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ABSTRACT

As the environment harbouring the majority of galaxies, filaments are thought to play a key role in the co-evolution of galaxies and
the cosmic web. In this first part of a series to understand the link between galaxies and filaments through cosmological simulations,
we address two major current obstacles on this path: the difficulty of a meaningful filament identification, and their poorly constrained
properties and internal structure. We use the public EAGLE and TNG100 simulations to build physically motivated filament catalogues
with the DisPerSE algorithm based on the dark matter (DM) field at redshifts z = 0 and z = 2, explicitly accounting for the multi-
scale nature of filaments and carefully validating our results. Filament widths, lengths, and densities vary by factors of ≈5−100 in
both simulations, highlighting the heterogeneous nature of filaments as a cosmic environment. All filaments are relatively thin, with
overdensity profiles of galaxies, DM, and gas dropping to the cosmic mean within at most ≈3 Mpc from their spines. In contrast with
groups and clusters, filament cores are highly substructure dominated, by as much as ≈80%. Filament gas maps reveal rich temperature
and density structures that limit the applicability of simple cylindrically symmetric models. The EAGLE and TNG100 simulations
both show that z = 2 filament spines are traced by overdense cool gas in pressure equilibrium with a >10 times hotter envelope.
However, significant differences in the details between their predicted gas property maps imply that individual simulations cannot yet
describe the baryon structure of filaments with certainty. Finally, we compare our fiducial filament network to one constructed from
galaxies. The two differ in many aspects, but the distance of a galaxy to its nearest galaxy-based filament still serves as a statistical
proxy for its true environment.
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1. Introduction

On scales of &1 Mpc, the matter distribution in the Universe
traces a complex structure that is now commonly referred to
as the ‘cosmic web’ (Bond et al. 1996): underdense voids fill
the majority of the cosmic volume, sheet-like walls surround
their edges, one-dimensional filaments lie at the intersection of
walls, and finally nodes – massive collapsed haloes that represent
the densest cosmic regions – sit at the intersection of filaments.
The current view of this large-scale structure emerged from the
first systematic galaxy redshift survey (CfA; Davis et al. 1982)
combined with the theory of anisotropic gravitational collapse
(Zel’dovich 1970), evidence for the abundance of non-baryonic
dark matter (DM; see Peebles 2017 and references therein), and
pioneering numerical simulations of a cold dark matter (CDM)
universe (Davis et al. 1985). More recent surveys have mapped
the cosmic web out to at least redshift z ∼ 1 (e.g. Kitaura et al.
2009; Malavasi et al. 2017; Davies et al. 2018), while simula-
tions have confirmed that its structure holds in the concor-
dance Lambda CDM (ΛCDM) cosmology (e.g. Springel et al.
2005; Angulo et al. 2012), in the presence of baryons (e.g.
Pakmor et al. 2023; Schaye et al. 2023), and also when consid-
ering alternative DM models (e.g. Schneider et al. 2012).
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The cosmic web is not just a valuable tool for cosmol-
ogy (e.g. Bond et al. 1996; Amendola et al. 2018; Bonnaire et al.
2022; Wu et al. 2025); it is also of central importance for
understanding galaxy evolution. The earliest evidence of a link
between the two was the overabundance of early-type and
red galaxies in regions of higher galaxy density, now com-
monly referred to as the morphology-density (e.g. Oemler
1974; Dressler 1980; Postman & Geller 1984; Bamford et al.
2009) and colour-density relations (e.g. Poggianti et al. 1999;
Balogh et al. 2004; Peng et al. 2010). Closely related trends have
since been found for more physical galaxy properties (see e.g.
the reviews by Blanton & Moustakas 2009; Alberts et al. 2022,
and references therein). Together, they imply a significant co-
evolution of galaxies and their surrounding large-scale structure.
This bond is strongest in the densest environments, i.e. nodes
that correspond to massive haloes, but it persists in the more
modest overdensities (e.g. Peng et al. 2010; Alberts et al. 2022)
that encompass the majority of mass and galaxies in the Uni-
verse and are characteristic of filaments (e.g. Hahn et al. 2007;
Cautun et al. 2014).

