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INTRODUCTION

In this introduction we will present the background and framework that is necessary
to better understand the work presented in this thesis. The focus of this thesis is
on the progenitors of present day galaxy clusters in the early Universe. Because
of this, we will give some background on the most important properties of galaxy
clusters, especially in terms of the influence of environment on galaxy evolution.
We will discuss several methods that are commonly used to identify galaxy clusters
and we will introduce the topic of high-z radio galaxies and the link these special
galaxies have with forming galaxy clusters. We will also present an outlook of what
the next steps will be to further this line of research.

1.1 The beginning

Although there are many mysteries about how our Universe was born and what,
if anything, came before it, we do know from many observations that it must have
started with the Big Bang. The fact that everything on large scales is moving away
from each other implies that the Universe must have started out in a single point.

In the first 10732 seconds after the Big Bang, during the inflationary period,
the Universe is thought to have expanded exponentially in volume by a factor of
at least 1078, After the first inflation, the Universe kept on expanding, but at a
slower pace and during this expansion the temperature of the Universe dropped.
After 1076 seconds the temperature decreased enough for the first protons and
neutrons to form, which after a few minutes produced the first deuterium and
helium in the Big Bang nucleosynthesis. What is left after this is like a primordial
soup, consisting mostly of protons, electrons and photons. This soup was almost
homogeneously spread across the Universe, apart from some small variations in the
matter density. And these small variations would shape the Universe into what we
observe today.

1.2 Galaxy clusters

The variations in the matter density distribution directly after the Big Bang have
shaped how our Universe currently looks. As gravity draws more matter towards



2 Introduction

the densest regions, a characteristic web-like structure emerges. Matter falls to-
gether in sheets, which in turn collapse to filaments. These filaments themselves
connect and feed the nodes of highest large-scale density in the Universe: galaxy
clusters.

Galaxy clusters are large structures that can contain hundreds to thousands of
galaxies, they can have masses exceeding 10'® M and have radii of the order of
1 Mpc. They were first identified as large concentrations in the projected galaxy
distribution on the sky (e.g. Abell 1958). The Virgo and Coma clusters are well-
known local galaxy clusters. Galaxy clusters also presented the first evidence for
the existence of dark matter as the dynamical mass of the Virgo cluster seemed to
significantly exceed that of the luminous matter (Smith 1936).

1.2.1 The influence of environment

One of the most striking properties of galaxy clusters is that the innermost and
densest regions contain predominantly red early-type galaxies and lack blue late-
type galaxies (Dressler 1980; Butcher & Oemler 1984), whereas the fraction of
blue late-type galaxies increases as the density decreases. These are also known as
the morphology-density and colour-density relation. These relations are a strong
indication that the cluster environment must influence the galaxy evolution in some
way, transforming star-forming spiral galaxies into red-and-dead ellipticals.

There are also differences between early-type galaxies in clusters and in the
field. Early-type galaxies in cluster environments are typically older by 1.5 Gyr in
the local Universe (Clemens et al. 2006; Sanchez-Bldzquez et al. 2006). This means
that elliptical galaxies in the field formed their stars 1.5 Gyr later than ellipticals
in clusters. Similar studies have also been done at higher redshifts finding age
differences of ~ 0.5 Gyr (van Dokkum & van der Marel 2007; Gobat et al. 2008).

Galaxy clusters are also the home of cD galaxies, the most massive galaxies
known with masses exceeding 1012 M. The fact that these galaxies are exclusively
located in galaxy clusters is strong evidence that the cluster environment has played
a pivotal role in shaping these galaxies.

It is thus clear that the environment somehow influences galaxy evolution, but
what processes cause this effect is mostly unknown. A few are proposed in the lit-
erature, such as ram-pressure stripping (Gunn & Gott 1972; Briiggen & De Lucia
2008), galaxy mergers (Barnes & Hernquist 1996; Murante et al. 2007), harrassment
(i.e. rapid tidal encounters, Farouki & Shapiro 1981; Moore et al. 1998), strangu-
lation (i.e. loss of the hot halo, Larson et al. 1980; McCarthy et al. 2008) and
AGN feedback (Nesvadba et al. 2006; Bower et al. 2006), but how these processes
interplay, which one is dominant and when these processes act is still unclear.

1.2.2 Galaxy clusters and cosmology

Although this will not be treated in this thesis, galaxy clusters are also important
cosmological tools. The space density of galaxy clusters depends strongly on the
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exact cosmological parameters and the observed number of clusters at a given mass
and given redshift can be used to get direct estimates of og and Q,, (e.g. Frenk
et al. 1990; Viana & Liddle 1996; Bahcall et al. 1997; Borgani et al. 2001; Gladders
et al. 2007; Sahlén et al. 2009; Mantz et al. 2010). Studying galaxy clusters thus
serves as an excellent independent test for the A Cold Dark Matter model.

1.3 Galaxy clusters across cosmic time

Understanding galaxy formation and evolution is one of the most important tasks
of present day astronomy. To achieve this it is essential to understand what the
influence of environment is, what physical processes cause this environmental effect
and when these processes occur. Therefore, we must study galaxy clusters across
cosmic time. To be able to do this in a meaningful way it is necessary to identify a
sufficiently large sample of galaxy clusters at all possible redshifts. In this section
we discuss some of the methods currently used to locate galaxy clusters.

X-ray emission

Clusters contain different kinds of material. The vast majority of the matter is
dark matter and the remainder is baryonic matter. The baryonic matter can be
roughly divided into the galaxies and their stellar and gaseous content and the
intracluster medium (ICM). The latter is gas that is not locked in galaxies and
makes up approximately 15 per cent of the cluster mass. Because of the deep
potential well of the cluster, it has been shock-heated to very high temperatures
(105-107 K) as it entered the dark matter halo. This hot ICM is fully ionised and
because of this emits X-rays through non-thermal brehmsstrahlung.

The total luminosity of the X-ray emission can be up to 10%3-10%° erg s~!

making it detectable even at cosmological distances. Since it also acts as a powerful
diagnostic tool, the extended X-ray emission is one of the prime ways of identifying
and studying galaxy clusters. The ROSAT X-ray satellite was one of the first X-ray
satellites that could robustly detect large numbers of galaxy clusters up to z < 1
(e.g. Truemper 1993; Ebeling et al. 1998; Burenin et al. 2007). Recent works with,
in particular, the XMM satellite are pushing this to higher redshifts (e.g. Mehrtens
et al. 2011).

Red sequence searches

One of the most straighforward methods of identifying galaxy clusters uses the fact
that clusters host a large number of more evolved, red galaxies. Observing a field
with a galaxy cluster should therefore show an overdensity of red galaxies which
are possibly spatially concentrated.

Several surveys have used this method to identify large numbers of galaxy clus-
ters across the sky. A well-known survey aimed at finding galaxy clusters is the
Red-sequence Cluster Survey (RCS, Gladders & Yee 2005) which found > 400
galaxy clusters in 100 deg?, with ~ 15 per cent at z > 0.9.
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The success of the RCS has led to multiple follow-up surveys aimed at finding
both z < 1 and 2z > 1 galaxy clusters. One of the most ambitious surveys for
z < 1 is RCS-2, the direct follow-up of RCS. RCS-2 is still ongoing and will use
the MegaCam on the Canada-France-Hawaii Telescope to cover ~ 1000 deg?.

To effectively select clusters at z > 1 the Spitzer Space Telescope can be used.
Two surveys are currently doing this. The first is the Spitzer Adaptation of the Red-
sequence Cluster Survey (SpARCS, Wilson et al. 2008; Muzzin et al. 2009) which is
ongoing and will cover 41.9 deg®. Another high-z cluster survey is the Spitzer IRAC
Shallow Survey (Eisenhardt et al. 2008) which identified > 300 galaxy clusters in
a field of 7.25 deg?. Approximately 30% of these clusters are located at z > 1.

The Sunyaev-Zeldovich effect

With the advent of the Planck satellite in 2009 and the ground-based South Pole
Telescope (SPT) and Atacama Cosmology Telescope (ACT) in 2007, recent years
have seen a strong increase in the detection of galaxy clusters discovered by using
the Sunyaev-Zeldovich (SZ) effect. The SZ effect is caused by inverse Compton
scattering of CMB photons on high energy electrons. The hot, ionised intracluster
gas contains many of such electrons, which will cause the low energy CMB photons
to be upscattered. A galaxy cluster will therefore leave a distortion (a hot or cold
spot) in the CMB, which can be observed.

One of the most important properties of the SZ effect is that clusters are identi-
fied by observing a difference with respect to the CMB. This makes it independent
of redshift and allows for the detection of galaxy clusters in a large redshift interval.
At the moment of writing, galaxy clusters have been detected with the SZ effect up
to z ~ 1.1 (e.g. Staniszewski et al. 2009; Menanteau et al. 2010; Williamson et al.
2011; Planck Collaboration et al. 2011).

1.4 Galaxy clusters at z > 1.5

The problem with the methods described above is that they work very well for
z < 1.5, but they break down for larger redshifts. This is partially due to limitations
on the observations. For instance, the X-ray emission becomes too faint to be
detected. However, it is likely also caused by the fact that galaxy clusters as
we observe them locally are simply incredibly rare at z > 1.5. Instead, there are
structures that are still in the process of formation, that will become galaxy clusters
but are not there yet. These galaxy cluster progenitors may not be virialised or may
not be massive enough to show strong X-ray emission. Similarly, the red sequence
in these early galaxy clusters is not well established yet.

This has led to something of a barrier at z = 1.5, beyond which finding galaxy
clusters, or galaxy cluster progenitors, becomes increasingly difficult. In fact, at
the moment of writing only a handful of galaxy clusters at z > 1.5 with X-ray
emission and spectroscopic confirmation are known. The first galaxy cluster above
z = 1.5 was found at z ~ 1.62 independently by both Papovich et al. (2010) and
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Tanaka et al. (2010). Since then a few others have been found with 1.5 < z < 1.75
(Henry et al. 2010; Fassbender et al. 2011; Santos et al. 2011), with the current
record holder being the cluster at z = 2.07 discovered by Gobat et al. (2011).

It is, however, important to go beyond z = 1.5. The cosmic star formation
rate density peaks at z ~ 2 which heralds an important stage in galaxy evolution.
Also, there is a clear relation between star formation rate and galaxy density in the
local Universe as the star formation rate decreases with increasing density. Various
recent studies have shown that at earlier times this relation turns around and that
in the densest regions the star formation is higher (Elbaz et al. 2007; Cooper et al.
2008; Tran et al. 2010; Hilton et al. 2010; Popesso et al. 2011). This indicates that
there is an important period in galaxy cluster evolution at z > 1.5 that we have
not yet been able to observe.

1.5 HzRGs: powerhouses in the early Universe

In this thesis we use high-z radio galaxies (HzRGs, Miley & De Breuck 2008) to
find galaxy cluster progenitors. As the name implies, HzZRGs are galaxies located
at z > 2 that show large radio luminosities. These large radio luminosities are
caused by an active supermassive black hole at the centre of the galaxy.

The extreme nature of HzRGs makes these objects well worth investigating,
but what links these objects to galaxy clusters? HzRGs have been shown to have
large restframe optical luminosities. Since restframe optical light traces the bulk
of the stellar mass of a galaxy, this means that HzRGs have large stellar masses.
Seymour et al. (2007) have studied a large number of HzZRGs with the Spitzer IRAC
and MIPS cameras to determine their stellar masses and found in general values
of 101! — 102 M.

Apart from this there are many other indications that HzRGs are forming mas-
sive galaxies. Many radio galaxies are, for instance, at the centre of Lya halos
indicating a large reservoir of ionised gas; gas that can be used for star formation.
Also, the morphology of many radio galaxies is clumpy and irregular, implying
active merging. Finally, the restframe UV and millimetre light indicate large SFRs
of the order of 500-1000 My yr—!. All of these observations indicate that HzRGs
will end up as very massive galaxies.

This is important because in the case of hierarchical galaxy formation, the
smaller galaxies form first. These small galaxies then merge and coalesce to form
the larger, more massive galaxies. According to this picture, a massive galaxy must
have been built up from a large number of smaller galaxies. So the area around a
massive galaxy should have a larger density. Since the HzZRGs are very massive, it
is therefore logical that they should reside in overdense regions. If the overdensity
is strong enough, such a region may then evolve into a local massive galaxy cluster.

That HzRGs are possibly at the centre of forming clusters is also confirmed by
the large rotation measures of the order of 1000 rad m~2 that are measured for some
HzRGs (Carilli et al. 1994, 1997; Athreya et al. 1998). This is commonly interpreted
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as the HzZRGs being embedded in dense hot gas. Locally, these large rotation
measures are only observed in galaxy clusters and therefore this can be considered
as circumstantial evidence that HzZRGs are indeed at the centre of forming galaxy
clusters.

Targeting the environment of HzRGs could thus lead to the discovery of galaxy
cluster progenitors at z > 2, which could in turn significantly expand our knowledge
of galaxy cluster formation and the role of the environment on galaxy evolution.
Furthermore, since HzZRGs are massive, they are excellent candidates for becoming
cD galaxies.

Many recent studies have tried to prove that this concept of HzRGs as tracers
of galaxy cluster progenitors is true (e.g. Pascarelle et al. 1996; Knopp & Chambers
1997; Pentericci et al. 2000; Kurk et al. 2004b,a; Overzier et al. 2006, 2008; Vene-
mans et al. 2007; Matsuda et al. 2011). This is often done using using narrowband
filters, which allows for the selection of emission line galaxies at the redshift of
interest and has proved to be the most efficient method of finding overdensities.

The past few years have seen some interesting results in the field of protoclusters
and HzRGs. For instance, Venemans et al. (2007) conducted the largest study
of protoclusters to date and found that the velocity dispersion of these structures
increases with decreasing redshift. This is consistent with the results of simulations
of cluster formation. Furthermore, Zirm et al. (2008) and Kodama et al. (2007)
have found evidence that some z ~ 2 protoclusters show evidence for an emerging
red sequence. Finally, Hatch et al. (2011) have shown that the Ha emitters in a
z ~ 2 protocluster are more massive than the same galaxies in the field, thereby
supplying powerful evidence that the influence of environment is already apparent
at z ~ 2.

1.6 This thesis

In this thesis we attempt to further the work done on both protoclusters and HzZRGs
in order to better establish a picture of galaxy cluster progenitors at z > 2. We
have done this both in terms of the galaxies that inhabit these clusters and the
structures as a whole.

Chapter 2

We begin the thesis with a study of the Spiderweb galaxy at z ~ 2.15. It is one of
the most studied HzZRGs and is known to be at the centre of a protocluster. We
obtained deep SINFONI data of the radio galaxy and its immediate surroundings
which harbours a large number of small galaxies.

We show that 10 of the satellite galaxies are located at the redshift of the radio
galaxy and are therefore in the protocluster. This implies that the central region
of the protocluster is as dense as the outskirts of local galaxy clusters. We also find
a broad, bimodal velocity distribution that cannot be explained by the presence of
one massive virialised halo. A merger scenario, however, is able to reproduce the
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observations.

Chapter 3

For this chapter we attempt to obtain a complete galaxy census for the protocluster
around HzZRG MRC 0316-257 at z = 3.13. We do this using photometry in 18 bands
ranging from U band to Spitzer 8.5 pm. Applying different colour cuts we select
blue, star forming Lyman Break Galaxies (LBGs) and red Balmer Break Galaxies
(BBGs) that are approximately at the redshift of the protocluster.

We find a mild surface overdensity for the LBGs, but not for the BBGs. We
also attempt to compare to literature studies in order to determine whether there
are systematic differences between field and protocluster galaxies. We find no
significant differences in terms of stellar mass and star formation rate. However,
within the protocluster there is tentative evidence that galaxies near to the radio
galaxy are more massive and form more stars.

Chapter 4

A follow-up to the work presented in Chapter 3 is presented here. In order to
draw meaningful conclusions on environmental influence it is necessary to be able
to distinguish between field galaxies and protocluster galaxies. This could not be
done accurately with the data available in Chapter 3. Therefore, in this chap-
ter we present spectroscopic observations of a number of the LBGs identified in
Chapter 3. By obtaining spectroscopic redshifts for these galaxies we can unequiv-
ocally say which galaxies truly belong to the protocluster. This thus allows for a
fully self-consistent comparison between galaxy properties in the field and in the
protocluster.

Out of a sample of 20 objects we find three to be in the protocluster and five to
reside in a structure directly in front of the 0316 protocluster. However, in contrast
to the results presented in Chapter 2, we find that these two structures are likely
unrelated. Comparing the properties of the galaxies within both structures and
the field, the only difference we find is in the strength of the Ly« flux. The 0316
protocluster galaxies show larger Ly« flux than field galaxies, whereas the galaxies
in the foreground structure show very little Lya flux. The strong Lya flux in
the 0316 galaxies could possibly be attributed to a lack of dust. Why the two
protocluster structures differ so strongly remains unknown for now.

Chapter 5

In this chapter we present the first results of a large observing program with the
OSIRIS instrument at the Gran Telescopio Canarias, aimed to identify a large
sample of protoclusters around HzRGs. By using a relatively new technique that
employs tunable narrowband filters we can efficiently search for emission line galax-
ies at any arbitrary redshift. The pilot study focuses on the HzZRG 6C0140+326 at
z~4.4.
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We find a total of 27 Lya emitters in the field. Due to the nature of the
tunable filters and multiple passes at different central wavelengths we are able to
obtain a rough redshift distribution and we distinguish between a foreground and
protocluster field. This shows that the foreground field contains significantly fewer
emitters than the protocluster field. If we compare to the literature we find that
the protocluster field is a factor 9 + 5 denser than a blank field. Also, the redshift
distribution is significantly different from the expected distribution, with the Ly«
emitters concentrated at z > 4.38. There is thus evidence for a protocluster in this
field.

Chapter 6

For this chapter we focus less on the protocluster environment and more on the
radio galaxies. We study two HzRGs at z ~ 2.5 using optical and near-infrared
imaging obtained with the new WFC3 instrument aboard the Hubble Space Tele-
scope. Both HzRGs show a complex morphology with clumps and filaments, which
we attempt to explain by dissecting the light into different contributing sources.

In both cases the light from the extended structures is consistent with being
scattered AGN light and nebular emission, with a possible contribution from young
stars. The red population, commonly associated with older stars, is located in
a single clump that shows no signs of recent disturbances. The size of the red
population is consistent with that of other distant, massive galaxies. We also
investigate the surrounding field and find no overdensities. Therefore, it seems
that these HzRGs are very similar to other massive galaxies at z > 2 and the
difference in appearance is mostly due to the strong AGN feedback.

Chapter 7

This chapter will act as an appendix showing some additional results obtained
from the SINFONI data of the Spiderweb galaxy, but which were not included in
Chapter 2. These results may lead to future research.

1.7 Outlook

Scientific research will exist as long as there are questions to be asked. This is
most definitely the case for the field of protoclusters and HzRGs. One of the
most important issues for protocluster research is the limited sample size. As
already mentioned, the largest study of protoclusters at the moment is the work
of Venemans et al. (2007) which included a total of 6 protocluster fields. This is
hardly enough to conduct a meaningful statistical study. Therefore, one of the
main objectives is to expand this sample. The groundwork for this is done in
Chapter 5, where we conduct a pilot study employing tunable narrowband filters.
A large number of at least 15 HzRG fields are still waiting to be observed and this
may yield a large sample of new protoclusters to study. This may shed light on the
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formation history of these structures. Similarly, the South African Large Telescope
with its large number of narrowband filters, could prove very worthwhile in this.

Of course, there is also a large number of new and exciting astronomical facilities
that will significantly increase our knowledge of both HzRGs and protoclusters
over the coming years and decades. The LOw Frequence ARray (LOFAR) will,
for instance, be able to detect HzZRGs out to z ~ 8, opening up a unique new
window for studying the very early Universe. Also, the new generation of 30-m-
class ground-based telescopes and the James Webb Space Telescope will further
this field of research by leaps and bounds.
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A SINFONI VIEW OF FLIES IN THE
SPIDERWEB: A GALAXY CLUSTER IN
THE MAKING

The environment of the high-z radio galaxy PKS 1138-262 at z ~ 2.2 is a
prime example of a forming galaxy cluster. We use deep SINFONI integral
field spectroscopy to perform a detailed study of the kinematics of the galax-
ies within 60 kpc of the radio core and we link this to the kinematics of the
protocluster on the megaparsec scale. Identification of optical emission lines
shows that 11 galaxies are at the redshift of the protocluster. The density of
line emitters is more than an order of magnitude higher in the core of the pro-
tocluster with respect to the larger scale environment. This implies a galaxy
overdensity in the core of g ~ 200 and a matter overdensity of dm, ~ 70, the
latter of which is similar to the outskirts of local galaxy clusters. The velocity
distribution of the confirmed satellite galaxies shows a broad, double-peaked
velocity structure with ¢ = 1360 £ 206 km s~ !. A similar broad, double-
peaked distribution was found in a previous study targeting the large scale
protocluster structure, indicating that a common process is acting on both
small and large scales. Including all spectroscopically confirmed protocluster
galaxies, a velocity dispersion of 1013 #+ 87 km s~ ' is found. We show that
the protocluster has likely decoupled from the Hubble flow and is a dynam-
ically evolved structure. Comparison to the Millenium simulation indicates
that the protocluster velocity distribution is consistent with that of the most
massive haloes at z ~ 2, but we rule out that the protocluster is a fully
virialized structure based on dynamical arguments and its X-ray luminosity.
Comparison to merging haloes in the Millennium simulation shows that the
structure as observed in and around the Spiderweb galaxy is best interpreted
as being the result of a merger between two massive haloes. We propose that
the merger of two subclusters can result in an increase in star formation and
AGN activity in the protocluster core, therefore possibly being an important
stage in the evolution of massive cD galaxies.

E. Kuiper, N. A. Hatch, G. K. Miley, N. P. H. Nesvadba, H. J. A. Rottgering,
J. D. Kurk, M. D. Lehnert, R. A. Overzier, L. Pentericci, J. Schaye,

B. P. Venemans

Monthly Notices of the Royal Astronomical Society, 415, 2245 (2011)
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2.1 Introduction

Galaxy clusters are the densest large scale environments in the known Universe
and are therefore excellent laboratories for studying several of the key questions in
present day astronomy. The morphology-density relation (e.g. Dressler 1980) ob-
served in local galaxy clusters indicates that the environment of galaxies influences
galaxy evolution, but when and how this happens is still unknown. Also, local
galaxy clusters harbour cD galaxies, the most massive known galaxies in the Uni-
verse. Since these galaxies are exclusively located in the centres of galaxy clusters,
it is likely that the cluster environment is pivotal in their formation. Finally, the
emergence of large scale structure puts a strong constraint on cosmological models
and parameters.

To fully understand the role of galaxy clusters in these issues, it is essential
to study galaxy clusters across cosmic time. Recent years have seen the discovery
of a few galaxy clusters at z > 1.5 (Wilson et al. 2008; Papovich et al. 2010;
Tanaka et al. 2010; Henry et al. 2010; Gobat et al. 2011), but these structures
remain elusive and difficult to find at such high redshifts. One of the few methods
of locating galaxy clusters at z > 2 is targeting the environment of high-z radio
galaxies (hereafter HzZRGs, Miley & De Breuck 2008). These HzZRGs show powerful
extended radio emission and have large stellar masses of 101! to 102 M (Rocca-
Volmerange et al. 2004; Seymour et al. 2007). As hierarchical galaxy formation
dictates that the most massive galaxies originate in the densest environments, it
is likely that these HzRGs are at the centres of overdensities. These overdensities
may in turn be the progenitors of massive galaxy clusters. In recent years many
studies have focused on finding galaxy overdensities around HzZRGs (e.g. Pascarelle
et al. 1996; Knopp & Chambers 1997; Pentericci et al. 2000; Venemans et al. 2005;
Overzier et al. 2006, 2008; Kuiper et al. 2010; Galametz et al. 2010; Hatch et al.
2011).

One of the most studied HzRGs is PKS 1138-262 at z ~ 2.15 (see Fig. 2.1).
The stellar mass of this radio galaxy is estimated to be ~ 102 Mg, (Seymour et al.
2007; Hatch et al. 2009, hereafter H09), among the largest known at z > 2 and
similar to the stellar masses found for local cD galaxies. It is surrounded by a giant
Lya halo powered by the AGN and young, hot stars and it is embedded in dense
hot ionized gas (RM~ 6200 rad m~2, Pentericci et al. 1997; Carilli et al. 1997).
Furthermore, high resolution VLA radio observations show the presence of a radio
jet with a bend. This all implies that this radio galaxy sits at the centre of a dense
cluster like medium with possibly a cooling flow (Pentericci et al. 1997).

Deep HST imaging shows tens of satellite galaxies, many of which are thought
to be merging with the central galaxy (Miley et al. 2006). The restframe FUV con-
tinuum morphology of the radio galaxy is clumpy and disturbed, further strength-
ening the notion of strong active merging and has earned it the name of ‘Spiderweb
Galaxy’. Such a complex morphology agrees qualitatively with predictions of hier-
archical galaxy formation models (e.g. Saro et al. 2009).

Surrounding the central HzRG are overdensities of Lya and Ha emitting galax-
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ies, extremely red objects (EROs), X-ray emitters and sub-mm bright galaxies
(Pentericci et al. 2000; Kurk et al. 2004b,a; Stevens et al. 2003; Croft et al. 2005;
Zirm et al. 2008; Kodama et al. 2007). Furthermore, Kurk et al. (2004a) have
shown that the galaxies are spatially segregated, with the Ha emitting galaxies
and EROs being more centrally concentrated than the Lya emitting galaxies. H09
showed that if the many nearby satellites are truly located in the protocluster, then
a fraction may merge with the radio galaxy before z = 0. Tidal stripping of these
satellites could in turn lead to a substantial extended stellar halo as seen in local
cD galaxies. Also, Hatch et al. (2008) provide evidence for in-situ star formation
between the individual clumps, indicating another possible method for forming
such an extended stellar halo. All these aspects make the Spiderweb system a
unique laboratory for studying not only important ingredients of massive galaxy
formation, such as merging, downsizing and the effect of AGN feedback, but also
the formation of galaxy clusters and the influence of the protocluster environment
on galaxy evolution.

In this work we present results obtained using deep integral field spectroscopy
data of the core of the Spiderweb protocluster'. Previous work on this particular
region using integral field data has been done by Nesvadba et al. (2006) (hereafter
N06). The N06 study focused on the central radio core and its host galaxy and
found evidence for the presence of strong outflows with velocities of the order of
~ 2000 km s~!. These outflows are consistent with being powered by the AGN,
indicating that AGN feedback plays an important role in expelling gas from galaxies
thus truncating star formation.

In this follow-up study we focus on the immediate environment of the radio core
and the satellite galaxies located within 60 kpc of it. We combine the integral field
data with all available spectroscopic redshifts in the literature to obtain the best
census of the cluster population to date. We also investigate the nature of such a
protocluster structure by comparing our results to simulations. An indepth study
of the internal dynamics of the brightest individual satellites will be presented in an
upcoming work (see Chapter 7 for preliminary results). Throughout this Chapter
we use a standard ACDM cosmology with Hy = 71 km s~! Mpc™!, Oy = 0.27 and
Qp =0.73.

2.2 Data

We observed the Spiderweb Galaxy (o = 11:40: 48.3, 6 = —26 : 29 : 08.7) with
the Spectrograph for INtegral Field Observations in the Near Infrared (SINFONTI,
Eisenhauer et al. 2003) in seeing limited mode on UT4 at the Very Large Telescope
(VLT) on several nights in December 2007 and February 2008. SINFONTI is a
medium-resolution, image-slicing integral-field spectrograph that has a 8" x8” field

IThere is no evidence that the radio galaxy is truly at the centre of the structure. However, the
radio galaxy is a viable cD galaxy progenitor and the density of protocluster candidates around
it is large. Therefore, for the sake of brevity we refer to the SINFONTI field as the ’core’ of the
protocluster.
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Figure 2.1 — A composite ACS
(gars+1Ig14) image of a 275 X
200 kpc? field centered on the ra-
dio galaxy PKS 1138-262. The
blue and red contours, respec-
tively, indicate the extent of the
. Ly« emission line halo and the lo-
cation of non-thermal radio emis-
sion in the 8 GHz band caused by
a jet (Pentericci et al. 1997). The
, black rectangle shows the approxi-
mate outline of the field as covered
by SINFONI.

of view and a spectral resolution of approximately R = 2000 — 4000 depending on
the band.

The field was observed in the J, H and K bands. Based on previous work (Pen-
tericci et al. 2000; Kurk et al. 2004a) the redshift of the protocluster is established
to be z ~ 2.15. Therefore, the J band covers the [O11]A3726, 3729 doublet, the H
band contains the [O111]A4959, 5007 and Hf emission lines and Hey, [N11]A6548, 6584
and [SI1]A6719, 6730 are redshifted into the K band. The H band was given more
integration time as the blue star forming satellite galaxies are likely to show [O111]
emission. Furthermore, this line is least likely to be contaminated by neighbouring
lines making it the most reliable kinematic tracer.

A special dithering pattern was adopted to obtain a wide field of view around the
central radio galaxy, leading to an effective coverage of approximately 15" x 15" cen-
tred on the radio core. Details on the observations for the various bands can be
found in Table 2.1.

Details of the data reduction can be found in N06 and Nesvadba et al. (2008),
but a brief summary is given here. The data are dark subtracted and flatfielded.
Curvature is measured and removed using an arc lamp after which the spectra are
shifted to an absolute vacuum wavelength scale based on the OH lines in the data.
This is done before sky subtraction to account for spectral flexure between the
frames. The subsequent sky subtraction is done for each wavelength separately,
with the sky frame being normalized to the average of the object frame in order to
account for variations in the night sky emission. The three dimensional data are
then reconstructed and spatially aligned using the telescope offsets as recorded in
the header data. Before cube combination the individual cubes are corrected for
telluric absorption. Flux calibration is done based on standard star observations
and from the standard star light profile a FWHM spatial resolution of 0.7-0.9” is
measured.



Table 2.1 — Details of the observations. Values for the seeing are measured from the standard star observations, with the uncertainties given by
the rms of individual measurements. The difference between the seeing values for o and ¢ is a natural consequence of the SINFONI image slicer

being in the light path.

Band | Exp. time (sec.) | Seeing in o and § (") | Coverage Dispersion (A /pixel) | Spectral Resolution (AX/X)
J 16200 09+£03,0.7£04 13" x12.5” 1.5 2000
H 45600 0.9£0.3,07£0.3 16.5"” x16.5" 2.0 3000
K 28800 09+02 08403 | 15/x12.5" 2.5 4000

VIV GG U012G

L1
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We also use deep Hubble Space Telescope (HST) data to supplement the SIN-
FONI data. These data were obtained with the Advanced Camera for Surveys
(ACS, Ford et al. 1998) in the g475 and Ig14 bands (Miley et al. 2006) and with the
Near Infrared Camera and Multi-Object Spectrometer (NICMOS) in the Ji10 and
H160 bands (ZlI‘Hl et al. 2008)

2.3 Results

2.3.1 Cluster membership

In each of the panels of Fig. 2.2 the field covered by SINFONI is shown. The
greyscale image is the sum of the g475, Is14, J110 and Higo images obtained with
ACS and NICMOS. The top-left panel shows the numbering convention for the
individual satellites introduced by H09 which is adopted in this work as well. In
addition to the 19 galaxies of HO9 we add another object to the sample, #20, as
we find evidence for line emission at its location. We also mark the region between
galaxies #17 and #18 as #21. In HO9 a bridge of red light was found at this
location and this was interpreted as being a stream of gas or stars between two
interacting galaxies. The SINFONI coverage does not include galaxies #2, #3,
#15 and #16 and therefore these will not be discussed in this work. Galaxy #14
does have SINFONI coverage in the K band, but it is located at the edge of the
field where data quality is poor. Therefore #14 is also excluded from this work.

The contours in panels b, ¢ and d of Fig. 2.2 indicate the locations of line
emission in each of the three bands. The contours have been produced for each
satellite galaxy individually. This was done by creating a cut-out at the location
of the satellite and summing for each pixel in the cutout over the spectral range
where evidence for line emission can be found. The resulting line image was used
for calculating the contours.

As can be seen in Fig. 2.2, there are multiple sources of line emission, most of
which are associated with the satellite galaxies. Some of the objects that show no
clear evidence of line emission in single pixels do show evidence for line emission
after summing the pixels associated with continuum emission in the ACS and NIC-
MOS data. One or more emission lines consistent with z ~ 2.15 are detected for
11 galaxies. These galaxies are #1, #5, #6, #7, #8, #10, #11, #12, #13, #20
and #21. Figure 2.3 shows the strongest emission lines for each of these confirmed
satellites. The spectra for each of the galaxies have been obtained by summing the
spectra of individual pixels with line emission. For the faint or initially undetected
objects all pixels within the seeing disk at the location of the galaxy have been
summed. Sky spectra for the satellite galaxies are also shown in Fig. 2.3. These
have been extracted using the same apertures as used for the individual galaxies
and they give an indication of the location and severity of sky line contamination.
No significant line emission is found for #4, #17, #18 and #19.

Figure 2.3 also shows the spectrum of one galaxy (#9) that is identified as being
a low redshift interloper through the identification of [O111] and Ha at z = 1.677.
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Figure 2.2 — All panels show a combined gIJH image of the field as covered by SINFONI.
The pixel scale of the HST images has been matched to the pixel scale of the SINFONI data
(0.125" pixel™!). In panel a the numbers follow the labeling of the galaxies used by H09 which
is also used in this work. The contours in panels b, ¢ and d show the locations of line emission
in the J, H and K band, respectively. The colours of the contours indicate whether the emission
is blue- or redshifted with respect to the radio galaxy. Each set of contours is obtained by
summing over a narrow spectral window where line emission can be found. The line emission in
question for the protocluster galaxies is [O11] emission in J band, [O111] emission in H band and
Ha in K band. The outermost and innermost contours indicate flux levels of 2.5 x 10~19 and
45x 10719 erg s~ em™2 A~1, respectively. Diamond symbols indicate objects that are too faint
to yield proper contours, but do show line emission in summed spectra. The velocity offset in
km s~1 with respect to the central radio galaxy (zsyst = 2.1585) is given for all objects that have
line emission consistent with z ~ 2.1 — 2.2.
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This is surprising, as previous studies have provided ample evidence for it being at
the redshift of the protocluster. The Ly« narrowband imaging of Pentericci et al.
(1997) shows a significant and distinct source of emission at the location of galaxy
#9 and subsequent spectroscopy detected an emission line that is consistent with
being Ly at z ~ 2.15 (Kurk 2003). There are no strong emission lines at z = 1.677
that could mimic Lya at the protocluster redshift. It is therefore most likely that
the emission at ~3840 A is Lya emission from the extended Ly halo surrounding
the central radio galaxy rather than Lya emission from the galaxy itself.

In addition to #9, several of the other objects in the SINFONTI field have been
previously targeted for spectroscopy (Kurk 2003). Objects #1, #5/#6, #7, #10
and #11 have all been shown to have Lya emission at z ~ 2.15. However, a
comparison between the results presented in this Chapter and those obtained from
Lya spectroscopy shows in general large differences. Five out of six objects have
velocities based on Lya that differ by 500 km s~! — 1500 km s~! with respect
to the velocities presented in this Chapter. Only object #11 shows consistent
redshifts. The offsets found for the other objects do not indicate any systematic
trend. This is in accordance with Pentericci et al. (1997), who found no evidence
for ordered motion such as rotation. The resonant nature of the Ly« line can
thus cause the measured redshift to deviate significantly from the true redshift.
Therefore caution must be used when interpreting the redshifts obtained through
spectroscopic confirmation of Ly« alone.

A full list of all detected emission lines and their corresponding redshifts, veloci-
ties and fluxes can be found in Table 2.2. The brightest galaxies for which emission
lines are detected in individual pixels have been corrected for internal kinematic
structure. This has been done by shifting the individual spectra such that the line
centres in the individual pixels match the redshift of the galaxy as a whole. Uncer-
tainties are calculated by varying the summed spectra using a normal distribution
characterized by the rms noise of the spectrum in question. This is repeated 1000
times and the standard deviation of the resulting parameter distributions are taken
as the 1o uncertainties.

2.3.2 Overdensity

The confirmation of 11 protocluster galaxies within a ~ 60 kpc radius makes this
field extraordinarily dense. The surface number density of the core region is 1.8 x
102 arcmin™2 or 7 x 104 kpc~2 in physical units. This is likely a lower limit to the
actual value as quiescent galaxies without line emission cannot be spectroscopically
confirmed with the SINFONI data.

To illustrate the extreme denseness of the region around the Spiderweb galaxy
we compare the density in the SINFONI field to that of the larger protocluster field.
Kurk et al. (2000) found a total of 50 Ly« emitter candidates in a 35.4 arcmin?
field centered on the radio galaxy. In Kurk et al. (2004a) (hereafter K04) a sample
of 40 candidate Ho emitters was identified within a field of ~ 12 arcmin®. Re-
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Figure 2.3 — Summed spectra of the galaxies in the SINFONI field that show emission lines.
Only the strongest emission lines are shown. For the satellite galaxies sky spectra are also shown
in gray. The sky spectra have been extracted from locations close to the galaxies using the same
apertures. For clarity, the emission lines have been labeled and patches of poor night-skyline
residuals have not been plotted. Eleven galaxies are identified as protocluster members and one
galaxy (#9) is identified as a foreground galaxy.
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Table 2.2 — Line properties for each of the protocluster candidates. The systemic redshift is
taken to be the redshift of #1 as measured from the [O1I]A5007 emission line. *Where possible
the galaxies have been corrected for internal kinematic structure. ®Values given are for Ha+[Nii].
¢The [S11] doublet is unresolved. %3¢ upper limits in J/H/K band for a FWHM of 500 km s~1.
€Lines likely contaminated by emission from the central radio source.

