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ABSTRACT
MATTHEW CLAY FLEENOR: Morphology and Large-Scale Structure within the
Horologium-Reticulum Supercluster of Galaxies
(Under the Direction of James A. Rose)

We have undertaken a comprehensive spectroscopic survey of the Horologium-Reticulum
supercluster (HRS) of galaxies. With a concentration on the intercluster regions, our
goal is to resolve the “cosmic web” of filaments, voids, and sheets within the HRS and
to examine the interrelationship between them. What are the constituents of the HRS?
What can be understood about the formation of such a behemoth from these current
constituents? More locally, are there small-scale imprints of the larger, surrounding
environment, and can we relate the two with any confidence? What is the relationship
between the HRS and the other superclusters in the nearby universe? These are the
questions driving our inquiry.

To answer them, we have obtained over 2500 galaxy redshifts in the direction of the
intercluster regions in the HRS. Specifically, we have developed a sample of galaxies with
a limiting brightness of b; < 17.5, which samples the galaxy luminosity function down
to one magnitude below M* at the mean redshift of the HRS, z ~ 0.06. Exclusively,
these intercluster redshifts were obtained with the six-degree field (6dF), multi-fiber
spectrograph at the Anglo-Australian Observatory. In conjunction with the wide-field,
1.2m UK Schmidt, 6dF is the ideal supercluster observatory. Because it deploys the
150 fiber buttons over a 6-degree field, we are able to obtain coherent information over
large areas of the sky, as is the case with a supercluster.

In addition, we have obtained a complete sample of mean cluster redshifts and
velocity dispersions for Abell clusters in the HRS using the Australian National Uni-
versity /2.3m, primarily. For most of the clusters, more than 10 galaxies were observed,
and a reliable mean cluster redshift is determined. Furthermore, we have a near com-

plete sample of by < 18.6 galaxies over a 4° x 4° region that encompasses several HRS
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clusters. With these datasets, we are able to “piece” together various structures over a
large range of scales. We have also obtained high-resolution radio imaging over much
of this smaller area.

We find six void structures in the region with 10 < Ryom < 15 h~! Mpc that are
completely absent of 6dF galaxies (except for one void that contains a single galaxy down
to our observational limits). To discover the voids, we implement the GyVe software
tool that provides a 3-D, interactive visualization environment. Furthermore, four of
these voids are embedded within the supercluster environment, while the other two are
located at the observed boundaries of the HRS. This is reflected in the intrinsically
different galaxy number counts profiles as a function of radius. The voids maintain
their distinct profiles despite the fact that the 6dF sample is augmented with thousands
of previously published redshifts. We also observe that matter (galaxies and clusters)
is not distributed evenly around these voids, but seems to follow a highly ordered
arrangement.

Lastly, the intercluster regions (5-10 A~ Mpc) within one of the most dense HRS
volumes are examined. We define three different intercluster extensions varying in over-
density from 20-60, which is 7-10 times the adjacent control volumes. Furthermore, we

I within one intercluster filament ~11 h~!

calculate a velocity dispersion of ~350 km s~
Mpc in projected length. While varying in projected spatial width, the extended collec-
tion of intercluster galaxies joins the two richest complexes in the region. These galaxies
also exhibit a preferred orientation of 60-90° along its length. We further note that while

some preferred orientations are found within smaller substructures, e.g., galaxy groups,

these characterizations do not match the larger-scale galaxy distributions.
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Chapter 1

Introduction

In theory, there is no difference between practice and theory. In practice,
there’s a big difference. —Jan L. A. van de Snepscheut
With the advent of multi-object spectroscopy that has birthed hundred-thousand
redshift surveys and the parallel-processing supercomputer that fathered large-scale N-
body simulations of cold, dark-matter (CDM), the two prongs of cosmological study (i.e.,
the observational and the theoretical) have been altered unequivocally. With titans such
as these pushing back the frontiers of astrophysical inquiry, one may offer the following
perfectly valid challenge: “What does a relatively small and shallow redshift survey
focusing on the composition and substructure within one individual supercluster of

galaxies have to offer the ‘land of giants’?” Well, I'm glad you asked...

1.1 Where Does This Fit?

In trying to describe where the Horologium-Reticulum supercluster (HRS) galaxy
survey project fits into the myriad of observational programs and theoretical studies
regarding large-scale (i.e., megaparsec-scale) structure, it seems quite natural for me to
begin with the idea of relationships. A Venn diagram is often helpful to illustrate the
relationship between distinct groups and/or sets. In this case, I use a Venn diagram to
show where this project fits within the inter-related fields of astronomy, astrophysics,
and cosmology. Figure 1.1 shows such a diagram with the gray shaded circle situ-

ated to show the relative contribution of each of these fields of study. That is, the



overlapping area of the three different fields relates to the degree in which each field
contributes to the HRS project (the shaded circle). From the diagram, one can deduce
that the project is primarily focused on observational astronomy, and most specifically
cosmography- mapping various astrophysical features with an eye toward understanding
their relationship to the environment in which they are situated.

The idea of relationships also serves to describe the primary scientific impetus of
the project, as to how structures that share environment interact and influence one
another. Specifically, what are the specific structures that comprise the HRS, and how
do these structures of varying scales inter-relate to one another? It is for this reason
primarily, that a project focusing on the large-scale structure and morphology of only
one particular supercluster is interesting to me. Furthermore, as in dealing with all
relationships, the case for connectivity is not based on irrefutable evidence. Rather, we
are building a case for relationship, and for the reality of the structures themselves, from
the presentation of repeated confirmation of similar effects. That is, either by applying
multiple tests to the same proposed structure, or by observing a similar effect in multiple
areas within the supercluster, we are able to infer an astrophysical relationship between
these structures.

Lastly, relationship serves to describe the partnership between the HRS project and
the six-degree field galaxy survey (6dFGS, Jones et al. 2004), which has provided the
instrument, allocation, and support to carry out such an observational effort. The
6dFGS is one of the largest, active redshift surveys with goals of mapping the Southern
sky and obtaining peculiar velocities of 10% of the galaxies down to by< 16.75. Two
separate observing runs were allocated for the HRS project, where priority was given to
the slightly fainter HRS targets. The 6dF multi-fiber spectrograph (Parker et al. 1998)
is the ideal instrument for collecting a relatively moderate number of galaxy spectra
(~130) over an extremely large area of the sky (58). Therefore, it is uniquely suited
for observing the supercluster environment, which for the HRS extends over 15° x 15°
on the sky.

The remainder of the Introduction is dedicated to providing the reader with a proper

context for understanding the observations and conclusions of the HRS project. As one



is surely aware, there is a mountain of observation and study that has taken place
in the arena of large-scale structure. So if nothing more in the remaining portion, I
hope to provide an adequate array of the literature leading the reader in the proper
direction for a more detailed analysis of a particular effect/structure. Therefore, we
begin with the historical context of the observations of “second-order” clusters (i.e.,
superclusters of galaxies). This naturally leads into a brief overview of the rather simple,
yet fundamental, measurement tools employed for the project. Next, we show how more
recent observations of individual structures and specific features have helped to shape
our theories of supercluster composition. Lastly, we motivate the current observations
of the HRS by highlighting their uniqueness in helping us better understand the inter-

related nature of astrophysical structures.

1.2 History of Second-Order Clusters

The notion of of second-order clusters, or superclustering, dates back to at least the
mid ’50s in photometric galaxy counts (Neyman et al. 1954; Shane & Wirtanen 1954;
de Vaucouleurs 1956), though de Vaucouleurs (1961) mentions even Shapley (1938) as
evidence “pointing to the reality of large-scale irregularities ... of the order of 50 Mpc?.”
Furthermore, the approximately perpendicular arrangement on the sky of nearby super-
clusters, like Coma-A1367 (Gregory & Thompson 1978) and Perseus-Pisces (Gregory
et al. 1981; Giovanelli & Haynes 1985), aided astronomers in understanding the extent
of large-scale structures (Joeveer & Einasto 1978; Chincarini et al. 1983). Quantitative
confirmation of such structures was given a foundation in the “strong and consistent”
(Bahcall & Soneira 1983) spatial correlations of galaxy clusters, which revealed that
the universe was not isotropic on these large scales of up to ~100 h~! Mpc (Hauser &
Peebles 1973; Klypin & Kopylov 1983). These statistical findings (and the theoretical
inferences that followed) were largely dependent on the observational efforts to cata-
log the Northern galaxy clusters (Abell 1958), where the all-sky Abell catalog (ACO)
came later in Abell et al. (1989), and the initial determination of most of the cluster’s

(photometric) redshifts (Hoessel et al. 1980). Specifically, the cluster-cluster correlation



function was found by Bahcall & Soneira (1983) to have a similar power-law slope as the
galaxy-galaxy correlation function, but with an amplitude 18 times larger, and a scale
length 5 times greater as well. In the midst of these distinct pile-ups of matter, there
were also regions where seemingly no galaxies (so-called voids, with radii of up to 60
h~! Mpc, Kirshner et al. 1981) or no rich clusters (on the order of 300 A~ Mpc, Bahcall
& Soneira 1982; Frith et al. 2003) resided. In fact, Bahcall & Soneira (1982) observed
that the largest, densest superclusters were located near and around the Bodtes void
observed by Kirshner et al. (1981). Therefore throughout the ’80s, a major thrust in
cosmological physics was to explain how both voids and clusters arose from a nearly
homogeneous state at the epoch of recombination, as evidenced by the near-isotropy
of the cosmic microwave background radiation (CMB). In short, a successful model for
structure formation needs to account for the scales and morphologies of both overdense
and underdense regions.

Even before the '80s, theoretical cosmologists were showing how the formation of
cosmological structures could arise from small (e.g., 6 = Ap/p ~ 10~?) density pertur-
bations within the CMB (e.g., Doroshkevich, Zel’Dovich, & Novikov 1967). Throughout
the '70s and early '80s, two distinct models of structure formation were developing into
the dominant archrivals. The adiabatic, or ‘top-down,” model states that substructure
is formed by the fragmentation of larger-scaled structures, called ‘pancakes,’” via shock
wave heating of the gas (Zel’Dovich 1970; Sunyaev & Zeldovich 1972; Doroshkevich
et al. 1974). Alternatively, an isothermal, or 'bottom-up,” scenario predicts the hier-
archical buildup of structures from surviving pre-recombination perturbations (Peebles
& Dicke 1968; Peebles 1974). Both models predict similar perturbation amplitudes
at recombination and invoke gravitational instability as the mechanism of structure
growth, yet the ordering of the appearance of specific structures remains quite oppo-
site. Around this time, Press & Schechter (1974) formulated a mass-scale spectrum as
a result of the condensations of cold (i.e., non-interacting) gas via self-gravitation for
expanding cosmologies, which was later revised by Schechter (1976) to incorporate the
predicted universal spectrum of galaxy luminosities. Aarseth et al. (1979) presented

N-body computer simulations as means of testing the self-gravitation and clustering



theories of galaxies and their initial cosmological conditions (see a similar method in
Soneira & Peebles 1978). Though the problem of “missing mass” in galaxy clusters had
been raised decades earlier in Zwicky (1933) and Smith (1936), the ubiquitous pres-
ence of dark matter, as the early-epoch, self-gravitating non-interacting “gas,” was only
recognized and accepted by most astronomers in the 1970s (see reviews by Faber &
Gallagher 1979; Trimble 1987, and references therein).

The mid 80’s to 90’s saw the rise of two dominant tools in cosmological studies: the
observational redshift survey and the numerical N-body simulation. Thousand redshift
surveys began to reveal a sponge-like interconnected pattern of galaxies and their ab-
sence (e.g., Gott, Dickinson, & Melott 1986, who used the CfA catalog in Huchra et al.
1988). Also through redshift surveys, systems of galaxies (e.g., multiple adjacent clus-
ters) were targeted and observed to be connected by coherent organizations of individual
galaxies (e.g., hereafter L83, Lucey et al. 1983; Postman et al. 1988; Geller & Huchra
1989), which often included calculations of the velocity dispersion and mass of the sys-
tem. On the theoretical side, the modeling of the inter-connective supercluster-void
network via phenomenological models (Icke 1984; Bahcall 1988) and more developed
N-body simulations (Regos & Geller 1991; van Haarlem & van de Weygaert 1993) con-
tinued to keep pace with the increase in observational understanding. Bond, Kofman,
& Pogosyan (1996) introduced the picture of a “cosmic web” as a theoretical construct
where filaments are the preferred, collapsed structures that connect clusters, which has
since become the manner of qualitatively characterizing the observed large-scale struc-
ture. Figure 1.2 shows such an observational picture taken from the two-degree field
galaxy redshift survey (2dFGRS, Colless et al. 2001), which is the common arrange-
ment in other surveys also (e.g., Las Campanas redshift survey, LCRS, Shectman et al.
1996). We are now in the age of million redshift surveys (e.g., the Sloan Digital Sky
Survey (SDSS) in York et al. 2000) and cosmological CDM simulations that encompass
a significant fraction of the observable universe (e.g., the Virgo Consortium, Colberg
et al. 2000b).

Superclusters of galaxies represent the largest known conglomerations of both visible

and dark matter in the universe (Kalinkov et al. 1998). Though ranging in galaxy



overdensity just out of the linear regime of structure growth (i.e., § = Apops/p. <
10), superclusters are formed by the connection of clusters over distances of ~70 h~!
Mpec. In fact, the range of structures identified as superclusters varies widely in terms
of morphology and size. On the one hand, there are superclusters containing just a
few major galaxy clusters connected by long spiral-rich galaxy filaments (e.g., Coma
and Pisces-Perseus, Gregory & Thompson 1978; de Lapparent et al. 1986; Giovanelli
et al. 1986; Chamaraux et al. 1990). In contrast, other structures are perhaps more
readily characterized by the presence of rich clusters- up to twenty or greater- as in
the case of the Shapley supercluster (e.g., Quintana et al. 1995, 2000; Bardelli et al.
1998, 2000; Drinkwater et al. 1999, 2004). Therefore given their complex morphologies,
as well as their huge scale (e.g., Zucca et al. 1993; Einasto et al. 1994, 2001) and
potential alignment within the local universe (Tully et al. 1992), superclusters pose
unique challenges for scenarios of the growth of and inter-relationship between structures
on all scales. This includes both competing models for structure formation, namely
the hierarchical structure formation picture (Baugh et al. 2004) and the “pancake”
models (Zel'Dovich 1970). Detailed studies of the supercluster environment require
extensive redshift information over large areas of the sky, sampling both the intra- and
inter-cluster regions (Bardelli et al. 2000). Wide-field, multi-fiber spectrographs are
ideally suited to this task, as they permit three-dimensional probing of structures on
megaparsec scales.

In typical superclusters comprised of numerous galaxy clusters, there is evidently
a rich variety of substructure present in these large-scale entities. For example, orien-
tations of individual member galaxies (Binggeli 1982; Fuller et al. 1999), subclustering
within the constituent clusters (West et al. 1995), and even the shapes of the galaxy
clusters themselves (Plionis & Basilakos 2002) are all presumed to be influenced (and/or
instigated) by their parent supercluster. N-body simulations of CDM halos also predict
a rich array of substructures linked to the surrounding megaparsec-scale landscape (Col-
berg et al. 1999). Therefore, we may deduce that much could be understood regarding
structure formation were we able to tie the local effects (mentioned above) to actual

structural phenomena within the surrounding supercluster environment. Before exam-



ining in more detail the primary players at the supercluster regime, we must discuss the

observational tools used to detect cosmological structural features on these scales.

1.3 Basic Observational Toolbox

Without doubt, the fundamental measurement of galaxies when inferring the large-
scale structure is the cosmological redshift. Due to the universal cosmological expansion
(Hubble 1929), emitted light from receding galaxies is reddened according to the rel-
ativistic Doppler relation. The ratio between an object’s observed and emitted light
at a particular wavelength defines the spectroscopic redshift, z. While the redshift is
a direct measure of the scale factor of the Universe when the radiation was emitted
by the object, it may stand as a surrogate for the inferred radial distance (Longair
1998). These artificially inferred distances are susceptible to distortion by the galaxy’s
peculiar velocity, which can arise from either bound orbital motions within galaxy clus-
ters (Kaiser 1987), or bulk motions of galaxies, like infall streaming motions (Praton
et al. 1997). Outside of rich galaxy clusters, line-of-sight (los) radial distances inferred
from spectroscopic redshifts are thought to have distortions of 1 — 3% at the average
HRS redshift (Bothun et al. 1992; Padilla et al. 2005). We discuss in more detail the
confidence with which we are able to interpret relative distances between various HRS
structures in following sections (e.g., §6.1).

From this approximate volumetric rendering of galaxies, the number density contrast
for specific large-scale structures is calculated. To do so, an accurate estimate of the
mean density of galaxies for a uniform background must be taken into account. These
predicted background counts vary with redshift and are derived from the radial selection
function, which is fully discussed in §2.2.2. The over/underdensity with respect to
the mean serves as a fundamental parameter to estimate the dynamical state of the
particular object or region. For example, structures with overdensities less than 1.0 are
expected to be in the linear regime, which means that the governing motion is that of
the Hubble flow. However, as the overdensity increases, structures move into the non-

linear regime, and their dynamical histories are intractable from redshift measurements.



A corollary for underdensities in voids was shown by van de Weygaert (1991). As with
the inferred radial distance, we would ideally like to measure the actual mass density
in a given area. However, our inability to accurately account for the presence of dark
matter, either directly or indirectly (e.g., through biasing), requires us to proceed with
an observed galaxy number density for a given volume. While CDM simulations have
little difficulty calculating a mass density, there is a “trade-off” due to the difficulty
in predicting the exact spectrum of galaxy types and masses in a given region. In
other words, obsrvations of large-scale structure are completely biased to the visible
baryonic minority componenet of he mass density. In contrast, CDM simulations easily
produce information about the status of dark matter halos, but can only follow the
development of the visible matter through highly parametrized, semi-analytic methods
(Benson et al. 2001). However, with an accurately counted background, the observed
over/underdensity of galaxies in a given region provides a valuable measure of the
underlying large-scale structure.

The orientation of a galaxy’s semi-major axis with respect to some larger-scale, pre-
ferred axis, e.g., that of a galaxy cluster, provides a potential measure of the effect
of large-scale structure on its constituents. Several studies examine the alignment of
individual (and collections of) galaxies with respect to cluster (Binggeli 1982; Stru-
ble & Peebles 1985) and even supercluster (West 1994) axes. When the filamentary
network connecting clusters is thought of as a funnel preferentially directing material
onto galaxy clusters (Plionis & Basilakos 2002; Colberg et al. 2000a), a laminar flow
model describes that galaxy elongation will take place in the direction of these funnels
(Kitzbichler & Saurer 2003; Aubert et al. 2004). Such observations are also reinforced
in the simulated world with CDM halos (e.g., Dekel et al. 1984; Knebe et al. 2004).
Though all observational studies show some positive signals of preferred orientations
in certain cases, the universal effect is sometimes overstated or wrongly extrapolated
(again, e.g. in Struble & Peebles 1985). Therefore, while we have in the alignment
test a potentially useful measure of phenomenological connection between structures, it
must be interpreted judiciously.

All of these tools lead us in the direction of observing the connected nature of a



galaxy supercluster. Galaxy redshifts provide us with some measure of the volumetric
arrangement of structures. Overdensity measurements inform of the comparative ar-
rangement between various structures/regions. Orientations indicate the relative asso-
ciation of an individual object (or a collection of objects) to a group (to the surrounding
environment). While galaxy-galaxy correlation functions are a useful measure of the
general statistical clustering in a given volume, they do not provide ample information
about the preferred direction of such clustering. Higher-order correlation functions do
better but in a laborious and inefficient manner. Minkowski Functionals (MFs), which
are applied to isodensity surfaces derived from the point galaxy data, give a basic de-
scription of the topological characteristics of a given volume (Mecke et al. 1994; Sheth
& Sahni 2005). Shapefinder statistics further use these MFs to extract information
regarding the shapes (planarity, filamentarity, etc.) of the large-scale structure in CDM
simulations (Sathyaprakash et al. 1998). However, these statistical tools are less useful
for describing the particular connections between specific structural constituents of a
supercluster. Therefore, we have chosen a somewhat more hands-on approach in exam-
ining the unique interconnection within the HRS between structures on various scales.
In summary, we hope to provide a picture of how a seemingly vast region of interesting
structural phenomena, both underdense and overdense, can be viewed comprehensively

(and coherently) as one supercluster, the HRS.

1.4 Current Observational State

1.4.1 Intercluster Filaments of Galaxies

Since the preferred constituents of the “cosmic web” are filaments and voids (Bond
et al. 1996), these two structures become the focus of the following study. Hereafter,
we reserve the word ‘filament’ to describe the spatially (and kinematically) confined,
interconnective density enhancements between galaxy clusters. Besides their associ-
ation with the “web,” filaments of galaxies have become an important observational

part of large-scale structure programs for two reasons. First, intercluster filaments are



purported to aid in filling the “missing” baryons (Fukugita et al. 1998; Cen & Ostriker
1999), because they are thought to contain a significant amount of hot (> 10° K),
dilute gas. For example, both observations (Davé & Tripp 2001) show and hydrody-
namic simulations (Cen et al. 2001; Evrard et al. 2002) suggest that O VI absorption
in gas filaments is observable at lower redshifts (Tripp et al. 2001). Secondly, filament
intersections are thought to be the progenitors of rich galaxy clusters, in that filaments
preferentially funnel (dark, light, and gaseous) matter along their axes (e.g., Bond et al.
1996; Colberg et al. 1999). Such propositions, if shown to be true, would significantly
impact our insights about structure formation and evolution.

Since a significant amount of the matter in filaments remains dilute, their low-density
environment makes them difficult to detect. Because they are thought to contain signifi-
cant amounts of gas, observational programs have aimed (with mild success) at detecting
the X-ray emission resulting from the gaseous filament bath (Kull & Béhringer 1999;
Scharf et al. 2000). Other observational mechanisms have also been employed to detect
intercluster filaments, either by ultraviolet absorption of the gas within background
AGN spectra (Bregman et al. 2004) or by gravitational weak lensing (Gray et al. 2002;
Dietrich et al. 2005).

More directly, intercluster filaments are confirmed through the optical detection of
the galaxies that populate them. Almost all of these studies incorporate the spectro-
scopic redshift of the galaxy (e.g., Ebeling et al. 2004), though the utilization of galaxy
color (Kodama et al. 2001; Pimbblet et al. 2004a) and position angle (Pimbblet 2005)
are also explored. Several theoretical predictions regarding the (qualitative) filament
type, radius, number and mass density, and length have been set forth in Colberg et al.
(2005a) via CDM simulations from Kauffmann et al. (1999). Pimbblet et al. (2004b)
have classified filaments in the 2dFGRS in a similar manner to estimate the number
density of filaments as they are related to the environment in which they reside. Again,
the low density environment of intercluster filaments translates to a sparse number of
galaxies connecting galaxy clusters. It is for these reasons that we have focused intently
on the intercluster regions of one particular supercluster to detect galaxy filaments.

We will explore the use of other observational techniques to help confirm the redshift

10



detection of intercluster filaments in the HRS (e.g., 010s)-

1.4.2 Galaxy Voids

While consisting primarily of empty space, it is ironic that void regions have been
more easily characterizable from an observational standpoint. Specifically, for both
the SDSS (York et al. 2000) and the 2dFGRS (Colless et al. 2001), multiple detailed
studies of the observable voids were conducted (e.g., Croton et al. 2004; Hoyle & Vogeley
2004; Goldberg et al. 2005). This is usually reported as a void probability function
(VPF Lachieze-Rey & Maurogordato 1987; Einasto et al. 1991), though other significant
properties like the underdensity are also calculated. The relative ease of void discovery
is due primarily to their large volume (up to 40% of total in the 2dFGRS, Hoyle &
Vogeley 2004) and their relaxed (i.e., nearly spherical), vacuous (6§ ~ —0.9) nature.
Though voids with radius up to 60 h~! Mpc are well-studied (most notably Bootes in
Kirshner et al. 1987), the majority of voids have defined radii between 10 — 20 h~!
Mpe. In fact, Colberg et al. (2005b) show that in simulations of CDM halos, ~ 90% of
the total void volume is filled by those with Ryom < 10 A~ Mpec. Such small vacant
regions are difficult to detect in the observable realms, since galaxies are not continuous
space-filling objects and their volumetric number density is low.

The potential population of voids by individual galaxies, gas, and simulated amounts
of CDM has also received much attention. For example, the photometric (Rojas et al.
2004), spectroscopic (Rojas et al. 2005), luminosity function (Hoyle et al. 2005), and
the mass function (Goldberg et al. 2005) of void galaxies in the SDSS have all been
studied in detail. In summary, these studies show that voids are dominated by fainter,
bluer, more disk-like galaxies with younger stellar populations. More recently, Patiri
et al. (2006) find that faint galaxies in 2dFGRS voids are not distributed randomly
but align in filamentary structures within the voids themselves. This observational
result is not unlike the low-mass CDM halo simulations of Gottlober et al. (2003) that
reveal a “miniature” universe of filamentarity that populates each void. Apparently, the

hierarchy of structures extends down to the current observable limits of both brightness
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and density, further pressing our cosmological theories into unchartered waters.

1.5 Why Horologium-Reticulum?

Originally noted by Shapley (1935) as exhibiting “a considerable departure from
uniform distribution,” the HRS is now recognized as one of the largest superclusters
in the local universe (L83; Zucca et al. 1993; Einasto et al. 2003; Fleenor et al. 2005),
containing more than twenty ACO clusters. The HRS covers an area of the sky in
excess of 200 square degrees, centered at approximately o = 03'20™,§ = —50°00'. In
fact, in terms of mass concentrations within the nearest 200 Mpc, the HRS stands as
second only to the Shapley supercluster (Hudson et al. 1999; Einasto et al. 2001). It is
of interest to note that while the Shapley supercluster lies within the preferred plane
discussed by Tully et al. (1992), the HRS lies more than 150 Mpc outside of that plane.

Recent studies in the HRS have focused exclusively on the rich clusters in the region.
Katgert et al. (1998) summarize the redshift information from the ESO Nearby Abell
Clusters Survey (ENACS), which investigated ACO cluster cores throughout the HRS
(specifically A3093, A3108, A3111, A3112, A3128, A3144, and A3158). Rose et al.
(2002) examined the merging double-cluster system A3125/A3128, which is located in
the Southeast portion of the HRS. This multi-wavelength study revealed a number of
rapidly infalling groups and filaments, which are accelerated by the HRS potential. The
results from their observations imply that the HRS contains evolving substructures on
a wide range of mass scales.

To date, few studies have been carried out that concentrate upon the dynamical state
of the HRS environment outside of the rich clusters. The foundational paper by L83
only concentrated on a 6° x 6° in the southern HRS region. To remedy this situation for
the HRS, we have initiated a wide-field, spectroscopic study of the inter-cluster regions.
Because of its enormous size and state of dynamical evolution, the HRS is readily
present with ample opportunities to explore and examine the filamentary nature of the
supercluster environment. Moreover, with ample spectroscopic information on various

scales (cluster, intracluster, and intercluster), we are in a position to present a coherent
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picture of the entire supercluster.

The thesis contains our findings from various stages of the project. After a detailed
summary of the spectroscopic observations, including sample selection and its effects in
§2, we describe the initial results relating to large-scale kinematic features in the HRS
in §3, which is presented in the thesis as Fleenor et al. (2005, or Paper I). §4 contains
our observations and calculations of the mean redshift and velocity dispersion of several
HRS clusters with previously sparse information. This work is presented in the thesis
as Fleenor et al. (2006, or Paper II). §5 provides some brief highlights of the structures
observable within the HRS, as it relates in particular to the visualization tool, GyVe
(Miller et al. 2006, Appendix A). §6 is an analysis of six voids in the immediate HRS
region with Ryom > 10 A~' Mpc. We find that these voids not only help to define
the boundaries of the HRS but are also embedded within the supercluster region. §7
examines specific overdense regions of the HRS, with a particular eye toward defining
intercluster filaments and establishing the HRS as a coherent entity. We summarize
our findings in §8. Throughout, the following cosmological parameters are adopted:
O, = 0.3, Qy = 0.7, and H, = 100h = 70 kms~! Mpc~!, which implies a scale of 4.6
Mpc degree™! (77 kpc arcmin™') at the ~20,000 kms~! mean redshift of the HRS.
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Cosmology

Astrophysics

Figure 1.1 Venn diagram relating the HRS survey project to the relevant fields of astron-
omy, astrophysics, and cosmology. The scope of the project is shown by the filled gray

circle, where the majority of the circle’s area is covered by observational astronomy.
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Figure 1.2 Cone diagram as a function of redshift showing the Northern and Southern
portions of the 2dFGRS. The total survey contains over 200,000 galaxy redshifts out to

z =~ 0.2. The qualitative evidence for a cosmic web pattern is readily seen.
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Chapter 2

Observational Data

“The hardest thing about really seeing ... is that then you really have to do
something about what you have seen ...” —Fredrick Buechner

The HRS galaxy survey contains a unique combination of spectroscopic observations
from both intercluster and cluster galaxies. This affords the opportunity to locate
galaxy clusters as members of the HRS and to examine the intercluster arrangement
around these most dense regions. Specifically, there are 2 6dF samples used primarily
for observing intercluster galaxies in the HRS. The initial 2002 sample of 547 galaxies
was used for the analysis in Paper I, while the larger 2004 sample consists of 1235
galaxies. In addition, spectroscopic observations of cluster galaxies were obtained with
the ANU 2.3m in 2004, which comprises the sample for Paper II, and a follow-up
study with the same instrument in 2005. There are several published and unpublished
datasets also incorporated into the survey, and each is discussed as it relates to the
project, intercluster or cluster, respectively. Lastly, a complete sample of quality spectra
were obtained for a compact galaxy group in A3128 with a combination of AAT and
ANU/2.3m data. A description of the intercluster samples are discussed first, since they
comprise the majority of the survey dataset, which is followed by a discussion of the

cluster data.



