; Sodre et al. 1989; Biviano et al.
1992; Girardi et al. 2003, and more recently spectral type (Biviano et al. 1997; Pimbblet et al.
2006). The early-type, massive and passive galaxies are found to have lower velocity disper-

sion relative to their late-type, star-forming counterparts. It has been shown that this velocity

20ur absolute LOS velocities are in the cluster frame.
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segregation of mass (or luminosity) in cluster galaxies is neither induced by morphological

segregation nor limited to cD galaxies (Biviano et al. 1992).

There has been some efforts to study the velocity segregation in galaxy properties on the
outskirts of galaxy clusters (e.g. Mohr et al. 1996; Rines et al. 2005; Pimbblet et al. 2006).
In particular, Rines et al. 2005 find no significant difference in the velocity distribution of the
emission-line and absorption-line galaxies with projected radii between4 And in a sample
of eight nearby x-ray bright clusters. However, emission-line galaxies outside the virial radius
appear to have a significantly larger velocity dispersion than their absorption-line counterparts
(but Rines et al. 2005 do not provide any quantitative estimate of the significance). Moreover,
from Fig. 6 of Rines et al. (2005), the mean velocity dispersion profile of emission-line galaxies
appears significantly steeper than that of non-emission-line galaxies (this trend was not noted
by the authors). Rines et al. (2005) concluded that star-forming galaxies in the infall regions
are not field interlopers, which leads them to reject a simple model where the truncation of star
formation at low projected radius is solely caused by the efficient quenching of star formation

in (backsplash) galaxies that have crossed through the cluster.

In this chapter, using the very large Sloan Digital Sky Survey (SDSS), we have collected
sufficient data around hundreds of clusters to analyse the differences in the distribydron in
jected phase spadgrojected radiug? and absolute LOS velocityy os|) of star-forming and
passive galaxies at much finer resolution than previously performed. We look for and find a
significant velocity modulation of the variations of stellar mass and star-formation properties
with projected radius. We also build simple dynamical models involving the virial, infalling
and backsplash populations of galaxies to explain our results, calibrating our models and the

projection effects using a cosmological simulation (Appendix C).
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6.2 Data

The observational dataset and star formation diagnostics used in this chapter are described in
§2.2 and Appendix B respectively.

We selected our galaxy clusters from the ‘group’ catalogue compiled by Yang et al. (2007)
from DR4 of the SDSS. The selection criterion and cluster properties are described in Ap-
pendix B.

From the spectroscopic galaxy catalogue of SDSS D§24£] we select galaxies that meet

the following criteria:

1. redshift rang®.02 < z < 0.15;

2. absolute magnitudé, < —20.5;

3. half-light angular radiudt.g < 5”;

4. projected separation with clustdt:< 2 R, ;

5. velocity relative to clusterfvos —vfiiae | < 3 oguster,

Our luminosity limit roughly corresponds ®© > 0.5 Lx (given thatM! = —20.44 +5 log h

Blanton et al. 2003), which corresponds to the apparent magnitude tirgitl(/.77) for the

SDSS spectroscopic cataloguezat 0.1. The galaxy redshifts are chosen in an interval that is
slightly larger than for the clusters, so as to avoid missing galaxies lying behind (or in front) of
the most (least) distant clusters. The angular size criterion ensures that the spectrum obtained
from the 3 SDSS fibre is a fair representation of the light from the galaxy, and does not just
correspond to the passive central bulge of the galaxy, although it may also imply that the sample
is limited to compact galaxies only. However, we find that excluding this condition from the
sample selection procedure adds only a few more galaxies to the sample, and thus statistically
the results discussed in this chapter are not affected by any potential biases arising due to this

criteria.
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This gives us a sample of 19,904 galaxies in or near 268 clusters covered out to 2 virial radii
in projection and 3 times the cluster velocity dispersions along the LOS.

The cluster galaxies are compared with a sample of 21,100 field galaxies, randomly chosen
to have the same redshift and luminosity distributions as those of the cluster galaxies. We
required the field galaxies to lie at least 10 Mpc away from the centres of all group8/\with
and halo mas$ 10'2® M, in the Yang et al. (2007) catalogue (this includes clusters). Since
the galaxy properties depend on their distance from the nearest large structure (e.g. Mahajan,
Raychaudhury & Pimbblet 2011c) out4a3 Ry, (<6 A7y Mpc; e.g. Rines et al. 2003; Mahajan
& Raychaudhury 2009), a linear distance of 10 Mpc (corresponding to typi¢allit,) from
all groups and clusters ensures that our field sample is not contaminated by the effect of any

groups or clusters.

6.3 Star formation diagnostics

In this chapter, as our principal diagnostic we use the specific star formation rateM{SFR/
of a galaxy as estimated, from the optical spectrum by Brinchmann et al. (2004) for all the
galaxies belonging in the spectroscopic catalogue of SDSS DR4. From this and a few other
spectral indices, namely the emission-correctéd thereafter, H) EW and the 4008, break,
estimated in a related work (Kauffmann et al. 2003a), we compare the trends seen in the cur-
rent star formation activity and star formation histories (SFHs) of different types of galaxies
(Appendix B).