Object | Line | z | vkms™ ) [ Flux (10”7 ergs T ecm=2 A7)
#1/RC [On] | 2.1590 £ 0.0002 +40 128 £3
[NemA3869 | 2.1595 =+ 0.0010 +10 35.9+4.7
[Nem]A3968 | 2.1555 =+ 0.0015 +10 16.7 + 2.7

HA | 2.1590 + 0.0002 +47 50.2 + 0.9

[O1]A4959 | 2.1584 4 0.0001 -15 137+ 1
[Om]A5007 | 2.1585 4 0.0001 0 477+ 1

He | 2.1585 4 0.0001 -5 582 4 4°

[Su]® | 2.1590 4 0.0018 +40 149 + 4

#4 - - - < 2.5/0.6/0.7¢
#5 [On] | 2.1701 4 0.0016 +1100 5.6+ 0.8
[Om] | 2.1695 + 0.0004 +1040 5.940.7

Ha | 2.1699 4 0.0015 +980 4.340.7

#6 [On] | 2.1686 4 0.0018 +950 5.8+ 1.0
[Om] | 2.1683 + 0.0002 +925 18.1 4 1.1°¢

Ha | 2.1706 %+ 0.0005 +1220 35.8 + 2.2°¢

#7 [On] | 2.1658 4+ 0.0011 +690 3.240.9
#8 [Om] | 2.1437 + 0.0007 -1410 4.0 +0.7
Ho | 2.1434 4 0.0002 -1440 5.5 4 0.9

#9 [Om] | 1.6767 + 0.0005 - 4.6 + 0.6
He | 1.6773 4 0.0001 - 9.1+ 0.6

#10 [On] | 2.1443 4 0.0006 -1350 11.6 + 1.4
[Om] | 2.1446 + 0.0001 -1325 11.1 + 1.0

Ho | 2.1442 4 0.0002 -1360 10.4 + 1.0

#11 [On] | 2.1418 + 0.0004 -1590 6.4+ 1.2
[Om] | 2.1415 4 0.0008 -1620 2.6+ 0.7

Ha | 2.1409 4 0.0004 -1675 3.9+ 0.6

#12 [Om] | 2.1447 + 0.0023 -1315 8.2+ 1.5
#13 Heo | 2.1702 4 0.0011 +1110 2.6+ 0.4
#17 - - - < 1.7/0.6/1.0%
#18 - - - < 1.1/0.6/0.7%
#19 - - - < 0.7/0.4/0.6%
#20 [Om] | 2.1301 #+ 0.0010 -2700 0.9+ 0.3
#21 [Om] | 2.1505 4 0.0010 -765 6.14+0.7
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spectively, six and three? of these line emitters are located in the SINFONI field
of 0.0756 arcmin®. Thus, it is found that the SINFONI field is ~ 56 + 10 times
denser than the protocluster as a whole for the Ly« emitters and ~ 12 + 4 times
as dense for the Ha emitters. Here the uncertainties are determined using Poisson
statistics. Since the large scale protocluster field is respectively 4 + 2 and 14 + 2
times denser than the field at z ~ 2.2 (Kurk et al. 2004b; Hatch et al. 2011) this
indicates that the protocluster core has a galaxy overdensity of ~ 200.

The bias factor of star forming galaxies at high redshift is typically 1-5 (e.g.
Adelberger et al. 1998; Giavalisco et al. 1998; Ouchi et al. 2004). Thus for our z ~ 2
star forming galaxies we assume a bias factor of 3, which is roughly consistent with
the trend observed in Marinoni et al. (2005). This implies a matter overdensity
in the core of ~ 70. Local galaxy clusters have matter overdensities at their virial
radii of ~ 100. The matter overdensity in the core of the Spiderweb protocluster
is thus similar to what is observed in the outskirts of local galaxy clusters.

Such core overdensities are rare, but not unique, among high-z protoclusters.
Out of the sample of eight protoclusters studied in Venemans et al. (2007) none
have Lya emitters within 60 kpc of the radio galaxy>. For the Ho emitters only two
other radio-galaxy protoclusters have been imaged. Tanaka et al. (2010a) found
an overdensity of §; = 4 &+ 2 of How emitters around 4C23.56 (z ~ 2.48), but none
were found in direct vicinity of the radio galaxy. In another study by Hatch et al.
(2011) an overdensity of §; = 12+ 2 was found in the field of radio galaxy 4C10.48
at z ~ 2.35. A significant number of these was found close to the radio galaxy.
The spatial distribution, however, shows a striking alignment of the galaxies with
the radio jet indicating that these objects may be experiencing jet-induced star
formation. It is thus not clear whether the origin of the overdensity in 4C10.48 is
of the same nature as that seen around the Spiderweb galaxy.

2.3.3 Velocity distribution

We have obtained redshifts for a large number of objects in the field. Before,
protocluster candidacy was determined using Ly« narrowband imaging and follow-
up spectroscopy, but as we have shown for satellite #9 in Sect. 2.3.1, the presence
of the extended Lya halo can lead to incorrect redshifts. No extended optical line
emission is seen at distances larger than ~ 15 kpc from the radio core and thus
these emission lines are likely to originate from the satellite galaxies.

The velocity distribution of the spectroscopically confirmed protocluster core
galaxies is shown in the top panel of Fig. 2.4. Velocities are taken with respect
to the systemic redshift of the radio galaxy. The detection of stellar absorption
features would unequivocally set the redshift of the stellar content of the radio
galaxy. However, none are found and therefore we rely on emission lines. As shown
in NOG, the internal dynamics of the central radio source covers a large range of

245, #6 and #10 were taken as part of #1 in K04 and therefore not identified as individual
Ha emitters. #8 and #13 were too faint to be included in the Ha emitter sample.
3Here the assumption is made that the radio galaxy traces the core of the protocluster
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Figure 2.4 — Top panel: velocity
distribution of the confirmed pro-
tocluster members found in this
work. Velocities are with respect
to zjorm of the radio core (#1).
Two groups can be identified that
are blue- and redshifted with re-
spect to the radio galaxy. Bottom
panel: velocity distribution of the
full Spiderweb sample. The veloc-
ity distributions of P00 and K04
are indicated by the blue and red
hatched regions, respectively.
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velocities of ~ 1500 km s~! (2.158 < z < 2.173). This indicates the presence
of strong outflows. It is therefore not trivial to assign a systemic redshift to this
object. In this work the systemic redshift (z = 2.1585) is chosen to be the redshift
of the location of the HST continuum emission (zone 3 in N06). It may be that
this region hosts an outflow that is blueshifted with respect to the stellar content
of the galaxy. This means the actual redshift of the central radio source may be
significantly higher; up to z ~ 2.170. This would result in a shift of the zeropoint
in Fig. 2.4 of several 100 km s~! towards larger positive velocities. The shape of
the velocity distribution, however, will remain the same.

In Fig. 2.4 a striking subclustering in the velocity distribution can be seen with
two subgroups at Av ~ —1500km s~! and Av ~ +900km s~'. The large separation
between the subgroups implies a large velocity dispersion of the satellite galaxies
as a whole. Assuming that the underlying distribution is a single Gaussian, a value
of 13604206 km s~ ! is found using the Gapper scale estimator (Beers et al. 1990).

A comparison of the velocity distribution to the results of previous studies shows
both resemblances and differences. Pentericci et al. (2000, P00) used the Lya
emission line to spectroscopically confirm 14 objects as being at the protocluster
redshift. All 14 objects are located outside the SINFONTI field of view. They thus
trace the large scale protocluster structure and contamination from the extended
Lya halo is unlikely. Another study by K04 obtained spectroscopy on candidate
Ha emitters in the Spiderweb protocluster. Nine objects were confirmed to be
in the protocluster. Finally, the studies of Croft et al. (2005) and Doherty et al.
(2010) have respectively confirmed two X-ray emitting objects and two red galaxies
to be part of the protocluster structure. The resulting full velocity distribution,
including all confirmed galaxies, is shown in the bottom panel of Fig. 2.4. For
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clarity the distributions of P00 and K04 have been indicated by blue and red
hatched histograms, respectively.

First considering the P00 distribution, we see that even though these studies are
fully independent and target different scales within the protocluster, the velocity
distribution of the Lya emitters is qualitatively the same as in the protocluster
core. The subgroups in the P00 distribution are located at z = 2.145 £+ 0.002
and z = 2.164 £ 0.002 which is similar to the locations of the subgroups found
in this work (see Table 2). The fact that both the large and small scale velocity
distribution are broad and double-peaked indicates that there is a common process
acting on both large and small scales. Therefore, the evolution of the central
Spiderweb galaxy and the larger protocluster structure may be linked. We will
come back to this in Sect. 2.4.2.3.

In contrast to this, the K04 velocity distribution shows neither a resemblance
to the velocity distribution found in this study nor to that of P00. The nine
confirmed Ha emitters have a relatively narrow velocity distribution with redshifts
in the range 2.1463 < z < 2.1636. It is not clear why the Ha emitters show such a
different velocity distribution, because the narrowband transmission curve covers
the entire velocity range spanned by the protocluster galaxies. Considering the
poor number statistics it may therefore be attributed to sampling. Nevertheless,
the full distribution, including the velocities of all confirmed objects, is broad and
yields a velocity dispersion of 1013 4+ 87 km s~ 1.

Are such high velocity dispersions common in high-z protoclusters? In Ven-
emans et al. (2007) a sample of six protoclusters with redshifts in the range of
2 < z < 5 was studied. Most of the protoclusters have velocity dispersions sig-
nificantly smaller than 1000 km s—!, but the protocluster around MRC 0052-241
(0052) at 2z = 2.8600 was found to have a velocity dispersion of 980 4- 120 km s~ 1.
Also, the velocity distribution of 0052 shows signs of bimodality. It thus seems
that although the Spiderweb protocluster is exceptional, it is not unique in show-
ing these characteristics.

Venemans et al. (2007) also found an increase in velocity dispersion with de-
creasing redshift. Although the Spiderweb protocluster is in line with this trend, its
velocity dispersion is significantly higher than the z ~ 1.2 galaxy cluster which was
used as a ‘low’ redshift control case in the Venemans et al. (2007) study. This in-
dicates that even when considering this trend, the Spiderweb protocluster remains
an exceptional case.

Another possible cause for the large velocity dispersion has been proposed by
P00. POO speculated that the double-peaked profile hints at a possible merger of
two groups of galaxies. Several cases of merging clusters are known at low z and
some do show a clear segregation in velocity space (e.g. Abell 1750, Abell 2744,
Ramirez & Quintana 1990; Owers et al. 2011). Considering this possibility, we fit
a double Gaussian to the full Spiderweb velocity distribution. We find that the
two groups are separated by a velocity difference of 1600 km s~! and have velocity
dispersions of 492 km s~! and 417 km s~ !.
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A Kolmogorov-Smirnov (KS) test was used to investigate whether the single
or double component model fits the observations better. Although formally both
models are consistent with the observed distribution, the probability that the two
distributions match is 0.98 for the double component model whereas is it 0.66 for
the single component model. Also, a normalized tail index (Bird & Beers 1993)
yields 0.82 indicating that a uniform distribution better describes the complete
distribution rather than a single Gaussian. Note that if the Spiderweb protoclus-
ter is indeed a double or merging system, then the comparisons to the results of
Venemans et al. (2007) discussed above will yield significantly different results.

Could the subclustering found in the core of the protocluster be an artefact of
the data? The wavelength range 15800 < A < 15850 (2.156 < 2z < 2.166) in the
H band is one of the regions particularly affected by poor night—skyline residuals.
This may lead to the galaxies with weak optical emission lines in this particular
wavelength range being missed. If all of the four unconfirmed protocluster candi-
dates are indeed in this specific range then the core distribution would more closely
resemble a flat distribution. However, we argue that the velocity distribution of
the complete sample will remain broad and its shape will not change significantly.

2.4 Discussion

2.4.1 A galaxy cluster progenitor

The Spiderweb protocluster is known to harbour galaxy overdensities (see Sect. 2.1)
and is therefore thought to evolve into a galaxy cluster. It is however not guar-
anteed that an overdensity at high-z will evolve into a present day massive galaxy
cluster. To determine whether the Spiderweb protocluster is truly a forming galaxy
cluster, we attempt to determine whether the dynamical state of the galaxies in the
overdensity is significantly different from what is expected in field environments.

Shown in Fig. 2.5 are the velocity distributions of all spectroscopically confirmed
galaxies that have been marked as line emitters in PO0O and K04. Also plotted are
the selection functions based on the transmission curves of the narrowband filters
used in those studies. These selection functions should be good approximations of
the expected field velocity distributions. The Ha emitters shown in the bottom
panel follow the expected distribution quite well. A KS test yields a probability
of 20 per cent that the observed distribution is drawn from the expected velocity
distribution. This indicates that we cannot conclude whether there is a significant
difference between the two distributions. All of the 19 Lya emitters, however,
are located at higher velocities than the mean velocity implied by the selection
function. Applying a KS test we determine that there is a 5 x 10~ probability
that the Lya emitters in the overdensity are drawn from the expected field velocity
distribution. Thus the two distributions are different at the ~ 4.50 level. From
this we conclude that the Lya emitters are associated with the radio galaxy. In
fact, this is likely the case for all the galaxies considered, since the Ly« emitters
cover the same velocity range.
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These results also imply that the protocluster structure has dropped out of
the Hubble flow. Assuming this is indeed the case, how does the dynamical state
of the protocluster compare to that of the field if the Hubble flow is removed?
To investigate this we compare to galaxies that reside in field environments at
z ~ 2 in the Millennium simulation (Springel et al. 2005; De Lucia & Blaizot
2007). The Millennium simulation traces cosmological evolution at a number of
discrete redshift ‘snapshots’. The resulting field velocity distribution will therefore
indicate the deviation from the Hubble flow. The redshift chosen for this purpose
is z = 2.24, which is the snapshot closest to the redshift of the actual protocluster.

The total area probed by P00 is approximately 100 comoving Mpc2. To obtain
proper statistics, we therefore select three separate boxes with sides of 50 comoving
Mpc from the Millennium simulation. Each of the xy, xz and yz planes is subse-
quently divided into a grid of 10 x 10 Mpc? fields, thus yielding a total of 75 fields
per box. To ensure that no large scale structures are present, we exclude all fields
with number densities that satisfy n —n > 20, with 7 the median number density.
Approximately 10 per cent of the fields are excluded this way. Changing this limit
does not strongly influence the final result. We also apply a magnitude cut to the
restframe R band magnitude of the simulated galaxies. This cut is placed arbitrar-
ily at R < 27 since varying the exact value of the cut between 26 < R < 30 does
not alter any of the conclusions presented here.

A composite galaxy velocity distribution of the remaining fields is shown in
Fig. 2.6. When compared to the protocluster distribution, it is seen that the
composite field velocity distribution is relatively narrow. A KS test is used to
determine whether the full Spiderweb velocity distribution is consistent with the
field velocity distribution. A probability of 9x10~7 is found, indicating that the two



28 Kinematics of a z ~ 2 protocluster core

Figure 2.6 — Composite field ve-
locity distribution of peculiar ve-
locities obtained from the Mil-
lennium simulation. Also shown
as the hatched histogram is the
Spiderweb velocity distribution.
The Millennium field distribution
has been scaled down to facili-
tate comparison. The field ve-
locity distribution is significantly
narrower than the Spiderweb ve-
locity distribution.
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distributions differ at the ~ 50 level. Applying a KS test to each of the individual
field distributions shows that all differ at least at the 3o level with 95 per cent of
the fields differing at > 40. Therefore, if the protocluster has indeed fully dropped
out of the Hubble flow, then it differs significantly from what is expected from a
field environment.

We conclude that the Spiderweb field is not only overdense, but also kine-
matically distinct from regions where the Hubble flow dominates. The Spiderweb
protocluster is thus a dynamically evolved, collapsing (or collapsed) structure.

2.4.2 Formation scenarios

With the confirmation of a total of 38 galaxies at the redshift of the radio galaxy
and from the fact that this is a dynamically evolved structure, it is apparent that
the Spiderweb is the progenitor of a galaxy cluster. As it is still unclear how galaxy
clusters are formed, we review here two possible formation scenarios.

2.4.2.1 Single virialized structure

The first option we consider is the scenario in which the Spiderweb protocluster
is a single virialized structure. This can be considered by comparing the velocity
distribution presented in this work to results obtained with the Millennium simula-
tion. Although we know little of the dark matter halo that hosts the protocluster,
the dense nature of the Spiderweb field indicates that this is likely one of the most
massive dark matter haloes at z ~ 2.15. We therefore investigate the properties of
the 25 most massive dark matter haloes at z = 2.24 in the Millennium simulation.
These haloes have masses ranging from 0.75-1.4x10' M, and galaxy velocity dis-
persions in the range of 450-900 km s~!. Visual inspection shows that one of the
haloes is in the process of merging with another massive halo. This particular halo
is not included in the comparison for the single halo scenario.

Using a KS test we investigate whether the double-peaked structure found for
the Spiderweb can be drawn from the velocity distributions obtained for the Mil-
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lennium haloes. This is done for all three velocity components separately. Using
the full Spiderweb velocity distribution we find that 19 haloes yield probabilities
indicating that they are different from the protocluster distribution at at least the
20 level. The remaining 6 haloes yield probabilities of ~ 10 per cent. The possibil-
ity that the Spiderweb protocluster is a single massive structure can therefore not
be wholly excluded on these grounds.

Another test for the virialized structure scenario is supplied by the protocluster
mass. If virialized, it is possible to determine the mass contained within the area
covered by the SINFONI field using (Small et al. 1998):

6
Mvir = 502Tvir (21)

with o the velocity dispersion obtained in Sect. 2.3.3 and ry;; the mean projected
harmonic separation given by

—1
T N(N —1) 1

Tvir = =
Vi 2 2 i<y |ri —T'j|

(2.2)

Here N is the number of objects considered. Using o = 1360 km s~! and finding
Tvir,core = 0D kpc, a dynamical mass of ~ 10'* My, is found for the core region of
the protocluster.

For the complete Spiderweb galaxy sample the velocity dispersion is 1013 km s—!

and we approximate 7y by using only the objects of P00 as the K04 and SINFONI
objects are taken from data with smaller field of view: including these would there-
fore bias the radius to smaller values. We find that the virial radius of the Spiderweb
is 1.2 Mpc, implying a total mass of ~ 2 x 10*® M.

Using the scaling relations presented in Rykoff et al. (2008) and the total proto-
cluster mass of 2x 1015 M, the X-ray luminosity of the cluster gas in restframe 0.1
2.4 keV can be calculated to be ~ 1.5 x 10%° erg s~!. Assuming kpTx ~ 5 — 7 keV
we convert this to the range 2-10 keV and find 3 — 6 x 10** erg s~!. This can be
compared to the upper limit on the X-ray luminosity of an extended cluster atmo-
sphere of 1.5 x 10** erg s~! presented in Carilli et al. (2002). If the protocluster
is indeed virialized, it would have been detected. This has been indicated in K04
as well. Furthermore, a total mass of ~ 10'® Mg would rank this halo among the
most massive known haloes and the probability that such a massive halo exists at
this redshift is negligible according to ACDM cosmology (e.g. Jee et al. 2009). We
thus conclude that the protocluster is not a virialized structure. If only the core
region were virialized the expected X-ray luminosity would drop to 8 x 10%2 erg s~1.
This possibility can therefore not be excluded.

Saro et al. (2009), who presented high resolution hydrodynamical simulations
of high-z protoclusters modelled after the Spiderweb system, also argued that the
inner region of a Spiderweb-like protocluster (r < 400 kpc) can be virialized at
z ~ 2. However, the velocity dispersion in the simulated cluster is significantly
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lower than what is presented in this study, making it unclear whether it is applicable
to the Spiderweb system.

2.4.2.2  Merger of haloes

Given the broad double-peaked velocity distribution on both small and large scales,
we now investigate whether it is possible that there are two separate structures in
the Spiderweb field. These two structures are possibly in the act of merging with
each other, thus creating a larger protocluster structure. We therefore consider the
scenario where two haloes, each containing their own group or cluster of galaxies,
merge to form a more massive structure.

One quantative way to tell whether this scenario is feasible is to determine
whether the velocity dispersion of > 1000 km s~! and velocity separation between
the two groups of ~ 1600 km s~! can be reproduced by a merger of two massive
dark matter haloes. For this comparison the halo is used that was excluded before
due to it being in the process of merging. Based on the number of dark matter
particles, these haloes have masses of 2 x 10'® and 6 x 10'® M.

To trace the velocity evolution, the galaxies belonging to both subhaloes are
identified. The locations of the subhaloes are determined by visual inspection and
all galaxies within 0.5 Mpc of the centres are assumed to belong to the respective
subhaloes. These two groups of galaxies are subsequently traced from z = 2.4 to
z = 1.5 and their median velocities relative to the velocity of the main dark matter
halo are assessed.

In the top panel of Fig. 2.7 we plot the velocity differences between the two
haloes as a function of redshift for each of the three velocity components. The
major merger occurs at z ~ 2 and around this time we see a maximum in the
velocity difference for the x—component of approximately 1500 km s~'. This is
comparable to the velocity difference found for the Spiderweb. The other velocity
components show smaller velocity differences, but this is due to the merger being
aligned along the x—axis. The x—component of the velocity therefore represents the
velocity obtained in a line-of-sight merger event.

The middle panel of Fig. 2.7 shows the evolution of the velocity dispersion
of the main halo as a function of redshift. This means that prior to the merger
only the velocity dispersion of the most massive halo is considered and during and
after the merger both involved haloes are included. We see that at the time of
merger the large velocity difference for the x—component results in a sharp increase
in the velocity dispersion, reaching a maximum of ~ 900 km s=!. As with the
velocity difference, this is similar to what is found for the Spiderweb protocluster.
Another merger occurs at z ~ 1.6, leading to a similar sharp increase in the velocity
dispersion.

The distribution of the x—component of the velocities for both haloes as well as
the velocity distribution of the Spiderweb system are shown in the bottom panel
of Fig. 2.7. To facilitate comparison with the distributions shown in Fig. 2.4, the
velocities have been given with respect to the most massive galaxy in the two
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Figure 2.7 — Top panel: Veloc-
ity difference between two groups
of galaxies as a function of red-
shift. The different colours indi-
cate the different components of
the velocity vector, with black,
red and blue being the x, y and
z component respectively. The
dashed lines indicate the approx-
imate redshifts at which mergers
take place. At the redshift of
the first merger a maximum ve-
locity difference of 1500 km s—!
is seen in the x—component. Mid-
dle panel: Evolution of the veloc-
ity dispersion of the main halo for
all three components as a func-
tion of redshift. A maximum is
reached at the time of the first
merging. Bottom panel: Veloc-
ity distributions of the galaxies in
both of the merging haloes at the
approximate time of merging. The
full Spiderweb velocity distribu-
tion is shown as the red hatched
histogram and has been scaled up
to facilitate comparison.
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haloes. A clear double-peaked structure is seen and in general the resemblance
between both distributions is striking. Applying a KS test, we investigate whether
the Spiderweb velocity distribution can be drawn from such a velocity distribution
and a probability of ~ 40 per cent is found. This is a larger probability than
found for any of the single haloes investigated above. The hypothesis that the
velocity distribution of the Spiderweb is consistent with the distribution caused
by the merger of two haloes can therefore not be ruled out. Furthermore, as
indicated above, a direct comparison to the distribution of the Spiderweb system
has shown that both the velocity difference and the velocity dispersion are only
marginally smaller. We therefore consider the merger origin a viable scenario for
this protocluster.

Since there is a significant possibility that the Spiderweb system is the result
of a merger of two massive haloes, it is now possible to infer something about the
properties of the interacting haloes. Venemans et al. (2007) calculated the masses
of the two groups by assuming that the individual groups are virialized and have
virial radii of 0.8 and 1.1 Mpc (Kurk et al. 2004b). The velocity dispersions used
were 520 and 280 km s~! as taken from the P00 study. This yielded halo masses of
4x 10" and 1 x 10" Mg, respectively. With the addition of the confirmed galaxies
presented in this work the velocity dispersions become 492 and 417 km s~ as given
in Sect. 2.3.3. This yields that both haloes have a mass of ~ 2.7 x 101 Mg. A
virialized halo of this mass would have an X-ray luminosity of ~ 2 x 1043 erg s—!
in the restframe 2-10 keV range. Two such haloes in the line of sight are thus
consistent with remaining undetected considering the upper limit given by Carilli
et al. (2002).

The masses calculated above are significantly larger than the halo masses in-
volved in the simulated merger. However, the masses of the simulated haloes are
based on the number of dark matter particles in each halo and may give a more
accurate estimate of the actual halo mass. Calculating the masses of the simulated
haloes at the time of merger using the velocity dispersion yields masses of 3 x 104
and 5 x 10** Mg, where estimated virial radii of 1 Mpc are used. Using the velocity
dispersion in a merger situation can therefore overestimate the total mass by over
an order of magnitude. We therefore propose that the subhalo masses stated for
the Spiderweb protocluster are to be considered upper mass limits.

In the merger scenario as presented here, it seems odd that the central massive
galaxy (#1) has a velocity placing it between the two velocity peaks seen in Fig. 2.4.
One would expect the central galaxy to be at the centre of either of the two velocity
peaks. However, remember that in Sect. 2.3.3 we noted that the redshift of the
radio galaxy is highly uncertain due to the large velocity gradients. This could
mean that the redshift of the radio galaxy is underestimated. If this is indeed the
case, then the radio galaxy would fall exactly within the ‘red’ group.

Finally, it may be argued that this structure is possibly nothing more than a
chance superposition of two unrelated structures. It is hard to disprove such a
notion, but we must consider that the central radio galaxy is an exceptional object
in itself. It has a mass of ~ 102 Mg, hosts a powerful AGN and has an extremely
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clumpy morphology indicating strong interaction and merging. Furthermore, it has
an exceptionally large rotation measure (Carilli et al. 1997). If these are indeed
separate, unrelated structures it will be difficult to explain why such an exceptional
object is found in a relatively low-mass halo. The merger process, however, may
be one of the driving forces behind the unique appearance of the central Spiderweb
galaxy. This link between the central galaxy and the merger process is further
investigated in Sect. 2.4.2.3.

2.4.2.3 The Spiderweb Galaxy

One of the striking results found in this study, is that the core of the protocluster,
which is believed to evolve into a massive cD type galaxy by z = 0, has a similar
velocity distribution as the megaparsec scale protocluster structure. This may
purely be the effect of the merger of two protoclusters of galaxies as proposed in
Sect. 2.4.2.2, but the large number density of confirmed galaxies near the radio core
implies that an additional physical mechanism is at work. In this section we briefly
explore a scenario that may explain the dense nature of the core region within the
merger scenario.

Although not common to all merging clusters, there have been several reports
in the literature of triggered star formation in the constituents of merging clusters
(Caldwell & Rose 1997; Ferrari et al. 2005; Hwang & Lee 2009; Ma et al. 2010).
Numerical simulations have also shown that it is possible to trigger star formation
during cluster merger, either through the tidal gravitational field of the merger
(Bekki 1999) or caused by an increased ram-pressure of the intracluster medium
(Kronberger et al. 2008). As shown in Fig. 2.1, one of the striking properties of
the Spiderweb galaxy is the extended Lya halo enveloping the system. Much in
analogy to what has been found for low-redshift clusters, gravitational interactions
and ram pressure may enhance star formation in the galaxies falling through this
diffuse halo. This will result in a relatively large number of UV bright galaxies
near to the radio core. Naturally, these galaxies reflect the velocity structure of the
halo merger as is the case in the protocluster core.

In addition to inducing star formation, the merger may also be responsible for
an increase in the AGN activity. The halo merger could lead to a period of more
frequent and stronger interactions with the central galaxy. The gas within the
radio galaxy would lose its angular momentum through torques induced by these
interactions and it would subsequently be funneled towards the central black hole.
It is thus possible that a halo merger will trigger a radio luminous phase of the
central AGN. If these processes indeed happen, then it is evident that such halo
mergers should be considered an important phase of massive galaxy evolution.

We must now ask the question whether selecting galaxy cluster progenitors
using HzRGs targets predominantly merging clusters. It is beyond the scope of
this Chapter to answer this question, but other HzZRGs have been shown to have
relatively large velocity dispersions or are speculated to be part of superstructures
(e.g. the 0052 protocluster at z ~ 2.86 and the protocluster around MRCO0316-
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257 at z ~ 3.13, respectively, Venemans et al. 2007; Maschietto et al. 2008). An
extensive study of HzZRGs and their protocluster environments is needed to answer
this question.

2.5

Conclusions

We have presented results obtained from deep SINFONI data of the core of the
protocluster around the radio galaxy PKS 1138-262 at z ~ 2.1.

1.

We search for emission lines at the locations of the satellite galaxies and find
11 galaxies with one or more emission lines that are consistent with being
part of the protocluster. This makes the core region more than an order of
magnitude denser than its already overdense large scale environment. Based
on the galaxy overdensity of ~ 200 we estimate that the matter overdensity
in the core is d,, ~ 70. This is comparable to what is seen in the outskirts of
local clusters.

The velocity distribution of the satellite galaxies in the central 120 x 120 kpc?
of the protocluster is broad and double-peaked with a velocity dispersion of
1360 & 206 km s~!. An almost identical velocity distribution was found
in a previous study focused on the velocity distribution of the megaparsec
scale protocluster structure (Pentericci et al. 2000; Kurk et al. 2004a). This
indicates that there is a physical link between the evolution of the central
massive galaxy and the larger protocluster structure. Including the results
of previous studies, we find that the velocity dispersion of the protocluster
is 1013 + 87 km s~!. This is higher than previous estimates of velocity
dispersions in other high-z protoclusters.

. Comparison to the expected field velocity distribution and the peculiar ve-

locity distribution of field environments in the Millennium simulation shows
that the protocluster velocity distribution is different at the 4.50 and 50 sig-
nificance level, respectively. We therefore conclude that the protocluster is
decoupled from the Hubble flow and a dynamically evolved structure.

A comparison to the 25 most massive haloes at z ~ 2 in the Millennium
simulation shows that the majority of the haloes differ from the protocluster
at > 20 level. However, approximately 20 per cent of these haloes have
velocity distributions that differ less than < 20 from the Spiderweb system.
Based on the velocity distribution we can therefore not exclude the possibility
that this is a single virialized massive halo. If virialized, the cluster core
will have a mass of ~ 1 x 10 M, and the total protocluster mass will be
~ 2 x 10 M. We conclude that the protocluster cannot be virialized since
such a total mass would imply an X-ray luminosity of ~ 5 x 10** erg s~! and
this exceeds the upper limit given in the X-ray study of Carilli et al. (2002).
It is possible that only the inner regions have been virialized.

We investigate an alternative scenario in which the Spiderweb protocluster
consists of two galaxy groups that are in the process of merging. A comparison
to a massive halo merger at z ~ 2 in the Millennium simulation shows that
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velocity differences and dispersions similar to those found in the Spiderweb
system can be obtained this way. Furthermore, a KS test shows that the
velocity distribution caused by a massive merger of haloes is consistent with
the velocity distribution of the Spiderweb protocluster. We conclude that the
merger scenario best describes the properties of the protocluster.
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A GALAXY POPULATIONS STUDY OF
A RADIO—SELECTED PROTOCLUSTER
AT z ~ 3.1

We present a population study of several types of galaxies within the proto-
cluster surrounding the radio galaxy MRC 0316257 at z ~ 3.1. In addition
to the known population of Ly« emitters (LAEs) and [O111] emitters, we use
colour selection techniques to identify protocluster candidates that are Ly-
man break galaxies (LBG) and Balmer break galaxies (BBGs). The radio
galaxy field contains an excess of LBG candidates, with a surface density
1.640.3 times larger than found for comparable blank fields. This surface
overdensity corresponds to an LBG volume overdensity of ~ 8 +4. The BBG
photometric redshift distribution peaks at the protocluster’s redshift, but we
detect no significant surface overdensity of BBG. This is not surprising be-
cause a volume overdensity similar to the LBGs would have resulted in a
surface density of ~ 1.2 that found in the blank field. This could not have
been detected in our sample. Masses and star formation rates of the candi-
date protocluster galaxies are determined using SED fitting. These properties
are not significantly different from those of field galaxies. The galaxies with
the highest masses and star formation rates are located near the radio galaxy,
indicating that the protocluster environment influences galaxy evolution at
z ~ 3. We conclude that the protocluster around MRC 0316-257 is still in
the early stages of formation.
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3.1 Introduction

One of the main aims of astrophysics is to understand the formation and evolution
of galaxies. Hierarchical evolution in ACDM cosmology means the evolution of a
galaxy will depend on whether it is located in a low-density or high-density environ-
ment (Toomre 1977). This has been quantified in studies by Clemens et al. (2006)
and Sanchez-Blazquez et al. (2006) for the local Universe and for the more distant
Universe by van Dokkum & van der Marel (2007) and Gobat et al. (2008). These
studies find that early-type galaxies in cluster environments are older than early-
type galaxies residing in low-density, field environments, indicating that galaxies
in cluster-like environments form at an earlier epoch.

Further evidence that environment influences galaxy evolution is the observation
of ‘environment-dependent downsizing’ in galaxy clusters at z ~ 1. Downsizing
(Cowie et al. 1996) implies that the bright, massive galaxies move onto the red
sequence first, whilst fainter galaxies are added at a later time. Tanaka et al. (2005,
2007, 2008) show that the red sequence in high density environments extends to
fainter magnitudes than in less dense galaxy groups. The red sequence therefore
forms at an earlier epoch in dense environments.

To understand galaxy evolution in different environments it is necessary to
study galaxy clusters across cosmic time. Galaxy clusters have been detected out
to z = 1.5 using conventional techniques such as through observation of the hot
X-ray emitting intra-cluster gas or IR red sequence searches (e.g., Mullis et al.
2005; Stanford et al. 2005, 2006).

The most successful technique for finding cluster progenitors at z > 1.5 is to
search for emission line galaxies around high-redshift radio galaxies (HzRGs, for a
comprehensive review see Miley & De Breuck 2008). HzRGs are among the most
luminous and massive objects in the early Universe and are expected to be the
progenitors to local ¢D galaxies (Rocca-Volmerange et al. 2004; Seymour et al.
2007). Several studies have found that they are situated in overdense regions with
properties expected of forming galaxy clusters (Pentericci et al. 2000; Venemans
et al. 2005, 2007; Intema et al. 2006; Overzier et al. 2006, 2008). The dense cluster-
like environments around HzRGs are likely not yet virialized and are commonly
termed ‘protoclusters’. They are excellent laboratories for studying the formation
and evolution of galaxies in overdense environments.

In this study we investigate galaxy populations around the HzZRG MRC 0316—
257 (hereafter 0316) located at z = 3.13. Galaxy selection techniques based on the
Lyman break at 912 A (e.g., Steidel et al. 2003) are most efficient at this redshift.
Also at this redshift, strong emission lines fall within existing narrowband filters.
This allows the selection of many different types of emission line galaxies in the
protocluster. Therefore the redshift of this protocluster makes it ideal for studying
its galaxy populations. Venemans et al. (2005) (hereafter V05) showed this region
contains an overdensity of Lya emitters (LAEs) and Maschietto et al. (2008) (here-
after M08) found a number of [O111] emitters near the redshift of the radio galaxy
(RG). Additional galaxy populations are identified using a large set of broadband
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images. The properties of the galaxy populatons are determined using broadband
photometry and spectral energy distribution (SED) fitting. These properties are
then compared to the properties of field galaxies to search for environmental influ-
ences on galaxy evolution at this redshift.

This chapter is ordered as follows: in Sect. 3.2 the data and its reduction is
discussed. This is followed by the photometry in Sect. 3.3 and sample selection
in Sect. 3.4. The particulars of the SED fitting process are discussed in Sect. 3.5,
after which we show our results in Sect. 3.6. We discuss and compare the results
to work by other authors in Sect. 3.7. Finally, the summary and conclusions are
presented in Sect. 3.8. Throughout this chapter we use a standard ACDM cosmol-
ogy with Ho=71 km s~ Mpc~!, Qy=0.27 and 2,=0.73. All magnitudes given
in this chapter are in the AB magnitude system (Oke & Gunn 1983) unless noted
otherwise.

3.2 Data

Images of the 0316 field were obtained in 20 passbands spanning the U band to
the 8 yum band. A summary of all the data used is given in Table 1 and the filter
response curves of each of the filters is shown in Fig. 3.1 together with two example
SEDs taken from the Bruzual & Charlot (2003) (BC03) models. The fields covered
by the various instruments are illustrated in Fig. 3.9. The reduction of the various
data sets is described below.

3.2.1 Ground-based UV-optical imaging

UBV R imaging data were obtained using the VIsible MultiObject Spectrograph
(VIMOS, Le Fevre et al. 2003) instrument at the Very Large Telescope (VLT).
The data were taken during the period of 14-15 November 2003 for the V band
and 20-25 November 2003 for the remaining bands. Additional U band data were
obtained on 14 February 2004.

The VIMOS field-of-view consists of 4 separate quadrants, each having a field-
of-view of approximately 7'x8&. Two pointings were used in which the RG was
centered in one of the quadrants. For most of this work only the central quadrant
that contains the RG is used, as only this central region has additional data.

The reduction of the UV and optical data was performed using standard tasks
in the IRAF!3 software package. The process includes bias subtraction and flat
fielding using twilight sky flats. Remaining large scale gradients were removed using
a smoothed master flat. This was obtained by median-combining the unregistered,
flatfielded science images. Reduced images were registered and combined to form
the final science images. Photometric zeropoints were determined using standard
star images taken on the same nights as the science frames.

13IRAF is distributed by the National Optical Astronomy Observatory, which is operated by
the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.



Table 3.1 — Details of the observations. The 50 limiting magnitudes have been calculated for angular diameters of 2" for the ground based data,

0.5” for the ACS data and 4" for the IRAC data.