2.1 6dF Spectroscopic Observations: 2002

2.1.1 Sample Selection

The UK Schmidt Telescope (UKST) six-degree field (6dF), multi-fiber system is
uniquely suited to survey large supercluster regions in the nearby universe. 6dF deploys
150 fibers over a circular field of diameter 5°7 with a minimum required spacing between
fibers of 57, set by the magnetic prism buttons (see §2.2.2). Light is fed from the fibers
into a fast £/0.9 CCD spectrograph (Parker et al. 1998). Two interchangeable field plate
units allow for the simultaneous observation of the current field and configuration of the
next. A practical limiting magnitude for the system is by = 17.5. All of these attributes
taken together imply that the 6dF is most effectively used to probe the large-scale inter-
cluster environments of local superclusters, while avoiding the more densely crowded
cluster members. Consequently, in studying the HRS our goal was to produce a catalog
of galaxies for the inter-cluster region.

Galaxy selection took place in the following manner. A 12° x 12° area of the sky
centered upon o = 3"19™, § = —50°00" was chosen for the region of observation based
upon previously published literature (Zucca et al. 1993). A complete catalog of all
galaxies down to a by magnitude of 17.5 was extracted in four 6° x 6° regions from
the UKST survey plates previously scanned by the SuperCOSMOS machine (Hambly
et al. 2001b). There was also the addition of a fifth rectangular region (3°x 6°) in
the far Southern portion to incorporate the field surrounding ACO clusters 3106 and
3164. The galaxy classification flag assigned by SuperCOSMOS was used for the initial
sample selection. The by = 17.5 magnitude limit was adopted as a practical limiting
magnitude for the 1.2-m aperture UKST. To avoid expending fibers on galaxies within
clusters, our original intention was to excise from the catalog all galaxies within a 1°
radius circle of sixteen ACO clusters listed by Zucca et al. (1993) as members of the
HRS and intersecting our observing region. The 1° radius exclusion corresponds to ~2
Abell radii (where 1 R4 = 2 Mpc) at the mean redshift of the HRS. This would ensure

that new spectroscopic information relates only to the inter-cluster regions of the HRS.
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However, a coding error was discovered in the program that excises galaxies from the
cluster regions only after the observations were made. The cos(d) conversion factor in
the Right Ascension (RA) coordinate, when expressed in degrees, was not included in
the calculation of angular distances of galaxies from cluster centers. As a result, the
actual excision regions are elongated in the RA coordinate and correspondingly more
so at higher Declination. The typical elongation is a factor of 1.6. Nevertheless, the
result remains that we have generated a sample that is almost entirely comprised of
inter-cluster galaxies.

After the above constraints were applied, there remained 2848 galaxies (Figure 2.1).
The maximum number of optical galaxy redshifts that could be obtained under optimal
observing conditions was estimated at 1500. Consequently, we produced a subcatalog of
1500 targets from the original list of 2848. This was accomplished as follows. Galaxies
in each 6° X 6° region were assigned a random number and then arranged in ascending
order. This ordering provides a basis for selecting an unbiased subsample from the
larger complete sample. The numbering schemes from the individual 6° x 6° regions
were merged into a final catalog of 1500 objects with each region weighted according to
the fraction of galaxies found in that region. That is, if 25% of the galaxies in the original
catalog came from a particular region, the subcatalog of 1500 galaxies also contained
25% from that region. Hence the method preserves natural galaxy overdensities while
randomly sampling the entire extracted region. Finally, a Digitized Sky Survey (DSS) !
image of each target was examined to further reduce the number of misclassified galaxies

in the sample.

2.1.2 Observations

Observations covering the 12° x 14° area in the HRS were carried out on the 1.2m
UKST of the Anglo-Australian Observatory (AAO) in 2002 October/November. All

observations were carried out in conjunction with the 6dF Galaxy Survey (6dFGS) pro-

!The Digitized Sky Surveys were produced at the Space Telescope Science Institute
under U.S. Government grant NAG W-2166.
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gram being undertaken by the AAO (Wakamatsu et al. 2003). Specifically, the 6dFGS
and our HRS program observations were folded together to allow for joint execution
of both programs, since many of our survey targets were not included in the original
6dFGS database. When allocating fibers, the 1500 galaxies in the study were given high-
est priority within the 6dFGS for the selected fields of observation. However, whenever
a 6dF fiber became unassigned due to a conflict with the fiber selection from another
target galaxy, the fiber was then reassigned to a target from the 6dFGS. The blue
magnitude limit for the 6dFGS is 16.75 (i.e., by < 16.75), hence there is considerable
overlap between our target lists and the 6dFGS. Over all the observed fields, approx-
imately 70% of all targets were taken from our original list of 1500 galaxies. As can
be seen in Figure 2.2, our observed galaxy magnitude distribution closely follows the
magnitude distribution of the post-extraction HRS area of 2848 galaxies. Due to the
brighter limiting magnitude of 6dFGS, we have slightly less proportional coverage at
our faint limit. In addition, a few very faint objects were included as part of the 6dFGS,
which again can be seen in Figure 2.2. Finally, a small number of 6dFGS objects lie
within our 1° excision radii around clusters, which is evident in Figure 2.1.

Observations were carried out along standard 6dFGS procedures, which are sum-
marized here and detailed in Jones et al. (2004). A combination of the 580V and
425R volume-phase holographic transmission gratings were used to optimize spectral
coverage. This procedure yielded an instrumental resolution of 4.9 A (580V) and 6.6
A (425R), while covering the wavelength range 3900 — 7600 A, i.e., from [OII|A3727
through Ha over the HRS redshift range. Exposure times for each grating are listed
in Table 2.5. HgCdNe arc and quartz flat exposures were carried out before and after
primary fields. FKEight nights were allocated to this project by the 6dFGS team, but
three were adversely affected by weather (Tab. 2.1).

2.1.3 Reductions

In total, 547 usable galaxy spectra were obtained from the eight nights allocated.

In Figure 2.1, individual field centers are labeled and shown in reference to the survey
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Figure 2.1 Observed fields in the 2002 study as conducted by the 6dFGS team. Crosses
represent all 2848 galaxies from the SuperCOSMOS catalog, which constitutes our orig-
inal target list. Note that, as described in the text, one degree radius regions (~2 R )
around 16 ACO clusters listed as members of the HRS by Zucca et al. (1993) are ex-
cluded from the catalog. The excised regions are shown as dotted circles. Small, open
circles represent galaxies for which optical redshifts were obtained. Open circles with-
out crosses denote galaxies that were added from the 6dFGS to prevent unused fibers.
The 6dF r—0 positioner selects a 6-degree diameter region from the UKST field plates,
which are denoted by large dashed circles. Labels refer to the spectroscopic observations

detailed in Table 2.1 (column 4).
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Figure 2.2 Histogram showing the magnitude distribution for the 6dF observations

compared to the SuperCOSMOS inter-cluster galaxy list with limiting magnitude b; =

17.5. Filled histogram shows the magnitude distribution of the observed objects (547)

and correlates with the y-axis labeled on the left-hand side. Outlined histogram shows

the original list of galaxies (2848) after the cluster galaxies were removed and correlates

with the labels on the right-hand side. Extremely bright galaxies with b; < 10.0 were

excluded from the survey.
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Table 2.1. 2002 6dF Observational Fields

Date 2000 2000 1D Field No.  Grating  tezp(s) Seeing S/N
2002 Oct 31 0255579 —501820 3110 198,199 580V 4x1200 2-3" 7.5
154 425R 4x600 3—5" 9.0
2002 Nov 01 02 55 579 —513812 0111 198,199 580V 4x1200 1-2" 9.0
154 425R 4x600 1-2" 11.7
2002 Nov 03 03 02 00.4 —46 1817 0411 247, 248 580V 4x600 3-5" 4.6
2002 Nov 04 03 02 00.5 —46 1815 0411 247, 248 425R 4x600 2-3" 10.8
580V 4x1200 3-4" 8.7
2002 Nov 05 03 24 57.6 —50 58 17 0511 200 425R 4x600 2-3" 12.6
580V 4x1200 2.2" 9.8
2002 Nov 06 03 17 55.5 —5548 06 0611 155 425R 4x600 2-3" 10.8
580V 4x1200 3-4" 7.8
2002 Nov 07 03 28 54.8 —56 58 04 0711 155, 156 425R 4x600 1-2" 10.5
580V 6x1200 3-4" 8.6
2002 Nov 08 03 33 02.2 —46 28 04 0811 200, 248 425R 4x600 1-2" 5.4
249 580V 4x1200 1-2" -

Note. — Numbers in parentheses refer to the column numbers. (1) Date of observation, (2) Right

Ascension of the field center in hours, minutes, and seconds (J2000), (3) Declination of the field
center in degrees, arcminutes, and arcseconds (J2000), (4) Identification number as found in Figure
2.1, (5) Schmidt field number, (6) Grating, (7) Exposure time, (8) Approximate seeing, (9) Average

signal-to-noise.

area. Altogether, 100 fibers were operational during our sequence of observations. With
9 fibers donated to sky, this leaves a total of 91 possible galaxy redshifts per imaged
field. Night 7 with the 580V grating was not reduced due to a telescope focus error,
so redshifts were obtained for only 25% of the 0811 field (Tab. 2.1). Although the
signal-to-noise ratio was relatively low in many of our spectra (< 10), over 95% yielded
reliable redshifts (excluding 0811). Due to 6dFGS priorities and galaxy overcrowding,
redshifts were obtained for some galaxies not originally included in our source lists.
There remained 3 Galactic stars and 27 objects with unusable spectra in the sample.
The automatic 6dF data reduction (6DFDR) package completes the following steps
directly after observation: debiasing, fiber extraction, cosmic-ray removal, flat fielding,

sky subtraction, and wavelength calibration (Jones et al. 2004). As a final step, the
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post-6DFDR files from each exposure were co-added into single spectra.

2.1.4 Redshift Determination

Methods for the determination of galaxy redshifts fit into three basic categories
depending on their spectral characteristics: absorption, emission, and those spectra
containing both absorption and emission features. For spectra exhibiting absorption
features, the IRAF 2 based cross-correlation package, rvsao, was utilized to determine
radial velocities against four template spectra: two stellar spectra obtained from the
Coudé Feed spectral library (Jones 1998) and two spectra obtained from the sample (a
Galactic star and a nearby galaxy whose redshift was also determined by rvsao).

The method of determining redshifts for emission-dominated galaxy spectra was
completed in two steps. First, JAR and MCF independently measured wavelength
centers for each detectable spectral line via Gaussian fitting then determined its redshift.
Second, each emission line was assigned a weight by MCF based upon the sharpness of
the line and the surrounding noise level. The assigned weight was based upon a 5 point
scale, where a “5” denoted a peak height greater than three times the FWHM with
minimal background. For expected emission lines that were faintly detectable from
the background, a weighting of “1” was assigned. This appropriately distinguished
between emission lines with robust redshift determinations from those compromised
by noise. Redshifts were averaged for galaxy spectra exhibiting both strong emission
and absorption features. Whenever there was a discrepancy of Acz > 100 kms™!
between the two methods, preference was given to the emission line value. As a last
step, heliocentric corrections were applied to all redshifts. Coordinate and redshift

information for the 547 observed objects is compiled in Table 2.2.

’Image Reduction and Analysis Facility (IRAF) is written and supported by the
National Optical Astronomy Observatories (NOAO) and the Association of Universi-
ties for Research in Astronomy (AURA), Inc. under cooperative agreement with the
National Science Foundation.
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2.1.5 Coverage

Outside the previously determined cluster areas that were excised, there were 2848
potential targets selected by SuperCOSMOS (galaxies with by < 17.5). It was found
from a comparable sub-sample selection that ~15% of the targets labeled as ‘galaxies’
by SuperCOSMOS were actually stars. Therefore, the completeness of the survey is
547/2420, or 23%. The optical redshifts obtained in this survey more than double
the previously published information for the HRS (Fig. 2.3). Previous inter-cluster
observations were limited spatially, primarily focused in the southeast portion of the
supercluster. Overlap with previously observed galaxies was not intended, but for the
10 cases, 6dF redshifts are < £250 kms~! the previous measurements from L83 and
Chincarini et al. (1984).

It is noticeable from Figure 2.1 that the coverage is not uniform over the original 12°
x 14° area. In fact, the total area covered by the observations is more accurately 9° x
14°. Furthermore, the galaxies in the Western portion are more heavily sampled than
those in the East. This non-uniformity is primarily a result of the weather problems
coupled with the competing demands of both HRS and 6dFGS surveys when selecting
field centers for the observations. Although the mean completeness is 23%, the field cen-
ters in the Western portion are sampled closer to 28% completeness, while the Eastern

field centers are at ~22%.

2.2 6dF Spectroscopic Observations: 2004

All observations of intercluster galaxies were carried out on the 1.2m UKST in con-
junction with the six-degree field galaxy survey (6dFGS, Jones et al. 2004). The semi-
automated 6dF data reduction system (6DFDR) extracts, flat-fields, sky subtracts, and
coadds spectra from multiple exposures (3 per field per filter). As a final step, 6DFDR
splices the two filtered spectra for continuous wavelength coverage from 3900-7600 A
(i.e., [OIT]JA3727 through Ha at the mean HRS redshift). Next the automated runz

software was utilized, where each target spectrum is compared to 8 rest-frame spectral
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Figure 2.3 The HRS region under study displaying both 6dF observations from 2002
and other previous inter-cluster redshifts. Previously observed galaxies are plotted with
different symbols to show the increased amount of information with our 6dF study.
Redshifts from our 2002 study are shown as filled circles. Clusters in the observing
region with known redshift (Tab. 3.1) are shown as large open circles with radii of 2

Mpec (1 Ra).
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Table 2.2.  Velocity Data for 6dF Galaxy Spectra

ID 2000 42000 by Reference  cz (kms™!)  oc;
HRS J024113—-501154 02 41 13.42 —50 11 54.1 13.41 e 27662 40
HRS J024126—514012 02 41 26.02 —51 40 12.0 17.36 e 30523 86
HRS J024141-524151 02 41 41.38 —52 41 51.7 17.17 e 14078 52
HRS J024141-505106 02 41 41.86 —50 51 06.1  16.93 e 18818 47
HRS J024213—-514333 02 42 13.22 —51 43 33.2 17.45 e 22710 50
Note. — Numbers in parentheses refer to the column numbers. (1) IAU name, (2) Right ascen-

sion in hours, minutes, and seconds (J2000), (3) Declination in degrees, arcminutes, and arcseconds
(J2000), (4) by magnitude as listed in SuperCOSMOS, (5) “a”= absorption lines used to calculate
redshift, “e”= emission lines used to calculate redshift, “ae”= both absorption and emission lines
used, (6) Velocity, cz, (7) Velocity error. The complete version of this table is in the electronic

edition of the Journal. The printed edition contains only a sample.

templates, 5 (morphology-specific) galaxy spectra from Kennicutt (1992) and 3 stellar
spectra from Jacoby et al. (1984). Automated cross-correlation is used for “absorption”
spectra (Tonry & Davis 1979), and “emission” redshifts are obtained by Gaussian-fitting
typical spectral features (e.g., OIl, OIII, Balmer) and multi-line matching. A quality
flag, @, from 1-5 is then assigned by the observer, where over 95% of all object spec-
tra led to redshift determinations with ¢ > 3 (Jones et al. 2004). These software
packages are modified extensions of the data reduction techniques developed for the
now-complete, two-degree field galaxy redshift survey (2dFGRS, Colless et al. 2001).
Since both interchangeable 6dF field plate units were available with >120 usable fibers
each, the observations were optimized by simultaneously observing the current field
while configuring the subsequent one. A journal of the observations is found in Table

2.3.

2.2.1 Sample Characteristics

An original target list of by < 17.5 galaxies was constructed for the 20° x 20°

area proposed to cover the HRS. This magnitude limited sample was drawn from the
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Table 2.3.

2004 6dF Observational Fields

Date 2000 2000 D Field No.  Grating  tezp(s) Seeing S/N
2004 Nov 06 02 48 00.0 —57 0000 0611la 154, 155 580V 3x1200 27 7.4
115, 116 425R 3x600 2" 8.8
03 51 00.0 —520000 0611b 200, 201 580V 3x1200 3—-4" 7.5
156 425R 3x600 3—4" 8.9
2004 Nov 07 02 54 00.0 —450000 0711la 247, 248 580V 3x1200 2-3" 9.2
300, 301 425R 3x600 2-3" 10.5
03 48 00.0 —46 0000 0711b 249, 250 580V 4x1200 3—4" 5.2
302, 303 425R 3x600 34" 8.3
2004 Nov 08 0248 00.0 —57 0000 081la 154, 155 580V 2x1200 3—4" 5.7
115, 116 425R 3x600 34" 6.6
2004 Nov 09 03 15 00.0 —56 1000 0911a 200, 201 580V 3x1200 3-4" 9.6
155 425R 3x600 3-4" 9.7
03 51 00 -52 00 00  0911b 200, 201 425R 3x600 4" 6.7
2004 Nov 10 03 51 00.0 —520000 101lla 156 580V 4x1200 4.5” 9.4
2004 Nov 10 03 35 00.0 —443000 1011b 248, 249 580V 1x1200 4.5” 9.4
2004 Nov 11 03 35 00.0 —44 3000 111lla 248, 249 580V 3x1200 34" 8.4
301, 302 425R 3x600 34" 7.7
03 4500.0 —=573000 1111b 156, 157 580V 2x1200 5-6" 3.0
117, 118 425R 5x600 4-5" 7.2
2004 Nov 12 0345 00.0 —57 3000 1211a 156, 157 580V 4x1200 1-2” 10.0
04 11 00.0 —60 4500 1211b 117, 118 580V 3x1200 1-2" 11.9
425R 3x600 1-2” 13.3
2004 Nov 13 03 28 00.0 —493000 131la 200 580V 4x1200 2-3” 9.1
425R 3x600 2-3" 9.0
03 21 00.0 —44 3000 1311b 248 580V 3x1200 2 11.5
425R 3x600 34" 13.0

Note. — Numbers in parentheses refer to the column numbers. (1) Date of observation, (2) Right

Ascension of the field center in hours, minutes, and seconds (J2000), (3) Declination of the field center

in degrees, arcminutes, and arcseconds (J2000), (4) Identification number as found in Figure 2.4, (5)

Schmidt field number, (6) Grating, (7) Exposure time, (8) Approximate seeing, (9) Average signal-to-

noise.
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Figure 2.4 Sky map showing the increase of area with the 2004 observations when
compared to those of 2002. The figure coordinates are offset from the chosen HRS
center 3"20™ -51° 00’. The small open circles represent galaxies for which quality
spectra were observed, and the 100% increase in the 2004 dataset is clear. The 2004
6dF fields are shown as large open circles, where the bold lines represent a double
configuration for this survey (i.e., with the same 6dF field center). The alphanumeric
tags associated with each field correspond to the journal of observations in Table 2.3.
The rectangular area given by the dotted lines shows the inner 14° x 20°, over which

there is the most uniform coverage.

SuperCOSMOS catalog database for the UKST IIlaJ (Blue) Survey (Cannon 1984)
covering the specified area. The by magnitude is defined by the response of the Kodak
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[TTaJ emulsion in combination with the GG395 filter. SuperCOSMOS is an advanced
photographic plate digitizing machine that provides high-resolution (0”7), multi-color
(by and rp) information over the entire Southern sky (Hambly et al. 2001b). Most
pertinent to the HRS survey are the positional and brightness information for galaxies
selected by an automated, two-stage classification scheme (star-galaxy separation) based
on brightness profiles and similarity to related objects (Irwin & McMahon 1992; Hambly
et al. 2001a). However, rather than relying exclusively on the star-galaxy classifier, a
visual inspection was conducted of the target list using 1 arcmin® postage stamp images
from the DSS. Therefore, noticeable stars, crowded galaxies, and other misidentified
objects were eliminated by visual inspection to give a final target list of 4626 assumed
intercluster galaxies.

As with the previous survey in Paper I, rich galaxy clusters with reliable mean
redshifts in/near the HRS were excised, since the design of 6dF is uniquely suited to
probe the intercluster regions. In equal area projection centered on each cluster, all
galaxy targets were excised with a radius of 0°5 (1Rapen ~ 2 Mpc), and the cluster
was denoted with a “Y” in Table 4.2, column 9. Our survey limiting magnitude of
by= 17.5 (where by = B — 0.28(B — V) in Blair & Gilmore 1982) was imposed by the
science goals and the instrumentation. The HRS survey observations were folded in
with the 6dFGS, which has a limiting blue magnitude of by = 16.75. When configuring
each 6dF field, the HRS survey targets took precedent. Otherwise unused fibers which
were not assigned to our intercluster targets were then configured to 6dFGS targets.
In this way, some coverage occurred within the cluster regions originally excised from
our survey. Since previous spectroscopic observations of the intercluster HRS region
were conducted with 6dF (Jones et al. 2005; Fleenor et al. 2005), any galaxy with an
acceptable (@ > 3) measured 6dF redshift was automatically excluded from the target
list. Figure 2.4 shows the increase of the survey area beyond the 2002 observations
in Paper I as approximately 75% from 170 to 300+ deg?. The small red open circles
represent galaxies that were observed in 2004 when compared to the black open circles
from the 2002 observations. The large open circles show the 6dF field centers listed in
Table 2.3.
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Two specific technical issues influenced the construction of the survey and the selec-
tion of 6dF field centers. First, since the observations from Paper I were sparse within
the inner 12° x 12° of the HRS (~ 23%), one objective was to increase and maintain a
uniform completeness across the previously observed region. The second objective was
push out toward rich galaxy clusters listed as HRS members in Einasto et al. (1997),
but not included in the original 2002 survey (e.g., A3266 and A3122). With these goals
in mind, Figure 2.5 shows the 2004 field centers for the survey as solid lines in rela-
tionship to the original 2002 fields shown as dotted circles. The addition of 9 6dFGS
fields (long-dashed circles) in the north aided the augmentation to have more uniformity
within the 14° x 20° area. The equal-area projection is offset from the approximate
HRS center at 3"50™, ~51°00". The two bold, solid circles show where a double config-
uration was observed with the same field center. The rectangular region denotes the
observing region from which the areal mask was calculated, an area of ~280 deg? (see

§2.2.2).

2.2.2 Selection Effects

As with any survey or observing program, the specific combination of the target
characteristics and the instrumentation imposes certain biases on the resulting sam-
ple. There are at least 3 major selection effects caused by the 6dF instrument and the
observing allocation: i) spatial crowding of intercluster galaxies, i) areal incomplete-
ness, and 11) radial selection due to brightness limit. Each selection effect is discussed
and measured, and its impact on the science results is explored. Ideally, one would
completely account for each selection effect and restore the observations to reflect the
characteristics of the original population. Unfortunately, this is not possible, due to the
unpredictable combination of 6dF fiber/button collisions with the overlap of observed
fields. The last two effects, however, are quantified and accounted for in our calcula-
tions and results. By quantifying the constraints of the observed sample, we are able

to better understand the results of the data.
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Figure 2.5 Spatial map outlining the 6dF field centers from the various stages of the
current HRS survey. Each circle represents the 5°7 field-of-view, whose coordinates are
offset from the chosen HRS center 3"20™ -51° 00’. The dotted circles represent field
centers from Paper I, the long-dashed circles from the 6dFGS, and the solid lines show
the fields for the 2004 6dF observations. The bold lines represent a double configuration
for the 2004 survey (i.e., with the same 6dF field center). The intended overlap of the
fields allows for the observing of otherwise over-crowded galaxies. The rectangular area
given by the dotted lines shows the inner 14° x 20°, where the average completion is

~50%.
Fiber Button Collisions
Although the actual light-collecting area of the 6dF magnetic buttons is sufficiently

small to resolve galaxies at 6”7, the prism housing is much larger and creates a mini-

31



mum spacing between simultaneously observed galaxies of 5!7 (~ 0.5 Mpc at z = 0.06).
Therefore, 6dF is not well-suited to observations in rich clusters (and presumably much
of the surrounding infall region) for which galaxy nearest neighbor separations tend to
be < 5. As mentioned previously, we excised the regions around galaxy clusters. There
is also a field arrangement constraint set by the configuration software, CONFIGURE,
which prevents optic fibers crossing or stretching beyond a set limit (Jones et al. 2004).
Accounting for this constraint is quite intractable, because each button has a different
fiber length and the field orientation is unpredictable. In an attempt to estimate the
number of galaxies affected by the button-size constraint, the projected center-to-center
distance for the intercluster, nearest-neighbor galaxies, dgx_gx, in our survey was mea-
sured. Figure 2.6 shows a histogram of the number of intercluster galaxies as a function
of dgx_gx. By noting the vertical dashed line at 57, it is apparent that approximately
half the intercluster sample (52%, 2172 galaxies) cannot be observed with only a single
configuration for any one 6dF field. Furthermore, the inset histogram shows a vertical
line at a nearest-neighbor separation of 10”, which gives the cut-off for using 6dF to
obtain a galaxy spectrum. Approximately 200 galaxies have smaller separations than
1070 and were eliminated from the survey.

To remedy the instrumental problems associated with the automated configuration
of the fiber optic magnetic prism buttons, all 6dF survey fields partially overlap with
the adjacent neighboring fields. This effect, clearly noticeable in Figure 2.5, provides
multiple opportunities for crowded galaxies (i.e., those with neighbors at < 5!7 and/or
fiber collisions) to be observed. Because crowded galaxies are not localized but rather
found throughout the survey region, significant field overlap aids in alleviating the po-
tential bias that could enter if a double configuration was not available. Approximately
20% (420) of the 6dF galaxies determined to be in crowded fields were observed with
the field overlap in our survey. Since one of the goals of this study is to examine poten-
tial substructure in these intercluster regions, the inability to properly sample crowded
fields could introduce a bias against this determination. This is particularly the case,
if we presume that structure assembles in a hierarchical fashion, i.e., via merging. We

attempt to show the potential kinematic association of crowded intercluster galaxies in
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Figure 2.7, where the line-of-sight velocity difference of 225 galaxy pairs is plotted as
a function of dgx_g. The long-dashed line marks a |Acz| = 700kms™!, which is the
approximate upper limit for loose group associations in the Las Campanas Redshift
Survey (LCRS, see Fig. 5 in Tucker et al. 2000, and Shectman et al. 1996 for survey
details). Note that there is a greater fraction of galaxy pairs (80%) with |Acz| < 700
kms™! for separations of dgx—g < 2’ (~0.1 Mpc) than the 50% found for dgy_g > 2.
When considering the entire dgy_o < 5!7 sample, there is equal probability that a pair
has either Acz < 700 kms™ or > 5000 kms~!. Den Hartog (1997) finds that within
rich clusters 6% of the galaxies are binaries that meet the criteria dyx_g < 0.1 Mpc and
Avps < 300 kms™!. Only 10% (29) of our nearest-neighbor pairs fit the Av,s < 300
kms™! constraint, which amounts to ~3% of the observed 6dF sample (58/2106). We
will return to this observation in later sections, when considering the organized arrange-

ment of galaxies in the HRS.

Observational Incompleteness and Areal Mask

Of the 4142 intercluster galaxies in the “inner” 14° x 20° survey region, 6dF redshifts
were collected for 2106 objects (including those from Paper I and the 6dFGS). Though
the mean completeness for intercluster galaxies with by < 17.5 is approximately 51%,
we quantify the completeness as a function of spatial location by creating an areal
mask. Because the UKST/6dF field-of-view is much larger than the structures we seek
to resolve, increasing the spatial resolution of the observational completeness will aid
in describing and understanding substructure in the HRS. We grid the survey region
into squares with area of 1 deg? (~18 Mpc?) and count the number of unobserved
and observed galaxies per cell. By dividing these totals for each cell, we calculate
a fractional observational completeness as a function of area. Figure 2.8 shows the
greyscale completeness for each cell within the effective, inner 14° x 20°, where darker
cells are more complete. The increments of completeness are binned as increases of
20%, and the excised clusters are represented by the white open circles. Since clusters
were excised with circular area and the grids are rectangular, not every excised cluster

presents a fully empty cell (as well because some 6dFGS targets fell within the cluster
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Figure 2.6 Histogram displaying the number of intercluster galaxies in the HRS survey
as a function of nearest-neighbor projected separation, dgx_gx. Over half of the 4626
targets have separations of less than 5/7 given by the dashed, vertical line. This distance
marks the minimum single-pass separation for simultaneously observing two galaxies
with 6dF (see §2.2.2). The small, bold line shows the effective distance of the inset
histogram (in arcsecs), whose dashed vertical line at 10” represents separations that
are unresolvable with 6dF. Approximately 200 galaxies were eliminated from the survey

because dgx_ox < 10”.

boundaries). This is an effective rectangular area because the smaller 16 deg? block
to the southeast effectively covers the blank space on the outer edges of the larger 14°

x 20° rectangle. Since there is little overlap of 6dF fields outside of the inner area,
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Figure 2.7 Line-of-sight velocity differences, A.,,__, for observed nearest-neighbor galax-
ies as a function of projected spatial separations for dgy_g < 5'7. Horizontal dashed
line at 700 kms~! marks the probable upper limit for kinematic association between
galaxy pairs (see §2.2.2). For dgx_g < 20, the probability that [Aczis| < 700 kms™!

increases from 50% to 80%.

the completeness decreases dramatically and is not shown for those areas. Figure 2.9
shows the contribution of each degree of fractional completeness as a function of a. It
is clear that the completeness is highest within the central portion of the survey area,
even though the average throughout the inner region is > 50%. Since the existence of
substructure is observed and verified through the arrangement of galaxy populations,
we rely heavily on the completeness mask to calculate accurate overdensities throughout

the paper.
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Figure 2.8 Equal area survey mask displaying observational completeness as a function
of greyscale. The entire 300+ deg? are delineated into 1 deg? blocks with five levels
of greyscale measuring the completeness of SuperCOSMOS galaxies with b; < 17.5:
0.0 (white), 0.00-0.20, 0.20-0.40, 0.40-0.60, 0.60-0.80, 0.80-1.00 (black). Open white
circles show ACO clusters with reliable redshifts in the HRS, which were excised from
the observations with a radius of 0°5 (1RapgLrL ~ 2.0 Mpc). The completeness in
each non-overlapping cell was computed by taking the ratio of observed to available
intercluster galaxies. Though white boxes denote empty areas of survey galaxies (both
observed and available), all clusters are not necessarily associated with whitespace since
the cell grid was constructed independent from galaxy cluster centers. All coordinates

are offset from the chosen HRS center at 3"20™, -51° 00'.

