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ABSTRACT
Upcoming wide-field surveys are well suited to studying the growth of galaxy clusters by
tracing galaxy and gas accretion along cosmic filaments. We use hydrodynamic simulations of
volumes surrounding 324 clusters from THE THREEHUNDRED project to develop a framework
for identifying and characterizing these filamentary structures and associating galaxies with
them. We define three-dimensional reference filament networks reaching 5R200 based on the
underlying gas distribution and quantify their recovery using mock galaxy samples mimicking
observations such as those of the WEAVE Wide-Field Cluster Survey. Since massive galaxies
trace filaments, they are best recovered by mass-weighting galaxies or imposing a bright limit
(e.g. >L∗) on their selection. We measure the transverse gas density profile of filaments, derive
a characteristic filament radius of � 0.7–1 h−1Mpc, and use this to assign galaxies to filaments.
For different filament extraction methods, we find that at R > R200, ∼15–20 per cent of galaxies
with M∗ > 3 × 109M� are in filaments, increasing to ∼ 60 per cent for galaxies more massive
than the Milky Way. The fraction of galaxies in filaments is independent of cluster mass and
dynamical state and is a function of cluster-centric distance, increasing from ∼13 per cent at
5R200 to ∼21 per cent at 1.5R200. As a bridge to the design of observational studies, we measure
the purity and completeness of different filament galaxy selection strategies. Encouragingly,
the overall three-dimensional filament networks and ∼67 per cent of the galaxies associated
with them are recovered from two-dimensional galaxy positions.

Key words: methods: data analysis – methods: numerical – galaxies: clusters: general –
galaxies: evolution – cosmology: observations – large-scale structure of Universe.

1 IN T RO D U C T I O N

The matter distribution of the Universe follows a web-like structure,
consisting of sheets, filaments, knots, and voids, providing the
environment in which galaxies form and evolve (Bond, Kofman &
Pogosyan 1996). According to current theories, this process is

� E-mail: ulrike.kuchner@nottingham.ac.uk

attributed to both external (e.g. interactions with the environment)
and internal (e.g. galaxy stellar mass, feedback processes) physical
mechanisms. However, galactic masses are highly dependent on
their large-scale surrounding: intrinsic properties are intimately
linked to their environment through their assembly process. Decou-
pling their complex interplay therefore requires the simultaneous
exploration of the broadest possible range of masses as well as
environments, defined both by their local density and the global
large scale structure (LSS) of the ‘cosmic web’.
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Filaments are ubiquitous in the Universe and account for 50–
60 per cent of the matter in the Universe but only ∼ 6 per cent of
the volume (Cautun et al. 2014; Tempel et al. 2014, but see Cui
et al. 2017; Cui 2019; Martizzi et al. 2019, for higher fractions).
Cosmic filaments are elongated relatively high-density structures of
matter, tens of megaparsecs in length, that intersect at the location
of galaxy clusters. They form through a gravitational collapse of
matter along two principal axes: driven by gravity, baryonic gas
traces the gradients of the dark matter distribution, shocks and winds
up around multistream, vorticity-rich filaments (Codis et al. 2012;
Laigle et al. 2014; Hahn, Angulo & Abel 2015; Kraljic et al. 2017).
This view of rich gas filaments feeding galaxy clusters based on
simulations is firmly established and is now becoming available in
gas observations (Umehata et al. 2019).

Not only do filaments play a key role in shaping galaxies,
the cosmic web is also fundamentally connected to, and thus a
probe of, cosmology. According to current cosmological theories
of structure formation, the early Universe was populated by small
overdensities that grew through gravity. The web-like features of
the large-scale matter distribution were thus shaped by gravitational
tidal forces. Information about filaments is therefore embedded
in the initial conditions of the Universe. In the highest density
regions of the cosmic web, galaxy clusters formed hierarchically
through the merging of smaller virialized haloes. They continue to
grow and assemble through a combination of smooth accretion and
ingestion of smaller galaxy clusters and groups, which explains the
complicated substructure that has been observed with increasing
attention in the past decade (e.g. Aguerri & Sánchez-Janssen 2010;
Jaffé et al. 2016; Tempel et al. 2017). The outskirts of galaxy clusters
are therefore the points of contact that link the large-scale cosmic
web to the confined realms of cluster cores at their knots. They have
emerged as one of the new frontiers and unique laboratories to study
the mass assembly in the Universe as well as galaxy evolution in
the context of global environment (Walker et al. 2019). However,
much of the topology, geography, and physics of cluster outskirts is
fundamentally different from that of cluster cores – and much less
well understood. Identifying, mapping, and characterizing the low-
contrast filamentary structures of the cosmic web provide invaluable
information about galaxy formation, evolution, and cosmology.
In order to trace the impact of structure growth on the galaxy
population, we must therefore consider galaxies in filaments out
to and well beyond the cluster virial radius.

Observations of clusters show how fundamental the role of
the environment is in shaping galaxies: morphology, colour, star
formation rate (SFR), stellar age, and active galactic nucleus (AGN)
fraction correlate with both local galaxy density and location inside
and outside clusters (Dressler 1980; Blanton et al. 2005; Postman
et al. 2005; Smith et al. 2005; Bamford et al. 2009). During infall
into clusters, the properties of the galaxies change. Quantification
of these changes has mainly been focused on the end-point in
the virialized regions of clusters. Nearby and intermediate-redshift
cluster galaxy surveys [e.g. EDisCS (White et al. 2005); WINGS
(Fasano et al. 2006); STAGES (Gray et al. 2009); LoCuSS (Smith et
al. 2010)] have studied the main properties (masses, morphologies,
dynamics, star formation and AGN activity, scaling relations,
etc.) of the cluster population. As a result, much progress in our
understanding of environmental mechanisms in the densest regions
has been achieved.

Galaxies in overdense environments are subject to astrophysical
processes, including ram-pressure stripping of gas (e.g. Gunn &
Gott 1972; Bahé et al. 2017), tidal effects (e.g. Bekki 1998),
galaxy–galaxy interactions (e.g. Naab et al. 2007), and mergers

(e.g. Hopkins et al. 2008; Kaviraj et al. 2009), that will disturb
and remove their gas, ultimately resulting in the suppression of
star formation (e.g. De Lucia et al. 2012; Wetzel et al. 2013) and a
change in morphologies and structures; see the reviews by Boselli &
Gavazzi (2006) and Boselli & Gavazzi (2014). As a consequence,
we find many more red early-type (elliptical and S0) and fewer
blue late-type (spiral and irregular) galaxies in clusters than in
the field (Dressler et al. 1997; Desai et al. 2007). Accordingly,
clusters have a lower fraction of star-forming galaxies (Popesso
et al. 2006) and cluster galaxies possess much less cold gas than
field galaxies (Cayatte et al. 1990). Hierarchical models of galaxy
formation (e.g. Blumenthal et al. 1984; Lucia et al. 2006) explain
this observation with the argument that galaxies in the highest
density peaks started forming stars and assembling mass earlier.
In essence, they have a head start (Bond et al. 1991), so one would
expect that galaxies in high-density environments preferentially host
older stellar populations. Simultaneously, galaxies forming in high-
density environments will have had more time to experience the
external influence of their local environment.

It is important to consider that infalling galaxies account for
approximately half of a cluster population and so contribute to a
growth in cluster mass of 100 per cent by today (McGee et al.
2009; Dressler et al. 2013). Therefore, a significant fraction of
cluster galaxies has been environmentally affected long before they
reach the cluster centre, a concept termed ‘pre-processing’. In fact,
the transition from ‘field-like’ to ‘cluster-like’ populations starts to
occur beyond 1–2 virial radii from the cluster centre, experiencing
pre-processing in outskirt environments (e.g. Haines et al. 2015,
2018; Bianconi et al. 2017; Kuchner et al. 2017). It is clear that we
need to extend our environment considerations to the idea that a
galaxy has experienced a variety of environments over its lifetime
as part of the cosmic web and infall region of clusters.

Within this context, several recent photometric and spectroscopic
surveys have focused on the contribution of the global structure
features of the cosmic web (knots, sheets, filaments, and voids) to
galaxy evolution. They report that galaxy colour, mass, morphology,
fraction of passive and star-forming galaxies, and SFRs vary with
distance to filaments in the cosmic web in the sense that galaxies
nearer filaments are redder, more massive, have reduced SFRs,
and tend to be elliptical (Alpaslan et al. 2016; Kraljic et al. 2017;
Kuutma, Tamm & Tempel 2017; Laigle et al. 2017; Liu et al.
2019; Sarron et al. 2019). Contrariwise, other observations find
some evidence for intriguing HI enhancements near filaments of the
cosmic web (Kleiner et al. 2017; Vulcani et al. 2019), suggesting a
‘cosmic web enhancement’. Though the controversy is not solved,
this suggests that the multistream region of the LSS does have a
secondary effect (besides the local environment) and that galaxies
accreted by clusters indeed become affected well before they reach
the cluster centre.

In response to these challenges, future surveys will explore the
filamentary structures far beyond the virial radius of clusters as
important sites of galaxy evolution. Surveys like the WEAVE Wide-
Field Cluster Survey (WWFCS) or the 4MOST cluster survey
(Finoguenov et al. 2019) are designed to chart and characterize clus-
ter environments from the densest cluster cores to the lower density
filamentary infall regions that surround them and will therefore be
able to shed light on pre-processing mechanisms in outskirts. Given
the complexity of identifying consistently and robustly galaxies
belonging to these structures (e.g. Martı́nez, Muriel & Coenda
2015; Laigle et al. 2017; Malavasi et al. 2017; Kraljic et al. 2017,
2018; Sarron et al. 2019), observations alone are not enough. It
is imperative that realistic simulations are used to develop and
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test reliable structure-finding methods and to characterize their
robustness and uncertainties. Simulations are thus essential for the
planning and design of the targeting strategy of future surveys and
will play a crucial tool in interpreting their results.