The spectrum of a galaxy that has experienced a burst of star formation in the recent past (1—
3 Gyr ago) is expected to show a strong absorptionixahHhe optical spectrum. This is because
A type stars, which significantly contribute to the ldbsorption have a lifetime of 1.5 Gyr,
but the starburst can produce enough ionising radiation to fill in thalb$orption. However,

as the episode of star formation ends, theab&orption line becomes more transparent. The
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Figure 6.1: The distribution of stellar masses for our galaxyples, in four bins of projected
radius in the four panels from left to right. Tkelid black dashed recanddotted blueistribu-

tions represent absolute LOS velocity bjngos| /o, = 0—1, 1-2 and 2—3 respectively. Ttién

grey distributiondenotes the field. Thieottom panelshow the difference between the binned
cluster distributions and that of the field. Taeor barsare Poisson. In the flux limited SDSS,
galaxies in the local Universe have theéir* distribution centred around/* = 3 x 10'° M
(Kauffmann et al. 2003a). A significant fraction of galaxies witht > 10'* M, are found

only in the core of galaxy clusters. Interestingly, the low absolute LOS velocity galaxies in the
cores are the ones which are more massive, while the high velocity galaxies mostly inhabit the
low mass end.
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EW of Hy has been extensively used in literature to measure the mean stellar age of galaxies,
and the elapsed time since the last major burst (e.g. Worthey & Ottaviani 1997, Kauffmann
et al. 2003a). On the other extreme is the 4806reak (D,4000), which is the strongest
discontinuity occurring in the optical spectrum of a galaxy from the accumulation of absorption
lines of mainly ionised metals. As the opacity increases with decreasing stellar temperature,
the value of 4000 is largest for old and metal-rich stellar populations. Stellar population
synthesis models indicate that4000 is mostly sensitive to age, except for sub-solar metallicity
populations older than 1 Gyr, where it is also strongly dependent on metallicity (Kauffmann et

al. 2003a).

Interestingly, the variation of Hwith D,,4000 is not sensitive to metallicity or dust extinc-
tion, thus providing a good measure of SFH, such that for a giyg®D0, stronger Himplies
that the galaxy has experienced a recent burst in star formation (Kauffmann et al. 2003a). In
particular, the right panel of Kauffmann et al. (2003a)’s fig. 2 indicates that the combination of
H6 >2 A and D,4000 < 1.5 leads to stellar populations younger than 1 to 3 Gyr for solar and

0.2 solar metallicity populations, respectively.

6.4 Velocity modulation of galaxy properties

The key issue that we are trying to address in this chapter is whether it is possible to distinguish
the galaxies that have passed through the cluster core from those that are falling into it for the
first time, based on observable parameters. DM simulations show that the backsplash population
is most likely to be seen betweén-1.5R, and with velocity lower than the mean velocity of the
cluster (for instance Mamon et al. 2004; Gill, Knebe & Gibson 2005). So, we stack together all
the galaxies found in clusters with2R, and|Avos| < 3 g, into four bins of projected radius

of width 0.5R,, and into three bins of absolute LOS velocityvy os|/0, <1, 1-2 and 2-3

respectively. Below we describe the features of these distributions for various galaxy properties
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with respect to one another and the field distribution.

6.4.1 Stellar mass

In Fig. 6.1 we plot the distribution of stellar masses for the 12 classes (3 scaled velocity bins
in each of the 4 scaled radial bins) of galaxies as described above. Due to the flux limit of
SDSS, the stellar mass distribution of galaxies in Fig. 6.1 appears to be centred &found
3x101° M, in the local Universe (also see Kauffmann et al. 2003a). The most massive galaxies
(log M* /Mg > 11) are mostly confined to the cores of the clusters. However, even in the core
there seems to be a correlation between the relative LOS velocity of the galaxy with respect to
the cluster and its stellar mass. The Kolmogorov-Smirnov (K-S henceforth) statistic show that
the most massive galaxies in clusters have low velocities with respect to the cluster, and the
high velocity galaxies show an affinity for the field distribution, which is skewed towards the
low mass end. The detailed statistical comparison between different distributions is shown in
Table C.3 in Appendix.

When the brightest cluster galaxies (BCGs) are excluded, there is no mass segregation in
clusters relative to the field (von der Linden et al. 2010). To explore the inter-dependence of
M*, R, and LOS velocity of galaxies in clusters, we repeated our analysis by excluding the
BCGs from the clusters. Contrary to von der Linden et al. (2010), we find that the different
distributions still show similar trends: in the inner regions of clusters the most massive galaxies
have lowest absolute LOS velocities (see Table C.4).

To analyse mass segregation in a different way, in Fig. 6.2 we show the fraction of high-
stellar mass galaxies as a function of projected radius in three bins of absolute LOS velocity,
discarding BCGs. Fig. 6.2 confirms our impression thass segregation is present, but only at
R < 0.5 R,, and only for the low- and intermediate; os| galaxies

The difference in low and high mass velocity distributions in the projected cluster core is

not simply caused by the BCGs, which are excluded from Fig. 6.2 (see also Table C.4). While
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Figure 6.2: The fraction of high stellar mass galaxiés* (> 3 x 10'° M, with brightest
cluster galaxies removed), plotted as a function of scaled radius from the cluster centre. The
low (0 — 10,) and high ¢& 2 0,) absolute velocities shown atack circlesandblue diamonds
respectively, and the 1 ¢ range (from binomial statistics) are showrbdack dash-dotted lings

red dashed lingsandblue error bars for the low, intermediate (1-2,) and high LOS absolute
velocities, respectively. Thmagenta arrowndicates the field value.

Biviano et al. (1992) also found that high mass non-BCG galaxies had lower absolute LOS
velocities, we find that this is limited to galaxies withirbR,. In other words, we find that

the high absolute LOS velocity galaxies show no mass segregatioantrast with the global
luminosity segregation found by others (e.g. Adami, Biviano, & Mazure 1998, von der Linden
et al. 2010) when no cuts are made on absolute LOS velocity (which we also find, since the
high absolute LOS velocity galaxies are much rarer than their intermediate and low velocity
counterparts). Turning things around, the low-mas3 x 10'° M,,), low absolute LOS velocity
galaxies avoid the cluster centre, while their high velocity counterparts do not (Fig. 6.2). We

discuss mass segregation amongst cluster galaxies furth@i6iri.