36



07 - — 0.8-1.0 -
— — 0.6-0.8
0.4-0.6
02-04

0 6 L 0.0-0.2 |

Normalized Contribution

A a (deg)

Figure 2.9 Normalized contribution for each degree of completeness presented as a func-
tion of offset o from 3%24™. We easily observe that the completeness is higher toward
the middle of the survey area than on the edges, i.e., there is a larger contribution of
higher completeness (dark) than away from the center. This is due partly to the fact
that a higher number of HRS clusters reside closer to the middle of the spread in Aa.

Radial Selection Function

Since we are interested in measuring and comparing the number density of different
substructures within the HRS, there must be a baseline to which to compare our obser-
vations. A correct modeling of a uniform distribution of background galaxies assumes
an accurate accounting for the luminosity function (LF). Specifically, the selection func-

tion gives a prediction of the number of galaxies that should be observable for a uniform
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distribution of background galaxies given the limiting magnitude, the area, and the
completeness of the survey. Regardless of the particulars, all selection functions have a
general bell-shaped profile, where the increase of the observing volume as redshift in-
creases is modulated by the drop-off of observable galaxies due to the limiting magnitude
constraint on the fraction of the LF that is observed..

Given a universal differential LF, ®(L), the radial selection function, ¢(r), provides
a way to choose the decreasing fraction of the LF at increasing distances because the

survey is magnitude-limited (by < 17.5):

Sy (L)AL
SENERCTIATA

where L(r) is the minimum luminosity detectable at the distance r, and Ly, = Min[L(r),

(2.1)

Leom)| With Leom as the minimum luminosity for which the catalog is complete (Yahil
et al. 1991; Erdogdu et al. 2004). Because deviations from the Hubble flow by local
gravitational perturbations are assumed slight, we take ¢(r) = ¢(cz). Although mod-
eling the LF via the number counts method from Metcalfe et al. (1991) was used in
Paper I (and is still upheld as valid to fainter magnitudes in the Herschel and Hubble
Deep Fields, see Metcalfe et al. 2001), methods that assume a universal LF and utilize
spatially unbiased, maximum likelihood estimators have gained in popularity in larger
surveys (e.g., SDSS and 2dFGRS, Sandage et al. 1979; Efstathiou et al. 1988). Since a
magnitude-limited sample is restricted to observing only the intrinsically more luminous
galaxies with increasing redshift, an accurate representation of the galaxy LF is critical
to a reliable prediction of the radial selection function. We choose the volume-limited
calculations of the Schecter-form LF (Schechter 1976) and its associated parameters

from the 2dFGRS (Norberg et al. 2002):

O(M)AM = (0.41n 10)* 10°H DM =M) gy (104 =M)) g, (2.2)

where we use the type-specific values from Croton et al. (2005, Tab. 1) for the pa-
rameters ®*, a, and M*. The values of these observationally-established constants are

crucial as they govern the Schecter-form LF curve characteristics such as the knee in
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the LF separating bright and faint galaxies (M*), the faint-end galaxy slope (a), and
the overall normalization (®*).

Furthermore, we have also used the type-dependent, 2dFGRS-established k—corrections
(Norberg et al. 2002) and e—corrections (Croton et al. 2005) to model the distribution
of background galaxies at higher redshifts. While the “k” effect is an instrumental
constraint due to the difference in the values of Vemittea and Vobgervea (Humason et al.
1956; Oke & Sandage 1968), the e factor depends heavily on our assumptions and pre-
dictions regarding galaxy evolution modeling (Tinsley 1970; Bruzual A. 1983; Poggianti
1997). Though there is little doubt that higher redshift galaxies were bluer at earlier
epochs, the precise manner in which to model such behavior is not completely worked
out. To examine the various effects of LF modeling on the expected galaxy counts, we
present in Figure 2.10 the number of observed intercluster galaxies in our survey as a
function of redshift. Overlayed smooth curves that contain LF differences model the
predicted number of galaxies for the specified survey area (280 deg?) and overall com-
pleteness (51%). The curves differ slightly based on their method and/or parameters
used when calculating the LF and how it varies as a function of redshift. While the
differences between number counts and maximum likelihood methods may be significant
when considering the LFs, we note that there is little change in the k—corrected model
distributions when predicting galaxy populations over such large survey areas (solid
and dashed lines in Figure 2.10). Though most of the differences between the curves
are slight, we do report an increase of ~10% for the predicted number of galaxies when

evolutionary (k + e) corrections are included.

2.3 Supplemental Intercluster Observations

Because there is an ever-increasing amount of redshift information publicly avail-
able, we will draw from the published redshifts of various surveys in the vicinity of the
HRS. In general, these observations are directed toward specific galaxy clusters, and
some care must be taken to alleviate contamination of the intercluster regions from in-

dividual galaxies belonging to the clusters (see §6.6). Our goal is to detect intercluster
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members of the HRS near the previously excised clusters. In particular, the following
two regions contain several overlapping HRS clusters (and therefore overlapping ex-
cised regions): A3125-A3128-A3158 around Void 2, and A3104-A3109-A3111-A3112
around Voids 1 and 3. In both regions, the extra contributing surveys provide redshifts
for significantly fainter objects (b; < 20.5) than the original 6dF targets. Table 2.4
summarizes the pertinent information regarding each survey, including the HRS area
of focus (col. 2), the publication reference (col. 3), the number of redshifts employed
(col. 4), and the stated limiting magnitude (col. 5). Before utilizing the redshifts
from these surveys, we checked for velocity offsets between shared targets with the
6dF survey. As discussed in §2.5, we only found a significant effect in the case of the
Mathams data. Offsets between the overlapping galaxies of the 6dF dataset and other
surveys were found negligible (i.e., within the cross-correlation error, < 65 kms™'). We
acknowledge that these errors, though relatively small, produce potentially significant
distortions in the perceived distances of the galaxies (~1.5 Mpc). Though incomplete at
fainter magnitudes, these observations provide an opportunity to examine how diverse
(in brightness) populations of galaxies respond to the large-scale structures defined by

the 6dF intercluster galaxies (e.g., voids in §6.6).

2.4 ANU/2.3m Cluster Observations

2.4.1 2004 Cluster Sample

Lists of galaxy clusters in the region of the HRS have been taken from two major
studies. The first is the Abell catalog extension (hereafter ACO in Abell et al. 1989),
while the second is the Automated Plate Measuring Machine cluster catalog (hereafter
APMCC in Dalton et al. 1994, 1997). Since galaxy clusters represent the largest (at
least partly) virialized structures, they serve as massive signposts for identifying and
studying superclusters of galaxies. Based on the ACO, Zucca et al. (1993) identified
18 HRS clusters using a combination of partial redshift information and percolation

algorithms. While working with the same list of ACO clusters, Einasto et al. (1994)
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Table 2.4. Supplemental Spectroscopic Observations

Region Reference Nax Flux limit, byp,g Completeness,
(1) (2) ®3) (4) (%)
intercluster Loveday et al. (1996) 150 16.75 ~0.10
inter/ cluster =~ Shectman et al. (LCRS, 1996) 2990 “18.57 ~ 0.60
inter/ cluster =~ Mathams, unpublished (1989) 900 19.5 ~ 0.60
inter/ cluster Klamer, unpublished (2002) 300 19.5 ~0.30
inter/ cluster Lucey et al. (L83, 1983) 40 “17.5” ~0.20
cluster Katgert et al. (ENACS, 1998) 400 “19.0” 77
cluster Rose et al. (RGCO02, 2002) 350 18.5 ~ 0.65
cluster Fleenor et al. (Paper II 2006) 75 18.25 < 0.25
cluster Alonso et al. (1999) 47 18.5 77
cluster Caldwell & Rose (1997) 35 18.5 77
cluster HRS 6dF survey 20 17.5 0.51

Note. — (1) Type of observations; (2) Literature reference; (3) Number of galaxy redshifts; (4)
brmJ magnitude limit, parentheses refer to approximate flux limit; (5) fractional completeness to

flux limit.

identified 26 members of the HRS. In Paper I, we used the 17 ACO clusters common
to both studies to define the mean redshift of the HRS (cz = 19,900 kms™!), and we
adopted the FWHM of the cluster redshift distribution as defining the HRS kinematic
core to lie between 17,000 and 22,500 kms™! (see Fig. 4, Paper I). However, the mean
redshifts are uncertain for 10 of the 17 ACO clusters because they are based on fewer
than four galaxy redshifts each (“Ng < 4”7 in Struble & Rood 1999, hereafter SR99).
Here we report new spectroscopic observations, together with previously unpublished
redshifts, for 9 of these 10 clusters with the aim of determining a more accurate mean
redshift and dispersion for each cluster. Published data for the tenth cluster, A3109,
have been reassessed, and additional spectra have been obtained for a further three
clusters with sparse data in the literature.

Figure 2.11 shows the spatial locations of the thirteen clusters in this study as dotted
circles. A further 15 clusters with secure redshifts, based on 10 or more galaxies, are

also displayed; those that fall within the kinematic core of the HRS are shown as solid-
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line open circles. Clusters that fall outside the statistically-defined kinematic core may
still, in fact, be members of the larger supercluster complex. Of the thirteen clusters in
the current study, eleven are ACO, Richness 0 clusters, and the remaining two are from
the APMCC. Since the values of cluster richness for the APMCC are not assigned in
the same way as the ACO, comparative determinations were taken from Einasto et al.
(2001) for the two APMCC clusters, and they were found to be similar to ACO Richness
0.

2.4.2 Observations and Reductions

Spectroscopic observations were conducted on 2004 November 14—17 with the 2.3m
telescope of the Australian National University (ANU) at Siding Spring Observatory.
The Dual Beam Spectrograph (DBS) was utilized in conjunction with a coated SiTE
1752x532 CCD. The 300B grating was used with all light directed into the blue arm
via the insertion of a reflective mirror instead of the customary dichroic. With a central
wavelength of 5200 A, the above arrangement yielded a dispersion of 2.18 A pix~!
from [OII)JA3727 through Mg IbA5175 for the mean redshift of the HRS. Wavelength
calibration was based on CuAr lamp exposures carried out after each object exposure.
For each observation, the spectrograph was rotated to place two or more galaxies on
the slit. Galaxies were selected based on their spatial proximity and their apparent
brightness. Specifically, all galaxies within a spatial radius of < 15 (= 0.5Rapen ~1
Mpc) to the published cluster center were examined and arranged in order of decreasing
brightness. We targeted only those galaxies with a blue, by, magnitude brighter than
18.25, as given in the SuperCOSMOS catalog (Hambly et al. 2001b). With a typical
exposure time of 30 minutes, all spectra had signal-to-noise ratios of 15:1 or greater and
yielded accurate redshift determinations.

Object exposures were reduced in the standard manner via the IRAF software pack-
age. Specifically, the following steps were completed: debiasing, flat fielding, sky sub-
traction, cosmic-ray removal, and wavelength calibration. Cosmic rays were removed

using the variance weighting option in the apall routine for aperture extraction. For
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those objects with multiple exposures, the reduced spectra were co-added. Because
the spectrograph position angle was adjusted to allow two galaxies to be centered on
the slit, observations did not occur at the parallactic angle, and the uncertainty from

atmospheric dispersion could in principle be as much as 40 kms™!.

Radial velocities
were determined for the galaxy spectra by the standard technique of cross-correlating
the galaxy spectra against those of template stars. Stellar spectra of the GS8III star HD
80499 and of the G4V star HD 106116 from the Indo-US Coudé Feed Spectral Library
(Valdes et al. 2004) and two de-redshifted DBS stellar spectra (the GO star HD 33771
and a serendipitous Galactic G dwarf at a0 = 03:29:38.44 and dj9000 = —52:36:08.5)
were utilized as templates for the redshift determination using the xvsao routine. Only
cross-correlation fits with R > 4 (Tonry & Davis 1979) were considered reliable and
then averaged. For the ten galaxies with emission-dominated features, procedures were
followed in a manner similar to that detailed previously in Paper I. As a final step, all
redshifts were corrected to the heliocentric reference frame. In all, 76 usable galaxy

spectra were obtained over the four nights of observations, and they are listed in Table

2.5 with their determined redshift and associated uncertainty.

2.4.3 2005 Cluster Sample

Due to the success of the first round of DBS observations in clarifying the large-scale
picture in the HRS, we sought to obtain a complete sample of rich (R> 1) ACO clusters
with the aim of probing the finer scales of the filamentary network. A second round
of 2.3m spectroscopy was allocated to establish adequate mean cluster redshifts and
velocity dispersions for 6 HRS clusters in which no published observations previously
existed, with follow-up observations in 2 other clusters. These observations were con-
ducted on 2004 November 26-30 with the 2.3m/DBS in the same manner as detailed in
§2.4.2. Though severely hampered by weather, a total of 36 spectra were obtained in
these 8 clusters. Because less than 10 individual galaxies were observed in each cluster,
only a somewhat reliable mean cluster redshift was established. Most of these clusters

are located in the background with respect to the HRS. Each mean velocity is listed
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with the respective cluster in Table 5.1.

2.5 Previously Observed Cluster Galaxies

In addition to the new data from the ANU/DBS, 42 galaxy redshifts for various
clusters in our sample were obtained from other sources (see Tab. 2.4). FEighteen
cluster galaxies were observed during our survey with the multi-fiber, 6° field instrument
(6dF, Parker et al. 1998) on the UKST in 2004 November. Although that survey
focused on the inter-cluster galaxies in the HRS, otherwise unused fibers were placed
on galaxies within the clusters themselves. UKST /6dF spectra covered the wavelength
range from 3900—7600 A and yielded average instrumental resolutions of 4.9 A and 6.6
A, for the 580V and 425R gratings respectively. The automatic 6dF data reduction
package completed the following: debiasing, fiber extraction, cosmic-ray removal, flat-
fielding, sky subtraction, wavelength calibration, splicing, and co-addition (Jones et al.
2004). The optical redshift for each galaxy was determined via the semi-automated
runz software (see §2.2), which employed both cross-correlation for absorption features
and emission-line matching for typical features (e.g., [OII]A3727, [OIII]A4959/5007, and
Balmer lines).

Furthermore, two previously unpublished datasets obtained with the Anglo-Australian
Telescope (AAT) were relied on for establishing properties of certain clusters. Specif-
ically, T. Mathams used the fibre-optic-coupled aperture plate system (FOCAP, see
Gray 1983) during 1986—1988 to observe galaxies within A3123 and APMCC 421 with
a dispersion of ~ 2 A pix~! from 3600—5600 A. I. Klamer used the 2° field instrument
(2dF, Lewis et al. 2002) in 2002 January to observe galaxies within A3104 with ~ 4 A
pix~" dispersion (or 8 A resolution FWHM) from 3600—8000 A. The overlap between
the Mathams dataset and the observations from Rose et al. (2002, hereafter RGC02) of
270 galaxies within the velocity range 15,000-25,000 kms~! revealed a mean velocity
offset, Acz = czraco2 — CoMathams, Of —82 kms~!. Consequently, this average offset value
of 82 kms~! was subtracted from all Mathams observations in the following analysis.

Average velocity offsets in the other two surveys in the A3128/25 region, ENACS and
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Caldwell & Rose (1997, CR97), were examined previously in RGC02 and found to be

within the errors (< 40 kms™1).

2.6 Cluster Sample Summary

The results of our observations, together with the other previously unpublished data,
are summarized in Table 2.5. The first column contains the galaxy ID, while columns
(2) and (3) list the J2000 coordinates, and column (4) gives the SuperCOSMOS b;
magnitude. In column (5) we give the velocity (cz) and its associated uncertainty
obtained from our ANU/DBS spectra. The iterative method of calculating the mean
cluster redshift and velocity dispersion (described in §4) shows that some galaxies are
either foreground or background to the cluster. We label those galaxies with an asterisk
(*) in column (5). Galaxy redshifts from the literature (via the NASA Extragalactic
Database, NED) are also utilized in our calculations. All previously existing redshifts,
either published or unpublished, are listed in column (6) with their respective source in

column (7).
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Figure 2.10 Number of 6dF intercluster galaxies observed as a function of cz is shown as
an open histogram up to 60,000 kms~!. The primary HRS region from 17,000-23,000
kms~! is quite noticeable. Various curves represent the predicted counts for a uniform
galaxy distribution using a variety of methods and assumptions, where the survey area
and limiting-magnitude are considered. All “Metcalfe” curves use faint galaxy number
counts to construct the LF (Metcalfe et al. 1991), where “2dF” uses maximum likelihood
techniques (see Norberg et al. 2002; Croton et al. 2005). Though all curves are “k”
corrected, note that there is an increase of ~10 % in galaxy numbers for those curves
that include evolutionary, “e” corrections. The underdensity in galaxies for cz < 10, 000

kms~! is due to our deletion of extremely bright galaxies, by < 10.0, from the target

list.
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A 2000)

Figure 2.11 Hammer-Aitoff, equal-area projection map of the HRS region, with galaxy
clusters represented as circles. The radius of each cluster is scaled with the mean
redshift to 0.5 Abell radii (~ 1 Mpc). The thickness of each outline represents the
Abell Richness, where thicker lines are clusters of greater Richness Class. Dotted lines
are for clusters with previously unreliable redshifts that have been improved in the 2004
DBS observations. Solid circles represent clusters whose mean redshifts from previous
studies are reliable; these clusters are hatched if their redshifts fall outside the kinematic

core of the HRS.
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Table 2.5. Redshift Data for Galaxy Clusters in Horologium-Reticulum

IAU Name 02000 02000 by cz * e, (kms™)  czpup (kms™!)  Source
1) 2) (3) (1) (5) (6) )
Abell 3047
2MASX J02445221—-4630015 02 44 52.22 —46 30 01.3 17.15 26252 + 63 26355 1
2MASX J02450315—4628464 02 45 03.10 —46 28 46.2 18.24 28108 + 72
2MASX J02450401—-4626435 02 45 03.98 —46 26 43.6 17.56 26921 £ 72
2MASX J02450895—4626245 02 45 08.96 —46 26 24.9 18.24 27396 £ 53
2MASX J02451207—4628013 02 45 12.14 —46 28 00.9 17.97 28181 + 82

Note. — Numbers in parentheses apply to column numbers. (1) TAU Name; (2) Right Ascension (J2000); (3)

Declination (J2000); (4) SuperCOSMOS b; apparent magnitude; (5) radial velocity, cz, with associated uncertainty;
(6) Previously published redshift; (7) Source of published redshift: 1— 6dF observations, unpublished (2004),... Table

2.5 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for

guidance regarding its form and content.



2.7 AAT & 2.3m Compact Group Spectroscopy

Two different observing runs were utilized to obtain redshift information on specific
individual targets using the longslit spectroscopic capabilities of telescopes located at
the Anglo Australian Observatory (AAO). Specifically, AAT service mode observing
was used to observe the brightest members of the apparent compact group in A3128
(see discussion in §7.3.4) on 2003 December 12. Due to inclement weather at the AAT,
fainter members in the apparent group were re-observed with the Australia National
University (ANU) 2.3m on 2004 November 14—18. Other possible faint counterparts
and/or crowded targets were also observed during this run. Both sets of observations
utilized the 300B grating to give adequate resolution for obtaining confident redshifts
(0.8 A pix~! on the AAT and 2.2 A pix~! on the ANU). With a central wavelength of
5000 A, coverage from [OIT]A3727 through Mg+ A5175 was obtained at the mean HRS
redshift. CuAr arc exposures were taken at each of the various position angles as often
multiple galaxies were placed on the slit.

All reductions were carried out along standard procedures in the IRAF package,
which includes debiasing, cosmic-ray removal, flat fielding, sky subtraction, and wave-
length calibration. If multiple exposures were obtained, the spectra were then co-added
for increased signal-to-noise. Resulting spectra were subjected to the cross-correlation
routine, xcsao (also a part of IRAF), against two absorption templates. In this way,
reliable heliocentric redshifts were obtained. Details are listed in Table 2.6 for each

galaxy in the apparent compact group as they are labeled in Figure 2.12.
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Figure 2.12 DSS image of the SWCG with letters referring to Table 2.6 and other
galaxies referenced in text. The inner circle refers to the smallest area that contains the
geometrical centers of all HCG members, while the outer circle is three times the inner
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Table 2.6. A3128 Hickson Compact Group

ID # 2000 82000 cz + czerr (kms™1) by by type
P J03295060-523447 1 03 29 50.61 -52 34 47.0 19228 24 15.50  (15.93) SOp
Q J03295046-523455 2 03 29 50.47 -52 34 55.9 19180 26 (17.607)
R J03295379-523503 3 03 29 53.56 -52 35 03.0 18341 24 16.57  (17.33)
S J03295433-523439 4 03 29 54.32 -52 34 39.4 18954 30 17.68  (18.34)
V J03295576-523446 5 03 29 55.71 -52 34 46.1 18533 29 17.40  (17.40) E
T J03295587-523435 6 03 29 55.84 -52 34 35.1 19823 24 17.83  (17.83) E
W J03295058-523459 7 03 29 50.58 -52 34 59.9 19149 27 (18.757)
Note. — Numbers in parentheses refer to the column numbers. (1) Letter Identification + IAU name,

see Fig. 2.12; (2) Number; (3) Right ascension in hours, minutes, and seconds (J2000); (4) Declination in
degrees, arcminutes, and arcseconds (J2000); (5) Radial velocity with error estimate; (6) Optical magnitude;

(7) Morphological type (if known).
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Chapter 3

Large-Scale Velocity Structures in
the Horologium-Reticulum

Supercluster

3.1 Kinematic Extent of the HRS

We begin by briefly considering the kinematic extent of the HRS. While a super-
cluster clearly will not be in a state of dynamical equilibrium with well-defined bound-
aries, we establish provisional kinematic limits from previous studies of the Horologium-
Reticulum (HR) cluster population. Specifically, two separate studies applied a friends-
of-friends analysis to the ACO clusters within the HR region and identified between 18
and 24 clusters as related to the HRS (Zucca et al. 1993; Einasto et al. 2001). Within
our region of observation, seventeen ACO clusters were combined from these two cata-
logs (column 4, Table 3.1). The mean redshift of these clusters is 19,900 kms™!, with a
dispersion ¢ of 2300 kms~!. We define the “kinematic core” of the HRS to be roughly
bounded by the FWHM of the observed redshift distribution of ACO clusters, namely
5400 kms~!. When rounded to the nearest 500 kms~!, we determine the core of the
HRS to be between cz of 17,000 and 22,500 kms~*.

The above kinematic extent of ~5500 km s~! is basically consistent with the fact that

the Zucca et al. (1993) and Einasto et al. (2001) analyses find the HRS to contain ~20



major galaxy clusters. Assuming a mean cluster mass of 10'® M, and the cosmological
parameters stated in §1, we calculate the spherical Hubble Flow volume required to
contain a mass of 20 such clusters. The calculated diameter of that volume (95 Mpc)

1 i.e., similar to our defined

does indeed correspond to a velocity spread of ~6500 km s~
kinematic limits.

The adopted boundaries for the HRS are examined with respect to both the distri-
bution of cluster redshifts and the distribution of 6dF inter-cluster galaxy redshifts in
Figure 3.1. For inset (a), all galaxy clusters with known redshifts in the region (Table
3.1) are plotted, including the seventeen ACO clusters considered above. Although the
redshift histogram for the inter-cluster galaxies is clearly clumped into several redshift
concentrations, the main concentration of galaxies (~48% of the sample) lies within the
selected HRS kinematic boundaries. As shown in Figure 3.1(b), the HRS kinematic core
is bordered by a depletion in galaxy numbers both at lower (14,000 — 16,000 kms™!)
and higher (22,500 — 24,000 kms~!) redshift ranges. While the higher redshift limit to
the HRS near cz = 22,500 kms~! is quite well defined, the lower redshift limit is less
clearly defined. Specifically, there is a clump of galaxies present between 16,000 and
17,000 kms~!, which is not included in our definition of the HRS “core”. The nature of
the inter-cluster galaxies in this redshift regime is further clarified in Figure 3.2, where
we plot coordinate versus redshift in both o and 6. Note that the galaxies between
16,000 and 17,000 kms~! in redshift are highly concentrated in § at ~ —54°. These
same galaxies are more substantially spread in «, although confined to the Western side

of the HRS. We return to this component of the HRS in subsequent sections.

3.2 Inter-cluster Galaxy Overdensity

Our extensive new redshift database allows us to calculate the mean galaxy overden-
sity in the inter-cluster regions of the HRS. The expected galaxy counts for a uniform
distribution are based on estimates of the local galaxy luminosity function (LF). To fa-
cilitate the comparison between the HRS and the SSC, we follow as closely as possible

the methods described by Drinkwater et al. (2004). Specifically, the expected number
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of galaxy counts as a function of redshift and limiting magnitude are calculated from
the same Metcalfe et al. (1991) galaxy LF as used by Drinkwater et al. (2004) in their
calculation of the overdensity in the SSC. The resulting function is plotted as a solid
curve in Figure 3.1, with an assumed limiting magnitude of b; = 17.5. To calculate the
expected number of galaxies within the HRS redshift and angular limits, we adopted
the previously established redshift limits of 17000 — 22500 kms~!, and assumed the
9° x 14° = 126 deg? areal coverage of our survey. However, the latter figure required
reduction to 107 deg?, due to the areas excised around clusters. Finally, we observed
only 23% of the total number of galaxies brighter than by of 17.5 within the 107 deg?.
Of the observed galaxies, ~48% fall within the redshift limits of the HRS. Taking these
factors into account, we arrive at a mean density of 2.4:1 for the inter-cluster regions
of the HRS (assuming that light traces mass). In following a common definition of the
galaxy overdensity, we find that § = 1.4, where § = (pgrs — p)/p. Given the rather
uncertain redshift and angular boundaries of the HRS, as well as uncertainty in the
shape and normalization of the local LF, we estimate an uncertainty of ~25% in the

overdensity.

3.3 Large-Scale Redshift Trend

Having examined the overall redshift histograms for both clusters and inter-cluster
galaxies, we now utilize two-dimensional redshift slices of our 6dF data as a further
means of assessing the dynamical state of the HRS. In Figure 3.3, we present a se-
quence of redshift cuts through the kinematic extent of the HRS, each cut containing a
redshift bin size of 1500 kms~!. An examination of Figure 3.3 gives the impression of
a systematic trend between spatial position in the HRS and redshift. Specifically, we
note that galaxies in panel (a) (17,000 — 18,500 kms™!) appear preferentially located
in the South and East, while the galaxies in panel (d) (21,500 — 23,000 kms™!) prefer-
entially populate the West and North. In other words, there appears to be a trend of
systematically increasing redshift along a principal axis in the HRS that extends from

the Southeast to the Northwest end of the supercluster.
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To quantify the significance of a large-scale redshift trend with spatial position in
the HRS, we conducted a correlation analysis as a function of position angle (PA) on
the sky. To begin, we selected the center of the HRS to be at (o = 3"16™,§ = —52°)
and assumed the principal axis of the HRS to be aligned along the West-East direction.
Each galaxy was projected onto this principal axis, and we defined the S-coordinate
to be the projected angular position of the galaxy along the assumed principal axis.
Furthermore, the S-coordinate was defined to run negative to positive from West to
East. A linear regression analysis was carried out between the redshift and the S-
coordinate, which yields both the correlation coefficient, R, and the likelihood that the
null hypothesis (no correlation between redshift and projected S position) is correct
(Bevington 1969). We repeated the correlation analysis at 5° increments in position
angle (PA) of the assumed principal axis over the full 180° range. When the assumed
principal axis is running from SE to NW, positive S values are in the NW. In the same
way, when the assumed principal axis is running from SW to NE, positive S values
in the NE. The correlation analysis was completed both for the 263 6dF inter-cluster
galaxies with redshifts between 17,000 and 22,500 kms~! and for the 21 clusters with
mean redshifts over the same interval.

