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ABSTRACT

For a precise determination of cosmological parameters we need to understand the effects of the local large-scale structure of the
Universe on the measurements. They include modifications of the cosmic microwave background, distortions of sky images by large-
scale gravitational lensing, and the influence of large-scale streaming motions on measurements of the Hubble constant. The streaming
motions, for example, originate from mass concentrations with distances up to 250 Mpc. In this paper we provide the first all-sky
assessment of the largest structures at distances between 130 and 250 Mpc and discuss their observational consequences, using X-ray
galaxy clusters to map the matter density distribution. Among the five most prominent superstructures found, the largest has a length
longer than 400 Mpc with an estimated mass of about 2×1017 M⊙. This entity, which we named Quipu, is the largest cosmic structure
discovered to date. These superstructures contain about 45% of the galaxy clusters, 30% of the galaxies, 25% of the matter, and
occupy a volume fraction of 13%, thus constituting a major part of the Universe. The galaxy density is enhanced in the environment
of superstructures out to larger distances from the nearest member clusters compared to the outskirts of clusters in the field. We find
superstructures with similar properties in simulations based on ΛCDM cosmology models. We show that the superstructures should
produce a modification on the cosmic microwave background through the integrated Sachs-Wolf effect. Searching for this effect in
the Planck data we found a signal of the expected strength, however, with low significance. Characterising these superstructures is
also important for astrophysical research, for example the study of the environmental dependence of galaxy evolution as well as for
precision tests of cosmological models.
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1. Introduction

Large efforts have been invested in the study of the cosmic large-
scale structure with a main motivation to test cosmological mod-
els. The majority of these studies describe the large-scale struc-
ture only in a statistical way (e.g. Groth & Peebles 1977; Fry &
Peebles 1980). But it is also interesting to map the large-scale
structure and to describe the individual properties of the struc-
tural elements. This was a particularly hot topic when the topol-
ogy of the cosmic web was discovered (e.g. Jõeveer et al. 1978;
Oort 1983; de Lapparent et al. 1986). An interesting, modern
approach in this field is at present constraint reconstructions of
the matter distribution in the local Universe (e.g. Hoffman et al.
2015; Jasche & Lavaux 2019; Dolag et al. 2023; Lilow et al.
2024).

In addition, astrophysical processes, such as galaxy forma-
tion and evolution, depend on environmental parameters. It is
therefore necessary to be able to characterise the large-scale
physical environment of a survey field. The early discovery of
the morphological segregation of galaxy types on supercluster
scales by Giovanelli et al. (1986) illustrates this topic. Last but
not least the density and streaming flow structure of the local
Universe has an influence on the measurement of cosmological
parameters; for example a local underdensity leads to slightly
larger local Hubble constant compared to the cosmic mean (e.g.

Marra et al. 2013; Böhringer et al. 2020). The local matter distri-
bution also affects the cosmic microwave background via the in-
tegrated Sachs-Wolfe effect (e.g. Crittenden et al. 1996). There-
fore the mapping of the large-scale matter distribution is an im-
portant task for observational cosmology.

The universe out to a redshift of z ∼ 0.03 has been well stud-
ied over the entire sky since many years (see e.g. Böhringer &
Chon 2021 and references therein). It is, for example, well cov-
ered by the 2MASS redshift survey (Huchra et al. 2012; Bilicki
et al. 2014; Macri et al. 2019) and by the Cosmic Flow pecu-
liar velocity compilations (e.g. Tully et al. 2016, 2019; Courtois
et al. 2023). In this paper we present an all-sky study of the re-
gion between z = 0.03 − 0.06 using galaxy clusters as tracers of
the large-scale matter distribution.

Galaxy clusters trace the large-scale matter distribution in
a true and slightly amplified, biased, way. In order to apply
this to map the density distribution of the nearby Universe
and to find the largest structures, a comprehensive, statistically
highly complete galaxy cluster sample is required with a well-
understood selection function. Our CLASSIX cluster survey,
based on the cluster detection in X-rays in the ROSAT All-Sky
Survey (Truemper 1993), providing an almost all-sky coverage,
fulfils these requirements. It comprises the REFLEX cluster sur-
vey in the South (Böhringer et al. 2004, 2013) and the NORAS
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survey in the North (Böhringer et al. 2000, 2017). In addition, it
includes part of the so-called Zone of Avoidance (ZoA, at galac-
tic latitudes |bII | < 20o) covering in total 86% of the sky.

We have already demonstrated this method of exploration by
assessing the structure of the local Universe at z ≤ 0.03, charac-
terising more well-known superclusters (Böhringer et al. 2020,
2021a,b; Böhringer & Chon 2021). We are now focussing on
uncharted territory between z = 0.03− 0.06 where cosmography
has not been studied on an all-sky scale before. In this redshift
range the cluster density is still sufficiently high in our survey
for an efficient mapping of the matter density.

The paper is structured as follows. In Sect. 2 we describe the
cluster sample. In Sect. 3 we outline the method of matter den-
sity mapping. Sect. 4 gives a description of the superstructure
construction and the properties of the superstructures. In Sect. 5
we compare the large-scale structure as traced by galaxy clus-
ters and by galaxies and in Sect. 6 we compare the observational
properties of the superstructures to those found in cosmological
simulations. Sect. 7 contains a discussion of the observational
results. The imprint of the superstructures on cosmological ob-
servations is outlined in Sect. 8. And Sect. 9 provides conclu-
sions and an outlook. We adopt a Hubble parameter of H0 = 70
km s−1 Mpc−1, a flat cosmology, and a matter density parameter,
Ωm = 0.3.

2. The cluster sample

The CLASSIX cluster sample has been established through the
X-ray detection of the clusters in the ROSAT All-Sky Survey and
their positive identification and redshift measurement through a
series of optical spectroscopic follow-up observations in numer-
ous observing campaigns mostly at ESO La Silla, the former
German-Spanish observatory Calar Alto, other places including
the South African Observatory in Sutherland and through litera-
ture data (Guzzo et al. 2009; Chon & Böhringer 2012). The sur-
vey reaches a flux limit of 1.8× 10−12 erg s−1 cm−2 in the energy
band between 0.1 and 2.4 keV and is highly complete (> 90%)
outside the Galactic band (|bII | ≥ 20 degrees). The survey also
includes that part of the ZoA where the interstellar hydrogen col-
umn density is below nH ≤ 2.5 × 1021 cm−2 and reaches a con-
servatively estimated completeness in the cluster identification
of > 70%. All clusters have spectroscopic redshifts. This survey
offers the unique advantage that the X-ray luminosity is tightly
correlated to the cluster mass (Pratt et al. 2009; Böhringer et al.
2012), much better than optical characterisations. Our survey
covers nearby objects more completely than any other X-ray or
Sunyaev-Zel’dovich cluster surveys. The eROSITA survey pro-
vides a deeper look into the X-ray sky, but so far the public data
on galaxy clusters cover only 31% of the sky with incomplete
spectroscopic redshifts (Bulbul et al. 2024), compared to 86%
sky coverage of CLASSIX.