Band | Instrument | Date of observation [ Nettr(B) [ AXCA) [ Exp. time (sec.) [ Seeing | 50 limiting mag.
Ui LRIS/Keck 2003 Jan. 31, 2003 Feb. 1 & 4 3516 561 17100 1.37 26.33
U, VIMOS/VLT 2003 Nov. 23-24, 2004 Feb. 14 3744 359 15500 1.0 25.98
B VIMOS/VLT 2003 Nov. 22 4310 832 3720 0.8" 26.02
Ve VIMOS/VLT 2003 Nov. 14-15 5448 842 4960 0.75" 25.97
Vi FORS2/VLT 2001 Sept. 2021 5542 1106 4860 0.7" 26.10
R VIMOS/VLT 2003 Nov. 20 & 25 6448 1292 6845 0.9” 25.90
I FORS2/VLT 2001 Sept. 6-8 7966 1433 4680 0.65" 25.83

T625 ACS/HST 2004 Dec. 14-31, 2005 Jan. 2-21 6321 1327 23010 - 27.66

Ig1a ACS/HST 2002 Jul. 18, 2004 Dec. 14-31, 2005 Jan. 2-21 8089 1765 52320 - 28.37
Ji ISAAC/VLT 2003 Nov. — 2004 Oct. 12535 2640 19000 0.5 24.60
K; ISAAC/VLT 2003 Nov.— 2004 Oct. 21612 2735 19000 0.5" 24.19
Jm MOIRCS/Subaru 2006 Jan. 6-7 12532 1538 4680 0.75” 23.77
H MOIRCS/Subaru 2006 Jan. 6-7 16364 2788 3600 0.8"” 22.71
Km MOIRCS/Subaru 2006 Jan. 6-7 21453 3042 3300 0.75" 23.07

[3.6] IRAC/Spitzer 2005 Jan. 17-19 35636 6852 46000 E 23.76

[4.5] IRAC/Spitzer 2005 Jan. 17-19 45111 8710 46000 - 23.60

[5.8] IRAC/Spitzer 2005 Jan. 17-19 57598 12457 46000 - 22.24

[8.0] IRAC/Spitzer 2005 Jan. 17-19 79594 25647 46000 - 21.97

Lya NB FORS2/VLT 2001 Sept. 20-21 5040 61 23400 0.7 25.3
[Om1] NB ISAAC/VLT 2003 Nov. — 2004 Oct. 20675 437 24840 0.45" 22.6

41
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Deep Keck v’ band data (Uy) were obtained on 31 January, 1 February and
4 February 2003 using the blue arm of the Low Resolution Imaging Spectrometer
(LRIS, Oke et al. 1995). As there are large differences in the filter responses, both
U bands have been included in the analysis. Information regarding the reduction
of these data can be found in Venemans et al. (2007).

V and I band data of the 0316 field were obtained during the respective periods
of 20—21 and 68 September 2001 using the FORS2 instrument at VLT. Information
on these data and their reduction can be found in V05.

3.2.2 HST/ACS optical imaging

Deep Hubble Space Telescope (HST) rg25 and Is14 images of the 0316 field cover
approximately half of the VIMOS field-of-view. These images were obtained using
the Advanced Camera for Surveys (ACS, Ford et al. 1998) during the periods of
14-31 December 2004 and 2-21 January 2005. The data covered two fields of
3.4’ x 3.4’ with approximately 1’ overlap between the two fields. The two Ig14 fields
were combined with an additional 3.4'x3.4" ACS field which was obtained on 18
July 2002. Details of the data and their reduction can be found in M08 and VO05.

3.2.3 Near-infrared data

Two sets of near-infrared (NIR) data spanning the J to K bands were used. Deep
J and K images were obtained with the Infrared Spectrometer And Array Camera
(ISAAC, Moorwood et al. 1998) on the VLT on various dates between November
2003 and October 2004 (see M08). These images are deep, but only cover the
innermost 2.5’x2.5" of the protocluster.

Additional JH K data were obtained using the Multi-Object InfraRed Camera
and Spectrograph (MOIRCS, Ichikawa et al. 2006; Suzuki et al. 2008) at the Subaru
telescope on 6-7 January 2006. For details concerning the reduction of these data
we refer the reader to Kodama et al. (2007), hereafter KO7. This set of JHKj
imaging data is shallower than the ISAAC data described above, but it covers
a larger fraction of the 0316 field. To avoid confusion between the ISAAC and
MOIRCS data we denote the bands with a subscript ‘i’ or ‘m’, respectively.

3.2.4 Mid-infrared data

In the mid-infrared wavelength range we have Spitzer InfraRed Array Camera
(IRAC, Fazio et al. 2004) data at 3.6 pm, 4.5 pm, 5.8 pym and 8.0 um (hereafter
[3.6], [4.5], [5.8] and [8.0] respectively). IRAC data were obtained in all bands on
17-19 January 2005 covering a ~5'x5’ field centred on the RG. Deep imaging was
obtained using a medium scale cycling dither pattern of 230 frames with a 200 s
frame time for a total exposure time of ~12.7 hours. The [3.6] and [4.5] basic
calibrated level data (BCD) were reduced and mosaiced using the MOPEX software
(Makovoz & Khan 2005) following standard procedures. Before the BCD frames
were combined, the muxbleed and column pulldown effects were corrected using
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Figure 3.1 — The filter response curves for the filters used in this study. For illustrative purposes
the curves have been scaled to the same maximum throughput. The Jn, and Ky, filter curves
are not shown due to their similarity to the corresponding ISAAC filters. Also plotted are two
z = 3.13 model SEDs obtained from the BC03 population synthesis models. The light gray SED
is for a continuous star forming galaxy of 100 Myr old, whereas the dark gray SED is for a 1 Gyr
old galaxy which has an exponentially declining star formation with 7 = 10 Myr.

custom software provided by D. Stern and L. Moustakas. During mosaicing, the
images were resampled by a factor of v/2 and rotated by 45°. The [5.8] and [8.0]
BCD data were further mosaiced using a custom IDL code kindly provided to us
by I. Labbé.

3.2.5 Further reduction

With the exception of the ACS data, all images were resampled to a common pixel
scale of 0.205” /pixel and transformed to the same image coordinate system using
the IRAF tasks GEOMAP and GREGISTER. The images were then convolved with
2D Gaussian profiles to match the PSF FWHM of the VIMOS U band (Uy,), which
has the largest seeing of approximately 1”. The IRAC bands and the Uy band are
excluded from this process as they have significantly larger PSF sizes. Smoothing
the other images to the PSF size of these images would negatively impact the
quality of the analysis.

Because of the extreme smoothing required to match the resolution of the ACS
images to that of the ground-based data, the ACS data were not used for the SED
fitting and photometric redshift determination, but only for the determination of
UV slopes of the protocluster galaxy candidates.

3.3 Photometry

Photometry was obtained using the SEXTRACTOR software (Bertin & Arnouts
1996) in double image mode. Lyman Break Galaxy candidates (LBGs) were de-
tected using the unsmoothed R band as the detection image. For the Balmer Break
Galaxy candidates (BBGs) the unsmoothed K bands were used as detection im-
ages.
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A detection is defined as an object with 5 adjacent pixels that each exceed the 3o
rms noise. Colours were measured in the 3o level isophot apertures as determined
from the detection image. If a known object was undetected in an image it was
assigned the 30 detection limit of the band in question. Lowering this limit to 1o
does not affect any of the conclusions presented in this chapter. Total magnitudes
and fluxes in the detection bands were obtained by using the MAG_AUTO function
of SEXTRACTOR. Total fluxes in the remaining bands were obtained by scaling the
respective isophotal magnitudes accordingly.

Because of the large size (FWHM) of the PSF in the IRAC images it was not
possible to determine consistent colours using the isophotal apertures mentioned
above. Instead, the object flux was measured in a circular aperture of 20 pixel
(4"), and a correction factor applied to match the photometry to the other bands.
This correction factor was determined by smoothing the detection images to the
spatial resolution of the IRAC data. Object fluxes were measured in the smoothed
detection images in 4" circular apertures, and compared to the flux measured from
the unsmoothed detection images in the standard 3o isophotal apertures. The ratio
between the two fluxes yielded the correction factor. A similar process was applied
to determine the colours in the Uy image.

The large FWHM of the PSF in the IRAC bands also causes source confusion
and contamination by neighbouring sources. For faint objects this effect can be a
large source of error. All detected objects were visually inspected for contamina-
tion, and heavily contaminated objects have been removed from the analysis when
relevant.

Finally, all magnitudes were corrected for Galactic foreground extinction deter-
mined from the Schlegel et al. (1998) extinction maps.

Photometric uncertainties and limiting magnitudes (listed in Table 3.1) were
computed using the method described in Labbé et al. (2003), which is summarized
below. After masking all objects, the rms of pixels in the entire image and the rms
of fluxes in apertures of various sizes were measured. We determined the noise in
an aperture of size N using the relation

O’i(N) ZNCT_j(ai—I—biN) (31)

with &; the rms of pixels over the entire image and o; the rms within a certain
aperture size N. N is defined as N = /A where A is the area of the aperture.
The subscript ‘i’ indicates the photometric band in question. The free parameters
a; and b; were then fitted such that it can be calculated what the noise is in
an aperture of a given size. The uncertainty calculated using the rms of all the
background pixels can be an underestimate, because it does not take into account
pixel-to-pixel dependencies introduced in the reduction of the data. Due to the
IRAC photometry being more uncertain an additional 10 per cent uncertainty was
added in quadrature for those four bands as has been done in previous studies (e.g.
Labbé et al. 2005).

The completeness of the detection fields for point sources is shown in Fig. 3.2.
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The completeness was determined by extracting several bright, unsaturated stars
from the images, averaging them to obtain a high signal-to-noise PSF image and
then inserting a number of these PSFs at random locations in the images. The
source extraction was repeated and the number of recovered artificial stars yielded
the completeness as a function of magnitude. To avoid overcrowding only 150 ob-
jects were added at a time. This process was repeated ten times for each magnitude
to obtain better statistics. Due to the small field size of the ISAAC data the num-
ber of added objects was lowered to 50 and the process was repeated fifty times.
The data are 50 per cent complete down to R = 26, K; = 24.1 and K, = 23.2.

3.4 Sample selection
3.4.1 Lya and [O111] excess objects

Venemans et al. (2005) spectroscopically confirmed 32 LAEs at the redshift of the
RG, and found that the volume density of LAEs in the 0316 field is 2—4 times larger
than for the blank field.

Maschietto et al. (2008) found a sample of 13 [O111] emitting galaxies near the
RG, corresponding to a surface density 3.5755 times the field density (uncertainties
obtained from Poisson statistics). The [O111] overdensity is consistent with the
LAE overdensity found by V05, but the sample is small and the uncertainties are
large. Five of the [O111] emitters are spectroscopically confirmed LAEs, and three
additional [O111] emitters are spectroscopically confirmed to be at z = 3.1. These
three [O111] emitters are blueshifted with respect to the RG indicating that the

protocluster around 0316 may be part of a larger superstructure.

3.4.2 Lyman Break candidates

LBGs were selected using a colour criterion similar to that used by Steidel et al.
(2003) to select star forming galaxies at z ~ 3. The criterion uses the UcVR
bands. Even though the VIMOS field is larger, the U, passband is redder than
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Figure 3.3 — Uy — V4 vs. Vi, — R di-
agram of all objects detected in the R
band. Diamonds indicate the points
with lower limits to their Uy — V4
colours. The lines indicate the area in
colour-colour space that was used for
the LBG selection. The inset shows
the selection efficiency for all objects
(full line), objects that are younger
than 100 Myr and have E(B — V) <
0.3 (dotted line) and objects that are
older than 500 Myr (dashed line). The
criterion should predominantly select
objects in the range 2.9 < z < 3.4.

U passbands used in most other studies. Thus the Uy band was used to facilitate
comparison with other LBG studies.

The colour criterion was devised by creating artificial galaxy spectra using the
BCO03 evolutionary population synthesis models. Galaxy spectra were synthesized
for various star formation histories (SFHs) and a variety of values for extinction
and age. The spectra were redshifted from z = 0 to z = 5. The model spectra
were then convolved with the filter curves to obtain synthetic galaxy photometry.
Galaxies situated at 3.0 < z < 3.3 lie in the upper left corner of the Uy — V; vs.
Vi — R colour-colour diagram. This region is parametrized by the relations

Uy—-V, >1.9,
Ve — R<0.51, (3.2)
U — Vi >5.07 x (V, — R) +2.43,
R < 26.

The Uy — Vi, vs. Vi, — R colours for the R band detected sample are shown in
Fig. 3.3. The LBG selection criterion is marked as solid lines. The inset shows the
ratio of the number of synthesized objects that are selected to the total number of
synthesized objects as a function of redshift. This criterion should predominantly
select objects having redshifts between 2.9 < z < 3.4 which have low ages and little
dust obscuration (¢t < 100 Myr, E(B — V) < 0.3). The 50 per cent completeness
limit of R = 26 was adopted as a magnitude cut. A total of 52 objects in the 0316
field satisfy the selection criterion.

Photometric redshifts (zpnot) were determined for all R band detected objects
using the EAZY code (Brammer et al. 2008). Since a significant number of ob-
jects lack deep NIR coverage we include the more uncertain IRAC bands. To
test the influence of the IRAC data on the photometric redshift determination we
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Figure 3.4 — zphot versus zspec for a sample of 2469 objects detected in the ECDF-S. No
magnitude cut was applied. Photometric redshifts were obtained using the EAZY redshift code
and include data in the UBV RIJH K;[3.6][4.5] bands. The four panels represent the results for
the four different redshift determinations. Each panel indicates whether a prior or marginalization
was used. The vertical lines mark the redshift interval of interest. It is apparent that it is best
to use neither prior nor marginalization for z > 2 objects.

have determined the photometric redshifts both including and excluding the IRAC
photometry.

The EAZY code yields 4 different estimates of the redshift. It offers the options
of applying both marginalization'* and a Bayesian prior. In order to determine
which option is best suited for this study we used the Multiwavelength Survey
by Yale-Chile (MUSYC) ECDF-S data (Gawiser et al. 2006b; Damen et al. 2009;
Taylor et al. 2009) to produce an R band detected catalogue. The photometric
redshifts of this sample were determined using EAZY and subsequently compared to
a large sample of spectroscopic redshifts (zspec) from the catalogues of Cimatti et al.
(2002), Le Fevre et al. (2004) and Ravikumar et al. (2007). A total of 2469 objects
have spectroscopic redshifts. Note that this will not be a completely consistent
test case for the 0316 data, because the objects for which spectroscopic redshifts
are available are in general brighter than R = 25, and the details concerning the
depths in certain MUSYC bands are different from the 0316 dataset.

The comparison between zspec and zphot for the MUSYC galaxies is shown in

14The process of marginalization calculates the best photometric redshift value by weighting it
according to the redshift probability distribution.
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Fig. 3.4. The four panels show the results for four different methods of obtaining the
photometric redshift. The scatter is quantified by the median absolute deviation
of dz = (Zspec — Zphot)/ (1 + Zspec). For zspec < 1.5 applying both the prior and
the marginalization yields the least amount of scatter (|dz| = 0.043) and gives in
general good agreement. However, application of the prior also shifts the objects
with Zspec > 2 t0 2phot ~ 0.1.

Since we target galaxies at z ~ 3, the photometric redshift determination with-
out prior or marginalization yields the best results. Comparing the scatter for
Zspee > 2 yields |dz| = 0.22 for the upper left panel and |dz| = 0.69 and |dz| = 0.65
for the upper and lower right panels, respectively. The option that uses neither
prior nor marginalization systematically overestimates the redshifts of objects at
z ~ 1, placing them at 2 < zppot < 2.5 instead. However, only 0.2 per cent of
objects with zspec < 1.5 are placed in the range 2.7 < zphot < 3.5, so this should
have no significant effect on the results. In the remainder of this chapter, photo-
metric redshifts of the 0316 galaxies have been obtained using neither prior nor
marginalization.

The photometric redshift distribution of the 0316 LBG candidates is shown in
the main panel of Fig. 3.5. The majority of objects is situated at z ~ 3.1 and strong
peaks are seen at the redshift of the protocluster and z ~ 2.9. These peaks are
artefacts caused by the discrete number of possible redshifts. Excluding the IRAC
data (dotted line) has little influence on the photometric redshift distribution.
This is due to the inclusion of both Uy and U,. Both bands sample the strong
Lyman break feature of these galaxies and hence the photometric redshifts are well
constrained.

All objects within 2.7 < z < 3.5 were selected for the final sample of 48 ob-
jects. This is based on the photometric redshift uncertainties shown in the inset of
Fig. 3.5. Here the redshift uncertainty Az is taken to be half of the 1o uncertainty
interval yielded by EAZY. The inset indicates that an uncertainty of 0.4 is a reason-
able value to encompass all possible z ~ 3.1 objects. The accuracy of photometric
redshifts is not sufficient to verify if any of these objects are indeed members of the
protocluster surrounding 0316; to achieve this spectroscopic redshifts are needed.

3.4.3 Balmer Break Galaxy candidates

The Balmer break can be used to select z ~ 3 galaxies in a similar fashion to the
Lyman break method discussed in Sect. 3.4.2.

Extracting a sample of distant red galaxies (DRGs) was done by using the
simple colour cut (J — Ks)vega > 2.3 proposed by Franx et al. (2003). The DRG
colour criterion samples red, predominantly massive galaxies between a redshift of
2 and 4. Although the NIR filter sets used in this study differ from other studies
the (J — K) colour difference is typically ~0.02 mag, which is small compared to

the photometric errors. Therefore these colour terms are deemed negligible.

Thirty-four DRGs are found in the ISAAC field-of-view after removing 6 ghost
images. After applying a 50 per cent completeness cut at Ky = 24 the final sample
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Figure 3.5 — Redshift distributions of the sources selected using the colour cuts in Eq. 3.2. The
full line and dotted line denote results obtained with and without the IRAC bands, respectively.
In the inset the redshift uncertainty Az is plotted as a function of R band magnitude for all
objects that satisfy the LBG colour selection criterion. Also shown are average values for 0.5 mag
bins. Objects that have uncertainties larger than 1 (as indicated by the horizontal line) are not
included in these average values. These objects are degenerate between z ~ 0 and z ~ 3 and
would skew the average to higher values.

of 17 DRGs remains. Amongst the DRGs are the RG, an LAE and an [O111] emitter
with zgpec = 3.104 (MOS).

The MOIRCS data is about 1 magnitude shallower in the Ky band than the
ISAAC data. KO7 apply a magnitude cut of K, = 23.7 and find a total of 54
DRGs in the MOIRCS field, 14 of which are located in the ISAAC field. Using the
detection criterion described above (5 adjoining pixels 30 above the background)
leads to several spurious detections in the MOIRCS data compared to the ISAAC
data. Increasing the detection criterion to 3.250 removes most of the spurious
detections including two DRGs detected by K07. These are spurious detections
since neither of these two objects have counterparts in the deeper ISAAC data.
There may also be spurious DRGs outside the ISAAC field-of-view. DRGs with
K, > 23 (the 50 per cent completeness level) were removed from the sample
resulting in a final sample of 23 DRGs in the MOIRCS field. The difference in
the number of DRGs in the K07 study and the present study is due to the stricter
magnitude cut and the different parameter values used for source detection.

Combining the two separate DRG samples leads to a sample of 33 unique DRGs.
In the rest of the chapter we will refer to DRGs as Balmer Break Galaxies (BBGs).

The main panel of Fig. 3.6 shows the photometric redshift distribution that is
found for both BBG samples and the combined sample. We find that there is a
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Figure 3.6 — Redshift distri- ~ [ T
bution of the ISAAC detected
BBGs and the MOIRCS detected
BBGs are shown as a dotted and
dashed line, respectively. The red-
shift distribution for the combined
sample is also shown as the full
line. Note the peak in number at =
the redshift of the radio RG. 4

o N
o T T

peak at z ~ 3, the redshift of the protocluster. The inset shows the uncertainties on
the photometric redshifts as a function of K magnitude. As can be seen from the
inset the uncertainty on the photometric redshift increases rapidly as the magnitude
becomes fainter, with 1o uncertainties > 0.5 for K; > 23. This is due to the faint
Uy and U, magnitudes of these objects resulting in a poorly constrained Lyman
break. Such large uncertainties would smooth any peak in the redshift distribution
caused by the protocluster.

A Kolmogorov—Smirnov test was used to compute the significance of the peak
using the photometric redshift distribution of BBGs from Grazian et al. (2007) as
a comparison sample. There is a probability of 0.3 per cent that both distributions
have been drawn from the same parent distribution. Thus the photometric redshift
distribution of BBGs in the 0316 region differs at the 3o level from that in the field.

Possible protocluster members are identified as the BBGs that lie within 2.7 <
Zphot < 3.5. A total of 9 ISAAC BBGs satisfy this criterion. For the MOIRCS
BBGs a similar fraction of 11 out of 23 lie within 2.7 < zphot < 3.5.

3.4.4 Spectroscopic redshifts

Within the 0316 field spectroscopic redshifts are known for all 32 LAEs, 7 [O111]
emitters and 16 additional objects (Bram Venemans, private communication).
Fig. 3.7 compares these spectroscopic redshifts to the photometric redshifts ob-
tained with the EAZY photometric redshift code.

In general the photometric redshifts agree well with the spectroscopic redshifts.
Even the intrinsically faint LAEs (denoted by blue crosses) show good agreement.
The scatter around the protocluster’s redshift of approximately o, = 0.3 is similar
to the width chosen for the redshift cut in the LBG and BBG selection. Because of
this good agreement we expect that the photometric redshift estimates are adequate
representations of the true redshifts.

There are six additional objects with zspec > 3, but only three of these are
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Figure 3.7 — zpnot versus zspec for all the objects in the 0316 field that have spectroscopic
redshifts. The line indicates equality. The main panel shows the redshift range of interest,
whereas the inset shows low redshift objects. Circles denote the 13 objects that are unclassified,
the diamonds are LBGs, the blue crosses denote the LAEs and the green triangles indicate the
[O111] emitters. The RG is the [O111] emitter in the lower right corner of the figure.

classified as LBGs. It thus seems that approximately half of the z ~ 3 galaxies
have been missed by the colour selection technique. We discuss this further in
Sect. 3.4.5. Furthermore, the photometric redshift of the RG differs strongly from
its spectroscopic redshift. This is due to its proximity to a foreground galaxy which
affects the photometry.

3.4.5 Completeness: photometric redshift selection

In addition to the selected protocluster galaxy candidates, we selected unclassified
objects that have photometric redshifts in the range 2.7 < zpnot < 3.5. The size of
this sample gives an estimate of the number of z ~ 3 galaxies that are missed by
the above-mentioned colour-selection techniques.

Galaxies with 2.7 < zphot < 3.5 were selected from the R band and K band
detected catalogues. These objects must be located in the field-of-view covered by
the Uy band, since the LBGs are selected from this band. They must also have
NIR data in order to have the best constraints on the photometric redshift. All
known LBGs, BBGs, ISAAC ghost images, spurious detections and double entries
were removed and the appropriate magnitude cuts were applied. A sample of 96
objects was obtained of which 93 were detected in R band and 3 in either of the
K bands.

Figure 3.8 shows the photometric redshift distribution of the R band detected
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Figure 3.8 — Redshift distribu- 35€
tions of ‘non-classified’ objects de-

tected in R band that have 2.7 < S0 127 ]
Zphot < 3.5 and R < 26. The inset F of

shows the subset of objects that 25 = 0 7
satisfy the redshift, Vi, — R and F 2F

magnitude criteria for LBG selec- 20~ 0 7
tion but are undetected in Uy. = F )

galaxies. The distribution differs significantly from the zpnot distribution of LBGs
as there is a large number of objects located at the lower edge of the redshift range.

The majority of galaxies with 3.0 < zphot < 3.3 is undetected in the Uy band
and was assigned lower limits for their Uy — V4, colours. These Uy — V,, lower limits
are generally too blue for these objects to be classified as LBGs, but deeper U band
data might lead to redder Uy — V5, colours, shifting them into the LBG region. The
inset in Fig. 3.8 shows the zphot distribution of these possible LBGs. A peak at the
redshift of the protocluster is seen. This peak accounts for a large fraction of the
unclassified objects with 3.0 < zpnot < 3.3. There are 55 potential LBGs (pLBGs)
that have lower limits on Uy — V., that are too blue to be classified as LBGs. The
LBG selection therefore misses up to 50 per cent of z ~ 3 galaxies.

In the K band only three additional objects are found to be missing from the
BBG sample. The same redshift range yields 15 unique BBGs. Based on this we
estimate that the BBG selection yields ~ 80 per cent of all z ~ 3 K detected
galaxies.

The positions of the objects in the final samples as well as the fields covered by
the various instruments used are shown in Fig. 3.9.

3.5 SED fitting

Do the properties of the protocluster galaxies differ from those of field galaxies at
the same redshift? To compare the protocluster galaxies to field galaxies we deter-
mine the galaxy properties by fitting the individual galaxy SEDs with population
synthesis models, and then compare the properties to equivalent samples detected
in the field.

The fitting of the galaxy SEDs was done using the FAST code described in
Kriek et al. (2009). Due to its versatility and speed the use of the FAST code
allows us to fit a large range of models and model parameters. Both the BC03 and
the updated CB07 models (Charlot & Bruzual, private communication) were used
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Figure 3.9 — Sky coordinates of the various populations. Large and small diamonds indicate the
LBGs and pLBGs, respectively. Blue crosses denote LAEs, green triangles [O111] emitters and the
squares denote the BBGs. A distinction is made between ISAAC and MOIRCS detected BBGs,
with the former indicated by open red squares and the latter by filled yellow squares. The dotted
lines indicate the outlines of the fields covered by the various instruments. The FORS data (V;I)
covers the entire figure and also includes all VIMOS bands (Uy BV, R). Subsequently, the IRAC
data covers the majority of the field with the exception of some of the corners. Going from larger
to smaller fields we then have the Uy field, the field covered by ACS, the two MOIRCS fields and
finally, slightly below centre the area covered by ISAAC.
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with a Salpeter IMF and Z =Z,. The inclusion of an improved treatment of the
TP-AGB phase in the CB07 models results in a more reliable stellar mass estimate
for populations older than 100 Myr.

The free parameters in the fitting routine are the age, mass, SFH and the
extinction by dust. We considered exponentially declining SFHs with decay times,
7, ranging from 10 Myr to 10 Gyr with steps of 0.1 dex. The inclusion of SFHs with
values of 7 much larger than the age of the Universe for our adopted cosmology
allowed us to mimic a constant SFH. The age grid that we considered ranges from
log(age/yr)=7 to 9.3 with age steps of 0.1 dex, where log(age/yr)=9.3 equals the
age of the Universe at z ~ 3.13. The redshifts were fixed to the spectroscopic or
photometric redshifts, depending on which was available. As the EAZY code is
specialized in determining redshifts and is more efficient in use, we have chosen
to use the EAZY redshifts rather than including it as a free parameter during the
SED fitting. This choice has little effect on the main results for the majority of the
objects.

The effect of internal dust extinction on the model SEDs was taken into account
using the Calzetti et al. (2000) extinction law for values of Ay ranging from 0 to 3
with steps of 0.1. The attenuation blueward of the Ly« line due to the IGM was
included using the prescription of Madau (1995).

3.6 Results

3.6.1 Number densities of galaxy populations
3.6.1.1 Lyman Break Galaxy candidates

To determine whether there is an overdensity of LBGs in the 0316 field due to
the presence of the protocluster, the number density of LBGs in the 0316 field is
compared to the ~ 0.3 degrees? MUSYC ECDF-S blank field (see also Sect. 3.4.2).
Photometry for the control field was obtained as described in Sect. 3.3.

The Great Observatories Origins Deep Survey-South (GOODS-S) field, which is
part of the ECDF-S field, has been shown to be underdense in DRGs (van Dokkum
et al. 2006). Comparison of the number density of DRGs and LBGs in 8 ECDF-S
subfields reveals that the variation in LBG number density is lower than for DRGs.
Furthermore, the central subfield, which has the lowest DRG number density, has a
relatively high number density of LBGs. We conclude that the ECDF-S is unlikely
to be as underdense in LBGs as the GOODS-S field is in DRGs.

For the MUSYC ECDF-S data an LBG colour criterion was devised that is
equivalent to the criterion used for the 0316 field:

U—V >1.85,
V — R<0.62, (3.3)
U—V>40x (V—R)+251,
R < 26.
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Figure 3.10 — Completeness-corrected cumulative number density of objects that satisfy the
colour selection criterion as function of total R band magnitude. Diamonds denote values for the
0316 field, whereas the squares indicate the results found for the MUSYC ECDF-S control field.
Uncertainties are based on Poisson statistics. An excess of LBGs in the 0316 field is apparent.
The inset shows the completeness of the fields as a function of magnitude with the full and dashed
line denoting the 0316 and ECDF-S data, respectively.

Applying this to the MUSYC data yields a total number of 694 LBG candidates.

Figure 3.10 shows the completeness-corrected cumulative number density of
LBGs for both the 0316 and the ECDF-S control field. Note that no information
on the redshifts of the objects is used to select these LBG samples. There is an
excess in the 0316 field across the entire magnitude range. The 0316 field is a factor
of 1.6 + 0.3 denser than the ECDF-S field for galaxies with R < 25.5, with the 1o
uncertainty based on Poisson statistics. Defining the galaxy surface overdensity as
ds = nosz16/nECDF—8 — 1, we find §; = 0.6 £ 0.3 in the 0316 field. This overdensity
is not the result of a difference in general number counts, as the area-normalized
completeness-corrected number counts of the two fields differ by less than 1.5 per
cent.

The significance of the LBG overdensity in 0316 is quantified by considering
field-to-field variations of LBGs on the scale of the 0316 field. The number density
of LBGs in 125 subfields of the ECDF-S (each the same size as the 0316 field) is
measured, and the resulting distribution displayed in Fig. 3.11; the arrow indicates
the number density of LBGs in the 0316 field. Only 1 in 125 fields has a number
density that exceeds the 0316 density, thus the significance of the LBG overdensity
in the 0316 field is at the 30 level with respect to field-to-field variations.

The surface overdensity of LBGs in the 0316 field is a lower limit to the volume
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overdensity of the protocluster in this field. The LBG selection criterion selects
galaxies in a relatively large redshift range, so the LBG overdensity within the
protocluster is larger than 0.6 (see Sect. 3.7).

The outer VIMOS quadrants are used to assess the LBG number density at
greater distances from the RG. There is no Uy coverage for these outer fields, so the
criterion given in Eq. 3.2 cannot be used. Instead, a similar criterion that uses the
U, filter is applied. The number density in the outlying fields is approximately 10
per cent smaller than the central field. Therefore these outlying fields are overdense
with respect to the ECDF-S, but to a lesser degree than the central 0316 field.
This indicates that the protocluster extends beyond the central field, out to at
least 15" (~ 7 Mpc). This is larger than most estimates of protocluster sizes which
typically find sizes of 2-5 Mpc (Intema et al. 2006; Venemans et al. 2007), but often
size estimates are limited by the field size. Nevertheless, the larger size may be a
consequence of the possible superstructure in the field, as hinted at by the redshift
distribution of the [O111] emitters.

3.6.1.2 Balmer Break Galaxy candidates

The study of K07 found that the 0316 field is overdense with respect to the GOODS-
S field, with approximately 1.5-2 times more BBGs in the 0316 field. However,
van Dokkum et al. (2006) has pointed out that the GOODS-S field is underdense,
containing only 60 per cent of the number of objects found in the larger MUSYC
survey (Gawiser et al. 2006b; Quadri et al. 2007). To ascertain whether there is
an overdensity of BBGs in the 0316 field, we compare to the publically available
MUSYC data described in Quadri et al. (2007).

The four MUSYC fields cover a total area of ~ 400 arcmin?. Using these fields
as control fields will yield better statistics compared to the GOODS-S, as well as
decrease the influence of cosmic variance. The control fields are denoted as HDFS1,
HDFS2, 1030 and 1255, respectively. Catalogues were constructed from the four
images following the procedure used for the 0316 field. Applying the BBG criterion
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Figure 3.12 — Completeness-corrected cumulative number density as function of Ks band mag-
nitude for both populations of BBGs. ISAAC and MOIRCS detected BBGs are denoted by
diamonds and asterisks, respectively. Uncertainties are obtained using Poisson statistics. The
squares denote the mean cumulative number density of the four individual MUSYC fields. Nei-
ther of the 0316 BBG populations shows evidence for an overdensity in the 0316 field.

and a Ky < 23 cut yields 123, 116, 197 and 118 BBGs for the HDFS1, HDFS2,
1030 and 1255 fields, respectively, or 554 BBGs in total.

Fig. 3.12 compares the completeness-corrected cumulative number density of
BBGs in the 0316 field to the MUSYC control field. The small field-of-view ISAAC
data suggests that the 0316 field has an excess of bright BBGs (K, < 21.5) close
to the radio galaxy, but the sample is small so the number statistics are poor.
At fainter magnitudes there is no overdensity. Since the MOIRCS field shows no
indication of an excess at bright magnitudes, we conclude that there is no evidence
for an overdensity of BBGs in the 0316 field. This is in contradiction with the
conclusion of K07.

The lack of an overdensity seems to contradict the presence of a peak in the
photometric redshift distribution at the protocluster’s redshift (Fig. 3.6). Nine
ISAAC selected BBGs lie in the range 2.7 < 2zphot < 3.5. Only four of these have
K; <23, so more than half of the BBGs at the protocluster’s redshift are too faint
for inclusion in Fig. 3.12. It is possible most of the protocluster BBGs are faint,
and would only be revealed as an overdensity at faint magnitudes, however the
control fields are not deep enough to warrant a proper comparison.
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Figure 3.13 — Stellar mass distributions for each protocluster population. Objects that are
strongly affected by confusion in the IRAC images, or galaxies with M < 107 Mg are not
included. The total number of objects in each population is shown in the upper left corner of
each panel with the same colour coding as the respective histograms. The arrow indicates the
best-fitting mass that is found for the LAE stack (Sect. 3.6.2.5). The hatched region indicates
where mass estimates become highly uncertain due to faintness in the restframe optical.

3.6.2 Properties of protocluster galaxy candidates

Below we present the results of the SED fitting for all protocluster populations.
The LAEs are treated separately in Sect. 3.6.2.5, because they are generally very
faint across the entire wavelength range. This results in poorly constrained SED
fits and therefore a different approach was taken for this population.

3.6.2.1 Mass

The mass distributions of all protocluster candidate populations are shown in
Fig. 3.13. The estimate of the stellar mass is dominated by the flux in the IRAC
bands, so all objects that are strongly contaminated by neighbouring sources have
been excluded from the samples. Table 3.2 lists the median mass values for each
population.

The upper right panel of Fig. 3.13 shows that most LBGs have masses between
10% and 10 Mg, and the median stellar mass is a few times 10° M. This mass
increases to ~ 2x10'° Mg when limiting the sample to LBGs with R < 25.5. The
median mass of the pLBG population is approximately a factor 2 lower than the
LBGs, and a KS test shows that the mass distributions differ at the 20 level. Thus
the z ~ 3 galaxies that are not included in the LBG sample due to insufficient
depth of the U band are generally less massive than the LBG galaxies.

A large fraction of the [O111] emitters is detected in the [3.6] and [4.5] bands,
whilst a few are also detected in the [5.8] and [8.0] bands. Six objects (the RG
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and source IDs 2, 6, 10, 11 and 12 in MO08) are strongly contaminated by nearby
bright objects. The remaining 7 objects are all detected in the [3.6] and [4.5] bands.
This implies that the [O111] emitters have significant stellar masses. The median
stellar mass of the [O111] emitters is larger than the median LBG mass, however,
this median mass is based on a sample of only 7 objects.

[O111] emitters are selected as high equivalent width objects in the observed
K, band, thus they are selected to have low K band magnitudes relative to the
[O111] narrowband!®. Hence it is surprising that such a selection criterion identifies
massive galaxies.

Not all [O111] emitters have been spectroscopically confirmed, so it is possible the
sample contains low redshift interlopers. The prime suspects for interlopers would
be Ha emitters at z ~ 2.15. Three out of the 7 [O111] emitters with reliable mass
estimates are not spectroscopically confirmed and two of these have zpphor ~ 2.17.
Moreover, all spectroscopically confirmed [O111] emitters have zpnot > 3. Thus it
is possible that these two objects are interlopers. Removing these objects from
the sample leaves three galaxies with M = 6 — 8 x 10° My, and two galaxies with
~ 1011 M@.

The BBGs have masses of a few times 1010 My with some exceeding 10*! M.
The BBGs comprise the population with the highest masses of the protocluster
candidate populations. Since the BBGs are K band selected it is expected that
they will have high stellar masses. The ISAAC-selected BBGs are on average less
massive than the MOIRCS-selected BBGs, but this is only due to the larger depth
of the ISAAC data. When the same magnitude cut is applied to both datasets
the mass of the ISAAC-selected BBGs agrees with that of the MOIRCS-selected
BBGs.

3.6.2.2 Age and extinction

The SED fitting procedure results in degeneracies between the best-fit age, extinc-
tion and SFH. Because of the large uncertainties on the best-fit ages of the LBGs,
we do not discuss them further in this work. The ages of the BBGs are easier to
constrain, because they were selected to have strong Balmer breaks. The median
age at which the BBGs started forming stars is ~1 Gyr ago (see Table 3.2).

3.6.2.3 UV slope

Assuming the restframe UV continuum has the form fy = CA\?, we calculated the
UV slope 3 of the candidate protocluster members. Either the R and I or rgas
and Ig14 bands were used, depending on whether ACS coverage is available. At
z ~ 3 these bands correspond to restframe 1500 A and 2000 A, respectively. The

15 At low redshifts the [O111] line is often found to be an indicator of AGN activity. Therefore
part of the IRAC flux may be caused by heated dust close to an AGN.
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UV slope was calculated as

I —1
8= 0g fA,R 0g f,\71 (3.4)
log Aefr,r — log Aer 1

with Aeg r/1 the effective wavelength of the R or [ filters, respectively. The uncer-
tainty on § was obtained by varying the flux by an amount drawn randomly from
the normal photometric error distribution.