6.4.2 Galaxy colours

Broadband photometric colours are widely used as proxies for the star formation activity of

galaxies. In this chapter we use ‘colour offset’, which is the difference betWgen-)°!
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Figure 6.3: Same as Fig. 6.1 but for the “colour offset” of chugalaxies, i.e., the difference
between thég—1)"! colour of a galaxy and the Red Sequence colour for a galaxy of the same
magnitude. Galaxies bluer than the fitted red sequence (see text) have positive values of the
offset on the x-axis. The build-up of the blue tail of the distribution outwards from the cluster
core is clearly seen. Interestingly, even in the outermost radial bin (B.3-ere are more red
sequence galaxies than the field. This shows that physical processes, dependent on environment,
efficiently modify properties of galaxies in regions with densities in between the two extremes
characterising cluster cores and the field.



6.4. VELOCITY MODULATION OF GALAXY PROPERTIES 155

r/R 0.5 0.5<r/R,<1.0 1.0<r/R 1.5 1.5<r/R s2. 0
0.3 - ,

fraction

I TR PETENEN BEETE I SR AT ......Eg I....I....I....i.l....l....l....é
-12 -11 -10  -12 -11 ,—10 -12 -11 -10  -12 -11 ,—10
log SFR/M’ (yv™!) log SFR/M" (yr!) log SFR/M’ (yr!) log SFR/M" (yr %)

difference from field

Figure 6.4: Same as Fig. 6.1 but for SBR/. As expected, the cluster distributions are skewed
towards the lowog SFR/A/* end in the core region, but only a small tail of galaxies with low
log SFRIM* is seen in the outer radial bins.

colour of a galaxy and that of the red sequence for a galaxy of the same magnitude, where
the red sequence is fitted by stacking all the cluster galaxies together. In Fig. 6.3 we plot the

distribution of the colour offset for all 12 classes of galaxies.

The low velocity galaxies in cluster cores are found to have the reddest colours, indicative of
their passive evolution. But interestingly, even within the cores the difference between colours
of high and low velocity galaxies show statistically significant different distributions (see Ta-
ble C.5). Out to Z&,, the distribution of the colour offset for the field galaxies is very different
from that of the galaxies residing in and around clusters. As discussed below, on the outskirts
of clusters (1-1.R,) the trends seen for broadband colours are consistent with those seen for

spectroscopic parameters.
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Figure 6.5: Same as Fig. 6.1 but for EW)H The field distribution shows a clear bimodality
around2 A. The galaxies in the core of the cluster, most of which are evolving passively, do not
show absorption in Holt is interesting to note that the high velocity galaxies in the innermost
bins, which are likely to be the newest entrants in the core, are also the ones which are most
likely to have experienced a burst of star formation as indicated by relatively high EW(H
This trend in velocity classes continues out to,2¢here the difference between the field and

the low velocity galaxies is minimum. The difference between the higbast)(and the lowest
velocity (black) galaxies is statistically significant in all radial bins out to B.5
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Figure 6.6 Same as Fig. 6.1 but for,4000. This figure complements the re-
sults in Fig. 6.5. The field distribution is bimodal with a minimum at,4D00

~1.5. The passively evolving galaxies in the cluster core are old and metal-rich, hence their dis-
tribution peak at the high end of the, B000. However, the high velocity galaxies in the cluster
core (dotted blue line) have a distribution similar to that of field galaxies. The trend continues
out to 1.5%, , beyond which the distributions almost merge with the field. The K-S statistics
shows the distributions of the high and low velocity galaxies to be statistically different at all
distances within 1.B,.
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Figure 6.7: The distribution of galaxies having the highestds|/c, = 2 — 3; blue point$ and

the lowest [vLos| < o,; black contouryabsolute LOS velocity relative to the cluster, in bins of
increasing (scaled) radiusl¢ckwisefrom top left). The innermost contour represents a density

of 100, decreasing by 10 at every subsequent level. The fractions in the top right corner of each
panel show the ratio of the numbers in the two classes of galaxies shown, and the scatter in it.
Barring the innermost radial bin, the distribution of high velocity galaxies remains the same,
although the distribution of the virialized galaxies tends to become bimodal with increasing
(scaled) radius.
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6.4.3 Diagnostics of specific star formation rate and star formation his-

tory

It has been shown that the SFR of galaxies is a function of their stellar mass (e.g. Noeske et al.
2007). So in this work we prefer to use the specific star formation rate (8FR6 quantify the
currentstar formation activity in a galaxy. In Fig. 6.4, we plot the distributions of SFRAS
estimated by Brinchmann et al. (2004) for all the galaxies in the spectroscopic galaxy catalogue
of the SDSS DRA4.

As expected, the cluster galaxies within ®5have theilog SFRM* distributions heavily
skewed towards the lower end, indicating passive evolution. Interestingly though, the high end
of the values of SFR/* in the cluster core, and almost at all radii out td R, mostly belongs
to galaxies with high velocities. K-S statistic show the difference between the lowest and the
highest velocity galaxy distributions (black and blue respectively) to be statistically significant
in the core € 0.5 R,) and on the cluster outskirts 1.5 R, ; see Table C.6). The field distri-
bution is significantly different from all other classes of galaxies, becoming indistinguishable
from the high velocity galaxies only in the outermost radial bin.