The cluster sample, that was previously applied to cosmolog-
ical studies and is used here, was compiled with the above given
flux limit and the requirement of at least 20 source photons,
for which precise selection functions were published (Böhringer
et al. 2013, 2017). While in most of the sky the nominal flux
limit is reached, there are some regions with low survey expo-
sure and/or high interstellar absorption, where the flux limit is
slightly higher. This is taken into account in the selection func-
tion as a function of sky position and redshift and affects about
22% of the sky with relatively small corrections.

In total 345 clusters are contained in the target redshift range,
z = 0.03 − 0.06, and 155 of these belong to the superstruc-
tures described in this paper. We also look for clusters which are

Fig. 1. Matter density distribution in two regions with a side-length of
117 h−1

100 Mpc from the Millennium simulation. The depth of the slices
through the simulation is 15.6 h−1

100 Mpc. The matter density is colour-
coded, with increasing density in rainbow colours from blue to red. The
positions of the clusters, selected analogously to the clusters of the ex-
tended CLASSIX survey, are marked by black dots.

Fig. 2. Correlation of the overdensity of matter to that of clusters in
cells of 64 h−1

100 Mpc (top) and 128h−1
100 Mpc side-length (bottom) in the

Millennium simulation.

linked to these superstructures outside the redshift range. Includ-
ing these additional clusters the superstructures have 185 clus-
ter members. Table A.1 in the appendix provides a catalogue of
these clusters in superstructures with sky coordinates, redshifts,
observed X-ray luminosities, LX,500, measured in an aperture of
r500

1, and mass, M200, inside a cluster radius of r200, which has
been estimated via the observed X-ray luminosity - mass relation

1 r500 is the radius inside which the mean density of the cluster is 500
times the critical density of the Universe at the cluster redshift. r200 is
the analogous radius for a density ratio of 200.
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Fig. 3. Multiplicity function of clusters in superstructures, that is the
distribution of the number of member clusters in these structures. For
this accounting we have included also member clusters outside the tar-
get redshift interval.

(Böhringer et al. 2013; Pratt et al. 2009). This mass estimate has
a 1σ uncertainty of about 40%.

3. Matter density mapping

We illustrate the connection of the cluster distribution with the
underlying matter distribution in Fig. 1 by means of the Millen-
nium simulation. Shown is the matter density distribution in two
slices of the simulation with a thickness of 15.6 h−1

100 Mpc and
an extent of 117 h−1

100 Mpc. The clusters, marked by black dots,
all occupy locations in the dense matter filaments. Fig. 2 com-
pares directly the cluster and matter density in cubic cells of 64
and 128 h−1

100 Mpc side-length from the simulations. There is a
perfect correlation with a scatter that can be well approximated
by Poisson uncertainties (Böhringer et al. 2020). The propor-
tionality constant of the relation reflects the amplification (bias-
ing) factor of the density contrast. We have applied this corre-
lation already successfully for the large-scale structure mapping
in the local Universe (Böhringer et al. 2020, 2021a,b; Böhringer
& Chon 2021), where we found, for example, a local underden-
sity in the matter distribution (Böhringer et al. 2020), that is also
confirmed by other methods (Whitbourn & Shanks 2014; Jasche
& Lavaux 2019; Dolag et al. 2023).

4. Constructing and characterising the
superstructures

To unveil the largest matter concentrations, we searched for su-
perstructures in the local Universe comprising at least 20 CLAS-
SIX cluster members and with overdensities, ∆ = (ρ − ρ̄)/ρ̄), in
the cluster distribution of the order of one, which clearly evolved
away from the linear regime of small density amplitudes. These
superstructures have larger sizes and lower overdensities than the
typical superclusters and are comparable only to the largest su-
perclusters known (Chon et al. 2015). To find the superstructures
we applied a friends-of-friends algorithm.

Because the cluster sample was constructed with a flux-limit,
the cluster density changes with redshift. To select similar super-
structures at different redshifts, the linking length was adjusted to
the spatial density of the clusters. With the aim to obtain struc-
tures with an overdensity in the cluster distribution of at least
∆ = 1, we adjusted the linking length, l, to the cluster density,

NCl, as l = (2 · NCl)−1/3. The cluster density was locally esti-
mated by means of the cluster X-ray luminosity function and the
local parameters of the selection function. Due to the adjustment
to the redshift dependent cluster density, the linking length cov-
ers the moderate range of l = 26−56 Mpc, while the mean value
of the linking length is 38.5 Mpc.

As we are interested only in the largest structures we chose a
threshold of minimum 20 members for the selection. An inspec-
tion of the multiplicity function shown in Fig. 3 can provide a
further motivation for this choice. This function shows the dis-
tribution of the number of member clusters for all superclusters
down to pairs. We note that the next smaller structure containing
at least half their members in the target volume has 14 cluster
members. Two further superstructures with 15 and 16 members
have 7 member clusters in the target volume. Thus the cut at 20
members falls on a plateau in the multiplicity function and we
would have only found more superstructures with a considerably
lower cut.

Allowing the linking to reach beyond the above defined red-
shift range (to allow for a complete recovery of each struc-
ture) we found five superstructures with our requirements. At
lower redshift only the well-known Perseus-Pisces Superclus-
ter (Jõeveer et al. 1978) fulfils the search criteria. We have al-
ready described this structure in detail in a previous publication
(Böhringer et al. 2021b).

Table 1 provides information on the properties of the five su-
perstructures. Their estimated mass ranges from 0.6 to 2.4×1017

M⊙. These masses were estimated by assigning a volume to the
superstructures multiplied by the implied matter overdensity. To
determine the latter we used the observed cluster overdensity and
applied a bias factor between the matter and cluster distribution
of about 1/3 - only for Hercules, which has a significantly lower
mean mass of the clusters, we use a factor of 1/2. These bias fac-
tors are obtained from theory (Tinker et al. 2010) and from ob-
servations of the CLASSIX sample (Balaguera-Antolínez et al.
2011; Chon et al. 2014). The volume assignment is less straight-
forward. A plausible solution is to take the sum of all volume
elements with a distance between half and full linking length to
any member cluster. We obtain matter overdensities of ∆ ∼ 1
with a distance limit of 0.75 of the mean linking length (28.875
Mpc) and adopted this assignment. The length of the structures is
determined from the largest distance between any of the member
clusters.