In this paper, we summarize our intention to prepare for the
upcoming WWFCS (Kuchner et al., in preparation). WEAVE (WHT
Enhanced Area Velocity Explorer, Balcells et al. 2010; Dalton
et al. 2012; Jin et al. in preparation) is a new multiobject survey
spectrograph for the 4.2-m William Herschel Telescope (WHT).
WWFCS will make use of the instrument’s 2◦ diameter field-of-
view multiobject spectrograph (MOS) with up to 1000 targets in
a single exposure (Sayède et al. 2014). The survey is designed
to map, characterize, and study infall regions of 16–20 galaxy
clusters out to 5 × R200 with an unprecedented number of structure
members down to a mass limit of M∗ = 109M�. Here, we focus
on the preparation steps using simulations of clusters to develop
techniques to (1) optimally find filaments and (2) associate galaxies
to them. We use simulations from THE THREEHUNDRED project,
which has completed re-simulations of the 324 most massive galaxy
clusters and their surrounding environment from the MultiDark
1 h−1Gpc simulation (MDPL2), to test the robustness and reliability
of detecting filaments in an observational framework. In Section 2,
we introduce the simulations and summarize the filament extraction
using smoothed gas particles. We also discuss preferred alignments
of gas filament and their thickness. We then move towards observa-
tions (Section 3) and identify filaments using mock galaxies based
on well-founded detection limits. To assess their reliability, we
investigate the effects of going from idealized gas to mock galaxies
and from three-dimensional (3D) to projected two-dimensional (2D)
mock galaxy distributions. We then discuss how galaxies associate
to filaments and report an accumulation of galaxies in filaments
closer to the cluster. Finally, an evaluation of the performance in
several realistic cases aims to provide practical decision-making
support for observations. We summarize our findings in Section 4.

2 SI M U L AT I O N S

2.1 THE THREEHUNDRED cluster project

In this paper, we use 324 simulations of massive clusters and their
surrounding environment from THE THREEHUNDRED project1 (Cui
et al. 2018; Mostoghiu et al. 2018; Wang et al. 2018; Arthur et al.
2019; Ansarifard et al. 2020). The simulations are re-simulated
zoom regions of the dark matter-only MDPL2, Multi-Dark 1Gpc/h
simulation (Klypin et al. 2016). MDPL2 uses Planck cosmology
(�M = 0.307, �B = 0.048, �� = 0.693, h = 0.678, σ 8

= 0.823, ns = 0.96) and 38403 dark matter particles per co-moving
1 h−1Gpc box. THE THREEHUNDRED project then selected the 324
most massive galaxy clusters at z = 0, followed them back to initial
conditions and re-simulated them with higher resolution in regions
of radius 15 h−1Mpc. These simulations use the GADGET-Xfull-
physics galaxy formation code incorporating star formation and
feedback from both SNe and AGN. They were modelled using a
Smoothed Particle Hydrodynamics algorithm with a subgrid physics
scheme (Beck et al. 2015) to follow the gas component’s evolution
with a combined mass resolution of mDM + mgas = 1.5 × 109 h−1M�
(see Cui et al. 2018, for details). For our purpose, we make use of the
full physics information in dark matter, gas, and halo distributions
in the simulated boxes.

1https://the300-project.org

Figure 1. Gallery of six galaxy cluster volumes from THE THREEHUNDRED

project at z = 0. Shown are projected gas distributions within 5R200 for a
range of mass and ‘relaxedness’, a measure for the dynamical state of the
central region of a cluster. It is quantified by combining the fraction of mass
in sub-haloes, the centre-of-mass offset, and the virial ratio (see Section 2.1.2
and Fig. 2). The circles indicates R200 of each cluster; mass and relaxedness
values of the examples are printed in each left upper corner. Clusters with
high relaxedness values are more relaxed.

Fig. 1 shows six examples of clusters from THE THREEHUNDRED

project at z = 0. Each re-simulation contains a central cluster within
a sphere extending to 15 h−1Mpc, covering the entire cluster infall
region and associated filaments. On average, the high-resolution
regions reach well beyond 5R200 of the cluster’s dark matter halo,
where R200 represents the radius within which the mean density is
200 times the critical density of the Universe. 129 snapshots from
z = 16.98 to z = 0 are available with a mass resolution of 108M�
each. Their masses range from M200 = 6.08 × 1014 h−1M� to
M200 = 2.62 × 1015 h−1M�. The mass-complete sample covers the
full range of cluster dynamical states, including both relaxed and
currently merging objects (see Section 2.1.2). Fig. 1 highlights the
diversity of clusters, showing examples of relaxed and unrelaxed
clusters from low, medium to high masses.

In an extensive comparison project, the nIFTy cluster comparison
project (Arthur et al. 2016; Cui et al. 2016; Elahi et al. 2016;
Sembolini et al. 2016a,b; Power et al. 2020), a progenitor project
of THE THREEHUNDRED project, the authors compared 10 different
simulation codes. These were run on one example galaxy cluster that
was simulated both using dark matter only and including baryonic
physics. In the case of the dark matter-only cluster, the different
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simulation codes perform in agreement with each other. When
baryon models were taken into account, only the overall cluster
properties (e.g. M200) were recovered in the different simulation
codes. On small scales, however, the test revealed significant
discrepancies. Since one cluster does not provide enough statistics
to compare with observations or to distinguish the various models,
THE THREEHUNDRED project was established: it encompasses 324
clusters, each with baryon models GADGET-MUSIC, GADGET-X
(used in this work), and GIZMO (Cui et al., in preparation), as
well as three semi-analytical models that are based on MultiDark-
Galaxies (Knebe et al. 2017). These have been used to populate the
entire MDPL2 simulation volume with galaxies, thus generating
realistic background and foreground samples, as well as full light
cones. In addition, the hydrodynamic simulations provide true six-
dimensional phase space views of structures and substructures
(Arthur et al. 2019), where observations are limited to line-of-sight
views. More information, as well as visualizations and movies of
the 324 re-simulated clusters at different epochs, can be found at:
http://www.mockingastrophysics.org and http://music.ft.uam.es/vi
deos/music-planck.

2.1.1 Data products: halo catalogues

The analysis is based on halo catalogues for all 324 clusters
extracted with the AMIGA Halo Finder (AHF; Gill, Knebe &
Gibson 2004; Knollmann & Knebe 2009; Knebe et al. 2011) that
includes gas and stars in the halo-finding process self-consistently.
In a nutshell, the AHF finds the prospective halo centres trough
following density contour levels from high to background densities
in trees of nested grids and then collects particles that are possibly
bound to the centre, removes the unbound particles, and calculates
the halo properties (i.e. halo and stellar masses, virial radii, geome-
try, density profile, velocity dispersion, peculiar velocities, rotation
curve). All halo properties are based on all particles inside the halo,
i.e. dark matter, gas, and (if available) star particles, inside a sphere
of radius R200 that defines the halo edge. This is at a distance of the
farthest gravitationally bound particle inside a ‘truncation radius’,
and the point where the density profile of bound particles drops
below the virial overdensity threshold as given by cosmology and
redshift. The AHF organizes the output in a tree structure with
information about hosts, subhalos, sub-subhalos. Far-UV to sub-
mm luminosities are calculated from the stellar population synthesis
code STARDUST (Devriendt & Guiderdoni 1999) providing a
reference for standard photometric bands such as SDSS’s bands
for optical scaling relations (see Cui et al. 2018, for details).

In this analysis, we are using the following properties:

(i) Halo: AHF classifies haloes as objects made of dark matter
and baryonic particles. We do not make any specific distinction
between halo and subhalo in this paper.

(ii) Cluster halo: The most massive halo in each re-simulated
volume at z = 0, which is also the centre of the simulation box. We
also identify the second most massive halo, SMH.

(iii) R200: the radius of a sphere where the mean density is
200 times the critical density of the Universe.

(iv) M200: The mass enclosed within a sphere of radius R200, given
in M� h−1.

2.1.2 Dynamical relaxation of clusters

Accretion physics leaves characteristic tracers in the infall regions
of galaxy clusters. Ongoing accretion is accompanied by signatures

of dynamical activity typical for unrelaxed clusters. In order to
identify whether the accretion of matter via filaments is correlated
to the dynamical state of a cluster, we categorize the clusters by
their ‘relaxedness’. To determine the dynamical state of a cluster,
Cui et al. (2018) introduce three parameters:

(i) the virial ratio, a measure of how virialized the clusters is,
defined as η = (2T − Es)/|W|, where T is the total kinetic energy,
Es is the energy from surface pressure, and W is the total potential
energy,

(ii) the centre-of-mass offset from its point of highest density
[which typically coincides with the brightest cluster galaxy (BCG)],
defined as �r = |Rcm − Rc|/R200, where Rcm is the centre of mass
within a cluster radius of R200 and Rc is the centre of the cluster
defined as the maximum density peak of the halo, and

(iii) the fraction of cluster mass in subhalos fs = �Msub/M200,
where Msub is the mass of each subhalo.

A combination of these three parameters defines the dynamical
state of a cluster as either ‘relaxed’ or ‘unrelaxed’. In this frame-
work, a given cluster is ‘relaxed’ if it satisfies, 0.85 < η < 1.15, �r

< 0.04 and fs < 0.1. This means that we expect a relaxed cluster to
have a low fraction of mass in sub-haloes, low centre-of-mass offset,
and a virial ratio equal to 1. A ‘maximally relaxed’ cluster thus has
values of η = 1, �r = 0 and fs = 0, and unrelaxed clusters begin
at |η − 1| = 0.15, �r = 0.04 and fs = 0.1. We combined these into
one general parameter R in the following way:

R = 1/
[
(1/3) ∗ (((η − 1)/0.15)2 + (�r/0.04)2

+(fs/0.1)2)
]0.5

. (1)

We use this parameter R to describe how relaxed a cluster is (see
also Haggar et al. 2020). Clusters with a greater value for R are more
relaxed, and R = 1 is roughly equivalent to the division between
relaxed and unrelaxed clusters used in Cui et al. (2018).

In Fig. 2, we plot the dynamical state of the clusters at redshift 0,
i.e. its ‘relaxedness’, versus the cluster mass. The solid black fit line
shows a relatively flat rolling average value over all masses. The
average relaxedness of all clusters in our sample is roughly 1 and
thus neither especially relaxed nor unrelaxed. The dashed line in the
main panel indicates an ‘envelope’ suggesting that the most massive
clusters tend to be currently in un-relaxed states. Its purpose is purely
to guide the eye and is drawn by hand. This is an indication that
the most massive clusters are still growing today in complex ways
that result in complicated substructure and centre-of-mass offsets.
In addition, the most massive clusters are located in high-density
regions of space and thus have a higher likelihood of accreting
matter from their surrounding dynamic cluster environment –
resulting in unrelaxed dynamical states. Low-mass clusters spread
over a range of dynamical states from completely unrelaxed to
relaxed. Isolated low-mass clusters may have grown a long time ago
and have had time to relax since then. Alternatively, they could have
started accreting mass from the cosmic web only recently. Thus,
clusters of all masses can be unrelaxed. Our checks for resolution
effects rule out the possibility that the resolution of the simulations is
the cause of the described scenario. The insert shows histograms of
all (light shade), relaxed (dark shade), and unrelaxed (intermediate
shade) clusters separately. Throughout most of the mass range of
THE THREEHUNDRED simulations, unrelaxed clusters consistently
make up about two-thirds of the total cluster distribution. The dashed
lines indicate the median values and clearly show that unrelaxed
clusters preferentially have lower masses than relaxed clusters.
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Figure 2. Galaxy cluster mass as a function of relaxedness for 324 clusters
in THE THREEHUNDRED simulations. Clusters are divided into unrelaxed
(R<1) and relaxed (R>1) populations (see text for description). High-mass
clusters are usually unrelaxed; they are dynamically active e.g. through
accreting matter from their surroundings. Low-mass clusters show a wide
range of R. The black error band shows the average of all simulated clusters
in our sample and is neither dynamically active nor relaxed. The diagonal
dashed line marks the approximate location of the envelope of the point
distribution discussed in the text. The insert shows the histograms of all
clusters (light shade), unrelaxed clusters (medium shade), and relaxed
clusters (dark shade). Dashed lines in the insert indicate the median
values and show the preference for low (high) mass clusters to be relaxed
(unrelaxed).