Figs. 6.5 and 6.6 show the distributions of EW[lHand D,4000 for the galaxies in 12 dif-
ferent cells of projected phase space (3 scaled absolute LOS velocities times 4 scaled projected
radii), and compare them with the distribution of field galaxies. The E¥Y(stribution of
the cluster galaxies is strikingly different from that of the field galaxies, the latter showing a
bimodality at EW(H) ~2 A (also see Table C.7). In the cluster cores, the galaxies with highest
velocities, which are most likely to have fallen in recently (Table 1), are the ones that also show
H¢ in absorption (EW(H) > 0). This suggests that their likelihood of experiencing a burst of

star formation within the last 1 — 3 Gyr is relatively higher than their low velocity counter-

3Note that the negative values of EW{Hdo not imply Héline emissionin the passive galaxies, because the
EW(HJ) are measured from the pseudo-continuum bands, and so do not always represent the ‘true’ fluxin the H
line. The pseudo-continuum bands are required because in the spectra of passive galaxies, the position of several
metal lines may coincide with theHine, making it virtually impossible to measure the ‘true’ flux (G. Kauffmann,
priv. comm.; see also Worthey & Ottaviani 1997 and Kauffmann et al. 2003a).
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parts. The K-S test shows that the difference between the BY\idtributions of the highest
and the lowest absolute LOS velocity galaxies is statistically significant at all radii withiR,

(Table C.7).

The amplitudes of the 400D break in SDSS galaxy spectra show very different distri-

butions for the highest and lowest classeg@bs

, both in the core<€ 0.5 R,) and on the
periphery { — 1.5 R,) of the clusters. However, the distributions 0of4D00 in the0.5—1 R,
bin are only very marginally dissimilar, witk 10% probability of the null hypothesis being

satisfied (see Table C.8).

We now take advantage of the fact that togethérHd D,4000 yield a good constraint on
the SFHSs of galaxies (Kauffmann et al. 2003a). In Fig. 6.7 we show the SFHs of galaxies with
different absolute LOS velocities in bins of increasing cluster-centric radius. For clarity, we
only plot the two extreme absolute LOS velocity classess| < o, and|vpos|/0, = 2 — 3).
The distribution of the lowuvy,os| galaxies in this plot of EW(HYvs D,4000, is dominated
by the passive sequence (lower right) at low projected radii, and becomes increasingly bimodal
with increasing cluster-centric radius. The same evolution occurs for thehighl galaxies,
but is less bimodal at large projected radius. On the other hand, the high absolute LOS velocity
galaxies span the entire available parameter space equally at all distances. According to the
stellar population study of Kauffmann et al. (2003a) (see their Fig. 3), this is an indication that
the SFH is more continuous in the lgw,os| galaxies and occurs more in bursts in the high
velocity galaxies. We discuss these trends in the context of the relative fraction of the infalling
and backsplash galaxies, and the fraction of star-forming galaxies as a function of cluster-centric

distance irg7.5.

We now refer to galaxies with EW(H > 2 and D,4000< 1.5 asGalaxies with Ongoing or
Recent Efficient Star formatidi@ORES), following the assumption that a galaxy that experi-
enced “Efficient” star formatiort 1 — 3 Gyr ago is likely to show these features prominently in

its spectrum. Our choice of EW(H&nd D,4000 thresholds are based on the bimodality seen
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Figure 6.8: The fraction of Galaxies with Ongoing or Recentdfit Star Formation (GORES,
EW(H¢) > 2 and D,4000< 1.5) versus projected radius in bins of absolute LOS velodity:
10, (black triangles, 1 —2 o, (red square} and> 2 o, (blue pentagonsslightly shifted along
thez-axis for clarity. Themagenta arrowndicates the GORES fraction in the fielg (> 3 R,).

in the field distributions (Figs. 6.5 and 6.6).
Fig. 6.8 shows how the fraction of GORE&;orrs, varies with projected radius and ab-
solute LOS velocity. The generally increasing radial trengd@frrs is clearly modulated by

lupos|: at all projected radii, the value gforgs is higher (lower) for high (low)uv,os|.

6.5 Modelling the velocity modulation

In this section, we present simple models to quantify the observed fraction of GORES by com-
bining theoretical predictions (see Appendix C) with the suite of galaxy properties analysed in

§6.4.

We build two simple models of the frequency of GORES, one in which their frequency only
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depends on thelassof galaxies, i.e. whether they are part of the virialized, infall or backsplash
population, and second, where the frequency of GORES depends upoaruibge distance
from the centre of the cluster. We define the three classes of galaxies in radial phase space
(i.e. [r,v,], wherer is the 3D radius and, the radial velocity) using the = 0 output of the
cosmological simulation presented §&€.1. We also use this simulation to project onto the
observablgrojected phase spacgR, |vLos|], whereR is the projected radius.

The simulations and the classification schemes used to characterise various galaxy popula-

tions below are described in Appendix C.

6.5.1 Global deprojection

We first directly deproject the observed fractions of GORES, regardless of the LOS velocity.
Writing foores(R) = Ngores(R)/Niwt(R), we can deduce the surface densitEB§R) =
N(R)/(wR?) of GORES and of all galaxies. Since the projected number prafileszrs(R)

and N, (R) are fairly noisy, we fit a polynomial to eithésg > vs R or log > vs log R and
extrapolate the data beyond the last point by a power-law, whose slope is fit on the last three
points. Fig. 6.9 shows the surface density profiles and their polynomial fits. While the fits in
log R diverge dramatically at lowr, they match remarkably well at higR, better than the fits

in R (but this is masked by the symbols).