For both clusters and inter-cluster galaxies, we find that the null hypothesis is re-
jected at probability (P) levels of P< 1%. At certain PAs, the plots of R versus PA show
a broad peak over an interval of 20 — 40°. 6dF galaxies show the highest correlation
coefficient (R = 0.3) and lowest probability for the null hypothesis (P<107°) at a PA ~
—80° (as measured East from North). The clusters also show a significant correlation,
with a peak at a PA of —50°. In Figure 3.4, we show the projected S position plotted
versus redshift for all inter-cluster galaxies and clusters with redshift between 17,000
and 22,500 kms~! at a PA of —80°. The expected cluster peculiar velocities are sup-
pressed for clarity of the inter-cluster galaxy distribution. The linear regression fit for
the inter-cluster galaxies is plotted as a solid line. Note that the best fit line actually
passes through a zone of low galaxy density; this is examined further in §3.4.

We are now in a position to revisit the substantial population of galaxies from 16,000

to 17,000 kms~t. To determine whether or not these galaxies are associated with the
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large-scale redshift trend, we repeat the correlation analysis as a function of PA now
expanding the redshift range to 16,000 — 22,500 kms~'. When the galaxies between
16,000 and 17,000 kms~! are included, the correlation coefficient is weakened (R = 0.2),
and the probability of no correlation increases to P~1073. The deviation of the 16,000
— 17,000 kms~! galaxies from the redshift trend is evident in their spatial segregation
(especially in ¢). We display the spatial location of these galaxies on the sky in Figure
3.5, where the galaxies from 16,000 —18,000 kms~! are separated into 1000 kms~*
slices. Although the galaxies from 16,000 —17,000 kms™! only represent ~5% of the
total population, the spatial segregation of this clump does not follow the overall trend
of the higher redshift galaxies in the HRS and provides a significant lever arm by which
the best fit correlation axis is altered. In short, while the spatially-localized galaxies
from 16,000 — 17,000 kms~! may reside within the HRS, they do not appear to follow
the large-scale redshift trend established by the clusters and inter-cluster galaxies over

the range 17,000 — 22,500 kms~*.

3.4 Bi-Modal Kinematics of the HRS

As noted above, the best linear fit between projected S coordinate and redshift
actually runs through a zone of low galaxy density (Figure 3.4). The implication is that
the HRS has a bi-modal redshift distribution, i.e., the HRS kinematic extent consists
of two major components in redshift. The redshift bi-modality of the HRS is most
clearly observed by fitting and removing the systematic spatial-redshift trend at PA
= —80°, then plotting the histogram of residual redshifts, as shown in Figure 3.6. Fitting
each component of the histogram with a Gaussian reveals that the overall number of
galaxies is roughly equal in the two components, which are separated by ~2500 kms~*
(35 Mpc). However, the FWHM of the higher-redshift component (i.e., corresponding
to the galaxies with original redshift centered at ~21,000 kms™!) is approximately
twice as large as for the lower redshift component, 2200 and 1100 kms~!, respectively.
Furthermore, the two components show no spatial distinction from each other and are

spread throughout the entire observed region of the HRS.
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To quantify the likelihood of bi-modality in the redshift distribution, we first assess
the likelihood that a single Gaussian provides an adequate fit to the data. At each PA,
we determine the residual redshift of all galaxies from the systematic position-redshift
trend, and then we employ KMM statistics to assess the likelihood of a two-Gaussian
versus a single-Gaussian fit (Ashman et al. 1994). For all position angles, a com-
mon covariance, two-Gaussian fit is preferred to a single Gaussian with a high degree
of confidence (> 99%). The average peak-to-peak separation of the two components
over the entire PA range is 3014 £ 712 kms™!, with the separation along the best-fit
line (PA= —80°) being 3003 + 174 kms™!. Next, we utilize x? statistics to test the
goodness-of-fit for two Gaussian distributions with differing FWHM as a function of
PA. The reduced x? values range from 0.95 to 4.91 with the best fit value at PA= —60°.
In summary, the statistical tests confirm the bi-modal nature of the HRS redshift dis-
tribution, with the clearest distinction between the two redshift components occurring
along the principal spatial-redshift axis of the supercluster.

Finally, we have utilized the same KMM statistical methods to assess the redshift
distribution of clusters in the HRS with known redshift. For the clusters, the best
fit correlation axis was found at PA= —50°. However when considering the broad
nature of the correlation—PA relationship for clusters, we used the best fit line from
the inter-cluster galaxies at a PA of —80° (cf., Figure 3.4). We fitted the systematic
position-redshift trend of the galaxies and found the residual mean redshift for each
cluster from that trend. The resulting histogram of cluster residual redshift was plotted
in Figure 3.6 (right). We then applied KMM statistics to the cluster histogram. Unlike
the test on the galaxies, the cluster histogram showed no clear signature of a bi-modal
redshift distribution. Specifically, the cluster redshifts fitted a bi-modal distribution
with ~75% confidence as compared to a single Gaussian distribution. However, as can
be seen in Figure 3.6 (right), the cluster redshift data were sparse and little could be

concluded from their redshift distribution.
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3.5 Comparisons with the Shapley Concentration

The HRS is generally referred to as the second largest supercluster within 200 Mpc,
second only in mass to the Shapley Supercluster (SSC) (Hudson et al. 1999). Since the
SSC is both well-studied and the most comparable supercluster in the local universe,
we use it as a benchmark for assessing the properties of the HRS. The comparison
between these two largest structures is somewhat hindered by the fact that most of the
SSC studies combine inter-cluster and cluster galaxies, while our 6dF data for the HRS

samples only the inter-cluster galaxies.

3.5.1 Extent and Overdensity

We begin by comparing the kinematic extent of the HRS (from 17,000 to 22,500
kms~1) with that of the SSC. The velocity boundaries of the entire SSC are generally
cited as extending from 8,000 to 18,000 kms™" (Quintana et al. 2000; Drinkwater et al.
2004). To put the SSC on the same quantitative footing as the HRS, we compare the
cluster populations of the two superclusters. Specifically, when compared with the 18
ACO clusters found in the HRS by Zucca et al. (1993), the same authors find 24 ACO
clusters in the SSC, while Einasto et al. (2001) find 25. Hence the numbers of clusters
in the SSC are comparable to, perhaps slightly larger than, those in the HRS. For the
24 ACO clusters combined from these studies, we used published mean redshift data
from Quintana et al. (2000) to calculate a comparative kinematic extent for the SSC.
We determine the FWHM of the redshift distribution of the SSC clusters to be ~6000
kms™!, very similar to the ~5500 kms~! found for the HRS. As is discussed below, the
redshift distribution of the SSC clusters is distinctly bi-modal, thus the FWHM metric
is rather an oversimplification of a complex environment. However, the basic result is
that the HRS and SSC are similar in regard to their total number of ACO clusters and
overall kinematic extent.

Next, we seek to make a valid comparison between the inter-cluster overdensities of
the SSC and the HRS. Three studies have examined in detail the inter-cluster overden-
sity of the SSC (Drinkwater et al. 1999; Bardelli et al. 2000; Drinkwater et al. 2004).
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Of these, only Drinkwater et al. (2004) considers a similar area on the sky, so we draw a
comparison with this study. The SSC inter-cluster overdensity is 3.3 & 0.1 over 151 deg?,
as compared with an overdensity of 2.4 that we find for the HRS. A radius of 0.5° (~
2 Mpc at SSC mean redshift) was excised around ACO clusters within the survey area.
This radius in the SSC corresponds to 0.35° at the HRS redshift. Consequently, the
HRS sample is slightly more restrictive in selecting only inter-cluster galaxies, but this
is likely a small difference. Overall, we find a somewhat smaller, but similar, overdensity
in the HRS compared to that in the SSC.

In addition, we compare the total mass in the HRS inter-cluster galaxies to that
in the SSC. Given the differences between the HRS and SSC studies in overdensity
(2.4/3.3), angular survey region (107/151 deg?), and relative distance (~ 20,000,/15,000
kms™'), we conclude that the total masses of the inter-cluster regions of the HRS and
SSC are virtually identical. Thus our data indeed support the conclusion of previous
studies of the distribution of galaxy clusters (Zucca et al. 1993; Hudson et al. 1999;
Einasto et al. 2001) that the SSC and HRS constitute the two largest mass concentra-

tions in the local universe.

3.5.2 Morphological Considerations

In §3.2, we found an overall spatial-redshift trend in the HRS, in that a systematic
increase in redshift is present with increasing position along a SE—NW axis. Bardelli
et al. (2000) have fitted a plane in («, 0, cz) space to their inter-cluster observations in
the SSC. They note a ~3000 kms~! increase in average galaxy velocity along the best
fit plane over the 8° (40 Mpc) region, a result reminiscent of the position-redshift tilt in
the HRS. However, when the area on the sky is expanded (cf., Figure 4 of Bardelli et al.
2000) to include the inter-cluster galaxies in Drinkwater et al. (1999), the main peak
of the galaxy distribution shifts by 7 Mpc, and the entire distribution is broadened. In
short, while there appears to be a kinematic gradient in the SSC, it is not clear whether
that feature extends over the entire region of the supercluster.

As is discussed in §3.3, when the spatial-redshift trend along the PA=—80° axis
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in the HRS is fitted and removed, the redshift distribution is bi-modal (Figure 3.6).
In fact, the bi-modal signature is observed even in the original redshift histogram in
Figure 3.1. Redshift bi-modality is also strikingly evident in the SSC (cf., Figure 6
of Drinkwater et al. 2004; Quintana et al. 2000, Figure 5). There is a lower redshift
component to the SSC (at ~8,000 — 12,000 kms™') that is quite distinct from the higher
component at ~14,000 — 18,000 kms~!. While it was originally thought that the SSC
redshift components are substantially different in size, an extensive follow-up study by
Drinkwater et al. (2004) reveals the inter-cluster populations of the two components
to be roughly equal (cf., Figure 5 of Drinkwater et al. 2004). On the other hand, the
distribution of the clusters within the SSC is also bi-modal and more heavily weighted to
the higher redshift component at 13,000 — 18,000 kms~!. Specifically, 16 clusters have
redshifts above 13,500 kms™!, while only 6 have redshifts below 12,500 kms~*. The
higher redshift component coincides with what is designated by Reisenegger et al. (2000)
as the collapsing “Central Region,” centered on the cluster A3558. As a result, the
higher redshift component dominates when both the cluster and inter-cluster galaxies
are considered. More reliable redshift data for the clusters in the HRS is probably
required before a definitive statement can be made about their redshift distribution,
but the available data (cf., Figure 3.6, Right panel) indicate that such a 3:1 imbalance
in cluster numbers between lower and higher redshift components is not present.
Although our observations reveal a distinct arrangement of field galaxies marking
the HRS, the extent and/or boundaries of the supercluster are not easily determined.
In fact, percolation and friends-of-friends algorithms include other clusters in the HRS
besides those listed in Table 3.1 (Kalinkov et al. 1998; Einasto et al. 2002). Recent
studies of the SSC cover a similar area on the sky and also leave some ambiguity as to
the spatial and kinematic extent of the supercluster (Quintana et al. 2000; Drinkwater
et al. 2004). It is quite possible that the boundaries of the HRS extend beyond the

region surveyed by us with 6dF.
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3.6 Conclusions

We have obtained optical redshift data for 547 inter-cluster galaxies in the region
of the Horologium-Reticulum Supercluster (HRS). This extensive coverage of the inter-
cluster galaxies provides an opportunity to define large-scale kinematic structures within
the HRS. Our initial result is the detection of a main concentration of inter-cluster
galaxies from 17,000 — 22,500 kms™!, which we refer to as the HRS kinematic extent.
This was followed by the comparison of our observations with a smooth, homogeneous
galaxy distribution. An overdensity of 2.4 was calculated, or dp/p ~ 1.4, which reveals
that the HRS complex has entered the non-linear regime. Through visual inspection
of redshift slices, reinforced with correlation analysis, the galaxies within the kinematic
extent are found to exhibit a significant trend in redshift with position along a SE—NW
axis in the sense that redshift increases by ~1500 kms~! along this axis. Furthermore,
the resulting position angle of the trend is closely aligned with that found in the clusters
within the HRS. In addition, when the kinematic trend found above is accounted for
and removed, we find a distinct bi-modality to the redshift distribution of the inter-
cluster galaxies within the HRS. Thus, the HRS can be viewed as consisting of two
major components in redshift space, separated by 2500 kms™! (35 Mpc), each with a

similar position-redshift tilt at the same position angle.
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Figure 3.1 Redshift histograms of the 6dF inter-cluster galaxies (open) and the clusters
with known redshifts (filled). Panel (a): Cluster redshifts from Table 3.1. Panel (b):
Redshifts for inter-cluster galaxies covering the same range as clusters in panel (a).
Dashed lines in both inset histograms represent the kinematic “core” discussed in the
text. In panel (c), we show the entire redshift histogram for the inter-cluster galaxies
with the clusters overlaid. Solid line shown in both inter-cluster galaxy histograms is
the expected number of counts for a smooth, homogeneous distribution. The redshift

bin size is 500 kms™*.
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Figure 3.2 Coordinate-redshift plots for the 6dF galaxies. Left panel: o — cz. Right
panel: 0 — cz. Clusters in Figure 2 are shown as ellipses with an estimated velocity
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mean HRS redshift (20,000 kms™).
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Figure 3.3 Redshift slices are plotted for the 6dF data in the range of the HRS. Each

panel covers a 1500 km s~

circles.

1

redshift slice. Individual galaxies are plotted as small filled

Clusters from Figure 2 are also included in their respective redshift ranges.

The short solid lines in each panel show the best-fit axis from the spatial-cz correlation

analysis (PA= —80°). Only a short line is drawn because of the curvature produced by

the non-equal area of the conventional o« — ¢ coordinate projection. Panel (a) 17,000
— 18,500 kms™!, Panel (b) 18,500 — 20,000 kms™!, Panel (c) 20,000 — 21,500 kms™?,
Panel (d) 21,500 — 23,000 kms™*.
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Figure 3.4 Projected angular S-coordinate (see text) is plotted versus redshift for 6dF
galaxies between 17,000 and 22,500 kms~*. The position angle (PA) of the principal
axis of projection is at —80° (as measured East from North), with positive S values
in the NW. Individual galaxies are plotted as small filled circles, while open circles

represent clusters in the region. The best fit linear regression is plotted as a solid line.
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Figure 3.6 Residual redshift histograms for galaxies and clusters within 17,000 — 22,500

kms™!.

The residual redshift is measured relative to the linear regression line that
represents the best fit between projected S coordinate and redshift for an assumed
principal axis oriented at PA= —80°, i.e., the best fit line in Figure 3.5. Left panel:
6dF galaxies, 250 kms™! bin size ; Right panel: Clusters of known redshift, 500 kms™!

bin size.
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Table 3.1. Clusters of Known Redshift in the Observed Region

Cluster 2000 52000 List Redshift cz (kms™1) Source
A3047 02 45.2 —46 27.0 0.0950 28500 1
A3074 02 579 —5243.0 B 0.0730 21900 1
A3078 03 00.5 —51 50.0 B 0.0648 19440 2
A3093 03 10.9 —4723.0 B 0.0830 24900 2

M031027 03 11.9 —52 54.0 0.0570 17088 1
A3100 03 13.8 —4747.0 B 0.0629 18870 2
A3104 03 14.3 —4524.0 B 0.0730 21900 1
A3106 03 14.5 —58 05.0 B 0.0639 19170 2
A3108 03 15.2 —47 37.0 B 0.0625 18750 3
A3109 03 16.7 —43 51.0 B 0.0920 27580 3
A3110 03 16.5 —50 54.0 B 0.0749 22470 2
A3111 03 17.8 —4544.0 E 0.0775 23250 4
A3112 03179 —4414.0 B 0.0750 22500 4
S0339 03 19.0 —5357.4 0.0546 16369 1
S0345 03 21.8 —4532.3 0.0700 20985 1
A3120 03219 —5119.0 B 0.0690 20700 2
M391 03223 —5311.3 0.0780 23384 1
A3123 0323.0 —5201.0 B 0.0644 19320 2
M03233 03 24.8 —58 35.1 0.0670 20086 1
A3125 03274 —53 30.0 B 0.0589 17670 5
M399 03284 —5301.3 0.0600 17988 1
A3126 03 28.7 —5542.0 0.0856 25680 4
S0356 0329.6 —4558.8 0.0720 21585 1
A3128 03 30.2 =52 33.0 B 0.0599 17970 4
A3133 03 32.7 —4556.0 B 0.0543 16290 2
M421 03 35.5 —5340.9 0.0630 18887 1
A3144 03371 —=55010 0.0443 13290 2
M433 03 41.1 —4541.5 0.0660 19786 1
A3158 03 43.0 —53 38.0 B 0.0597 17910 4
A3164 03 45.8 =57 02.0 B 0.0570 17100 2
Note. — Numbers in parentheses apply to column numbers. (1) A-ACO, S-

poor clusters from ACO, M- APM Galaxy Survey; (2) Right Ascension in hours
and minutes (J2000); (3) Declination in degrees and minutes (J2000); (4) B-HRS
membership listed in both Zucca et al. (1993) and Einasto et al. (2001), E-
HRS membership listed only in Einasto et al. (2001); (7) !Dalton et al. (1994),
2Struble & Rood (1999), 3den Hartog (1995), *Katgert et al. (1998), 5Caldwell &
Rose (1997).
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Chapter 4

Redshifts and Velocity Dispersions
of Galaxy Clusters in the

Horologium-Reticulum Supercluster

4.1 Determination of Mean Cluster Redshifts and
Dispersions

Given that galaxy clusters are thought to form via accretion along intersecting fil-
aments (e.g., West & Blakeslee 2000), and that such processes are particularly pro-
nounced in a dense environment like the HRS, we expect the assumption of a gaussian
velocity distribution for the galaxies within the HRS clusters to be problematic. Specif-
ically, the probability of both projected and truly overlapping groups and/or clusters
will be enhanced within the supercluster environment. Furthermore, the calculation
of the cluster mean redshift and velocity dispersion under an assumption of gaussian
statistics is neither robust nor efficient (Pearson 1931; Box 1953). Beers et al. (1990,
hereafter BFG90) define a number of reliable estimators for the mean cluster redshift
(location) and dispersion (scale) that are more robust to the presence of outliers and
less wed to the gaussian assumption. For a small number of galaxy redshifts per cluster

(Ngx < 20), we utilize the biweight estimator for calculating both the location (Cgy)



and the scale (Sp) of each cluster according to the following:

Dpusl<r (@ = M)(1 —uf)?

Cpr =M + , 4.1
. <t (1 —uf)? 45
where M is the sample median and u; are the individual weights as defined by:
(@i — M)
= 4.2
U= (MAD) (42)

The tuning constant, ¢, establishes the low and high velocity cutoff for each cluster. The
median absolute deviation, MAD, is defined by: MAD = median(|z; — M]|). Improve-
ments are made in the final location (and scale) of the cluster by iteratively substituting
the most recently calculated Cgy for the value of M, and then re-calculating a new Cp;
until convergence is achieved (BFG90). Although we experimented with different val-
ues of ¢ to evaluate the sensitivity of the results on that parameter, the ¢ parameter
was held at the suggested value of 6.0, which excludes all data that are more than 4
standard deviations from the central location. While ¢ was varied from 4.0 — 10.0 for
the C'g; parameter, the maximum change observed for each cluster remained within the
estimated uncertainty of Cp in Table 4.1 (column 8).
In a similar way, the biweight estimator for scale, Sgy, is given by:
s (e (3 — M1 — )]
| Epuia (1= ) (1 =5uf)|

with the same definitions as above only here, as suggested, ¢ was set to 9.0. Again, the

SBI =n (43)

routine was iterated until convergence. Moreover, varying ¢ from 5.0 — 11.0 resulted
in a typical total scale change of only ASg; < 50 kms~!. Although BFG90 adopt the
terminology of “location” and “scale” because of the difference in definition between
these parameters and the canonical mean and dispersion, we retain the common usage
of the cluster mean redshift and velocity dispersion for the rest of the paper.

Data on the cluster mean redshifts (location) and velocity dispersions (scale) are
summarized in Table 4.1. The previously published value for the mean redshift is
given in column (5), with the source for that redshift in column (6). In column (7) we
list the number of galaxies (i.e., those from Table 2.5, columns (5) and (6), excluding

foreground and background galaxies) on which our new mean redshift is based. The new
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cluster redshift and associated uncertainty are given in column (8). Finally, the newly
determined velocity dispersion is given in column (9). For the three cases in which the
cluster appears to consist of multiple components, and thus has a less-reliable mean
redshift and o, we have followed the values in column (8) and (9) with a colon (:).
These three special cases are discussed further in § 5.

For the remaining ten clusters in the study, the new observations provide a sufficient
increase in the number of known redshifts to allow us to determine a reasonably secure
velocity dispersion. Furthermore, all of the clusters are Abell richness class, R = 0 (or
APMCC equivalent), hence we can assess the mean and scatter in velocity dispersion
for R = 0 clusters in the HRS. Given the modest size of our sample of cluster velocity
dispersions, we utilize the same routine for the biweight location estimator, Cgj, to
determine an effective mean velocity dispersion for our cluster sample. After excluding
three values as outliers, the remaining ten clusters give a mean velocity dispersion of
420 + 50 kms! for Richness 0 clusters. This result is intermediate between published
values for galaxy groups (both loose at 165 kms~! in Tucker et al. (2000) and compact
at ~ 250 kms™! in Hickson (1997)) and rich galaxy clusters (i.e., larger structures) at
~ 700 kms™! (Mazure et al. 1996).

4.2 Results for Individual Clusters

The new observational data in three clusters result in velocity dispersions that are
quite large in comparison with the ~400 km s~! mean value for Richness 0 clusters found
above. Although Mazure et al. (1996) find a large intrinsic scatter in velocity dispersion
for rich clusters, the derived dispersions for these three clusters rival (and exceed) the
upper limits observed by the same authors for R > 1 clusters. Therefore, the presence of
multiple components and /or spatial projection of multiple clusters/groups is suggested.
We examine these three systems in greater detail, since their true composition remains

unclear.
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4.2.1 Abell 3047/ APMCC 290 (02" 4525 —46° 26'0)

The structure of this R = 0, D = 6 cluster is quite regular in shape and centers
around the brightest cluster galaxy (BCG), 2MASX J02451334—4627194 (by = 16.68),
whose previously published redshift is 27,581 kms™! (Grazian et al. 2002). We observe
a redshift of 28,279 + 65 kms~! for the same galaxy, where the difference is most
likely due to the higher resolution of the DBS spectra (4.5 A compared to 15—20 A).
This result is consistent with the mean cluster redshift given in SR99 of 0.0950 (28,500
kms™!), which is based on fewer than 4 galaxy redshifts (“N, <4”). X-ray emission
is also detected at a level of Ly = 3.86 x 10%ergs s™' (Cruddace et al. 2002) and is
centered on the BCG, thereby strengthening the idea that at least one significant cluster
is present.

The iterative biweight estimator routine does not exclude any of the 8 proposed
members, and the following results are obtained: ¢z = 27,382 kms™! and o = 1225
kms~!. While the mean redshift of the cluster is somewhat similar to the previous
result for the BCG, the derived velocity dispersion is too inflated for a cluster of Rich-
ness 0. In seeking an alternative explanation, we notice that three of the four brightest
galaxies have a noticeably different recessional velocity (< 2000 kms™!) than the major-
ity. Therefore, we may be viewing the projection of two separate systems, or a physical
overlap/merger, giving the appearance of a single R = 0 cluster. By subdividing out
the galaxies in the following way, a more logical result is obtained:

Cl: N=3, 2z = 26,285 kms™!, 0 = 620 kms~!; C2: N=5, ez = 28,275 kms~!, 0 = 725
kms™!.

We note that the dispersions for the two components are still excessive for a Richness
0 cluster. On the other hand, the presence of X-ray emission at the observed level is
consistent with a R = 1 or 2 cluster (Ledlow et al. 2003, Figure 9), which lends support
to the high velocity dispersions found for the two components. Furthermore, such a

large value of L, is also consistent with a cluster merger along the line of sight. In any

case, the redshifts of both components are well outside the kinematic core of the HRS.
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4.2.2 Abell 3109 (03" 165 —43° 510)

Although we add no new observations in this cluster, a compilation of 14 previously
published galaxy redshifts provides more established kinematic properties. The ESO
Nearby Abell Cluster Survey (ENACS, Katgert et al. 1998) focused on rich clusters with
R > 1. The periphery of Abell 3112 (03" 179 —44° 14/0, R = 2, cz = 22,500 in Mazure
et al. 1996) overlaps with A3109, providing us with 9 redshifts from the ENACS data.
The assumed BCG in A3109, 2MASX J03163934—4351169, by = 15.60, has a published
redshift of 18,594 kms™! (Muriel et al. 1995), which is inconsistent with the published
value for the cluster (27,581 kms™! in SR99, see their note).

By incorporating all galaxy redshifts within the prescribed radius, the biweight
estimator selects 11 cluster members with the following kinematic properties: ¢z =
18,950 kms™! and ¢ = 850 kms~!. Reducing the radial extent to 13’ and thereby
excluding 2 proposed members, we obtain a slightly decreased dispersion: ¢z = 18,850
kms~tand ¢ = 700 kms~!. Even though the dispersion remains greater than the
~400 kms~! mean for R = 0 clusters that we obtained earlier, the archived redshift
information establishes a reliable cluster location (i.e., mean redshift) and places A3109

within the HRS.

4.2.3 Abell 3120 (03" 220 —51° 19/0)

The R= 0, D= 5 cluster, A3120, for which we have obtained 5 galaxy redshifts, is
the nearest cluster to the published spatial center of the HRS (Zucca et al. 1993). Its
published redshift of 20,700 kms™! (SR99) is also close to the ~19,900 kms™ mean
redshift of the HRS (Paper I). While A3120 does not meet the specific cluster criteria
for the APMCC, it does contain the bright galaxy, 2MASX J03215645—5119357 (by =
15.91), with a previously published redshift of 21,040 kms™! (Lucey et al. 1983). The
biweight estimator routine accepts all observed galaxies, and we derive the following
cluster properties: ¢z = 20,525 kms™!, ¢ = 1400 kms~!. While the mean derived
velocity is in accord with the published value, the large dispersion is clearly inconsistent

with an R= 0 cluster. Furthermore, the five galaxies with redshift information show
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no discernible spatial or kinematic segregation, as one might expect with a cluster.
Hence there is reason to suspect that A3120 is not a cluster but the projection of many
intercluster galaxies near the center of the HRS.

On the other hand, Romer et al. (2000) find X-ray emission at a level of Ly =
2.22 x 108 ergs s, centered on 2MASX J03215645—5119357, and propose that the
X-rays are emitted by a “fossil group” (see their Figure 20). These groups form as a
result of multiple mergers within the group or a cluster that lead to a single dominant
giant elliptical surrounded by an X-ray halo (Ponman et al. 1994; Jones et al. 2003).
However, the X-ray position also coincides with a radio source from the Sydney Uni-
versity Molonglo Sky Survey (SUMSS), SUMSS J032156—511935, with a flux density
of 49.0 mJy (Mauch et al. 2003). Considering the wide range of X-ray luminosities in
active galactic nuclei (AGN), it is conceivable that some (or all) of the X-ray emission is
a result of the AGN, rather than the fossil halo. Because the galaxy’s redshift is taken
from the literature and no optical spectrum is available, we conclude that the situation
in A3120 is not soluble with the current observational data. In Table 4.1 we give the
formal mean redshift (location), uncertainty, and dispersion (scale) as deduced from
the biweight estimator analysis. However, since we believe that the most likely value of
the actual cluster redshift is that of the (presumed) BCG 2MASX J03215645—5119357
(cz = 21,040 kms™!), we adopt this value for the mean redshift of A3120 in Table 4.2
(noted by the “1” in column 7). Fortunately, the difference in redshift between 20,700
kms~! in Table 4.1 and 21,040 kms™! in Table 4.2 is within the biweight uncertainty.

4.3 Redshift Distribution of the HRS Clusters

4.3.1 Consistency with the intercluster Galaxies

In Paper I, the intercluster galaxies within the range 17,000 — 22,500 kms™! (i.e.,

I increase in

the HRS kinematic core) were found to exhibit a systematic ~1500 km s~
redshift with position along a southeast-northwest axis. To quantify this spatial-redshift

correlation, we projected the intercluster galaxies in the HRS onto an (assumed) prin-
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cipal axis through the spatial center of the HRS. The projected distance along the
principal axis was referred to as the S-coordinate. We then performed a linear corre-
lation analysis between the redshift and the S-coordinate. After varying the position
angle (PA) of the principal axis over the full range of PA and repeating the correlation
analysis at each PA, we found that the intercluster galaxies show the highest correlation
coefficient (R = 0.3) and lowest probability for no correlation (P < 107%) at a PA ~
—80° (as measured east from north). Further details are provided in Paper I. In Figure
4.1, we plot the projected S position versus redshift for all intercluster galaxies and
clusters with redshift between 17,000 and 22,500 kms~! at a PA of —80°. As is dis-
cussed in Paper I, the distribution of redshifts in Figure 4.1 is clearly divided into two
main components; one centered at ~18,000 kms~! and the other at ~21,000 kms™*.
Furthermore, there is a correlation between the S-coordinate and redshift for both of the
components in the sense that the redshift increases systematically from the southeast
(negative S-coordinate) to the northwest (positive S-coordinate). Once the kinematic
trend is accounted for and removed, the bi-modal nature of the redshift distribution of
the intercluster galaxies becomes even more apparent. We have plotted the histogram
of residual redshifts (after removal of the overall kinematic trend) for the intercluster
galaxies in the left panel of Figure 4.2. Using the KMM statistical test (Ashman et al.
1994), we find that a two-gaussian fit to the redshift histogram is preferred to a single
gaussian at a confidence level of >99.9%.