2.2 Filament finding

This work focuses on quantifying the bias of using galaxies as
tracers of cosmic filaments in cluster outskirts. Filaments are
identified from a density field. In our case, this refers to either
the number density of simulated gas particles, which we use to
extract a 3D reference skeleton, or the number density of mock
galaxies, i.e. haloes matched to observable galaxies. The accuracy
of the reconstruction of the filament network depends on the
sampling of the data set. We therefore use the capacity of THE

THREEHUNDRED simulations to compare filament reconstructions
from the underlying idealized case with a realistic setup of future
cluster outskirt observations (Section 3).

2.2.1 Cosmic filament reconstruction with DISPERSE

Our reconstruction of filamentary networks around clusters is
based on the DIScrete PERsistent Structure Extractor [DISPERSE
(Sousbie 2011)]. The algorithm is based on the discrete Morse
theory and theory of persistence and is explained in Sousbie (2011).
In short, the software utilizes a discrete distribution of points – in
our case coordinates of haloes or gas particles – to reconstruct
the volume as cells, faces, edges, and vertices. The density of
this distribution is estimated from the Delaunay tessellation of the
points. In practice, this means that the Delaunay Tessellation Field
Esimator (DTFE; Schaap & van de Weygaert 2000; Cautun & van
de Weygaert 2011) calculates the density around each vertex of
the Delaunay complex. The algorithm does this by first computing
a triangulation on the field and then the density in each cell is
computed as the inverse area of the cell. To calculate filaments and
nodes (i.e. peaks) from this density field, DISPERSE extracts the

critical points, i.e. points where the gradient is null of the density
field like maxima, minima, and saddle points, and links them along
ridges.

The connections between the critical points are field lines tangent
to the gradient field in every point. DISPERSE computes a series of
individual small segments that define ridges that link topological
saddle points to nodes and together they form a skeleton that
identifies the filamentary network (Pogosyan et al. 2009) in our
simulation. These are arcs, linking critical points; in 3D, maxima
are critical points of order 3 (2 in 2D) and saddle points are
critical points of order 2 or 1 (1 in 2D). Thus, each filament is
constructed as a set of segments that join nodes to saddle points or
bifurcations. Persistence quantifies the ratio of the density value, i.e.
the density contrast, of a pair of specific critical points like node-
to-saddle points. The persistence level is therefore a measure of
the significance of topological connections between critical points
(comparable to a minimal signal-to-noise ratio) and is usually
expressed as a number of standard deviation σ . Because the cosmic
web and thus the filament network are multiscale, the persistence
threshold is crucial for the definition and robustness of filaments:
choosing the persistence allows to filter noisy structures. A larger
persistence threshold tends to isolate the topologically most robust
filaments.

Filament extraction can be done in 3D and in 2D, directly using
discrete data sets of coordinates, regardless of scale or persistence
levels. This means that DISPERSE is equally applicable for the
feature extraction based on a density field of gas particles of
THE THREEHUNDRED simulations as it is based on observations of
galaxies. Several authors have recently shown how DISPERSE can
be used to trace the cosmic web on large scales using simulations
(e.g. Dubois et al. 2014) and observations (Kraljic et al. 2017;
Laigle et al. 2017; Malavasi et al. 2017), both in (projected) 2D
and 3D. In these examples, the maxima (e.g. galaxy clusters and
groups) are linked by filaments of several Mpc to several tens of
Mpc in length, depending on the sampling. On smaller scales like
in the case of a THE THREEHUNDRED simulation box, with only one
cluster and its surrounding infall region, the saddle point along the
filament linking this cluster (node) with the next might be outside the
simulation box (field of view). In the presented case of a simulation
box with 15 h−1Mpc co-moving length, filaments may only be
two to three times longer than they are thick. However, because
DISPERSE is scale-free, it can extract features independent of their
scale, largely depending on the persistence threshold that the user
chooses. For a comprehensive comparison between a number of
available filament finders, including DISPERSE, and the different
methods they employ, we advise the reader to refer to Libeskind
et al. (2017).

2.2.2 Filament extraction using smoothed gas particles

We define simulated gas filaments as the reference frame for our
assessment. We therefore first identify the 3D filamentary network
of the underlying gas distribution in each of the re-simulated
volumes using DISPERSE’s topological method. We choose to use
the distribution of gas particles rather than dark matter particles
because, as an observable property, gas may be accessible for future
surveys. Note, however, that while the distribution of gas follows
dark matter – and thus alludes to the underlying distribution of dark
matter – some variation between dark matter and gas skeletons is
expected. Because our aim is to use gas filaments as the benchmark
for galaxy filaments, we chose persistence levels that lead to
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Figure 3. Example of filament network (yellow lines) of the central node of
cluster 0001 from THE THREEHUNDRED project, based on the geometric 3D
ridge extractor DISPERSE (see text for details). The figure demonstrates the
filament extraction of our reference filament network using smoothed gas
particles. Seen is the projected gas distribution at z = 0 within a 15 h−1Mpc
sphere of the central cluster; R200 is shown as a white circle.

filaments with high contrasts. Note that the simulations would give
access to many more lower density gas filaments (tendrils) that are
inaccessible to the observational constraints we use in this paper
and thus irrelevant for the present case (see Welker et al. 2019, for
a detailed discussion).

To find gas filaments, we first bin the gas particles in a 30 Mpc-
wide 3D grid with a resolution of size 150 h−1 co-moving kpc
using a cloud-in-cell algorithm. The grid is Gaussian-smoothed
over eight times the pixel length. This method allows to focus on
cosmic filaments that connect groups and clusters rather than thin
filaments e.g. between large satellites. We then extract the filament
network using an absolute persistence cut of 0.2. Expressed in
standard deviations of a minimal signal-to-noise ratio, this translates
to a 5σ persistence threshold. This value was chosen to ensure
that cluster centres and massive groups are detected as nodes, and
filaments connected to the main halo terminate in saddle points2.
Subsequently, we cleaned and simplified the DISPERSE outputs for
our purposes by matching the ends of segments and tracing the
matches from each saddle point. We treat each node as owning
its own network, connected by saddle points at the lowest density.
Fig. 3 shows the filamentary network associated with the central
object of one of the clusters in THE THREEHUNDRED database. The
background shading shows the projected gas density; the white
inner circle marks R200 of the cluster. Most branches terminate
within the sphere of 15 h−1Mpc radius encompassing the cluster,
shown as the outer grey circle. Within this region, the full treatment
of the physics ensures a realistic and suitable representation of the
filamentary structure around massive clusters.

2Note that the choice of persistence parameter depends on the science
question. Lower thresholds would reveal a wealth of thinner filaments
(tendrils) with more nodes and saddle points.

Figure 4. The figure shows the filament network of one example cluster
using gas particles at four time-steps from z = 2.5 to z = 0.0. Filaments were
extracted from each frame independently and are shown here to demonstrate
the stability of the filament finding with DISPERSE. Red lines indicate
skeletons based on smoothed gas particles, blue dots mark nodes, green
stars saddle points, and black triangles bifurcations. Filaments coloured in
blue further indicate the network connected to the central node of the cluster.
Filaments leave the volume at a radius of 15 h−1Mpc.

2.2.3 Stability of filament networks over time

One way to further verify the reliability of the filament networks is
to examine their stability over time. THE THREEHUNDRED project
provides 129 snapshots between z = 17 and z = 0 for each cluster.
We processed all time-steps up to z = 2.5 in the manner described
above, thus retrieving the filamentary history of each cluster as an
evolutionary stack. Fig. 4 shows four example snapshots at different
time-steps, at z = 2.5, z = 1, z = 0.3, and z = 0, which is a fair
representation of the entire evolution sequence we qualitatively
investigated. Even though there is no connection in the algorithm
between one output and the next, the nodes and filamentary network
controlled by the central object remain smooth and stable when we
join the sequence of outputs. The sequence suggests that the cluster
and its filamentary structure around it evolve over time. While there
is significant expansion of the volume between redshifts one and
zero, we see the networks become more complex with time: The
networks condense as the volume collapses and more particles fall
on to the middle, while they continue to expand further out. This
explains why more filaments appear at later epochs.

For our purposes in this paper, we use this qualitative assessment
solely as a further indication for the reliability of the performance
of the filament finding with DISPERSE. All results that follow in
this paper are based on simulations at z = 0.

2.3 Filament characteristics

2.3.1 Filaments align with the shape of the central halo

The filamentary envelope of clusters mark non-spherical accretion
of material. Ultimately, this fuels the hierarchical assembly of
massive structures. The preferred directions of accretion influence
the shape and angular momentum of haloes, also responsible for
large-scale alignments (Aragón-Calvo et al. 2007; Hahn et al. 2007).
In order to investigate how matter in the Universe is accreted on
to clusters, we test the alignment of filaments extracted from gas
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Figure 5. Filament networks connected to the most massive (central) halo align with the principal axis of the main cluster halo. (i): Stacked filament networks
extracted from DISPERSE on gas particles, connected to the main node, stacked according to the major axis a of the clusters and normalized by R200. In this
figure, we chose to show the stacked network along the ac-plane. Only main filaments that ended at saddle points are included in this plot. (ii): Distribution of
the angles of filaments when leaving a sphere of radius R200 and the principal axes a (blue points), b (green triangles), c (orange stars) that describe the shape of
the main halo. (iii): Alignment of filaments with the second massive halo (SMH) in the simulation box. The coordinate system is rotated and re-scaled to DSMH,
the distance between the main halo and the SMH. r is the position vector from the main halo to the second most massive halo, r

′
is a vector perpendicular to r.

particles with the overall shape of the main dark matter halo – a
proxy for the shape of the galaxy cluster as a whole. This could
reveal preferred inflow directions that are responsible for building
the cluster. We investigate correlations between the alignment of
filaments to the shape (geometrical axes and elongation) of the
central halo and the influence of the second most massive halo in
the simulation box.