The median 8 for the LBG population § is -1.52, but the bright subset (R <
25.5) has a redder UV slope of -1.38. This reddening of 5 with increasing brightness
was also found by Bouwens et al. (2009). An unobscured, young population has
a UV slope ranging from —2 to —2.5. Thus the LBGs are slightly attenuated by
dust. The pLBGs are on average bluer than the LBGs, indicating there is less dust
in these objects.

The [O111] emitters have similar UV colours to the LBGs. Whereas the BBGs
have significantly redder colours than the LBGs so they are either more heavily
obscured or older than the LBGs.

3.6.2.4 Star formation rate

The star formation rates (SFRs) of the candidate protocluster galaxies were esti-

mated from the rest-frame 1500 A luminosity using the relation from Kennicutt
(1998)
L

SFRyy[Meyr~'] = ﬁ. (3.5)
This relation is valid for a Salpeter IMF and does not take the presence of dust
into account. For simplicity we assume that all objects are located at the redshift
of the protocluster. Furthermore, this relation is only valid for starbursts that have
reached an equilibrium between the number of stars forming and evolving off of
the main sequence. The SFRs of extremely young starburst galaxies that have not
yet reached this equilibrium will be underestimated.

The SFRs of the candidate protocluster galaxies are shown in Fig. 3.14. Most
galaxies have SFRs less than 10 M, yr—!, irrespective of galaxy population, with
a small fraction of outliers having SFRs up to 40 Mg yr—!. Both the median dust-
uncorrected and dust-corrected SFRs for each population are listed in Table 3.2.
The extinction was derived from the UV slopes using E(B — V) = (8 — 3,)/8.067
(Meurer et al. 1995) and A(1500) = 4.39E(B — V) (Calzetti et al. 2000). Here (o
is the UV slope for an unattenuated ionizing population of stars, assumed to be
—2.5. This method of estimating SFRs gives good agreement with SFRs derived
from radio observations for galaxies at z ~ 2 (Pannella et al. 2009).

The LBGs have a relatively small amount of dust extinction with a median
A(1500) = 0.53 (Ay = 0.21). Shapley et al. (2001) found generally larger dust
extinction with a median value of Ay ~ 0.6. We revisit this difference in a more
thorough comparison in Sect. 3.7.2.2. No significant difference was found between
the uncorrected SFRs of the LBGs and pLBGs, but the dust-corrected SFRs of
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Figure 3.14 — Extinction uncorrected star formation rates for the various populations obtained
from the restframe 1500 A luminosity. The arrow indicates the SFR obtained for the LAE stack.
For simplicity, we have assumed that all LBGs and BBGs with 2.7 < z < 3.5 are located at the
protocluster’s redshift.

the pLBGs are systematically lower, consistent with the UV slopes of the pLBGs
being systematically bluer.

The slope of the UV continuum can become redder due to both aging of the
stellar populations, and attenuation by dust. Thus it is ambiguous to use the UV
slope as an indicator of extinction for BBGs. Therefore the amount of extinction
was measured from both the UV slopes and the value for A(1500) derived from the
SED fitting. Both values of the dust-corrected SFR are listed in Table 3.2.

The estimated SFRs of the MOIRCS BBGs are systematically larger than those
of the ISAAC BBGs. However, the MOIRCS data are shallower than the ISAAC
data and therefore include objects with systematically larger mass. The observed
difference in SFRs between MOIRCS and ISAAC objects is consistent with the
increase of SFR with increasing mass at z < 1 (Noeske et al. 2007) and at z ~ 2
(Daddi et al. 2007).

3.6.2.5 Ly« emitters

In the sample of LAEs, 27 are not detected in any IRAC band, indicating that
the LAEs have small stellar masses. Figure 3.13 shows that most LAEs have
M < 10° M. The properties of these IRAC-undetected LAEs were investigated
by mean stacking 16 LAEs that lie within the field-of-view of the U, BV RI and
MOIRCS datasets and are not contaminated by bright neighbours in the IRAC
data.



Table 3.2 — Upper part: median values of various properties for the samples discussed in this work. Uncertainties here are mean absolute
deviations on the median divided by the square root of the number of objects. Lower part: Properties for the stacked and bright, individual
LAEs.

Object log(M)cpor _ log(M)pcos  SFR (Mg yr—')  SFReorr (Mo yr— ")  log(Age)cpor ]
LBG 9.92 10.1 7.0 11.3 2 -1.5240.07
LBGR<25.5 10.16 10.29 11.4 23.1 -a -1.38+0.09
pLBG 9.65 9.79 5.7 9.1 - -1.724:0.08
pLBGRr<25.5 9.79 9.95 8.7 13.9 -a -1.54+0.15
our® 10.51 10.62 6.3 9.5 - -1.50+0.13
BBG 10.55 10.77 2.2¢ 5.1/6.9%4 -1.1240.21¢
BBGy 11.0 11.15 6.6¢ 15.0/6.8%4 8.9 -0.9140.19¢
LAEgtack 8.1703° 81703 0.9 1.0 7.011.0 -2.40£0.43
LAE1518 9.9770 18 10.077578 15.7 20.4 8.8752 -1.9740.32
LAEs67 11.08799% 11227598 40.2 64.2 8.870% -1.56+0.73
LAE3101 10487022 10.74705) 11.3 27.6 8.879:2 -0.7+1.8

@ Individual ages are unconstrained

b Values for the SFRs and 3 taken from M08

¢ Only objects with 2.7 < z < 3.5 are taken into consideration

d First value calculated using the UV slope and second value calculated using the SED fit results
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Figure 3.15 — Photometry of a stack of 16 LAEs and the corresponding best-fitting SED. The
diamonds indicate the photometry as computed from the best fit SED. Best-fitting parameters
are listed in the bottom right corner. lo upper limits are used for [5.8] and [8.0] as the stack
yields negative flux in these bands. The best-fitting model is very young and has a low mass, but
a significant amount of dust extinction. Due to the large uncertainties on the JHK and IRAC
photometry a model SED without dust would lead to an equally acceptable fit.

The photometry and the best-fitting SED for the stacked data are shown in
Fig. 3.15. The stack reveals robust detections in the BV RI bands, but not in
bands redward of I. The derived stellar mass is approximately 10 Mg and this is
marked in Fig. 3.13 with an arrow. It is much smaller than the average LBG stellar
mass. The best-fit age is 10 Myr, which is the lowest age allowed by the SED fitting
process. The amount of dust extinction is unconstrained from the fit to the SED,
but the UV slope determined from the rgo5 and Ig14 bands is § = —2.4. Thus the
average protocluster LAE contains little dust. These results are in agreement with
previous studies that show that LAEs are in general young objects experiencing
their first burst of star formation (e.g. Hu & McMahon 1996; Malhotra & Rhoads
2002; Tapken et al. 2004).

Ounly 4 of 32 LAEs have robust detections in [3.6] and [4.5], whilst 1 LAE
has a marginal detection. The four objects with significant IRAC detections in-
clude the RG. However, since the RG is located close on the sky to a foreground
galaxy, the photometry in all bands is compromised. It is therefore not included
in further analysis (but see also Seymour et al. 2007, who estimate its mass to be
1.6x10 Mg, based on a Kroupa IMF). The remaining 4 LAEs are discussed below
using the IDs designated in V05.

1518: The detection of this object in the [3.6] and [4.5] bands is marginal.
However, it has significant detections in both J and K; (60 and 7.50, respectively).
The photometry and the best-fit SED are shown in the upper left panel of Fig. 3.16.
The galaxy is best fit by a model with continuous SFR and an age of 600 Myr.
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No dust attenuation is required. The best-fit stellar mass is ~ 1019 Mg, making it
almost two orders of magnitude more massive than the average LAE.

1867: Excluding the RG, this object is the second brightest LAE in the sample.
It has a clear IRAC detection in all four bands and is also bright in the restframe
UV /optical continuum. The photometric redshift of this object is 3.15, which is
consistent with the spectroscopic redshift of 3.134. The galaxy is of similar age
to object #1518 with a best fit age of 600 Myr and 7 ~ 200 Myr. It contains no
dust and it is very massive, having a stellar mass of approximately 10! M. This
galaxy is also selected as an LBG and a BBG. It has a clumpy morphology as seen
in ACS data (V05, Venemans et al. in prep.) and is located 50” (or 350 kpc in
projection) from the RG.

2487: This object hosts an AGN, as evidenced by the broadness of the Ly« line
and the presence of a broad CIV emission line (V05, Le Fevre et al. 1996). Since
the SED fitting does not account for an AGN contribution, the best fit parameters
are not valid and are not discussed further.

3101: This LAE has similar properties to #1867, but it is less massive by a
factor 3. Because of the absence of ISAAC data, the best-fit properties are poorly
constrained.

An overview of the properties including 1o uncertainty intervals can be found
in Table 3.2. Note that the two objects for which only MOIRCS NIR data is
available (#2487 and #3101) have significantly larger uncertainties on the best-
fitting age. This reflects the aforementioned need for deep NIR observations in
order to constrain the age.

3.6.3 Dependance of galaxy properties on location within the proto-
cluster

An important question in studying the history of cluster evolution is whether there
are systematic variations in the properties of the protocluster members that depend
on their location within the protocluster, e.g. distance from the radio galaxy.

In Fig. 3.17 the stellar mass of the LBGs is plotted as a function of distance
from the RG. The main panel of Fig. 3.17 shows the area-normalized integrated
mass M;,; within annuli of 50”, whilst the inset shows the individual masses and
the mean mass per annulus.

Two massive LBGs near the RG result in a high Mj,¢ in the innermost annulus.
My, then sharply decreases out to 150", but slightly increases at greater distances.

The inset in Fig. 3.17 shows a large scatter in the masses of the LBGs at all
radii, which is expected with such a large number of interlopers. This large scatter
in combination with the small sample size could also cause the upturn at distances
greater than 150”.

The two most massive LBGs are located near the RG: one is a confirmed LAE
protocluster member, whereas the other is an [O111] emitter with zphe = 3.23.
Both galaxies have stellar masses of approximately 10'* Mg making them almost
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Figure 3.16 — Photometry and SED fits for the four LAEs that were detected in the [3.6] and
[4.5] bands. Best-fitting parameters are shown in the bottom right corner of each panel. Diamonds
denote magnitudes as calculated from the best-fitting SED. ID numbers correspond to the ones
used in V05. The first two objects fall inside the limited ISAAC field-of-view and are shown with
the ISAAC J and K data for the restframe optical. For the remaining two objects no ISAAC
data was available and the shallower MOIRCS JH K data is used. Three out of four SED fits
return ages of 500 Myr and higher and all masses are approximately larger than 5 x 109 Mg.

Non-detections are replaced with 1o upper limits.
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Figure 3.17 — Stellar mass of all
LBGs as function of distance to
the RG. Masses of individual ob-
jects within annuli of 50" width
are summed and normalized to
the area of the annuli. The in-
set shows the individual values as
function of distance to the RG and
mean values for each of the an-
nuli. The individual values show
a weak trend, but the integrated
mass shows a sharp decrease as
the distance to the RG increases.
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as massive as the RG itself (2.5-3x 10! M, for a Salpeter IMF). This is different
from what is found for radio-selected protoclusters at 4 < z < 5, where the RG
is approximately an order of magnitude more massive than the brightest of the
surrounding LBGs (Overzier et al. 2009).

Figure 3.18 shows the area-normalized integrated SFR in annuli of 50”. A
similar trend is observed for the SFR as for M;j,: galaxies close to the RG have
larger SFRs, although again the scatter is large. At small distances (< 100”) all
objects are forming stars at rates of >15 My, yr—!, whereas at larger distances the
majority of the objects are forming stars at ~5 Mg yr~!. That galaxies with the
highest SFR are located in the centre of the protocluster is in stark contrast with
the situation in galaxy clusters at z < 1 where the SFR drops towards the cluster
core (e.g. Balogh et al. 1998, 1999; Hashimoto et al. 1998; Postman et al. 2001;
Lewis et al. 2002).

The above figures show that the RG is surrounded by some of the most massive
and active galaxies in the protocluster. How unique is the position of the RG in the
protocluster? The above procedure was repeated for 200 random locations in the
0316 field, and the resulting mass and SFR distributions for the innermost annulus
are shown in Fig. 3.19. There are few locations that yield similar or larger My
or total area-normalized SFR, and these are all located close to the RG. Thus the
immediate surroundings of the RG are unique within the 0316 field. The radio
galaxy likely lies in the core of the forming protocluster and the protocluster core
galaxies are affected by their environment.

Note that there are several effects that will weaken such observed spatial trends.
First, since the photometric redshifts alone cannot establish protocluster member-
ship, there will be contamination by interlopers in such an analysis. The observed
LBG surface overdensity of 0.6 implies that slightly less than 2 out of every 3 LBGs
is an interloper. Secondly, many protocluster systems show filamentary structures
(e.g. Ouchi et al. 2005; Matsuda et al. 2005; Overzier et al. 2008), hence the assump-
tion of a circular symmetry used above will also weaken the signal. Thirdly, the
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Figure 3.19 — Left panel: Distribution of total area-normalized mass within a 50" radius for
200 random locations across the 0316 field. Right panel: Same as left panel but for SFR. Arrows
indicate the total area-normalized mass and SFR in a 50" annulus when the RG is taken as the
centre of the protocluster.

RG itself is not included in this analysis, and its large mass (> 10! My) and SFR
(110 Mg yr—! without dust correction) will lead to an even stronger correlation if
included. Thus the radial dependence is likely to be stronger than observed.

We conclude from the observed radial trends in stellar mass and SFR that galaxy
evolution is strongly influenced by the protocluster environment, with larger SFRs
and stellar masses occurring in the protocluster core.

3.7 Discussion
3.7.1 Surface and volume overdensities
3.7.1.1 Lyman Break galaxies

The measured LBG surface overdensity of the 0316 field is 0.6 = 0.3. Because the
uncertainties of the photometric redshifts (o, /(14 2)) range between 0.02 and 0.35,
the derived surface density will be diluted by the fore- and background objects that
are in the sample as well. The surface overdensity of 0.6+0.3 that is found is thus
a lower limit to the volume overdensity of the LBGs. How strong must the volume
overdensity of LBGs be to produce a surface overdensity of 0.67

V05 showed that the FWHM of LAE redshifts in the 0316 protocluster is Az ~
0.025. LAEs are in general significantly less massive than LBGs so they may relax
within the protocluster potential more easily. We assumed that the protocluster
spans a line-of-sight distance of Az = 0.04 (as found in the study of Steidel et al.
(1998) for LBGs in the SSA22 protocluster at z = 3.09). In the field-of-view covered
by the Uy band, the protocluster spans a volume of ~ 5.6 x 10 Mpc3.

The LBG selection criterion selects galaxies in the redshift interval 2.9 < z <
3.4, as shown in the inset in Fig. 3.3. Although the spread in the zpho distribu-
tion exceeds this interval, this can be attributed to the uncertainties in the zpnot
estimates. There are 448 LBGs with R < 25.5 in the ECDF-S and these span a
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volume of 1.8x10% Mpc3. This implies that there should be approximately 16-17
'field” LBGs in the 0316 field.

To obtain a surface overdensity of §; = 0.6 an additional 10-11 LBGs are needed
in the protocluster volume. The protocluster volume can host approximately 1.3
'field” LBGs. Hence the protocluster is a factor ~ 8 £ 4 denser than the field
and the volume overdensity dq v is 7 & 4, with the 1o uncertainties calculated by
propagation of the uncertainty on the surface overdensity. This is larger than the
overdensities observed in the LAEs and [O111] emitters, but this volume overdensity
is little more than an order of magnitude estimate due to the many uncertainties
in the assumptions that were made.

Furthermore, based on the presence of three [O111] emitters at z = 3.1, M08
speculated the 0316 protocluster is part of a larger 60 comoving Mpc superstruc-
ture. This superstructure would extend beyond the redshift range probed by the
Lya NB filter. If the protocluster is part of a larger superstructure, the protocluster
volume assumed above would result in an overestimate of the LBG overdensity.

The mass of the protocluster was computed using the comoving volume V' occu-
pied by the protocluster, the mean density of the Universe p and the matter over-
density 0 which relates to the galaxy volume overdensity dg v as om = dg,v/b with
b being the bias parameter. Using V = 5.6 x 103 Mpec, p = 1.9 x 10'° My Mpc~3
and b =1-5 (e.g., Adelberger et al. 1998; Giavalisco et al. 1998; Ouchi et al. 2004;
Lee et al. 2006) the protocluster mass is M =2-12x10* Mg. The range was de-
termined by the combination of the 1o uncertainty and the range in the bias value.
This protocluster mass is consistent with V05 and is similar to the mass of the
Virgo cluster. Since it was shown in Sect. 3.6.1.1 that the overdensity is spread
over multiple VIMOS quadrants, the protocluster volume is likely underestimated.
Therefore, the cluster mass should be considered a lower limit.

3.7.1.2 Balmer Break galaxies

We found no surface overdensity of BBGs in the 0316 field based on the number
densities. But would we expect to detect a surface overdensity in the BBGs assum-
ing the protocluster has the same volume overdensity of BBGs as it has of LBGs?
Or will the overdensity be smoothed out due to the large redshift range that is
probed by the BBG selection criterion?

The 554 BBGs detected in the four MUSYC fields are assumed to lie between
2 < z < 3.5 and are homogeneously spread across this redshift interval. Thus the
volume spanned by this population is 2.2x 10 Mpc?. This implies that there should
be 7-8 ’field’ BBGs with Ky < 23 in the ISAAC field-of-view. The protocluster
occupies 755 Mpc? (within the ISAAC field-of-view), and this volume contains on
average 0.2 'field” BBG. So if the BBGs are overdense by the same factor as the
LBGs (volume overdensity of 7), the protocluster will host ~ 1.4 BBG. This results
in a surface number density in the ISAAC field that is 1.2 times as high as the field
density and thus a surface overdensity d; = 0.2. This is consistent with the 1o
uncertainties on the cumulative number densities at Ky = 23 as shown in Fig. 3.12.
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We conclude that a volume overdensity of 7 cannot be ruled out due to the small
sample size.

It is doubtful whether systematic searches for BBG overdensities at z ~ 3 have
any chance of succeeding considering the range in redshift that is probed. To
evaluate this the amplitude of field-to-field variations for an ISAAC-sized field is
assessed. A similar method as described in Sect. 3.6.1.1 is employed. As reference
the UDS catalogue from Williams et al. (2009) is used. This field is complete down
to Ky = 23 and covers a total of ~ 0.8 degrees?. The BBG number density was
evaluated in 1000 ISAAC-sized fields placed randomly across the UDS field. The
resulting distribution is shown in Fig. 3.20. The arrow indicates the BBG density
found in the 0316 field. It is clear that this result is not significant with respect to
the field-to-field variations. In fact, a number density of ~ 3.5 arcmin~2 is needed
to obtain a surface overdensity that is significant at the 30 level. This would imply
a surface overdensity dg ~ 1.2, equivalent to a volume overdensity of ~ 45. Such a
strong overdensity is highly unlikely to exist over a large field-of-view. We conclude
that selection criteria that span a considerable redshift range are poorly suited for
the detection of overdensity signals around HzRGs.

3.7.2 Field and cluster ensemble properties

Does the evolution of galaxies in crowded environments in the early Universe, such
as protoclusters, differ significantly from galaxy evolution in the field? At z = 2.3,
Steidel et al. (2005) found that both ages and masses of galaxies in a protocluster
are ~ 2 times larger than similarly selected galaxies in the field. A similar study
at 4 < z < 5 has shown no significant difference between protocluster and field
galaxies (Overzier et al. 2009). This study can give a better insight in the situation
at z ~ 3.

We compare galaxy masses, SFRs and UV slopes for the various protocluster
populations with those of equivalent populations in the field. There is no sample
of field [O111] emitters in the literature, hence this population will not be discussed.
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We also refrain from comparing the 0316 BBGs to field BBGs as there is no strong
evidence for an overdensity in the 0316 field. The SED fit results given here have
been obtained using BC03 models with a Salpeter IMF to facilitate comparison
with previous studies.

3.7.2.1 Ly« emitters

Studies of LAEs at 2z ~ 3 find stellar masses ranging between 10® and 10° Mg, (Ga-
wiser et al. 2006a; Nilsson et al. 2007; Lai et al. 2008) which is fully consistent with
the results presented in this study.

We also presented SEDs for a small population of massive LAEs that do not
fit the picture of galaxies that experience their first burst of star formation. This
subpopulation of massive LAEs is found frequently in recent studies. Finkelstein
et al. (2009) found that two objects in their sample of 14 LAEs at z = 4.4 were
best fit by a model SED with an age of 800 Myr and a mass of 6.5x10° M. This
fraction of 2 out of 14 is similar to the fraction of massive objects found in this
study. Lai et al. (2008) find a fraction of massive LAEs of approximately 30 per
cent, but they quote a 20 detection limit of 25.2 for [3.6]. This is approximately
half a magnitude deeper than the 0316 data. Pentericci et al. (2009) investigated
Lya-emitting LBGs, finding a small fraction of objects that are significantly older
than the average LAE. In summary, there is no evidence that the LAEs in the
protocluster are significantly different from the field population.

3.7.2.2 Lyman break galaxies

Taking all LBGs with R < 25.5, the median mass of the 0316 LBGs is ~ 1.6
times more massive than that of 'field’ LBGs, which have a median mass of 1.2 x
101% Mg, (Shapley et al. 2001). In addition, LBGs close to the RG are more massive
than LBGs at larger radii, indicating that the protocluster environment promotes
the increased stellar mass of its members. However, the BC03 population synthesis
models were not available at the time of the study of Shapley et al. (2001), so a
fully consistent comparison can not be made.

Lehmer et al. (2009) find that LBGs suspected to be in the protocluster SSA22
at z = 3.09 have on average H band luminosities that are 1.2—1.8 times larger than
LBGs that are unrelated to the protocluster. Since the H band can be interpreted
as a proxy for stellar mass at z ~ 3 this also indicates that the masses of the
protocluster LBGs are larger by the same factor. This factor of 1.2-1.8 is similar
to the difference in median masses found in this study.

The 0316 LBGs have dust-uncorrected SFRs of ~7-11 Mg, yr~! (depending on
whether the whole sample is considered or only the objects that have R < 25.5).
The R data presented in Steidel et al. (2003) yields a median dust-uncorrected
SFR for field LBGs of ~ 10 Mg yr~!. This is consistent with the median dust-
uncorrected SFR found for the 0316 LBGs. If the SFRs are corrected for dust
extinction, the SFRs increase on average by a factor of 2. This small increase
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in SFR indicates the presence of small amounts of dust in the LBGs. Shapley
et al. (2001) used SED fitting to find that field LBGs have a median extinction of
E(B-V) =0.155 (Ay = 0.62). This is larger than found in the 0316 protocluster as
half of the 0316 LBGs are best fit by Ay < 0.1. However, Ay is poorly constrained,
with 31 out of 48 LBGs having 1o uncertainties that are consistent with Ay = 0.6.
We can therefore not conclude whether the 0316 LBGs are less dusty than field
LBGs.

Meurer et al. (1999) composed a sample of z ~ 3 LBGs from the HDF V2.0
catalog (Williams et al. 1996) using a UV filter combination. This filter set is
similar to the set used in this study. They find a median UV slope () for field
LBGs of approximately -1.6, similar to 0316 LBGs. We thus find no evidence for a
difference in the UV slopes between field and cluster LBGs at z ~ 3. Shapley et al.
(2003) find significantly redder slopes for field LBGs, but the filter set used in their
work differs significantly from this study, so it does not offer a fair comparison.

We find that the 0316 LBGs have stellar masses, SFRs and UV slopes that are
consistent with those of field LBGs. We thus conclude that at z ~ 3 the ensemble
properties of all possible protocluster galaxies is not significantly different from
what is found in a low-density environment.

3.7.3 The future of MRC 0316—257

We have found that the 0316 field contains an overdensity of star forming galax-
ies. How will the protocluster LBGs evolve and at what epoch will a quiescent
population emerge?

Using a simple ‘back of the envelope’ calculation we estimate how the protoclus-
ter will appear at later times. The peak of the cosmic SFH lies below z ~ 3 (e.g.
Steidel et al. 1999) and therefore new LBGs will emerge at later times. These ‘new’
objects are not taken into account and we only evolve the LBGs that are currently
identified. The sample is therefore static and no new objects are introduced.

The SED fitting yields both a best-fitting age and SFH, so it is possible to
evolve the LBGs according to this information. We find, however, that both these
quantities are poorly constrained. Hence, we make the following assumptions.
Since the distribution of SFHs peaks at approximately 7 = 10® yr, we assume that
the typical LBG has an SFH of 100-500 Myr. An age of 50-500 Myr is assumed,
in accordance with earlier studies that state 100 Myr to be the typical age for
LBGs at z ~ 3 (Shapley et al. 2001). Finally, the initial SFR is assumed to be
40-60 My yr—t. These SFRs are to be interpreted as being intrinsic SFRs. They
are based on the results from Shapley et al. (2001) and as shown in Sect. 3.7.2 are
consistent with the results for the 0316 LBGs. For simplicity the influence of dust
extinction will not be taken into account in this scenario.

If a quiescent galaxy is defined as having an SFR < 2 M, yr~! we find that the
majority of a population of LBGs will have reached quiescence after a period of
approximately 1 Gyr. This corresponds to z ~ 2. Only the youngest LBGs having
7 = 500 Myr will last until z ~ 1.5 before they reach quiescence. Therefore, the
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0316 protocluster should harbour a substantial ‘dead’ population after 1 Gyr of
evolution.

These predictions can be compared to observations of protocluster structures at
lower redshifts. One of the best studied protoclusters is the overdense region sur-
rounding the z = 2.16 radio galaxy PKS 1138-262 (1138) (Miley et al. 2006). This
radio galaxy has a intricate, clumpy morphology and seems to be in an advanced
stage of merging with several smaller galaxies. It is surrounded by a diffuse UV halo
which is evidence for in-situ star formation outside the main radio galaxy (Hatch
et al. 2008). Furthermore, the field has been shown to harbour overdensities in
both Lya and Ha emitting galaxies, extremely red objects (EROs), X-ray emitters
and sub-mm bright galaxies (Pentericci et al. 2000; Kurk et al. 2004b,a; Stevens
et al. 2003; Croft et al. 2005; Zirm et al. 2008; Kodama et al. 2007). Kurk et al.
(2004b) has also shown that the EROs and Ha emitting galaxies are located closer
to the radio galaxy than the bluer star forming galaxies. The 1138 protocluster is
therefore a prime example of a z ~ 0 galaxy cluster progenitor.

Zirm et al. (2008) have shown that the 1138 system contains red galaxies, some
of which might be quiescent. However, the red sequence is still in the stages of
formation and has not been properly established yet. This is in agreement with
studies by Blakeslee et al. (2006) and van Dokkum & van der Marel (2007) that
state that the formation redshift of the red sequence lies in the range z =2-2.5.
This roughly agrees with our toy model for the 0316 protocluster. A significant
number of red galaxies should be in place as early as z = 2.5. This is earlier than
what most studies predict but we are limited by the simplicity of this calculation. If
the SFH is episodic and burst-like the time it takes for an LBG to become quiescent
increases, so we expect the red sequence will form at a later time than estimated
by this toy model.

We predict that the population of galaxies currently residing in the 0316 proto-
cluster will resemble the 1138 protocluster after 1 Gyr of evolution and 0316, like
the 1138 protocluster, will evolve into a rich galaxy cluster at z < 1.

3.8 Summary and conclusions

We have presented a comprehensive study of several galaxy populations in the
protocluster associated with MRC 0316-257 at z = 3.13, using restframe FUV
to optical images. In addition to studying the LAEs and [Or111] emitters found in
previous studies, we identify samples of LBG and BBG candidates whose properties
provide additional evidence for the presence of a protocluster.

1. The cumulative number density of the LBG candidates in the 0316 field is a
factor of 1.6+0.3 larger than for comparable non-protocluster fields at similar
redshifts, indicating a surface overdensity of 0.64+0.3 for LBGs in the proto-
cluster. The surface overdensity is significant at the 30 level with respect to
the field-to-field variations. This measured LBG surface overdensity strength-
ens the conclusion of V05 that a protocluster surrounds MRC 0316-257. Us-
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ing estimates of the protocluster size, the measured surface overdensity gives
an LBG volume density that is 8+4 larger than that of the field. Such an
overdensity implies a minimum mass for the protocluster of 2-12x10'* M.

2. The redshift distribution of the BBG candidates shows a peak at the redshift

of the radio galaxy. This is further evidence that there is an overdensity of
galaxies and a protocluster around MRC 0316-257. There is no significant
surface overdensity of BBGs, but this is not surprising due to the small sample
size. A volume overdensity of BBGs comparable with the measured volume
density of LBGs could not have been detected. Selection criteria that probe
large redshift ranges are poorly suited for such overdensity studies.
We are unable to reproduce the results obtained by K07 who found that the
0316 field is a factor 1.5-2 denser in BBGs than blank fields. We attribute
this to the choice of control field. According to van Dokkum et al. (2006)
the GOODS-S field, used by K07, is underdense in 2 < z < 3 red galaxies
by a factor of ~2. In this study four control fields are used with a total area
exceeding 400 arcmin?, reducing the effect of cosmic variance on the control
fields.

3. The masses and ages of candidate protocluster galaxies were determined using
SED fitting. LAEs generally have faint continuum emission at 3.6 ym and
4.5 pm and relatively blue UV slopes, indicating that they contain little dust.
Typical stellar masses of the LAEs are ~ 108 M. Four of the LAEs have
larger IRAC fluxes and stellar masses in excess of 10!® M. This supports
results in previous studies that there is also a non-negligible number of older
evolved LAEs

4. The median mass determined for the protocluster LBGs is a factor of two
larger than that for the field LBGs. Although this is not significant, consid-
ering the uncertainties of SED fitting, it agrees with the results of Lehmer
et al. (2009), who found that protocluster LBGs are more luminous at H
band and therefore more massive than field galaxies. No significant differ-
ence between cluster and field LBGs is found for SFRs and UV-slopes.

5. The most massive and intensely star forming galaxies are located primarily
near to the radio galaxy indicating that proximity to the radio galaxy influ-
ences galaxy evolution. No other high mass and high SFR regions are found
in the 0316 field, indicating that the radio galaxy is near the centre of the
protocluster. The trend in SFR is radically different from what is observed
in local galaxy clusters where the SFR decreases systematically towards the
cluster centre.

We conclude that the protocluster surrounding MRC 0316-257 is in a relatively
early stage of formation. The blue LBG population will likely evolve into a popu-
lation of passive, red galaxies over a timescale of 1 Gyr, forming a structure similar
to the well-studied protocluster surrounding MRC 1138-262 at z = 2.2

Spectroscopic follow-up of the LBG and BBG candidates is needed to refine
their redshifts and establish which individual objects are indeed located within the
protocluster. Furthermore, population studies of a large sample of radio-selected
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protoclusters over a range of redshift are needed to obtain a more comprehensive
view of how these structures form and evolve. Such studies would clarify whether
the protocluster around MRC 0316257 is representative of large-scale overdensities
in the early Universe.
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A 2z ~ 3 RADIO GALAXY AND ITS
PROTOCLUSTER: EVIDENCE FOR A
SUPERSTRUCTURE?

We present spectroscopic follow-up observations of Lyman Break Galaxies
(LBGs) selected in the field surrounding the radio galaxy MRC 0316-257
at z ~ 3.13 (0316). Robust spectroscopic redshifts are determined for 20
out of 24 objects. Three of the spectroscopically confirmed galaxies have
3.12 < z < 3.13 indicating that these objects reside in a protocluster structure
previously found around the radio galaxy. An additional 5 objects are found
1600 km s~! blue-shifted with respect to the main protocluster structure.
This is in addition to three [O111] emitters found at this redshift in a previous
study. This is further evidence that a structure exists directly in front of the
0316 protocluster. We estimate that the foreground structure is responsible
for half of the surface overdensity of LBGs found in the field as a whole. The
foreground structure is associated with a strong surface density peak 1.4 Mpc
to the North-West of the radio galaxy and a 2D Kolmogorov-Smirnov test
indicates that the spatial distributions of the 0316 and foreground galaxies
differ at the 3o level. In addition, we compare the properties of protocluster,
foreground structure and field galaxies, but we find no significant differences.
In terms of the nature of the two structures, a merger scenario is considered.
This option cannot be rejected on the basis of merger dynamics: the observed
relative velocity of 1600 km s™! can be reproduced if the two structures have
masses of ~ 5 x 10’ Mg and have starting separations of 2.5 to 3 Mpc.
It is also possible that the foreground structure is unrelated to the 0316
protocluster in which case the two structures will not interact before z = 0.
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4.1 Introduction

The exact role the environment plays in the evolution of galaxies has been a long
standing question in astronomy. It has been widely observed that the properties of
galaxies depend on environment. High density environments in the local Universe,
such as galaxy groups and clusters, are dominated by red early-type galaxies. This
is in contrast with the lower density environments where blue star-forming late-
type galaxies are more frequent. In addition, cD galaxies, the most massive galaxies
known, are located exclusively in galaxy clusters.

In order to adequately explain the differences between low- and high-density
environments it is essential to study galaxy clusters at all epochs. By doing so
it may be possible to identify what exact physical processes constitute the more
general term of ’environmental influence’. Unfortunately, the search for galaxy
clusters at > 1.5 is difficult and only a handful of spectroscopically confirmed
galaxy clusters at z > 1.5 with X-ray emission are currently known (Wilson et al.
2008; Papovich et al. 2010; Tanaka et al. 2010; Henry et al. 2010; Gobat et al.
2011).

One of the most successful methods to push the search for galaxy clusters
beyond z = 2 is targeting high-z radio galaxies (hereafter HzZRGs, Miley & De
Breuck 2008). With large observed K band luminosities, these galaxies are thought
to have large stellar masses of the order of 10 — 10'2 My (Rocca-Volmerange
et al. 2004; Seymour et al. 2007). Following hierarchical galaxy formation, these
galaxies should therefore be located in dense environments and are thus possible
galaxy cluster progenitors. These structures are often referred to as 'protoclusters’,
because at these redshifts galaxy clusters are likely still in the process of formation
and therefore have not yet virialised (e.g. Kuiper et al. 2011, Chapter 2).

By targeting a HzRG field with a narrowband filter chosen such that it contains
a strong emission line at the redshift of a radio galaxy, it is possible to select galaxies
in a narrow redshift interval around the radio galaxy. This has resulted in evidence
that HzRGs indeed probe overdense regions in the early Universe (e.g. Pascarelle
et al. 1996; Knopp & Chambers 1997; Pentericci et al. 2000; Kurk et al. 2004b,a;
Venemans et al. 2007; Matsuda et al. 2011; Kuiper et al. 2011b).

Although this method is efficient in locating overdensities, it is also limited in
the number of galaxies that can be selected. The emission line most commonly used
for these searches is Ly, thus only galaxies with strong Ly« emission are selected.
As a consequence, a large number of galaxies that reside in the overdensity are
missed altogether. This method is therefore not suited for more in-depth studies
that attempt to obtain a more complete picture of the protocluster.

There is a variety of other methods that are aimed at selecting other classes
of high-z galaxies. The most well-known uses the Lyman break to select UV-
bright star-forming galaxies (Lyman Break Galaxies or LBGs) in a relatively broad
redshift range compared to the narrowband technique. This method was pioneered
by Steidel et al. (1995) and has been succesfully used in many studies since then.
The Lyman break selection technique selects a much larger sample of star forming
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galaxies than methods relying on Lya narrowband data, as only 20 per cent of LBGs
at a given luminosity can also be qualified as Ly« emitters taking into account
current selection criteria (Steidel et al. 2000, 2011).

The Lyman break method has been used only sparingly on HzRG fields (Intema
et al. 2006; Overzier et al. 2008). This is mainly because the redshift range probed
by the LBG criterion is ~ 0.3 — 0.7, significantly larger than the redshift range
spanned by a typical protocluster (Az ~ 0.03 or Av ~ 2000 km s~ ! at 2z ~ 3).
One of the HzRG fields for which the LBG selection criterion has been used is
MRC 0316-257 at z = 3.13. This is one of the best studied HzZRGs at z > 2.5
and it has been shown to host an overdensity of Lya emitters (Venemans et al.
2005, hereafter V05). A study by Maschietto et al. (2008, hereafter M08) has
found tentative evidence for a similar overdensity of [O111] emitters. In an attempt
to obtain a complete galaxy census, Kuiper et al. (2010, Chapter 3) assembled
photometry of the field in 18 bands ranging from U band to Spitzer 8 uym. This
also involved selecting galaxies using the Lyman break technique. It was found
that the 0316 field is overdense in LBGs. Also, the most massive and actively star-
forming galaxies are located near to the radio galaxy, indicating the presence of
environmental influence. However, the inability to distinguish protocluster galaxies
from field galaxies is likely to diminish any real trend in the data.

In this work we present spectroscopic follow-up of the sample of LBGs com-
posed in Chapter 3. By spectroscopically confirming the redshifts of the individual
LBG candidates we can determine which galaxies are truly in the protocluster and
which are in the field. This will therefore give us a better estimate of the true
volume overdensity. Also, it allows us to compare the properties of field and pro-
tocluster LBGs in a fully self-consistent manner. This is particularly important in
determining whether the protocluster environment influences the evolution of its
constituent galaxies.

The paper is structured as follows: a brief summary of the sample selection of
Chapter 3, a description of the data and its reduction are given in Sect. 4.2. Spec-
troscopic redshifts and the resulting velocity distribution are discussed in Sect. 4.3
and further discussion concerning the presence of a possible superstructure is pre-
sented in Sect. 4.4. Finally, conclusions and a future outlook are presented in
Sect. 4.5. Throughout this paper a standard A cold dark matter (ACDM) cosmol-
ogy is used, with Hy = 71 km s~!, Oy = 0.27 and Q4 = 0.73. All magnitudes are
given in the AB magnitude system.
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4.2 Sample selection & data

In Chapter 3 a UV R colour criterion was introduced that was designed to select
star-forming galaxies in the redshift range 3.0 < z < 3.3.