4.1. The Quipu superstructure

Figure 4 shows the location and shape of the superstructures in
the sky. The largest and most impressive object is the Quipu su-
perstructure 2. With a length of 428 Mpc and an estimated mass
of ∼ 2.4 × 1017 M⊙ it is significantly larger than any previously
known structure. In the north, Quipu ends at the obscured re-
gion in the ZoA and it is possible that the superstructure extends
further into the ZoA, in particular since we note a concentra-
tion of clusters at the other side of the ZoA. In the south, the
edge of Quipu is located very close to the Vela supercluster in
the ZoA. The two structures would have been linked with a 16%
larger linking length. The next subsection provides more details
about the possible connection of Quipu to the Vela supercluster.

2 Named after the bundles of cords with knots used by the Inkas to
store administrative and calendrical information, which resemble this
superstructure in their shape. The name was also chosen, since most the
cluster redshifts have been obtained at ESO in Chile where such records
were found.
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Fig. 4. Distribution of the CLASSIX clusters in the redshift shell z = 0.03 - 0.06 (solid and open circles). The member clusters of the five
superstructures are marked in colour, Quipu (red), Shapley (blue), Serpens-Corona Borealis (green), Hercules (purple) and Sculptor-Pegasus
(beige). The members of the superstructures outside the target redshift range are not encircled by a black ring. The clusters outside superclusters
are shown as gray circles, with open circles in the region of the Zone of Avoidance. The small brown dots show the distribution of 2MASS galaxies
in the same redshift region. The dotted blue lines show the Zone of Avoidance region (|bII | < 20o) and the solid blue lines encloses the region with
an interstellar hydrogen column density nH > 2.5 × 1021 cm−2.

Fig. 5. Three-dimensional representation of the Quipu Superstructure in equatorial coordinates. The wedges indicate the embedding volume of
the structure separately for the northern and southern sky. The dots are the cluster members with sizes and colours indicating the distance to an
external observer, blue for the nearest and red for the most distant clusters. The connecting lines show the percolation links. We present two views
of the structure, in the left panel we face the northern wedge with (at RA = 45o and in the right panel the southern one (at RA = 80o in the centre).

Article number, page 4 of 14
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Table 1. Properties of the superstructures found in the present study.

name NCl < z > z-range RA DEC length Mest ∆Cl ∆DM
1. Quipu 68 (63) 0.043 0.027 - 0.065 27.7 - 119.4 -69.8 – 51.7 428 2.4 1.4 0.5
2. Shapley 23 (23) 0.049 0.038 - 0.056 193.1 - 213.1 -44.1 – -27.2 90 0.8 3.8 1.3
3. Ser-CorBor 34 (23) 0.056 0.035 - 0.078 214.4 - 257.8 -3.5 – 39.7 234 1.8 2.7 0.9
4. Hercules 28 (19) 0.032 0.024 - 0.046 234.9 - 279.0 -1.8 – 68.1 154 0.6 0.7 0.3
5. Scu-Peg 32 (27) 0.047 0.037 - 0.065 345.3 - 30.6 -31.6 – 20.3 216 1.3 2.1 0.7

Notes: NCl is the number of cluster members, the numbers in brackets give the number of members inside z = 0.03 − 0.06, < z >
is the mean redshift, the length is in units of Mpc, Mest is the estimated supercluster mass in units of 1017 M⊙, ∆Cl and ∆DM are
the cluster and matter overdensity. The numbering that appears with the name of the superstructures is used for the labelling of the
figures throughout the paper.

Fig. 6. Wedge diagram in declination and distance of the Quipu super-
structure. The distance is in units of Mpc. The red dots show the super-
structure members and the black lines show the friends-to-friends link-
ing. The grey dots show the non-member clusters in the target redshift
range and right ascensions between 27.7o and 119.4o. The two dashed
lines give the distances for redshifts of 0.03 and 0.06.

Figure 5 shows Quipu in two different three-dimensional rep-
resentations. In these displays the clusters are projected on an
x and y plane and we look at them from the z-direction which
points to right ascension 45o in the left panel and 80o in the right
right panel. The closer the clusters are to the observer in the
z-direction the larger their size, while the colours change with
increasing distance in rainbow colours from blue to red. We per-
ceive the superstructure as a long filament with side extensions.
The 20 clusters in the northern hemisphere have a mean right as-
cension of 45.5o. In the south the filament bends to the east and
the 48 southern clusters have a mean right ascension of 89.3o.

Thus in the left panel of Fig. 5 we are facing the northern part of
Quipu and in the right panel the southern part in the centre.

In Fig. 6 we show this superstructure again as a wedge plot
in declination and redshift direction. This view gives the best im-
pression of the superstructure as a long filament with small side
filaments which initiated the naming of Quipu. Quipu is actually
a prominent structure readily noticeable by eye in a sky map of
clusters in the target redshift range, without the help of a detec-
tion method. It can also easily be recognised in the map of the
galaxy distribution shown in the next section.

4.2. The other superstructures

Another remarkable structure is the well-known, massive and
compact Shapley supercluster. It has the smallest size in our
sample and is the most massive supercluster identified to date
(Reisenegger et al. 2000; Chon et al. 2015). It shows a remark-
able isolation, indicated by the fact that no more than three mem-
bers are added if the linking length is increased by up to 25% and
it is stable against a decrease of the linking length by ≤ 30%.
The Shapley supercluster is shown in form of a wedge diagram
with redshift and declination axes in the top panel of Fig. 7. The
three clusters which are associated to the supercluster with an in-
crease of the linking length by a factor of 1.08 are shown as blue
dots. The empty region around Shapley is well illustrated by this
figure. In Table 1 the Shapley supercluster features the highest
overdensity. This high overdensity and isolation of Shapley indi-
cates that a lot of matter from the surroundings has been swept
up to form this massive and dense supercluster.

Serpens - Corona Borealis and the extended Hercules super-
clusters are overlapping in the sky but they are well enough sep-
arated in redshift and are not percolated. This can be seen in the
wedge diagram in the middle panel of Fig. 7. Hercules is larger
in our survey than described previously by Barmby & Huchra
(1998). It is made up of many low mass systems and has the
lowest overdensity. The Hercules supercluster has a large exten-
sion into the redshift region z ≤ 0.03, while Serpens - Corona
Borealis extends to higher redshifts.

The fifth superstructure extends from the constellation of
Sculptor to Pegasus from which it gets its name. Five of the
member clusters are located at redshifts z > 0.06. The Sculptor -
Pegasus superstructure, which is shown in a redshift declination
diagram in the bottom panel of Fig. 7, appears as an elongated
filament.