We find that filaments connected to the main halo preferen-
tially align with the major axis of this halo. We characterize
the shape of each simulated halo by three axes (a, b, c from
major to minor in our illustrations) that describe their triaxial
nature. We extract these measurements from the AMIGA Halo
Finder AHF results of the dark matter particles (see Section 2.1.1).
Each cluster simulation box is dominated by a central halo that
typically accounts for ∼90 per cent of the overall cluster mass.
We therefore consider this halo a valid approximation for the
entire cluster and measure alignments of filaments with respect
to the axes of this main halo. For our analysis, we rotated each
cluster to align on a common axis and stacked all networks of
each principal node, normalized by R200. Fig. 5i visualizes this
stacking procedure projected on to a 2D plane and demonstrates the
preferred alignment of filament with the principal axis, indicated
by a.

To quantify this result, we follow the procedure reported in Veena
et al. (2018). For each filament of the main node, we measure the
angle at which a filament exits a sphere of R200 radius. By comparing
this angle with angles measured from a random distribution of
filaments (dashed horizontal line in Fig. 5ii) allows us to quantify
the significance of the alignment. This is shown in Fig. 5ii : the
blue histogram has a sharp peak around 0◦, while the histogram
showing alignments with the minor axis (c, in orange) consequently
counteracts this at 90◦. This is of course explained by the fact that
a, b, and c are not independent, rather, they are orthogonal. Any
vector that is parallel to one of them is inevitably perpendicular to
the others. The finding supports the view that filaments are aligned
with the shape of galaxy clusters in the inner region, in line with
previous studies (Hahn et al. 2007; Zhang et al. 2009; Libeskind
et al. 2012; Veena et al. 2018).

Filaments further align more prominently in elongated clusters.
For this investigation, we define a halo elongation coefficient δel as
the standard deviation:

δel ≡
√

(|a| − x̄)2 + (|b| − x̄)2 + (|c| − x̄)2

3
. (2)

We divide the sample of 324 clusters into three groups of equal
size according to their central most massive halo’s elongation δel

and find that filaments align more strongly with the major axis
in elongated clusters. In strongly elongated clusters (δel > 0.145),
38.5 per cent of all filaments leave R200 within an angle smaller than
30◦ to the major axis. In clusters with medium elongation (0.13
< δel < 0.145), the percentage decreases to 32.3 per cent and for
the least elongated bin (δel < 0.13), only 26.3 per cent of filaments
leave within 30◦ of the major axis. The alignment effect is especially
striking close to the central halo and weakens as we move further
away from R200, which we tested by measuring angles of filaments
leaving spheres with 1, 1.5, and 2× R200.

We also investigated whether filament alignments are influenced
by the second most massive halo (SMH) in each simulation box
– as an indication for a possible mass transmission between
them. In the simulations, the SMH has halo masses of M200 >

2.4 × 1013M�h−1, which is typically between 5 per cent and
30 per cent of the mass of the most massive halo and together, they
represent a cluster pair (with a typical distance between the clusters
of 9.7 ± 3.5 h−1Mpc). Fig. 5 indicates that alignments of filaments
are strongly influenced by the second most massive halo. These
prominent bridges between cluster pairs have historically been one
of the first detections of filaments, marking especially strong and
thick intra-cluster connections between close cluster pairs. Such
cluster–cluster bridges are believed to be remnants of large-scale
filaments and with temperatures T > 105 − 107K, the gas emission
of the hot ionized baryons has been detected in X-ray (Vazza et al.
2019) as well as through the thermal Sunyaev-Zel’dovich effect (de
Graaff et al. 2019; Tanimura & Aghanim 2019)

Filaments connect to nodes in a complex, multiscale manner. Ford
et al. (2019) have shown that cosmic connectivity, i.e. the number
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of filaments connected to a node (cluster or group), scales with
the mass of groups and their brightest galaxies. High-connectivity
groups tend to have recently merged, which leads to a potentially
interesting question of the dependence of connectivity with merger
history or dynamical status. We intend to explore this question in
the future.

2.3.2 Thickness of filaments

While the cosmic web does have some thick, bridge-like structures
(Section 2.3.1), it is dominated by small-scale filaments close to
overdense regions, making the surroundings of clusters rich in
thin filaments (Cautun et al. 2014). The population of galaxies
varies strongly with filament thickness (Cautun, van de Weygaert &
Jones 2012), in the sense that the thinnest filaments are mostly
populated with low-mass galaxies (due to the assembly bias) –
consequently making them harder to detect. The thickness or
boundary of filaments, defined by their radius or diameter, is
therefore an important parameter to consider for galaxy evolution
studies.

In order to associate galaxies to filaments in our simulations
that can be used in an observational setup as well, we first find
a characteristic thickness of filaments around clusters. Note that
this does not fully account for the multiscale nature of the cosmic
web and is a simplistic approximation within the likely limitations
imposed by observations. We do this by defining the average
filament radial density profile. The detailed procedure is described
in Rost et al. (in preparation) and we advise the reader to refer to
this publication for more information. In summary, they calculate
overdensity profiles for the same suit of simulations for gas particles
and dark matter particles. To deal with contamination of more
massive haloes, particles within 2R200 of haloes were removed.
This leads to an improved density contrast and allows to observe
the pure underlying filamentary structure. Overdensity profiles of
particles p were then determined as:

Fp(r)dr = Np(r, r + dr)

Nrandom(r, r + dr)

N0mp

V0ρcrit
, (3)

where Np/random(a, b) is the number count of p/random particles
with perpendicular distance to the closest filament between a and
b, N0 is the total number of random particles in the spherical region
of the cluster, and V0 is the total volume of that region.

In our work, we define filaments as curved cylinders with a
fixed radius. Throughout the paper, we will compare results for
filaments with radius 0.7 h−1Mpc and 1 h−1Mpc. Unless otherwise
stated, results and figures in this paper use a radius of 0.7 h−1Mpc
(Section 3.5.1 explains this preference). Other works have used a
similar range of filament thicknesses (e.g. Colberg, Krughoff &
Connolly 2005; Tempel et al. 2014; Martı́nez et al. 2015; Kooistra
et al. 2019; Sarron et al. 2019). To quantify the effect of the different
values, we investigate how much the density has typically dropped
by a radius of 0.7 h−1Mpc and 1 h−1Mpc, as seen in Fig. 6. From the
centre of the filament to 0.7 h−1Mpc, the gas particle density drops
by an average factor of 2.2, i.e. the difference between the density in
the filament centre (δ(Dskel)/δ(0) = 1) and the density at 0.7 h−1Mpc
distance from the centre (δ(Dskel)/δ(0) = 0.45). From the centre to
1 h−1Mpc, the density drops by a factor of 3.5 (dashed lines in the
figure). These numbers change slightly depending on the distance
to the node (i.e. distance from the cluster centre), as indicated by
the coloured profiles that show bins along the filament length in
steps of R200. This means that the thickness of filaments in THE

THREEHUNDRED simulations varies along the length of the filament

Figure 6. We define a characteristic thickness of filaments based on gas
densities. Shown are the radial gas density profiles of gas filaments as a
function of the distance to the filament centre (Dskel). Different colours
refer to distances to the cluster centre in steps of R200. We exclude particles
within 2R200 of haloes in these filaments. In our work, we define filaments
as cylinders with radius of 0.7 h−1Mpc. We compare results with a more
relaxed radius of 1 h−1Mpc. Both are highlighted in the figure with dashed
lines. The profiles are normalized by the density at the first bin (0.1 h−1Mpc).

with them being thicker closer to nodes. For example, a filament
thickness with radius 0.7 h−1Mpc, the gas density has dropped by
a fraction of 1.9 close to central node and a fraction of 2.4 furthest
away from the node.

Importantly, the shape of the transverse profiles is very similar:
whether we define the thickness close to the node, close to the
saddle point, or in between them makes only small differences
that will be hard to distinguish in observations. Therefore, we use
one average thickness along the entirety of the filaments, a more
realistic assumption for our intentions. In addition, the density –
and therefore the derived thickness – is similar between profiles
measured on the basis of gas particles and of dark matter, where
dark matter filament profiles are marginally thicker and more
constant along the length of the filaments, i.e. the density varies
less with the distance to the node (see Rost et al., in preparation,
for a discussion of dark matter filaments in THE THREEHUNDRED).
Choosing 0.7 h−1Mpc or 1 h−1Mpc does not make a difference to
our method. However, it is fair to point out that the thickness cut
influences the results: by lowering the density contrast, filaments
become thicker, the volume they occupy greater and consequently
more galaxies are associated with them. Given the uncertainties of
measuring filaments in an observational framework, our tests aim to
find the optimal thickness that provides a successful implementation
to observations.

3 TOWA R D S O B S E RVAT I O N S

In order to assess the reliability and robustness of our filament
extraction strategy for future surveys, we move from the idealized
case of gas particles to mock galaxies, i.e. simulated haloes that
mimic galaxies with mass cuts comparable to those achievable
observationally. With MOS observations, spectroscopic redshifts
can be used to allocate galaxies to structures – a process that will
allow to define volumes in observed space that are akin to the
simulation boxes of THE THREEHUNDRED project. We therefore
use halo catalogues from THE THREEHUNDRED simulations to
reproduce conditions of spectroscopic surveys and compare the
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Figure 7. Referencing fig. 7 in Cui et al. (2018), the histogram shows the
stellar mass function of haloes selected to represent the future spectroscopic
WEAVE Wide-Field Cluster Survey. We choose all simulated haloes with
Mhalo > 3 × 1010M� (corresponding to M∗ > 3 × 109M� in this plot)
inside a volume with length 15 h−1Mpc. The red line represents the mass
distribution of haloes in this mass range (mock galaxies) of all clusters.
The medium shaded and dark shades show histograms for high- and low-
mass clusters, respectively, indicating that the distribution is independent
of the cluster mass. The peak at log(M∗/h−1Msun) ∼ 10.3 is caused by a
combination of the simulation resolution and the striped/heated gas due to
the Wendland kernel and AGN feedback in the GADGET-X simulations (see
Cui et al. 2018, for details). The insert shows stellar masses plotted against
halo masses of one cluster.

filaments detected using mock galaxies to our reference network
that we have established from the underlying gas particles. We
want to stress that at a very fundamental level, we expect galaxy
and gas filaments to be different, and referring to the gas filaments
as our benchmark framework is merely based on our aim to provide
for future observations. We especially highlight conditions of the
future WEAVE Wide-Field Cluster Survey WWFCS as an imminent
example and also provide predictions for samples with a mass limit
of higher mass L∗ galaxies. The methods tested in this paper are
therefore relevant and can be applied to other upcoming surveys,
such as the 4MOST cluster survey (Finoguenov et al. 2019).