One can now perform Abel inversion to deduce the space densities
v(r) :—1/7r/ (d¥/dR)/V R? —r2dR (6.1)

of GORES and all galaxies, and finally obtain the deprojected fraction of GORES by dividing
the two space densities. Fig. 6.10 shows the resultant deprojected fraction of GORES. The fits
of ¥ vs R lead to deprojected GORES fractions (dashed curves) that display larger fluctuations

than those obtained from the fits bfg > vs log R (thin solid curves). This shows that the
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Figure 6.10: Deprojected fractions of GORES (using Eqn. @Rshedandthin solid curves
respectively show the results obtained by polynomial fits of the log surface dendiiy X&s
(orders 3, 4, and 5 iblack, purpleandbrown respectively). Théhick green curves the fit of

Egn. 6.2 withf, = 0.52 anda = 1.26 R,, obtained by a? fit to the order 4 polynomial fit of
log ¥ vslog R (purple solid curvg with r linearly spaced between 0.05 ad &, .
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quality of the surface density fits is most important at large radii, and this is where the fits in
log R do better. Fig. 6.10 also shows (thick green curve) a fit to the deprojected GORES fraction

starting with an order 3 fit t& vs R, using

,
r+a

fGORES (T> = fO (62)

We see that the simple, saturated linear model provided in Eqn. 6.2, with asymptotic GORES
fraction f, = 0.52 andquenching radius for efficient star formati@imereafter quenching radius)

a = 1.26 R,, is a decent representation of the deprojected profileffefrrs. While this
deprojection leads to an asymptotic valuef@bres = 0.52, Eqn. 6.2 yieldsfqores = 0.44

at our typical minimum projected radius for field galaxiés (R,), very close to their observed
fraction of 0.45.

Note that although the constraints from potential SDSS fibre collisions leads to underesti-
mated surface density profiles at low projected radii, this bias in surface density should affect
both the total and GORES surface densities in a similar (multiplicative) way (Eqn. 6.1). Hence
the effect of fibre collisions on the ratio of GORES to total space densities should be minor.

We now refine the models accounting for the LOS velocity modulatigiyefrs(R), using

the dynamical classes of the galaxies (virial, infall, and backsplash).

6.5.2 Model 1: Constant recent starburst fraction per class

Suppose that for each of the three classes of galaxies (virial, infall and backsplash), the fraction
of galaxies which experienced a recefitl(— 3 Gyr) starburst (GORES) is independent of the
3D radius and radial velocity. Let these three fractiong he; and f;,, respectively.

The fraction of GORES in a ce(lR, v,) of projected phase space can then be written as

gcores(Ri, v;) = Z fap(a|R;,v;5), (6.3)



6.5. MODELLING THE VELOCITY MODULATION 165

Table 6.1: Best-fit parameters for the 3 galaxy classes with the 4 schemes (Appendix C) for the
model of constant GORES fraction per class

r < R, AND
Scheme Uy < Urcrit Uy > —Urcrit fv fi fb X12/
0 virial virial 0.11 0.33 0.26 4.6
1 infall virial 0.10 0.34 0.24 35
2 infall backsplash 0.10 0.33 0.28 2.9
3 infall infall 0.10 0.34 0.23 2.7
4 backsplash  backsplash 0.09 0.32 0.32 3.1
5 backsplash* backsplash 0.10 0.34 0.31 3.0

Note: y2 is thex? per degree of freedom. The errors are typically 0.0} 0and f; and 0.04 on
fr- In Scheme 5, the extreme negative velocities-fer R, correspond to infall galaxies.

where,p(«o|R;, v;) is the fraction of particles of class within the cell (R;, v;) of projected

phase space (as in Table 1, but with finer radial bins).

One can then perform g2 fit between the observed and predicted fractions of GORES
gcorgs (R;, v;) over all cells(R;, v;), using the conditional probabilities for each clags;| R;, v;),
derived from the cosmological simulation (Appendix C). We assume binomial error bars on
the observed values @f:ores(R;, v;) and that thep(o|R;, v;) derived from the cosmolog-
ical simulation are perfectly known. Furthermore, we use the four Sche§te®) (for the
three populations, changing the class within the cluster virial sphere for the extreme velocities
|vr] > |vreie(r)| (S€€ Fig. C.1). Table 6.1 shows the best fits for each of these four population

schemes.

The best-fit predictions for the scheme with the lowest redyégtiereaftery?), Scheme 3
(where both the very positive and very negative radial velocity objects within the virial sphere
are considered to be part of the infall population), provide a reasonable match to the observed
fractions of GORES in bins of projected phase space. \But- 3 for this best-fit model,

suggests that the model can be improved.
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6.5.3 Model 2: Recent starburst fractions increasing with physical radius

In our second model, we suppose that the fraction of GORES is no longer constant per class,

but varies with physical radiusas in Egn. 6.2, varying the normalisation for each class:

r/Ry

falr) = far/R + ag,

: (6.4)

i.e. rising roughly linearly with radius for < a,, and saturating to an asymptotic valfjeat

large radii. The predicted fractions of GORES is then
JGORES R’MU] Zp a|R27Uj Zfa Tk Tk|R27Uj7 )7 (65)

whereq(k|R;, v;, ) is the fraction of the particles of classin the cell of projected phase
space(R;, v;) that are in théith bin of physical radius. The physical radial bins are expressed
asr, =R, cosh u;, whereu,, is linearly spaced from 0 teosh ™! Tmax/ iy USINGTrpax =50 R,

Table 6.2 shows the new set of fits. The first set of lines show the fits when we force the same
quenching radius for the three classes= a; = a;,. Again, Scheme 3 provides the lowest
which is now 1.6 (in comparison with 2.7 for thfe= cst model). So with the inclusion of an
extra parameter, the radially-varying model fits better the data. This is confirmed byt&s#
and its significance(Table 6.2). Note that cosmic variance on the finite number of clusters has
been incorporated in the errors. The value of quenching radigdow in Scheme 3, which
indicates that it is not that far from the model with constant fraction of GORES per class. The
top panel of Fig. 6.11 shows the observed fractions of GORES together with the best fits with
Scheme 3 for both the constant per class and radially-varying modelawithe; = a;,. Both
models capture the initial rise of the GORES fraction with projected radius and subsequent

saturation, as well as the velocity modulation, even though the fit is not excellent.