4.3. The connection of Quipu to the Vela supercluster

As noted above, the Quipu superstructure comes close to the
Vela supercluster, which is buried in the ZoA. This supercluster
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Fig. 7. Four of the superstructures shown in declination-redshift dia-
grams. The distance units are in Mpc and the two dotted lines show the
redshift distance z = 0.03 and 0.06.
Top: Shapley supercluster shown by red dots. Grey points show the
non-member clusters in the same redshift range with right ascensions
between 190o and 215o. The clusters marked by the three blue dots are
linked to the Shapley supercluster for an increased linking length (see
text).
Middle: Serpens - Corona Borealis, marked in red and Hercules,
marked in blue. Grey points show the non-member clusters in the same
redshift range with right ascensions between 214.4o and 279o.
Bottom: Sculptor-Pegasus superstructure shown by red dots. Grey
points show the non-member clusters in the same redshift range with
right ascensions between 345.3o and 360o as well as 0o and 30.6o.

was identified at the location l = 272.5o ± 20o, b = 0o ± 10o and
z ∼ 0.06 in the galaxy distribution of a redshift survey based on
the 2MASS survey and dedicated deep optical surveys (Kraan-
Korteweg et al. 2017). It was also identified as a dynamically
important mass concentration in an analysis of the cosmic flow

Fig. 8. Distribution of the five superstructures on the sky in galactic
coordinates, with the same colours and symbols as in Fig. 4. In addition,
the grey, open circle shows the location of the Vela supercluster in the
ZoA. Two grey, filled circles (overlapping in the figure) mark the two
X-ray luminous clusters identified in the ROSAT All-Sky Survey at the
edge of this supercluster.

traced by galaxy proper motions from redshifts and Tully-Fisher
distances (Courtois et al. 2019; Mould et al. 2024). In X-rays two
galaxy clusters can be identified in the outskirts of this superclus-
ter RXCJ0812.4-5714 (CIZA0812.5-5714) at z = 0.0619 and
RXCJ0820.9-5704 (CIZA0820.9-5704) at z = 0.0610, which are
included in the extended CLASSIX catalogue used for the con-
struction of our superstructures. With a linking length about 16%
larger than what was used in our study, the two Vela supercluster
members would have been part of Quipu.

Fig. 8 shows the location of Vela and the two member clus-
ters with respect to Quipu in a galactic coordinate representation
of the sky. Comprehensive ongoing galaxy surveys in neutral hy-
drogen in the ZoA trace the galaxy wall of the Vela superclus-
ter and another wall in this region at a redshift of ∼ 0.04, e.g.
(Rajohnson et al. 2024a,b). In summary, the Vela supercluster is
close, but not linked in our analysis to Quipu, but there is the
possibility that new X-ray luminous member clusters could be
detected in the ZoA leading to a linking. This illustrates that we
already have indications about prominent structures in the hid-
den region of the ZoA, where ongoing surveys will soon provide
us with more details.

5. Comparison to structures in the galaxy
distribution

Galaxies are also used as tracers of the large scale structure. In
this section we explore if the galaxy distribution shows the same
superstructures that we find with clusters of galaxies. Currently
the best all-sky galaxy redshift survey for this purpose is the
2MASS redshift survey (Huchra et al. 2012; Macri et al. 2019).
The galaxies are selected by their near infrared brightness min-
imising the bias in relating stellar mass to luminosity. The galaxy
sample is highly complete to magnitude limit Ks ≤ 11.75. Fig. 4,
which shows the CLASSIX clusters and 2MASS galaxy distribu-
tion, gives a first impression that both tracers show a very similar
large-scale distribution. We note that all five superstructures are
well marked by high densities in the galaxy distribution.

To provide a view on the galaxy distribution without the bias
of the superstructures of galaxy clusters, we show in Fig. 9 only
the 2MASS galaxy distribution in the form of a surface density
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Fig. 9. Density map of the 2MASS galaxy distribution in the redshift in-
terval z = 0.03 − 0.06 in equatorial coordinates. The density ratio to the
average density is shown by six contour levels: 0 - 0.23 (black), 0.23 -
0.62 (dark brown), 0.62 - 1.13 (middle brown), 1.13 - 1.9 (light brown),
1.9 - 3.7 (orange), and > 3.7 (white). The distribution was smoothed
with a Gaussian with σ = 3 degrees. The five superstructures are la-
belled with the number as they appear in Table 1, except that the over-
lapping structures of 3 and 4 just carry the label 3. The extension of
Quipu on the other side of the Zone of Avoidance is labeled 1a. Two
more regions showing an enhanced galaxy density are labelled A and
B and their identification is discussed in the text. The region around
the galactic plane appears black since there are no data on the galaxy
distribution in the 2MASS catalogue. The two white lines enclose the
region of the ZoA, where the interstellar hydrogen column density is
larger than NH ≥ 2.5 × 1021 cm−2.

map smoothed with a Gaussian with σ = 3 degree. We note
three prominent, large concentrations, which can easily be iden-
tified with Quipu, Shapley and the two superstructures seen in
projection, Serpens - Corona Borealis and Hercules, labelled as
1, 2, and 3, respectively. The possible extension of Quipu at
the other side of the ZoA (labeled 1a) is very clearly observed
in the galaxy distribution. The Sculptor-Pegasus superstructure,
which is marked by the numeric 5 in the Figure, is a bit less
pronounced. Two further, similar galaxy density enhancements
are labelled as A and B in the map. We can identify these struc-
tures with the superstructures which failed the criterion to con-
tain more than 20 cluster members, as explained below.

In Fig. 10 we show the galaxy distribution again, now
smoothed with a Gaussian of σ = 4 degrees and a different
colour table that emphasises more dense regions. We also show
the member clusters of the five superstructures as filled black cir-
cles. The clusters follow the galaxy overdensities impressively
well. We also note that the galaxy density distribution falls off
quite slowly from the region traced by the clusters. This is es-
pecially interesting in the case of the Shapley supercluster. The
very compact concentration of clusters is surrounded by a much
larger halo of enhanced galaxy density.

We also show the clusters at z = 0.03−0.06, which belong to
the three superstructures with less than 20 members, mentioned
above, with open circles in Fig. 10. In the southern part of re-
gion A we show the nine members in the target redshift range
of a superstructure with 14 members, and in the northern part
we show seven clusters at z = 0.03 to 0.06 of a superstructure
with 16 members. While the southern clusters coincide with the
galaxy density peak, the clusters of the northern superstructure
are only loosely associated to the galaxy density enhancement.
In the centre of region B, we see the seven clusters in the tar-

Fig. 10. Map of the 2MASS galaxy distribution smoothed with a Gaus-
sian of σ = 4 degrees. The density ratio to the average density is shown
by six contour levels: 0 - 0.23 (black), 0.23 - 0.62 (dark blue), 0.62 -
1.13 (light blue), 1.13 - 1.9 (grey), 1.9 - 3.7 (olive), and > 3.7 (white).
The clusters of the five superstructures are overplotted with filled black
circles. The member clusters of two superclusters in region A and one
supercluster in region B (as labelled in Fig. 9) are shown with open
circles. Two clusters extending into the target redshift range from the
Coma supercluster at lower redshift are marked by open squares.

get redshift range of the third superstructure with 15 members.
Thus we can actually associate all large-scale galaxy overden-
sities with large structures we found in our superstructure con-
struction. An exception is a small density patch on the edge of
the upper left quadrant, which is marked by two open squares.
This structure can be identified with two clusters belonging to
the Coma supercluster. This is just the high redshift tail of the
Coma supercluster, sometimes also called Great Wall with most
of its mass at z ≤ 0.03.