WWFCS will study 16–20 cluster structures out to five R200

in the redshift range of 0.04 ≤ z ≤ 0.07, with each 4000–6000
galaxies within 5R200. WWFCS will thus cover the infall region
with an unprecedented number of galaxies to date. This will be
achieved through a mosaic of up to 20 pointings (with an average
of 10 pointings, depending on cluster mass) of the 1000-fibre MOS
WEAVE that offers a field of view of 2◦ in diameter. The natural
and most efficient target density is ∼900 targets per WEAVE field
in the outer regions, which corresponds to r = 19.8, and a stellar
mass limit of ∼109 M�. Here, we aim to test haloes from THE

THREEHUNDRED simulation similar to these observing conditions,
both in mass range and in numbers. Taking both into account,
we define mock galaxies with a minimum stellar mass of M∗ >

3 × 109h−1M�. In the simulation setup, this corresponds to haloes
with Mhalo > 3 × 1010h−1M� inside a volume of radius 15h−1Mpc3.
We will refer to haloes selected with these conditions as mock
galaxies. This is illustrated in Fig. 7 that shows the stellar mass
function of haloes from THE THREEHUNDRED clusters. Depending
on the cluster, this yields between 2073 and 6636 simulated mock
galaxies within 5R200, comparable to the number density expected
for WWFCS volumes. In total, we find ∼106 mock galaxies outside
1 and inside 5R200 in the 324 simulation volumes combined.

Note that WWFCS observations will provide spectroscopic
redshifts instead of positions, which adds peculiar velocity-related
distance errors affecting distance measurements. This ‘Finger of
God’ effect impacts filament finding, in particular, close to the
centre of clusters and is alleviated further away in cluster outskirts.
This added uncertainty is not part of the current paper, and the topic
of a future paper that will tailor specifically to observations of the
WWFCS.

3.1 Filament extraction using haloes

3.1.1 Mass-weighted mock galaxies filament extraction

For the 3D DISPERSE runs on the mock galaxy sample, we set a
5.3 σ persistence value and smooth the filaments with a smoothing
parameter of 6 using x, y, z positions. While this extracts the
majority of the filamentary network, in some cases central peaks
(nodes) extracted in gas networks are not identified in mock galaxy
networks. However, for our analysis, nodes are important to quantify
networks connected to the BCGs. The discrepancy can easily be
explained by the different natures of the input data sets: each gas
particle is uniformly massive; however, the gas particle number
and distribution reflect a topological density field with peaks in
high-mass regions. For example, near the centre of each cluster,
where we expect a massive BCG to dominate the field, many more
gas particles are gathered than in regions of lower (gas) density.
The gas particle data set therefore effectively achieved a mass
weighting that defined nodes in areas of high number density, i.e.
in high-mass regions – something a realistic galaxy or halo point
distribution cannot. However, this additional information is indeed
present in observations where the brightness (luminosity) e.g. of
the central galaxy gives additional valuable indication of the cluster
topology.

In order to bring the skeleton extracted from mock galaxies in
agreement with the gas extractions, we run DISPERSE again on
a mass-weighted tessellation (see Section 2.2.1 for explanation
of how the Delaunay tessellation is employed). 3 This associates
to each vertex of the tessellation a weight corresponding to the
mass of the halo at this vertex. To be sure that the initial haloes
were well matched with the vertices, we matched their positions.
This requires an adaptation of the persistence threshold, which we
increase to 6.5 σ . Fig. 8 shows the impact this mass weighting had
on finding filaments. It is a visualization of the tessellation on to a
Cartesian grid of a slice of 75-kpc thickness around the centre of a
simulation box. The left-hand panel shows the tessellation without
mass weighting and the right-hand panel clearly reveals how the
mass weighting helped with the identification of filaments. With
this additional step, we accomplished our goal to identify all central
nodes (BCGs), which we used to specify the main networks of each
cluster. Note that in an observational setup, the weighting can be
achieved in similar ways using observed luminosities or estimated
stellar masses.

Finally, we repeat the feature extraction using the projected
density field of mass-limited haloes, providing 2D coordinates as
inputs to DISPERSE, and adjusting the persistence threshold and
skeleton smoothing parameters to 3.2 σ and 60, respectively.

3For this, we compute the skeleton from a weighted tessellation by tagging
the tessellation using DISPERSE’s ‘netconv -addField’ option.
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Figure 8. The figure highlights the impact the mass weighting of haloes has
on the extraction of filaments. It shows the Delaunay tessellation, used by
DISPERSE to identify filaments, in a slice of thickness of 75 kpc around the
centre of one cluster. Images are equally scaled. Units of the colour bar are
arbitrary but help compare the two panels. Left: unweighted tessellation: all
haloes are equally weighted. Right: mass-weighted tessellation: the haloes
are weighted by their mass. We do this to achieve a closer resemblance to
the gas distribution, our reference in this experiment (see Section 3.1 for
details).

3.1.2 L∗-galaxies filament extraction

The best tracers of filaments are massive galaxies. Studies have
shown that galaxies are more massive closer to filaments than further
away (Chen et al. 2016; Malavasi et al. 2016; Kraljic et al. 2017;
Bonjean & Aghanim 2019; Sarron et al. 2019). We therefore also
explore the possibility of using a higher mass limit as accessible
tracers of filaments. However, at higher masses, the number of
objects decreases rapidly. Following suggestions in Robotham et al.
(2013), we therefore define our L∗-galaxies sample as all mock
galaxies with stellar masses greater than 1010M�. This conservative
mass limit also comfortably includes galaxies with stellar masses
similar to the Milky Way galaxy with 5 × 1010M� (Flynn et al.
2006).

While this mass (or luminosity) threshold offers a high contrast
and is available for most surveys, the trade-off is that the density
is less well sampled. By construction, this includes only high-mass
galaxies and therefore reduces the number to between 400 and
1100 objects per cluster. Note that this number is already available
for several existing cluster surveys [e.g. CLASH (Postman et al.
2012); LoCuSS (Haines et al. 2013); Hubble Frontier Fields (Lotz
et al. 2017); Omega-WINGS (Moretti et al. 2017)]. We adopted
DISPERSE parameters to a persistence of σ = 4 and a skeleton
smoothing parameter of 5.

The parameter values used for all mock galaxy DISPERSE runs
were identified by minimizing the value through the extraction
assessment described in the following section. In practice, that
means that we repeated the assessment multiple times, each time
updating the values based on the previous result. The best value finds
filaments and critical points similar to the reference framework.

3.2 Extraction assessment

3.2.1 Comparison of 3D gas filaments to 3D mock galaxy
filaments

First, we compare skeletons extracted from the 3D distributions
of gas particles (our reference network) to 3D (mass weighted)
mock galaxies. This is illustrated in Fig. 9. The top panel shows a
projection of these two filament networks for one typical example
cluster. Filaments extracted from gas particles are shown in black
solid lines and filaments extracted from the mass-weighted mock
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Figure 9. Top: Comparison of extracted filaments from the mass-weighted
mock galaxy distribution in 3D to the underlying 3D gas-particle distribution
(our reference skeleton) of one example cluster. Filaments extracted from
3D mock galaxies are plotted in red dashed lines, those extracted from
smoothed gas particles are black. Nodes, saddle points etc. are marked as
described in Fig. 4. As can be seen in this example, some filaments do not
have a counterpart (see text for discussion). Probability (middle panel) and
cumulative (bottom panel) distribution of the distances between skeletons
of filament networks from mock galaxies and gas particles for the entire
sample of 324 clusters. Dotted lines use segments outside R200, dashed lines
include them. Vertical lines show medians of the distances between filament
extractions and values are printed in the legend.

galaxy distribution are shown in red dashed lines. They are plotted
on top of the (projected) mock galaxy distribution, shown in colour-
coded hexagonal 2D histograms. It is no surprise that, typically, they
do not match perfectly, because (1) the mock galaxy distribution
is already a biased tracer of the underlying density field and (2)
we have far more gas particles than haloes leading to a more
precise density field, which in turn leads to a more accurate filament
extraction. As explained in Section 3.1, we try to counteract this by
weighting by mass. Despite their very different inputs, the two are
in relative good agreement throughout our sample of 324 cluster
simulations. The example chosen for Fig. 9, however, also clearly
shows that some filaments do not have counterparts in the respective
other skeleton at all: they are recovered in one but not the other
density field. These spurious detections directly result from the
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choice of parameters – a trade- off that is difficult to bypass, as
noted in Laigle et al. (2017).

In the bottom panel of Fig. 9, we quantify the discrep-
ancy/similarities between the 3D-gas and 3D-halo skeletons over the
whole ensemble of clusters. We follow a method that was introduced
in Sousbie (2011) and used in Laigle et al. (2017) and Sarron et al.
(2019) and offers an indication of the reliability of the filament
extraction. For this, we measure the distances between the two
skeletons in all cluster simulations and plot their differential distri-
butions (PDF) and cumulative distribution (CDF). In this section,
we compute the distances in 3D between each segment in the mock
galaxy network and the nearest segment in the gas network in each of
the 324 clusters. The dashed line shows the resulting PDF and CDF
of distances of the sum of all skeletons (i.e. using all segments for
324 clusters) and the dotted line is the result for all skeletons outside
R200. The corresponding vertical dashed lines give the medians of the
two distributions: 0.67 h−1Mpc and 0.77 h−1Mpc for all segments
and for segments outside R200, respectively. Medians are always
higher when excluding the contribution of segments inside R <

R200. This is because inside R200, segments lie close to each other
because the volume is small. It is encouraging that these numbers
are comparable to previous measurements from larger simulations
found in the literature (Laigle et al. 2017; Sarron et al. 2019) and
that the majority of the distances are lower than the typical thickness
of a filament. Note, however, the long tail and even extra bump in
the distributions. This shows that there are filaments that do not
have a counterpart at all.

We also want to test whether using a more accessible higher mass
limit for galaxies can recover the filament network. Evidence shows
that high-mass galaxies are found closer to filaments, suggesting
that they could lead to a more robust extraction, even in cases where
lower mass galaxies are available. Despite the drastic reduction
in numbers compared to mock galaxies fed to DISPERSE, we
found a good agreement of filaments from L∗ galaxies (M∗ >

1010M�) to the filaments extracted using gas particles (Fig. 10).
As a reminder, the L∗ sample uses 400–1000 mock galaxies for
filament extraction, the weighted mock galaxy sample with lower
mass limits of 3 × 109M� uses 3000–6000 objects. Our experiment
shows that using L∗ galaxies as tracers robustly recovers the main
filaments of each network. This works especially well when the
system is simple. However, in some clusters (less than 10 per cent
of our sample), the main node was not identified – just as we
found when using a lower mass limit without weights. If this is
necessary for the analysis of the science case, we suggest a mass-
or luminosity-weighted approach as outlined above.