Although the published cluster redshifts in Paper I followed the spatial-redshift trend
of the intercluster galaxies, we found that the histogram of residual redshifts showed
no evidence for bi-modality. This fact appeared somewhat puzzling given the expec-
tation that intercluster galaxies and clusters in the same area of the sky should have
similar redshift distributions. However, the new cluster redshift data compiled in Table
4.2 shows a different signature. Plotted as large open circles in Figure 4.1, the HRS
clusters with reliable redshifts now also appear to divide into two main components.
Furthermore, this impression is supported by the histogram of cluster residual redshifts,
plotted in the right hand panel of Figure 4.2. Again, the KMM statistical test is applied

to the histogram, and we find that a two-gaussian fit is favored over a single gaussian
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at the 99.8% confidence level. Moreover, the separation of ~3000 kms~! between the
two peaks of the cluster redshift distribution is consistent with the similar figure found
between the two peaks in the intercluster galaxy redshifts. Upon implementing the
spatial-redshift correlation analysis described above (i.e., projection of the cluster po-
sitional data onto a principal axis), we find a correlation coefficient of R = 0.5 and a
probability of no correlation of 1072 at a PA of —80° for the principal axis. In sum-
mary, with the improved mean redshift data for many of the clusters in the HRS, we
conclude that the overall redshift distributions of the clusters and the intercluster galax-
ies are now consistent with each other. A closer examination of the inter-relationship
between clusters and intercluster galaxies in the HRS (e.g., an evaluation as to whether
the clusters are indeed located at the intersection of galaxy filaments) awaits a more

comprehensive dataset that is in progress.

4.3.2 Re-determination of the Kinematic Core

As mentioned in §2 and above, we determined rough kinematic boundaries in Paper
I for the the HRS complex, referred to as the kinematic core, by fitting a gaussian to
the redshift distribution of the Abell clusters listed as HRS members by both Zucca
et al. (1993) and Einasto et al. (1994). We used the mean redshift and the FWHM of
the distribution to define the kinematic core. Given that we now have reliable mean
redshifts for 16 of these 17 Abell clusters (we exclude A3120 for reasons discussed in
§5.3), it is worth investigating whether the kinematic core changes significantly as a
result of the improved redshift data. Using column (6) in Table 4.2 for the 15 Abell
clusters (“A” designation) plus the redshift for A3093 (¢z = 24,900 kms™!, Katgert
et al. 1998), the following values for the mean (location) and the dispersion (scale) are
obtained by utilizing the biweight estimator: ¢z = 20,150 £ 525 kms™! and o = 2125
kms~!. These values imply that the kinematic core of the HRS lies between 17,700
and 22,700 kms~!. Hence the kinematic center of the HRS is slightly higher than the
previous value, and the core is slightly narrower.

In light of the above discussion, none of our previous results are significantly altered
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if we use these revised values to define which clusters should be included in the redshift
bi-modality analysis. Furthermore, the intercluster galaxies from Paper I continue to
show a preferred spatial-redshift axis at PA = —80° with similar correlation values over
the somewhat-modified range of 17,700 — 22,700 kms~!. Moreover, our definition of
the kinematic core is only suggestive of what should be included in a detailed analysis
of the complex structure of the HRS. Clearly, the actual boundaries of the HRS can
be expected to extend to some clusters and intercluster galaxies outside the immediate

kinematic core.

4.4 Comparisons with the Shapley Supercluster

Finally, we compare the improved cluster redshift distribution for the HRS with that
of the Shapley supercluster (hereafter SSC, Quintana et al. 1995, 2000). While the 23
Abell clusters in the SSC for which reliable redshift information is published definitely
show a bi-modal distribution, there is a 3:1 number imbalance between the two cluster
redshift peaks in the SSC. That is, there are many more clusters in the higher redshift
peak, which contains the most massive cluster in the complex, Abell 3558 (¢z =14,500
kms™!), than there are in the lower redshift peak at ~ 11,000 kms~!. In contrast, the
HRS clusters are equally split between the two redshift peaks as determined from Figure
4.2. The difference in mean redshift for the two peaks is slightly higher for the SSC
(~3500 kms™1) as opposed to the ~3000 kms~! difference in the HRS. Furthermore, as
discussed in Paper I, the redshift distribution for the intercluster galaxies in both the
HRS and SSC are bi-modal, with a roughly equal split between the two redshift peaks
for both clusters (Drinkwater et al. 2004). In short, while there are striking similarities
between the two largest mass concentrations in the local universe, the 3:1 imbalance
in the number of clusters in the redshift peaks of the SSC represents an interesting

contrast with the more evenly distributed HRS.
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4.5 Conclusions

We have obtained 76 new optical redshifts within 12 galaxy clusters of the Horologium-
Reticulum supercluster (HRS). These observations, augmented by 42 previously unpub-
lished redshifts, have led to the determination of more accurate cluster properties. Using
the methods for calculating robust mean redshifts (location) and velocity dispersions
(scale) described in BFG90, we have calculated mean redshifts and dispersions for 13
clusters, including A3109 for which no new observations are reported. The mean red-
shifts for several clusters have changed by at least 750 kms™ (in 6/13 observed) from
their previously reported values. In addition, three clusters are observed to consist of
multiple components (A3047, A3109, and A3120). The new cluster redshift data have
been compared to previously compiled redshift data for the intercluster galaxies in the
HRS from Fleenor et al. (2005). Primarily, we now find consistency between the large-
scale kinematic features of the clusters and the intercluster galaxies. Specifically, there
is a principal kinematic axis in the HRS at a PA of —80° east from north, along which a
systematic increase in redshift with position is observed for both clusters and interclus-
ter galaxies. After this overall spatial-kinematic trend is removed, the distribution in
redshift for both clusters and intercluster galaxies is distinctly bi-modal, with the two
redshift peaks separated by ~3000 kms™*.
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Observatories for facilitating and supporting these observations. We also thank Clair
Murrowood for her assistance with the observations, Ilana Klamer for supplying her
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data. M. C. F. acknowledges the support of a NASA Space Grant Graduate Fellow-
ship at the University of North Carolina-Chapel Hill. R. W. H. acknowledges grant
support from the Australian Research Council. M. J. H. acknowledges support through
IRGS Grant J0014369 administered by the University of Tasmania. A portion of this
work was supported by NSF grants AST-9900720 and AST-0406443 to the Univer-
sity of North Carolina-Chapel Hill. This research has made use of the NASA/IPAC
Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory,
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Table 4.1. Revised Mean Redshifts and Velocity Dispersions for HRS Clusters

Cluster Q2000 2000 Ngx,prev CZprev (km sfl) Source Ngx,new CZobs T Uez (km sfl) o (kms™1)
(1) ) 3) (4) (5) (6) (7 (8) (9)
A3047 02 45.2  —46 27.0 <4 28500 1 8 27550: + 425 1225:
A3074 02 57.9 —5243.0 <4 21900 1 7 21575 £+ 125 325
A3078 03 00.5 —51 50.0 >0 19440 1 8 22100 £ 200 575
A3100 03 13.8 —4747.0 >0 18870 1 9 19050 + 75 250
A3104 03 14.3 —4524.0 <4 21885 1 28 21725 £+ 125 700
A3106 03 14.5 —58 05.0 >0 19170 1 7 19600 + 115 300
A3109 03 16.6 —43 51.0 1 27240 2 11 18950: £ 250 850:
A3120 03219 —5119.0 >0 20700 1 5 20525: + 675 1400:
A3123 03 23.0 —5201.0 >0 19320 1 11 18475 + 100 375
A3133 03 32.7 —45 56.0 >0 16290 1 7 21325 £+ 175 475

APMCC 421 03 35.5 —53 40.9 2 18887 2 11 18550 + 100 300

APMCC 433 03 41.1 —4541.5 2 19786 2 11 20725 4+ 125 425
A3164 03 45.8 =57 02.0 3 17100 1 7 17875 + 225 575

Note. — Numbers in parentheses apply to column numbers. (1) Cluster name; (2) Right Ascension in hours and minutes (J2000);

(3) Declination in degrees and minutes (J2000); (4) Number of galaxies used to establish previously published mean redshift, where
“Ngx > 0” and “Ngx < 4” are designations given by SR99 to reflect the ambiguity regarding the number of individual velocities from
the original source; (5) previously published mean redshift; (6) Source for published mean redshift: 1 — SR99 and 2 — Dalton et al.
(1994, 1997); (7) Number of galaxies on which the new cluster properties were based; (8) new mean cluster redshift and associated

uncertainty; (9) new cluster velocity dispersion.

California Institute of Technology, under contract with the National Aeronautics and

Space Administration.
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Figure 4.1 Projected angular S-coordinate is plotted versus redshift for 6dF intercluster
galaxies from Paper I (small filled circles) between 17,000 and 22,500 kms™! at a PA
= —80°. Open circles represent the location and approximate extent of the clusters in
the region with mean redshifts listed in Table 4.2. The solid line is the best fit to the
intercluster data at this PA.
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Figure 4.2 Histograms of residual redshifts along the best-fit line at a PA = —80°, shown
as the solid line in Figure 4.1. Left: Previous results for the HRS intercluster galaxies;

Right: New results for the HRS clusters as listed in Table 4.2.
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Table 4.2. Reliable Cluster Redshifts in the HRS Kinematic Core

Cluster 2000 82000 Richness Redshift, z ¢z (kms™1) Ngx Source E:?
(1) 2) ®3) (4) (5 (6) (7 (8) (9)
A3074 02579 —5243.0 0 0.071917 21575 7 1 Y
A3078 03 00.5 —51 50.0 0 0.073767 22100 8 1 Y
A3100 03 13.8 —4747.0 0 0.063500 19050 9 1 Y
A3104 03 14.3 —4524.0 0 0.072417 21725 28 1
A3106 03 14.5 —5805.0 0 0.065333 19600 7 1 Y
A3108 03152 —4737.0 1 0.062500 18750 7 2 Y
A3109 03 16.7 —4351.0 0 0.063167 18950 11 1 Y
A3110 0316.5 —50 54.0 0 0.074900 22470 10 3 Y
APMCC 369 03 17.5 —44 38.5 0 0.075000 22500 29 3
A3112 03179 —4414.0 2 0.075000 22500 7 2 Y
S0345 0321.8 —4532.3 0 0.070667 21200 18 4
A3120 03219 —5119.0 0 0.070133 21040 1 5 Y
A3123 0323.0 —5201.0 0 0.061583 18475 11 1 Y
A3125 03274 —5330.0 0 0.058900 17670 40 6 Y
50356 0329.6 —4558.8 0 0.072000 21600 8 3
A3128 03 30.2 —5233.0 3 0.059900 17970 158 2 Y
A3133 03 32.7 —4556.0 0 0.071083 21325 7 1 Y
APMCC 421 03 35.5 —5340.9 0 0.061833 18550 11 1
APMCC 433 03 41.1 —4541.5 0-1 0.069083 20725 11 1
A3158 03 43.0 —5338.0 2 0.059700 17910 105 2 Y
A3164 03 45.8 —5702.0 0 0.059583 17875 7 1 Y
Note. — Numbers in parentheses apply to column numbers. (1) Cluster name, where “S” denotes poor

clusters from ACO; (2) Right Ascension in hours and minutes (J2000); (3) Declination in degrees and minutes
(J2000); (4) ACO Richness or APMCC equivalent; (5) Average redshift taken from Source; (6) Recessional
velocity; (7) Number of galaxies used to calculate kinematic properties, for A3120 see §5.3; (8) 1— This
study, 2— Katgert et al. (ENACS, 1998), 3— Alonso et al. (1999), 4— I. Klamer (private communication),
5— Lucey et al. (1983), 6—Caldwell & Rose (1997); (9) Was the cluster excised for the 6dF observations.
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Chapter 5

The Panorama of the HRS

“A great window stands before us. We raise our eyes € see the glass; we
note its quality, € observe its defects; we speculate on its composition. Or
we look straight through it on the great prospect of land & sea € sky beyond.”
—Benjamin B. Warfield

5.1 Galaxy Viewer Visualization Software, Gy Ve

The remainder of the survey project and the following chapters have relied heavily
on the visual appearance of the intercluster galaxy distribution in shaping our impres-
sions of the HRS environment. In fact, both the theoretical and observational sides of
large-scale structure research have emphasized the qualitative visual aspects of matter
distribution with phrases like the “cosmic web.” To accomplish this in the HRS, we have
employed the interactive visualization software tool, GyVe (Miller et al. 2006). Where
some visualization techniques do not allow for user interface, GyVe was designed to
receive input from the user related to the potential structures observed. Not only is the
galaxy distribution fully rendering in 3-D, but it also provides a means of user-defined
groupings for export. Simultaneous datasets, e.g., clusters and intercluster galaxies,
are compatible within the GyVe environment, so that intuition is gained regarding how
different constituents are arranged. Besides the manner in which GyVe is utilized for
the quantitative analysis of voids in §6, we have spent many hours appreciating the
magnificent structure of the HRS region. A full discussion of the GyVe software is

presented in Appendix A.



5.2 Largest-scale Visual Impressions

An overview of the 6dF intercluster fields (b; < 17.5) reveals the existence of large-
scale inhomogeneities within the previously-defined supercluster region (16,000 — 23,000
kms™! in Paper I). Figure 5.1 shows the 6dF sample from 12,000-27,000 kms™' at a
preferred 3-D viewing angle optimized to highlight the contrast between the network
of connected overdensities and regions of sparse numbers of galaxies (the orientation is
almost equivalent to a 0 — cz plot). Coinciding with the list in Table 5.1, the galaxy
clusters with known mean redshift in the observed volume are labeled as orange cylin-
ders. By plotting a single symbol for each cluster, rather than the individual galaxies,
we avoid the “finger-of-god” redshift distortion (Kaiser 1987) that otherwise compli-
cates our view of the intercluster distribution. Because there is a variety of structures
within the HRS survey volume, one of our primary goals is examination of the region
with an eye toward answering the question, “What specific substructures comprise this
supercluster of galaxies?” While original cataloging of superclusters sought to define
a minimum number of rich clusters located at an optimum linking scale (e.g., Bahcall
& Soneira 1984; Zucca et al. 1993; Einasto et al. 1994, 1997), more recent surveys of
individual superclusters highlight their different characteristics and the structures con-
tained within them (e.g., Small et al. 1998; Barmby & Huchra 1998; Quintana et al.
2000; Porter & Raychaudhury 2005).

We begin by highlighting 6 regions within our survey volume as large underdense
regions in terms of galaxy counts (numbered in Fig. 5.1). So-called voids reportedly
comprise a large portion (up to 40% of the total volume, see Hoyle & Vogeley 2004)
of the universe in contrast to the overdense cosmic web of clusters and filaments. As
mentioned previously in Paper 1 (see Fig. 5), there are two regions of low galaxy density
that stand out within the actual volume of the supercluster region (labeled “1” and “2”
in Fig. 1). Their approximate diameters in the cz — ¢ projected dimensions are ~30
Mpc each. Regions 3 and 6 might be partially biased to be underdense due to the
sparse sampling at the survey boundaries. These possible voids are therefore included

within “” to denote their contingency. Regions 4 and 5 contribute to the formation of
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the apparent cz limits of the HRS (upper and lower, respectively), although the precise
boundaries of the HRS are difficult to specify exactly.

Besides the actual presence of the underdense regions, we highlight at least four other
relevant observations to Figure 5.1. First, we note that the low density environments
seem to extend throughout most of the (or even, the entire) volume of observation.
That is, it is not clear that any of the six regions are fully enclosed by our current
survey volume. The preferred viewing angle in Figure 5.1 exacerbates this issue, since
the o dimension is the smallest in our observed volume (~ 65 Mpc as compared with 85
Mpc in 6 and >300 Mpc in cz). Therefore, it may be more accurate to describe these
features as “tunnels,” rather than spherical voids.

Second, we note that none of the known rich clusters reside within the void regions,
as will be demonstrated in §6.6. The galaxy clusters presented in Figure 5.1 (and Table
5.1) represent a complete ACO sample within the survey volume for richness class > 0
and distance class < 5 (Fleenor et al. 2006). There are also several APMCC clusters
(without ACO corollaries) included in the sample. Since we exclude the cluster regions
from the 6dF survey (i.e., 1Rapen = 1.5 h~! Mpc), one must consider whether the voids
are actually just the additive effect of several excluded clusters. Alternatively, if clusters
are artificially creating voids by excision, (1) void-like features will extend through the
full range of cz, and (2) there will be clusters within the voids.

Third, with the significant increase of intercluster redshift data, the simplified “two
redshift component” model discussed in Paper I needs re-evaluation in light of the
complexity of substructures now observed. It is straightforward, however, to see that
such an interpretation was concluded since the narrow overdense ridge between voids 1
and 2 is located at ~18,000 kms™! (i.e., the low-redshift component from Paper I with
the smaller FWHM) with the more broad overdensity running roughly between voids 2—
3-5 from 21-22,500 kms™! (the high-redshift component, in Fig. 9, Paper I). With the
undersampling (~23% for intercluster galaxies) and uneven coverage (particularly in the
northeast) associated with Paper I now improved, the interconnective network between
these two structures is revealed, and a more detailed interpretation is justifiable.

Lastly it is important to note that although the HRS presents itself as a connected
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overdensity network in Figure 5.1, it is difficult to determine from this snapshot whether
or not the overdense structures are “filamentary” (as opposed to sheet-like). The exten-
sion of megaparsec-scale overdensities in one or multiple dimensions is a current topic in
observational studies (Doroshkevich et al. 1996; Colberg et al. 2000a). Though the qual-
itative term “filamentarity” is often used to describe large-scale structure, some studies
show that the intercluster environment is not as (exclusively) filamentary as we might
have previously thought (e.g., ~40% from 2dFGRS in Pimbblet et al. 2004a; Colberg
et al. 2005a, uses CDM to give ~20% filaments, according to their own definitions).

5.3 The Complete Cluster Picture

With the conclusion of the 2005 2.3m/DBS observations, a complete sample of rich
ACO clusters in the HRS was obtained. Figure 5.2 shows the Hammer-Aitoff projection
of the current cluster picture in the HRS. Solid open circles denote galaxy clusters with
mean velocity in the HRS bounds (17,000-22,500 kms™"). Gray filled circles denote
clusters whose mean velocities are fore/background to the HRS. Two clusters, A3111
and S0339, have mean velocities very near these bounds, 23,200 kms~! and 16,500
kms~!, respectively. It is still undetermined whether or not these two clusters are
actually members of the HRS. Red outlined circles are those clusters that were observed
in 2004 with the DBS/2.3m, where the 2005 clusters are given by the green circles. All
cluster radii have been scaled to 1Rapen (R 2 Mpc) at their respective mean velocity.
The pertinent spatial and dynamical information for all clusters in this Figure is given
in Table 5.1, which is discussed fully in the next section.

Examination of the spatial arrangement of the HRS clusters, in conjunction with
the mean redshift data in Table 5.1 (col. 6), leads to the conclusion that a majority of
northern clusters have a higher velocity ~ 21,000 kms™'), while the southern HRS is
more populated by clusters whose mean velocity is more closely associated with 19,000
kms~!. Furthermore, it appears from Figure 5.1 that the underdense regions 1 and 2
contribute to this arrangement. Specifically, a majority of lower velocity clusters are

present “in front of” (i.e., at lower velocity) underdense region 2, while a majority of
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Figure 5.1 Preferred viewing angle snapshot of the 6dF sample from 12,000-27,000
kms™!, as taken from the GyVe software. The vantage point is almost equivalent to a
d — cz plot. Numbers show the centers of the potential voids in the area (discussed in
§6), where the “” refer to less certain structures due to the decreased coverage at the
boundary (for 3 and 6). The orange cylinders are the galaxy clusters listed in Tab. 5.1.
The cz axis is shown at the bottom of the GyVe snapshot.

northern clusters are situated “behind” (i.e., at higher velocity) underdense region 1
along the line of sight. In apparent contrast, the intercluster galaxies in Figure 5.1
tend to cover the underdense peripheries more uniformly. This seeming interconnection
between under- and overdensity, from which the HRS emerges, is the subject of focus

in the following chapters.
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Figure 5.2 Hammer-Aitoff, equal-area projection map of the complete cluster sample for

the HRS region. The radius of each cluster is scaled with the mean redshift to 0.5 Abell

radii (~ 1 Mpc). The thickness of each outline represents the Abell Richness, where

thicker lines are clusters of greater richness class. Open circles represent clusters within
the HRS kinematic limits (17,000-22,500 kms™!), and filled circles are fore- /background
to the HRS. The two hatched clusters, A3111 and S0339, have mean redshift very near

the HRS limits, and their membership is uncertain. Red outlines represent clusters

observed in the 2004 DBS/2.3m allocation (§2.4.1), and green outlines correspond to

the 2005 allocation (§2.4.3). The spatial, kinematic, and dynamical information for all

clusters is given in Tab. 5.1.
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5.4 Determination of Mean Cluster Masses

As a final overall look at the HRS, a mass estimate is determined from the individual
calculation of cluster masses. Every discussion of the mass of various large-scale astro-
physical structures begins with the virial theorem (e.g., Longair 1998), a measured los
velocity dispersion, oy,s, and an estimate of the projected virial radius. Although there
are assumptions made in how the system mass is estimated from the two observables, it
does provide a reasonable order-of-magnitude estimate of the mass content of the HRS.
As discussed in §4.1, we have employed the bi-weight estimator of BFG90 rather than
a simple Gaussian fit to the velocity distribution, in determining the mean velocity and
O10s Of each cluster. The velocity dispersions for all known clusters in the HRS with more
than 8 identified members are given in Table 5.1, column (7). Columns (1)—(3) give the
cluster name and coordinates, and column (4) lists the cluster richness according the
Abell et al. (1989) designation. Column (5) gives the number of individual galaxies on
which the BFG90 location (mean, in col. 6) and scale (dispersion, col. 7) are based.
A value for gy, was not calculated in 5 clusters that contain only a small number of
observations (3 < Ngx < 6), which were collected during the weather-affected, 2005
ANU/2.3m allocation. Two of these clusters are located within the HRS velocity bounds
from Paper I and will slightly affect our mass estimate.

For gravitationally bound astrophysical structures in equilibrium, the virial theorem
states that the (assumed isotropic) kinetic energy of a system, T' = %M ol is equal
to one-half its gravitational potential energy, |U| = GM?/R. From this, we derive the

following equation for the mass of the system:

= () (%) (1-4), (5.1)

where 7y, is the projected virial radius (The & White 1986; Andernach et al. 2005).
A is an estimator related to the anisotropy of galaxy orbits within the system, and
we take the median value of 0.19 found in Girardi et al. (1998) for 170 ACO clusters.

Furthermore from Girardi et al. (1998, equation 10), we find an estimate for

1+ 0.032(rvi/R.)
1+ 0.107(ry/R.) )

Tvir,p = 1-193TVir < (52)
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where the core radius, R. = 0.057;, from the observations of Girardi et al. (1995). After

substituting into Girardi et al. (1998, equation 9),

2
7,3 o Ulos Tvir,p (5 3)
vick 6 HZ '

we arrive at an estimate for the mass based on our only observable,
M, =12x10% h™' Mg, (5.4)

where 0y, is measured in kms~!. The masses for all HRS clusters with ample redshift
information are given in Table 5.1, column 8. The sum of these masses gives a total
of 9 x10' M, for the HRS, which includes an estimate for the two remaining clusters
without a calculated oy.s. This serves as a lower limit for the mass of the HRS, where

the intercluster distributions are not accounted for directly.
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Table 5.1.

Galaxy Clusters Throughout the HRS Region

Cluster 2000 92000 Richness Ngx cz Tlos Mass
(kms™1) (kms™1) (x10"* M)
ey 2 ®3) (4) (5) (6) (7 ®)
A3047 02 45.3 —46 25.9 0 7 27500 1225
A3067 02 54.6 —54 06.9 1 5 36975
A3074 02 57.9 —5243.0 0 9 21575 325 0.6
A3078 03 00.5 —51 50.0 0 8 22100 575 3.3
A3093 03109 —4723.0 2 22 24900 425
A3100 03 13.8 —4747.0 0 9 19050 250 0.3
A3104 03 14.3 —4524.0 0 28 21725 700 5.9
A3106 03 14.5 —58 05.0 0 7 19600 300 0.5
A3108 03 15.2 —4737.0 1 7 18750 450 1.6
A3107 03154 —4245.0 0 6 19600
A3109 03 16.7 —4351.0 0 11 18950 850 5.9
A3110 03 16.5 —50 54.0 0 10 22470 750 7.3
APMCC369 03 17.5 —4438.5 29 29 22500 700 5.9
A3111 03 17.8 —4544.0 1 35 23250 775
A3113 03 17.8 —48 49.0 1 3 48975
A3112 03179 —44 14.0 2 7 22500 950 14.8
S0339 0319.0 —53574 0 27 16369 375
S0345 03 21.8 —4532.3 0 18 21200 550 2.9
A3120 03 21.9 —5119.0 0 8 21475 550 2.9
APMCC391a 03223 —5311.3 0 32 23575 1300
APMCC391b 03 22.3 —5311.3 0 22 17925 425 1.3
A3123 0323.0 —5201.0 0 13 18475 375 0.9
A3125 03274 —5330.0 0 40 17675 400 0.5
A3126 03 28.7 —5542.0 2 38 25680 1050
S0356 0329.6 —4558.8 0 8 21600 525 2.5
A3128 03 30.2 —5233.0 3 158 17975 875 8.9
A3132 03322 —4411.9 1 3 48350
A3133 03 32.7 —45 56.0 0 11 21325 475 1.9
APMCC421 03 35.5 —5340.9 0 11 18550 300 0.5
A3144 03 37.1 —5501.0 1 10 13290 500
APMCC433 03 41.1 —4541.5 0-1 12 20725 425 1.3
A3158 03 43.0 —5338.0 105 17910 875 8.9
A3164 03 45.8 —5702.0 0 8 17875 650 3.7
A3170 03479 —5349.0 1 6 21550

Note. — See §5.4 for a description of the column contents.



Chapter 6

Voids in the HRS

“What is unnamed is often unnoticed.” —Fugene Peterson

6.1 Void Definition and Examination

Since the most readily observable features in Figure 5.1 are the underdense regions,
we begin with their definition and properties. Though originally thought not as im-
portant as overdense galaxy clusters, some early studies do suggest that voids play a
formative role in the cosmological landscape, generally (Icke 1984; Regos & Geller 1991),
and megaparsec-scale overdensities, specifically (Dubinski et al. 1993; van de Weygaert
& van Kampen 1993). In recent years, “voids” have received more attention as playing
a primary role in the formation of the landscape of large-scale structures (El-Ad &
Piran 1997; Peebles 2001; Hoyle & Vogeley 2002; Croton et al. 2004; Sheth & van de
Weygaert 2004).

By examining voids as they appear observationally, we make the implicit assump-
tion that the peculiar velocities of individual intercluster galaxies are not a significant
contributor to the overall redshift of any particular galaxy. This is not an unwarranted
assumption, since all 6dF survey galaxies are chosen well outside of the non-linear regime
of galaxy clusters (> 1 Rapeyy ~ 2 Mpc at the HRS redshift) and thought to be within
global overdensities of § < ~10. Identifying voids within redshift-space is not thought
to cause significant distortions, since the galaxy’s peculiar velocity is small compared

to the void diameter (from recent CDM simulations see Fig. 2 in Padilla et al. 2005,



but also earlier in Regos & Geller 1991; Bothun et al. 1992). However, we acknowledge
the existence of peculiar outflow velocities of galaxies within voids, either perpendicular
to the void boundaries (Padilla et al. 2005) and/or tangentially along the boundaries
themselves on the order of < 10% kms™! (Regos & Geller 1991; Dubinski et al. 1993).
Such velocities, regardless of direction, could produce distortions of &~ 3 Mpc in the
apparent positions of galaxies near the location of voids. Consequently, any interpreta-
tion of voids with radii less than ~5 Mpc is certainly vulnerable, since peculiar velocity
effects could give similar distortions.

The centers of the 6 large voids in our survey volume were defined by a two-step
process. First, from the interactive GyVe software (Fig. 5.1; Miller et al. 2006), at
least 70 galaxies (i.e., > 35 diametrically opposed pairs) were chosen by eye from the
peripheral rim of each underdense region in such a way that all (pairs of) galaxies enclose
the circumference (or attempt to). In calculating a midpoint (in «, d, and ¢z) from every
(diametrically opposed) galaxy pair, two coordinate transformations occurred around
the sky center of the HRS (o, = 3%4, 6. = —50°0). All calculated midpoints were then
averaged without the high and low values for all coordinates in each void. Therefore, an
average of 30 midpoints per void were retained for the calculation. This initial process
gives an estimate for each void center defined by the coordinate triplet (a., ., and
cz.). Since the galaxy pairs are selected in an approximate 0 — ¢z projection, our center
estimate for the a—coordinate has the greatest variance.

Second, we examined the radial galaxy counts around the newly calculated void
center, while incrementally varying the value of each coordinate of the void centers in
a two iteration routine. In order to calculate the radial distance of each intercluster
galaxy, an equal area transformation occurred for the coordinates of each individual
galaxy with respect to the center of every void successively. By taking all galaxies
within a radial distance of 25 Mpc from each void center, we maximized the void radius
to the distance where 2 or more galaxies are found, i.e., the radius is not determined
by the presence of only one galaxy. For example, on the first iteration we varied the
center aeg estimate by £5% while holding the d.g and cz.g center estimates constant.