To show more details of the superstructures in the redshift di-
rection, we display in Fig. 11 maps of the 2MASS galaxy distri-
bution for three redshift shells at z = 0.03−0.04, z = 0.04−0.05,
and z = 0.05−0.06. We note that Quipu is well connected only in
the lowest redshift shell. At intermediate redshifts we still see the
northern part with the extension on the other side of the ZoA and
the southern part. This southern part is then also present at the
highest redshifts. Shapley extends over the entire redshift range,
which is not surprising, looking at the redshift distribution of the
Shapley cluster members in the top panel of Fig. 7. Sculptor-
Pegasus stretches as a filament from low redshift in the north to
high redshift in the south, as also seen in the bottom panel of
Fig. 7.

To quantify the correlation of the cluster and galaxy distribu-
tion, we map the galaxy density as a function of the radial dis-
tance from the superstructures in the following way. All 2MASS
galaxies at z = 0.03 to 0.06 are counted as part of the superstruc-
ture, whose distance to the nearest member cluster is smaller
than a certain limit. We will call this distance in the following
the limiting radius. We then calculate the mean galaxy density
inside the volume determined by the limiting radius. The re-
sulting mean galaxy densities as a function of the limiting ra-
dius are shown in Fig. 12. We only consider the target volume
of the study. Since the cluster sample is not so complete in the
volume of the ZoA, we also calculated the density distribution
function excluding this volume. Both results are very similar,
with the ZoA-excluded region showing slightly smaller densi-
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Fig. 11. Density map of the 2MASS galaxy distribution in the redshift
intervals z = 0.03 − 0.04 (top), z = 0.04 − 0.05 (middle), and z =
0.05−0.06. The contour levels for the density ratio to the average density
are the same as in Fig. 10. The labels and the lines are identical to those
in Fig 9.

ties. The density function falls steeply with increasing limiting
radius for smaller radius values followed by a long tail.

To see if the distribution in superstructures is special, we re-
peat this exercise for all the clusters outside superstructures in
the target volume. Also here we perform the calculation for the
entire target volume and for the region excluding the ZoA. These
density distribution functions are shown as blue lines in Fig. 12.
Both radial density distribution function, those for clusters in su-
perstructures and those outside, start at similar density values in
the cluster outskirts, but then they show a significant difference

Fig. 12. Density ratio to the mean density of the galaxy density distri-
bution in superstructures (red) and in regions around clusters outside
superstructures (blue) as a function of the limiting radius. The solid
lines show the results for the total survey volume and the dashed lines
the ratio for this volume without the Zone of Avoidance. The radii for
which the values are listed in Table 2 are marked with solid points. The
green lines show the density ratio to the mean density of the regions
outside the superstructures (solid line) and outside the cluster halos of
the non-member clusters (dashed lines).

Fig. 13. Differential density ratio to the mean density of the galaxy dis-
tribution in superstructures (red) and in regions around clusters outside
superstructures (blue) as a function of the limiting radius.

on large-scale, with superstructures living in a significantly more
extended overdensity region.

Figure 12 also shows the galaxy density in the entire region
that is not occupied by superstructures as a function of the vol-
ume attributed to the superstructures as given by the limiting ra-
dius. A similar exclusion function for all the non-member clus-
ters is also shown a dashed green line. We see that the density
outside the superstructures decreases with the limiting radius.
The larger we make the volume of the superstructures that is ex-
cluded, the smaller is the density in the remaining zone. This
illustrates again the large extent of the galaxy overdensity re-
gion around superstructures. The decrease is less pronounced
for the clusters unassociated with superstructures as shown by
the dashed green line.

In Fig. 13 we show the galaxy density distribution in differ-
ential form. We note that we find an overdensity in the galaxy
distribution around superstructures up to a limiting radius of
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Fig. 14. Cumulative multiplicity function of the number of members
in observed superstructures (data points) and those from the simulation
(black line). The observed distribution has been normalised by the ratio
of the parent volumes of the two samples.

about 45 Mpc, whereas the region outside becomes underdense.
For clusters unassociated with superstructures, the overdensity
region extends only to about 30 Mpc. Thus we find in all this di-
agnostics that superstructures define a region that differs from a
region that is just a loose collection of clusters. The results from
this section are also summarised in Table 2 for three selected
radii.

6. Comparison to simulations

For a better understanding of our findings, we studied analogous
objects in the cosmological Millennium simulation (Springel
et al. 2005). Verifying that the cluster mass function in the sim-
ulation is similar to the observed one, we selected clusters from
the simulations with a mass limit to obtain the same cluster den-
sity as observed in the target redshift range and constructed su-
perstructures with a linking length of 38.5 h−1

70 Mpc. In a volume
that is ∼ 5.4 times larger than our survey we find 23 superstruc-
tures. Since in our observational study the Hercules supercluster
has less than 20 clusters inside the target volume, we should ex-
pect about 21.6 ± 4.6 superstructures in the simulation in good
agreement with the observations. Fig. 14 compares the multi-
plicity functions (histograms of the number of members) for the
observed and simulated superstructures, showing similar distri-
butions. The two functions are normalised by the ratio of the two
survey volumes. Thus the superstructures we found are expected
in conventional ΛCDM models in the generally adopted concor-
dance cosmology (Planck Collaboration et al. 2016b).

The simulation also allows us to study the connection of the
cluster overdensities with the underlying large-scale matter dis-
tribution. Therefore we determined the relative matter density
in the superstructures as a function of the distance to the near-
est cluster member, the limiting radius, in an analogous fashion
to the study of the galaxy density distribution in the previous
section. We also performed the same calculations for the clus-
ters outside the superstructures and show the results in Fig. 15.
We note again a difference in the density distribution of the su-
perstructures compared to the sample of field clusters, with the
densities in the halos of superstructures being higher. But this
difference is less pronounced than that for the galaxy density
distribution.

Fig. 15. Ratio of the matter density around superstructures to the mean
matter density as a function of the limiting radius (solid curve) com-
pared to that of field clusters (dashed line). The radii for which the val-
ues are listed in Table2 are marked with solid points.

Fig. 16. Volume fraction filled by superstructures (solid line) and field
clusters with their halos (dashed line) as a function of limiting radius.