U-V>109,
V - R <051, (4.1)
U—-V >507x(V—R)+2.43,
R < 26.

A total of 52 galaxies were found to satisfy the criterion. Photometric redshifts were
derived for this sample using the EAZY code (Brammer et al. 2008) and broadband
photometry in 18 bands ranging from U band to Spitzer 8 pm. The initial sample
was then reduced to 48 by applying a photometric redshift cut of 2.8 < zphot < 3.5.

Chapter 3 also presented an additional sample of 55 potential LBGs (pLBGs).
These objects satisfy all selection criteria, except that they are too blue to make
the U — V > 1.9 cut. However, all these objects are undetected in the U band
used and deeper U band data may yield redder U — V colours. These objects are
thus not strictly LBGs when considering the selection criterion of Chapter 3, but
deeper data may show that they do in fact satisfy all criteria.

Only objects with R < 25.5 were considered for the spectroscopy, because the
continuum and absorption lines of fainter objects are unlikely to be detected. This
reduced the samples to 29 LBGs and 27 pLBGs, respectively. The samples were
subsequently divided in three brightness categories: objects with R < 24.5 are
classified as ‘bright’, objects with 24.5 < R < 25.0 as ‘intermediate’ and objects
with R > 25.0 as ‘faint’. To ensure the most detections, the objects in the mask
were prioritised according to their brightness. Further restrictions were imposed
by the locations of the individual objects, as slits in the mask are not allowed to
overlap. The final mask contained 13 LBGs and 11 pLBGs of which 10 are classified
as ‘bright’, 9 as ’intermediate’ and 5 as ‘faint’. Therefore, a total of 24 protocluster
candidates have been observed spectroscopically. One of these objects is the Ly«
emitter #1867 from V05. This galaxy has been spectroscopically confirmed to be
at the redshift of the protocluster.

The spectroscopy was performed with the FOcal Reducer and low dispersion
Spectrograph (FORS2) in the mask multi-object spectroscopy mode (MXU) at the
Very Large Telescope during the nights of 10 and 11 December 2010. The seeing
varied during the two nights between 0.7 and 1.2”. The width of the slits in
the mask was 1.0”. The objects were observed through the “300V” grism and
GG435 blocking filter, with a resolution of 440. The spectral range covered is
approximately 4500 < A < 8500 A. The pixels were binned 2 x 2, which resulted
in a spatial scale of 0.25” pixel~! and a dispersion of 3.36 A pixel~!. A total of 25
exposures of 1560 seconds each were obtained. Between the individual exposures,
the pointing of the telescope was shifted in steps of 0.25” along the slit to enable
more accurate sky subtraction and cosmic ray removal. The total integration time
per object was 39.000 seconds (10.83 hr).
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Data reduction was performed with various IRAF! routines. The reduction in-
cluded the following steps: individual frames were bias subtracted and flat fielded
using lamp flats. Cosmic rays were identified and removed before the background
was subtracted. The background subtracted two-dimensional frames were com-
bined and one-dimensional spectra were extracted. Wavelength calibration was
performed using arc lamp spectra and night sky lines in the science frames. The
uncertainty in the wavelength calibration is ~ 0.3 A, which corresponds to a sys-
tematic redshift uncertainty of o, ~ 0.0002.

4.3 Results
4.3.1 Redshift determination

Spectroscopic redshifts are obtained for 20 objects out of the 24 observed. For the
other 4 objects no continuum or emission lines are detected. Examining the data
we find artefacts in two of the 2D spectra indicating slit defects as the possible
cause of these two non-detections. The remaining two undetected objects either
have a low surface brightness or are very faint (R ~ 25.5) making it impossible to
obtain a spectroscopic redshift.

The spectra of the objects that do allow for a redshift determination are shown
in Figs. 4.1(a) and 4.1(b). The spectra have been plotted in the restframe to
facilitate comparison between the different objects. Also, the locations of the most
important spectral features have been marked. The 2D spectra have also been
included because the Lya break is more obviously apparent in the 2D spectra.

The results obtained from the spectra are summarised in Table 4.1. Spec-
troscopic redshifts based on both emission and absorption lines are listed as the
possible presence of outflows can affect the Ly« spectroscopic redshift (e.g. Shapley
et al. 2003). For the spectroscopic redshift we take the mean value of the redshifts
obtained for the individual discernible absorption features. Uncertainties listed in
Table 4.1 are calculated by varying the spectra according to a normal distribution
characterised by the rms noise level. The individual lines are subsequently fitted
again. This process is repeated 1000 times for each of the spectral features.

Approximately half of the objects show an emission line, which is assumed to be
Lya. This is consistent with what is found in other spectroscopic studies of LBGs
(Shapley et al. 2003; Steidel et al. 2011). The emission line is used for determining a
preliminary redshift. Based on this redshift the spectrum is searched for consistent
absorption lines. For objects that do not show an emission line the redshift is
determined by identifying multiple interstellar absorption lines such as SiltA1260,
C11A1335 or C1vA1549 in combination with a possible spectral break. Almost all
objects show either a combination of an emission and an absorption line or multiple
absorption lines. This indicates that these redshifts are robust.

LIRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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There is one object where the redshift is possibly ambiguous. Object #12 has
only one identifiable absorption feature and evidence for a break. Since the Lyman
break is a poor redshift indicator, this makes it difficult to set an accurate redshift.
The single absorption feature is very strong and based on the approximate location
of the break, the line can be identified as either the O1/Si1r doublet at ~ 1303 A or
C11 at 1335 A. This indicates its redshift is either z ~ 3.11 or z ~ 3.01. To ascertain
which is the more likely, the 2D spectrum of #12 is compared to the 2D spectra
of other objects with strong breaks and clear O1/Sii1 and Ci1 features. The former
option better resembles the other 2D spectra and therefore we conclude that the
redshift of #12 is z = 3.1127.

4.3.2 Redshift distribution

The full distribution of spectroscopic redshifts is shown in the left panel of Fig. 4.2.
Here the redshifts based on the absorption lines are used. The redshift of the
radio galaxy is marked by an arrow. All spectroscopically confirmed LBGs are
included in the figure. This indicates that all objects have redshifts consistent with
2.7 < z < 3.5. The low-z interloper rate is therefore small. Assuming that the four
non-detected LBG candidates are low-z galaxies a worst-case success rate of ~ 83
per cent is obtained.

The left panel of Fig. 4.2 also shows a clear concentration of galaxies near
the redshift of the radio galaxy. This could be consistent with the presence of a
structure. To verify this we compare the observed zspec distribution to the selection
efficiency curve also shown in Fig. 4.2. The curve indicates that the LBG selection
criterion of Chapter 3 is most efficient in selecting objects between 2.8 < z < 3.5.
A Kolmogorov-Smirnov (KS) test shows that there is a probability of 0.012 that
the observed spectroscopic distribution is drawn from the distribution defined by
the selection efficiency curve. The two distributions are thus different at the 2.5¢
level, indicating that there is evidence for a concentration near z ~ 3.1.

As MOS8 found evidence for a possible foreground structure at z ~ 3.1, it is
worthwhile to look in more detail at the redshift interval 3.05 < z < 3.20. This is
shown in the right panel of Fig. 4.2. The distribution includes the [O111] emitters
of M08 and the relevant LBGs presented in this work. We correct the redshifts
of the M08 [O111] emitters that have Lya based redshifts, because the Ly« line is
commonly redshifted with respect to the absorption lines. This redshift is due to
outflows and the resonant nature of the Ly« line. The applied correction is taken to
be the mean difference in redshift of all galaxies in our sample that show both Ly«
emission and absorption lines. This correction is Az ~ 0.005 or Av ~ 350 km s,
which is roughly consistent with Shapley et al. (2003).
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Table 4.1 — Properties of all LBGs and pLBGs for which spectra can be extracted.

Object ID RA Dec. Type R Zspec,Lya Zspec,abs Spectral features
#1 03:18:01.10 | -25:35:56.1 pLBG 25.09 | 3.400475000% 1 3.39657 00011 Break, Lya, O1/Sil, Sitv
#2 03:18:12.30 | -25:35:42.2 pLBG 24.80 | 3.1258T50007 | 3.12821(00%% Break, Lya, O1/Silt
#3 03:18:08.72 | -25:35:22.4 LBG 24.11 | 3.2306150000 | 3.2303%5001S Break, Lya, Sit, O1/Si1, Sitv
#4 03:18:11.53 | -25:35:08.2 LBG 24.52 | 3.052115:0005 | 3.044278-0510 Break, Lya, O1/SiIt
#5 03:18:08.94 | -25:34:59.6 | LAE/LBG | 23.77 | 3.134375:00¢7 | 3.1266150001 Break, Lya, O1/Si11, Cu, Civ
#6 03:18:05.35 | -25:34:40.8 LBG 24.95 | 3.125175-9010 | 3.121970-9018 Break, Ly, Sii, Cit
#7 03:18:07.75 | -25:34:26.1 pLBG 24.37 - 3.032410-0097 | Break, Sii, O1/Siu, Cu, Crv, Siu, Crv, Ferr, Al
#8 03:18:18.40 | -25:34:17.1 LBG 24.54 - 2.935210-000C Break, Sii, Civ
#9 03:18:20.28 | -25:34:02.0 LBG 25.06 | 3.225715:0092 | 3.218118-0087 Break, Lya, Cu
#10 03:17:58.79 | -25:33:49.9 pLBG 24.12 - 3.112178-9010 Break, O1/Sin, Ci, Civ
#11 03:18:08.39 | -25:33:39.6 LBG 24.69 - 2.7795+0-0017 Break, O1/Si11, CIt
#12 03:17:58.93 | -25:33:27.7 pLBG 25.19 - 3.112770-0018 Break, O1/Siu
#13 03:18:04.10 | -25:33:09.1 pLBG 25.42 | 3.1032+9-9017 3.0988;%:5&35 Break, Lya, O1/SiI
#14 03:18:07.43 | -25:32:51.2 pLBG 24.47 - 3.104110-9009 Break, Sil, O1/Siu, Cu
#15 03:18:19.41 | -25:38:16.9 pLBG 24.42 | 2.9215175:099¢ | 2.910975 0513 Break, Lya, Cu
#16 03:18:13.19 | -25:38:06.1 pLBG 24.83 - - -
#17 03:17:58.33 | -25:37:59.0 pLBG 24.94 | 3.2252F0.0096 | 3.229510-0049 Break, Lya, Sill
#18 03:17:59.20 | -25:37:37.9 LBG 23.80 - 2.986575-9005 Break, Sin, O1/Sin, Ci, Crv, Fen, Aln
19 03:18:19.73 | -25:37:26.8 LBG 23.76 | 3.1115+9:9007 | 3.100319-9016 Break, Lya, Sii, O1/Sin, Cn, Civ, Ferr, Al
0.0007 0.0009
#20 03:18:03.91 | -25:37:14.1 LBG 25.44 - - -
#21 03:18:02.78 | -25:37:05.5 pLBG 24.99 - 3.023319-9023 Break, O1/Si, Sill
#22 03:18:13.25 | -25:36:39.7 LBG 23.94 - 2.999610-0006 Break, Sin, O1/Si1, Cu, Crv, Fer, Alil
0.0007

SYNSIY “&'¥ Uu01199g

L8
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Figure 4.2 — Left panel: Distribution of all spectroscopic redshifts obtained in this work. The
dashed curve shows the selection efficiency of the LBG selection criterion. Right panel: Redshift
distribution of the [O111] emitters of M08 and the LBGs from this work that are located between
3.08 < z < 3.18. Also included is LAE #1518 of V05 which has been identified as an LBG.
The objects in the red dashed histogram are those LBGs that are associated with the 0316 radio
galaxy, whereas the blue dashed histogram includes [O111] emitters and LBGs that are likely
in a foreground structure. The solid and dotted curves indicate the transmission curves of the
narrowband filters used to select the [O111] emitters and LAEs, respectively. The arrow marks the
redshift of the radio galaxy in both of the panels. All Lya based redshifts are corrected for the
commonly observed shift between Lya emission and absorption lines.

The LAEs of V05 are not included in Fig. 4.2 because the narrowband filter
used to select this sample does not allow detection of objects at z ~ 3.1. This is
illustrated by the dotted line in Fig. 4.2. The distribution of LAEs is thus strongly
concentrated near z ~ 3.13 by design and including it would unfairly skew the
overall distribution. The exception to this is LAE #1518. The study in Chapter 3
identified this object as an LBG and as such it is included in the right panel of
Fig. 4.2. Tt is also included in the subsequent analysis where possible.

The work of M08 aimed to identify [O111] emitters in the 0316 protocluster.
Spectroscopic follow-up of three of the candidate [O111] emitters showed that these
objects are not located at z ~ 3.13 as expected but at z ~ 3.1. Taking into account
the correction for the Ly« redshifts, this amounts to a ~ 1700 km s~! blueshift
with respect to the radio galaxy. The confirmation of an additional 5 objects at
z ~ 3.1 presented in this work further strengthen the notion that a structure exists
in front of the 0316 protocluster.

The question is whether the structures are separate or whether they belong to
one larger protocluster. When we look in detail at the LAE distribution of V05
we find that the latter is a possibility. The velocity dispersion of this sample is
535 km s~! and the median redshift is similar to the median redshift of the red
distribution shown in Fig. 4.2. If we use a KS test to compare this to the expected
distribution based on the transmission of the Lya narrowband filter (dotted line),
then we find a probability of 1.2 x 107 that the LAE distribution is drawn from
the expected distribution. This indicates that the blueshift of the LAE distribution
with respect to the central redshift targeted by the narrowband filter is real. This
in turn implies that the distribution of LAEs may extend to lower redshifts, but
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that these objects have been missed due to the location of the narrowband filter.

On the other hand, a normalized tail index (Bird & Beers 1993) of 0.66 implies
that the composite distribution more closely resembles a uniform distribution rather
than a single Gaussian. For this work we will follow the approach of M08 and
assume that the foreground structure is a separate structure. More evidence for
this will be provided in Sect. 4.4.2.

Assuming that there are two subgroups we find mean redshifts of z = 3.1039
and z = 3.1262 which implies a velocity difference of ~ 1620 km s~!. Using a
Gapper scale estimator (Beers et al. 1990) we find a velocity dispersion of 965 +
112 km s~! for the composite distribution and individual velocity dispersions of
492 4120 km s~ ! and 364 4 120 km s~! for the blue- and redshifted subgroups,
respectively.

For the remainder of this work we will refer to the objects associated with
the possible foreground structure as foreground objects, whereas those objects at
z ~ 3.13 will be classified as 0316 galaxies. Objects not associated with either of
the z ~ 3.1 — 3.13 structures will be referred to as field galaxies.

4.4 Discussion

4.4.1 A possible superstructure and implications for the overdensity

In Chapter 3, the LBG surface density of the 0316 field was found to be a factor
1.6£0.3 larger than the control field used. Using a volume argument and assuming
that the surface overdensity is caused by a single structure connected to the z = 3.13
radio galaxy, this surface density translated to a volume density which is 8+4 larger
than the field density.

Based on the surface overdensity, one expects spectroscopic follow-up to reveal
approximately 1 out of 3 objects to be in the 0316 protocluster. Instead, 3 out
of 20 objects are found to be associated with the radio galaxy and an additional
5 objects are found to be located at ~ 3.1. Although the surface overdensity is
formally correct, it is not solely caused by the 0316 protocluster. The volume
overdensity around the 0316 radio galaxy reported in Chapter 3 is thus not as
large as previously assumed and must be adjusted.

To correct the volume overdensity we must assess what fraction of the over-
density is due to the foreground structure. Due to the small samples that are
considered, this cannot be more than a rough estimate. In the sample of 13 [O111]
emitters found by MO8 a total of eight have spectroscopic redshifts; five due to
overlap with the Lya emitter sample of V05 and three through spectroscopic con-
firmation of the [O111] line. The latter three were all found to be at z ~ 3.1. Taking
into account that the five unconfirmed [O111] emitters may be in either of the two
structures, the fraction of foreground objects is thus 25-60 per cent.

In this work, five out of eight objects (or ~ 60 per cent) are found to be in the
foreground structure. Based on these numbers we therefore assume that half of
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4 Figure 4.3 — Spatial distribu-
8 1 tion of all spectroscopically con-
firmed objects that reside in the
0316 protocluster (red symbols)
or the foreground structure (blue
symbols). Lya emitters are de-
noted by plus signs, [O111] emit-
ters by triangles and spectroscop-
ically confirmed LBGs/pLBGs by
diamonds. Also shown are the lo-
cations of the unconfirmed LBGs
and pLBGs as small open cir-
cles. The location of the radio
galaxy is marked by the star. The
dotted lines denote the size and
location of the narrowband im-
age used for the detection of the
[O11] emitters. The contours indi-
cate the surface density of uncon-
firmed LBGs and the LBGs that
are shown to be either at z ~ 3.10
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the surface overdensity can be attributed to the foreground structure. The volume
overdensity of the 0316 protocluster is thus not 8, but rather ~ 4. This is very
similar to the overdensity of Lya emitters of 3.370 found in V05. Based on these
numbers we also expect that the foreground structure is similar in richness and
mass as the 0316 protocluster.

4.4.2 Spatial distribution

Figure 4.3 shows the spatial distribution of all objects that are spectroscopically
confirmed to be either in the 0316 protocluster or in the z = 3.1 foreground struc-
ture. This includes the 32 Ly« emitters of V05 and the three [O111] emitters of
MO8. The blue objects are those identified to be in the foreground structure. In-
terestingly, four out of five of the foreground LBGs are located in a small area in
the North-West region of the field. This specific region is also mostly devoid of
z = 3.13 Lya emitters. The North-West region is thus dominated by foreground
objects. Interesting to note also is that eight of the non-confirmed LBGs reside in
that general region, four of which are strongly clustered.

The distribution of the foreground [O111] emitters does not reflect this apparent
concentration of objects. This is, however, due to the small size of the narrowband
image used for the detection of these objects, as illustrated by the outline shown
in Fig. 4.3. This limits the location of the foreground [O111] emitters to the central
region of the field.

To further illustrate the subclustering, Fig. 4.3 also shows LBG surface density
contours. The LBGs that have been shown to be field galaxies are not considered,
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but LBGs that have not been spectroscopically confirmed or have been confirmed
to be in either of the two z ~ 3.1 structures are included. The contours have
been obtained by making a grid with a gridsize of 3”. For each cell of the grid
the surface density is calculated by determining the distance to the Nth nearest
neighbour and subsequently using ¢ = N/7r%. The contours shown have been
obtained with N = 8. The resulting surface density map is smoothed with a
smoothing length of 0.5’. A clear peak in the surface density map is located in
the North-West region, near the concentration of foreground objects and ~ 3’ or
~ 1.4 Mpc from the radio galaxy. A second, less pronounced peak in the surface
density is located in the centre of the field, near the radio galaxy. This is thus
further evidence that the foreground structure is offset from the 0316 protocluster.

The significance of the spatial subclustering can be quantified by using a 2D KS
test. First we determine whether the distribution of foreground structure LBGs
is consistent with being drawn from a random distribution. We find a probability
of 0.033, which implies that the distribution is different from random at the ~ 2o
level only.

When the spatial distribution of foreground objects is compared to that of the
0316 objects, we find a probability of 0.0034 that both originate from the same
parent distribution. The two distribution therefore differ at the ~ 3¢ significance
level. The foreground [O111] emitters have not been taken into account in this
comparison. The foreground structure thus seems to be centred on a different
location on the sky than the 0316 structure. We consider this evidence that the
two structures are two separate groups of galaxies and not one single protocluster.

4.4.3 Influence of protocluster environment on galaxy properties

The influence of environment on galaxy evolution is an important topic in present
day astronomy. Locally galaxies in dense environments are generally older, redder
and have lower star formation rates (SFRs) than those in less dense environments.
There has, however, been mounting evidence that the decrease in star formation
observed locally in dense regions turns around at earlier cosmic times (Elbaz et al.
2007; Cooper et al. 2008; Tran et al. 2010; Hilton et al. 2010; Popesso et al. 2011).

Protocluster fields make excellent targets for studying these environmental ef-
fects at z > 2 and several studies have presented ample evidence that the environ-
ment influences galaxy properties at z > 2. In Tanaka et al. (2010a) it has been
shown that galaxies in the well-studied z ~ 2.15 protocluster around PKS 1138-
262 have assembled their mass earlier than field galaxies. Hatch et al. (2011) found
that Ha emitters in the protocluster around radio galaxy 4C+10.48 at z = 2.35
are twice as massive as their field counterparts. Similarly, Steidel et al. (2005)
showed that galaxies in a serendipitously discovered protocluster at z = 2.3 are
approximately twice as old and twice as massive as their field counterparts.

For the 0316 protocluster, no significant differences have been found between
the field and the protocluster galaxies in terms of mass or SFR (Chapter 3). There
are, however, trends of decreasing mass and SFR with increasing distance from the
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radio galaxy. One of the main problems is that the field interlopers in the LBG
sample of Chapter 3 possibly dilute any differences that may be apparent in a pure
protocluster sample. With the spectroscopy presented in this work a first division
between protocluster LBGs and field LBGs can be made.

4.4.3.1 SED fitting

With such a division it is possible to revisit the spectral energy distribution (SED)
fitting done in Chapter 3. For this we use the FAST SED fitting code (Kriek et al.
2009) in combination with the Bruzual & Charlot (2003) evolutionary population
synthesis models. Originally, all objects were assumed to be located at z = 3.13.
The addition of spectroscopic redshifts allows for a fully self-consistent comparison
between field and protocluster galaxies. The free parameters in the fitting routine
are the age, mass, SFH and the extinction by dust, but as in Chapter 3 we only
focus on the stellar mass, because this is the only property that can be determined
with reasonable accuracy.

Briefly summarising the details of the SED fitting process employed in Chap-
ter 3: we consider exponentially declining SFHs with decay times, 7, ranging
from 10 Myr to 10 Gyr with steps of 0.1 dex. The ages we consider range from
log(age/yr)=7 to the age of the Universe at z ~ 3.13 which is log(age/yr)=9.3. The
Calzetti et al. (2000) extinction law is used for the internal dust extinction, with
Ay ranging from 0 to 3 with steps of 0.1. For all cases a Salpeter mass function
and solar metallicity are assumed.

The updated SED fitting results show a marginally larger mean stellar mass of
4.8 x 101% M, for the 0316 galaxies compared to 2.9 x 10'° M, for the foreground
structure and 1.7 x 10'° M, for the field galaxies. When we combine the 0316 and
foreground samples we obtain a mean mass of 3.7 x 10'© M. However, the small
samples considered in this work imply that this difference is not significant. This
is also apparent from the stellar mass distributions shown in Fig. 4.4. The small
samples make it impossible to distinguish the distributions. KS tests also reflect
this, yielding probablities of 0.75—0.9 that the various distributions are drawn from
the same parent distribution. There is therefore no discernible difference between
the various populations.

The radial trend observed in K10 is also revisited here. The same analysis is
done as in K10 and the results are shown in Fig. 4.5. The main panels in the
left column show the integrated mass and SFR in a series of annuli centred on
the radio galaxy. Here only the LBGs are considered and only those that are
(potentially) in the 0316 structure, meaning those without a spectroscopic redshift
and those with zgpec ~ 3.13. The resulting sample shows qualitatively the same
trends of decreasing mass and SFR with increasing distance from the radio galaxy.
This trend is apparent in both the integrated values in the main panels and the
individual panels shown in the insets. The upturn at large distances observed in
both trends also persists. However, potential foreground cluster members in the
North-West corner of the field that have not been confirmed yet may be partially
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Figure 4.4 — Stellar mass distri- 5
butions of galaxies residing in the
field (black), the 0316 protocluster
(red dashed) and the foreground
structure (blue dashed).
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responsible for this. Since we observe no discernible difference between the LBGs
and pLBGs we add the latter to the analysis in the right column of panels. Again,
we only consider those objects that are (potentially) at z ~ 3.13; the confirmed
foreground and field galaxies are not taken into account. The integrated properties
remain qualitatively the same, but the individual values for the mass as function
of distance to the radio galaxy now show no discernible trend. On the other hand,
the SFRs still show an indication that galaxies close to the radio galaxy have larger
SFRs than galaxies that are at larger distances. The trends of decreasing mass and
SFR with increasing distance to the radio galaxy observed in K10 are therefore
robust.

4.4.3.2 Stacked spectra

The presence or absence of environmental dependence is studied further using the
stacked spectra of the different categories we have defined. In Fig. 4.6 we show a
series of stacked spectra of each of the categories. These stacked spectra have been
obtained by shifting the individual spectra to a common restframe wavelength scale
using the absorption line redshifts. The individual spectra are then scaled to the
same mean flux level in the restframe wavelength range 1300 < Apest < 1500 A and
subsequently added together. Here the observed wavelength range 5565 < A <
5590 A is excluded due to the presence of strong night-skyline residuals. Since
we are dealing with small samples no other outliers are excluded in the stacking
process.

The properties of all detectable spectral lines in the stacked spectra are listed
in Table 4.2. Uncertainties on the properties have been obtained by repeating the
stacking process, but with a number of the spectra replaced by randomly drawn
spectra from the same sample. This is to obtain a measure of the intrinsic scatter
between the different spectra. For the field galaxies we replace three of the spectra,
for the combined 0316+foreground sample we replace two spectra, whereas for the
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Figure 4.5 — Top and bottom panels: Total stellar mass and total dust uncorrected star formation
rate per unit area as a function of distance to the radio galaxy. Quantities have been calculated
by summing the stellar mass and SFR in a series of annuli centred on the radio galaxy. The
insets in each of the panels show the stellar masses and SFRs of individual galaxies as function of
radius. For the panels in the left column only the LBGs are considered, whereas both the LBG
and pLBG sample are considered in the panels in the right column.

0316 and foreground structures only one spectrum is replaced. In total 10, 15,
20 and 50 fake spectra are constructed for the 0316, foreground, 0316+foreground
and field galaxies, respectively. The fake stacked spectra are subsequently varied
according to their rms noise after which all properties are recalculated. For each
fake spectrum this process is repeated 100 times. The standard deviations of the
subsequent distributions are taken as 1o uncertainties. Also, the Lyas FWHM are
measured from stacked spectra that have been obtained using the Ly« redshifts
rather than the absorption line redshifts. Using the latter will result in an increase
of a factor of 1.5-2 for the FWHM.

The top-left panel of Fig. 4.6 shows the stacked spectrum of the three objects
identified to be in the 0316 protocluster. The main feature of the spectrum is the
strong Lyo emission with EWy = 26.4 & 3.8 A, but this is mostly driven by the
LAE included in the sample. Removing this galaxy lowers the EW, to 17.9 A.
The field galaxies, in the middle-right panel, also show Lya emission, but with an
EWy =7.4+2.1 A it is on average not as strong as in the 0316 protocluster.

The average spectrum of the foreground galaxies shows no Lya emission, but
considering the small sample size this is likely not a significant difference. In
fact, Shapley et al. (2003) show that approximately half of all LBGs show Ly«
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Figure 4.6 — A series of stacked spectra. Stacks include, from left to right and top to bottom:
0316 objects with 3.12 < z < 3.13, foreground structure objects with 3.1 < z < 3.12, combined
sample of 0316 and foreground objects, field objects and all spectroscopically confirmed objects.
Dotted vertical lines indicate the location of the most important spectral features as in Fig. 4.1(a).
Spectral features above 1600 A are FertA\1608, HeltA1640 and AlIIA1670.

in emission and the other half shows Ly« in absorption. With sample sizes of 3
for the 0316 protocluster and 5 for the foreground structure, the chance that the
observed difference between the 0316 and foreground structure is a mere statistical
fluctuation should be considered significant. We can therefore draw no conclusions
based on this. It would, however, be interesting to see whether this difference
persists with more spectroscopic observations.

We can slightly alleviate the problem with the sample size by combining the
0316 and foreground structure samples and comparing this to the field population.
The presence of such a difference would be a strong indication of environmental in-
fluence at z ~ 3. The stacked spectrum is shown in the middle-left panel of Fig. 4.6
and the relevant properties are listed in Table 4.2. The spectrum shows Ly« emis-
sion with EWy = 11.3 + 3.7 A. This is consistent with the field population within
the 1o uncertainties. The strength of the absorption lines of the combined sample
are also consistent with that found for the field population. The composite of the
overdense structures shows therefore no evidence for environmental differences with
respect to the field.
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Table 4.2 — Properties of the emission and absorption lines found in the stacked spectra of the
0316 protocluster, the foreground structure and the field. Restframe equivalent widths are taken
to be positive for emission lines and negative for absorption lines. Velocity offsets are given with
respect to the O1/Siit doublet. FWHM values are corrected for the instrumental resolution. ¢
Based on a stack of the three objects that do show Lya emission. ? These values are obtained
from stacked spectra created using the Lya redshift where available. ¢ This value cannot be
constrained and is therefore not listed. ¢ The UV slope 3 is calculated using the R and I band
data used in Chapter 3.

[ 0316 [ Foreground [ 0316+Foreground | Field

AvLye (km s 1) +442 + 142 | 4734 £ 225° +451 + 156 +396 + 162
EWo Lya (A) 26.4 + 3.8 —13.3+5.3 11.3+ 3.7 74421
FWHMyy, (km s~ 1)® 561 &+ 118 -¢ 493 4+ 122 803 + 241
Avginr (km s 1) - +308 + 178 +340 + 167 +281 + 152
EWo sint (A) - -1.940.8 -1.540.8 —2.240.8
FWHMs;i (km s™1) - 400 =+ 352 -c 558 + 212
Avorysirr (km s 1) 0 0 0 0
EWy,01/sim1 (A) —2.14+0.7 —45+1.1 —3.54+0.9 —2.440.5
FWHMoy/gir (kms™!) | 365 + 233 799 + 233 708 + 223 623 + 201
Avcrr (km s~ 1) —263+ 169 | +103 + 360 —117 + 202 —61 + 188
EWo,cu (A) —3.0+1.1 —3.1+1.1 —2.7+0.8 —1.8+0.6
FWHMcrr (km s™1) 726 + 309 1802 + 545 1127 + 559 509 + 205
Awvgiry (km s— 1) - - +151 + 196 —61 £ 204
EWo sitv (A) - - —1.440.8 —0.940.5
FWHMsgirv (km s™1) - - -c 102 + 226
Avsinr (km s~ 1) - —75+ 263 - +88 + 216
EWy sin (A) - —2.14+0.9 - ~-1.74+0.5
FWHMs;i; (km s™1) - 711 + 266 - 315 + 231
Avcry (kms™h) —369+267 | —194 £ 220 —213 + 226 —120 + 324
EWo.crv (A) —5.3+1.5 —3.14+0.9 —3.44+1.1 —2.74+0.8
FWHMcry (km s~ 1) 1881 + 414 800 + 334 1408 + 607 887 + 286
Avperr (kms™T) - - - +24 £ 252
EWp et (A) - - - —1.24+0.5
FWHMren (km s~ ") - - - 414 + 278
387 —1.7+0.2 —0.8+0.4 ~1.240.3 ~1.34+0.1

The properties listed in Table 4.2 can be compared to the results of Shapley
et al. (2003, hereafter S03). In S03 the spectra of ~ 1000 LBGs were stacked to
perform a detailed study of the average properties of these galaxies. In general, the
LBG properties in Table 4.2 show similarities to what was found in S03. There is a
velocity difference of ~ 400 — 900 km s~! between the Ly« line and the absorption
lines, where the Ly« line is redshifted with respect to the absorption. This is also
seen in the individual LBG spectra of S03 and is indicative of outflows. The LBGs
in the 0316 field therefore also show evidence of outflows.

Shapley et al. (2003) also divided their sample of LBGs into four bins based
on Lya equivalent width, ranging from Ly« in absorption to strong Lya emission.
LBGs with strong Lya emission were found to have weaker low-ionisation lines,
bluer UV slopes and smaller kinematic offsets between Lya and interstellar ab-
sorption lines. Based on the stacked spectra presented here we can make a similar
division between the various samples. For this purpose we will only consider the
field population and the combined 0316+foreground population as the individual
0316 and foreground samples are too small to make a meaningful comparison. Both
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populations fall into the moderate emission category or group 3 of S03.

Beginning with the field sample, we see little difference between the values in
Table 4.2 and the results of S03. All EW, values are consistent within 1o with
the properties of group 3 in S03. Since we make no distinction in FWry, when
stacking the spectra we also expect this spectrum to match closely to the full LBG
stack of S03. Indeed, all absorption line equivalent widths are fully consistent with
the average LBG of S03.

When comparing the 0316+foreground objects with group 3 of S03 we see that
the O1/Sii1 doublet and the Cir line of the combined sample is stronger. This
is partially due to the inclusion of #12 in the stack, which has an exceptionally
strong O1/SiIT doublet. Removing this object from the summed spectrum reduces
the equivalent width to —2.7+0.6 A which is formally consistent with the results of
S03. This, however, does not explain the strong CiI feature. The other properties
are consistent with what is found in S03.

Following the physical picture presented by S03, stronger absorption lines may
be explained by a larger covering fraction of the outflowing gas. This would, how-
ever, also diminish the Lya flux. Since the 0316+foreground sample does show
significant Lya emission there must be something compensating for the larger cov-
ering fraction. This could be related to a lower than expected dust content. The
UV slopes of galaxies are sensitive to dust content, but the values listed in 4.2 show
no significant difference between this work and S03. Furthermore, we must consider
that the samples used in this study are much smaller than the samples presented
in S03. This could indicate that the strong Ci1 absorption line is due to statistical
fluctuation. It is therefore necessary to increase the number of spectroscopically
confirmed galaxies in order to put proper constraints on any possible differences
between the various populations and the results of S03.

The stacked spectra can also be used to determine whether IGM absorption
blueward of the Ly line is more prevalent in either of the structures or in the field.
To do this we assess the mean flux level for Aes; < 1185 A and compare it to the
mean flux level for Arest > 1280 A. The ratio of these flux levels is highest for 0316
at 0.67 £+ 0.02, whereas the foreground and field galaxies show ratios of 0.53 £ 0.02
and 0.50 4 0.01, respectively. The combined sample of the two structures yields
0.59 + 0.01. The Lya break is thus less pronounced in the protocluster galaxies
indicating that there is less IGM absorption in the overdense structures.

Finally, a brief comparison between the field spectrum and the stacked spec-
trum that includes all spectroscopically confirmed LBGs shows that there is little
discernible difference in both the strength of the Ly« emission and the absorption
lines. This is illustrative of how differences can be diluted if there is no clear way
to discern between the field and the protocluster objects.

4.4.4 Interacting or unrelated structures?

The presence of a foreground structure is not the first indication that HzZRG-selected
protoclusters are part of superstructures. Kuiper et al. (2011, Chapter 2) has shown
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that the well-studied protocluster around PKS 1138-262 (1138) at z = 2.15 exhibits
a broad bimodal velocity structure which has been independently found for both
the megaparsec scale structure and the central kiloparsec scale structure. This is
best explained by a line-of-sight merger scenario of two massive haloes. Could this
also be the case for the 0316 protocluster and its foreground companion?

In Sect. 4.4.2 we show that the spatial distributions of the two structures in
the 0316 field are not drawn from the same distribution and Fig. 4.3 indicates a
projected separation of ~ 1.4 Mpc. If there is a merger it is not along the line of
sight.

The velocity difference between the 0316 protocluster and the foreground struc-
ture is ~ 1600 km s—!, but this is only the line-of-sight velocity component. If this
is indeed a merging or interacting system, then additional transverse velocity com-
ponents may be present. This implies that the true relative velocity may be larger
than 1600 km s~!. The relative velocity is thus similar to the 1600 km s~ found
in the 1138 system. The work presented in Chapter 2 showed that the Millennium
simulation (Springel et al. 2005; De Lucia & Blaizot 2007) could reproduce such a
velocity difference, but only for the largest halo masses. Doing the same analysis
at z ~ 3 as in Chapter 2 reveals no such mergers in the Millennium simulation.

In order to determine whether such a merger is possible at z ~ 3, we calculate
how the relative velocity evolves with decreasing distance d in the case of two
merging massive haloes. For this we use the equations described in Sarazin (2002).
Conservation of energy dictates

1oa GMM,  GMM,
2 d do

(4.2)

with m = My Ms/(My + M) and dy the separation between the structures when
they drop out of the Hubble flow. Here we have assumed for simplicity that the
transverse velocity is zero. This yields

v = \/2G(M1 + Mz) <§ — dio) (4.3)

In Fig. 4.7 we show how the velocity increases with decreasing distance in a
merger scenario. The curves shown are for a variety of values for dy. The largest
value for dy was chosen such that the time it takes to reach a relative velocity of
1600 km s~! is equal to the age of the Universe at z = 3.13. We also consider two
specific halo masses, but in all cases it is assumed that the 0316 and foreground
structure are of equal mass. We see that for masses of 10'* Mg a velocity of
~ 1600 km s~ is only reached at small separations of the order of < 0.6 Mpc. For
masses closer to the estimated mass of the 0316 protocluster, the distance at which
1600 km s~ is reached ranges between 1.0 < d < 1.6 Mpc.

As we have shown in Sect. 4.4.2, the projected distance between the structures
is of the order of ~ 1.4 Mpc. If the two structures are interacting then the true
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distance is likely larger. The relative velocity of 1600 km s~ is also likely a lower
limit due to projection effects. If the merger scenario is possible we therefore expect
the curves to cross through the upper right quadrant of Fig. 4.7. There are two
curves that meet this requirement, with starting separations of 2.5 and 2.95 Mpc
and masses of 5 x 10 Mg. It is therefore possible that the system is undergoing
a merger, but only if the two structures are massive and the starting separation is
roughly 2.5 to 3 Mpc.