If the main goal is purely to find the main filament network,
then using a sample of high-mass galaxies with a (conservative)
L∗-mass limit of M∗ > 1010M� is a good approach that achieves
comparable results for finding filaments, while being accessible
and straightforward to use. We show this quantitatively in the
lower panel of Fig. 10. As in Fig. 9, this is the PDF of distances
between segments. The median of these distances is 0.47 h−1Mpc
for all segments and 0.55 h−1Mpc for segments outside of R200.
Our assessment shows that, given our choices, the median distance
between the reference network (i.e. gas filaments) and the L∗-
galaxies filaments is smaller than for haloes with lower mass limits.

Filaments are biased towards more massive galaxies. This is the
reason why either a weighting by mass or choosing higher mass
galaxies will yield robust results. Furthermore, galaxies with a
higher signal-to-noise ratio will be better tracers for the filament-
finding algorithm. We conclude from our experiment that choosing
mock galaxies with L∗-mass limit offers an ideal contrast for
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Figure 10. Top: Comparison of filaments extracted using a higher mass
limit of M∗ > 1010M�, equivalent to L∗ galaxies, with the reference
extraction based on smoothed gas particles. We use the same cluster as in
Fig. 9 for this example. Points as explained in 4. Middle and bottom panels:
PDF and CDF of the distances between skeletons of filament networks from
L∗ and gas network of all clusters combined. Solid lines use segments outside
R200, dotted lines include them. Vertical lines are medians, and values are
printed in the legend.

DISPERSE to find the main filaments around clusters. However, note
that only a weighting (in our case) by mass guarantees the correct
definition of nodes in all clusters without human intervention. The
weighing offers a hands-off filament finding method that correctly
identifies nodes, without making decisions a priori of selecting the
BCGs in observations or tagging them in simulations.

3.2.2 Comparison of filaments extracted from mock galaxies in 3D
and projected 2D

In an effort to get one step closer to observations, in particular, when
reliable spectroscopic redshifts are not available, we now compare
the skeleton extraction using the 3D distribution of mass-selected
mock galaxies to skeletons extracted from the same distribution
but now projected on to the x–y plane. The top panel in Fig. 11
compares filament networks of the same typical cluster as in Fig. 9:
red dashed lines once again show filaments extracted from mock

MNRAS 494, 5473–5491 (2020)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/494/4/5473/5824168 by guest on 22 July 2023



5484 U. Kuchner et al.

#

  

all
 se

gm
en

ts
outsi

de R
200

x [h-1  Mpc]

y 
[h

-1
 M

pc
]

Dskel  [h-1  Mpc]

Figure 11. Top: Comparison of filaments extracted using the mass-
weighted 3D mock galaxy distribution with the 2D projection of the same
halo sample for one cluster example – the same cluster as in Figs 9 and 10.
Points as explained in 4. Bottom: PDF and CDF of the distances between
skeletons of filament networks from 3D and 2D of all clusters combined.
Solid lines use segments outside R200, dotted lines include them. Vertical
lines are medians, and values are printed in the legend.

galaxies in 3D, and green solid lines are the results of DISPERSE
using the 2D mock galaxy distribution.

Qualitatively, the two networks agree well. We repeat the same
procedure as described in the previous section to assess the filament
extraction statistically for all clusters combined. We establish the
distribution of distances between the two cleaned networks by
calculating the minimum projected distances between each segment
of the 2D filament network with the 3D filament network, repeatedly
for the entire cluster sample. The result for all clusters is shown
in the lower panel of Fig. 11. Most 2D filaments are reliable
counterparts of 3D filaments. As before, we take the median of
the two distributions as a quantitative measure of the reliability
of the filament extraction in 2D compared to 3D. We find that on
average, the segments of the 2D filament network are 0.61 h−1Mpc
distant for filaments outside of R200 and 0.51 h−1Mpc including
filaments inside R200. This second number is slightly larger than
what was found in Laigle et al. (2017) and Sarron et al. (2019) in
the case of large simulation boxes (0.32 h−1Mpc and 0.34 h−1Mpc,
respectively). However, their numbers are expected to be lower

than ours, since a large simulation box leads to stronger projection
effects and 2D filaments appear more closely together. A more
comparable approach is the one used in Sarron et al. (2019) that
focuses specifically on filaments connected to clusters (and up to
the first saddle point). In this case, they find a median distance of
0.55 h−1Mpc (including filaments inside R200). Note, however, that
even though this is very similar to what we find, they are using slices
in redshift space 20 times as deep as our volume, again increasing
projections.

For this exercise, we used coordinates of haloes once in 3D (x, y,
z) and once in 2D (x, y), which require different σ -thresholds. This
means that the input parameters vary, which can explain some of the
differences. However, the far more obvious causes for differences
are projection effects in 2D that are misinterpreted as peaks in the
density distributions. In projection, filaments could connect points
that may be spatially separated in 3D.

Comparing the previous two sections, we can see that, at least
for our sample, the step from millions of particles to thousands of
haloes impacts the reliability of filament extraction more than the
projection from 3D to 2D.

3.3 Mock galaxies associated to filaments and their
dependence on cluster properties

By answering three key questions, the next three sections aim to
fully link simulations to future observations. We want to know: (1)
What is the fraction of galaxies in filaments in an idealized simu-
lated (3D) environment and how does this change with simulated
detection limits? (2) Does this number depend on cluster radius?
(3) What changes in a realistic observational (2D projected) setup?

Fig. 12 illustrates our path from simulated galaxy clusters to
mock galaxies associated to filaments. The left image of each pair
shows our starting point: the gas particle distribution of one example
cluster viewed from four different angles. The right-hand panels
show the halo distribution of the same cluster and at the same
rotations. Small points show the positions of all mock galaxies with
M∗ > 3 × 109M� outside the cluster’s R200; highlighted are haloes
associated to filaments. The illustration shows filaments that we
extracted using the weighted mock galaxy sample (in black).

3.3.1 The impact of filament extractions

In this section, we compare filament extractions and fractions of
associated galaxies for a variety of observationally relevant setups.
Specifically, we assess filament extractions using (1) smoothed
gas particles as well as galaxies with mass limits of (2) M∗ >

3 × 109M� (mock galaxies for short) and (3) M∗ > 1010M� (L∗

galaxies).We further investigate fractions of galaxies with the mass
limits corresponding to (1) the mock galaxies, (2) the L∗ galaxies,
and (3) MW-like galaxies. We discuss results for filament radii
0.7 h−1Mpc and 1 h−1Mpc.

Fig. 13 shows the fractions of mock galaxies in filaments for
324 clusters extracted from gas (black histogram), L∗ galaxies
(green histogram), and mock galaxies (red histogram). The dashed
lines are the mean values for each filament extraction method.
On average, ∼19 per cent of mock galaxies are associated to gas
filaments, ∼17.5 per cent are associated to L∗-defined filaments
and ∼26 per cent are around mock galaxy-extracted filaments. The
figure also shows the fraction of the total volume that the filaments
occupy. Only a few per cent of the volume outside R200 (2 per cent
for Dskel < 0.7 h−1Mpc and 5 per cent for Dskel < 1 h−1Mpc) are
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5h-1Mpc

5h-1Mpc 5h-1Mpc

5h-1Mpc

Figure 12. One (random) example cluster of THE THREEHUNDRED project depicted at four different angles. Each pair shows the cluster in gas particles (left)
and DISPERSE filament network with associated mock galaxies (right). The filament network was extracted from the distribution of mock galaxies with M∗ >

3 × 109M�.

Figure 13. The fraction of mock galaxies (haloes with M∗ > 3 × 109M�)
in filaments (Dskel < 0.7 h−1Mpc) varies by ∼ 10 per cent depending on
different filament extractions. We show histograms of the fraction of mock
galaxies in gas filaments drawn for all 324 clusters in black, mock galaxy
filaments in red, and L∗ filaments in green. Dashed lines are the mean
values. Also shown is the fraction of the total volume that the filaments
occupy. We use this to normalize the fraction of mock galaxies associated
to filaments. This is shown in the insert. Outside R200, filaments occupy
between 2 per cent and 5 per cent of the volume cluster infall region but
contain up to a quarter of the mock galaxies. This reduces to ∼15 per cent
for all extraction methods when we normalize the fractions by the volumes.

occupied by filaments, but they contain up to a quarter of all mock
galaxies.

The insert shows galaxy fractions for each filament-finding
method normalized by the volume they occupy. Gas and L∗ filaments

occupy similar volumes and trace a similar fraction of mock
galaxies. Mock galaxy filaments have a higher fraction of galaxies
(∼26 per cent) but also occupy more volume. This is evident in the
insert, where the red line jumps from the highest fractions to having
fractions similar to the L∗ and gas networks. Evidently, our mock
galaxy extraction is passing through regions with galaxies more
frequently than gas or L∗ filaments. This means that – despite our
efforts to replicate filaments based on gas particles – our filament
finding based on mock galaxies does not carve out the same galaxy-
filled regions as the filaments based on gas particles; it carves out
more volume and finds more galaxies. Normalized by the volume,
all filament finders find a similar fraction of mock galaxies: between
∼12 per cent (L∗ and mock galaxy filaments) and ∼14 per cent
(gas filaments). While the difference is minimal, it shows that gas
filaments are most successful in tracing regions dense in galaxies.
While this leads to some contamination in the characterization
of the filament network, it adds very little contamination to the
galaxies in filaments. We speculate that this discrepancy is due to
the persistence threshold we chose.

3.3.2 The impact of detection limits and cluster properties

Does the number of galaxies in filaments depend on the sample
depth or cluster properties? Fig. 14 shows the fractions of galaxies
in filaments (Dskel < 0.7 h−1Mpc) outside the cluster’s R200 as
a function of cluster mass (Fig. 14i) and relaxedness (Fig. 14ii).
Each point represents the fraction of galaxies in weighted mock
galaxy filaments of one cluster, while the bands indicate the means
of the point distributions and corresponding errors. The fraction
of galaxies in filaments is galaxy–mass dependent. For a given
filament extraction method, massive galaxies are more likely to be
in filaments than outside filaments. More than half of all Milky Way-
type galaxies belong to filaments (55.8 per cent, orange dot–dashed
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(i) dependence on cluster mass

(ii) dependence on dynamical state of the cluster

Figure 14. The fraction of haloes in filaments does not depend on mass or dynamical state of the cluster. However, the fraction changes dramatically with
galaxy mass. Shown are three mass cuts: Milky Way-type simulated galaxies with M∗ > 5 × 1010 in orange dot–dashed lines, L∗ galaxies with M∗ > 1010 in
green solid lines, and the lower mass selection of mock galaxies with M∗ > 3 × 109M� in red dashed lines. Coloured bands are 1σ error on the mean. About
a quarter of all mock galaxies are associated to filaments, whereas more than half of all Milky Way-type galaxies are found in filaments.

line). This fraction drops to 46.3 per cent in L∗ galaxies and to
∼26.5 per cent in mock galaxies with M∗ > 3 × 109M� (red dashed
line). Naturally, the numbers increase if we increase the thickness
of the filaments: the MW-galaxy fraction increases to 60.8 per cent
and the mock galaxies fraction increases to 30.8 per cent for Dskel

< 1 h−1Mpc. This galaxy–mass dependence is a manifestation of
the observed transverse stellar mass gradient of galaxies towards
filaments, i.e. massive galaxies are closer to filament centres than
less massive galaxies (Malavasi et al. 2016; Kraljic et al. 2017;
Laigle et al. 2017). These studies have also shown that even on
large cosmic-web scales and when the contributions of the nodes
(clusters) are removed, mass gradients towards filaments prevail.