In Table 2 we list the matter, cluster, and galaxy overdensi-
ties as well as volume fractions of the superstructures for three
selected limiting radii, 18.25, 28.875, and 38.5 Mpc, which cor-
respond to half, 3/4, and full linking length. The values for the

Table 2. Overdensties and volume filling factors of the superstructures
in simulations and observations

Region 18.75 Mpc 28.875 Mpc 38.5 Mpc
Superstructures
Matter overdensitya 1.3 0.47 0.23
Galaxy overdensityb 3.6 1.8 1.2
Cluster overdensityc 8.5 3.3 1.6
Cluster overdensitya 5.9 1.6 0.6
Volume fractionc 4.7% 10.8% 17.6%
Volume fractiona 5.2% 13.5% 22%
Clusters outside
Matter overdensitya 1.2 0.33 0.11
Galaxy overdensityb 1.7 0.7 0.3
Notes: Overdensities are defined as ∆ = (ρ− < ρ >)/ρ.
a) determined in the Millenium simulations. b) determined with
the 2MASS sample. c) for CLASSIX galaxy clusters.
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radius 28.875 Mpc can be directly compared to the values esti-
mated for Table 1. The matter overdensity in the simulated su-
perstructures using this fiducial radius is ∆DM = 0.5, while that
of the environment of all non-member clusters is ∆DM = 0.3.
For the observed superstructures we estimated matter overden-
sities in the range 0.3 to 1.3. For a better comparison we de-
termined the overdensity values for all observed superstructures
(with some overlapping volume) and find ∆DM = 0.83 for super-
structures and ∆DM = 0.43 for all other clusters. These numbers
are somewhat higher than those in the simulations, but still com-
parable. If we compare these numbers with the overdensities of
2MASS galaxies, for which we do not expect a large bias, we see
that the galaxy overdensities in superstructures are with a value
of ∆gal = 1.8 higher than the estimated matter overdensity found
in simulations. The value of ∆gal = 0.7 for the environment of
the non-member clusters is, however, closer to the matter den-
sity in these regions. Also for the cluster overdensities in super-
structures we find somewhat larger values for the observations
than the simulations, possibly indicating a more compact config-
uration of observed compared to simulated superstructures. This
may also partly explain the higher values of the matter overden-
sities.

The significantly higher matter and galaxy overdensities in
the surroundings of clusters in superstructures compared to clus-
ters in the field is a signature that superstructure environments
are special places in the Universe. While this is a first impres-
sion from the current data, it should be an important goal of fu-
ture, much larger surveys, to investigate these special properties
of superstructures at high precision. In Fig. 16 we show the vol-
ume fraction occupied by member and non-member clusters as
a function of limiting radius.

In summary we conclude from the observations that super-
structures are a major component of the Universe, containing
45% of the clusters, ∼ 30% of the galaxies, ∼ 25% of the matter
and occupy ∼ 13% of the volume. In comparison, more typical
superclusters (including cluster pairs) with overdensities of ∼ 7
contain about half of the clusters in a space fraction of ∼ 10%
(Chon et al. 2014).

7. Discussion of the results

With our search criteria we found five superstructures in the red-
shift region z = 0.03 to 0.06. With the same criteria we find only
one such structure in the local volume at z ≤ 0.03. The target
volume of this study is eight times larger than the local volume.
While the number of five superstructures falls slightly short in
comparison, the numbers of involved clusters are with 155 (185)
for the target volume and 19 (22) for the local volume well com-
parable. Here the numbers relate to the clusters in the target vol-
ume, while those in brackets refer to all member clusters of the
superstructures. Thus the essential difference is the higher de-
gree of clustering in the target volume. It could be a result of
the higher cluster density in the redshift range z = 0.03 − 0.06.
This is illustrated in Fig. 17, where we show the redshift distri-
bution of the density of the CLASSIX galaxy clusters normalised
to the global average (Böhringer et al. 2020). The local volume
is characterised by an underdensity while the target volume has
a higher density which is more comparable to the large-scale av-
erage density.

Another large cosmological volume analysed for the pres-
ence of large structures is the Sloan Digital Sky Survey. The
largest structure found there is the Sloan Great Wall, described
by e.g. Einasto et al. (2016) with a length of about 328 Mpc,
which in their analysis breaks up into 3 smaller superclusters.

Fig. 17. Cluster density distribution as a function of redshift for the
CLASSIX galaxy clusters covering the sky at |bII | ≥ 20o for a minimum
luminosity of 1042 erg s−1 (0.1 - 2.4 keV). The density distribution has
been normalised by the local mean cluster density based on the average
cluster luminosity function (Böhringer et al. 2020). The green open di-
amond shows the result if the region of the Virgo cluster is not excluded
from the analysis.

Fig. 18. Normalised cumulative mass function of clusters in superstruc-
tures (red) and field clusters (black).

Studies of the topology of the large-scale structure in cosmolog-
ical simulations (Cautun et al. 2014; Libeskind et al. 2018) have
shown that large filaments with a size ≥ 100 h−1

100 Mpc dominate
the cosmic web since a redshift of about 2, carrying up to 50% of
the total mass in the Universe at present. We can identify these
structures with the superstructures found in our survey.

In the previous section we explored the cluster, galaxy, and
the matter density in superstructures and outside, which are sum-
marised in Table 2. Among these results the difference in the
galaxy density around field clusters and members of superstruc-
tures is remarkable. To make it clear, this is not due to the fact,
that at a certain distance from the cluster the density can be high,
since it overlaps with another cluster whose centre is closer, be-
cause we have taken as the relevant radius always the closest
distance to any cluster. Also this is done in three dimensions,
thus there is no overlap in projection. Therefore this result can
be taken as a genuine property of the superstructures and its rea-
son needs to be further explored.

One cause of a higher galaxy density in superstructures could
in principle be that the cluster population of superstructures in-
volves more massive clusters than that of the field. We explore
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this in Fig. 18, where we compare the cumulative cluster mass
functions of both populations. The two curves are quite simi-
lar and a Kolmogorov-Smirnov test indicates with a probabil-
ity value of 0.127 that the difference between the two curves
is not significant. The effect is therefore too small to be the
cause of the higher galaxy density around superstructures com-
pared to the field. In the study of classical superclusters with
much higher overdensities and the constraint that they are grav-
itationally bound, we found a significant result for a top heavy
mass function in superclusters compared to the field (Chon et al.
2015). Thus, at least at higher overdensities the difference be-
comes evident.

8. Imprint of the superstructures on cosmological
observations

These large structures leave their imprint on cosmological ob-
servations. In the following we discuss a few of these aspects
relevant to our findings.