The other option is that the 0316 protocluster and the foreground structure
are ‘unrelated’ structures in the Hubble flow at the time of observing. Assuming
that the Hubble flow dominates the relative motions of the two structures we
use the Hubble law to find that a velocity difference along the line of sight of
1620 km s~! implies a distance of at least 23 comoving Mpc. Following Bahcall
et al. (2004) we assume that the mean distance between two clusters in the Hubble
flow at z ~ 3 is ~ 50 Mpc. What is the chance of encountering such a line-
of-sight alignment as possibly witnessed here? In a field of 100 x 100 Mpc? we
expect a total of ~ 15 structures. The 0316 field covers approximately 9 Mpc2.
So the probability of having one additional structure directly in front of the main
structure is ~ 1 per cent. If we lower the mean distance to ~ 30 Mpc, then the
chance increases to ~ 4 per cent. These probabilities are small, but they are not
negligible. It is thus not unreasonable to find an unrelated foreground structure
and the possibility that this is a change alignment of two unrelated structures in
the Hubble flow cannot be rejected.

If the two structures are a chance alignment then they are separated by ~
23 Mpc. This does not preclude that at some later epoch the two structures will
interact. We try to determine whether two massive haloes separated by ~ 23 Mpc
at z ~ 3 will merge before z = 0 by using the Millennium simulation. Only the
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most massive haloes at z ~ 3 are considered, because the estimated mass of the
0316 protocluster is large (~ 5 x 10 Mg, V05) and the foreground structure seems
to have a similar mass. Using a lower limit of 2 x 1013 My, we find a total of 20 halo
pairs with relative distances between 20 and 25 Mpc. For the majority of the pairs
the separation decreases, but none reach separations smaller than 8 Mpc. None of
the pairs therefore interact or merge before z = 0. Thus, if the two structures in
the 0316 field are not interacting at z ~ 3, then it is likely that there will be no
interaction between the structures on the timescale of ~ 10 Gyr.

4.5 Conclusions

We have presented spectroscopic follow-up to the work of Chapter 3. We have ob-
served a total of 24 LBG candidates that are located in the field of the protocluster
around MRC 0316-257 at z = 3.13. By obtaining spectroscopy for the LBG can-
didates we have been able to distinguish between field and protocluster galaxies.
This in turn allows us to make a self-consistent comparison between the field and
protocluster galaxy samples.

1. We determine redshifts for 20 out of 24 objects, finding that all objects are
located between 2.7 < z < 3.5. This implies an interloper fraction of at most
~ 17 per cent. Out of the 20 confirmed objects, 5 are located at z ~ 3.10
and 3 at z ~ 3.13. The number of 0316 protocluster objects is too small to
account for the surface overdensity presented in Chapter 3, but is consistent
with the presence of two structures; the 0316 protocluster at z ~ 3.13 and a
foreground structure at z ~ 3.1. The presence of such a foreground structure
was already hypothesised in Maschietto et al. (2008).

2. The presence of the foreground structure implies that the volume overdensity
of LBGs presented in Chapter 3 is overestimated. Instead of the previously
determined overdensity of 8, the true volume density is a factor ~ 4 larger
than the field. We also estimate that the foreground structure is of equal
mass and richness as the 0316 protocluster.

3. The spatial distribution of the foreground and 0316 LBGs shows two distinct
density peaks: one centred on the radio galaxy and a stronger peak located in
the North-West corner of the field. This latter stronger peak coincides with a
concentration of foreground objects indicating that the foreground structure
is not directly in front of the 0316 protocluster. A 2D Kolmogorov-Smirnov
test confirms this, indicating that the spatial distributions of the 0316 and
foreground LBGs differ at the 3o level.

4. There are no systematic differences between the protocluster galaxies and
field galaxies in terms of mass. Stacking the spectra shows that the galaxies
associated with the 0316 protocluster have stronger Lya emission than the
field galaxies, whereas the galaxies in the foreground structure show very lit-
tle Lya emission. However, considering the limited sample size this is likely
due to statistical fluctuation. Combining the galaxies in the two structures
in one composite sample shows no difference with respect to the field. This
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implies that, based on these data, there is no discernible evidence for envi-
ronmental effects on galaxy evolution at z ~ 3. The equivalent width of the
Ci1 absorption line, on the other hand, is larger than what would be expected
based on the Lya equivalent width. It is not clear whether this is real or a
statistical fluctuation due to the small sample size. More data is necessary
to see whether this difference persists. Also, the Lyman break is less pro-
nounced in the combined 0316+foreground sample indicating that there is
less absorption by the IGM in these structures.

5. Based on merger dynamics we find that the observed relative velocity at the
observed separation can be reproduced for large masses of ~ 5 x 1014 M, and
starting separations of > 2.5 Mpc. A merger scenario can therefore not be
ruled out. The possibility of a chance alignment can also not be ruled out. If
the structures are unrelated then this implies that the distance between the
structures is ~ 23 Mpc. With such a separation at z ~ 3 it is unlikely that
the two structures will interact before z ~ 0.

The results presented here for the different samples of galaxies should be consid-
ered preliminary. Further spectroscopic observations are necessary to get a better
census of which galaxies are in which of the structures. This will also give better
constraints on the potential differences between the protocluster and field galax-
ies at z ~ 3. Furthermore, extra data will provide stronger constraints on the
merger scenario considered in this work. If additional spectroscopic redshifts result
in smaller separations on the sky and in redshift space, then this may increase the
likelihood of the merger scenario.
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DISCOVERY OF A HIGH-z
PROTOCLUSTER WITH TUNABLE
FILTERS: THE CASE OF
6C0140+326 AT 2 =44

We present the first results obtained using a tunable narrowband filter in the
search for high-z protoclusters. Using the recently commissioned red tunable
filter on the Gran Telescopio Canarias we have searched for Ly« emitters in
a 75 arcmin® field centered on the z = 4.413 radio galaxy 6C0140+326. With
three different wavelength tunings we find a total of 27 unique candidate Ly«
emitters. The availability of three different wavelength tunings allows us to
make estimates of the redshifts for each of the objects. It also allows us to
separate a possible protocluster from structure in the immediate foreground.
This division shows that the foreground region contains significantly fewer
Lya emitters. Also, the spatial distribution of the objects in the protocluster
field deviates from a random distribution at the 2.5¢0 level. The observed
redshift distribution of the emitters is different from the expected distribution
of a blank field at the ~ 3o level, with the Lya emitters concentrated near the
radio galaxy at z > 4.38. The 6C0140+326 field is denser by a factor of 9+5
than a blank field, and the number density of Ly« emitters close to the radio
galaxy is similar to that of the z ~ 4.1 protocluster around TN J1338-1942.
We thus conclude that there is an overdensity of Lya emitters around the
radio galaxy 6C0140+326. This is one of few known overdensities at such a
high redshift.

E. Kuiper, N. A. Hatch, B. P. Venemans, G. K. Miley, H. J. A. Rottgering,
J. D. Kurk, R. A. Overzier, L. Pentericci, J. Bland-Hawthorn, J. Cepa
Monthly Notices of the Royal Astronomical Society, 417, 1088 (2011)
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5.1 Introduction

The identification of the progenitors of local galaxy clusters at z > 2 is a difficult
task. For the interval 1 < z < 1.5, galaxy clusters are most often identified by
infrared red sequence searches or observations of the X-ray emitting intracluster
gas and the number of galaxy clusters at these redshifts is growing steadily (e.g.
Stanford et al. 1997; Rosati et al. 1999, 2004; Mullis et al. 2005; Stanford et al.
2006; Muzzin et al. 2009; Brodwin et al. 2010; Bielby et al. 2010). Unfortunately,
these methods become increasingly less effective when moving beyond z = 1.5 as
the number of red galaxies decreases and X-ray emission becomes too faint to be
easily observed. However, if we wish to understand the role of environment on
galaxy evolution and the emergence of large scale structure it is essential to locate
and study galaxy clusters at all possible epochs. Recent results have presented
the spectroscopic confirmation of galaxy clusters with X-ray emission at z > 1.5
(Wilson et al. 2008; Papovich et al. 2010; Tanaka et al. 2010; Henry et al. 2010), with
the current distance record being the galaxy cluster CLJ14494-0856 at z ~ 2.07
presented by Gobat et al. (2011) (but see also Andreon & Huertas-Company 2011).
However, this sample of high-z clusters remains small.

Another successful method of identifying galaxy cluster progenitors at z > 2
is to search for overdensities of line emitting galaxies using narrowband imaging.
These searches are often aimed at fields containing high-z radio galaxies (hereafter
HzRGs, Miley & De Breuck 2008), since these are thought to have large stellar
masses of the order of 10! to 102 M, (Rocca-Volmerange et al. 2004; Seymour
et al. 2007). According to hierarchical galaxy formation, the most massive galaxies
form in the densest environments. The massive nature of HzZRGs thus indicates
that these objects may trace overdensities in the early Universe. In recent years
many studies have focused on finding galaxy overdensities around HzRGs (e.g.
Pascarelle et al. 1996; Knopp & Chambers 1997; Pentericci et al. 2000; Kurk et al.
2004a,b; Overzier et al. 2006; Venemans et al. 2007; Overzier et al. 2008; Kuiper
et al. 2010; Galametz et al. 2010; Hatch et al. 2011). Since these overdensities show
no evidence of X-ray emission (at luminosities > 10** erg s=1) it is thought that
these are forming clusters, not yet dynamically relaxed (Carilli et al. 2002; Overzier
et al. 2005). They are therefore often called ‘protoclusters’.

However, even though the number of spectroscopically confirmed z > 2 HzZRGs
approaches 200, the fraction of these that have been studied for the presence of
galaxy overdensities remains small. This is partly due to the small number of ex-
isting narrowband filters and the fact that the central wavelengths of these existing
filters are often based on strong lines at z = 0, such as [O11]A5007. This severely
limits the redshifts at which protoclusters can be studied and therefore the absolute
number of confirmed protoclusters has remained small.

In this Chapter we present the results of a pilot study that utilizes tunable nar-
rowband filters in the search for line emitting galaxies around the HzZRG 6C0140+326
at z = 4.413 (Rawlings et al. 1996; De Breuck et al. 2001). Tunable filters (TFs)
allow the user to set the central wavelength and width of the narrowband filter.
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TF's use two plane parallel transparent plates coated with films of high reflectiv-
ity and low absorption. By separating the two plates by a small distance of the
order of a ym—mm a cavity is formed which is resonant at a specific wavelength.
Constructive interference at the resonant wavelength then causes all the incident
light at that wavelength to be transmitted. Changing the separation between the
plates then allows the central wavelength or the width of the filter to be adjusted.
TFs therefore alleviate the limitations imposed by a small number of available
narrowband filters at fixed wavelengths and are thus ideally suited for searching
for protoclusters at a range of redshifts. More information and details concerning
tunable filters can be found in Bland-Hawthorn (1995) and Jones et al. (2002).

Similar studies involving the search for line emitting galaxies around z ~ 1
quasars have been successfully performed by Baker et al. (2001) and Barr et al.
(2004). An attempt to use this technique at higher redshifts has led to mixed
results. In work by Swinbank et al. (in prep.), a TF study is presented for two
radio-loud quasars located at z ~ 2 and one radio-quiet quasar at z ~ 4.5. The
z ~ 4.5 field shows evidence for an overdensity, whereas the two z ~ 2 fields lack
depth and do not allow for strong conclusions. With the advent of a TF instrument
at a 8-10 meter class telescope, it has now become possible to obtain sufficiently
deep data to efficiently search for Lya emitters in the environments of HzZRGs at
arbitrary redshifts z > 2.

This chapter is organised as follows: in Sect. 5.2 we describe the data, its
reduction and the object detection. The sample selection and redshift estimation is
treated in Sect. 5.3 and we discuss the evidence for the presence of an overdensity
in Sect. 5.4. Finally, conclusions and future outlook are presented in Sect. 5.5.
Throughout this work we use a standard ACDM cosmology with Hy = 71 km
s~ Mpc~t, Oy = 0.27 and Q4 = 0.73. All magnitudes given in this Chapter are
in the AB magnitude system.

5.2 Data

The radio galaxy 6C0140+326 (hereafter 6C0140) was observed for a total of 18
hours using the Optical System for Imaging and low Resolution Integrated Spec-
troscopy instrument (OSIRIS, Cepa et al. 2000, 2003) at the Gran Telescopio Ca-
narias (GTC), La Palma. OSIRIS consist of two 2048 x 4096 pixel Marconi CCDs
with a 72 pixel gap between the two CCDs. The observations were done on several
dates from September 2010 to January 2011. The 2 x 2 binning mode was used
resulting in a pixel scale of ~ 0.25” pixel ! and a total field-of-view of ~8.7'x8.6'.
The radio galaxy was positioned near the optical centre, approximately 15” from
the left edge of CCD 2. The individual exposures have been dithered with offsets of
approximately 10-12.5” in right ascension and 2-4" in declination. The larger off-
sets in right ascension have been chosen such as to cover the gap of ~ 8 ” between
the two CCDs without losing the radio galaxy in the gap. A full list of details
concerning the observations can be found in Table 5.1.

Broadband images were obtained in the r and ¢ bands. The narrowband images
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Table 5.1 — Details of the observations. The 50 limiting magnitudes have been calculated for
an aperture diameter of twice the seeing disk. Also note that the values given for A.g for the TF
observations are the values at the optical centre.

Band [ Exp. time (sec.) [ Xegr (A) [ AX (A) [ Seeing (arcsec) | 5o limiting magnitude

T 2400 6417 1685 0.8 25.8
i 2100 7719 1483 0.8 24.8
TF1 15680 6565 31.4 0.8 25.1
TF2 15680 6575 31.4 0.8 25.2
TEF3 13440 6585 31.4 0.8 25.1

were obtained at three different central wavelengths A.. This was done because the
central wavelength of the TFs varies across the field of view approximately as

A(r) = Ac (1 —0.0007930r) (5.1)

as given in the OSIRIS TF user manual. Here r is the distance to the optical
centre of the instrument in arcminutes and A, the wavelength at the optical centre.
The maximum FWHM of the TF is 20 A, therefore it was necessary to perform
several passes with different A, in order to cover the entire redshift range of a
possible protocluster. At z ~ 4.4 the Lya line is shifted to 6580 A, so the central
wavelengths were chosen to be 6565 A, 6575 A and 6585 A (hereafter TF1, TF2 and
TF3 for brevity). Note that the redshift of the radio galaxy (z = 4.413) indicates
that it falls between TF2 and TF3.

As noted above, the maximum formal width of the TF is 20 A. However, the
shape of the response curve is Lorentzian rather than Gaussian and is approxi-

mately given by
-1
200 — )17
T=<1 _ 2
{ “{ 5 } } (5.2)

with A, the central wavelength and §\ the formal FWHM. Due to the shape being
Lorentzian, the transmission has relatively extended wings which results in an
effective band width that is larger than the formal value for the FWHM by a factor
of /2. Thus the TF tunings have an effective FWHM of ~ 31 A. Taking this
into account, our observations probe the redshift range 4.386 < z < 4.428 near the
optical centre. The true redshift range that is covered is larger due to the variation
of the central wavelength across the field. The relevant filter response curves are
shown in Fig. 5.1 together with a night—sky emission line spectrum. As can be
seen, the sky line contamination is relatively mild.

5.2.1 Data reduction

The reduction of all the data is done using IRAF'. The reduction of the broadband
images includes the standard steps of bias subtraction and flat-fielding, where the

LIRAF is distributed by the National Optical Astronomy Observatory, which is operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Figure 5.1 — Left panel: Filter response curves for the three TF tunings (solid curves) and the
r band (dashed curve). Right panel: A zoom in of the three TF response curves in order to show
more detail. This panel shows also the approximate area wavelength range where protocluster
galaxies are expected to lie. Also shown in grey in both panels is the night—sky emission line
spectrum (Hanuschik 2003). The minimum wavelength reached at the edge of the field in TF1 is
denoted by the vertical dotted line.

latter is done using sky flats. To remove further large scale gradients a superflat
is made from the unregistered science images. This superflat is smoothed and the
science frames are subsequently divided by the superflat. The flat science images
are then registered with simple offsets in the x and y direction using the IRAF task
XREGISTER and co-added together.

The reduction of the TF images follows the same general outline as that for the
broadband images with two exceptions. The flat-fielding is done with dome flats
and an additional step is included which involves the removal of sky rings. As the
central wavelength of the TF filter varies across the field, skylines shift in and out of
the filter bandpass causing a pattern of alternating bright and faint concentric rings
superimposed on the image. These large scale gradients are of the order 3 to 9 times
the rms noise in the individual images. The rings are removed by subtracting a
smoothed superflat made using the unregistered science exposures. This superflat
is created for each exposure individually as the sky level (and therefore the sky
rings) varies between different nights and airmasses. The individual frames are
subsequently registered and combined. Finally, all fully reduced science images
are registered to the same pixel coordinates using the IRAF tasks GEOMAP and
GEOREGISTER.

Due to the wavelength variation across the field and the dithering there is a
variation in wavelength in each of the individual pixels. This variation is larger
near the edge of the field of view. The wavelength assigned to each pixel in the final
images is the mean of the wavelengths of the pixel in question in the individual
images. This also implies that the effective FWHM of the TF increases when
moving away from the optical centre. This effect is strongest in the right ascension
direction because the dithering steps are larger in this direction, with a maximum
increase of ~ 50 per cent at the very edges of the images.

Flux calibration for both broad and narrowband imaging is achieved using stan-
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dard star observations obtained at the end of each observing block of 1 hour. The
standard stars used for the TF flux calibration have full SEDs available allowing
flux calibration at the exact wavelength of each of the TF observations. A further
independent check of the flux calibration of the TF observations is obtained using
the broadband data. The r and ¢ magnitudes of all objects in the science frames
with 19 < r < 23 are measured. Then, assuming a power law spectral energy
distribution, the magnitudes of these objects at the wavelength of interest are de-
termined. The median zeropoints derived with this method deviate by -0.1, -0.04
and +0.005 magnitude with respect to the standard star zeropoints of TF1, TF2
and TF3. The larger deviation for TF1 and TF2 are likely due to the stronger
presence of the Ho absorption line at 6563 A.

The final reduced and coadded TF images show some artifacts of the reduction.
The sky ring subtraction is not optimal due to the applied smoothing and therefore
a residual ring pattern remains in the final images. Also the unique properties of
the TF lead to pupil ghosts near bright stars. Point source ghosts, however, are not
present in the final TF images. The dithering results in an offset in point source
ghosts opposite to the actual offset. When combining the individual images the
point source ghosts will therefore be removed.

5.2.2 Source detection and photometry

Object detection and photometry are done using SEXTRACTOR (Bertin & Arnouts
1996) in double image mode. We create three different catalogues based on each
of the three TF tunings. A detection is defined as a minimum of 9 adjacent pixels
that each exceed the 20 rms noise. Colours are measured using the 20 isophotal
apertures as determined from the respective detection image whereas total magni-
tudes are measured using SEXTRACTOR’s MAG_AUTO apertures. Image depth and
uncertainties on the photometry are determined using the method of Labbé et al.
(2003).

Completeness of the image is measured by adding point sources of a range of
magnitudes to the respective images after which source extraction is repeated and
the number of recovered objects is assessed. To avoid overcrowding the image we
limit the number of added objects to 150 per magnitude. This process is repeated
10 times in order to obtain better statistics. We find that the data is 50 per cent
complete for point sources down to r=26.0, TF1=25.1, TF2=25.1 and TF3=25.0
magnitudes.

5.3 Results
5.3.1 Selection of LAEs

For each of the three TF tunings a separate sample of Ly« emitters (hereafter
LAEs) is selected. The criterium for identifying LAEs is based on the colour-
magnitude diagrams of the 6C0140 field as shown in Fig. 5.2. The galaxies with
line emission at the relevant redshift will show an excess of flux in the TF band
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relative to the r band flux. Most objects do not have emission lines in the TF and
thus have r — TF ~ 0. The rms scatter around r — TF ~ 0 at TF ~ 24 — 25 mag
is ~ 0.15. For an object to be identified as LAE we require at least a 50 deviation
from r — TF ~ 0 and thus that r — TF > 0.75.

This excess flux relates to an observed line equivalent width using the relation-
ship
AN AApp [1 — 10704 =TH)]

EW()bS = [A)\TIO—OA(T’—TF) — A)\TF}

(5.3)

from Bunker et al. (1995). Here A\ is the FWHM of the filter in question and r
and TF are the measured magnitudes in the broad- and narrowband respectively.
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The restframe equivalent width EW, is obtained by dividing by (1 + z). Note
that this relation does not account for IGM absorption. For LAEs at z ~ 4.4 this
implies that EWq,s and EW, are overestimated by a factor of ~ 1.5 — 2. We will
return to this correction factor in Sect. 5.3.2.

Using Eq. 5.3, the colour cut corresponds to approximately EWops > 32 A at
the optical centre of the field. However, as described in Sect. 5.2.1, the dithering
results in an effective broadening of the TF when moving away from the optical
centre. At the West and East edges of the image the increase in effective FWHM
is ~ 50 per cent, thus the equivalent width cut varies approximately between
EWyps > 32 A and EW,,s > 48 A across the field.

The equivalent width cut used in this work is less stringent than the more com-
monly used EWqps > 80 A. This is because the TF is narrower than conventional
narrowband filters, thus allowing for lower equivalent width objects to be included.
We further require that the error parameter % > 3, i.e. the excess flux is at least
three times larger than the combined noise of the measured broad- and narrowband
fluxes. Finally, due to the artifacts present in the images we visually inspect all of
the objects that satisfy the above criteria and discard any spurious detections.

As can be seen from Fig. 5.2, there is a significant number of objects located in
the selection area that are not identified as being LAEs. Visual inspection shows
that these objects are likely spurious detections because they are often found in
the sky ring residuals, have unphysical shapes, coincide with the pupil ghosts or
are located near bright stars and saturation spikes. These objects are therefore
not included in the candidate LAE sample. Figure 5.3 shows the regions of the
image where most of these spurious are located, i.e. the sky rings and the pupil
ghosts. Also shown are the locations of bright stars and portions of the image that
are affected by vignetting. The bright stars cover ~ 4 per cent of the field and
therefore do not influence any of the conclusions presented in this work.

Other objects in the selection area may actually have ¥ < 3. Individual values
of 3 depend on the aperture size for each object. The ¥ = 3 curves shown in
Fig. 5.2, however, are calculated for a fixed aperture size that is taken to be the
median aperture size of the LAEs. Thus individual objects inside the selection area
may have ¥ < 3 or vice versa.

For the TF1 filter, which probes exclusively z < 4.407, we find a total of 13
candidate LAEs, including the radio galaxy which has EW,,s = 88.3 A. This is
smaller than expected as visual inspection of the TF1 image indicates that the
radio galaxy does have a strong narrowband excess. However, the Lya emission is
extended and coincides with a z ~ 0.9 foreground galaxy (Rawlings et al. 1996).
This results in strong contamination of the r band flux and therefore the expected
narrowband excess is significantly diminished. To alleviate this problem we use
the r band to define the colour apertures for the radio galaxy. This results in
EWeps = 217 A indicating that the presence of the foreground galaxy is indeed
important.



Table 5.2 — Coordinates and magnitudes of the detected LAEs. The table is divided in three sections. The objects in the first section are

brightest in TF1 and so forth. *The radio galaxy. The r band was used as the detection image for this object.

ID | RA | Dec. | Detected in | r | TF1 | TF2 | TF3
#1 01:43:58.2 | +32:49:49.8 TF1 27.24+0.8 24.940.2 25.34 £ 0.3 26.3 £ 0.6
#2 01:43:44.6 +32:49:42.6 TF1 23.14+0.1 21.87 +0.04 22.55 + 0.06 22.94+0.1
#3 01:43:44.8 | +32:57:06.0 | TF1,TF2,TF3 26.74+ 0.4 24.74+0.1 25.0 4+ 0.2 25.440.2
#4 01:43:38.9 | +32:53:37.2 TF1,TF2 > 27.5 24.940.2 25.24+0.2 25.74+ 0.3
#5 01:43:38.3 | +32:49:58.3 TF1 24.6 £ 0.1 23.74+0.1 23.94+0.1 24.2 4+ 0.2
#6 01:43:35.7 | +32:54:36.0 TF1 25.74+0.2 24.74+0.1 25.1 4+ 0.2 25.44+0.3
#7 01:43:35.4 | +32:52:11.5 TF1 26.7+0.3 25.3+0.2 25.8+ 0.2 25.8+ 0.2
#8 01:43:24.8 | +32:54:09.5 TF1,TF2 26.5+0.4 24.34+0.1 25.44+0.3 25.1 4+ 0.2
#9 01:43:45.9 | +32:53:58.0 TF1,TF2 25.94+0.2 24.44+0.1 24.44+0.1 24.8 +£0.2
#10 01:43:43.3 +32:52:08.1 TF2,TF3 27.44+1.0 25.54+0.3 24.6 £ 0.1 24.8 £ 0.2
#11 01:43:42.1 | +32:55:27.6 TF2 23.7+0.1 23.14+0.1 22.84+0.1 23.14+0.1
#12 01:43:41.5 +32:54:17.2 TF1,TF2,TF3 26.6 = 0.5 25.34+0.3 24.3 4+ 0.1 24.5 4+ 0.2
#13 01:43:41.4 | +32:53:49.3 | TF1,TF2,TF3 25.6 £ 0.3 24.6 £0.2 24.0+0.1 24.44+0.1
#14 01:43:41.0 | +32:53:48.5 TF2 27.24+0.5 26.0+0.3 25.7+ 0.2 26.3+ 0.4
#15 01:43:40.2 +32:55:02.5 TF2,TF3 25.94+0.4 24.74+0.2 23.94+0.1 24.1 +0.2
#16 01:43:38.0 | +32:49:51.9 | TF1,TF2,TF3 22.94+0.1 22.19 £ 0.07 | 21.85£0.05 | 22.35+ 0.08
#17 01:43:59.8 | +32:52:16.2 TF3 25.14+0.1 25.04+0.2 24.8 +£0.1 24.24+0.1
#18 01:43:56.4 | +32:54:41.1 TF2,TF3 > 27.5 26.2+ 0.3 25.7+ 0.2 25.5+ 0.2
#19 01:43:44.8 | +32:56:01.9 TF3 26.7+£0.2 26.74+ 0.4 27.0+ 0.5 25.3 4+ 0.1
#20 01:43:43.9 | +32:52:28.6 TF3 > 27.5 275+ 1.6 25.7+ 0.3 24.9+ 0.1
#21% | 01:43:43.8 | +32:53:49.9 | TF1,TF2,TF3 | 23.65 £0.05 | 21.54 +0.01 | 20.91 £0.01 | 20.75 4+ 0.01
#22 01:43:38.0 | +32:52:00.9 TF3 25.8+ 0.1 25.8+ 0.2 25.6 + 0.2 24.9+ 0.1
#23 01:43:36.1 | +32:55:00.9 TF2,TF3 24.04+0.1 23.84+0.1 23.17 £ 0.05 | 23.13 £0.05
#24 01:43:33.3 +32:54.09.0 TF3 25.6 0.2 26.1 +0.5 25.2 4+ 0.2 24.6 £ 0.1
#25 01:43:27.3 | +32:51:32.4 TF3 27.14+0.5 275+ 1.4 25.7+ 0.3 25.1+0.2
#26 01:43:26.6 | +32:52:17.3 TF3 25.74+0.2 27.14+0.9 25.5 4+ 0.2 24.8 4+ 0.1
#27 01:43:25.9 | +32:52:01.8 TF3 26.0 0.2 26.4 + 0.6 25.9+0.3 25.1+0.2

SHNSAY §°G U0Y9IG
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Figure 5.3 — A mask of the
6C0140 field showing the loca-
tion of regions with large num-
bers of spurious detections and re-
gions where source detection is im-
peded. The large grey and black
rings are the approximate loca-
tions of the sky rings in TF1 and
TF3, respectively. For TF2 the
sky rings fall in between the two
sets shown here. The small black
arcs denote the locations of the
pupil ghosts, whereas the filled cir-
cles denote the location of bright
stars. The two light grey regions
at the left side of the image are af-
fected by vignetting and therefore
not considered.

The TF2 band at 6575 A reveals a total of 14 candidate LAEs, including the
radio galaxy with EWq,s = 470 A. Eight of the LAEs have been identified in TF1
as well.

Finally, a total of 17 objects are identified as being candidate LAEs in the TF3
band at 6585 A. Again, the radio galaxy has been included and its equivalent width
is highest in TF3 with EW,ps = 578 A. Out of the remaining galaxies eight have
not been detected in TF1 or TF2, thus yielding a total number of 27 unique LAEs
(including the radio galaxy) in the field of 6C0140. The properties of the emitters
are listed in Table 5.2 and Table 5.3.

5.3.2 Redshift distribution

Having the multiple tunings of the TF means the redshift of the LAEs can be
constrained to a greater accuracy than with a single narrowband image. This allows

us to investigate the approximate redshift distribution of the candidate LAEs in
the field.

In order to obtain the best possible estimated redshifts we model what the effect
is of a variety of weighting schemes. We model a simple flat spectrum (8 = —2)
with an emission line with restframe FWHM of 250 km s~! or 500 km s~! at
certain wavelengths in the range 6555 < A < 6595 A. These values for the FWHM
are consistent with the values found for 80 to 90 per cent of LAEs around HzRGs
(Venemans et al. 2005, 2007). Absorption by the IGM is taken into account using
the Madau (1995) recipe. The modeled spectra are then convolved with the TF
response curve as given in Eq. 5.2 with A. = 6565, 6575 and 6585 A. Using the



Section 5.3. Results 115

fluxes in each of the TF tunings we then derive estimates for the wavelength of the
emission line.

The results of this process are shown in Fig. 5.4. We show two different weight-
ing schemes which can be given in general form as

Yiz1,3wiFi N

Aeff = .
Yiz1,swi F;

(5.4)
Here i is TF1, TF2 or TF3 respectively, F; is the flux in the respective bands, A; is
the central wavelength of the tuning in question at the relevant location in the field
and w; is a weighting factor. The black data points represent the case of w; = 1
for all bands and the red data points denote the results obtained for

w; = o Fi/min(Fre1, Fres, Frrs) (55)

As noted above, the results shown in Fig. 5.4 are obtained when using the central
wavelength values of the optical centre, i.e. Arp; = 6565 A, ATr2 = 6575 A and
Arrs = 6585 A. However, the wavelength shift acts on each tuning identically
and thus the qualitative behaviour shown in Fig. 5.4 is valid for the entire field,
irrespective of wavelength shift.

We see that the more involved weighting scheme yields better results for almost
all redshifts. However, for both weighting schemes the largest discrepancy between
the input and output redshifts is at either end of the investigated redshift range.
This is to be expected, because no data is available to bracket the existing tunings,
hence skewing the output redshift towards a central value. The more elaborate
weighting scheme alleviates this slightly, but does not yield full agreement. Fig-
ure 5.4 also shows that the results of the two weightings schemes are fairly robust
with respect to the choice of restframe FWHM.

The redshifts obtained when using the weights as described in Eq. 5.5 are listed
in Table 5.3. Uncertainties have been calculated by varying the measured fluxes
according to their respective uncertainties and recalculating Aeg. An additional
systematic uncertainty was added in quadrature to take into account the limitations
of the weighting scheme. This systematic uncertainty is based on the bands in
which the object is detected and the offset from the input redshift implied by this
as measured from Fig. 5.4. Finally, to account for the variation in wavelength in
each pixel we add an additional location-dependent uncertainty in quadrature.

None of the LAEs are located at larger redshifts than that of the radio galaxy.
This is a selection effect as the highest value of \. is 6585 A whereas the Lya line
for zrg = 4.413 falls at ~ 6580 A. Combined with the wavelength shift towards
shorter wavelengths across the field this means that the observations are biased
towards redshifts lower than the redshift of the radio galaxy. Also, note that the
estimated redshift of the radio galaxy is only marginally inconsistent with the
spectroscopic redshift of z = 4.413. The slight underestimate with respect to the
spectroscopic redshift is possibly due to the fact that we modeled the Ly« line with
a maximum FWHM of 500 km s~!, whereas the line is observed to have a FWHM
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Table 5.3 — Properties of the detected LAEs. * EW,,¢ calculated using Eq. 5.3, whereas EWj

is calculated using the method of Venemans et al. (2005). bEWobs, EWo, ¥ and Fryq for the
radio galaxy are calculated on the basis of TF3. The horizontal dividers are as in Table 5.2.

1D | EWons/EWy (A)° | > | Fiya (ergs™t cm ™ ?) | Zeff
#1 411/36.2 5.2 1.4x10° 17 4.31075:005
#2 84.5/9.1 17.9 9.0 x 10717 4.33710.502
#3 209/24.7 6.8 1.7 x 10717 4.3521050%
#4 463/ > 49.8 6.2 1.7 x 10717 4.39410-000
#5 47.6/8.0 5.0 2.3 x 10717 4.34010:009
#6 60.3/6.5 4.8 1.5 x 10717 4.38010:00°
#7 96.9/13.0 4.7 1.8 x 10717 4.37710008
#8 266/29.6 8.9 2.2 x 1077 4.32710:002
#9 106/11.7 6.7 1.9 x 10717 4.40470 007
#10 552/61.5 6.9 1.5 x 10717 4.39910-003
#11 47.5/5.0 10.3 3.7x 1077 4.39110-000
#12 299/31.0 7.4 2.5 x 10717 4.40475:003
#13 122/12.9 7.2 3.7%x107Y7 4.40475:002
#14 120/12.4 3.5 7.0 x 10718 4.40319:00%
#15 225/23.5 7.8 4.3 x107%7 4.39570:003
#16 68.8/7.1 12.3 1.1 x 10716 4.34010 005
#17 52.0/4.5 5.8 11x 10717 4.3687) 002
#18 247/ > 25.9 5.0 1.1x 10717 4.385T0-000
#19 96.8,/10.0 6.0 5.5x 10718 4.38710 003
#20 434) > 450 | 64 1.9 x 1077 4.409%0:007
#21° 578/75.0 95.5 3.6 x 1071 4.41270 901
#22 47.3/4.5 5.0 6.9 x 10718 4.39410-008
#23 45.6/4.6 8.7 2.8 x 10717 4.38810 005
#24 65.5/5.9 4.8 1.6 x 10717 4.38810 003
#25 300/24.3 5.2 1.8 x 10717 4.33910 002
#26 68.2/5.8 5.3 9.6 x 1078 4.34419-009
#27 57.8/5.3 3.2 1.0 x 10717 4.33910-002
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Figure 5.4 — Upper panel: Out-
put versus input redshift when
using the two different weighting
schemes tested on modeled Lya
spectral lines. The solid curves in-
dicate the results obtained when
using w; = 1, whereas the dia-
monds denote the results obtained
with the weights described as in 4405 P
Eq. 5.5. Black and red indicate
restframe FWHM of 250 km s~—! 4.400
and 500 km s~!, respectively.

Lower panel: Difference between 4395
the output and input redshifts.
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of ~ 1500 km s~! (Rawlings et al. 1996; De Breuck et al. 2001). A larger line
width will introduce stronger systematic uncertainties that have not been taken
into account in the case of the estimated redshift of the radio galaxy. This may
therefore account for the discrepancy.

The redshift estimates can be used to correct the equivalent width values for
IGM absorption. As discussed in Sect. 5.3.1, Eq. 5.3 does not take this into account
and underestimates the r continuum flux density. Therefore EW,,s and EWj are
overestimated. The corrections are calculated following the method of Venemans
et al. (2005). The resulting corrected restframe equivalent widths and correspond-
ing Lya fluxes are listed in Table 5.3. The difference between EWq,s and EWj is
typically a factor ~ 10. This is consistent with a factor (1+ z) in combination with
a factor ~ 1.7. Here the latter factor originates from the fact that a larger portion
of the r band flux is absorbed by the IGM compared to the TF flux. The exact
factor varies between ~ 1 — 2 and depends on the location of the line within the
filters and therefore both the redshift of the object and its position in the field.

5.3.3 Contamination

One of the larger caveats of using narrowband imaging to select high-z emission
line galaxies is that the final sample may be contaminated by low-z interlopers
that have a strong emission line falling in the narrowband. For our study the
most likely interlopers are [O11] emitters at z ~ 0.76 or [O111] emitters at z ~ 0.3.
Spectroscopic follow-up is needed to accurately determine the success rate of the
sample presented in this work. However, based on previous spectroscopic studies
of z ~ 4 narrowband surveys the expected number of interlopers in our sample
can be estimated and it can be determined whether the results presented here are
robust when this is taken into account.
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We base our estimate of the success rate on the studies of HzZRG TN J1338-
1942 (hereafter 1338) by Venemans et al. (2002, 2007), the field study at z ~ 4.5 by
Dawson et al. (2007) and the study of the LAEs around z ~ 5.2 HzZRG TN J0924-
2201 by Venemans et al. (2004). The success rates in each of these works are fairly
similar to each other, ranging from ~ 75 per cent to ~ 95 per cent depending on
whether non-detections are counted as non-confirmations. To investigate the ‘worst
case scenario’ we use for our sample the minimum success rate of 75 per cent.

5.4 Does 6C0140+326 reside in a protocluster?

Based on our sample of LAEs we determine whether there is an overdensity around
6C0140. Due to the wavelength shift across the field, part of the observed field can
act as a control field.

In Fig. 5.5 the spatial distribution of the LAEs is shown. Also shown are
two concentric circles indicating the boundaries of two fields: the inner circle of
~ 12.5 arcmin? and the annulus of ~ 16.3 arcmin?, respectively. The central field
covers the redshifts closest to the radio galaxy and can therefore be considered a
possible protocluster field. The annulus outside this field delimited by the dashed
circle probes lower redshifts and is considered to be field environment. To make the
distinction between protocluster and foreground stronger we will only consider TF2
and TF3 detected objects (diamonds and asterisks) in the central field, whereas
in the annulus only TF1 detected objects are considered (squares). This selection
effectively means we are limited to z > 4.38 in the central field and z < 4.38 in the
annulus. Furthermore, the width of the TF does not change significantly across
the central field and the annulus. Since we only consider TF1 in the annulus, the
physical depth of the annulus is thus ~ 1.3 times smaller. We thus require the
area of the annulus to be larger by the same factor to have the same volume in
each of the fields. We find 9 objects (excluding the radio galaxy) in the possible
protocluster field versus 2 in the foreground field. This thus indicates that there is
a concentration of LAEs near to the radio galaxy.

