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Introduction and Summary of results

Modified ABACUS

Recent observational data obtained from redshift surveys of galaxies [2] combined with high quality ΛCDM simulations, provide a new era for the understanding of
the topological structure and connectivity of the cosmic web ([5, 6]). In this work we have explored spatial (clustering) algorithms [3] for the detection and analysis of
the cosmic web. Spatial (clustering) algorithms take as in input a given set of points located in a space and find a partitioning of the set into groups of highly density,
closely placed, groups of points, which are called, in the Data Mining domain, as clusters. Clusters detected by a clustering algorithm applied on cosmological data
corresponds to clusters or super-clusters structures, depending on the their size. To avoid confusion between the two possible meanings of the notion of a cluster,
we use the term communities for the clusters obtained as a result of a clustering algorithm. In this article, we perform various computational methods on simulated
data from the IllustrisTNG [4] database in order to extract the cosmic web. We examine three spatial computational methods for detecting and characterizing (various
parts of) the cosmic web, as voids, walls, clusters and super-clusters. The methods are able to reveal the structure of the cosmic web in various resolutions and using
a variety of physical properties, such as (internal) density, size, distance and masses.

Inspired by a spatial clustering algorithm, called ABACUS [1], which clusters a set of spatial points through finding a backbone of
the data points, we have detected the backbone of the cosmic web. Furthermore, suitable modifications of ABACUS and appropriate
filtering on the detected cosmic structures allow the detection of cosmic structures of various sizes and masses, corresponding to
voids, walls, clusters and super-clusters within the detected cosmic web as shown in Figure 3. The extraction of the backbone
structure of the cosmic web can be useful for the understanding of the evolution of the cosmic web but can also be used as a preprocessing step for the application of other related algorithms from the domain, such as the DTFE algorithm, for reducing the size of
the data set resulting to much faster methods. The results of this method are shown in Figure 4

Gravity Lattice
We introduce a new spatial method, called Gravity lattice, which allows a detection of the cosmic web and also characterization of various parts of it as various kinds
of cosmological structures, i.e. voids, walls, clusters and super-clusters. In particular, we implement a 3D gravitational lattice and then we have measured the effect
of the gravitational forces of the data points on nearby test loads of the gravity lattice. Furthermore, filtering based on the number of galaxies affecting the test loads
enables also the characterization of various parts of the cosmic web detected as voids, walls, clusters and super-clusters. The results we obtain are shown in Figure
1. We have assumed that the more dense (in number of galaxies) a region is, the greater is the number of galaxies affecting nearby test loads.

Fig. 3: Cosmic web obtained using ABACUS method and filtering over the number of galaxies each point represents. We assume a filter threshold of 3.

Fig. 1: Gravity Lattice Results. We apply Gravity Lattice with a regular 3D lattice where distance between test loads is 0.5 Mpc/h. Then we apply a filtering based on number of galaxies affecting each test load. Filter rules out test loads
affected by less than the threshold number of galaxies. Filter rules out test loads affected by less than the threshold number of galaxies. (a): Threshold = 10

HDBSCAN
We use a modified version of the HDBSCAN method with suitable fine tuning on the values of its parameters to detect the cosmic web, highly dense structures within
it (communities) and categorizing various parts of it as voids, walls, clusters and super-clusters. Additionally, the method allows a hierarchical detection of highly
density structures. Also, varying the value of the parameter allows the detection of communities in various scales, that is, communities partitioning the whole data set
as well as communities within the detected communities. The results we obtain are shown in Figure 2.

Fig. 4: Left: Original results of DTFE to ca. 232k of galaxies. Right: Results of DTFE over the resulting points of ABACUS algorithm.
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Fig. 2: The cosmic web and its decomposition into communities using the HDBSCAN algorithm. Each result is associated with a triplet (MinClusterSize, MinSamples, Epsilon): (700, 30, 1). We observe that the algorithm manages to find
communities of different formation and size. Additionally, we observe that communities detected from this method can also be further explored using HDBSCAN in an iterative manner with different parameter tuning resulting in smaller
communities existing within the bigger ones.
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