The figures further show that the fraction of galaxies in filaments
does not depend on the mass (Fig. 14i) or on the dynamical status
of the cluster, as expressed by the relaxedness parameter (Fig. 14ii).
Cluster mass grows self-similarly. This is true for all filament

extraction methods and galaxy mass limits that we tested. Note that
the total number of galaxies in filaments increases with cluster mass,
but the fraction stays the same. This is because the galaxy number
density is higher around more massive clusters. At the same time,
because massive clusters are usually more unrelaxed (Section 2),
the number of galaxies in filaments decreases with relaxedness but
not the fraction.

The dynamical state (relaxedness) is not intrinsic or fundamental
to the cluster but evolves over time. Processes in their recent history
since z = 0.4 are crucially effecting their composition at the present
day. Haggar et al. (2020) have shown that unrelaxed, dynamically
active clusters have been accreting a large amount of material in the
last few Gyrs, which we might expect to increase the fraction of
galaxies in the filaments around them. However, because the clusters
rapidly grow their R200, the population of galaxies in filaments close
to R200 is incorporated by the growth of the cluster. Consequently,
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Figure 15. Percentage of mock galaxies in gas filaments (Dskel <

0.7 h−1Mpc) as a function of radius for 324 clusters from THE THREE-
HUNDRED project at z = 0 (black lines and solid mean), normalized by R200.
Grey lines show the percentage of random associations to filaments. Lines
converge inside R200 where filaments are closer together than they are thick.
The corrected percentage of galaxies in filaments is plotted in the lower
panel. The percentage of galaxies in filaments increases from ∼13 per cent
at the edge of the box to ∼21 per cent at ∼ 1.5 R200.

we do not see a higher fraction of galaxies in filaments in unrelaxed
clusters (Fig. 14).

3.4 A pile-up of galaxies in filaments closer to cluster centres

The previous analysis showed the mass-dependent fraction of
galaxies associated with filaments using one average value for every
cluster volume. In the following section, we investigate whether the
fraction of galaxies in filaments depends on the radial distance to
the cluster centre. In addition to an increase of the galaxy density
towards the cluster centres, we also expect galaxy mass gradients
driven by the local mass–density relation, making more massive
galaxies more prevalent in dense regions. Because in addition to
these local effects, massive galaxies are also closer to filaments as
a secondary driver, we may expect a higher fraction of galaxies in
filaments closer to clusters.4

In Fig. 15, we show the mean percentage of mock galaxies in
gas filaments (with Dskel < 0.7Mpc) as a function of radius in steps
of 500 pc (black lines). Going from the edge of the box to the
cluster’s R200, we see that the fraction of mock galaxies belonging
to filaments increases by about 10 per cent from ∼ 15 per cent to
∼ 25 per cent. Closer to the cluster centre, the signal of the central
halo is buried under the dominance of accumulating filaments in
the small volume. Filaments are bunched together more closely
than they are thick – here, every galaxy will be near a filament.
Therefore, inside R200, the percentage of galaxies in filaments is

4We remind the reader that our motivation for this study is observationally
driven and therefore we chose to adopt a uniform thickness of the filaments.
As stated in Section 2.3.2, we see in simulations that gas and dark matter
filaments are getting thicker closer to nodes. Consequently, more haloes
should lie within filament boundaries closer to clusters. In our simplified
convention tailored to observations, however, this additional factor will not
be considered.

rapidly approaching 100 per cent. At large scales, fractions resemble
that of the cosmic average.

The grey lines consider an important effect: even if the distri-
bution of galaxies was random, some of them would still appear
associated to filaments. This problem is particularly acute close
to the cluster centres. We simulate this apparent association by
randomizing the angles of the filament networks. The dashed line
shows the average percentage of galaxies within Dskel < 0.7 h−1Mpc
for these randomized filament networks. This curve results from
the combined effect of the growing number of galaxies and the
increase in the fraction of the local volume occupied by filaments
as we approach the cluster centres. By stacking all 324 clusters, this
method allows us to correct for the random galaxy associations to
filaments with high statistical accuracy.

The lower panel of Fig. 15 shows the corrected percentages
of mock galaxies in gas filaments. Very close to the centre of
the cluster, the numbers of galaxies in filaments are meaningless
since we cannot distinguish between galaxies in filaments from
random associations. However, this problem declines quickly, and
by 1.5 × R200, the number of galaxies truly associated with filaments
dominates the expected number of random associations by a factor
of 10. Beyond 1.5 × R200, the probability for galaxies to be randomly
associated to filaments becomes negligible. The fraction of galaxies
in filaments steadily increases with proximity to the cluster from the
edge of the simulated box until ∼1.5 × R200. Between 4.5 × R200 and
∼1.5 × R200, the fraction increases significantly from 12.8 per cent
to 20.6 per cent. At ∼1.5 × R200, a plateau is reached and the
curve turns over. The fraction of galaxies in filaments apparently
declines beyond this point, but this close to the cluster centre the
fraction becomes meaningless. We see a similar increase of galaxies
in mock galaxy filaments, albeit less prominent and at higher
values (with an increase of corrected fractions from ∼21 per cent to
∼25.8 per cent).5

We conclude that the presence of a cluster influences the number
of galaxies in filaments in its vicinity. We speculate that this could
be, at least in part, a consequence of the high fraction of backsplash
galaxies in the region between 1 and 2R200 of the cluster. Haggar
et al. (2020) have shown that between 30 per cent and 70 per cent
(depending on cluster relaxedness) of all the galaxies in this region
are members of the backsplash populations. These are galaxies that
have passed through the centre of the cluster and are now located
in the region between R200 and 2R200. These galaxies may not be
isotropically distributed, retaining some memory of their accretion
direction, and thus showing some preference to be located near
filaments. The association of backsplash galaxies to filaments is
potentially interesting, but it exceeds the scope of this study and
will be examined in more detail in a future paper.

The pile-up of filament galaxies as we approach the clusters seen
in Fig. 15 indicates that the accretion on to filaments accelerates
closer to the cluster. This analysis therefore allows us to go beyond
a model of a pure spherical collapse (radially defined ‘cluster
core’, ‘infall region’, and ‘field’ regimes) and to characterize the
cluster ‘infall regime’ using filaments and their 3D structure as
additional environmental information. Whether a cluster galaxy has
been accreted through filaments or not may affect its properties and
evolution and depend on its exact accretion history. Being able to

5Note that we can speak only in general terms here and give average numbers.
Due to the oblate nature of clusters and the preference of filaments to align
with the major axis of the cluster (Section 2.3.1), we expect some anisotropic
variations to exist among the cluster sample.
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Figure 16. The confusion matrices (CM) document and evaluate the performance of associating galaxies to filaments in several 3D cases. The classification
model labels whether a galaxy is inside or outside a filament, using 3D gas filaments as the ‘true value’. Each CM assesses a different choice: (1) filament
thicknesses; Dskel < 0.7 h−1Mpc (top row) versus Dskel < 1 h−1Mpc (bottom row), (2) mass limits for galaxy-based filament extractions; M∗ > 3 × 109M�
(left-hand panel) versus L∗ = M∗ > 1010M� (right-hand panel), and (3) mass limits for galaxies associated to filaments; M∗ > 3 × 109M� (first and third
column) versus L∗ = M∗ > 1010M� (second and fourth columns). TP stands for true-positive, FN for false-negative, FP for false-positive, and TN for
true-negative rates, see text for details.

make this distinction is therefore important, and we will explore
this question in the future.

3.5 Performance evaluation for observations

Ideally, mock galaxies belong to both the ‘truth table’ (i.e. our
reference frame, where galaxies are associated to the gas filament
network) and the ‘predicted table’ (i.e. they are associated to the
filament network established using galaxies). Beyond this wish,
the decisions for narrower (e.g. Dskel < 0.7 h−1Mpc) or thicker
(e.g. Dskel < 1 h−1Mpc) filaments and for filaments based on a
deeper (e.g. M∗ > 3 × 109M�) or brighter (e.g. M∗ > 1010M�)
sample depend on the availability of (observational) data and the
scientific question being addressed. In the following section, we
assess purity, completeness, accuracy, and precision of the method
and samples we introduced in this paper. By monitoring different
realistic simulated cases, we aim to offer practical decision-making
support for selection strategies in observations.

3.5.1 The impact of filament detection methods on recovery rates

The confusion matrices (CM) in Fig. 16 document and evaluate the
performance of our classification based on the two criteria of being
inside or outside a filament network. In this test, we are interested
in a binary classifier: either a galaxy is part of a filament (‘inside’)
or it is not (‘outside’). We use galaxies outside R200 of the entire
cluster sample for these predictions and treat fractions of galaxies
in our reference filament network as our truth table: ‘True (3D
gas) filaments’. We test two filament extractions: ‘Predicted (3D-
weighted mock galaxy) filaments’ (left-hand panel, figures i– iv)
and ‘Predicted (3D L∗ galaxy) filaments’ (right-hand panel, figures
v– viii). We further show filament associations for galaxy samples
of two mass limits, fractions of mock galaxies (figures i, ii and v,
vi), and fractions of L∗ galaxies (figures iii, iv and vii, viii), as well
as two filament thicknesses (top rows for Dskel < 0.7 h−1Mpc and
bottom rows for Dskel < 1 h−1Mpc).

Fig. 16 can help make choices appropriate for the reader’s science
objective. First, decreasing the thickness of filaments leads to a purer
sample. The false-positive (FP) rate of galaxies in mock galaxy
filaments (i.e. galaxies that are measured as being in filaments
that really are not) decreases from 23 per cent in thicker filaments
(Dskel < 1 h−1Mpc figure ii) to 19 per cent in narrower filaments
(Dskel < 0.7 h−1Mpc, figure i). However, choosing thicker filaments
means that larger volumes get covered, which also leads to an
increase in completeness: The true-positive (TP) rate (i.e. galaxies
that are measured as being in filaments that truly are) increases from
60 per cent in narrower filaments to 71 per cent in thicker filaments.
For many applications, a low FP rate, e.g. below 20 per cent – and
thus an increase in purity – will be the desired goal. Therefore,
in the case where purity is most important, we advise narrower
filaments of the order of 0.7 h−1Mpc. If, however, the scientific
question benefits from a more complete sample, we advise to choose
defining thicker filaments of the order of 1 h−1Mpc. Put another
way, the accuracy will be higher in narrower filaments (Accuracy6

= 78 per cent versus 75 per cent), but the precision7 will be lower
(Precision = 43 per cent versus 57 per cent). The method, however,
stays the same. In this paper, we have explicitly discussed the effect
of the thickness on the results of our analysis whenever relevant.

