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The Cosmography of the SDSS
Density Map:
Supervoids and Great Walls in
the Local Cosmic Web

6

— E. Platen, M. A. Aragón Calvo, R. van de Weygaert & B.J.T. Jones —

In this paper we describe structures in the reconstructed density field in the Sloan
Digital Sky Survey DR7. The reconstructed density field and the three dimensional structures are visualised by means of integrated density maps, 3d isodensity contour maps and by density contour maps in thin slices. We recognise the
known clusters, superclusters and supervoids in our reconstructed density maps.
We extensively discuss the structures within the Coma Great Wall and the Sloan
Great Wall, as well as the bridging features in between them. These two Great
Walls seem to be representative examples of similar large walls marked by interconnected bridges and surrounding large supervoids. A particular example of
the latter is the Boötes Supervoid, which is almost completely contained within
the volume of our density maps. We also report the existence of an additional
large feature beyond the Sloan Great Wall; the Great Pillar. It is probably associated with a recently identified large void region. We hypothesise that a random
packing of supervoids and the corresponding exclusion of cluster/superclusters
may in a natural way explain the geometry of the Coma and Sloan Great Wall.

6.1

Introduction

The large scale distribution of matter revealed by galaxy surveys features a complex network
of interconnected filamentary galaxy associations. This network, which has become known
as the Cosmic Web (Bond et al. 1996), contains structures from a few megaparsecs up to tens
and even hundreds of Megaparsecs of size. The weblike spatial arrangement of galaxies and
mass into elongated filaments, sheetlike walls and dense compact clusters, the existence of
large near-empty void regions and the hierarchical nature of this mass distribution – marked
by substructure over a wide range of scales and densities – are its three major characteristics.
Its appearance has been most dramatically illustrated by the recently produced maps of the
nearby cosmos, the 2dFGRS, the SDSS and the 2MASS redshift surveys (e.g. Colless et al. 2003;
Tegmark et al. 2004; Skrutskie et al. 2006).
The recognition of the existence of a weblike arrangement of galaxies and clusters has
been emerging gradually over the past thirty years. Massive compact clusters of galaxies
were the first observed and catalogued elements of the cosmic web. The Abell catalogue of
optically identified galaxy clusters (Abell 1958; Abell et al. 1989) has fulfilled a central role
for the study of clusters and their large scale matter distribution on scales of several tens of
Megaparsec (see Bahcall 1988). With the arrival of large new galaxy redshift surveys deep
and objectively identified cluster samples have opened a plethora of elaborate, detailed and
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systematic studies of the cluster population (e.g. Struble & Rood 1999; Böhringer et al. 2001;
Miller et al. 2005; Berlind et al. 2006; Koester et al. 2007).
Towards the end of the seventies a set of new observations did start to unveil the existence
of coherent structures larger than that of clusters of galaxies. With the review of Oort (1983)
the supercluster paradigm established itself as the new view of the large scale distribution of
matter and galaxies in the Universe. It had gradually emerged as a result of various early
galaxy redshift surveys of nearby regions in the Universe (e.g. Chincarini & Rood 1975; Gregory & Thompson 1978; Einasto et al. 1980) and put on a firm footing with the completion of
the first systematic and large redshift survey, the CfA1 survey (Davis & Huchra 1982). Along
with these efforts came the unexpected finding of the first example of large cosmic voids, the
Bootes void (Kirshner et al. 1981). It was the celebrated map of the first CfA redshift slice (de
Lapparent et al. 1986) that showed the connection between the basic elements of the Cosmic
Web that was going to emerge in the more complete picture.
The Cosmic Web is the most salient manifestation of the anisotropic nature of gravitational
collapse, the motor behind the formation of structure in the cosmos (Peebles 1980). N-body
computer simulations have profusely illustrated how a primordial field of tiny Gaussian density perturbations transforms into a pronounced and intricate filigree of filamentary features,
dented by dense compact clumps at the nodes of the network (Colberg et al. 2005; Springel
et al. 2005; Dolag et al. 2006). The filaments connect into the cluster nodes and act as the
transport channels along which matter flows into the clusters. Fundamental understanding
of anisotropic collapse on cosmological scales came with the seminal study by Zel’Dovich
(1970), who recognised the key role of the large scale tidal force field in shaping the Cosmic
Web (also see Icke 1973). The Cosmic Web theory of Bond et al. (1996) succeeded in synthesising all relevant aspects of cosmic structure formation in hierarchical cosmological scenarios
into a coherent dynamical and evolutionary framework.
The emerging picture is one of a primordially and hierarchically defined network whose
weblike topology is imprinted over a wide spectrum of scales. The most prominent observational manifestation of this process of structure formation can be recognised in the large scale
distribution of galaxies in the local Universe.
Currently the largest and most detailed map of the local Universe is the one produced
by the Sloan Digital Sky Survey. The SDSS is a wide-field photometric and spectroscopic
survey carried out with a dedicated 2.5 meter telescope (York et al. (2000)). The photometry is
complete to approximately an apparent r-band magnitude of 21. The 7th data release, SDSSDR7 (Abazajian et al. 2009), covers 9380 square degrees of the sky. It contains 929,555 galaxy
spectra and is complete down to an r-band magnitude less than mr < 17:77.
Using this redshift survey we set out to analyse the reconstructed density map of our
local Universe. We are enabled to do so by applying state of the art reconstruction methods
(Chapter 5), capable of tracing the hierarchical and anisotropic nature of the nonlinear cosmic
density field. In this study we specifically focus on the identity of the features in our nearby
large scale environment, and establish their mutual spatial relationship and connections. We
hope that this cosmographical analysis will allow us to increase out understanding of the
weblike nature of the cosmic matter distribution, and provide a key towards future testing of
the theory of the cosmic web and identify its sensitivity to the underlying cosmology (see e.g.
Chapter 7).
In the following discussion we will describe the most prominent large scale structures
starting at the nearby Universe out to a distance of approximately 300 to 400h 1 Mpc. The
description of this Supercluster-Supervoid Network (Zeldovich et al. 1982; Oort 1983; Bahcall 1988; Rood 1988; Einasto et al. 1997; Einasto et al. 2001; Shandarin et al. 2004; Gott et al.
2005) has a long history and we realise that a complete cosmographic overview is beyond the
scope of this exploration. Our study is in line with a few cosmographic descriptions of the
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Figure 6.1– Two slices through the SDSS galaxy redshift catalogue in the XYZ coordinate
frame (see Appendix A). The slice in the upper panel has a thickness of 12h 1 Mpc, and it is
24h 1 Mpc thick for the lower panel. The selection outlines of each of the panels are in the
lower or upper counterpart by the grey lines.