4The statisticF = o7 /02, wheres? is the variance.
5P is the probability that thé’-test rejects the null hypothesis that the two distributions with same means also
have the same standard deviations
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Figure 6.11: Same as Fig. 6.8, with best fit models overplotieq: the dashedand solid
curvesshow the best-fit Scheme 3 models (Tables 6.1 and 6.2) assuming no radial dependence
(using Eqn. 6.3) and the radially varying one of Eqn.6.4, foreing- a; = ay,, using Eqn. 6.5,
respectively.Bottom Best-fit radially varying model (Eqn. 6.4) with free valuesaQf a;, and

ay, for Schemes 2dashed and 3 6olid). The schemes are defined in Tables 6.1 and 6.2.
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Table 6.2: Best-fit parameters for the three galaxy classes with the four schemes for models of
radially-varying GORES fraction

r < R, AND
Scheme Up < Ur crit Uy > —Ur crit fv fi fb Gy Qi ay X12j F P
0 virial virial 0.32 0.38 0.35 0.58 0.58 058 1.9 47.3 1.00
1 infall virial 0.25 0.37 0.29 0.36 0.36 0.36 1.8 32.2 1.00
2 infall backsplash 0.21 0.36 0.30 0.29 0.29 0.29 1.7 24.2 1.00
3 infall infall 0.19 0.36 0.26 0.23 0.23 0.23 1.6 23.7 1.00
4 backsplash backsplash 0.24 0.36 0.38 0.39 0.39 0.39 19 221 1.00
5 backsplash* backsplash 0.22 0.36 0.35 0.34 0.34 0.34 19 205 1.00
0 virial virial 041 0.35 1.00 0.88 0.27 483 2.0 0.6 0.44
1 infall virial 0.34 0.34 0.36 0.72 0.00 0.00 15 3.6 0.96
2 infall backsplash 0.30 0.33 0.20 0.63 0.00 0.00 14 3.8 0.97
3 infall infall 029 0.34 041 064 0.00 157 12 56 0.99
4
5

Notes: The errors are typically 0.01 ¢gip and f; and 0.04 onf,. In Scheme 5, the extreme
negative velocities for < R, are infall.

In the next set of fits, shown in the bottom four rows of Table 6.2, we lift the assumption
of a, = a; = ay. The best-fity? values are now< 1.5 for Schemes 1, 2 and 3, much lower
than the radially-varying model with the same scale parameters.FHest indicates that the
improvement is significant, even with the inclusion of two extra parameters (three scales instead
of a unique one). UsingDF (y?, (N — k)Ax?2) as a statistic, wher& = 33 is the number of
data points in the projected phase space,/fard6 is the number of parameters that were fit,
we conclude that Scheme 3, which still leads to the lowést 1.2, is a significantly better fit
than Scheme 0 (99.7% confidence) and marginally significantly better fit than Schemes 4 (91%
confidence) and 5 (93% confidence). Although a decent fit to the data, this best-fit model still
predicts too low values ofcorrs for high absolute LOS velocity galaxies within half virial
radius of the clusters. Interestingly, the best-fit model (Scheme 3) predicts a constant GORES

fraction for the infall class galaxies;( = 0), while the next best-fitting model (Scheme 2)

backsplash backsplash 0.24 0.36 0.38 0.39 0.39 039 19 3.2 1.00
backsplash* backsplash 0.30 0.35 0.27 0.67 0.00 0.00 1.7 3.2 0.95
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Figure 6.12: Physical radius versus projected radius forghestof stacked mock cluster (me-
dians with error bars for quartiles) in bins of absolute LOS velocity: —black triangle$,
1-20, (red squarel and 2-3, (blue pentagons Thegreen curveshowsr = R.

predicts that both infall and backsplash populations have a constant GORES fragtien (
ap = 0)

6.6 Discussion

This chapter is a unique analytical effort to explore the variations in the spectral and physi-
cal properties of different dynamical classes of galaxies residing in similar environments pro-
jected on the observed sky (projected radius and absolute LOS velocity), and to interpret these
differences. We draw a sample ef 20, 000 galaxies (/, < —20.5) found within 2R, and

|AvLos| < 30, of 268 galaxy clusters, and a similar sample of field galaxies for this purpose.

All the galaxies are taken from the SDSS DR4 spectroscopic galaxy catalogue.
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6.6.1 Velocity segregation of stellar mass

Three physical mechanisms might explain the lack of low mass galaxies in the cluster cores
amongst the low velocity galaxies (Fig. 6.2): cluster tides, two-body relaxation, and dynamical
friction. We examine in turn each one of these.