Figures (iii) and (iv) show results for L∗ galaxies in mock galaxy
extracted filaments. Of all cases evaluated, this case reached the
highest completeness rates: 72 per cent of all L∗ galaxies lie within
narrow filaments (iii), increasing to 80 per cent for the thicker
filament (iv), i.e. only 28 per cent (20 per cent) of L∗ galaxies are
missed. However, the purity suffers. The FP rate of 33 per cent for
Dskel < 0.7 h−1Mpc and 36 per cent for Dskel < 1 h−1Mpc is the
highest of all cases. A quarter of all galaxies predicted to lie inside
filaments are actually outside.

6Accuracy = (TN + TP)/total number.
7Precision = TP/(TP + FP).
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In addition, we assess the following question: even if deep data for
filament extraction are available, is a network extraction based on
high-mass galaxies the better choice? Given that massive galaxies
trace filaments, this is a reasonable question to ask. Taking this
argument to an extreme case helps to underpin this issue: suppose
only the most massive galaxies trace and shape filaments and
low-mass galaxies are uniformly distributed, then using the entire
sample to find filaments is counterproductive. In an observational
setup, low-mass galaxies are also hardest to robustly classify as
members of the structure and therefore they will have the highest
membership contamination. The right-hand side of Fig. 16 evaluates
this possibility. In the network that was extracted using L∗ galaxies,
only half of all mock galaxies that actually are in filaments are
recovered (v). This increases to 63 per cent for thicker filaments
(vi). However, this offers relatively little contamination (FP rates of
11 per cent and 13 per cent, accuracy of 82 per cent and 80 per cent
for thinner and thicker filaments, respectively). Recovering L∗

galaxies in L∗ filaments yields both high accuracy (75 per cent and
76 per cent) and precision (58 per cent and 73 per cent for thinner
and thicker filaments, respectively).

In this paper, we have chosen to highlight the case of (weighted)
mock galaxies with M∗ > 3 × 109M� – for both filament extraction
and halo association – and of thinner filaments Dskel < 0.7 h−1Mpc.
Both of these choices are motivated by the WEAVE detection limit,
our wish to study galaxies to lower mass limits, and a preference
for low FP rates (less than 20 per cent, i.e. only one in five falsely
classified as galaxies in filaments). In practice, this means that
the assessment helped to make choices appropriate for our science
objective, for which we aim to maximize the contrast by choosing
the purest sample.

3.5.2 The impact of projections on recovery rates

Moving closer to realistic observational conditions, we test if galaxy
rates associated to filaments extracted in three dimensions may be
recovered in a 2D projection. Our final question therefore is: what
fraction of galaxies that are in filaments in 3D can we recover in
2D? Fig. 17 shows the confusion matrix using mock galaxies around
0.7 Mpc of 3D mock galaxy filaments as the ‘truth table’ and in 2D
as ‘predicted values’. This corresponds to our favoured selection
criterion introduced in Fig. 16i.

Because in 2D, the same number of 3D galaxies are projected
on to a plane, there are apparently more galaxies close to filaments.
We can therefore assume a high contamination rate for galaxies in
filaments extracted from a 2D projection of galaxies without any
additional information. Fig. 17 shows that in 2D, we predict twice
as many galaxies in filaments that actually are not than if we had
3D information (FP rate of 0.41 in 2D versus 0.19 in 3D for thinner
filaments and 0.48 in 2D versus 0.23 in 3D for thicker filaments).
That means that even in the case of well-identified filaments, still
half the galaxies are actually background or foreground galaxies.
However, we still correctly identify 67 per cent (75 per cent for
thicker filaments) of galaxies in filaments in 2D. So, the TP rate
or completeness is still relatively high compared to if we randomly
selected galaxies. A random selection of galaxies would yield only
a TP rate of 14 per cent (same as FP rate) compared to 67 per cent
if we select filaments in 2D. So while 2D filament extraction has its
drawbacks in comparison to the full 3D information, it still improves
the hit rate by almost five times in comparison to a random selection.

We remind the reader that these tests were performed in a
controlled volume of a sphere with 15 h−1Mpc radius around the

mock-galaxies Dskel < 0.7 Mpc

TP rate

TN rate

FN rate

FP rate

inside

inside

outside

outside

Figure 17. The confusion matrix describes the performance of associating
mock galaxies to filaments in 2D projection. The classification model we
use here labels whether a halo is inside or outside a filament (Dskel <

0.7 h−1Mpc), using mock galaxies in 3D for the extraction as ‘true values’.
The high false-positive rate (0.41) is largely the result of mis-classifying
projected foreground and background galaxies as part of filaments.

cluster. The biggest remaining issue in an observational framework
will be to remove foreground and background galaxies. One way
of doing this is by identifying the volume of interest through
spectroscopic redshifts. This will be the path for ensuring a clean
sample for the upcoming WWFCS where we expect between 4000
and 6000 spectroscopically identified cluster structure members out
to 5R200.

4 C O N C L U S I O N S

Filaments are regarded as a crucial pathway for transporting matter
into galaxy clusters. While the cores and virialized regions of
galaxy clusters and groups have been studied in detail, we must
remember that the vast majority of galaxies spend significant time
in large-scale filaments and in infall regions that feed clusters.
The outskirts of clusters are the regions where the infall and
virtualization of matter takes place, which is why future explorations
are designed to map, characterize, and study the large-scale structure
in the outer envelopes of galaxy clusters (Walker et al. 2019).
Understanding how galaxy properties are affected by the geography
of their environmental history depends largely on how accurately
and effectively we are able to map this geography. Due to the low-
density contrast outside R200 in cluster regions, measurements are
very challenging. It is therefore vital to test filament finding on
simulated clusters that mimic the observations.

We have used THE THREEHUNDRED project simulation suite to
map and characterize filamentary structures around 324 massive
simulated galaxy clusters. We extended our investigation from
gas tracers to mock galaxies and finished with an outlook for
observational setups of future surveys, specifically highlighting the
WEAVE WideField Cluster Survey WWFCS. We used realistic
halo catalogues to quantify our ability to trace filaments from 2D
observations limited to the immediate surroundings of clusters out
to 5R200.

The main findings of this work are:
Simulations
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(1) We are able to reconstruct the filamentary distribution sur-
rounding cluster out to 5R200, taking into account realistic observa-
tional limitations. Using the topological filament finder DISPERSE
(Sousbie 2011) for the extraction, we establish the filamentary
network around clusters based on smoothed gas particles as our
reference framework.

(2) Gas filaments align with the shape of the central (most
massive) halo. Specifically, filaments preferentially align with the
major axis of the cluster and do so more prominently in elongated
clusters. We also identify strong bridges between the halo and the
second most massive halo.

(3) Based on gas particle density profiles, we find that a constant
filament thickness of 0.7 h−1 Mpc radius is a reasonable choice.
However, changing this to a more relaxed 1 h−1 Mpc thickness – as
was used by some authors in the literature – does not make a very
large difference to our methods and results and present and assess
results for both values when relevant.
Towards observations

(4) Using the filamentary network constructed from the gas
particles as reference, we find that we are able to reliably extract
filaments in 3D using mock galaxies based on simulated haloes
with M∗ > 3 × 109M�, tailored to the mass limit and expected
numbers of the upcoming WWFCS. This is achieved by applying
mass weighting to the mock galaxy distribution as part of the
extraction process. We are also able to reconstruct the filament
network with reasonable accuracy using a higher mass limit of M∗
> 1 × 1010M�, corresponding to the ∼L∗ limited samples already
available in existing cluster surveys.

(5) We find that filament extraction from millions of simulated
gas particles to thousands of simulated haloes impacts the reliability
of filament extraction more than the projection from a 3D halo
distribution to projected 2D distribution: filaments are recovered
well in 2D compared to 3D.

(6) Filaments occupy only a small fraction (a few per cent) of
the entire simulated volume outside R200, but a quarter of all mock
galaxies with M∗ > 3 × 109M� are in filaments (with a distance
to filament ridges Dskel < 0.7 h−1Mpc). Normalized by the volume
the filaments occupy, between 12 per cent and 14 per cent of mock
galaxies lie in filament, depending on extraction method.

(7) The fraction of mock galaxies in filaments is independent of
the mass or dynamical status of the central cluster but depends on
the mass limit of the mock galaxy samples. For a given filament
extraction method, more massive galaxies are more likely to be in
filaments.

(8) The presence of a cluster influences the number of galaxies in
filaments in its vicinity. The fraction of galaxies in gas filaments in-
creases from ∼13 per cent at 5R200 to a maximum of ∼20.5 per cent
at 1.5R200.

(9) We present a set of CMs that can help to choose appropriate
selection criteria for filament extractions. If the goal is a maximally
pure sample, it is better to define thinner filaments and extract
filaments using a galaxy sample with a relatively low-mass limit.
This is harder to achieve closer to the cluster, where it is difficult to
tell whether a galaxy is in or out of the converging filament network.
If the scientific question benefits from a more complete sample, it
is better to define thicker filaments.

(10) In observations, i.e. projected 2D space, we correctly iden-
tify 67 per cent (75 per cent for thicker filaments) of haloes in
filaments. In comparison, only 14 per cent of randomly selected
galaxies lie in filaments. The methods presented here are therefore
five times more efficient than a random selection of galaxies.

The approach presented in this paper allows to go beyond the
traditional environmental regimes of cluster core, infall region, and
field – which is based on a spherical collapse model. As we departure
from sphericity, the cluster’s region of influence is manifested
by the facts that (1) the central halo itself is not spherical, (2)
the accretion shock and backsplash galaxies are likely distributed
in preferential directions (Haggar et al. 2020), (3) the cosmic
filaments are connected to the cluster in preferential directions
(Section 2.3.1), and (4) galaxies preferentially lie in filaments
(Section 3.3). Combined, this leads to an increasingly non-spherical
appearance of the cluster. In addition, the tracers that form filaments
are biased in the sense that more massive galaxies lie preferentially
in the vicinity of filaments.

Applied to future observations, our method provides the ground-
work for successful realizations of research projects that involve the
analysis and interpretation of a new generation of galaxy evolution
experiments.
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