density fields in large regions of the nearby Universe (Branchini et al. 1999; Einasto et al. 2003;
Erdogdu et al. 2006; Einasto et al. 2007; Romano-Dı́az & van de Weygaert 2007; Kitaura et al.
2009), with the additional advantage of our ability to trace nonlinear and anisotropic structure.
We have tried to keep the names of the structures as much as possible in accordance with the
existing literature (even though the literature is not always consistent). The redshifts for the
Abell clusters (Abell 1958; Abell et al. 1989) were taken from Struble & Rood (1999). For the
local voids we used named voids by Fairall (1998); Hoyle & Vogeley (2002). The position and
names of the superclusters were taken from Fairall (1998); Einasto et al. (2001) and we have
used a catalogue of supervoids from Tully (1986).
In our description we make a distinction between the voids and supervoids. While we
use the name voids for underdense regions in the distribution of galaxies, supervoids are un-

172

CHAPTER

6: T HE C OSMOGRAPHY OF THE SDSS D ENSITY M AP

SDSS DR7 D ATA SET

173

Figure 6.2– Isodensity Contours: We visualise the nonlinear structures in the nearby volume
of the SDSS-DR7 unsmoothed DTFE reconstructed density field. The x and y axis and scale of
the figures correspond to the X and Y axis of figure 6.1. Each panel represents a visualisation
viewing the full volume of the survey from the top (i.e. directed downward along the Zaxis). The four panels correspond to a 3d iso-density contours at a density levels (Æ + 1) of 180
(top-left), 100 (top-right), 50 (bottom-left) and 25 (bottom-right).

derdense region in the spatial distribution of clusters. Hence the use of the term SuperclusterSupervoid network (instead of Supercluster-Void network).
In this study we proceed as follows. In the next section we shortly describe the SDSS
data set in section 6.2. The DTFE density field reconstruction method. This is followed by
a description of the various visualisation tools used in this study see section 6.3. The main
core of the paper consists of a discussion of some of the most outstanding structures found in
the SDSS reconstructed density field. In section 6.4 we focus on the region in and around the
Coma Great Wall. The Sloan Great Wall is the subject of section 6.6. The previous section 6.5
deals with the volume in between the Coma and Sloan Great Wall. The connections between
both Great Walls are treated in section 6.7. Section 6.8 discusses the structures behind the
Sloan Great Wall.

6.2

SDSS DR7 Data set

For the cosmography we used the main galaxy sample from the 7th data release of the Sloan
Digital Sky Survey (SDSS) (Strauss et al. 2002; York et al. 2000; Stoughton et al. 2002; Abazajian
et al. 2009). This spectroscopic galaxy sample is almost complete between a Petrosian magnitude limit of mr = 14:5 and mr = 17:77. The North Galactic part of the SDSS DR7 data release
consists of almost one contiguous regions. The three narrow stripes in the Southern Galactic
Cap are not very well suited for a 3 dimensional density reconstruction.
The final set of galaxies were selected to lie within a comoving box of 600h 1 Mpc. In this
box the observer is located at the normalised (divided by 600h 1 Mpc) coordinates of (x; y; z) =
(0:5; 0; 0:5) or (X,Y,Z) of (300,0,300)h 1 Mpc, see Appendix 6.A. The approximate centre of the
northern galactic pole is rotated to lie parallel to the y-axis starting at (x; z) = (0:5; 0:5) =
(300; 300)h 1 Mpc. Within we have a total of 579978 galaxies with apparent magnitudes mr <
17:77. The density field is reconstructed on a grid of 5123 , providing a resolution element of
1:17h 1 Mpc.