Tidal effects from the cluster gravitational field (predicted by Merritt 1983; Mamon 1992;
Gnedin, Hernquist, & Ostriker 1999, clearly seen in cosmological simulations by Ghigna et
al. 1998, and measured through gravitational lensing by Natarajan et al. 2009) will be most
effective on slowly moving galaxies, because these have more time to feel the cluster tides.
Tides will thus transform massive galaxies into low mass ones, and low mass galaxies into even
lower mass ones. So tides cause a decrease in the fraction of high mass galaxies, which goes in
the opposite sense of the trend seen in Fig. 6.2.

If two-body relaxation can lead to energy equipartition in the cluster cores, then the high
mass galaxies will move slower (in 3D). So the fraction of high mass galaxies among the low
3D velocity ones should increase with decreasing cluster-centric radius. Hence, the fraction of
high mass galaxies among the low absolute LOS velocity should also increase with decreasing
radius. However, the same argument would lead us to predict that the fraction of high mass
galaxies among the high velocity ones should decrease with decreasing radius, and instead
Fig. 6.2 shows no such trend. Therefore, the trend in Fig. 6.2 cannot be due to two-body
relaxation, unless some other process is increasing the fraction of high mass galaxies among the
high velocity ones within the cluster core.

The time required by dynamical friction to make the orbits of galaxies decay towards the
cluster centre scales @a$/m, whereuv is the 3D velocity of the galaxy of mass. Therefore
the most massive and slowly-moving galaxies should have their orbits decay the most, and be
brought to even lower (projected) radius. So dynamical friction should boost the fraction of
high-mass slow-moving galaxies in the cluster core. Moreover, the effects of dynamical friction

should be weak for the rapidly moving galaxies. This explains the lack of trend in the fraction
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of high mass galaxies with projected radius for the galaxies with large absolute LOS velocities.

For high-velocity galaxies, dynamical friction (and tides) act little if one assumes a popu-
lation in virial equilibrium. Now, the infalling galaxies also tend to have high absolute radial
velocities (Fig, C.1), hence high absolute LOS velocities (e.g., Table C.2), in fact even higher
than the virialized population. So the same argument applies to the infalling galaxies: their

velocities are too high to be seriously affected by dynamical friction or tides.

Is dynamical friction efficient enough to increase the fraction of high mass galaxies to-
wards the centre of the cluster among the slowly moving galaxies? As seen in Table C.2, the
virial population should make up over 90% of the low absolute LOS velocity galaxies within
R < 0.5 R, whereas foftu,os| > 20,, the infall population should account for as much as
24% of the galaxies. Fig. 6.12 shows the distribution of physical radii given the projected radii
in our adopted bins of absolute LOS velocity. Rt< 0.5 R,, while the low velocities show
little contamination by interlopers, at high os| interlopers account for over 25% of the parti-
cles. Note that Fig. 6.12 also indicates ttia physical radii of the low absolute LOS velocity
galaxies are close to their projected radso that these low-velocity galaxies can be used to

deproject radial trends.

We adopt the dynamical friction timescale that Jiang et al. (2008) carefully calibrated with

a cosmological hydrodynamical simulation:

M(r)/m r
In[1+ M(r)/m] ve(r)’

wherem is the galaxy mass (with its tidally stripped DM halo) andr) = /GM(r)/r is

the circular velocity at radius. Eqn. 6.6 incorporates the effects of elongated orbits and tidal
stripping. Fig. 6.13 indicates that a galaxy (along with its dark halo) must have a total mass of
at least10'24°M,,, for the orbital decay time, & = 0.25 R,, to be smaller than the age of the

Universe. In comparison, Yang, Mo, & van den Bosch (2009) (table 4) find that in the SDSS,
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Figure 6.13: Timescale for orbital decay by dynamical frictv@rsus projected radius for galax-

ies of log total mass (including the tidally stripped dark matter halo) of (from top to bottom)
12 (red), 12.1 @reen, 12.2 plue), 12.3 cyan, 12.4 fnagenty, and 12.5 ¢range, orbiting an

NFW cluster of scale radius19 R, and mass\/y = Mo = 1.9 x 10**M,, (corresponding to

the median mass adff,5, = 10'*2 M, of the SDSS clusters studied here) within the virial ra-
dius R, = Rip = 1.5 Mpc. The timescale is estimated using Eqn. 6.6 assuming-that.3 R

as inferred from our cosmological simulation (see Fig. 6.12). The age of the Universe is shown
as thehorizontal line
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central group/cluster galaxies of mass< 10'°M,, reside in halos of masg)!'?2M,. Also,
according to Table 4 of Yang, Mo, & van den Bosch (2009), central haloes of H&sSM

have corresponding galaxy masses@f-%M,, i.e. 45% above our galaxy mass threshold. We
therefore conclude that dynamical friction might indeed be just sufficiently effective to explain
the trend in Fig. 6.2. However, the DM halo of a galaxy extends further out than its stellar
component, so halos are tidally stripped more efficiently (e.g., Klimentowski et al. 2009). This
means that the ratio of total to stellar mass of cluster galaxies is lower than for field galaxies.
One would therefore expect the actual halo masses to be lower than inferred for the central
galaxies, from table 4 of Yang, Mo, & van den Bosch 2009, and thus the orbital decay times by

dynamical friction to be somewhat longer.

6.6.2 The star-forming galaxies

The distribution of specific star formation rate, broad-band colour, and amplitude4sfihet
break show statistical differences with absolute LOS velocity at almost all radii okt o
1.5 R, (Figs. 6.3, 6.4, and 6.6; Tables C.5, C.6, and C.8, respectively). However, the field
component shows a bimodal distribution in EW|HFig. 6.5) and 4000 (Fig. 6.6) around
2A and 1.5 respectively. This is in agreement with the bimodality of these two diagnostics
when plotted in terms of stellar mass, luminosity, or concentration (Kauffmann et al. 2003a).
We adopt these thresholds to define a galaxy as a recent starburst galaxy (GORES) if it has
EW(HS) > 2A and D,4000< 1.5.