It is striking that almost all of the objects within the protocluster field are
located west of the radio galaxy in a North-South filamentary structure. We test
whether the spatial distribution is consistent with a random distribution by ap-
plying a two dimensional Kolmogorov-Smirnov test. There is a probability of 0.01
that the distribution as shown in Fig. 5.5 is drawn from a random distribution.
The distribution is thus different from random at the ~ 2.5¢ level. This further
indicates that the LAEs are clustered.

Since our control field is not very large, it is susceptible to cosmic variance. To
better quantify the overdensity of LAEs around the radio galaxy, we also compare
it to the blank field LAEs observed by Dawson et al. (2007). Dawson et al. (2007)
presented a differential Lya luminosity function for field LAEs with EWq,s >
80 A at z ~ 4.5. Fitting a Schechter function to the luminosity function using
a fixed value of & = —1.6 they find ®* = (1.7 £ 0.2) x 10~* Mpc™ and L* =
(10.9 £ 3.3) x 102 erg s
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Figure 5.5 — The spatial distribution of the LAEs. Objects detected in TF1, TF2 and TF3
are marked by squares, diamonds and asterisks respectively. Each object is also marked by its
ID number. The location of the radio galaxy is marked by a star. Also shown are two circles
denoting the border of a protocluster field (within the full circle) and a foreground field (between
dashed and full circle).

For the 6C0140 field, if we take into account the overlap between the different
tunings, the total ‘unique’ volume probed by the protocluster field is 1570 Mpc3.
Using the same selection procedure as in Dawson et al. (2007), we find eight emitters
(excluding the radio galaxy) in the central field. We calculate the expected number
of LAEs in the same field (assuming it is a blank field) using the field luminosity
function. The expected number of LAEs is found to be 0.9704 with the uncertainty
derived from the uncertainties on ®* and L*. Here we use the Lya flux of the
faintest emitter with EWps > 80 A (#14) in the protocluster field as lower limit
(7.0 x 10718 erg s7! cm™2, this equals L = 1.4 x 10*? erg s~ for the cosmology
used by Dawson et al. 2007). We therefore find that the 6C0140 field is denser
than a blank field by a factor 9 + 5, where the uncertainty is based on Poisson
statistics and the uncertainty on the expected number. Defining galaxy overdensity
as 0g = Neluster/Mheld — 1, we thus find a galaxy overdensity of 8 £ 5.

Using the overdensity in 6C0140 protocluster field we can make a rough estimate
of the mass contained in this central field. As in Venemans et al. (2005) we use the
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relation
M =pV (1 + %) (5.6)

with p the mean density of the Universe, V' the comoving volume considered and b
the bias parameter which relates the galaxy overdensity to the matter overdensity.
Following Steidel et al. (1998) and Shimasaku et al. (2003) we use b = 3 — 6. Using
p = 3.5 x 10'° My Mpc~2 and V = 1570 Mpc? a mass of 0.8 — 2.9 x 10** M, is
found. This is a strict lower limit to the mass of the entire overdensity because the
true extent of the protocluster is likely larger than what is indicated by the central
protocluster field.

We also determine whether the number density and redshift distribution of
LAEs in the 6C0140 field are consistent with that of a z ~ 4 protocluster. How-
ever, the number of known protoclusters above z = 4 is limited. One of the few
spectroscopically confirmed cases is the protocluster around 1338 at z ~ 4.1. Ven-
emans et al. (2002) and Venemans et al. (2007) have shown that the field around
the radio galaxy is denser in LAEs than a blank field by a factor of 4.8%}-1. Also,
Overzier et al. (2006) provided evidence for a relatively large number of Lyman
Break Galaxies (LBGs) in this field.

Venemans et al. (2007) found a total of 54 LAEs with EW, > 15 A in a field of
79.7 arcmin? around 1338. The narrowband filter used was a custom filter with A\, =
6199 A and a FWHM of 59 A (hereafter NB620 for brevity), i.e. approximately
twice as wide as the TF tunings used in this study. This difference in width
implies that the same emission line, at the respective proper redshifts, will yield
a brighter magnitude in the TF. Applying the 50 per cent magnitude limits to
the 1338 catalogue will therefore not yield a proper comparison. The recovered
Lya flux is, however, relatively independent of filter width. We therefore use a cut
of Flya > 7.0 x 107! erg s7! em™2. At z ~ 4.1 the width of NB620 implies a
comoving volume of 12292 Mpc3. Applying the Fiy, cut the density of LAEs in
the 1338 field is found to be 3.6 x 1073 Mpc—3.

Applying the Venemans et al. (2007) selection criteria and excluding the radio
galaxy, we find a total of 5 unique LAEs with EW, > 15 A in the central proto-
cluster field. With a volume of 1570 Mpc?® the density of candidate LAEs is thus
(3.2 £ 1.4) x 1073 Mpc~2 where we used Poisson statistics for the 1o uncertainty.
Thus the number density of LAEs around 6C0140 is comparable to that in the
1338 protocluster.

The velocity distribution of the spectroscopically confirmed 1338 LAEs have
a FWHM of 625 4 150 km s~!. This is very narrow with respect to local galaxy
clusters, but it is in agreement with the trend of decreasing velocity dispersion with
increasing redshift (Venemans et al. 2007).

The estimated redshifts of the candidate LAEs are compared to the expected
redshift range of the protocluster in the lower panel of Fig. 5.6. Note that the
location of the protocluster region does not coincide with the redshift of the radio
galaxy. Instead we have chosen the redshift of the protocluster such that the
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Figure 5.6 — Lower panel: the estimated redshifts of the individual objects with their respective
uncertainties. The dark shaded region represents the redshift interval the protocluster would have
based on the 1338 velocity distribution, whereas the light shaded region takes into account the
1o uncertainty. The protocluster region is chosen such as to maximise the number of protocluster
candidates. The spectroscopic redshift of the radio galaxy (z = 4.413) is marked by the vertical
dashed line. The dotted line at z ~ 4.38 indicates the approximate redshift limit set by the edge
of the circular protocluster field as shown in Fig. 5.5. Upper panel: distribution of the estimated
redshifts. Also shown is a curve that indicates how the effective selection area varies as function
of redshift.

number of LAEs consistent with being in the protocluster is maximised. This
results in an offset with respect to the radio galaxy of Az = 0.0084 or Av ~
465 km s~!. This is consistent with what is observed in the 1338 protocluster
where the 1338 radio galaxy is redshifted by 440 km s~ (Az = 0.0075) with
respect to the majority of the confirmed line emitters. Thus the radio galaxy does
not have to be at the centre of the structure in redshift space. In the situation as
shown in Fig. 5.6 a total of 10 LAEs are consistent with being in the protocluster.
This number decreases to 4 when we assume that the protocluster is centred on
the radio galaxy. Note that a similar displacement of the radio galaxy with respect
to the bulk of the galaxies is seen for the spatial distribution of both the 6C0140
and 1338 fields. Both radio galaxies are located not at the centre of the spatial
distribution of emitters, but more at the edge.



122 Protoclusters with tunable filters

Also shown in the upper panel of Fig. 5.6 is the distribution of the estimated
redshifts and a curve that indicates how the effective selection area varies as func-
tion of redshift. The area was estimated by determining the portion of the image
for which Ajow < A < Apigh With Ajow and Anign being respectively the lower edge of
the TF1 tuning and the upper edge of the TF3 tuning. The curve indicates that,
based on the effective selection area, we would expect the majority of the objects
to have 4.35 < z < 4.39. However, we find a disproportionately large number of
objects at z > 4.38 indicating that there is some concentration of LAEs close to the
redshift of the radio galaxy. Applying a Kolmogorov-Smirnov test we determine
that there is a probability of 4 x 1073 that the observed distribution is drawn from
the expected distribution. The two distributions therefore differ at the ~ 30 level.

The top panel of Fig. 5.6 also shows that we are unable to observe objects that
are located at z > 4.42. This makes the reported overdensity of 8 + 5 difficult
to interpret. It may be that the protocluster structure extends beyond z > 4.42.
If this is the case, then the true overdensity may differ from the value presented
here. Likewise, if the distribution of A; of the TFs had been chosen to probe larger
redshift values, then such a blueshifted overdensity as found for 6C0140 may be
underestimated or even missed altogether.

How do our results hold up when we account for the estimated contamination
fraction discussed in Sect. 5.3.37 In both the comparison with a blank field and
the comparison with a z ~ 4.1 protocluster we found 8 emitters in the 6C0140
field. Based on the minimum success rate of 75 per cent we therefore expect two
interlopers in our ‘protocluster’ sample. Redoing the comparison with a sample of
six emitters the following results are obtained. In the comparison with the blank
field of Dawson et al. (2007) it is found that the 6C0140 field is denser by a factor of
7+ 4. Thus the 6C0140 field harbours an overdensity of d; = 6 &= 4. The corrected
number density in the 6C0140 field is (2.5 £ 1.3) x 1072 Mpc~—3, which is also still
in agreement with the 1338 field. The results presented here are therefore valid
when contamination is taken into account and we conclude that the 6C0140 field is
similarly overdense as the 1338 protocluster. This indicates that it may evolve into
a massive galaxy cluster at z = 0. Furthermore, this result supports the hypothesis
that HzRGs are good tracers for galaxy overdensities in the early Universe.

5.5 Conclusions & outlook

We have presented the first search for high-z protoclusters employing tunable nar-
rowband filters. This pilot study focuses on the radio galaxy 6C01404-326 at
z ~ 4.4. Using a combination of three TF tunings we find a total of 27 unique
LAESs in the field around 6C0140+4-326. Division of the field in a protocluster and
a foreground field shows that the protocluster field contains significantly more ob-
jects than the foreground field. This indicates that there is a concentration of LAEs
near the redshift of the radio galaxy.

A comparison to a blank field shows that the 6C0140 protocluster field contains
an overdensity of 8 £ 5. The number density in the protocluster field is also com-
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parable to that found in the 1338 protocluster at z ~ 4.1. Both these results are
robust when taking into account the possible presence of interlopers.

With the availability of three separate TF tunings we also estimate the redshift
distribution of the LAEs. Using results obtained for the 1338 protocluster we find
that 4-10 of the LAEs have redshifts consistent with being in a redshift interval
spanned by a typical z ~ 4 protocluster. Also, the redshift distribution is different
at the 3o level from the expected distribution with a relatively large number of ob-
jects at z > 4.38. This further strengthens the notion that there is a concentration
of LAEs near the radio galaxy.

These results are further evidence that HzRGs pinpoint high density regions in
the early Universe. The overdensity around 6C0140 may collapse at a later time to
form a structure similar to a local galaxy group or cluster. Spectroscopic follow-up
is needed to confirm this result.

We have shown that tunable filters are an excellent method of confirming
the presence of protoclusters around HzRGs at any redshift. At the moment
the wavelength range accessible to the red TF used in this study is limited to
A > 6500 A and therefore z > 4.3. However, a blue TF covering the wavelength
range A < 6500 A will be commissioned in the near future. This will open up the
redshift range 2 < z < 4 which is where most of the known HzRGs are located.
Our allocated GTC ESO large programme can then significantly expand the sam-
ple of protoclusters across cosmic time and this would allow an in-depth study of
the evolution of these structures.
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DISSECTING THE LIGHT FROM HIGH
REDSHIFT RADIO GALAXIES

We present deep multicolour Hubble Space Telescope images of two powerful
z ~ 2.5 radio galaxies, MRC 0406-244 and TX 0828+193, that appear to be
undergoing active galactic nucleus (AGN) feedback. These galaxies consist
of several clumps and filaments that extend for tens of kpc along the radio
jets. We decompose the emission into several components and find that the
extended emission seems to result from scattered AGN light, nebular emission
and possibly from ultraviolet light from young stars and is likely to last only
as long as the lifetime of the radio source (10 Myr). In each case the red, and
likely older, stellar population is concentrated in a single central region that
is not elongated along the radio jet axis. The lack of a disturbed morphology
in the red stellar population suggests that no major merger has taken place
on the timescale of the young radio emission (~ 10 Myr). The galaxies
have optical half-light radii of r. ~ 2 — 3kpc and thus are similar in size
to other massive high redshift galaxies. If the scattered AGN and nebular
light are not removed from the rest-frame optical images, then the effective
radii increase by 65%, and the radio galaxies appear larger than typical high
redshift galaxies of similar mass. Therefore, beneath the illuminated extended
material, these radio galaxies appear to have similar sizes and reside in similar
environments as other massive high redshift galaxies.

N. A. Hatch, E. Kuiper, G. K. Miley, H. J. A. Rottgering, C. De Breuck, H. Ford,
J. D. Kurk, R. A. Overzier, J. Schaye, B. P. Venemans, A. W. Zirm.
To be submitted to the Monthly Notices of the Royal Astronomical Society.
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6.1 Introduction

High redshift radio galaxies (HzRGs) are among the brightest known galaxies in the
early Universe and are unique laboratories for studying massive galaxy formation.
However, many of their properties appear to differ from other distant massive
galaxies. HzZRGs appear larger than passive or sub-milimetre galaxies at the same
redshift (Targett et al. 2011). They comprise several clumps extending over tens of
kpc in both the rest-frame ultraviolet (UV) and optical (e.g. Pentericci et al. 1999,
2001), and their extended emission is often aligned with the radio jets (McCarthy
et al. 1987; Chambers et al. 1987). HzRGs are usually surrounded by giant Ly«
halos of hot gas that can extend for hundreds of kiloparsecs.

The properties of HzRGs, and the fact that several are located within proto-
clusters (Venemans et al. 2007), led to the suggestion that these galaxies are the
progenitors of brightest cluster galaxies (Miley & De Breuck 2008) and are thus a
separate population to other massive galaxies. However, since these galaxies are
caught in a short-lived but very luminous phase of AGN activity, their morphology
and other properties may be distorted by this activity.

The Spiderweb galaxy (MRC 1138-262) at z = 2.2 is a powerful HzZRG that
differs from other massive galaxies at the same epoch. It resides in one of the
densest z > 2 protoclusters (Kurk et al. 2000), it is surrounded by tens of galaxies
that could merge with it or form an extended cD halo (Miley et al. 2006; Hatch
et al. 2009), and it is bathed in diffuse UV light emitted from young intergalactic
stars (Hatch et al. 2008). The galaxy is caught undergoing a dramatic feedback
episode in which a significant fraction of the ambient gas in its halo could become
unbound (Nesvadba et al. 2006). Cosmological simulations suggest these feedback
episodes in the early Universe may play an important role in galaxy evolution
(Croton et al. 2006). But are these extreme feedback episodes limited to a special
population of brightest cluster galaxy progenitors, such as the Spiderweb galaxy,
or do they affect other populations with properties more typical of massive distant
galaxies?

We selected two massive HZRGs (MRC 0406-244 and TX 0828+4-193) at z ~ 2.5
that consist of multiple components aligned with the radio jets, which are also
undergoing similarly powerful feedback episodes (Nesvadba et al. 2008). Using deep
high-resolution optical and near-infrared Hubble Space Telescope (HST) images,
we have decomposed the light from these galaxies into their constituent parts:
scattered AGN light, nebular emission, and light from the blue and red stellar
populations, in order to determine whether HzZRGs are a special population, or
normal massive galaxies undergoing a special event.

6.2 Observations

Deep images of MRC 0406-244 and TX 0828+193 were obtained with the Advance
Camera for Surveys (ACS) and the Wide Field Camera 3 (WFC3) on board the
Hubble Space Telescope (HST). A single 3.5’ x 3.4" ACS and 2.3’ x 2.1" WFC3 field
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was observed for each HzZRG through the optical filters F606W (Rgps) and F814W
(Ig14) with ACS, and near-infrared filters F110W (J110) and F160W (Higo) with
WEFC3. The total exposure time was 1 orbit in the Ji10 and Higp filters (2612
seconds), and 4 orbits in the Rgos and Igy4 filters (10173 seconds). The exception
was the Hygg image of TX 08284193, which suffered from strong persistence, due to
an earlier observation of Omega Cen, and so was re-observed. The total exposure
time of the TX 0828+193 H;6p image was 2 orbits. The observations were reduced
using the PYRAF task MULTIDRIZZLE to produce cosmic-ray removed, registered
images. Images were corrected for Galactic extinction using a Calzetti extinction
law and E(B — V) = 0.053 mag for MRC 0406-244 and E(B — V) = 0.035 mag for
TX 0828+193.

To examine the environment of the HzRGs, a comparison control field was
compiled from 4 separate Ji19 and Higg images of the Subaru Deep Field obtained
with program 11149 (PI Egami). H—band selected catalogues of the HzZRG and
control fields were created using SEXTRACTOR (Bertin & Arnouts 1996) in double
image mode. A detection was defined as a minimum of 5 adjacent pixels exceed-
ing the 30 noise. With these detection parameters we found that the catalogues
were 85% complete to H = 26 mag. Colours were measured in circular apertures
with a 1.6” diameter and total magnitudes were measured using SEXTRACTOR’S
MAG_AUTO apertures. The edges, bright stars and diffraction spikes were masked
to avoid spurious sources and incorrect photometry. After masking, the area cov-
ered was approximately ~ 4.3 arcmin? for each HzRG fields, and ~ 17.2 arcmin?®
for the control field.

In Sect. 6.3.2 the Ig14 images are subtracted from the Hijgg images. Therefore
the Is14 images were convolved to match the point spread function (PSF) of the
Hi6p images using convolution kernels determined with the IRAF task PSFMATCH.
High frequency noise was removed from the PSF matching function by applying a
cosine bell taper. The resulting growth curves of stars in the images matched to
within 2 per cent at all radii.

6.3 Results

6.3.1 Colour images

Three-colour [Reos, J110, Hio] images of the radio galaxies are shown in Figure
6.1. MRC 0406-244 comprises several large clumps and filaments extending approx-
imately 36 kpc (4.4”) along the same orientation as the radio jets. There is a strong
asymmetry in the colour of the northern and southern extensions. TX 08284193
consists of 5 bright knots lying approximately north-south, in the same orienta-
tion as the radio jets. Two diffuse twisted filaments extend north from the top of
the northern-most knot. The emission has a total extent of 28 kpc (3.4”). The
filaments are most pronounced in Rgog and Ji1¢, suggesting that they consist pri-
marily of nebular emission (see Sect. 6.3.2). One of the central knots has a red
colour (prominent in Hygp). The other knots are dominated by bluer emission, of
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Figure 6.1 — False colour images of MRC 0406-244 (left) and TX 0828+193 (right). The colours
are blue — Rego6, green — Ji10 and red — Higo, and the images are 5.0” x 4.8" (41 x 40 kpc) and
4.3" x 4.8" (35 x 39 kpc), respectively. The yellow object at the top right of the MRC 0406-244
image is a foreground galaxy that is not part of MRC 0406-244.

similar colour to the filaments, suggesting the same processes are involved in their
illumination.

6.3.2 Decomposing the light from HzRGs

In the following section we use the available data to estimate the respective con-
tributions of different emission mechanisms. The emission line contribution within
each filter was calculated using the long-slit spectroscopy of Taniguchi et al. (2001);
Vernet et al. (2001); Iwamuro et al. (2003) and Humphrey et al. (2007). Nebular
continuum contribution was calculated with the DIPSO STARLINK code NEBCONT
using the H3 flux, and assuming an electron density of 500 cm ™3 and a temperature
of 1100 K (Nesvadba et al. 2008). Table 6.1 lists the amount of light contributed
by nebular emission (both line and continuum) within each observed filter. The
uncertainties were minimised where possible by taking continuum and line fluxes
from the same slit. However, this was not possible for the Rgog and Ig14 bands of
MRC 0406-244 where instead the continuum was measured directly from the HST
images from an area matched to the slit size. Furthermore, the nebular contribu-
tions quoted are integrated across the slits and there are likely to be significant
variations across the HzRGs.

We note that the nebular emission contributions for MRC 0406-244 listed in
Table 6.1 are significantly larger than those reported by Rush et al. (1997) who
performed a similar study. Based on a composite radio galaxy spectrum they re-
ported contributions of 12, 2.5 and 7 per cent to their r, ¢ and J bands with an
uncertainty as high as a factor 2. The difference is likely caused by the much
improved data that is used in this work to calculate the nebular emission contri-
butions.
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Table 6.1 — Contribution from nebular emission (continuum and line). *Only nebular continuum.
Nebular line contribution in this filter will be of the order a few per cent.

Band | TX 08284193 | MRC 0406-244 | Contributing emission lines
Reos 34% 62% He111640, Civ 1550, Ci] 1909, Orii] 1663
Ig1a 24% 33%! Cn] 2326, [Nerv] 2429, [On] 2471
J110 39% 45% Meir 2798, [Nev] 3426, [O1]3727, [Netri] 3869
Hieo 31% 23% | Hry 4363, Hel 4686, HB 4861 (MRC 0406-244 only)

e
.
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L g, ¥ -
A ¥
H | Nebular emission
- k- |
’_ 5
Scattered AGN + young stars Old stars

Figure 6.2 — Decomposing MRC 0406-244 into its separate components: HST Higo (WFC3) and
Ig14 images, nebular emission (as traced by [O111]), scattered AGN light and young stars, and old
stars. The old stars are concentrated in a central galaxy, whilst the nebular emission, scattered
AGN light and light from the young stars are more extended and aligned along the radio jet axis.

6.3.2.1 MRC 0406-244

Nebular emission: MRC 0406-244 was observed through the Higo filter with
WFC3 (first panel of Fig. 6.2) and has previously been observed with NICMOS
(Pentericci et al. 2001). The NICMOS-F160W filter is marginally wider than the
WFC3 Hig filter so it also encompassed the bright [O111] doublet at 4959/5007 A.
Subtracting the WFC3 emission from the NICMOS image therefore shows the exact
distribution of [O111] emission.

Details on the reduction of the NICMOS image can be found in Pentericci et al.
(2001). The NICMOS image was registered and flux calibrated to match the WFC3
image using 6 nearby objects visible in both images. We could not apply a PSF
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correction as there were no stars in the NICMOS images to measure the PSF. The
resulting image showing the distribution of the [O111] emission is displayed in the
third panel of Fig. 6.2. The [O111]/HpS ratio is fairly constant across the entire
galaxy (Humphrey et al. 2009) so this image also shows the distribution of H3 and
nebular continuum within MRC 0406-244.

Scattered AGN light and young stars: The Ig14 image, shown in the 2nd panel
of Fig. 6.2, shows rest-frame ~ 2300 A emission and hence it potentially contains
nebular emission, scattered AGN light, and UV light from young stars. Most of the
nebular emission in the Ig14 band is due to nebular continuum since the Cj, [N1v]
and [O11]2471 A lines are relatively weak, contributing only a few percent of the
emission in the Ig14-band. Thus, the distribution of nebular emission in this image
is likely to be similar to the [O111] emission. To remove the nebular component, the
nebular emission image was scaled to 33% of the Ig14 flux and subtracted from the
Ig14-band image.

The resulting image, displayed in the 4th panel of Fig. 6.2, indicates the distri-
bution of scattered AGN light and young stars. Unfortunately, we are unable to di-
rectly distinguish between these two sources of emission. However, the morphology
of the residual Ig14 emission resembles a biconical shape, suggesting the extended
UV emission is due to scattered AGN light rather than young stars. Furthermore,
the residual Ig;4 emission does not resemble that of the nebular emission, as would
be expected if both resulted from ionization by young stars. Dust extinction may
reduce the UV light with respect to the nebular emission, but the northwest ex-
tension is brighter in UV relative to the nebular emission, so this cannot be caused
by reddening.

Red stellar population: The Hg9 band covers emission from just beyond rest-
frame 4000 A, so it also traces light from both the old and young stellar popula-
tions, as well as nebular emission and scattered AGN light. The nebular emission
was removed by scaling the [O111] image to 23% of the Higp band flux and then
subtracting it from the Higp image.

Scattered AGN light was removed by subtracting a scaled version of the residual
Ig14 image. Grey-scattered AGN light will have a spectral energy distribution
(SED) that is similar to the quasar spectrum. Dust-scattered quasar light and
light from unobscured young stellar populations have bluer SEDs between 2300 A
and 4000 A than the average quasar. We can thus estimate the maximum amount
of scattered light and young population by assuming that all the light from the
residual-Ig14 images comes from grey-scattered quasar light. The average quasar
SED has a relative Igi4-to-Higg flux of 2.83 determined from the spectrum of
Vanden Berk et al. (2001). If the residual-Ig14 light is primarily due to a young
stellar population or dust scattered quasar light, then we may oversubtract the
contribution to the Higp images. We check this possibility in Sect. 6.3.2.3.

The location of the red stellar population is shown in the fifth panel of Fig. 6.2.
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v
H | Old stars

Figure 6.3 — Decomposing TX 0828+4193: original HST Hieo and Igi4 images and red stellar
population. The residual H-band light (right panel) is concentrated in a central clump corre-
sponding to the brightest knot in the H-band image.

Red stellar populations are often interpreted as being old with little to no ongoing
star formation, but may also be young stars that are heavily obscured. The red
light originates from a single nuclear region with a regular ellipsoidal morphology.
There is no extension along the radio jet axis and the red population shows no
signs of tidal features that would have suggested a recent disturbance that may be
caused by a major merger.

6.3.2.2 TXO0828+193

Fig. 6.3 displays the Hygo and Ig14 HST images and the rest-frame optical emission
from the underlying red stellar population.

Red stellar population: Unfortunately, we cannot determine the distribution of
nebular emission as we do not have the appropriate data. However, this galaxy does
not display a strong variation in colour, except for the central red knot. The outer
parts of the galaxy have similar colours, and Humphrey et al. (2007) report that
the spatial distribution of the continuum and emission lines are similar across their
long-slit spectra. We thus assume that the distribution of the nebular emission is
similar to the continuum in each band, and that the emission in the Ig14 image
displays the distribution of the scattered AGN light and young stars.

To obtain the distribution of the red, and possibly old, stellar population, the
nebular emission was removed from the Higp and Ig14 images by scaling the re-
spective images by the amounts given in Table 6.1. Scattered AGN and young star
light was removed by subtracting a scaled version of the Ig14 image from the Hi4g
image, assuming the same relative Ig14-to-Higo flux of 2.83 as for MRC 0406-244.

The red stellar population is concentrated into a single clump containing 65%
of the residual Higp light. The other 4 bright knots have SEDs that are almost
entirely consistent with nebular emission and scattered AGN light, although some
of the UV light may also be due to a young stellar population.
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6.3.2.3 Mass of red stellar population

The residual-Higp light shown in the right panels of Figs. 6.2 and 6.3 is greatly
reduced compared to the original Hygg images. To check that we have not over-
subtracted light from the Higp images, we compare the luminosity derived from
the residual Higp band images to the expected luminosity from the HzZRGs given
their large stellar masses determined from Spitzer IRAC measurements (i.e. rest-
frame 1.6pm light). Seymour et al. (2007) derive a mass of 2.4 x 10! Mg for
MRC 0406-244 and obtain an upper limit of 4 x 101! Mg, for TX 0828+193, but
De Breuck et al. (2010) show that the typical mass of a HzRG is approximately
2 x 10t Mg, so for simplicity we assume that TX 0828+193 has the same mass
as that of MRC 0406-244. TX 0828+193 has 23.1 mag of residual Higp light and
MRC 0406-244 has 22.4 mag of residual Higg light.

Based on Bruzual & Charlot (2003) stellar synthesis models, a z = 2.5 galaxy
of 2.4 x 10 My may have an observed Higp magnitude in the range of 20 —
25 magap depending on dust content and the age of the stellar population. We
model the HzRGs as galaxies with exponentially declining star formation histories
with 7 = 1 Gyr, that started to form stars prior to z = 2.5. Assuming this model, a
2.4 x 10 Mg galaxy will have an observed Hjgp magnitude of 23 mag if it contains
enough dust to extinguish the light by Ay = 1 — 1.5 mag. Nesvadba et al. (2008)
measure Apg = 1 — 4 mag in these HzRGs, so the residual Hjgo luminosities in
Figs. 6.2 and 6.3 are more than sufficient to account for an old stellar population
of a few x10'! Mg.

6.3.3 Sizes of HzZRGs

It has been suggested that radio galaxies at z > 2 have larger sizes than normal
massive galaxies or sub-mm galaxies (Targett et al. 2011). However, Figs. 6.2 and
6.3 show that much of the extended light above 4000 A is due to nebular emission,
scattered quasar light and young stars. Hence the sizes of the galaxies, as measured
from the red stellar population, are likely to be smaller than those measured from
the original Higp images.

An ellipsoid model was fit to the Higp and residual-Higp images of each HzZRG.
Since the galaxies do not have regular Sersic profiles, we did not fit a galaxy model
to the profiles, but instead determined the circularised effective radius as the half-
light radius measured from growth curves. We do not take into account the PSF of
the images, but this does not greatly affect our measurements because the measured
radii are at least twice as large as the PSF. Uncertainties include contributions from
both sky subtraction and measurement errors.

The circularised effective radius (r.) of TX 08284193 from the Hjgo image is
3.34+0.3 kpc, but the galaxy appears significantly smaller in the residual-H169 image
with 7. = 2.0 £ 0.3 kpc. A similar decrease in size is observed for MRC 0406-244,
with r. = 4.4 + 0.3 kpc measured from the Higp image, and r. = 2.9 + 0.3 kpc
measured from the residual-Hqg9 image. Not taking into account the contribution
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of the scattered quasar light and the nebular emission results in sizes that are
approximately 65% larger than the true sizes of the red stellar population.

If the effective radii of the HzRGs are measured from the raw H1g¢ images, then
the HzRGs lie close to the mass-size relation of local galaxies. However, when we
remove the nebular emission and scattered light, then the HzRGs lay below the
relation for local galaxies, and have a similar mass-size relationship as other z ~ 2
galaxies (e.g. van de Sande et al. 2011).

6.3.4 Large-scale environment

HzRGs are frequently found within large overdensities of Ly« emitting galaxies
(e.g. Venemans et al. 2007), indicating that many lie in forming protoclusters. Es-
tablishing protocluster association is more difficult for non-emission line galaxies.
However, in a few cases, including the Spiderweb Galaxy, the excess of Ly« galaxies
is found to be accompanied by an overdensity of red galaxies (Zirm et al. 2008), in-
dicating a protocluster with an old galaxy population. No Lya imaging is available
for the MRC 0406-244 and TX 08284193 fields, but the multicolour HST images
allow us to search for an overdensity of red evolved galaxies.

The area-normalised Jy10— Higo colour distributions of the surrounding galaxies
are shown in Fig. 6.4. For comparison we also plot the distribution of objects in
the Spiderweb protocluster (labelled as 1138). To ensure that both the HzZRG and
control fields are at least 85% complete, we impose a magnitude cut of H = 26.

There is a marked difference between the density of red galaxies around, on
the one hand MRC 0406-244 and TX 08284193 and, on the other hand the Spider-
web galaxy. Although the uncertainties are large, the density of objects around
MRC 0406-244 is not significantly different to that in the control field. The field
around TX 08284193 shows only a mild excess of objects with Jy19—Hi169> 1.25:
the TX 0828+193 field is denser by a factor 1.7 £+ 0.5, where the uncertainty is
based on Poisson statistics. The strong difference with the Spiderweb protocluster
observed at J—H > 1.25 cannot be due to selection effects since such a colour cut is
slightly more efficient at selecting z ~ 2.5 galaxies than at selecting z = 2.15 galax-
ies. We therefore conclude that MRC 0406-244 and TX 0828+193 do not reside in
protoclusters that are as dense in evolved galaxies as that around the Spiderweb
galaxy.

The lack of evidence for a significant surface overdensity around 0406 and 0828,
however, does not mean that these two fields do not host protoclusters. Following a
similar argument as used in Kuiper et al. (2010), selecting high-z galaxies through
a single near-infrared colour cut probes a large redshift range and therefore only a
large volume overdensity can be detected as a significant surface overdensity. We
therefore conclude that although we find no evidence that the large-scale environ-
ments of these HzZRGs differ from that of other distant massive galaxies, the 0406
and 0828 fields may still host protoclusters. Narrowband imaging is needed to
determine this.
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Figure 6.4 — Number of ob-
jects per unit area as a function of
J — H colour for all objects with
H < 26 mag for the fields around
TX 0828+193 (black), MRC 0406-
244 (blue), the Spiderweb galaxy
(1138; green), and the combined
control fields (red). There is no
sign of a significant overdensity of
red galaxies in either of the radio
galaxy fields.
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6.4 Discussion

HzRGs are spectacularly beautiful galaxies, consisting of multiple clumps and fil-
aments that extend tens of kpc from the galaxy core. Decomposing the light from
MRC 0406-244 and TX 0828+193 shows that the nebular emission, scattered AGN
light and young stars are aligned with the radio jets and contribute to the align-
ment effect, but that the red stellar population is not extended nor aligned with the
young radio jets. Underneath all the AGN activity, these galaxies appear similar in
size and environment to other distant massive galaxies. The red stellar population
is located in a single central region, of similar size as sub-millimetre and other high
redshift galaxies. It is just their short-lived AGN activity that places them in a
league of their own. Once the AGN stops feeding, the jets, induced star formation
and any associated winds will die down, and these galaxies may be difficult to
distinguish from the rest of the massive galaxy population.

The extended light, however, does imply the presence of a large reservoir of
cool and warm gas that extends tens of kpc from the radio galaxy. Nesvadba et al.
(2008) estimate the ionised gas component is approximately 109 Mg, however
there is likely to be much more because AGN light is scattered off material in
MRC 0406-244 that does not emit emission lines and the cool gas component is
likely to be much larger. Does the large reservoir of material exist around all
massive galaxies, and are these examples merely illuminated by the AGN activity,
or are they a product of AGN outflows?

If these reservoirs are common to all distant massive galaxies, then maybe these
will provide an answer concerning the existence of the undersized red galaxies
observed at high redshift (e.g. Trujillo et al. 2007; Cimatti et al. 2008; van Dokkum
et al. 2008, 2009). If a large, but unseen, gas reservoir is present around these
galaxies then that might partially provide the increase in radius needed to put
these extreme galaxies on the local size-mass relation. More work is needed to
investigate whether this is a plausible scenario.
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When comparing to the Spiderweb galaxy, we see that the Spiderweb galaxy
shows several characteristics that suggest it is destined to evolve into a brightest
cluster galaxy: it resides in one of the densest z > 2 protoclusters, is surrounded
by tens of smaller galaxies that can be stripped to form an extended cD halo, and
its mass of 102 Mg makes it one of the most massive galaxies at that redshift.
MRC 0406-244 and TX 0828+193 are similar in appearance to the Spiderweb as
they consist of several extended clumps which are aligned with the radio jets and
are likely to be undergoing AGN feedback. However, neither MRC 0406-244 nor
TX 08284193 show as extreme behaviour as the Spiderweb galaxy: they contain
only a fifth of the mass of the Spiderweb galaxy, there is no evidence that they lie
in denser than average environments, and their immediate neighbourhood is not
populated by many smaller galaxies which can form an extended cD halo. So whilst
some HzRGs appear destined to become brightest cluster galaxies, the evolution
and fate of TX 0828+193 and MRC 0406-244 is less clear and they may evolve to
become more typical massive elliptical galaxies. All of these galaxies are undergoing
powerful AGN feedback, that is sufficient to expel a significant fraction of the gas
within their halos (Nesvadba et al. 2008). Thus, these AGN feedback phenomena
neither require multiple galaxy mergers nor dense protocluster environments.
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APPENDIX: SINFONI RESULTS ON
INDIVIDUAL GALAXIES IN THE
SPIDERWEB

In this appendix we present additional results obtained with the SINFONI
instrument of the Spiderweb galaxy at z ~ 2.15. Four protocluster galaxies
are bright enough to study the emission line properties of individual pixels.
We present velocity and linewidth maps for each of these galaxies. For those
galaxies that show [O11], H3, [O111] and Ha we also present line diagnostics
that can be used to quantify dust extinction, ionising flux and metallicity.
For the radio galaxy we find strongly disturbed internal dynamics, consistent
with previous studies. We find tentative evidence that the central region of
the radio galaxy is relatively unobscured and that dust attenuation becomes
stronger further out from the centre. This is in sharp contrast with previous
studies. The Ro3 value for the radio galaxy are uniformly larger than expected
from photoionisation models, which may indicate that shocks are the principal
means of ionisation in the radio galaxy. The other object which can be studied
in great detail is located at a break in the radio jet (#10). The FWHM map
shows possible evidence of an interaction between the jet and #10. We further
find that this galaxy has little to no dust and Z ~ %Z@. Further study is
needed to draw conclusions from the figures presented here.

E. Kuiper
In preparation
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7.1 Data

7.1.1 Integral field spectroscopy

We observed the Spiderweb galaxy and the surrounding field with the Spectro-
graph for INtegral Field Observations in the Near Infrared (SINFONI, Eisenhauer
et al. 2003) on UT4 at the Very Large Telescope (VLT) on several nights in 2007
December and 2008 February. The field was observed in the J, H and K bands
with extra focus on the H band.

SINFONT is a medium-resolution, image-slicing integral-field spectrograph that
has a 8”’x8" field of view. A special dithering pattern was adopted to cover
most of the central galaxies, leading to an effective field-of-view of approximately
15”x 15" centred on the radio galaxy. The spectral resolution of SINFONI varies
among the three observed bands from R = 2000 in J to R = 4000 in K, corre-
sponding to approximately A\ =6 A.