6.3

Analysis and Visualisation Tools

In the first step of our analysis the galaxy sample is processed into a density field. Subsequently we seek try identify the various know features in the nearby Universe by applying a
variety of visualisation tools on the density field. We used four different visualisation tools.
The full three dimensional structure is studied by means of the 3d isodensity images. In order to be able to study the detailed structure of the overdense clusters, filaments and walls
we have made two different kinds of 2D density maps. The first are density maps which
are integrated along the line of sight, the second are sliced contour maps of the density field.
Finally, we use a connectivity filtering procedure to extract significant connected isodensity
structures.
In these visualisations we have mainly focused on the structures within the first half of the
600h 1 Mpc density cube, i.e. the volume given by Y < 300h 1 Mpc. In the last Figures we will
also show the complete integrated density map out to a distance of 400h 1 Mpc.
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Density Field

The magnitude limited sample of SDSS galaxies is processed into a density field by means
of the DTFE reconstruction method. The Delaunay Field Tessellation Estimator (DTFE) was
(developed by Schaap & van de Weygaert 2000). The method uses the Delaunay triangulation
to reconstruct in a self-adaptive, mass conservative and parameter free way the underlying
spatial (density) probability distribution. The DTFE formalism was shown to recover both the
hierarchical and anisotropic morphology of the Cosmic Web Schaap (2007); van de Weygaert
& Schaap (2007).
In the previous Chapter 5 we have extensively tested the performance of the DTFE procedure and compared it with two higher order density reconstruction methods. While NNFE
(Sambridge et al. 1995; Sukumar et al. 1998) and Natural Lognormal Kriging Krige (1951);
Matheron (1963); Platen et al. (2009) algorithms produce more smoothly looking maps, their
density and topology errors do not turn out to be any superior to related quantitative characteristics of DTFE. If anything, DTFE seemed to perform slightly better. In combination with
the fact that its computational requirements are orders of magnitude lower than those of the
higher order methods has impelled us to choose DTFE as our map making tool in this study

6.3.2

3D Isodensity Images

Representing a full 3-dimensional density cube on paper is not feasible. In order to visualise the relevant information we used several 2-dimensional projection methods. The most
straightforward manner to visualise the density cube is by means of isodensity contours (the
panel in Figure 6.2). We have used the MTDEMO library that is freely available from the
web to visualise the isodensity contours from the DTFE density field. Another way to show
3 dimensional structures is to project the whole density field down onto a plane. One may
optionally give a certain transparency to pixels below or above a density threshold.
As an example in figure 6.3 we provide one with transparency. Instead of using the vocal
elements of the grid, we used the self-adaptive volume elements of the Delaunay triangulation. It allows the visualisation of the small scale structures in the nearby Universe.

6.3.3

Integrated density Maps

The main analysis of the large scale structure in SDSS will be based on a set of 2D maps. These
are line-of-sight averaged density fields (Figure 6.4-6.10). This avoids overcrowding of very
many small features in the line of sight and allows us to show the most prominent large scale
features. Of course one should be aware that projection effects always play a role in these
representations. Note that the contrast in density values diminishes because the integrated
path length increases outward. An additional factor is the larger intrinsic smoothing at further
distances, as a result of the dilution of the galaxy sample.

6.3.4

Contour Map Slices

A complete and systematic set of sliced density maps through the whole analysed survey
volume is presented in Appendix 6.B. These are xy-frames starting from a z value of ÆZ =
60h 1 Mpc below the observer to 95h 1 Mpc above the observer ([XYZ]obs = [300; 0; 300]h 1 Mpc).
Each of these slices shows the galaxies within a thickness of 6h 1 Mpc and the density contours
from the R f = 2h 1 Mpc filtered DTFE density field (levels at Æ + 1 = [0:2; 1; 2; 4]).
 www.cs.rug.nl/michael/MTdemo
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Connectivity Filtering

In the last part we will also make use of a connectivity filter to extract prominent structures.
The significance of these connections was determined using a morphological filtration available in the MTDEMO software (see Ouzounis & Wilkinson 2007). Setting a filtration parameter
 allows to extract the most significant connected filamentary components in the density field.

6.4

The Coma Great Wall

The isodensity contours at four different density values – Æ + 1 = 180:; 100:; 50:; 25: – are shown
in the panels of figure 6.2. The white box in Figure 6.2 shows the outline of the subcube
(Y < 300h 1 Mpc). The highest iso-density level in Figure 6.2, Æ + 1 = 180, reveals the clusters.
They are visible as Fingers of God the radial distortions caused by the large peculiar velocities
in the cluster. A prominent example of such a Finger of God is the Coma cluster. It is located in
the nearby Universe just behind the Virgo cluster (the clump at tip of the observers cone). The
Coma cluster is located in the (Coma or CFH) Great Wall (CGW) a connected structure of at
least three large superclusters: Hercules, Coma and Leo Superclusters (Gregory & Thompson
1978; de Lapparent et al. 1986; Geller & Huchra 1989; de Lapparent et al. 1991).
Figure 6.3 shows a 3d density maps of the nearby Universe (20h 1 Mpc > R > 120h 1 Mpc).
Note that this concerns density field values directly obtained from the Delaunay triangulation.
In the centre of the Great Wall we may readily identify the Coma cluster and A1367, the cluster
to the right of Coma. Several filaments extend from the Local Supercluster region to the CGW.
They are also known as the legs of the giant CFA ’stick man’ (de Lapparent et al. 1986). The
Leo Supercluster region is partially visible behind the Coma cluster. On the left hand side we
find another prominent overdensity that is part of the CGW, the Hercules Supercluster. This
complex consists of approximately 12 Abell clusters (Einasto et al. 2001). Note that in front of
the CGW we may see the outlines of several 16h 1 Mpc sized voids.
The integrated density maps are shown in Figure 6.4. The slice in the central panel depicts
the integrated density values perpendicular to its plane. It clearly shows the Coma Great Wall.
The same large scale features as in Figure 6.3 can be recognised. Small scale overdensities
(very short and thin Fingers of God) do not appear in this map, since they are averaged away.
Yet, the 2d image makes it easier to appreciate the geometry and the connections of the CGW
structure. Several voids in the foreground of CGW can be recognised.
The top panel shows the region just in front of the CGW. This volume is bounded by the
planes defined by Y=20h 1 Mpc and Y=49h 1 Mpc. The latter is indicated by the lower grey line
in the middle panel. Some of the known local voids in this region are indicated by circles and
corresponding names. This does not concern a complete list of all the voids. There are two
other voids located behind the Corona-Borealis void and in front of the Hercules Supercluster.
These two voids together with the Corona-Borealis outline a semi-circle corresponding to the
backside of the Northern Local Supervoid (NLS) (Lindner et al. 1995). The centre of the Northern Local Supervoid is roughly located directly to the left of the observer outside the field of
view of the SDSS. This supervoid is bounded by our Local Supercluster, which runs via the
Virgo Cluster towards the Coma complex. On the far side of the NLS we find the Hercules
Supercluster. It separates the NLS from the Boötes Supervoid. An outline of the front half of
the Boötes Supervoid is seen in the central panel (the Boötes Supervoid will be extensively
discussed below).
A better impression of the various structures within the Great Wall can be obtained from
the face-on projection in the bottom panel of Figure 6.4. It shows the projected density between a distance of Y = [49 75]h 1 Mpc, roughly encompassing the Coma Great Wall. It
clearly shows that the Hercules Supercluster is one giant chain of Abell clusters (Chincarini
et al. 1981), of which at least 9 are visible. In the centre of the Wall we find the Coma Su-
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percluster region. The Pollock resembling pattern around the Coma Cluster is a combination
of peculiar velocity distortions and genuine filamentary bridges connecting Coma with Hercules Supercluster. Two Abell clusters located to the right of Coma, A634 and A779, are the
right-side borders of the CGW. Even further we see a sharp deficiency of galaxies. It belongs
to a larger underdense complex lying beyond the CGW, first identified by Bahcall & Soneira
(1982).