Therefore, we examine the galaxy number counts as a function of void radius for each
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Table 6.1.  Voids Throughout the Surveyed Region

Number Center Ryoid Vsphere
@2000 82000 cz (kms™')  (Mpc)  (Mpc?)
1 (2 3) (4) (5) (6)

1 03h21m  —46°33/ 17300 14.5 12200

2 03h22m 53042/ 19925 11.7 6700

3 03ha7m  —41°33/ 21150 16.5 18800

4 03h29m  —49°06’ 14750 22.0 44600

5 03h37m  —48°02/ 22800 16.5 18800

6 03b40™  —58°54’ 15875 11.8 6700

Note. — (1) Void Number; Void center from §6.1: (2) Right Ascension
(J2000), (3) Declination (J2000), and (4) cz; (5) Void radius; (6) Total

contained volume.

coordinate until more than one galaxy is found and an optimum (first-pass) triplet is
obtained.

To demonstrate the process, we continue with the example above and present the
histograms in Figure 6.1 that show the intercluster galaxy counts as a function of radius
for incremental values of g in Void 1. Here, a first-pass value of a = 3743 was chosen
because it specifies the largest radius where no galaxy is found. A second iteration is
then completed for each coordinate (e, defr, and czeg) with an increment of +£1% to
locate the final void center. The final calculated centers for each void are presented in
Table 6.1 with other geometrical properties. The numbers of each void in Figure 5.1
are placed approximately at the calculated center. After determining the 6 void centers
by this two-step process of radial galaxy number counts, we now calculate the galaxy
underdensities with these voids in order to determine an accurate radius and to place

them on equal footing with those defined in the literature.

93



4  «=363"

[ " T "
4 -  o=343"

Number of Galaxies, N,

4  «=308"

5 | | | | 1‘0 | | | | 1‘5 | | | | 2‘0
Radius from Void 1 Center, R, ,, (Mpc)
Figure 6.1 Radial profile distribution of galaxy number counts as a function of incre-
mental changes in the a-coordinate of the void center. For each histogram strip, the « is
altered by 0.05", while the § and cz-coordinates remain constant. These are the results
of the galaxy minimization procedure that serves as the second step for defining the
void center. Here, the optimal void center with a@ =3.43" was chosen as it is the largest
radius for which no galaxies are found. The procedure is then repeated for incremental

changes in both ¢ and cz.
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6.2 Void Sizes and Galaxy Underdensity

With the center of each void properly established, we now calculate the underdensity
within each void, as well as a definitive radius, under the assumption that voids are
spherical. Although the void radius was estimated in the previous section by examining
radial galaxy number counts, all studies in the literature use an underdensity criterion
to specify the void radius and to validate the structure as a void. Therefore, it is
imperative to calculate such values for comparative purposes. The expected uniform
distribution of galaxy counts was constructed by accounting for the radial selection
function and survey incompleteness (see §2.2.2). Since the selection function does not
vary appreciably (< 5%) across the void diameter as a function of redshift, we averaged
the weighting values within the assumed sphere. Furthermore, we utilize the mean
completeness values that are found within each estimated void extent in Figure 6.2.
When calculating the underdensity within Voids 3 and 6, a partial volume of 70% is
employed because they are both located on the Declination boundary of the survey.

Having established the expected galaxy counts associated with each void, we proceed

with the canonical underdensity calculation according to the following:

ngx (Z)obscrvcd — ngx(z>B
Ngx(2)B

where ng(2)p is the number counts of galaxies for the uniform background distribution

5= , (6.1)

calculated from the selection function and completeness mask. Literature-defined voids
are based on an underdensity criterion, between —0.5 < § < —0.9, that is calculated
either by incremental volumetric shells or a cumulative spherical volume. Furthermore,
studies sometimes set a minimum radius threshold, e.g., Ryvom > 10 A= Mpc, below
which empty volumes are just referred to as “holes,” rather than actual voids (Hoyle
& Vogeley 2004, hereafter HV04). The void radius is defined by the distance to
which the underdensity constraint is maintained. Void properties are established either
theoretically via CDM simulations (Mathis & White 2002; Colberg et al. 2005b) or
observationally (El-Ad & Piran 1997; Miiller et al. 2000; Hoyle & Vogeley 2002; Croton
et al. 2004).
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We present in Figure 6.3 the cumulative galaxy number counts normalized by volume
as a function of scaled radius for the 6 large voids in our survey region. Since the void
centers are not at the same mean redshift, and therefore sample the LF differently,
the 6dF counts are normalized to ensure voids sample the galaxy LF equally. The
normalization factor uses the selection function for expected galaxy counts (in §2.2.2)
and displaces all voids to the HRS mean redshift of z = 0.06. Furthermore, the galaxy
counts are normalized by the radial volume factor, (R;/Rvom X 15)%, where 15 Mpc
is the average void radius determined from §6.1. This is carried out to separate the
actual increase in galaxy density due to the presence of overdense structures from the
expected increase in counts with volume. Values of constant underdensity for the mean
HRS redshift at 0 = —0.5 and 6 = —0.9 are shown as dot-dashed lines. Each void
profile is truncated at the radius where its volume crosses the survey boundary. This
is seen most easily in Voids 3 and 6, where symbols are used to mark their profiles for
R/Rvomp < 1 (see inset, Fig. 6.3). Although all voids are scaled to 1R/Ryomp in the
Figure, the actual radial values are listed in Table 6.1, column 5.

Strikingly, we see that the profile of the one void fully located within the HRS
boundaries from Paper I and the survey volume is fundamentally different than the
other profiles. Specifically, Void 2 increases in galaxy counts until reaching the survey
boundary at 2.25R/Ryomp. We also note that Void 2 has the smallest radius in our
sample, which is fully discussed in §6.6. In contrast, Void 4 also displays a different
profile by maintaining a nearly constant underdensity of § ~ —0.9 throughout the
survey volume. This fact is discussed more fully in §6.5.2. Though volume normalized,
all voids maintain a complete absence of 6dF intercluster galaxies for a normalized
radius of R/Ryomp < 0.8 (see inset, Fig. 6.3), with the exception of one galaxy in Void
4 located at R/Ryomp < 0.5 (§6.5.2). Voids 1 and 5 are located near the HRS kinematic
boundaries, ~ 17,000 and =~ 22, 500 km s™!, respectively, and seem to maintain a similar
profile out to 1.75R/Ryomp. Although Void 1 has mean velocity within the kinematic
bounds of Paper I at 17,300 kms~!, its radial profile fits more with the boundary subset.
This fact is apparently due to a lack of neighboring clusters, since most of the northern

HRS clusters are located closer to 21,000 kms™!(see §5.3). Therefore, it appears that
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the voids in our sample can be segregated into one “embedded” (Void 2) and two other
“boundary” voids (1 and 5). Void 3 (at 21,000 kms™") and Void 6 (at 16,000 kms™')
seem to follow this trend also, but their radial profiles are interrupted by the survey
boundary at R/Ryomp < 1. A further examination of the profile of Void 3 is given in
§6.6, with the addition of non-6dF redshift information. Although the faint limit of our
6dF observations extends to one magnitude below M; (= —19.75 — 5log;y h from the
2dFGRS in Norberg et al. 2002) at —18.5 < M,, < —21.5, we conclude that the HRS
voids fit within the normal underdensity (§ < —0.9) and radial (Ryomp > 10 h~! Mpc)

constraints used in the literature.

6.3 Are Voids Spherical?

Since an actual radius for each void was calculated under the assumption of its spher-
ical nature, we now check the claim of void sphericity. As mentioned earlier, the galaxy
density enclosing the underdense regions does not appear uniform in all directions (i.e.,
the galaxy counts are not equal on all sides of the void). If the voids extend throughout
the range of a within the survey volume, a more accurate description of the shape of the
underdensities would be ellipsoidal, rather than spherical. Though newly-formed voids
may originate as ellipsoidal or more elongated, theoretical predictions expect evolved
voids in the present epoch to have reached a more spherical state (Bertschinger 1985;
Blaes et al. 1990). The condition of void sphericity is initially checked in the following
way.

First, from the intercluster galaxy sample for each void with scaled radius, R;/Rvomp <
1.75, we segregate the intercluster galaxies into two distinct categories (rim and cone).
Since not all voids have the same radius, equivalent relative populations are examined
for each void by using a scaled radius sample (e.g., Ri/Rvoip = 1.75, rather than
R; < 25 Mpc). When this sample is projected into the 6 — cz plane, approximately
from the view in Figure 5.1, we select all galaxies located in the double-cone volume
formed by an opening angle, § = +45°, along the « direction (i.e., the cone galaxies).

The remaining galaxies within the R;/Ryomp < 1.75 sample are declared members of
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the rim category. Next using the previously established void centers from Table 6.1,
we carry out the same procedure for the galaxy number counts as a function of radius
for only the cone galaxies. This process determines a void radius exclusively along the
a—coordinate, which is approximately ‘into the page’ in Figure 5.1. Though the total
number counts for cone galaxies is significantly smaller (usually a factor of ~5 less), we
find that this void radius is within £10% (=~ 1 — 2 Mpc) when compared to the same
procedure in §6.1 for all galaxies with R;/Rvomp < 1.75. Therefore, in these two nearly
perpendicular directions, the radial distance to more than one galaxy is quite similar
and seemingly consistent. Moreover, these findings do not conflict with the assumption
of sphericity within HRS voids.

Seeking further clarification of the galaxy distribution with respect to the void cen-
ter, we now examine the population of adjacent galaxies near each void by projecting
these galaxies onto a Hammer-Aitoff, equal-area projection. Initially for each void, the
R;/Ryomp = 1.75 sample is observed with an interest in how are the intercluster galax-
ies distributed on the surface of the void. We also extend the sample population to
R;/Rvop = 2.5 to obtain a better estimation of how adequately the galaxies “cover”
the void periphery. Figures 6.4 — 6.9 show the intercluster galaxy populations for the
two different values of scaled radii; the top plots show the R;/Rvomp = 1.75 sample,
while the bottom shows the galaxies for R;/Rvomp = 2.5. Galaxies are represented as
small filled circles, while the galaxy clusters are represented as orange cylinders. Each
map is projected from the viewpoint of an observer at the center of the void, with «
increasing from the bottom to top of the map. The shaded ellipses are drawn individ-
ually for each void along the axis where it is possible to “see through” the void in the
Gy Ve software.

At this point, a few comments are warranted regarding the general coverage of the
voids by the intercluster galaxies. First, it is clear from all the plots that the coverage
for both scaled radii is highly structured and leaves large areas of the void surface vacant.
Even for the voids found near the Paper I-defined HRS bounds and fully enclosed by the
survey volume (Voids 1, 2, and 5), the coverage is not uniform. Moreover, the addition

of more galaxies at larger scaled radii does not necessarily imply more uniform coverage.
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That is, new galaxies that enter our view from within the HRS voids tend to populate
the same regions already inhabited by the R;/Ryvomp = 1.75 sample. For the average
HRS void radius of Ryvom = 15 Mpc, we will begin to pick up galaxies associated more
closely with neighboring voids rather than the void in question, when the radius for
galaxy projection is increased far beyond a scaled radius of R;/Ryomp > 3. In other
words, increasing the sample beyond R;/Rvomp = 2.5 is more likely to confuse, rather
than further clarify, the void boundaries. In summary, the arrangement of galaxies
around most voids appears to be highly structured as is expected from the highly

structured “cosmic web.”

6.4 Void Volume within the HRS

While being mostly devoid of light (and dark?) matter, it is well-established that
voids occupy a significant volume of the universe (de Lapparent et al. 1986; Geller &
Huchra 1989; Shectman et al. 1996; El-Ad & Piran 1997). More recently for example,
HV04 report a volumetric void-filling fraction of up to 40% in the 2dFGRS for large
voids, Rvom > 10 h™' Mpc, which is also consistent with their earlier findings in
Hoyle & Vogeley (2002). CDM numerical simulations report similar percentages for the
volume of voids based on various values of a minimum Ryop, either somewhat greater
(~ 60% in Colberg et al. 2005b) or smaller (~ 30% in Padilla et al. 2005). The total
volume of voids within the HRS is found by summing the entire volume of Void 2 with
significant fractions of Voids 1 (0.70), 3 (0.70), and 5 (0.33) from Table 6.1, column 5.
Because Voids 4 and 6 do not intersect the kinematic boundaries of the HRS established
in §3.1 (17,000-22,500 kms™1!), they are not included in the calculation. Furthermore,
we use a spatial area of 12° x 16° with the kinematic extent above to define the volume
of the HRS. Therefore, a void filling fraction of 10% is found when compared with the
estimated total HRS volume. This percentage for larger voids with Ryomp > 10 A1
Mpc is somewhat similar to the CDM simulations of Colberg et al. (2005b, Fig. 4),
where ~90% of the total void volume is filled by Rvom < 2.5 h~' Mpc voids, and

thus ~5% of the volume is covered by voids with radii > 10 h=! Mpc. Contrastingly,
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observational studies (El-Ad & Piran 1997; Hoyle & Vogeley 2002, and HV04) tend to
find a value closer 40% for the filling fraction of voids with Ryomp > 10 h~! Mpec.
While admittedly we are studying one of the most dense superclusters in the local
Universe, what is not clear is the disparity between the HRS and the observational
studies of HV04, where they find 40% of the volume in the 2dFGRS is filled by larger
voids. One important difference is that the location of the voids in this study are in
the overdense (by a factor of ~2) HRS, while the 2dFGRS covers a more representative
sample of the universe. Specifically, only two structures as large as the HRS are found in
the 2dFGRS (Erdogdu et al. 2004). Following from this, the only void totally enclosed
by the HRS and survey bounds is the smallest in radius, Void 2. HV04 find that the
underdensity for ~300 voids in the 2dFGRS at 2Ryoip is § < —0.5 (see their Fig. 4). We
note that only Void 4 resembles the mean underdensity profiles for the 2dFGRS voids
at ~ 2Rvorp, i.e., 0 < —0.5 (and possibly Void 6), while Void 1 shows such behavior at
1.5Ryom. The question then arises as to whether the relatively small volume filled by
large voids in the HRS when compared to that found by HV04 for the 2dFGRS could
be due to the generally overdense nature of the HRS. We turn now briefly to CDM
simulations, where the internal structure of individual voids can be studied in more

detail.

6.5 Internal Structure of HRS Voids

6.5.1 Comparisons with CDM simulations

We begin by noting that CDM simulations appears to reproduce many of the large-
scale features within the cosmological landscape (e.g., van de Weygaert 1991; Loken
et al. 2002), though not without some difficulties (e.g., Peebles 2001; Floor et al. 2004).
Sheth & van de Weygaert (2004, hereafter SydW04) provide a detailed analysis of the
void hierarchy for SCDM model (i.e., £, = 1) and list basic features exhibited by
evolving voids; three of which are comparable with observational studies: i) evacuation,

ii) sphericity, and iii) ridge boundaries. We examine the HRS voids in light of these
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characteristics found within similar simulated structures. With the exception of one
galaxy in Void 4 (see discussion below), there are no 6dF intercluster galaxies in our
survey found within the inner 10 Mpc of any void. While some results show that low
mass CDM halos populate the inner regions of voids in a regular network (Gottlober
et al. 2003, with more recent observational confirmation in Patiri et al. 2006), the HRS
voids are seemingly devoid of the fairly bright galaxy sample in our flux-limited survey
out to Ryomp = 0.8 (Fig. 6.3).

Secondly, we have also shown that 6dF intercluster galaxies appear in several di-
rections at similar distances and cover the surface of the void to some degree (e.g.,
Fig. 6.4). Furthermore, for each void, we have separated the associated galaxies along
perpendicular directions. We find the void radius is quite similar along these directions
in §6.3, to within £10% along all lines-of-sight. Although there are low number counts
perpendicular to the line of sight (i.e., along the « coordinate), we conclude the voids
observed in our survey maintain a roughly spherical shape.

Lastly, a sharp transition (i.e., a spike or ridge) from underdensity to overdensity
is also mentioned by SvdW04 as a feature of evolving simulated voids (see their Fig.
3). This is followed by shell crossing, the underdense equivalent of non-linear growth,
where the void’s inner shells pass across the outer. With a thickness of 3-5 Mpc, the two
voids mostly closely with the kinematic bounds of the HRS (Voids 1 and 2) and fully
contained within the survey volume show a similar increase in galaxy counts. Figure
6.10 shows the incremental radial profile for intercluster galaxies as a function of radius
from the void center. On the initial ascent of galaxy counts near the void boundary (at
R; ~12 Mpc, a similar peak is observed, which is followed by an intermediate decrease
in galaxy counts. The noticeable rims of most voids in Figure 5.1 also corroborates
with the idea of a sharp increase at the void boundary. It is difficult to determine the
extent of non-linearity within these voids, and any outflow velocities will enhance this
effect (Praton et al. 1997; Thomas et al. 2004). Since such information is suppressed, no
claims about the extent of non-linearity can be made for the HRS voids, although these
voids have maintained sustainability within the overall overdense HRS environment.

In summary, the voids contained within the survey volume and the HRS bounds show
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similar indications of evolved internal structure, even though the HRS voids are much
larger than the simulated voids in comparison. It is not clear, therefore, how well an
accurate comparison can be made between these observed voids and those in CDM

simulations.

6.5.2 Unique structure of Void 4

In closing this section on void structure, we return to the interesting characteristics
of HRS void 4. While having the largest radius in our survey (~20 Mpc), Void 4
deviates from the adopted definition by the presence of one galaxy at a small void
radius (Ryomp = 6 Mpc). It also does not show a sharp ridge like the other voids in the
survey, while maintaining a fairly significant underdensity, 6 < —0.5, at 3Ryomp. We
further note that the Void 4/6 combination spans a significant portion of the survey
volume, which forms the low redshift boundary of the supercluster (though Void 6 falls
into the embedded category). While first noted by Shanks (1990), many subsequent
authors mention the possible existence of a large local “hole” in the Southern sky (near
the Galactic cap), observed as both a minimum in galaxy cluster density (Cross et al.
2001; De Propris et al. 2002) and as a measurement of galaxy underdensity (Norberg
et al. 2002; Erdogdu et al. 2004). Frith et al. (2003) uses a combination of 2dFGRS
and 2MASS data to describe this “superhole” as having a linear size of ~200 h~! Mpc
and bound by overdensities at z ~ 0.03 and ~ 0.06, which rivals the current scales of
cosmological isotropy and homogeneity. The patchy structure of Void 4 and its more
extended underdense surroundings substantiate this claim, as does our own redshift
histogram in Figure 2.10, though many bright galaxies were excluded from our sample
(by< 10.0, in Fig. 2.2). Furthermore, Void 4 pushes through the survey volume at an
underdensity of ~—0.9, as shown in Figure 6.3. Although the coincident position of the
southern HRS (at z ~ 0.06) also corroborates for the existence of this structure, the
presence of A3144 (richness = 2, at z = 0.044) does not. In summary, the voids in
the HRS, not unlike their overdense counterparts, also show unique structure seemingly

¢

based on their location within the “web” of cosmic structures.
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6.6 Reality of the HRS Voids

6.6.1 Overview

Because we have not intentionally observed galaxies within 1° radius of several of
the clusters in the HRS, one must consider whether this cluster excision radius, by
creating holes in the HRS intercluster sample, has somehow artificially generated voids
in our survey. There are two reasons why the 6 voids in the HRS sample are unlikely
to be the result of such a selection effect. First, as seen in Figure 6.2, the centers of
voids are not at all correlated with the positions of the excised clusters. Rather, the
excised (and other) clusters are concentrated along the void peripheries, a result that
is reinforced in 3-D using GyVe. Second, if the voids are due to the excised regions,
they should all pass entirely through the volume in redshift, which they do not, as seen
also in GyVe. However, we test the reality of the voids by attempting to add excised
intercluster members of the HRS back into our sample, as well as fainter galaxies across
the entire HRS field. To do so, we augment the 6dF intercluster survey with available
redshifts from the literature throughout the HRS (see Tab. 2.4, §2.3). This test is
particularly important for the possibly embedded voids (2 and 3), because we have
been building the case for their uniqueness compared to voids found in lower density
environments. We begin by recalling the overview of the HRS from the GyVe snapshot
in Figure 5.1; while not a single cluster was found within any of the potential voids,
there are a number of clusters found near the rims of voids (especially Voids 1, 2, and 3).
The two primary regions with several overlapping HRS clusters are in the north (Voids
1 and 3) and south (Void 2) of the survey volume. Figure 6.2 shows black rectangles
where the majority of galaxies were added back, while Table 2.4, columns 1 and 2, lists
the specific clusters near each sample and its associated region of the HRS. In both the
north and south, the extra contributing surveys provide redshifts for significantly fainter
objects (18.0 < by < 20.0). Though incomplete at these magnitudes, the observations
aid our understanding of how populated are the 6 voids defined by our brighter sample

of galaxies.
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We begin by determining the cluster members from the augmented samples within
each previously excised ACO cluster, as substantial peculiar velocities will significantly
distort the positions of these galaxies (Kaiser 1987). Though cluster membership may
have been defined differently in previous work within HRS clusters, we apply the bi-
weight estimator from BFG90, used in §4.1, to all augmented samples. When deciding
on cluster membership in §2.4.1, a more generous areal radius of 0.5Rapen (= 1 Mpc)
was used; whereas a different approach is taken here since we want to retain a maxi-
mum number of non-cluster galaxies. Therefore, a tighter radial (areal) constraint of
0.25Rapen (7'5 &~ 0.5 Mpc) is employed. After the cluster members are determined and
excluded, all other galaxies are declared intercluster galaxies and are added back to
the 6dF intercluster sample regardless of their apparent brightness. The “intercluster”
catalog now contains redshifts for over 6,000 galaxies ranging in brightness 11.0 < by <
20.5. Though this augmentation severely distorts the relatively uniform selection effects
of the original 6dF sample, our primary interest is discovering any galaxies within the

HRS voids, regardless of position and/or brightness.

6.6.2 Augmented sample for the northern HRS

The primary survey in the northern HRS regions (6 > —50°) is the Las Campanas
Redshift Survey (LCRS, Shectman et al. 1996), which adds ~3000 galaxies to the sam-
ple. The 3 southern slices of the LCRS at —39°, —41°, and —43°are ~2° wide and pass
through the center of Void 3 and the upper portion of Void 1. In fact, the LCRS is a
better sample for determining the true extent and nature (embedded or not) of Void 3,
since it is located at the 6dF survey boundary. Though somewhat brighter (mgr < 17.1)
and less complete (f ~ 0.5) than the southern HRS augmentation, the red-magnitude
limit of the LCRS still constitutes a fainter blue magnitude for most galaxies (e.g.,
by —mpg ~ 1.1 for S0/Sab, Fukugita et al. 1995) than the b; = 17.5 of our 6dF sample,
and there is no cluster excision bias. Therefore, this sample, along with the ENACS
(Katgert et al. 1998), provides a useful test for whether or not fainter galaxies, and

those excised by our anti-cluster bias, populate the central portions of these voids.
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Figure 6.11 shows the normalized galaxy counts as a function of scaled radii for the
HRS voids including the augmented catalog. To maintain the same underdensity curves
as presented in the previous profiles (Fig. 6.3) in the presence of samples with widely
varying number counts and limiting brightness, we have implemented the following
straightforward weighting. When a particular survey covers a void in question by at least
50%, the relative number density of that survey when compared to the 6dF survey is
divided into the total galaxy number counts for the void. For example, the LCRS has 3x
the number of galaxies when compared with the 6dF survey in that region. Therefore,
around Voids 1 and 3, we divide the total number counts by 3 at R/Rvomp < 1.0.
Furthermore outside of 1.25R/Ryoip, the total number counts around all voids are
reduced by a factor of 1.5, since there are many contributing surveys at those distances
from the void centers.

The radial profiles for northern voids (1, 4, and 5), with a reliably established profile
from the 6dF sample in Figure 6.3, maintain a similar shape under the inclusion of the
augmented samples and the proper weighting reduction in number counts. Specifically,
all three voids intersect the 6 = —0.9 criterion at 0.9 < R/Ryomp < 1.0 in the inset
portion of Figure 6.11. Moreover, it also appears that Voids 1 and 5 continue to show
a consistent “boundary” profile by rising less steeply than Void 2 (discussed below),
although Void 1 does rise sharply when the reduction criterion is relaxed at 1.5R/ Ryorp.
More interestingly, it appears that Void 3 has a profile more consistent with the HRS
boundary when the LCRS galaxies are included, since it straddles the 6 = —0.5 criterion
out to 1.5R/Ryomp. We note, however, that it is unclear whether or not the strips of
LCRS (> 1° between the each of the three slices) and/or the artificial reduction in
number counts has compromised the profile of Void 3 at larger radii. In summary, we
see that the voids in the northern HRS defined by the brighter 6dF sample maintain
their underdensity and the previously established radii, even after the addition of several

thousand galaxies with a fainter limiting magnitude.
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6.6.3 Augmented sample for the south HRS

The situation around A3128 and its neighbors, A3158 and A3125, is much more
difficult to interpret, since this region is observed to undergo multiple merging activity
on various scales (§7.3 and Rose et al. 2002, hereafter RGC02). RGC02 reported the
existence of “gaps” in the A3128/A3125 velocity distribution, which were interpreted as
significant gravitationally-induced, infall velocities, resulting from the HRS potential.
They also statistically defined several spatial/kinematic substructures associated with
infall into/out from the cluster complex.

After adding back the catalogs in Table 2.4 and applying the above correction for
more heavily sampled surveys, Figure 6.11 shows the effect of ~10 galaxies with by >
17.0 that raise the underdensity of Void 2 to § > —0.5 at R/Ryomp < 1.0. This
correlates to 23 actual galaxies since a factor of 2.5 was divided into the number counts
for Void 2, due to the A3128/ A3158 catalog containing over 1500 galaxies in a 4° x
4° area on the sky. Over half of the filling galaxies (13 of 23) are previously identified
with infalling groups/filaments near A3128/A3125 (specifically F1, F2, G4, and G5 in
RGCO02). The 9 remaining galaxies were not included in the RGC02 study, but could
also be members of the recently merging substructure, since most (7 of 9) are similar
to one another in position and relative velocity. For example, a small group of four
faint galaxies (by > 18.0) are located at a distance of 0.4Ryomp, while confined within
rprosecTED < ” (0.5 Mpc) on the sky and a relative velocity width of ~200 kms™!.
Therefore, it is not unreasonable to imagine that the positions of galaxy systems on the
high velocity side of A3128/3125 are distorted in redshift-space due to peculiar infall,
causing them to appear within the inner half of Void 2.

We attempt to correct the Void 2 profile in Figure 6.3 by subtracting away def-
inite members of RGC02-defined groups. The darker (blue) long-dashed line in the
Figure represents a subtraction of only RGC02 members that were confined spatially
and kinematically. Since the slope of the “uncorrected” Void 2 profile is quite con-
stant for R/Ryomp < 1.0, the subtraction of RGC02 groups has a noticeable effect.

Therefore, a similar Void 2 profile is recovered by extracting infalling groups. Fur-
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thermore, we have also identified 5 potential “void galaxies” by adding the augmented
samples. These galaxies were not observed by RGCO02, have b; > 19.0, and are lo-
cated at R/Ryomp < 0.6. Since the factor of 2.5 was applied for the augmentation of
the A3128/A3125 catalog, the underdensity criterion of § < —0.9 holds for Void 2 at
R/Ryom < 0.8. One last observation bodes well for the actual existence of Void 2, even
though it has the smallest void radius in our sample (11.8 Mpc). Both RGCO02 and the
extended redshift catalog examined in §7.2 observe a significant overdensity of galaxies
at 22-23,000 kms~!. The implied distance between the A3128-A3158 overdensity (at
~18,000 kms™!) and 22,500 kms™! is ~55 Mpc, which provides ample volume for a
void of similar size to that determined for Void 2. Therefore, we conclude that most of
the current observational information points to the existence of a real Void 2, situated
in a similar position to that defined in §6.1.

In summary, even when fainter and more complete galaxy samples are added back to
the 6dF survey sample to account for cluster excision, only Void 2 shows some signs of
void filling by fainter (by > 18.0) galaxies. Some of these galaxies are (and others could
be) associated with the merging substructure surrounding the A3128/A3125 double-
cluster system. Other galaxies have characteristics that more closely associate them
with the voids themselves, i.e., faint, closer to the void center, and late in type. Such
galaxies are expected, in fact, and the brightness limit of the 6dF survey does not allow a

4

proper search for these “void galaxies.” High-resolution CDM simulations in Gottléber
et al. (2003), now with some observational confirmation in Patiri et al. (2006), suggest
that low mass halos/galaxies populate voids in a similar arrangement as the large-scale
structure of the Universe (i.e., with filamentarity). Such filamentary “mini-universes”

of dwarf galaxies, if confirmed, would continue to widen the panorama of uniqueness of

structures on a variety of scales.