Reduction of the data is summarized in Kuiper et al. (2011, Chapter 2) and is
done in a method similar to the method described in Nesvadba et al. (2006) and
Nesvadba et al. (2008). We refer to these works for further details.

7.1.2 Additional data

The SINFONTI data is supplemented by deep Hubble Space Telescope (HST) data.
These data were obtained with the Advanced Camera for Surveys (ACS, Ford et al.
1998) in the g475 and Ig14 bands (Miley et al. 2006) and with the Near Infrared
Camera and Multi-Object Spectrometer (NICMOS) in the Ji19 and Higo bands
(Zirm et al. 2008). Details on the data reduction can be found in these papers.

7.2 Results

7.2.1 Kinematics of individual objects

In Chapter 2 the redshifts of all protocluster candidates near the central radio
galaxy have been determined. Here we go into more detail concerning the internal
kinematics and emission line properties and diagnostics of the brightest of the
protocluster galaxies. For all galaxies discussed here we set the systemic redshift
to the redshift presented in Chapter 2. We also use the numbering adopted in that
work. For clarity this numbering is shown in Fig. 7.1. Also, in all maps shown,
North is up and East is to the left.

#1/the radio galaxy: The most prominent source of emission in each of
the bands is the central radio galaxy itself. In Fig. 7.2 we show the full summed
spectrum of the radio galaxy. The spectrum shows strong [O11], [O11] and Ha
lines that are due to its large star formation rate and the presence of an active
supermassive black hole. In addition, several weaker emission lines can be seen as
well. The J band spectrum shows the presence of the [Nell1]\3869, 3967 doublet
indicating hard ionisation possibly caused by shocks. Furthermore, a strong, but
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Figure 7.2 — Summed spectrum of the central radio galaxy in the J, H and K band.

unresolved [S11] doublet is present in K band. Finally, a weak feature can be seen at
~ 19900 A that is consistent with being the [O1]A6300 line. However, its location in
the wings of the broad Ha feature makes it difficult to assess whether this feature
is real. All three SINFONI bands also show stellar continuum emission from the
radio galaxy. The data are not deep enough to identify stellar absorption lines.

The internal kinematics of the radio galaxy have been studied before in Nes-
vadba et al. (2006, hereafter NOG). As is indicated by its disturbed continuum
morphology, the kinematic structure of the radio galaxy is complex with evidence
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for multiple outflowing ‘bubbles’. The properties of these bubbles and the energy
necessary to power them are consistent with being driven by the central AGN.

In the left column of Fig. 7.3 we show a series of three velocity maps based on
the [O11], [O11] and He emission lines. The [O11] and Ha velocity maps have been
obtained by fitting the relevant emission line in each pixel with a single Gaussian.
For the [O111] emission line two Gaussians are used, because the complex kinematic
structure leads to an additional [O111] emission line in certain regions. Using a
single Gaussian can result in ambiguity when determining the velocities if this
additional emission feature is present. The velocities shown in the central panel of
Fig. 7.3 denote the weighted mean of the individual velocities, with the fluxes of
the individual lines acting as weights.

For all three bands the individual spectra are inspected visually in order to
determine whether there is an emission line present and if so, whether it is fit
properly. In addition, the panels in Fig. 7.3 show only those pixels with a fitted
line flux at the > 100 level with respect to the rms noise. This is to ensure that
the most uncertain pixels are removed from the maps.

The central panel, which is based on the [O111] emission line, closely resembles
the results obtained by N06. A strong redshifted outflow, corresponding to region
1 in NOG, is seen to the East of the radio galaxy core, whereas a blueshifted region
is seen to the West, corresponding to region 3 in N06. This general picture is also
reflected in the Ha velocity map. The [O11] velocity map shows a lack of [O11]
emission in the North-East region of the radio galaxy. This is the region that
shows clear evidence for a high velocity outflow. Summing the J band spectra
in this particular region we do find evidence for [O11] emission with a redshift of
z = 2.170 or Av ~ +1000 km s~! with respect to the systemic redshift. This is
consistent with the mean velocity of this particular region in the [O111] velocity
map.

The line width maps for the [O11], the [O11] and the Ho line are shown in
Fig. 7.3. The [Om1] FWHM map in the central panel shows a line width of 500-
1000 km s~ for large parts of the galaxy, but there are distinct regions with larger
line widths up to 2000 km s~'. These regions of larger line width are partially seen
as well in the [O11] line width map. The Ha map in the bottom panel, however,
shows larger FWHMSs for almost the entire galaxy. This is due to the fact that the
Ha line is blended with the [NI1]A6548, 6584 doublet, thereby appearing broader.
Regardless of this overall increase in the values for the FWHM, the Ha map still
shows regions of relatively larger line width. These regions coincide roughly with
the regions of increased FWHM seen in the [O111] FWHM map.

Comparing the FWHM maps to the velocity maps of Fig. 7.3 it can be seen that
the regions of large FWHM coincide with those regions that show large velocity
gradients. This could indicate that the large FWHM regions are associated with
the outflows.

The complexity of the kinematic structure is further illustrated in the spectra
shown in Fig. 7.4. Five spectra are shown, each corresponding to a certain region
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Figure 7.3 — Velocity and line width maps of the central radio galaxy in the left and right
columns respectively. The maps have been made using, from top to bottom, [O11], [O111] and Ha.
White contours are obtained from the ACS Ig14 image.
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Figure 7.4 — Summed H band
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of the radio galaxy. Panel (¢) shows the summed spectrum of the Western region
which is largely blueshifted. This spectrum shows a regular [O111] doublet without
additional features. This is also the case for panel (e), which shows the southern
region. Panels (a) and (b) show summed spectra of the Eastern and the Northern
region, respectively. In panel (b) we see an additional emission feature redward of
the main [O111] emission line, the two of which have merged in panel (a). Panel
(d) (the central region) also shows evidence of this additional, strongly redshifted
[O111] line.

The brightness of the radio galaxy allows us to study in some detail a number
of line diagnostics that give information on a few galaxy properties. The ratio of
Ha flux to HB flux, for instance, is a measure of extinction. This is given as

2.5 Fiia
E(B=V) = {05 — hia) 8 (2.85FH5> (7.1)

where 2.85 is the intrinsic ratio for Case B recombination (Osterbrock 1989) and
k(Ha) and k(HB) are calculated using the Calzetti et al. (2000) extinction law. The
resulting extinction map is shown in the left panel of Fig 7.5. Only those areas
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are shown for which we are able to determine a robust HZ flux. The map shows
that the extinction in the radio galaxy is large, with 0.5 < E(B — V) < 1.5. These
values are likely overestimated due to the blending of Ha with the NI doublet.

It is interesting to note that the location with the largest line emission flux is
also the location with the least extinction in the F(B — V') map. The extinction
at this location is E(B — V) ~ 0.5 mag. Going outward from this brightest pixel
the extinction increases up to F(B — V) ~ 1.3 mag. This implies that the central
regions of the radio galaxy are relatively unobscured in comparison with the outer
regions.

For the regions that do not show significant HG emission it is difficult to assess
how large the dust obscuration is. We try to estimate how large the dust extinction
is by assuming a 3o upper limit to the HG flux for those pixels that do not show HS3
emission. The FWHM values we assume are taken from the [O111] linewidth map
shown in Fig. 7.3. The resulting map is shown in the right panel of Fig. 7.5. There
is a clear discontinuity between the region with ‘accurate’ E(B — V') measurements
and the region with H3 upper limits, jumping from E(B — V) ~ 1.0 mag to
E(B —V) ~ 2.0 mag. Since we consider HS upper limits, the E(B — V') values
are formally to be considered as lower limits. This implies that the discontinuity is
even larger. However, the blending of Ha implies that the Ha flux is an upper limit
further complicating the interpretation of the outer regions in terms of E(B—V). If
we consider an extreme contamination by [N11] and assume the flux ratio between
Ha and [N11] is 1:1, then the E(B — V) values in the maps would decrease by
0.6 mag. If we only apply this to the outer regions without HG emission, then
E(B — V) would decrease to ~ 1.5 mag. Therefore, the outer regions would still
have larger extinction than the central regions. There is thus evidence that the
outer regions of the radio galaxy are dustier than the inner regions. However, we
must note that this can also be caused by a gradient in the contribution of the
[N11] doublet to the Ha flux. If the contribution of the [N11] doublet is larger in the
outer regions than in the central region, then there might not be any E(B — V)
gradient.

If there is such a gradient, then this is suprising. In Kurk (2003) a Lya/Ha
map was presented which showed a small line ratio of 0.09 at the core of the
radio galaxy. This would indicate that the Ly« flux is strongly suppressed by
possibly dust. However, based on the Ha/HQ ratio we find evidence that the
core should be relatively unobscured. Further study is necessary to explain this
apparent discrepancy.

Another useful line diagnostic is Ras (Pagel et al. 1979) which is, in the absence
of [O111]7\4363, the best measure of metallicity. It is defined as

Flom) + Flonaaese + Flotmasoor
Raz = )

7.2
e (72)
The resulting Ros maps of the central region of the radio galaxy are shown in
Fig. 7.6. The left and right panel show the Ra3 values obtained without and
with correcting for dust extinction, respectively. These maps should therefore be
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Figure 7.5 — Maps of colour excess E(B — V) across the radio galaxy. The left panel shows
the map for only those pixels with HS line emission. The right panel shows E(B — V') values for

all pixels with Ha emission and assumes upper limits for the HS emission. White contours are
obtained from the ACS Ig14 image.
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Figure 7.6 — Maps of the Ra3 ratio across the radio galaxy. In the left panel no correction for
dust extinction is applied. For the right panel the relevant emission line fluxes are corrected for
dust attenuation. White contours are obtained from the ACS Igi4 image.

considered the upper and lower limits to the true Ras3 values.

A similar trend is seen as in the E(B — V) map: the central region has low Rag3
values of ~ 10 — 15 and this increases going out. There is also a small number of
pixels with very large values for Rs3 in the North-East. These values are due to
large dust extinction, strongly boosting the dust-corrected [O11] flux. In general,
however, the Rg3 values in both maps are large. In low-z studies Ra3 is generally
found to be < 12 (e.g. Nagao et al. 2006). High-z studies tend to find similar
values (Maiolino et al. 2008). The majority of the pixels in both Ra3 maps show
values > 12 and even exceeding Rs3 = 15. It therefore seems that even without
reddening correction, the properties of the emission line gas in the radio galaxy are
fundamentally different from that observed in local Hil regions. It may be that,
rather than photoionisation, the emission lines are caused by shock ionisation.
Further study is needed to clarify this. Since the Rs3 maps show anomalously
large values we cannot determine an actual metallicity.
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Figure 7.7 — Maps of the O3z2 ratio across the radio galaxy. The left and right panel show results
with observed fluxes and dust-corrected fluxes, respectively. White contours are obtained from
the ACS Ig14 image.

The final line diagnotic that we will consider is O3s. The Oss ratio is defined as
the ratio between the total [O111] and total [O11] flux. Osz is representative of the
ionisation parameter U, because the lines are of the same element, but different
ionisation states. Figure 7.7 shows the dust-uncorrected and dust-corrected Oszo
panels for the radio galaxy. Larger values of Oss correspond to a larger ionisation
parameter: a larger number ionising photons. The ionisation parameter is found
to be largest near the central regions. This is probably due to the powerful AGN
at the centre of the galaxy. This region also hosts the [Neitl] lines seen in the left
panel of Fig. 7.2. Being higher ionisation state lines, these features already indicate
the presence of a large ionising flux.

#10: This is an interesting object due to its close proximity with respect to the
main radio galaxy. It is located approximately 2" to the West of the radio galaxy.
More importantly though, the radio jet originating from the central AGN shows a
break at this exact location. The galaxy shows a large Lya flux (Pentericci et al.
1997; Kurk 2003) and is also one of the brightest objects in the SINFONI data. In
Chapter 2, its redshift was determined to be 2.144640.0001 which is ~ 1300 km s—!
blueshifted with respect to the systemic redshift of the radio galaxy. Is it possible
that the radio jet and the galaxy have a physical connection?

The velocity map of this galaxy is shown in the upper panel of Fig. 7.8 and
is based on the [O111] emission line. This is because the H band data is deepest
and of the best quality. The [O111] velocity map shows a smooth, but irregular ve-
locity structure. The velocity structure can be divided into three general regions:
redshifted motion in the east, blueshifted motion in the southwest and redshifted
motion in the northwest. This division in three distinguishable regions is reminis-
cent of the UV continuum morphology which also shows three separate clumps.
This is illustrated by contours in Fig. 7.8. These contours have been obtained from
the g475 image. The pixel scale has been matched to the pixel scale of SINFONI,
but the g475 image has not been smoothed to match the PSF of SINFONI. Do-
ing this would result in the loss of the clumpy substructure. Nevertheless, even
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though the PSFs do not match, the locations of the different regions in SINFONI
match with distinct clumps in the continuum image. This indicates that the in-

dividual clumps are moving relative to each other with velocities of the order of
~ 200 km s~

The division in different regions is also apparent in the linewidth map shown in
the bottom panel of Fig. 7.8. Both of the redshifted regions show relatively small
linewidths of 300-400 km s~! whereas the southwest region shows larger linewidths
of 500-700 km s~'. The more turbulent gas is located at the approximate position
of where the radio jet bends. This could be tentative evidence that there really is
an interaction between the jet and the galaxy. However, this needs to be studied
in more detail to draw any strong conclusions.

Since #10 shows a few additional emission lines, such as H3, we can check
several line diagnostics as we have done for the central radio galaxy. However,
galaxy #10 is substantially fainter than the central radio galaxy, severely limiting
the number of pixels that show significant emission. Therefore we will limit our
analysis to the average properties of the galaxy. In Fig. 7.9 we show the full summed
spectrum of the galaxy. All pixels that show [O111] emission have been included
and individual spectra have been corrected to match the systemic redshift.

From the summed spectrum we find a small amount of dust extinction with
E(B —V) = 0.12 mag. Ha cannot be distinguished from [Ni1], therefore the
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Figure 7.9 — Summed spectrum of galaxy #10. Main emission lines are marked.

Ha flux is likely overestimated. This in turn means that F(B — V) should be
considered an upper limit. There is thus very little dust attenuation in galaxy
#10. This is consistent with the Lya/Ha map of Kurk (2003), where a value of
11.3 was found. This is close to the value of 10 which is expected from case B
recombination (Osterbrock 1989) and therefore consistent with little to no dust
extinction. Ignoring any correction for dust, we find Ro3 = 11.2 and O35 = 0.9. In
comparison to the radio galaxy, the Rag3 ratio of #10 is more in line with what is
found for other galaxies.

Obtaining a metallicity from Roz is difficult due to the fact that Rs3 has a
‘two-branch’ degeneracy in metallicity and depends on the ionisation parameter U.
We attempt to get an estimate of the metallicity by applying the upper branch
parametrisation of Tremonti et al. (2004) and the lower branch parametrisation of
Hu et al. (2009). The upper branch is given by

12 +log (O/H) = 9.185 — 0.313z — 0.2642% — 0.3212° (7.3)
with = log Re3 and the lower branch is given by
12 +log (O/H) = 6.45 + 0.15Ra3. (7.4)

This yields values of 12 + log (O/H) = 8.2 and 12 + log (O/H) = 8.1, respectively.
Ros is thus such that the two metallicity branches almost meet and the degener-
acy is not that strong. These values in turn convert to log(Z/Zz) = —0.5 and
log (Z/Zz) = —0.6 using log (Zg) = 8.69 (Allende Prieto et al. 2001). These val-
ues are also consistent with the parametrisation of Maiolino et al. (2008) which is
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based on z > 3 objects. The metallicity of galaxy #10 is therefore ~ % Za. Note
that this is a very rough estimate and further study is needed to verify this value.

The O3z ratio found for #10 seems to fall at the lower end of what is found for
the radio galaxy. The ionisiation parameter and the ionising flux therefore seem to
be considerably smaller in #10 in comparison with the radio galaxy. Nevertheless,
the galaxy still shows a remarkably large Lya flux. The narrowband imaging of
Pentericci et al. (1997) shows evidence that the extended Lya halo of the system
as a whole seems to have its peak flux at the location of #10 rather than the radio
galaxy itself. Further research is needed to examine what this means in the context
of the results presented here.

#12: This galaxy has an Ha narrowband excess indicating Ha line emission at
the protocluster redshift. It was also selected as a protocluster candidate through
its red colour (Hatch et al. 2009) and spectroscopically confirmed to be at the
redshift of the radio galaxy in Chapter 2. In Fig. 7.10 the velocity and FWHM
map are shown. Only maps obtained with the [O11] line are shown as there is
no indication of [O11] emission and the Ha emission is affected by poor night-sky
transmission. This also means we will only present velocity and linewidth maps for
this galaxy.

The velocity map shows a structure that may resemble a rotating disk, with
redshifted motion on the top right and blueshifted motion on the bottom left of the
galaxy. The FWHM maps, however, show a marked increase in the linewidth at
the exact location of the blueshifted velocities. To determine whether this is truly
a rotating disk an in depth kinemetry study is necessary (Krajnovi¢ et al. 2006;
Shapiro et al. 2008). This is beyond the scope of this work.

#21: In Hatch et al. (2009) a bridge of red light was found between galaxies
#17 and #18. The origin of the bridge of red light is unknown, but relatively
strong line emission is found in the H band at the approximate location of this
bridge. In Chapter 2 this was identified as being [O111] at z = 2.1505 + 0.0010. No
[O11] or Hev emission is found to verify this. The velocity and FWHM maps of the
bridge are shown in Fig. 7.11.

The velocity map shows a clear bimodal velocity distribution with blueshifted
emission in the West and redshifted emission in the East. The blueshifted clump
coincides with the peak of the H band emission, whereas the redshifted line emis-
sion is in an arc and does not show any clear spatial correlation with the continuum
flux. The two clumps are shifted ~ 800 km s~! with respect to each other. Fur-
thermore, there is no velocity gradient in either of the clumps which would indicate
a continuous velocity variation between the clumps.

Hatch et al. (2009) hypothesised that the red light comes from gas that is
gas being stripped from a merging system. This would imply that both #17 and
#18 are protocluster galaxies as well even though no evidence for this can be
found. An alternative possibility is that this is a heavily obscured galaxy, with
all UV radiation being extinguished by large amounts of dust. If this is the case,
one may expect some emission at longer wavelengths. Therefore we have visually
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Figure 7.10 — Velocity and FWHM maps of satellite #12 in the top and bottom panel, respec-
tively. Both maps are obtained using the [O111] emission line. White contours are obtained from
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investigated Spitzer images at 3.6-24 pm for traces of restframe optical emission
(Audrey Galametz, private communication). However, the crowded nature of the
field, the brightness of the radio galaxy and the relatively poor spatial resolution
of the Spitzer images make it difficult to find strong evidence for this. Considering
the large velocity difference between the two clumps, it may be that this is the
result of a strong outflow. More data is needed to verify this. The nature of the
line emission of #21 thus remains unknown for now.
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NEDERLANDSE SAMENVATTING

De titel van dit proefschrift is ‘Growing up in the city: a study of galaxy cluster
progenitors at z > 2’. Dit kan in het Nederlands ongeveer vertaald worden als
‘Opgroeien in de stad: een studie van de voorouders van clusters van sterrenstelsels
op z > 2’. Nu zullen sommigen die dit proefschrift onder ogen krijgen zich misschien
afvragen wat ‘steden’ en ‘opgroeien’ te maken hebben met sterrenkunde in het
algemeen en clusters van sterrenstelsels in het bijzonder. Het doel van dit hoofdstuk
is om het onderzoek beschreven in dit proefschrift, en dus ook de titel ervan, uit
te leggen op een laagdrempelige manier. We zullen dit doen door een introductie
te geven van de belangrijkste concepten die in dit proefschrift voorkomen. Door
deze concepten toe te lichten zal ook direct de relevantie van dit onderzoek voor de
sterrenkunde als geheel duidelijk worden. Aan het einde van dit hoofdstuk zullen
de belangrijkste resultaten in dit proefschrift worden samengevat.

Het begin

Volgens onze huidige kennis is het heelal zoals wij het kennen 13.7 miljard (of
13.700.000.000) jaar geleden ontstaan in wat we de oerknal noemen. We weten
niet precies wat deze oerknal is, maar we weten wel dat het heelal ooit in één
punt begonnen moet zijn. Dit weten we doordat het heelal uitdijt; alles beweegt
van elkaar af. Na de oerknal is er waarschijnlijk een hele korte periode geweest
waarin het heelal heel snel uitzette. Dit noemen we de inflatieperiode. Het heelal
was hierna te vergelijken met een soort hete oersoep: een bijna homogeen mengsel
van elementaire deeltjes en fotonen. Na ongeveer 400.000 jaar was het heelal zover
afgekoeld dat waterstof gevormd kon worden: het materiaal waaruit sterren worden
geboren.

Sterren, sterrenstelsels en clusters

Doordat de verdeling van materie tijdens het ontstaan van het heelal niet geheel
gelijkmatig was kon zwaartekracht op een gegeven moment een rol gaan spelen.
De gebieden waar de dichtheid van de materie groter was begonnen materie uit de
omgeving naar zich toe te trekken, waardoor de dichtheid in deze gebieden alleen



156  Dutch summary

Figuur 8.1 — Links zien we de materieverdeling in het heelal zoals voorspeld door een simulatie.
De helderste punten in deze afbeelding zijn clusters van sterrenstelsels. De afbeelding rechts is
een satellietfoto van Europa bij nacht. Het contrast van de linker afbeelding is aangepast om
beter overeen te komen met de rechter afbeelding.

maar toenam. Uiteindelijk werd de dichtheid van het gas zo groot dat het onder zijn
eigen zwaartekracht begon in te storten en sterren begon te vormen. Sterren, zoals
bijvoorbeeld onze zon, zijn dus eigenlijk niets meer dan grote bollen waterstofgas.

Sterren vormen niet alleen, maar vaak met duizenden tegelijk. Op plekken
waar de gasdichtheid groot is beginnen dan ook sterrenstelsels te ontstaan; grote
verzamelingen van vele miljarden sterren. Zulke sterrenstelsels zullen door hun
zwaartekracht andere sterrenstelsels naar zich toe trekken. Hierdoor ontstaan er
groepen van sterrenstelsels: clusters. Deze clusters worden steeds groter doordat
naarmate de tijd verstrijkt steeds meer sterrenstelsels door de zwaartekracht naar
het cluster worden toegetrokken en uiteindelijk worden opgenomen.

Als we sterrenstelsels zien als mensen, dan kunnen we clusters van sterrenstelsels
dus, in zekere zin, zien als steden. De overeenkomst is ook te illustreren door de
materieverdeling in het heelal te vergelijken met een satellietfoto van Europa bij
nacht, zoals te zien is in Fig. 8.1. Hoewel de afbeeldingen iets geheel anders laten
zien, lijkt de algemene structuur in beide afbeeldingen sterk op elkaar. We kunnen
dus clusters van sterrenstelsels zien als de metropolen van het heelal.

De invloed van omgeving

Sterrenstelsels zijn een vrij bonte familie die in veel verschillende vormen en ma-
ten voorkomen. Hier zullen we één specifieke methode hanteren en toelichten die
gebruikt wordt om onderscheid te maken tussen verschillende types sterrenstelsels.

De twee types sterrenstelsels die we onderscheiden zijn gekwalificeerd als ‘early-
type’ of ‘late-type’, wat we kunnen vertalen als ‘vroeg’ of ‘laat’. Deze kwalificatie
is een simpelere versie van de Hubble reeks (afgebeeld in Fig. 8.2) en is vooral
gebaseerd op de vorm van het sterrenstelsel. Let op dat deze benamingen niet
betekenen dat een vroeg-type sterrenstelsel met de tijd zal veranderen in een laat-
type sterrenstelsel.
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Figuur 8.2 — De Hubble reeks. De stelsels aan de linkerkant zijn ‘ellipticals’; voorbeelden van
vroeg-type stelsels. De stelsels aan de rechterkant zijn typische spiraalstelsels en vallen daarom
in de categorie van de laat-type stelsels. Image credit: Bakabaka design.

De laat-type stelsels zijn typisch spiraalstelsels: sterrenstelsels waarin de sterren
zich in een dunne platte schijf bevinden. Deze schijven vertonen vaak een spiraalpa-
troon, zoals de naam al aangeeft. Een belangrijk kenmerk van deze sterrenstelsels
is dat ze over het algemeen een grote hoeveelheid blauwe sterren bevatten. Blauwe
sterren zijn over het algemeen massief en leven kort. De aanwezigheid van blauwe
sterren is dus een duidelijke indicatie dat het sterrenstelsel nog actief sterren vormt.

De vroeg-type stelsels zien er echter heel anders uit. Deze sterrenstelsels zijn
meer bolvormig en hun vorm wordt vaak vergeleken met die van een rugbybal.
Deze stelsels worden dan ook vaak elliptische stelsels genoemd. Een interessant
contrast met de laat-type stelsels is dat vroeg-type stelsels voornamelijk bestaan
uit rode sterren. Het ontbreken van blauwe sterren duidt er dus op dat er geen
sterren meer worden gevormd in deze sterrenstelsels.

Als we nu kijken naar welke types sterrenstelsels er gevonden worden in clusters,
dan zien we iets opvallends: het is geen mengsel waarin zowel vroeg als laat-type
stelsels even vaak voorkomen. Echter, de vroeg-type stelsels komen veel vaker voor.
Daartegenover staat dat in gebieden met een lage dichtheid, het veld, de laat-type
sterrenstelsels wel vaak voorkomen. Het is zelfs zo dat hoe hoger de dichtheid is
hoe minder blauwe laat-type stelsels er zijn.

Dit verschil tussen stelsels in het veld en stelsels in clusters is een duidelijke aan-
wijzing dat de omgeving van sterrenstelsels een invloed heeft op hoe sterrenstelsels
veranderen en evolueren met de tijd. Dit wordt des te meer duidelijk doordat
clusters van sterrenstelsels de enige locaties zijn waar een uniek type sterrenstelsel
voorkomt: het cD stelsel. Deze stelsels zien eruit als vroeg-type stelsels, maar zijn



158  Dutch summary

Figuur 8.3 — Een liniaal die beschrijft hoe roodverschuiving zich verhoudt tot de leeftijd van het
heelal. Een Gigayear (Gyr) is 1 miljard jaar. Image credit: Bakabaka design.

veel massiever. Daarbij komt ook dat ze een grote halo hebben van sterren die niet
voorkomt bij andere sterrenstelsels. Het feit dat deze sterrenstelsels alleen maar
voorkomen in clusters is een teken dat de omgeving een essentiele rol heeft gespeeld
in de vorming van deze stelsels.

We weten dus dat de omgeving een rol speelt in de evolutie van sterrenstelsels.
Het is echter nog niet duidelijk welk fysische processen deze verschillen precies
veroorzaken. Dit is één van de belangrijke vragen in de hedendaagse sterrenkunde
en één van de vragen die de basis is voor dit proefschrift.

Clusters in het vroege heelal

Om erachter te komen wat precies de verschillen veroorzaakt tussen veld- en clus-
tersterrenstelsels en wanneer dit gebeurt is het van essentieel belang dat we clusters
bestuderen op elk mogelijk punt tijdens de geschiedenis van het heelal. De geschie-
denis van het heelal kunnen we heel simpel bestuderen omdat we dit nog steeds
kunnen zien. Het licht dat wij zien heeft namelijk tijd nodig om ons te bereiken.
Licht heeft bijvoorbeeld ongeveer 8 minuten nodig om van de zon naar ons te rei-
zen, dus de zon die wij zien is die van 8 minuten geleden. Uiteraard zal een grotere
afstand betekenen dat de reistijd voor het licht langer is en dus kijk je verder terug
in de tijd. Als we nu kijken naar objecten die heel ver weg staan, dan zien we deze
toen het heelal nog relatief jong was. We kunnen dus terug in de tijd te kijken
doordat de snelheid van het licht eindig is.

Omdat de objecten in het vroege heelal erg ver weg staan is afstand geen handige
maat meer om mee te meten. In plaats daarvan gebruiken we roodverschuiving die
we aanduiden met z. Sterrenstelsels die heel dichtbij staan hebben z ~ 0 en hoe
verder weg iets staat des te groter de roodverschuiving zal zijn. De liniaal in Fig. 8.3
illustreert hoe de roodverschuiving samenhangt met de leeftijd van het heelal. Op
z = 1 bijvoorbeeld, was het heelal iets minder dan de helft van zijn huidige leeftijd.

Als we zeggen dat we clusters van sterrenstelsels willen bestuderen voor de
gehele geschiedenis van het heelal, dan betekent dat dus dat we dat op elke rood-
verschuiving willen doen. Om dit te doen moeten we eerst clusters van sterren-
stelsels vinden. Dit kan op verschillende manieren. Clusters van sterrenstelsels
bevatten een grote hoeveelheid heet gas dat rontgenstraling uitzendt. Het vinden
van rontgenstraling is dus een goede indicator voor de aanwezigheid van een clus-
ter. Ook wordt er vaak gezocht naar concentraties van rode sterrenstelsels aan
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de hemel, want zoals we al gezien hebben, clusters van sterrenstelsels hebben veel
rode sterrenstelsels. Deze methodes zijn echter alleen effectief tot z ~ 1.5. Er is
dus een groot gebrek aan clusters tijdens de eerste 4 miljard jaar van het heelal.
Dit is jammer omdat clusters gedurende deze periode nog aan het vormen zijn en
er zich dus mogelijk een hoop belangrijke processen afspelen. Om (de voorlopers
van) clusters van sterrenstelsels te vinden zal er dus een andere methode gebruikt
moeten worden.

Radiosterrenstelsels en protoclusters

Een veel gebruikte methode om de voorlopers van hedendaagse clusters te vinden
is door te focusen op zogenaamde ‘high-z radio galaxies’ of hoge roodverschuiving
radiosterrenstelsels (HzRGs). Zoals de naam al impliceert zijn dit speciale sterren-
stelsels die op hoge roodverschuiving staan (z > 2). Daar komt bij dat ze zeer veel
radiostraling uitzenden en dus zelfs op hele grote afstanden makkelijk zijn te iden-
tificeren. De radiostraling wordt geproduceerd door een superzwaar zwart gat dat
zich in het centrum van een dergelijke radiosterrenstelsel bevindt. Als er materie
op het zwarte gat valt, dan komt er een grote hoeveelheid energie en straling vrij.
Dit wordt vaak ook ‘AGN feedback’ genoemd.

Een belangrijke eigenschap van deze HzRGs is dat ze een grote massa hebben
van ~ 10'" — 102 maal de massa van de zon. Dit is vergelijkbaar met de massa van
ons eigen Melkwegstelsel, maar de HzRGs hebben veel minder tijd gehad om zo
massief te worden. Dus ondanks dat de HzRGs relatief jong zijn, bevatten ze een
zeer groot aantal sterren. Dit is belangrijk omdat we denken dat sterrenstelsels zich
hierarchisch vormen. Dit betekent dat kleine sterrenstelsels als eerste vormen en
deze smelten vervolgens samen om de grotere, massievere sterrenstelsels te vormen.
Om zeer massieve sterrenstelsels, zoals de HzRGs, te vormen is het dus logisch dat
er een groot aantal kleinere stelsels aanwezig moet zijn. Oftewel, rondom HzRGs
verwachten we een hoge dichtheid aan sterrenstelsels. Dit betekent dus dat HzZRGs
zich misschien middenin vormende clusters bevinden. Omdat deze clusters nog aan
het vormen zijn worden ze ook wel ‘protoclusters’ genoemd.

Dit idee is al eerder getest en het blijkt dat veel HzRGs zich inderdaad in pro-
toclusters bevinden. Dus door de omgeving van HzZRGs te bestuderen kunnen we
een hoop leren over vormende clusters van sterrenstelsels. Verder kunnen we de
eigenschappen van de sterrenstelsels in de protoclusters vergelijken met de eigen-
schappen van de sterrenstelsels in het veld. Dit geeft mogelijk een hoop informatie
over wanneer de invloed van de omgeving duidelijk wordt en welk fysische pro-
cessen hier verantwoordelijk voor zijn. En omdat HzZRGs zo massief zijn, zijn ze
uitstekende kandidaten om later cD sterrenstelsels te worden. Door HzRGs te be-
studeren kunnen we dus mogelijk ook veel leren over hoe deze extreme stelsels zich
vormen.
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Dit proefschrift

De afgelopen vier jaar hebben we, met behulp van meerdere grote telescopen, een
aantal HzZRGs en hun omgevingen in detail bestudeerd. We hebben nieuwe pro-
toclusters geprobeerd te identificeren en geprobeerd meer te weten te komen over
reeds bekende protoclusters. De resultaten van dit onderzoek worden in dit proef-
schrift gepresenteerd.

In hoofdstuk 2 presenteren we resultaten van één van de meest bestudeerde
HzRGs: de Spiderweb galaxy. Deze HzRG bevindt zich in een protocluster en is
omgeven door kleine sterrenstelsels. Of deze kleine stelsels daadwerkelijk in de
protoclusters liggen, is onbekend. Met behulp van waarnemingen genomen met het
SINFONTI instrument laten wij zien dat veel van de kleine stelsels in de kern van
de protocluster zich inderdaad in de protocluster bevinden. Dit betekent dat de
kern van de protocluster een erg hoge dichtheid heeft. We meten ook de snelheden
van de stelsels ten opzichte van elkaar en vinden een brede snelheidsverdeling met
twee pieken. Deze verdeling kan moelijk verklaard worden door de aanwezigheid
van één structuur, maar een interactie tussen twee kleine protoclusters kan de
waarnemingen wel verklaren. Gezien de bijzondere aard van de Spiderweb galaxy
speculeren wij dat de interactie de centrale HzZRG mogelijk beinvloedt. Dit zou
betekenen dat zulke interacties een belangrijke rol spelen in de vorming van cD
sterrenstelsels.

In hoofdstuk 3 bestuderen we de protocluster rond HzRG MRC 0316-257
(0316) door sterrenstelsels te selecteren die zich mogelijk in de protocluster bevin-
den. We selecteren zowel een groep van blauwe, stervormende stelsels, als een groep
rode stelsels waar stervorming mogelijk gestopt is. De dichtheid van blauwe stelsels
is hoger dan in het veld wat meer bewijs is voor het bestaan van een protocluster.
De dichtheid van rode stelsels is echter hetzelfde als in het veld. Dit komt waar-
schijnlijk doordat de selectiemethode niet nauwkeurig genoeg is. We vergelijken de
eigenschappen van de blauwe stelsels in ons veld met resultaten uit de literatuur.
Er lijken geen verschillen te zijn in termen van massa en stervormingssnelheid. Er
is echter wel een indicatie dat binnen de protocluster de meest massieve en meest
actief stervormende stelsels zich in het centrum, dichtbij de HzZRG, bevinden. Dat
is een indicatie dat de omgeving de sterrenstelsels beinvloedst.

Hoofdstuk 4 is een vervolgstudie gebaseerd op de resultaten van hoofdstuk
3. In dit hoofdstuk proberen we van een aantal sterrenstelsels te bepalen welke
zich daadwerkelijk in de protocluster bevinden. We vinden dat drie sterrenstel-
sels zich in de protocluster bevinden, terwijl vijf andere stelsels in een mogelijke
tweede protocluster liggen die zich direct voér de eerste bevindt. We laten zien
dat, in tegenstelling tot de resultaten van hoofdstuk 2, deze twee protoclusters
ongerelateerd zijn. Ook onderzoeken we of er verschillen zijn tussen de stelsels in
het veld en in de twee protoclusters. We vinden aanwijzingen dat de stelsels in de
0316 protocluster mogelijk minder stof hebben dan de veldstelsels. Ook lijkt het
dat de stelsels in de voorgrondcluster verschillen van de stelsels in de 0316 proto-
cluster. Wat het verschil veroorzaakt tussen de twee protoclusters is nog onbekend,
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maar het wijst erop dat de omgeving invloed heeft gehad op de sterrenstelsels in
de protoclusters.

In hoofdstuk 5 gebruiken we het nieuwe OSIRIS instrument op de recent
in gebruik genomen Gran Telescopio Canarias om te onderzoeken of de HzRG
6C014+326 op z ~ 4.4 zich in een protocluster bevindt. Hiervoor gebruiken we een
relatief nieuwe techniek die gebruik maakt van verstelbare smalle filters. We vinden
dat er zich relatief veel sterrenstelsels dichtbij de HzZRG bevinden. De verdeling in
roodverschuiving duidt ook op een concentratie van stelsels dichtbij de HzZRG. Deze
verdeling wijkt significant af van wat we zouden verwachten als er geen protocluster
zou zijn. We concluderen dus dat er een protocluster is rondom de HzRG. Dit laat
ook zien dat deze nieuwe techniek een goede manier is om protoclusters rond andere
HzRGs te identificeren.

In hoofdstuk 6 worden twee HzZRGs onderzocht met behulp van data genomen
met het nieuwe WFC3 instrument op de Hubble Space Telescope. De twee HzRGs
zien er complex uit met meerdere componenten. Door het licht van de HzRGs te
ontleden in verschillende componenten vinden we dat de ongebruikelijke vorm gro-
tendeels verklaard kan worden door oplichtende nevels en gereflecteerd licht van het
centrale zwarte gat. Het licht komt dus waarschijnlijk niet van sterren. De sterren
bevinden zich namelijk in een compacte centrale component die vergelijkbaar is in
grootte met andere massieve sterrenstelsels. Ook is er geen bewijs dat de omge-
vingen van deze twee HzZRGs protoclusters bevatten. We concluderen dat sommige
HzRGs dus in principe niet veel afwijken van andere massieve sterrenstelsels op
hoge roodverschuiving en dat het verschil in verschijning tijdelijk is en veroorzaakt
wordt door de straling van het centrale zwarte gat.

Hoofdstuk 7 is een appendix waarin we kort een aantal resultaten laten zien
die met behulp van de SINFONI data van de Spiderweb galaxy zijn behaald. Deze
appendix dient als inspiratie voor toekomstig onderzoek.
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