6.5

In between two Great Walls

Located behind the Great Wall are several large underdense regions or supervoids. These
should be equated to superclusters, which are a clusters of clusters, in that they may be regarded as agglomerates of several large voids. Supervoids are therefore large underdense
regions,on scales R f < 10h 1 Mpc, without a single well defined minimum. Instead, they contain significant amount of overdense and underdense substructures. The clustering of such
large overdensities and underdense objects is expected in current cosmological theories of
hierarchical structure formation (Bardeen et al. 1986; Bond et al. 1996).

6.5.1

Boötes & Virgo Supervoids versus Coma & Hercules Superclusters

Perhaps the best known of these supervoids is the Boötes Supervoid (Kirshner et al. 1981).
It is located at X=160 h 1 Mpc and Y=130h 1 Mpc. Even at the lowest density level in Figure 6.2 (Æ + 1 = 25:, bottom right panel) the Boötes Supervoid is visible as the prominent
gap directly behind the Coma Great Wall. The individual slices in Appendix 6.B, starting at
ÆZ = 6h 1 Mpc until ÆZ = 95h 1 Mpc reveal that the Boötes Supervoid has an abundance of
substructure (Balzano & Weedman 1982; Szomoru et al. 1996). Several large voids may be
recognised within the entire region of the Boötes Supervoid.
Just below the Boötes supervoid we may recognise the outline of another large supervoid.
It starts ÆZ = 42h 1 Mpc and continues until ÆZ = 12h 1 Mpc and has similar X and Y
coordinates, see Appendix 6.B. The centre of this supervoid is located in the direction of the
Virgo constellation. Hence we name it the Virgo SuperVoid. This supervoid was also identified
by Tully and corresponds to his Void7 in Table (1) of Tully (1986).
The front part of the Boötes and Virgo Supervoids are visible in Figure 6.5. This volume
lies just beyond the Coma Wall in between Y = [75 100]h 1 Mpc, and is indicated by the
grey lines in the central panel of Figure 6.4. We can also recognise the outline of these supervoids in the distribution of clusters and superclusters. A thin sheet, visible at ÆZ = 6h 1 Mpc
(Appendix 6.B), separates both supervoids. On the front and to the right hand side this sheet
ends up at a concentration defined by the Leo and Coma Superclusters with Leo located on
the far side of a short filament connecting to Coma Supercluster (slice ÆZ = 18h 1 Mpc). Two
other supervoids, V8 and V3 (Tully 1986), are located at the right hand side of the Leo and
Coma cluster. The spatial configuration suggests that Coma Supercluster can be considered
as a node in the local Cosmic Web, connected to the Leo, Hercules and Virgo Superclusters.
These filaments are edges of larger planes, separating at least four distinct supervoids. Three
of these supervoids lie the backside of Coma, while the Northern Local Supervoid is located
on the front of the CGW. Above Coma we find another large void that bounds the CGW. This
void may be identified with Tully V1 (see lower panel of Figure 6.4).
To the left of the Coma-Leo conglomeration resides the Hercules Supercluster. The spatial
configuration of supervoids and superclusters behind the CGW is depicted in Figure 6.6. The
centre of the Hercules supercluster is a dense node at the left hand side of the sheet in between
the Boötes and Virgo Supervoids. The node is connected to the Draco-Hercules Supercluster
(on the top) and to the Virgo-Serpens Supercluster (on the bottom). On the left, the Hercules
Superchain is bounded by Tully V11, on the front by the NLS and on the far side by the Boötes
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Supervoid (see Bahcall & Soneira 1982). The entire boundary of V11 is more difficult to trace,
since the centre of V11 does not lie within the SDSS observed volume.