6.7 Summary: Voids

From the interactive GyVe software, we identified 6 underdense regions by first

defining a rim of galaxies in the § — cz projection, and then iteratively calculating a
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center for each structure. These regions are found to exhibit the generally prescribed
characteristics for larger void regions, which are ubiquitous within the large scale struc-
ture. Namely, the 6 HRS voids have a mean radius of Ryopp = 14 + 2 Mpc and
maintain § < —0.9 throughout their extent. In fact, HRS voids harbor no 6dF galaxies
for R/Rvomp < 0.8, except for the presence of 1 galaxy in an extremely isolated void
(Void 4, §6.5.2). Furthermore, in an attempt to fill the voids with fainter galaxies from
augmented samples (Fig. 6.11), we find that only Void 2 is susceptible to becoming
filled. We explain the majority of galaxies in Void 2 by identifying them with merging
substructure in the region via RGCO02.

When we display the normalized galaxy counts as a function of scaled radius for
both samples (Figs. 6.3 and 6.11), different subsets of radial profiles are observed and
associated primarily with their immediate surrounding environment. The radial profiles
for voids more closely associated with the HRS redshift boundaries (i.e., “border” voids
1, 5, and 6) show a less steep increase in galaxy counts compared to Void 2 (Fig. 6.3),
which is embedded within the HRS kinematic bounds and the survey volume. With
d < —0.5 at 1.75R/Ryoip, only Void 4 shows similarities with the mean void profiles
of the 2dFGRS in HV04. Though located on the survey boundary, an attempt was
made with LCRS data to recover the radial profile of Void 3, whose mean velocity is
consistent with the HRS (21,000 kms™!). While the radial constraint of § < —0.9 was
maintained, a somewhat expected embedded radial profile was not observed.

To gain a better understanding of the manner in which galaxies are arranged around
the surface of the voids, we create projection maps from the vantage point of the void
center. We observe that galaxies do not cover the void surface in an isotropic manner,
even at 2.5R/Ryoip, but rather the distribution is highly structured and preferred ori-
entations seem to govern the arrangement of intercluster galaxies. While attempting
to fill the voids with fainter galaxies, we identify 5 potential void galaxies, which are
faint (by > 19.0) and located near the void center Ryomp < 0.5. Lastly, there appear to
be similarities in shape (sphericity) and structure (evacuation and outer rim) between
the embedded HRS voids and evolved, isolated voids in CDM simulations. Smaller sim-

ulated voids are destined to constriction by the surrounding overdense structures, yet
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the larger HRS voids seemingly embedded have maintained resiliency to this constric-
tion, or have overcome this tendency due to their size. Since the radial profiles of HRS
voids appear dependent on their location within the survey and HRS clusters appear
preferentially arranged near 1Rvomp, the voids in the HRS seem to play an integral part
in the formation of overdense structures and the supercluster landscape in general. We
now turn to an examination of the overdensities themselves to weigh this claim against

our observations of the HRS environment.
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Figure 6.2 Equal area survey mask displaying observational completeness as a function
of grayscale. The 300+ deg? of the HRS are divided into 1 deg? blocks with five levels
of grayscale measuring the completeness of SuperCOSMOS galaxies with by < 17.5:
0.00 (white), 0.00-0.20, 0.20-0.40, 0.40-0.60, 0.60-0.80, 0.80-1.00 (black). Open white
circles show the extent of the 6 HRS voids defined in §6.1. Note that Voids 3 and 6
intersect the survey boundary in Declination. The excised clusters are shown as filled
white circles, where the actual excision radius is twice what is shown. The black lines
denote the major surveys that augmented the 6dF observations in §6.6. See Fig. 2.8
and §2.2.2 for more discussion. All coordinates are offset from the chosen HRS center

at 3120™, —51° 00'.
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Figure 6.3 Volume-normalized, galaxy number counts as a function of scaled radius for
the 6 large voids in our survey. Constant underdensities for the mean redshift of the
HRS at § = —0.9 (lower) and 6 = —0.5 (upper) are shown with dot-dashed lines. All
void profiles have counts consistent with a sampling of the LF at the HRS mean redshift
(z = 0.06) and are truncated where they intersect the survey boundary. The location of
Void 2 is consistent with the HRS mean velocity, whose profile is noted with a solid, blue
line. Voids 1 and 5 are located at the Paper I-defined boundaries of the HRS, and their
profiles are labeled with magenta lines. Void 4 is noted with a dotted line, where the
profile maintains number counts consistent with 6 = —0.9. The inset portion shows the
boxed area in more detail to determine the exact void radius as defined by the 6 = —0.9
criterion. Voids 3 (“x”) and 6 (“+”) cross the survey boundary at (R/Ryomp < 1 and
their truncated profiles are marked with symbols. Note that the two samples (solid and

long-dashed) have fundamentally different profiles.
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Figure 6.4 Hammer-Aitoff, equal-area projection maps of Void 1. The projection is made
from the vantage point of the void center. Small filled circles represent the intercluster
galaxies, while the orange cylinders are clusters. The orientation of the projection is
synonymous with the snapshot in Fig. 5.1, such that the horizontal axis is the § — cz
plane, and « decreases from the top to bottom. The shaded ellipses show a preferred axis
where it is possible to “see through” the void. Top: Population of galaxies and clusters

for R;/Ryomp = 1.75. Bottom: Population of galaxies and clusters for R;/Ryomp = 2.5.
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Figure 6.5 Hammer-Aitoff, equal-area projection maps of Void 2. Same symbols and

references as Fig. 6.4
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Figure 6.6 Hammer-Aitoff, equal-area projection maps of Void 3. Same symbols and

references as Fig. 6.4
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Figure 6.7 Hammer-Aitoff, equal-area projection maps of Void 4. Same symbols and

references as Fig. 6.4
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Figure 6.8 Hammer-Aitoff, equal-area projection maps of Void 5. Same symbols and

references as Fig. 6.4
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Figure 6.9 Hammer-Aitoff, equal-area projection maps of Void 6. Same symbols and

references as Fig. 6.4

117



30
20 +

x

O]

Z

v 10

]

c

S

8

= 0

[}

o

IS

=}

c 30

>

=

K]

8 20

LL

S

©
10
0

0 20

10
Void radial distance, R, (Mpc)

Figure 6.10 Incremental radial profile of intercluster galaxy counts for Voids 1 (top) and
2 (bottom). In each profile, a small spike 10-15 galaxies is located on the larger peak of
increasing galaxies. This peak is followed in both voids by a decrease in counts before

encountering significant intercluster counts.
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Figure 6.11 Volume-normalized, galaxy number counts with the augmented samples
included as a function of scaled radius for the 6 HRS voids. Symbols are the same
as those in Fig. 6.3, with the following exceptions: the darker (blue) long-dashed
line represents the attempt to reconstruct the actual intercluster population for Void 2
without the presence of merging substructure. The red line represents the profile of Void
2 before the attempt to extract group members. The green line represents the profile of
Void 3, whose radius has been confirmed due to LCRS addition. The profile for Void 6

was estimated out to 1.5R/Ryorp, though the survey boundary problem persists.
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Chapter 7

Intercluster Overdensities of the

HRS

“There is some secret stirring in the world, a thought that seeks impatiently

its word.” —Thomas L. Beddoes
DISCLAIMER: The word filament has become a general buzzword for the qualitative nature of large-
scale structure. While we don’t deny that structures do often, at first glance, appear filamentary, we
try to reserve that particular word in the following for objects that are extended in only one spatial

dimension and are kinematically coherent.

7.1 Overview

The various regions of galaxy overdensities outside of the rich clusters in the HRS
lend themselves to individual examination. We will begin with HRS regions already
discussed in the literature, typically on the cluster scales and their infall regions (<
10 A= Mpc). This approach affords us the opportunity to examine the published
hypotheses for structure arrangement as well as to examine the relationship between
structures on varying scales. There are two primary references to individual structural
phenomena within the HRS that are discussed: (i) the existence of a ~ 10 A~! Mpc
intercluster ‘bridge’ in the region of rich clusters A3128 and A3158 as initially proposed
in L83, and (ii) the A3125/A3128 intercluster axis along which multiple merging events
are believe to have occurred (RGC02). In (i) and (ii), where a 100% increase in redshift



information (due primarily to the Mathams data) warrants a more detailed examination,
we seek to relate finer scale structure (~ 1 Mpc) to the intercluster environment (5-10

Mpe scales).

7.2 A3158/A3125 “Bridge:” Hints of Supercluster-
ing

In the original study of HRS structure, L83 focused on a 6° x 6° region in the
southern HRS, centered around two of the richest clusters in the HRS, A3128 (Rich-
ness = 3, 015 ~ 950kms™!) and A3158 (Richness = 2, 01,s &~ 1100km s™!, Mazure et al.
1996). Among the interesting findings in L83, a galaxy “bridge” was found to extend be-
tween A3158 and the less-rich and more-diffuse A3125 (Richness = 0, 01,5 = 300kms™!,
Caldwell & Rose 1997). Since all three clusters have approximately the same velocity
(cz ~ 18,000 kms™1t), the projected, co-moving distance between A3158 and A3125 of
~11 Mpc is thought to be fairly accurate. The bridge connection is somewhat surpris-
ing, since simulated CDM filaments are found to preferentially lie between the most
massive constituents in a particular region (Colberg et al. 1999). Most-massive con-
stituent connection is also confirmed observationally between the galaxy clusters A1367
and Coma (Gregory & Thompson 1978; de Lapparent et al. 1986), A1367 and Virgo
(Jones & Forman 1999), and even all three clusters (Zeldovich et al. 1982; West &
Blakeslee 2000). The intercluster bridge in L83 consisted of 7 galaxies with mean ve-
locity of 18,150 kms~! and a rather large velocity dispersion of 900 kms~t. L83 notes,
however, that reducing the bridge by one member reduces the o, significantly to 355
kms~!. Furthermore, the semi-major axis of all bridge member galaxies had a narrow
distribution of position angle (PA) at 131° + 19° (east of north). With several hundred
more galaxy redshifts located near these three clusters, we examine the existence of the

bridge as a primary example of an intercluster overdensity.
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7.2.1 Spatial and Redshift Distribution

Since the spectroscopic redshift is the best indicator of the volumetric distribution
of galaxies at these cosmological distances, Figure 7.1 shows the 2?5 x 2°5 region under
study, centered at 03"33™ and —53°00’, where all galaxies with observed redshifts are
displayed as small open circles. The completeness in this area is ~75% for galaxies with
by < 17.75, and is sporadic as a function of area at fainter magnitudes. Specifically, one
can see that almost halfway between the A3128/25 complex and A3158 there is a sudden
decrease in the number of observed galaxies, which is due to the eastern boundary of
the Mathams dataset (shown as short-dashed lines in Fig. 7.1). The three major ACO
clusters in the region (3125, 3128, and 3158) are shown with larger open circles, drawn
at 0.5Rapen (~1 Mpc). The less-rich APMCC421 (ez = 18,550 kms™! and o1, = 300
kms™!, Paper II) is approximately halfway between the ACO cluster concentrations
and drawn with a short-dashed circle. Also shown as solid lines is the potential position
of the bridge, though L83 restricted the bridge only to the region from A3158-A3125.
In conjunction with the spatial distribution of galaxies, the line-of-sight velocity (czjos)
histogram is also presented as the inset portion of Figure 7.1 for all galaxies bounded
by the solid lines, i.e., the potential bridge members but not including the ACO cluster
members (3158, 3128, and 3125). Readily noticeable from the histogram is the presence
of a large peak of galaxies (with maximum around 18,250 km s~!), which was recognized
by L83, and is due in part to APMCC421. Since intercluster filaments of galaxies are
thought to contain no more (light and/or dark) matter than is present in clusters (Cen
& Ostriker 1999), and a smaller velocity dispersion (~350 kms™') was hinted at by
L83, we now seek to better constrain the location, direction, and dynamical state of the
proposed bridge.

With the location of APMCC421 approximately halfway between A3158 and A3128/25,
we utilize the conclusions from CDM halo simulations that clusters separated by short
distances (i.e., < 7 Mpc) are always connected by a filament (Colberg et al. 2005a),
in conjunction with the observational finding that straighter filaments are observed

for closer cluster-cluster separations (Pimbblet et al. 2004b). This leads to segment-
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ing the problem, i.e., the bridge, into two halves: east, between A3158-APMCC421,
and west, between APMCC421-A3128/25. Furthermore, since the peak of the velocity
histogram at ~18,250 kms~! coincides with the mean velocity of the two adjoining
clusters (e.g., APMCC421 and A3158 or A3128), we consider this value as an initial
estimate for the mean velocity of the bridge with a dispersion, ojes, of 350 kms™t. This
value for the dispersion is intentionally chosen to be comparable with the less-rich clus-
ters in the HRS found in Paper II. In Figure 7.1, all galaxies in the same region with
17,550 < c2105 < 18,950 kms™! (420 of ¢z)) are shown as filled circles. In the east-
ern half of the proposed bridge region, i.e., between A3158 and APMCC421, there is
confirmation for the existence of a connecting structure for the galaxies observed (7 of
18), though small number statistics are a problem. For the western side, the exact path
of the connection is more difficult to determine, in terms of whether the connection is
with A3125, A3128, or somewhere in between. We note that the region to the north
of APMCC421 is almost devoid of galaxies within the proposed velocity range, while
south of APMCC421 suffers from a lack of observations (to the east of dashed lines in
Fig. 7.1).

By examining in more detail various cuts in velocity, we note that there are no

I (excluding

intercluster galaxies in the bridge area with velocities 18,575-18,950 km s~
the APMCC421 core). Therefore, we restrict the velocity range on the high side to this
value. Moreover, by increasing the velocity range of the overdensity by ~ 1o on the
low velocity side (to 17,250 kms™!), we incorporate several more galaxies within the
already populated regions. Within the range of 16,000-17,250 kms~!, there are only
two galaxies found within the originally bounded, bridge region. For these reasons,
we report a bridge velocity range of 17,250-18,575 kms™! for both the east and west
portions, which contains 52 galaxies besides the 14 confirmed members of APMCC421
(Paper II). These 52 members have the following properties and are designated with
open diamonds in Figure 7.1: €5 = 18,000 £ 50 kms™!, o1, = 350 kms~!. As to the
original conclusion of L83, the proposed bridge does not seem to be directed toward

the center of A3128. However, we also mention that the projected spatial width of the
A3128/25 (west) side is twice that of the A3158 (east) half (~ 2.0 : 4.0 Mpc). It is
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possible that this is due to the splitting of the bridge to the west of APMCC421, i.e., a
connection running to both A3128 and A3125. In the 2dFGRS, Pimbblet et al. (2004b)
find a greater number of filaments for increasingly richer clusters. Alternatively, Colberg
et al. (2005a) find a flattening of CDM filaments when approaching cluster-size halos.
Having established the existence of a coherent collection of galaxies in velocity space,
we now calculate an overdensity and compare the value to the surrounding intercluster

volumes.

7.2.2 (Galaxy Overdensity

In order to determine the approximate overdensity, an accurate determination of the
expected galaxy counts in the region is required. The discussion of the radial selection
function is found in §2.2.2, and here, only different limiting magnitudes are chosen.
Therefore, we calculate the number galaxy overdensity according to Equation 6.1. We
have carried out the overdensity calculation for two different limiting magnitudes (b;
< 17.75 and < 18.60), in order to examine the effects of mass (presumably) within
the collection of galaxies. Next, a comparison area(s) adjacent to the overdense region
is required. Though intercluster filaments may/not be embedded within an encom-
passing sheet-like region (Colberg et al. 2000a), we still expect the overdensity should
rise (considerably) within the actual coherent volume when compared to its immediate
surroundings.

We begin by calculating the overdensity of the collection for the brighter galaxies,
i.e., the 24 (of 52 galaxies) with by < 17.75. Figure 7.2 shows theses galaxies as darker
filled circles, while the entire SuperCOSMOS sample of by < 17.75 galaxies is shown as
small open circles. Lighter filled circles are those galaxies with an observed redshift that
fall outside of the specified velocity range. The long-dashed lines mark our estimate
of the boundaries of the connecting region, and the hatched areas are the adjacent
control volumes used for the comparative regional overdensity. Because the adjacent
volumes still reside within the HRS, it is possible to find an overdensity of galaxies

there also, though presumably not as great as in the region of interest. The three
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Figure 7.1 Equal-area, sky map of the A3128/3158 region showing all galaxies with an
observed redshift in our catalog as small open circles (incomplete, 11.0 < b; < 20.5).
The proposed filament area is bound by the solid lines to the north and south, and by
the ACO clusters (solid circles) to the east (A3158) and west (A3128/25). APMCC421
is halfway between the ACO clusters and shown with the long-dashed circle. Shown as
filled circles are all galaxies in the velocity range, 17,550 < cz < 18,950 kms~!. Open
diamonds show the 52 proposed filament members with 17,250 < cz < 18,575 kms™!.
The figure is offset from 03"30™, —53°00’. Dotted lines in the vicinity of AMPCC421
mark the western boundary of the Mathams dataset. The inset velocity histogram
contains the observed number counts as a function of redshift for all galaxies in the

bridge area (i.e., bound by the solid lines).
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areas are comparable in size at ~1.0 deg?, and the average galaxy density for 17,250 <
cz < 18,575 kms! is 1.6 gxs deg™? using the type-specific “k + €” corrected curve
for the expected galaxy counts (Croton et al. 2005). Though the determination of the
areal boundaries is somewhat arbitrary, there is a trade-off between the size and the
incompleteness of the area used for the calculation. That is, while a larger area without
a galaxy effectively reduces the overdensity, the inclusion of a galaxy for which no
redshift exists increases the incompleteness, which effectively increases the overdensity.
We have excised APMCC421 (solid circle) from the calculation, and we segment the
overdensity calculation due to different values of the observational completeness in the
east (0.4 deg?) and west of APMCC421 (0.6 deg?).

When defining the galaxy overdensity according to Equation 6.1, we calculate the
following average values for the by < 17.75 end of the connecting region: dcontrol ~ 4
and Ofjament ~ 27. We remark that the control volume overdensities vary significantly
between one another (1.3 and 6), where the higher value (south of the extension) is
particularly uncertain due to incompleteness (f ~ 0.15). Compared to the mean inter-
cluster overdensity found in Paper I, dyrs = 1.4, our chosen control average is actually
more dense by a factor 3. This is not unexpected since even the control fields lie within
regions that were excluded from the overdensity calculation in Paper I, due to their
proximity (~ 1°) to a cluster. Alternatively, we find that the overdensity of the connec-
tion is almost 20x that of the supercluster and ~ 7x that of the control volume. If we
increase the sample limiting magnitude to by < 18.60, the overdensity calculations in all
volumes are comparable to the brighter limit, with similar completeness in each area.
We find that the dcontrol = 3 and the dgiament = 22. As before, the control overdensity is
twice that of the mean HRS, and the coherent extended collection of galaxies remains
~ 7x more overdense than our chosen control volumes. CDM halo simulations of in-
tercluster filaments find an average value of dcpy ~ 7 for filaments whose intercluster
separation is > 5 h™' Mpc (Colberg et al. 2005a). When considering the eastern and
western halves as separate, the distances are less than this value (~ 3.5 h~! Mpc to both
sides of APMCC421), so the CDM overdensity may be better compared against HRS

regions further away from rich clusters. We now attempt to utilize individual galaxy

126



alignments to help determine the direction of the extension, particularly to the western

side of APMCC421.

7.2.3 Galaxy Alignments in Intercluster Overdensities

Though the idea that individual galaxy alignments are related to their surrounding
environment has been observationally demonstrated in various scenarios (e.g., Binggeli
1982; Fuller et al. 1999), it was not until very recently that the concept was applied to
intercluster filaments in Pimbblet (2005). In the cosmic web of hierarchical scenarios,
matter (presumably gas, galaxies, and dark) funnels along filaments, and rich galaxy
clusters are thought to originate at their intersections (Bond et al. 1996; Colberg et al.
2000a; Kitzbichler & Saurer 2003; Pimbblet 2005). Since theories of galaxy cluster elon-
gation (and their central galaxies as well, see Rhee & Katgert 1987) appeal to a similar
mechanism (West & Blakeslee 2000), it is straightforward to apply a similar preferred
alignment direction to the proposed members of intercluster filaments. Namely, the
bulk motion of the funnel causes the semi-major axis of a galaxy to elongate in that
preferred direction (Kitzbichler & Saurer 2003).

Before beginning the orientation calculation, however, it is important to establish
whether or not there exists PA biases in the chosen galaxy sample. To demonstrate
this, we have taken the Fourier components of the galaxy PAs as given in Struble &

Peebles (1985):

2) 1/2 N

C, = (N) > cos 2nb; (7.1)
1
9 1/2 N

Sy = (N) > sin 2nb;. (7.2)
1

For an isotropic distribution, i.e., a randomly distributed sample, the samples should
have mean = 0 and standard deviation = 1 for integer values of n. We now consider
the PAs of the galaxy sample with b; < 18.60 in the A3128/3158 region, which is shown
as open circles in Figure 7.3. This sample is chosen because the galaxy numbers are

greater (than the by < 17.75 sample), and the overdensity of the collection was fairly
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independent of magnitude. The SuperCOSMOS catalog calculates the PA from the
digital measurements of the semi-major and semi-minor axes (Hambly et al. 2001b),
and MCF has conducted follow-up calculations for a limited subsample (=~ 5%) to
ensure that the PA is given in the traditional east from north fashion.

The first 10 values of n give the following values for C,, and S,, when considering the

SuperCOSMOS PAs: C,, = —0.25, o¢, = 1.02; S,, = 0.61, 05, = 1.17. Furthermore, we
find that no value of any single C, or S,, (nor its ) is greater than +2.1. When compared
with the values in related studies measuring galaxy orientations and alignments (see
Struble & Peebles 1985; Plionis et al. 2003; Pimbblet 2005), these values are considered
to be consistent with isotropy (e.g., C,, or S, > 3 implies systematic directional bias
at the 30 level). As a further test of PA homogeneity, Figure 7.4 (top) shows the
fraction of galaxy number counts as a function of PA in histogram form. The 1o error
bars are shown, where all bins should be equal for a completely isotropic distribution
(fn = 0.055). Since some bins fall outside of the 1o range and there is an overall
tendency for lower numbers at 90° < PA < 180°, we have checked a larger 10° x
10° HRS area of the SuperCOSMOS catalog with b; < 17.5, and it shows no sign of
deviation from isotropy of the PAs. The histogram for our larger region covering the
inner 10° x 10° of the survey region is shown in Figure 7.4, bottom.

We now introduce a statistical measure of alignment that reliably quantifies the
orientation of the position angle (PA) of a galaxy’s semi-major axis with respect to
some predefined axis. For the most part, we follow a close adherence to the tests laid
out in Plionis et al. (2003) and Pimbblet (2005), which were originated to display the
degree of isotropy for BCGs by Struble & Peebles (1985). Consider a sample of N
galaxies each with a canonically defined PA, 6;, where 0° < 6; < 180°, and some
reference axis oriented at a PA of Oggr. In calculating the difference, ¢; = |0; — Orgr|,
we expect that the average, (¢;), has the following implications for the sample: ~ 0°,
the galaxies show perfect alignment to the reference axis; ~45°, the galaxies display
isotropy toward the reference axis; ~90°, the galaxies are perpendicularly aligned with
the reference axis. Since an orientation actually “points” in two directions, then for

¢; > 90°, we subtract ¢; from 180° to get the alignment angle for any individual galaxy.
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The degree of isotropy for the collection is characterized by the parameter, €, where

=Y % s, (7.3)

Therefore, € has the following implications: € =~ 0 indicates the sample is distributed
nearly isotropically around the reference axis, ¢ < 0 indicates an alignment of the sample
with the reference axis, and ¢ > 0 indicates a misalignment between the sample and the

reference axis. The standard deviation of € for the sample is given by

90
(12N)1/2

Now we systematically apply the orientation test above to the previously defined

(7.4)

O¢ =

filament volumes. Specifically, the test is applied through the full range of assumed
reference axes and a total € is calculated at each assumed PA. The alignment test is
carried out for the galaxies with 17,250 < cz < 18,575 kms™!, including the 52 pro-
posed filament galaxies and 14 confirmed members of APMCC421. Figure 7.5 shows the
individual volumes for which the alignment is calculated, where intercluster regions are
enclosed by long-dashed lines and clusters with solid circles. The numbers and arrows
within the areas are associated with the alignment results in Figure 7.6. Specifically, the
length of the arrows in Figure 7.5 correspond to the relative strength of the alignment
signal in Figure 7.6, where regions 3 and 6 show ~1c results. By pre-defining these
areas, we deviate slightly from the prescription of Pimbblet (2005), because we are using
the a prior: redshift information to define the filament. Since the orientation of galaxy
PAs is proposed as a stand-alone test for intercluster filament detection, it should serve
as a confirmation test for the structures previously identified using the spectroscopic
information.

Figure 7.6 shows the alignment parameter, €, for the galaxies associated with the
filament (i.e., intercluster galaxies with 17,250 < cz < 18,575 kms™!) as a function of
the assumed PA of the reference axis. The numbers in the upper right-hand corner of
each individual plot correspond to the numbered regions in Figure 7.5, where the red

symbols are associated with galaxy clusters. 1o error bars are shown for each alignment
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calculation according to Equation 7.4. The numbers in the bottom right-hand corner
of each plot give the number of galaxies for which the alignment was calculated. Any
sample of galaxies displays a preferred alignment with the reference axis when its € < 0.

In examination of the results shown in Figure 7.6, 4 of the 8 specified regions show
a preferred orientation > lo. Two other regions (“2” and “5”) have ¢ < 0, but at
less than 1o level. With the exception of APMCC421 (PA ~ 140°), the remaining
4 volumes (4, 5, 7, and 8) have similar preferred alignments between 65-85°. More
specifically, the east region and APMCC421 show alignments greater than 90°, while
all regions west of APMCC421 (except A3128) have alignments of < 90°. To highlight
this fact, we combine the samples to the west of APMCC421 (4, 5, 7, and 8) and
apply the correlation test to the conglomerate. Figure 7.7 shows the results, where
a > 30 alignment at PA~ 70° is obtained when A3125 is included (bottom). Even
though the correlation is not significant for either ACO rich cluster (3128 or 3158),
the spatially confined sample of galaxies having a significant overdensity also shows a
significant (> 30) alignment signal at ~ 70° for the region to the west of APMCC421.
In summary, while there may be a splitting/flattening of the filament region to the west
of APMCC421, we note these galaxies do not show a preferential alignment toward the
core of the richer cluster A3128 (e.g., PA ~ 135 deg).

7.2.4 Summary

From the original assertions of L83, a sample of ~65 galaxies is found between the
two richest cluster complexes in the southern HRS (A3158 and A3128/25), which is
~11 Mpc in projection. This includes the non-rich galaxy cluster APMCC421, which
is situated approximately halfway between the richer ACO clusters. The sample of
52 intercluster galaxies has the following dynamical properties as determined by the
biweight estimator (see §4.1): €Zi,s = 18,000 & 50 kms™!, 01, = 350 kms™!. The
spatial confinement of the collection is ~2 Mpc to the east of APMCC421 and ~4
Mpc to the west. The mean overdensity of the sample, § ~ 25, is 7x greater than the

adjacent control volumes and 15x greater than the mean HRS overdensity from Paper
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I. Moreover, we find that subset of these galaxies to the west of APMCC421 displays
a significant preferred alignment (> 3c0) of their semi-major axes at ~ 70°, as shown
in Figure 7.5. We note this orientation is not directed toward the center of A3128, but
rather these galaxies have an orientation more closely associated with A3125. While
the richest clusters seem to give an orientation most closely associated with an isotropic
arrangement, the general alignment of the galaxies within the intercluster portions

follows the defined direction from the redshift information alone.

7.3 A3128/3125: A Preferred Axis for Merging Clus-

ters

7.3.1 Overview

In light of the findings in the previous section that galaxies in the bridge between
A3158 and A3125/28 show an alignment of their PAs along the bridge, it is logical to
briefly examine the double cluster system, A3128/3125. A highly dynamic state was
concluded for this system by RGC02, with A3125 in a partially disrupted condition af-
ter suffering a tidal passage through A3128 along a northeast-southwest axis. This was
primarily established through the analytical synthesis of X-ray imaging and 2dF optical
spectroscopy. Specifically, the twin-peaked morphology of the smoothed Chandra X-ray
image of A3128 (20ks, ACIS-1) is elongated in the same direction as the spatial axis
connecting the two clusters (PA ~ 50°). However, distinctly different timescales were
derived for these two features implying that multiple merging events occurred along a
preferred axis. This type of repeated dynamical activity along a similar axis is supported
by other observational studies citing that the flow of matter follows the filamentary na-
ture of large-scale structure (e.g., West & Blakeslee 2000; Cortese et al. 2004). Another
pertinent result of the RGCO02 study is the statistical identification of several distinct
substructures in the region, proposed as infalling groups and filaments that have passed
through the dynamic cluster environment. Specifically, the inference was made that the

large gravitational potential of the HRS accelerated the infall velocities of groups in the
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region.

Because several new spectroscopic observations also encompass A3128/25, the intra-
cluster region in this area is examined in three specific ways. Here, we are interested
primarily in examining more finely scaled structure (< 7 Mpc) as it relates to the
A3128/25 northeast-southwest axis. Figure 7.8 shows galaxies with known velocity
between 16,500-20,500 kms™! (i.e., confirmed members of the A3128/25 complex by
RGC02) and by < 18.60 for the 6 deg? covering the A3128/25 double cluster system.
The map is approximately 90% complete to this magnitude. The orange diamonds
mark the two X-ray peaks in A3128 imaged with Chandra. The numbered areas mark
specific locations of interest in this section: (1) the smoothed galaxy distribution as it
relates to the less-rich cluster APMCC399 (z = 0.060, where the number “1” marks the
center, Dalton et al. 1994, 1997, hereafter DEMS94); (2) re-examination of groups and
filaments found in A3125 by RGC02, in light of the orientation tests defined above, new
redshift information, and extended radio emission from two host galaxies; and (3) the

confirmation of a compact group of galaxies in A3128.