As expected, the fraction of GORES drops within the virial radtygor all velocity classes
(Fig. 6.8). Butthe fraction of GORES is modulated by the absolute LOS velocity: at a given
projected radius, the galaxies with highler os| have higher fractions of GOREBor the high
absolute LOS velocity galaxies, the fraction of star-forming galaxies declines rapidly but only
well within the core region{ 0.5 R,). This once again strengthens our interpretation that the

high-velocity galaxies are the youngest members of the core, having recently fallen in.
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A curious feature occurs in the radial variation of both high-mass (Fig. 6.2) and GORES
fractions (Fig. 6.8): the galaxies with high absolute LOS velocity show a marginally significant
peak (dip) in the fraction of GORES (high mass galaxies) afl.3f this feature is not a statis-
tical fluke, it may be reflecting the discontinuity seen in SFR of cluster galaxies at the physical
radius where infalling and virialized galaxies meet. However, this is expected to occur closer to
the virial radius and our simple models involving the virial, infall and backsplash populations
do not lead to any discontinuity gt.ores at1.5 R, (Fig. 6.11). An explanation may require a
model going beyond spherical symmetry, e.g., with large-scale filaments feeding clusters (see
Porter & Raychaudhury 2007; Porter et al. 2008; Mahajan & Raychaudhury 2009). For the
benefit of reader, we emphasise that the enhancement seen in the SFR of galaxies seems to oc-
cur in a very narrow region only. This observation is very interesting and still being explored.

It might prove useful to distinguish between the backsplash and infall galaxies.

Given the M*-SSFR anti-correlation (e.g. Mamon, Parker, & Proust 2001; Noeske et al.
2007; Damen et al. 2009), the peak in the fraction of low mass galaxies might be directly linked
to the enhancement of SFR in infalling galaxies on the outskirts of clusters before the environ-

mental effects in clusters predominate (Porter & Raychaudhury 2007; Porter et al. 2008).

6.6.3 Identifying backsplash galaxies

The analysis of the =0 output of DM particles in our cosmological hydrodynamical simula-

tion allows us to distinguish (backsplash) particles that have positions in radial phase space that
imply that they previously crossed their parent (mock) clusters from virialized particles (within

the virial sphere) and the remaining infall particles (which are actually expanding away from
their clusters when they are beyond the turnaround radius 8f R,). Our analysis in pro-

jected phase space indicates that the best place to detect backsplash particles is just beyond the
virial radius and at very low velocitie§C.2). With Scheme 3, the backsplash fraction reaches

59% (bottom panel of Fig. C.3) for the lowest absolute LOS velocity bin. With the maximum
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backsplash Scheme 5, it reaches 81% for the loywest| bin.

Pimbblet (2010) compared the distribution of SSFRs of galaxies With< |vpos|/0, <
0.5, attributed to the infall class with the full distribution. This leads him to predict that the
fraction of backsplash galaxies decreasegias= 0.61 — 0.052 R/R,. Such a trend (grey
line in the bottom panel of Fig. C.3) appears inconsistent with the backsplash fractions that
we predict from our cosmological simulation, even with our maximum backsplash Scheme 5
(upper thick brown curve). It is difficult to understand how could as many as half of all galaxies
at 3 virial radii (the maximum projected radius in the analysis of Pimbblet 2010) from clusters
be backsplash. Backsplash galaxies typically only bounce out to 1-2 virial radii (Mamon et al.

2004).

Yet, the high fraction of backsplash galaxies found by Pimbblet (2010) agrees with the
54+420% fraction of backsplash particles that Gill, Knebe & Gibson (2005) found in the range
of projected radiil < R/R, < 2 from their cosmological simulations. In our Schemes 0-4,
we find that only 23%-1%° of the particles in this range of projected radius are backsplash
particles. However, our backsplash fraction amongst DM particles is marginally consistent with
the higher fraction found by Gill, Knebe & Gibson (2005). Even in the maximum backsplash
Scheme 5 (partly motivated by Pimbblet (2010)’s high backsplash fraction, but only marginally
consistent with the observed fraction of GORES), we find only ¥%hof the particles in the
same range of projected radius are backsplash. This is apparently inconsistent with the fraction
derived by Pimbblet (2010), although fully consistent with that from Gill, Knebe & Gibson

(2005)’s simulations.

Part of our disagreement with Pimbblet (2010) on the fraction of backsplash galaxies in the
rangel < R/R, < 2 may be caused by too narrow rangel@fos| /o, used by him to select

the infall galaxies.

5The errors in our fractions of backsplash particles are from 50 bootstraps on the 93 halos of the cosmological
simulation.
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6.6.4 The quenching of star formation in 3D: infalling vs backsplash galax-

ies
The SDSS spectroscopy provides the means to address the role of the dynamical classes (virial,
infall and backsplash) in shaping the properties of galaxies by studying the spectral features as
a function of both projected radiand absolute LOS velocity.

Beyond the well-known radial dependence of galaxy properties in clusters, our analysis
highlights the velocity modulation of these trends for the parametersi$FREZW(HJ) and the
D,,4000. All trends with projected radius are amplified with increasing absolute LOS velocity.
As can be seen in Fig. 6.12, the effectafos| effectively adding to the projected radius is not
trivial. Nevertheless, as qualitatively expected from the Hubble fl