6.5.2

The Bahcall-Soneira Rift

Bahcall & Soneira (1982) found a huge 300h 1 Mpc sized Supervoid at a distance comparable
to the Boötes Supervoid. The dashed lines in Figures 6.4, 6.5, 6.6 give a rough indication of the
location and the outline of the region. This supervoid was found in a sample of clusters. Since
here we base ourselves on the galaxy density field the outline of this structure is more difficult
to recognise. There is a significant difference between the structures outlined by galaxies and
that by clusters. Its shape is not spherical but extended in the Y-direction.
Inspecting Figure 6.2 we may note that there is another global depression of high density
objects to the right of Boötes. An analysis by Batuski & Burns (1985) and Tully (1986) revealed
that it consist of more than one supervoid. It would therefore be more accurate to call it a
Rift. This particular example is the Bahcall-Soneira Rift. We should see this Rift as a coherent
expansion of several large supervoids that happen to lie in a plane y . Such Rift like structures
are bounded by 2-dimensional planar overdensities on both sides. These planes are sometimes
referred to as hedges, Great Walls or Void walls.
Two of such vertical planes in the cluster distribution are shown in Figure 6.6. They lie in
between Supervoid V11 and the Boötes and Virgo Supervoids. The lower and upper boundary
of this plane are formed by the Virgo-Serpens Supercluster and Draco-Hercules Supercluster.
On the other side of the Boötes-Virgo Supervoids there is a planar structure that separates
them from the BS-rift, formed by V3, V8 and V10. The Leo Supercluster and the Ursa Major
Supercluster are component of this sheet. The Ursa Major Supercluster is located at the same
XY-position, at a higher Z position, see the slice at ÆZ = 60h 1 Mpc (Appendix 6.B).
y this term was used by A. Fairall, see http://mensa.ast.uct.ac.za/6df-survey/

Figure 6.3– The Coma Great Wall-3d: a 3 dimensional visualisation of the first 120h 1 Mpc
of the SDSS-DR7-DTFE reconstructed density field. The figure shows a novel visualisation
using the density values at each the Delaunay tetrahedra. The colour and transparency of the
tetrahedra reflects the underlying density values.
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A face-on example of a similar planar wall structure is the Coma Great Wall. As we already
have described above its plane is defined at least four large supervoids, the Boötes and Virgo
Supervoid and the BS-Rift. This seems to suggest that we may expect find another planar
overdensity on the other side of this rift of supervoids. Indeed there is: the Sloan Great Wall.

6.6

The Sloan Great Wall

The lowest density contour plot of Figure 6.2, Æ = 25: reveals a large linear concentration of
high density objects. It runs through the whole box in the x-direction (half way in y) and is
called the Sloan Great Wall (Hoyle et al. 2002; Tegmark et al. 2004; Gott et al. 2005; Deng et al.
2006). It has become known as the most conspicuous and outstanding feature in SDSS galaxy
distribution. The Sloan Great Wall was first noted in the lower equatorial slices of the first
SDSS data release. Here the Sloan Great Wall is centred on the supercluster SCL 126 (Einasto
et al. 2008). At similar Y distance many more rich superclusters reside and with the term Sloan
Great Wall we will refer to this extended overdense plane almost perpendicular to the line of
sight Gott et al. (2005).
The Sloan Great Wall is located behind the Boötes & Virgo Supervoids and contains at least
6 large superclusters. In Figures (Appendix 6.B) we have indicated the distance to the Come
Great Wall and Sloan Great Wall (SGW) by the two large orange circle. We use a distance of
respectively zcgw  0:029 for the CGW and for the SGW zsgw  0:073 (see Gott et al. 2005).
A top view and a face on view density map of the Sloan Great Wall is shown in Figure 6.9.
In the top panel we have indicated the superclusters as they were named by Fairall (1998). In
the lower panel we follow the nomenclature of the large supercluster compilation of Einasto
et al. (2001). The Fairall superclusters are all very rich superclusters, containing many Abell
clusters.

6.6.1

Another Brick in the Wall

Many superclusters are located either in or very near to the two Great Walls. The exceptions
are Superclusters 143, 152 and 162 . These superclusters, which lie in between both Great
Wall, will be discussed below. Well known rich superclusters in the Sloan Great Wall region
are the Corona-Borealis SCL, the Boötes SCL, the Ursa Major SCL, the Virgo-Coma SCL, the
Leo-Sextans SCL and SCL126. For a description of the latter, see Einasto et al. (2008).

6.6.2

Another Gap in the Wall

There is one supervoid that is located within the SGW. This is Void10 from Tully’s catalogue
and it is the third member of the BS-Rift. The Rift forms the right hand side boundary of the
CGW and the SGW. This rift is responsible for a mass asymmetry between the right hand side
and the left hand side in terms of the number of superclusters.
In the face-on view we have plotted the outline of the supervoids that lie in the front of
the Sloan Great Wall. It is obvious that even though superclusters in the SGW reside on the far
side of these supervoids, the richest superclusters neatly surround the outlines of supervoids.
It seems to remind of the view that supervoids and superclusters form an interconnected
lattice or a Voronoi-like cellular distribution, with typical cell size around the supervoid scale
(Joeveer & Einasto 1978; Van de Weygaert & Icke 1989; Broadhurst et al. 1990; Tully et al. 1992;
Saar et al. 2002). In this view the richest superclusters (e.g. Coma) would be the nodes of such
a lattice. The poorer superclusters find themselves located in the filaments connecting these
nodes. These structures surround large underdense cells identified as supervoids.