8.1. Peculiar velocity of the Local Group and effects on the
Hubble flow.

The local large-scale structure is the cause of large-scale stream-
ing motions, detected, for example, in the peculiar velocities of
galaxies. Of special importance in this context is an understand-
ing of the origin of the motion of the Local Group, vLG, with
respect to the cosmic microwave background (CMB) reference
frame (Yahil et al. 1980; Davis & Huchra 1982; Strauss et al.
1992; Rowan-Robinson et al. 2000). This peculiar motion can
be detected as a Doppler effect in the CMB radiation. From this
radiation dipole a velocity of vLG = 276±22 km s−1 and a direc-
tion of (l, b) = (276◦ ±3◦, 30◦ ±3◦) was determined (Kogut et al.
1993). This motion should originate from the gravitational pull
of the surrounding large-scale structure. To provide a consistent
picture of the observed CMB dipole and the prediction of vLG
from assessment of the local large-scale structure is therefore
an important task of observational cosmology. The analysis of
the large-scale structure seen in the galaxy distribution of com-
prehensive redshift surveys (Yahil et al. 1980; Davis & Huchra
1982; Strauss et al. 1992; Rowan-Robinson et al. 2000) has not
yet provided conclusive and consistent results. As shown in a
systematic simulation study by Nusser et al. (2014) the volume
needed to cover the relevant cosmic structures requires a con-
vergence depth of about 250 Mpc, which is not reached by cur-
rent galaxy redshift surveys. In another approach, galaxy clus-
ters, which cover a sufficiently large volume, have been used to
reconstruct the inhomogeneous mass distribution and its gravi-
tational influence on the Local Group, including cluster samples
from optical as well as X-ray surveys (Scaramella et al. 1991;
Plionis & Valdarnini 1991; Plionis & Kolokotronis 1998). These
studies agreed on finding a first preliminary plateau in the predic-
tion of vLG at a survey depth of about 70 Mpc. This is followed,
however, by a second increase in the predicted velocity with in-
creasing survey depth which saturates at about 200 - 250 Mpc.
The final value is consistent with the velocity inferred from the
CMB dipole within the measurement errors. The height of the
first plateau is about one half to two thirds of the final value. The
main structure responsible for this influence from the distance
can be located in the Shapley supercluster.

From these results it is clear that the superstructures reported
in this paper are important for our understanding of the peculiar
motion of the Local Group. This result is further supported by

a study of the distribution of galaxy peculiar motions in the lo-
cal Universe, which provides a complementary analysis of the
large-scale structure to the direct study of the density distribu-
tion. Results from Tully and coworkers (Tully et al. 2016) using
mostly Tully-Fisher distances and redshifts for the peculiar ve-
locity measurements, show that the most important attractor on
their largest scales is the Shapley supercluster. The bulk flow, in
which the Local Group is embedded, is caused to a large degree
by this mass concentration as well as a major underdensity on
the opposite side, termed ”Cold Spot Repeller” (Hoffman et al.
2015; Courtois et al. 2017).

A simple estimate of the effect on the measurement of the
Hubble constant in the presence of such mass concentrations can
be obtained as follows. The expected streaming motions towards
the attractors amount to several 100 km s−1. Taking for example a
region in front of the Shapley supercluster in the distance range
cz = 10 000 to 15 000 km s−1 leads to expected deviations of
the local values of H0 of one to a few percent. While this will
be difficult to detect in the present data, it should be observable
with the increasing precision and statistics of H0 measurements.

8.2. ISW effect

The CMB, which originates mostly from the Universe at a red-
shift around 1100, providing valuable information about the
early cosmic epochs (Planck Collaboration et al. 2016b), shows
another signature from the nearby large-scale structure through
the Integrated Sachs-Wolfe (ISW) effect (Sachs & Wolfe 1967).
This is caused when CMB photons pass through the gravitational
potential of the evolving large-scale structure. In the context of
ΛCDM cosmology the potentials of superstructures of the kind
described here become shallower in the course of time since the
density decrease due to cosmic expansion can be faster than the
overdensity growth. The photons gain therefore more potential
energy falling into the potential than they loose when coming
out, which leads to a temperature increase of the radiation. The-
oretical modelling suggests that such an effect from the super-
structures can amount to several µK and can in principle be de-
tected, as shown in the next section.

8.2.1. Modeling the ISW effect

To get an idea of the magnitude of the ISW effect we expect
for the superstructures, we studied four simple, spherically sym-
metric superstructure models. For model 1 and 2 we assume a
top-hat matter distribution, with a constant overdensity inside a
radius of 40 Mpc and no overdensity outside. We trace the poten-
tial of this structure out to 80 Mpc. For model 3 and 4 we assume
a matter density profile described by a power law, ρ ∝ r−1.8, also
traced up to 80 Mpc. The superstructure mass inside 40 Mpc is
assumed to be 2 − 3 × 1016 M⊙. More details on the model pa-
rameters are given in Table 3.

The ISW effect is then obtained by (e.g. Crittenden et al.
1996; Cai et al. 2010):

∆T =
2
c2 Tcmb

∫ t0

ti
ϕ̇ dt, (1)

where ϕ is the time variable gravitational potential formu-
lated in a comoving frame. This potential is calculated from the
Poisson equation taking into account the evolution of the over-
density with time and the expansion of the Universe. Since these
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Table 3. Superstructure models to estimate the magnitude of the ISW
effect.

model mass Delta shape signal
1 2 × 1016 2 top hat 2.9µK
2 2.5 × 1016 2.5 top hat 4.2µK
3 2 × 1016 2 ρ ∝ r−1.8 profile 3.0µK
4 3 × 1016 3 ρ ∝ r−1.8 profile 5.3µK

Notes: The mass quoted in column 2 is the mass inside a radius
of 40 Mpc in units of M⊙. The top hat model extends to a radius

of 40 Mpc and the ρ−1.8 profile to a radius of 80 Mpc.

Fig. 19. Differential potential energy gain comparing corresponding 1
Mpc intervals in the incoming and outgoing path of the photons for
model 3. The supercluster centre corresponds to the path location at 80
Mpc.

structures are evolving out of the linear regime, we use a numer-
ically calculated non-linear growth function. In the model calcu-
lation we take a line of sight through the centre of the superstruc-
ture, which is justified below. The results of the calculations are
given in Table 3. We find temperature enhancements of about 3
to 5 µK.

We have also investigated which part of the light path con-
tributes most to the energy gain of the CMB photons. For this
we compare the potential difference at two points in the incom-
ing and outgoing light path at the same distance from the super-
structure centre. We calculate the difference of the positive and
negative potential change for each step of 1 Mpc. The result of
this comparison is shown for the case of model 3 in Fig. 19. In
the very centre, at 80 Mpc in the plot, we see an energy loss, due
to the fast non-linear structure growth. What is important here,
is that it is not the centre which contributes most to the energy
gain, but the outskirts provide a substantial contribution. There-
fore also light rays which do not go through the centre will have
substantial ISW energy shifts. The superstructures will make an
imprint on the CMB over their entire extent. The magnitude of
the effect is comparable to the cosmic density fluctuations in the
CMB.