7.3.2 APMCC399 + A3128/25: An Axis?

Given the dispersed appearance of A3125, its similar mean velocity to A3128, as well
as the association of A3125’s post-passage condition with N-body simulations (Caldwell
& Rose 1997), we examine more closely the distribution of galaxies between these two
clusters. Specifically, with a nearly complete sample of 382 relatively faint galaxies (90%
down to by < 18.60), further structure in the connecting region between A3128/3125 is
seen. Though the cluster-finding algorithm in DEMS94 locates a cluster, APMCC399,
approximately halfway between A3128/25 with the same redshift as A3128/25, the
mean cluster redshift is based on only two galaxies. First, we collect all galaxies within
a radius of 0.5 Rapgrr (15') of the published center in DEMS94, and then apply the
biweight estimator. We have taken a relatively small cluster radius for two reasons; we
did not want to overlap with the adjacent clusters, and this is the same radius is used in

DEMS94. The 13 galaxies (of 19 observed) found to be members of APMCC399 have
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the following properties: czj,s = 18,050 & 50 kms™!, 01, = 175 kms™!. As previously
found by DEMS94, the mean velocity is quite consistent with the more massive A3128
(17,950 kms™t, 850 kms™t) and A3125 (17,675 kms™!, 400 kms™'), but the dispersion
seems quite narrow for even a non-rich cluster (see §4.1).

Having confirmed that a low-richness cluster is situated between A3128 and A3125,
we smooth the HRS galaxy distribution using the following method. The 2?0 x 3°0 area
in Figure 7.8 is gridded into square bins, and the galaxies are summed for each cell. A
Gaussian kernel with constant smoothing radius of 0225 (~ 1 Mpc) is applied to each
bin successively, and then the relative contributions are summed. Other smoothing
radii were attempted, and a relative balance between substructure was sought out.
Therefore, a continuous galaxy density map is produced, which is then contoured at
10% intervals. Figure 7.9 presents the smoothed map of the A3128/25 region, where
darker contours indicate denser regions. Although the map appears to be rich with
substructure, we make three points regarding the overall galaxy distribution. First, the
less-rich APMCC399 cluster does connect the A3128/25 complex on a similar axis to
that of the X-ray peaks and the arrangement of the ACO clusters. Second, it does not
appear that the connection would fall into the class of “straight filament” as determined
by previous authors (Pimbblet et al. 2004b; Colberg et al. 2005a), since the main chain
with A3128-APMCC399 seems to bend to include A3125. Third, A3125 seems to sit
at the intersection of the A3128/25 connection and the coherent connection between
A3158 and A3125 discovered in the previous section, as does APMCC399 to a lesser
degree. Furthermore, apparently the same connection between A3158-A3125 extends

~4 Mpc (1°) to the west of A3125.

7.3.3 A3125: A Crossroad?

It is the dispersed nature of A3125, recognized in previous studies (Dressler 1980;
Lucey et al. 1983; Caldwell & Rose 1997), that provides an interesting opportunity
to examine the possible alignment orientation of galaxies from apparently different

populations. Armed with the knowledge that A3125 is found above to be associated
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with two different connections to other clusters (A3158 to the west and A3128 to the
north), we show in Figure 7.10 the spatial and kinematic distribution of faint galaxies
within the inner ~2 Mpc (0.5RapgrL) of A3125. All galaxies with by < 19.0 are shown as
open circles, with the 177 observed galaxies (~75%) completeness shown as dark open
circles. We also highlight two primary groupings of galaxies that populate this region;
a lower redshift grouping (filled blue) that is consistent with the bridge from A3158
discussed in §7.2.1 (17,250-18,575 kms™!), and a higher redshift conglomeration (red)
associated with the G2/F2 (i.e., group designation in RGC02, 18,600-20,000 kms™!).
The Figure is offset from the published spatial center of 03274, —-53°30" (Caldwell &
Rose 1997). The velocity histogram is shown as the inset portion of the Figure, where
the color coding corresponds to the spatial map. However by reducing the cluster radius
that defines the sample, the velocity distribution shifts toward a more even population
of galaxies for the two groups (i.e., the high redshift galaxy grouping is concentrated
toward the center of the cluster). For example, at a radius of 10’ (inner circle in Fig.
7.10), the number of members is equal in the two groupings. Since the slight spatial
elongation of the high-redshift grouping coincides with the approximate orientation of
the connection with A3128/APMCC399 (PA =~ 0°), there is added justification to the
idea that the G2/F2 conglomeration is infalling along the A3128-APMCC399-A3125
axis.

We now draw attention to the two open diamonds (magenta) in Figure 7.10, located
very near the spatial center of A3125 (rprojectep < 2'). These diamonds represent two
powerful (> 200 mJy), extended (tailed) radio sources each associated with an optical
galaxy counterpart (see details in Johnston-Hollitt et al. 2004). The ATCA 20cm radio-
continuum map of the area surrounding these sources is presented in Figure 7.11 and
shows in detail the nature of jet bending within both tails. Such tailed emission is
thought to result from the bulk motions of the intra-cluster medium (ICM), on the order
of 1000 km s~ (Gomez et al. 1997; Sakelliou & Merrifield 2000), and possibly combined
in part with individual motion of the host galaxy (Klamer et al. 2004). As can be seen
from Figure 7.10, the galaxies hosting these sources greatly differ in redshift space (~

1500 km s~1) though only separated by 0.25 Mpc as projected on the sky. Furthermore,
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the projected PAs of the tailed emission approximately align with their respective optical
associations. That is, the west radio tail with a PA near 5° is associated with the high
velocity group slightly elongated along the north-south axis. Moreover, the eastern
radio tail has a velocity consistent with the A3158-A3125 conglomeration and a PA
closer to 90°, which is more similar to the alignment of those galaxies found in Figure
7.7. Therefore, this situation presents an ideal opportunity to test the alignment of the
PAs of the member galaxies with their presumed larger scale structure (in this case,
filaments), which would further substantiate the findings from the redshift information
and radio emission.

We again employ the alignment techniques discussed in §7.2.3 to examine the ori-
entation of the galaxies in the high velocity group with their presumed parent filament.
By looking at the smoothed galaxy distribution between A3128 and A3125 in Figure
7.9, it appears that the preferred PA for the A3125 grouping should be near 0/180° if
alignments are indicative of their originating infall axis. Figure 7.12 shows the results
of alignment testing for the high velocity (red) and primary filament (blue) groupings.
We find that both the high velocity (red) and primary filament (blue) groups show a
preferred galaxy alignment at the ~ 20 level (2.10 for the high velocity group and 2.4¢
for the primary filament. However, the PA of the preferred axis, rather than being
orthogonal, are at similar orientations, PA ~ 30° for high-velocity group and ~40-70°
for the low-velocity group. Therefore, the idea that the galaxies align with the direction
of the filaments is not supported by our analysis.

To verify our visual examination of the A3125 region with quantitative consistency,
we apply the same overdensity tests as in §7.2.2 to the volume to the west of the cluster.
The 4 Mpc protrusion extends to the northwest in Figure 7.9 from the A3125 core up
to APMCC391. APMCC391 is another less-rich cluster, which is actually found to

be two overlapping conglomerations in projection at ~18,000 and ~23,000 kms~!

(see
Tab. 5.1). It is located to the northwest of A3125 and approximately due west from
APMCC399 (“4” in Fig. 7.9). Since the velocity range plotted in the smoothed map is
much larger than the 17,250-18,575 kms~! filament range, we ensure that the galaxies

contained therein have the same velocity range as the collection to the east from §7.2.2.
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After taking two parallel 0.25 deg? rectangular strips (with the control volume to the
north), we calculate an overdensity of Ofilament = 60 for the extension between A3125-
APMCC391, which is compared to dcontrol = 3 (1 galaxy observed in the control field
compared to 22 in the extension with similar completeness and area). Furthermore, the
overdensity along the extension axis is fairly constant up to and including APMCC391.
Knowing further that the region overlaps with a concentration of galaxies at 22,800
kms™!, it is not certain that APMCC391 could be considered an actual cluster. We
also note that there is a small redshift gradient as a function of projected spatial position,
in that, the average velocity increases by 700 kms~! along the 4 Mpc extension from
A3125 (17,750 kms™') to APMCC391 (18,300 kms™!). Including the “members” of
APMCC391 and when compared to the eastern portion of the filament, the 30 galaxies
within this extension have a slightly lower ¢z1,s (= 17,825 kms™') and o},s (= 325
kms™!). No significant galaxy orientation alignment is seen in the western extension.
In short, the available data indicate that the A3158-A3125 axis extends a total projected
distance of ~ 16 Mpc, beginning at A3158 and extending ~ 4 Mpc to the west of A3125.
Hence, we conclude that A3125 is situated at the near perpendicular intersection of
elongated overdensities, which are confined into filaments. We re-iterate that according
to CDM conclusions of hierarchical formation models, it is the richer clusters that show
more preference for location at filament intersections (e.g., Colberg et al. 1999), while

A3125 is less-rich than A3128.

7.3.4 A3128: Mixed Signals?

We now turn northward to the more massive A3128, by a factor of 4 in numbers,
when compared to A3125. Specifically, we examine suspected infalling groups and
filaments defined by RGC02. According to some current theories of structure formation,
the infalling population of galaxies should have an imprint of the parent filament from
which they came (e.g., Novikov et al. 1999; Plionis & Basilakos 2002; Kitzbichler &
Saurer 2003, see laminar flow model). We were not successful in detecting this imprint

in A3125, if in fact, the high-velocity group is a remnant of the perpendicular parent
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filament, so we now turn to the two major groups in A3128 defined by RGC02. We
also show that within the assumed dynamic turbulence of this cluster, there is room
for a compact galaxy group, normally associated with more quiescent environments.
Finally, the question is raised whether these populations could have originated outside

the A3128 complex.

Galaxy Orientations

The galaxy orientation alignment tests are now applied to the pre-defined groups and
filaments by RGC02, specifically G1 and F1 in A3128. From Figure 7.9, the smoothed
galaxy map definitely shows the outer periphery of A3128 to be non-uniform. Particu-
larly to the north, there are approximately perpendicular protrusions of galaxy density
at PAs of ~50° and ~135°. We further note the PA of the X-ray peaks in A3128
(orange diamonds in Fig. 7.9) is near 45° and parallel to the northeast nodule. Fig-
ure 7.13 shows the 53 galaxies in A3128 associated with G1 (green open circles) and
F1 (red filled squares) as defined in RGC02. These galaxies cover the velocity range
from 18,600-20,500 kms~!, with A3128-G1 occupying the lower velocity end at 18,600
19,400 kms—t. We note the X-ray peaks in A3128 shown as orange diamonds in both
Figures, which serve as a reference point to the larger-scale landscape in Figure 7.9.
Since the spatial arrangement of these groups seems to correspond to the structure in
the smoothed galaxy distribution on larger scales, these kinematic associations provide
an opportunity to test the strength of the galaxy-substructure alignment. Specifically,
do the RGC02-defined G1 and F1 show alignment with the noticeable protusions in the
A3128 periphery?

After subjecting the kinematically-defined groups to the orientation tests used in
the previous sections, we do not find a clear correlation between the axial directions of
larger-scale features (e.g., the protrusions in the A3128 galaxy distributions) and the
individual galaxies that populate them. Specifically, A3128-G1 gives a 20 result for
a PA =~ 25° and A3128-F1 gives no clear result. Even when considering the mildly
significant alignment of A3128-G1, it appears to be uncorrelated with the projected
spatial arrangement of the galaxies. That is, A3128-G1 is arguably more elongated
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toward the northwest-southeast direction, while a PA = 25° is nearly perpendicular to
that direction. Therefore, it is unclear how the arrangement of subsamples of cluster

galaxies correspond to their surrounding large-scale environment.

Southwest Compact Galaxy Group

In further examination of the smaller-scale structure in A3128, we focus our attention
on a spatially compact group (CG) of galaxies very near the southwest X-ray core.
RGC02 also notices this group and speculates on its relative connection to the hot X-ray
gas, suggesting that the southwest CG (SWCG) is a portion of an infalling substructure
on its initial passage into the cluster core. Spectroscopic observations of all potential
group members are reviewed in §2.7, and we test against the outlined criteria for Hickson
CGs (HCG, Hickson et al. 1992; Hickson 1997). According to the following formal
definition, any HCG satisfies these criteria (all magnitudes in by): i) membership—
Ng > 4, whose optical magnitudes differ by less than 3; ii) isolation— no galaxy less
than 3 magnitudes fainter than the brightest member can be present within 3 radii
of the center of a circle enclosing the geometrical centers of all CG members; and iii)

2 within the smallest circle enclosing the geometrical

compactness— py < 26 mags arcs™
centers of all CG members. We examine Figure 7.14 in light of the above criteria
for HCG inclusion. Regarding group membership, Galaxies P (15.50) and W (18.50)
provide the largest possible difference, but the optical magnitude of W is not well-known
because SuperCOSMOS does not resolve galaxies V and W. Therefore, the greatest
difference between the remaining six members is 2.33 magnitudes (P and T). When
considering the larger circle in Figure 7.14 that marks 3 times the radius of the smaller,
all three galaxies appearing within this circle- G (19.21), H (19.15), and I (19.70)— are
> 3 mags from brightest member P (15.50). To measure p from the smaller circle in
the Figure, a grid was marked out in 10”x10” squares (about the extent of one galaxy
with by = 16.0), and each grid square was assigned an average optical magnitude, b;.
The background sky was measured, and the optical magnitudes of the galaxies were

known. From this calculation, the average p was ~ 21.7 mags arcs—2, which fits well

below the required 26. Therefore, according to the requirements (outlined below), the
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SWCG does meet the primarily spatial criteria and can confidently be labeled a HCG.
This fact is quite remarkable considering that A3128 is a cluster of Richness = 3, and
therefore richer than 95% of all other clusters.

Even though the redshifts of the newly-established HCG and the diffuse X-ray peak
are in good agreement, there are some difficulties with the dynamical interpretation by
associating them with one another. Specifically, the X-ray temperature of the diffuse
emission centered upon Galaxy P at 3.3 keV coincides more with cluster values than
those reported temperatures for HCGs (cf., Fig. 5, Hickson 1997). In contrast, the (5
value for the surface brightness profile of the diffuse emission (~0.3) is consistent with
the majority of HCGs. When considering the group’s kinematic properties, a velocity
dispersion of 495 km s~ for the A3128 SWCG pushes the extreme range for elliptically-
dominated HCGs (<5% in Fig. 3, Hickson 1997). However, the velocity dispersion
from the SWCG fits nicely with the virialized velocity dispersion of the SW X-ray peak
derived from the Chandra observations of RGC02 (~425 kms™!). The similar velocity
dispersions, combined with the common understanding that HCGs are associated with
loose groups (Vennik et al. 1993; Ramella et al. 1994), favor the view that the SW
X-peak is associated with an in-falling group, in which the HCG resides (see also §6.4.4,
in RGC02).

7.4 Summary: Overdensities

From a combination of previous studies of the HRS (in L83 and RGC02) with an
expanded dataset of redshifts, we examine the intercluster environment as it relates to
finer scale substructure, in and around the galaxy cluster complexes of A3158-A3128—
A3125. We define an 11 Mpc intercluster filament that maintains a projected spatial
width of ~3 Mpc from the rich cluster A3158 to the A3128/A3125 complex. The galaxies
within this filament have the following kinematic properties: €Z,s = 18,000£50 kms™1,
O10s = 350 kms~!. With an average overdensity, 6, of ~ 25, we find that this confined

filament is 7x more dense than adjacent control volumes. Furthermore, we show that

there is preferred alignment of this filament at the 3¢ level with an € ~ 75°0only when
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the less-rich A3125 is incorporated. This finding corroborates with the smoothed galaxy
distribution, which shows the filament to extend 4 Mpc to the west of A3125, to give
a total filament length of ~16 Mpc. The western end of the filament increases in
overdensity to 6 ~ 60. We find that A3125 sits at the “crossroads” of two intercluster
filaments, since the smoothed galaxy distribution shows a clearly cluster chain from
A3128, through APMCC399, to A3125. We note that it is the less-rich A3125 that
seems to sit at the intersection of intercluster filaments and not the more rich A3128.

We use the presence of intersecting filaments in A3125 to explain the odd arrange-
ment of substructure near its core. The velocity histogram of the galaxies closest to
the cluster core is equally split among members whose velocity is synonymous with
the A3158-A3125 filament and the high velocity component (red in Fig. 7.13) of 1600
kms~!. Because the slight projected spatial elongation of the component coincides with
the approximate entry PA of the A3128-A3125 filament and the projected PA of ex-
tended radio emission in one of its members, an alignment along the apparent infall
orientation axis within this group seemed likely. We found, however, that the galaxy
orientation test for alignment with a preferred axis, which helped confirm the general
direction of the filament between A3158-A3125/28, did not provide consistent confir-
mation when applied to galaxy groups. This was observed for groups in both A3128 and
A3125, where spatially projected substructure and kinematic information was indicative
that such an alignment could exist.

Lastly, two observations were made regarding the nature of galaxy clusters as it
relates to their richness and the assumption of dynamic equilibrium (virialization).
First, the § value in the APMCC391 “cluster” core is very similar to that throughout
the extension connecting it to A3125 (6 ~ 60). When connected with the information
that APMCC391 consists of an overlapping projection of two coherent structures at
18,500 and 23,250 kms™!, it calls into question the existence of an actual “cluster.”
Second, we find evidence for a compact galaxy group residing in A3128’s core that
meets the criteria of Hickson (1997). While we do concur with the speculation of
RGCO02 that the SWCG is associated with infall, the richest cluster in the HRS displays

an extremely interesting oddity that further complicates the virialized state of even the
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richest clusters.
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Figure 7.2 A3128/3158 spatial map showing all SuperCOSMOS galaxies with by < 17.75
as small open circles. Lighter filled circles mark galaxies for which a redshift has been
determined, and darker filled galaxies mark those with 17,250 < cz < 18,575 kms™!.
The long-dashed lines mark the connected extension area, while the hatched areas mark
the two comparison control volumes. Larger open circles and dotted lines are the same

as indicated in Fig. 7.1.
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Figure 7.3 A3128/3158 spatial map showing all SuperCOSMOS galaxies with b;< 18.60

as small open circles. All symbols are the same as those in Fig. 7.2.
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Figure 7.4 Fractional number of galaxies with b; < 18.60 as a function of PA. Top: the
320 x 3°0 area in Fig. 7.3. lo error bars are shown and do not encompass the mean
value of f = 0.055 for all bins. Bottom: 10°0 x 10°0 area within the HRS to confirm

the isotropy of the entire sample. Notice that all 1o error bars are within the mean

value of f consistent with isotropy.
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Figure 7.5 A3128/58 spatial map displaying the different areas for which the orienta-
tion test was completed. The galaxy clusters are shown as large open circles, while
the intercluster areas are enclosed by long-dashed lines. Each area is numbered and
corresponds to an € — PA plot in Fig. 7.6. The arrows within the numbered regions
indicate the directional alignments given by min(e) also in the same Fig., and their
lengths correspond to the relative strength of the e. SuperCOSMOS galaxies with b;
< 18.60 are shown in the background as small open circles. The richest clusters in the
region (A3158 and A3128) do not show a preferred orientation for this velocity range,
17,250 — 18,575 km s
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Figure 7.6 Orientation parameter, €, as a function of PA for the galaxies within the
range, 17,250 < cz < 18,575 kms™! that populate the sub-volumes in the A3128/58
region. The 1o error bars are included, and the numbers in the lower right-hand corner
correspond to the numbers in Fig. 7.5. The cluster alignment diagrams are shown
as gray (red), and horizontal long-dashed lines mark an ¢ = 0, which is the value for

isotropy.
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Figure 7.7 Orientation parameter, €, as a function of PA for galaxies within the range,
17,250 < cz < 18,575 kms™! for the A3128/58 region. Here, the individual volumes in
Fig. 7.6 are stacked for better number statistics. The 1o error bars are included. The
bottom plot includes the cluster A3125 and gives a 30 orientation at 70°. Horizontal

long-dashed lines mark an € = 0.
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Figure 7.8 Spatial map of the A3128/25 region with b; < 18.50 galaxies shown as
small filled circles. Only galaxies with with 16,500 < cz < 20,500 kms™! are shown
in the equal area map, which is offset from 03"24™, ~52°45'. Open orange diamonds
represent the positions of the two X-ray emission peaks at a similar PA to the A3128-
A3125 spatial axis. The numbered regions mark the areas of specific interest for this
section: 1) APMCC399 is a low-richness cluster that connects A3128 and A3125; 2) The
dispersed, rich cluster A3125 as it relates to extended radio emission; 3) Smaller-scale

substructure within the richest HRS cluster, A3128.
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Figure 7.9 Smoothed distribution of by < 18.50 galaxies in the A3128/25 region with
16,500 < cz < 20,500 kms™t. The smoothing radius of the Gaussian kernel was
fixed at 0.25° (~ 1.5 Mpc), after varying both the grid mesh and the radius. The
galaxies used to create the smoothed map are shown as small filled circles. The orange
diamonds representing peaks of X-ray emission nearly align with the bulge in galaxy
distribution to the northeast. The extension of A3125 in a near perpendicular direction
to the A3128-A3125 axis is noticeable. The equal area map is offset from 03"24™, —
52°45'. The numbers refer to the same clusters in Fig. 7.8, where “4” corresponds to
APMCC391. The arrow denotes the approximate direction of the filament from A3158
in §7.2.
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Figure 7.10 Equal-area map of b; < 19.0 galaxies within the inner 0?5 of A3125.
The completeness is ~ 75%, where all galaxies are shown as light open circles.
Back/foreground galaxies are shown as darker open circles. The cluster population
(17,000-19,500 kms~!) is comprised of two distinct populations (red and blue filled
circles), which is more noticeable as the cluster radius decreases. The inset histogram
shows the two populations as a function of cz. Two open diamonds in the spatial map
indicate two extended radio sources near the center of the cluster, but belonging to

different cluster populations.
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Figure 7.11 20cm image, obtained with the ATCA, of tailed radio sources in A3125.
20cm continuum emission contours of increasing intensity are shown. A galaxy asso-
ciation with the radio source to the east (left) is a member of the blue population in
Fig. 7.10, with a velocity of 17,700 kms™!, while a galaxy associated with the radio
source to the west (right) has a higher velocity at 19,300 kms™! and is a member of the
red group. The radio emission to the far east (in between the tails) is believed to be a

background source with no visible optical counterpart.
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Figure 7.12 Orientation parameter, €, as a function of PA for the two individual popula-
tions in A3125. Colors of the curves match the populations in Fig. 7.10. A significantly
different orientation is not noted between the groups, though neither group shows a

significant orientation away from isotropy, i.e., both tests give an ~ 20 result.
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Figure 7.13 Equal-area sky map of A3128 galaxies within the pre-defined A3128-G1
(open circles) and A3128-F1 (open squares) designations by RGCO02. Filled circles, light
and dark, were segregated on the basis of PA to examine the possibility of directional
infall. As shown in the bottom right-hand corner, the orientation of the galaxies is
perpendicular to the presumed infall direction. The open orange diamonds indicate the

X-ray peaks, which align with the A3128-F1 designation as discussed in RGC02.
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Figure 7.14 Digitized sky survey image of the southwest compact group in A3128. Let-
ters of group members (inner circle) refer to Table 2.6, column 1, and other galaxies
are referenced in §7.3.4. The inner circle refers to the smallest area that contains the
geometrical centers of all potential members, while the outer circle is three times the

inner diameter.
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Chapter 8

CONCLUSION

“It is a sheer illusion to think that in relation to truth there is an abridge-
ment, a short cut that dispenses with the necessity of struggling for it.”—Sgren
Kierkegaard

8.1 Our Initial Look at the HRS

The aim of this thesis is to provide a comprehensive view of one of the most overdense
structures in the low-redshift universe. We have approached the problem from four
different angles. First, we have shown that the HRS is not one large conglomeration of
intercluster galaxies, spherically collapsing under its own mass. On the contrary and
quite clearly, the HRS displays two primary redshift components extending over the
full area of our survey. We demonstrated that the mean overdensity in the HRS rivals
that of the Shapley supercluster within the intercluster regions (1.4:2.3). The redshift
bounds were fairly well marked by significant (~1500 kms™!) breaks in the galaxy
distribution. The galaxy clusters, however, which are normally thought to accurately
trace the large-scale, intercluster structure, did not show the same arrangement as the
less-dense intercluster galaxies, initially.

We were then given the opportunity to observe all the known galaxy clusters in the
HRS, which had previously not revealed the two-component nature of their intercluster
counterparts. Many of these clusters had published redshifts that were based on only

one or two (or even “Ny > 07) individual redshifts. Reliable mean cluster velocities



and adequate dispersions, like those which were calculated, need at least 10 individual
galaxy redshifts. When a reliable velocity was established for each cluster, the two
distributions within the HRS, both intercluster galaxies and galaxy clusters, displayed
a similar arrangement.

But what was that arrangement exactly? Was it just two big clumps instead of
one? And what about the formation of these two “clumps”? How were we to put
in perspective the “small-scale” arrangement of wispy radio tails pointing in different

directions? Was there some connection?

8.2 A Fifth Wheel?

I told you that there was ‘four distinct angles,” and there are, I think. But without
GyVe, (GalaxyViewer) I'd be feeling infinitely worse than I already do, for having such
a great dataset and so little results. GyVe is a fully interactive software tool that allows
us to obtain that comprehensive viewpoint, with the opportunity to see intercluster

galaxies and galaxy clusters cohabiting the same space.

With the help of GyVe, we have learned:

(I) Voids dominate the landscape. From the first time we viewed the extended 6dF
data in GyVe, it was the empty spaces that left the greatest impression. I don’t think
I ever would have gotten that point, otherwise. Hopefully, this work highlights that
viewpoint. We see that 6 modest size voids (Ryomp ~ 10 h~! Mpc), which take up only
about 10% of the HRS volume, really aid in determining one of the most overdense
regions. The Aitoff projections show that clusters and galaxies reside together. Even
at large radii, e.g., the 2.5R;/ Ryomp plots really do show that as more galaxies fall onto
the surface of the void, they do so in predominantly the same places. Or, if they don’t
pileup in the same places, they extend away from the pileups in some organized fashion.
What is ironic, and somewhat scary, are the Aitoff plots presented in Colberg et al. (Fig.
1, 1999) from inside the clusters. They bear striking resemblance to the Aitoff plots in
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this work from inside the voids. How are we to understand this reality, except to say,
the large-scale network really is sponge-like and the overdensities and underdensities
are interconnected.

Furthermore, it is observed in the radial profiles that there is something different
about the voids near the HRS, what we refer to as the embedded void sample. We
know now that Voids 1 and 2 were giving the two component structure seen so clearly
in Paper I. What Voids 3 and 6 reveal, I believe, is that the “effective” HRS does extend
to northern clusters, like A3122, and southern clusters, like A3266. Our dataset barely
extends to those values of 9, i.e., to the extreme south or north of the HRS, but it seems
that the nature of the voids reveals this fact. But if the overdensity is less in the new
larger area, do we then say that the supercluster does not extend beyond the 2002 (12°
x 12°) area? It seems that we must proceed cautiously and choose the “direction” of

the HRS carefully, e.g., along the void boundaries.

(IT) There’s no such thing as a “slam dunk.” The A3158-A3128-A3125 region
is truly unique, because these structures are sitting so neatly at the same redshift,
perpendicular to the plane of the sky. The contiguous overdensity from A3158 to what
I argue is more A3125 is fairly certain, I think. The perpendicular continuity from
A3128-APMCC399-A3125 is also fairly certain. So here we have it, the prototypical
filament intersection occurring at a non-rich cluster, A3125. Furthermore, why does
seeming “slam dunk”, triple alignment in A3125 of the kinematic substructure, the
radio extended emission, and the perpendicular filament axis, come up empty (i.e.,

“Buckley’s”) when the orientation test is applied?

8.3 Continuing Work!

There’s so much.
Regarding the filaments, we have only scratched the surface of calculating, at least,

the overdensities, if not velocity dispersions, for a host of potential elongated structures.
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What is the true shapes (in redshift space) of the HRS voids? Are they as spherical
as we claim? Or, is there a way to map the surface to reveal a more ellipsoidal shape?
Do they, in fact, extend through the volume as tunnels? We aim to create isodensity

surfaces of the voids, which will aid greatly in visualizing the underdense regions.

What is the relationship between the intercluster (or inter-void) galaxies and the
clusters, especially as they relate to the thicknesses between the voids? Although we
have known for some time that overdensities lie on the surface of voids, but how is that
effected by the presence of multiple voids located in near proximity? Are the voids in

the HRS region more tightly packed, which aids the overdensity of the supercluster?

Of course, we defined some “void galaxies,” and it would be nice to get some high
resolution spectra and imaging of these faint guys. In some ways, the discovery of con-

firmed “void galaxies” would help to further confirm the actual presence of Void 2.

Lastly, with apparent intercluster filaments defined for the HRS, and the hopeful
promise of more in the future, I would like to explore the possibility of using the ultravi-
olet wavelengths to probe the gas content of these filaments. By observing background

AGNs, it is possible to observe the Lya dropout of the gas in nearby filaments.
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