B RIDGING THE WALLS
6.6.3
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The assembly of Great Walls

The above provides a strong hint for the origin of the two Great Walls. Consider a Universe
that is filled with large slightly underdense spheres and having a typical supervoid radius of
60h 1 Mpc (see also Einasto et al. 1997). In such a random spatial packing of spheres Great
Walls may naturally form when several large spheres happen to align in a line or plane. These
spuriously aligned supervoids carve out an underdense rift delineated on both sides by two
Great Walls with interconnecting filaments in between. The coherent alignment of several
supervoid walls forms a larger Great Wall complex, of which the SGW and the CGW are
typical examples. Note that this also explains why they are oriented approximately in the
same direction.
The origin of these Walls stem from the coherent exclusion of large superclusters, no large
scales dynamics need to be involved. Moreover in redshift space the internal dynamics of the
expanding supervoids and collapsing superclusters may significantly increase their density
contrast.

6.7

Bridging the Walls

Further inspection of the Coma and Sloan Great Walls show that they are connected by at least
two well defined bridges. To extract the most significant bridges in the density field we used
a connectivity filter. This assures the reality of these features, and prevents the selection of
a random configuration emerging from an excursion set of the density field resulting from a
density threshold that is too low.
One of the most significant filamentary structure in SDSS is shown in he top-left panel
in Figure 6.8. It is the first significant bridge that connects the Hercules Supercluster, in the
CGW at X=270h 1 Mpc and Y=60h 1 Mpc, with the Boötes Supercluster in the SGW. The Hercules complex is visible as the vertical arc with several Fingers of God pointing towards the
observer. The panel to right shows a top view of this system at a slightly lower significance
level. We may readily identify the Coma Great Wall and parts of the Sloan Great Wall with the
connection in between. The core of this filament is supercluster SCL 143. In the density field
slices in Appendix 6.B this connection is visible at two distinct Z-values, ÆZ = 30h 1 Mpc and
ÆZ = 24h 1 Mpc.
The same density slices in Appendix 6.B reveal that there is another supercluster, SCL152,
at ÆZ = 12h 1 Mpc slightly above SCL 143. It links SCL143 to Corona-Borealis in the Sloan
Great Wall. Much further above, at around ÆZ = 85h 1 Mpc, resides the Draco-Hercules Supercluster (SCL162). It probably connects both Great Walls at these higher Z values. These two
filaments are part of the supervoid wall V11 - Boötes-Virgo (section 6.5, Figure 6.6), which lies
perpendicular in between the CGW and SGW.
On the other side of Boötes and the Virgo supervoids there is another supervoid wall,
which contains two connections between the Sloan Great Wall and the Coma Great Wall.
The first filament connects the Coma Supercluster to Leo Supercluster and extends further
to SCL103 in the SGW via SCL94. It is located at almost the same height as the other filament that connects on the opposite side to the SGW via Supercluster 143. In other words,
these two bridges provide the left (SCL143) and right (SCL94) edges of the Void Wall between the Boötes and Virgo supervoid. In summary, proceeding in clockwise order along the
edge of the Virgo-Boötes voidwall we find the Coma SCL (CGW), the Hercules SCL (CGW),
SCL143/152 (bridge), the Corona-Borealis SCL (SGW), the Boötes SCL (SGW), SCL103 (SGW),
SCl94 (bridge) and the Leo SCL back in the CGW. To the left and right hand side of this void
wall we find the supervoids V11 and BS-rift consisting of V3-V8-V10.
At higher Z coordinates there is another perpendicular bridge (ÆZ = 60h 1 Mpc). This
bridge starts at the Ursa Major Supercluster in the SGW and extends towards to the Coma
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Figure 6.4– The Coma Great Wall: the figure shows the integrated density slices of the first
150h 1 Mpc int the SDSS-DR7-DTFE reconstructed density field. The top panel shows the density field in an xz-projection in front of the Coma Great Wall from Y=[20-49]h 1 Mpc. Some
of the known nearby voids including their names are shown in the panel. The middle panels
shows the CGW as viewed from the top up till a distance of 150h 1 Mpc (xy-projection). We
have indicated the most relevant superclusters and the Boötes Supervoid. A face-on projection
(xz-projection) of the CGW is shown in the lower figure (Y=[49-75]h 1 Mpc). The superclusters
and Abell clusters are indicated in the figure. The Y = 49; 75; 100h 1 Mpc boundary have been
indicated in the middle panel with the grey lines
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Figure 6.5– Beyond the Coma Great Wall: an integrated line of sight density map just beyond
the CGW from Y=[75-100]h 1 Mpc (see previous grey lines in the previous figure). The relevant
Abell Clusters, superclusters and supervoids are indicated. The dashed line gives a rough
indication of the left edge of the Bahcall-Soneira rift.

Figure 6.6– In between two Great Walls: a density map of the structures in between the
CGW and the Sloan Great Wall Y=[75-150]h 1 Mpc. We have indicated the location of several
supervoids. These are bounded by clusters (white crosses), that conglomerate into various
supercluster regions (black & orange crosses).
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Great Wall. It is located on the opposite side the Draco-Hercules Supercluster (SCL162). Both
connections are not completely visible, since they are truncated by the Sloan mask. Figure 6.8
shows this lattice like structure from two different angles. On the right hand side it also shows
the gaps marked the Bahcall-Soneira rift.

6.8

Beyond the Sloan Great Wall

In the four panels of figure 6.7 we will also show the complete integrated density map out to a
distance of 400h 1 Mpc. The figures provide an overview of the all above mentioned structures,
clusters, superclusters, filaments, Great Walls and supervoids.