8.2.2. Searching for the ISW effect in the Planck data

To search for the ISW effect we used the Planck CMB maps from
the third data release (Planck Collaboration et al. 2016a), which
have been cleaned from all foregrounds with the commander,
nilc, and smica methods. The data sets of all three maps include
masks which mark the regions containing serious contamination,
mainly near the Galactic plane. These maps were used to exclude

Fig. 20. Integrated Sachs-Wolfe temperature increment in concentric
circles around each member cluster of the superstructures. The three
data points show the signal from the commander (left offset), nilc (mid-
dle) and smica (right offset) analysis codes. The blue points show the
signal from the sky region further away from any member cluster than
20 degrees. The error bars indicate 1σ uncertainties.

these regions in our correlation analysis. We used the Healpix
maps at highest resolution with N = 1024.

We first determined the correlation of the superstructures and
the CMB in a differential way as function of radius. We sorted
all sky pixels into radial annuli according to the closest distance
to any member of the superstructures. The signal was then aver-
aged over all pixels in the bin. We found a signal out to a distance
of 15 degrees, which decreased to about half at 20 degrees and
then vanished. In a second step we probed the cumulative sig-
nal by sorting the sky pixels into circular apertures according to
the shortest distances to any member cluster, ranging from 2 to
20 degrees. The results are shown in Fig. 20. We note that the
highest significance is found at a radius of 15 to 20 degrees. The
blue data points in the figure give the mean CMB temperature
in the rest of the sky outside a distance of 20 degrees to any
cluster member. The noise in the signal comes mainly from the
statistical fluctuations of the primordial CMB. To determine this
noise for our case, we placed the same aperture masks of the five
superstructures on 100 simulations of the CMB for each of the
three methods. The simulated data were obtained from the Wiki
page of the Planck science archive 3. The magnitude of the signal
is exactly in the range predicted by the above described models.
We note, however, that the variance of the original CMB fluctua-
tions is of similar size as the ISW signal. Therefore the detection
has unfortunately a low significance of less than 1σ.

Signatures of the ISW effect have been detected earlier from
statistical studies of tracer - CMB correlation functions, e.g. (Gi-
annantonio et al. 2012; Nadathur & Crittenden 2016), and the
stacking of many superclusters and voids (Granett et al. 2008)
with signals hardly exceeding 3σ. It is generally difficult to sep-
arate the ISW signal from the CMB fluctuations even for larger
survey volumes.

There is some leverage to improve the significance of the re-
sults in the future, on one hand with a tailored matched filter
detection method, which requires a better understanding of the
mass distribution in the superstructures than we have at present.
On the other hand an improvement can be achieved, by including
CMB polarisation data on large-scale, which are not available at

3 https://wiki.cosmos.esa.int/planck-legacy-
archive/index.php/CMB_maps
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present, as suggested by (Frommert & Enßlin 2009; Planck Col-
laboration et al. 2016c). Including the superstructures at higher
redshift could also help to improve the signal. A more precise
knowledge of the ISW effect would in turn also allow to clean
the CMB maps from this foreground modification.

9. Conclusion and outlook

In this study we characterised six large superstructures with
more than 20 CLASSIX galaxy cluster members in the nearby
Universe out to a redshift of z = 0.06. The only superstruc-
ture found in the local Universe at z ≤ 0.03 with these prop-
erties, the Perseus-Pisces supercluster, has been described ear-
lier (Böhringer et al. 2021b). For the present superstructure con-
struction we only included clusters with an estimated minimal
mass of ≥ 1013 M⊙ (this is only important for z ≤ 0.03, since
for higher redshifts lower mass clusters are not included due to
the flux limit of the sample). The largest structure ever detected,
Quipu, with a length of 428 Mpc, is located in the redshift re-
gion z = 0.027 − 0.065. This structure is clearly apparent in a
map of the cluster or the galaxy distribution in the redshift range
z = 0.03 − 0.06. The highest concentrated mass overdensity in
the target volume of our study is found in the Shapley superclus-
ter. This structure has been made responsible for a large part of
the gravitational pull that causes the peculiar motion of the Local
Group with respect to the CMB frame.

We showed that the galaxy density in the environment of
galaxy clusters in superstructures is significantly higher than
around field clusters. This characterises superstructures as spe-
cial astrophysical environments. We also showed that these
structures should leave a signature in the CMB through the inte-
grated Sachs-Wolf effect, comparable to the cosmic density fluc-
tuations in the background. Searching for this effect we could
only recover a signal with a significance close to 1σ, but with
the expected strength.

Interesting follow-up research on our findings includes, for
example, studies of the influence of these environments on the
galaxy population and evolution. In an earlier paper Giovanelli
and coworkers (Giovanelli et al. 1986) show the galaxy distribu-
tion of different galaxy types in the Perseus-Pisces supercluster.
In their Fig. 6b we can see a very sharp image of the filamentary
structure of the supercluster on 100 Mpc scales traced by early
type galaxies. This is very different from the outline of the su-
percluster by other galaxy types. Detailed studies of the larger
structures described here may show a similar effects over even
larger scales. Similarly the dense environment and the large frac-
tion of the volume heated by accretion shocks in superstructures
can, for example, be expected to have an imprint on the entropy
structure of galaxy groups. Thus X-ray studies of galaxy groups
in superstructure environments compared to observations in the
field could shed new light on the formation of the intra-cluster
medium.

In the future cosmic evolution, these superstructures are
bound to break up into several collapsing units. They are thus
transient configurations. But at present they are special physical
entities with characteristic properties and special cosmic envi-
ronments deserving special attention.

10. Data availability

The full cluster catalogue shown in the appendix is only avail-
able in electronic form at CDS via anonymous ftp to cdsarc.u-
strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-
bin/qcat?J/A+A/..
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Appendix A: Cluster catalogue

Table A.1. Catalogue of the 185 clusters in the five superstructures.

name RA DEC redshift LX,500 M200
Quipu
RXCJ0150.7+3305 27.6789 33.0851 0.0347 0.133 1.056
RXCJ0214.2+5144 33.5702 51.7473 0.0489 0.632 2.754
RXCJ0228.1+2811 37.0413 28.1940 0.0359 0.183 1.287
RXCJ0229.0+3805 37.2543 38.0964 0.0382 0.143 1.001
RXCJ0229.9+2307 37.4793 23.1172 0.0307 0.107 0.922
RXCJ0246.0+3653 41.5149 36.8865 0.0473 0.686 2.902
RXCJ0251.1+4513 42.7979 45.2237 0.0440 0.095 0.854
RXCJ0254.0+3625 43.5042 36.4294 0.0474 0.120 0.983
RXCJ0257.6+1605 44.4088 16.0932 0.0316 0.079 0.765
RXCJ0301.8+3549 45.4632 35.8268 0.0462 0.298 1.729

Notes: Only the first ten lines of the catalogue are shown, the full
table is only available in electronic form at CDS via anonymous
ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-
strasbg.fr/cgi-bin/qcat?J/A+A/.. The X-ray luminosity, LX,500, is
in units of 1044 erg s−1 in the 0.1 to 2.4 keV energy band and the
estimated mass, M200, is in units of 1014M⊙.
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