6.8.1

The Great Pillar

In the top-right panel of Figure 6.8 we can observe a strong mass concentration located behind the Sloan Great Wall. This feature is an extended and elongated object with a size of
approximately 200h 1 Mpc along the Z-axis direction. It is also visible in the four panels of
Figure 6.7. The core of this structure is formed by two rich Superclusters the Bootes-A SCL
containing 11 clusters and the SCL157 which contains 8 clusters. We will see that it has a pillar
like appearance, prodding us to name it the Great Pillar.
The structure of the Great Pillar becomes apparent when one turns towards a face on map
of the region. This face on projection of the integrated density field of the volume indicated
by the dark dashed lines in Figure 6.7 is shown in Figure 6.10. The two orange lines on the left
hand side of the map mark its approximate extension. It has at least two connections to the
SGW. One runs from Boötes SCL to Boötes-A SCL at ÆZ = 18h 1 Mpc. The other runs from
SCL157 via SCL164 to Corona Borealis SCL, at ÆZ = 24 to 48h 1 Mpc. At the top it is connected
to another supercluster centring around A2158. In the middle, somewhat to the far side we
find the supercluster SCL281 (also see supercluster panel in Figure 6.7). At the base of the
Great Pillar we find a connection back to Sloan Great Wall, via SCL125, to the Leo-Virgo SCL
and the Leo-A Supercluster.

6.8.2

Sloan Supervoid

Kitaura et al. (2009) found a large underdense region in the Sloan-DR6 density reconstruction.
Although they do not specify the exact location for this large void region, they do provide the
positions of the upper and lower boundaries. Taking the average of those limits we identify
this void as a large underdense region located behind the Sloan Great Wall. In the last panel of
Figure 6.7 we indicate the location of this Sloan Supervoid. Note that we have moved it slightly
further to left. This supervoid separates the Great Pillar from the Draco and the Leo-Virgo
Superclusters. We should also note that a large supervoid at a similar position had already
been noted by Einasto et al. (1997) in the distribution of the superclusters (see their Figure 5).
A more thorough analysis of the region is required to determine whether the Sloan Supervoid
is a single supervoid comparable to BS-Supervoid, or whether it consists of more than one
superstructures. We regard the alternative more likely, inspecting of figure 6.7 seems to reveal
several depressions, suggesting that it consists of multiple supervoids.
In this sense the Great Pillar is quite similar to the Coma Great Wall. Both are elongated
structures of approximately 200h 1 Mpc. They are made up of several nearby superclusters
and separated from another wall by supervoids, and linked together into the SupervoidSupercluster network by means of supercluster-filaments. The only difference is that we view
the CGW horizontally, whereas the Great Pillar is oriented in a vertical direction.
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Summary and Discussion

The seventh data release of the Sloan Digital Sky Survey with its deep, complete and contiguous sky coverage, has provided us with a unique view of the wealth and variety of structures
in a large truly 3 dimensional volume of the local Universe. These range from underdense
voids, supervoids and rifts to clusters, superclusters and great walls. These elements are arranged into a salient cellular pattern of aligned and bridging supercluster complexes, surrounding supervoids which are bubbles of clustered and almost empty voids.
The most outstanding example of this cellular pattern in the SDSS is the structure that
surrounds the Boötes Supervoid (see Figure 6.8). The DR7 data release covers nearly the
complete volume of this supervoid. Together with several other supervoids it carves out an
empty plane encompassed by the Coma Great Wall, on the near side, and the Sloan Great Wall
on the far side. Such configurations may be naturally understood as the result of a random
packing of Supervoids into Rifts, and naturally go along with the existence of similarly aligned
planes or Great Walls.
In our maps we have identified several prominent bridges surrounding the Boötes and
Virgo Supervoid that connect the Coma and Sloan Great Wall. Together they form a striking
tessellated pattern. Similar structures have also been found in 6dF redshift survey covering
most of the Southern Hemisphere (Jones et al. 2009). The observed large scale structures do
show a remarkable, and perhaps slightly uncomfortable within the current favoured cosmology, large amount of alignment and coherence.
In order to determine the reality of the super large structures in the projected density
maps, we have used the connectivity filtering method. This method allows the identification
of coherent structures in the full 3-dimensional density field. We indeed find the same cellular
outline. The structures in our density maps have also been found to coincide with known
objects in the existing literature (e.g. Abell 1958; Bahcall & Soneira 1982; Tully 1986; Einasto
et al. 1997; Struble & Rood 1999). This concerns clusters, superclusters as well as supervoids.
One particular effect which may enhance the impression of super large scale structures
is the bulls-eye effect (Praton et al. 1997; Thomas et al. 2004; Shandarin 2009). One may understand as the combination of two factors one is the presence of strong redshift distortion
induced by systematic and coherent velocity flows in and around features such as filaments
and walls. This combines with the extra sensitivity around the peak of the radial selection
function of the survey. The effect of the redshift distortion is illustrated in figure 6.11. The top
figure illustrates the galaxy density field in a slice through the Millennium simulation Springel
et al. (2005); De Lucia & Blaizot (2007), while the bottom panel shows the resulting redshift
space density field (distant observers approximation). One sees that the distortions by the
peculiar velocities are very efficient in chaining up clumps into extended features. Also note
that several of those chains may appear repetitively, separated by an approximate distance
of 100h 1 Mpc. Overall, one does get the impression that such structures seem to be common
elements filling up the Universe.
Notwithstanding this and possibly other effects we do not get the impressions that the
resulting patterns resemble the Sloan and Coma Great Wall. The top and bottom panel of
Figure 6.12 show two views through the Millennium simulation. Neither yield a structure
resembling the Great Wall. Large features do appear, which agrees with the fact that the onepoint PDFs at large scales are also the same (see Chapter 7). Nonetheless, none seem to posses
the same level of alignment and coherence as the observed configuration in the projected
density fields. However, a closer look at the individual slices in Appendix 6.B does not reveal
one huge uniform entity. Instead, the Great Wall looks more like a patchy planar arrangement
of density concentrations (Gott et al. 2005).
This seems more in agreement with the observation by Tegmark et al. (2004) found that
large coherent Great Walls were found in around 10% of their mock realisations. If the Great
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Figure 6.7– The two Walls: an overview of the volume until a distance of 450h 1 Mpc. The
outline of the two Great Walls is visible in the first figure. The second shows the volume and
the Abell Clusters. The third and fourth depict the spatial configuration of the walls within
the supercluster and supervoid distribution. Two possible new Sloan features are indicated as
well; the Sloan Supervoid (Kitaura et al. 2009) and a filamentary feature, the Great Pillar.
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Wall is indeed just a rare event in a random packing of (almost) spherical supervoids, one
could understand the absence of such large planar alignments in the remaining 90% of the
realisations.
An additional relevant aspect is the location of the observer within the Cosmic Web. An
observer is more likely to find him/herself within a supercluster than in a large supervoid.
This increases the chance of observing one or more nearby great walls.
Whether Great Walls and sizable supervoids are more abundant or massive than expected,
has to be further investigated. This can be achieved with proper statistical tests and sufficiently large N-body simulations, or other analytical approaches and models. Since these
structures have typical scales of 200-400h 1 Mpc, a fair representation of such structures requires a statistically significant sampling of long wavelengths. Even though modelling of the
full galaxy distribution at the Gigaparsec scale in CDM Universe is still extremely challenging, it is crucial if we wish to understand the significance of the Great Walls.
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6.A

SDSS DR7 Coordinate System

The transformation of the complete DR7 sample, from the ra-dec-redshift coordinates ( ; Æ; z)
to a grid based (X; Y; Z) coordinates (normalised to a box size of 600h 1 Mpc) were done according to;
X

=

Y

=

Z

=

R(z)
cos(Æ) cos(
600:
R(z)
cos(Æ) sin(
600:
R(z)
sin(Æ);
600:

90)
90)

(6.1)

Where R(z) is the comoving distance and the offsets is to get the observer cone in the middle
of the XZ-plane.
For the whole DR7 sample we used a rotation of  = 34 degrees around the X-axis.
X0
Y0
Z0

= X
= cos()Y + sin()Z
= cos()Z sin()Y
(6.2)

= X0 + 0:5
Y = Y0
Z = Z0 + 0:5

X
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Figure 6.8– Bridging the Walls: we show the Coma Great Wall- Hercules Supercluster Boötes Supercluster - Sloan Great Wall - Corona-Borealis Supercluster - Ursa Major Supercluster - Coma Great Wall connection. It forms a rectangular ring around the Boötes Supervoid.
The top-left figure shows the Hercules and Boötes Super Cluster. The top-right shows the
Hercules and Boötes Supercluster connection at a slightly lower significance. The lower horizontal feature is the Coma Great Wall, the upper one is the Sloan Great Wall. The clump in
the upper left corner connected to the SGW is the Great Pillar. The gap offset to the right is
part of the BS-rift. The two panels on the bottom show from different directions how these
various superclusters wrap around Boötes SuperVoid, visible as the rectangular hole in the
lower right panel.

6.B Sloan Large Scale Structure
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Figure 6.9– The Sloan Great Wall: a top view and a face on view of the volume within
(R < 300h 1 Mpc). This includes the Sloan Great Wall. It is roughly located in between the grey
lines at Y = [155 230]h 1 Mpc. We further indicate the location of well known named superclusters. Also prominent underdense regions like the BS-Rift, the Boötes, Virgo Supervoid
and V10,V8,V3 are plotted. The face-on view is bounded by the region indicated by the upper
grey lines in the top panel. Here we show the location of the superclusters from Einasto et al.
(2001) and the location of supervoid V10’ within the SGW. The outlines of the supervoids that
lie in front are shown as dashed circles.
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Figure 6.10– Beyond the Sloan Great Wall: A face on density projection of the volume
behind the Sloan Great Wall. The volume is indicated in the previous figure by the two upper
dashed black lines. This images shows the outline of a prominent vertical structure, that we
dubbed the Great Pillar. It is located to the left side of the Sloan supervoid. Both are indicated
on the map including the Abell clusters.

Figure 6.11– Redshift enhancement: The figure indicates the effect of the redshift distortions
on the integrated density map. Here we assumed a distant observers approximation in the
Y-direction and the density field was averaged between Z = [50; 150]h 1 Mpc. One may note
that is fairly easy to form large extended structures in the x-direction. The underdense regions
are hardly affected by peculiar velocity distortions, just a slight hint of some overall lowering
of the density values can be noted.
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Figure 6.12– Walls in Mock observations: The figure shows the SDSS integrated density map
in the central panel. Two similar volumes from two Millennium SDSS mock density fields are
plotted in the top and bottom panel. Large voids and clumps seems to occur most naturally.
However, a prominent and almost linear structure as for example the Coma Great and Sloan
Great Wall seem to be more difficult to generate.
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