While the existence of cosmic filaments is evident from both
galaxy surveys and the DM distribution predicted by cosmolog-
ical simulations, detecting them in an objective and quantitative
way is considerably more challenging than for haloes. One rea-
son for this is that filaments are generally less dense than haloes,
so they stand out less prominently from their surroundings.

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.

A145, page 1 of 28

https://doi.org/10.1051/0004-6361/202554079
https://www.aanda.org
http://orcid.org/0000-0002-3196-5126
http://orcid.org/0000-0002-9655-1063
mailto: yannick.bahe@nottingham.ac.uk
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org


Bahé, Y. M. and Jablonka, P.: A&A, 702, A145 (2025)

Another reason is that filaments are not virialised and there-
fore lack the (approximate) spherical symmetry of haloes. As a
result, there is no analogue to the virial radius that could define a
natural boundary of filaments based on analytic theory. Finally,
their inherently connected nature makes it difficult to partition
the cosmic filament network into its individual elements – again
in contrast to haloes, which are typically well separated from
each other.

In response to this challenge, a number of sophisticated fila-
ment finder algorithms have been developed over the last two
decades. They are based on a variety of mathematical and/or
physical concepts, including stability criteria from the theory
of dynamical systems (e.g. Hahn et al. 2007), graph theory
(e.g. Barrow et al. 1985; Bonnaire et al. 2020), Hessian-based
geometry (e.g. Aragón-Calvo et al. 2007; Cautun et al. 2013),
percolation theory (e.g. Einasto et al. 2018), stochasticity (e.g.
Tempel et al. 2016), topology (e.g. Sousbie 2011), and phase
space (e.g. Falck et al. 2012). Libeskind et al. (2018) present an
in-depth discussion and comparison of 12 of these codes, all
of which use similar terminology for different definitions of
filaments.

A sizeable number of works have used these algorithms
for quantitative filament studies. Theoretical investigations have
analysed filaments in cosmological simulations. Such works
extract the filaments, and potentially other cosmic web envi-
ronments, either directly from the (dark) matter density field
(e.g. Ganeshaiah Veena et al. 2019; Martizzi et al. 2019) or from
the simulated galaxies in an attempt to match observations (e.g.
Dubois et al. 2014; Galárraga-Espinosa et al. 2020; Hasan et al.
2024). A subset of these works are focused on the overall struc-
ture and mass content of the filaments, such as their length
and width (e.g. Gheller et al. 2016; Galárraga-Espinosa et al.
2020), different gas phases (e.g. Martizzi et al. 2019, 2020;
Tuominen et al. 2021), their connection to galaxy clusters (e.g.
Kuchner et al. 2021; Vurm et al. 2023; Rost et al. 2024), or their
evolution with redshift (e.g. Galárraga-Espinosa et al. 2024;
Wang et al. 2024). Many others have studied the distribution
and properties of galaxies in filaments (e.g. Kraljic et al. 2019;
Singh et al. 2020; Bulichi et al. 2024; Hasan et al. 2024).

At the same time, filaments have also been extracted
from observed galaxy catalogues with precise distance mea-
surements. Examples include spectroscopic redshift surveys,
such as the SDSS (e.g. Malavasi et al. 2020; Winkel et al.
2021; O’Kane et al. 2024) or VIPERS (Malavasi et al. 2017);
photometric surveys with high-quality photometric redshifts,
such as COSMOS (e.g. Kraljic et al. 2018; Laigle et al. 2018);
or direct distance measurements in the local Universe (e.g.
Castignani et al. 2022; Hoosain et al. 2024). These works have
generally focused on the galaxy properties within filaments, in
particular their stellar mass, star formation activity, metallicity,
and atomic hydrogen content. Most of these works report signif-
icant correlations of these properties with the distance between
the galaxy and a filament spine.

Despite this large body of literature, a clear physical under-
standing of the structure of filaments and how they co-evolve
with their galaxies is still lacking. There are a number of inter-
connected reasons for this. First, the common approach of
identifying filaments from galaxies leads to difficulties in the
interpretation of results. For example, massive galaxies are typ-
ically surrounded by a large number of ‘satellites’ that cre-
ate local galaxy density peaks. Filament spines will therefore
by construction pass close to them, potentially inducing the
observed trend with stellar mass and correlated galaxy proper-
ties. Using simulations, Laigle et al. (2018) have reported broad

agreement between dense filament spines identified from galax-
ies and from DM, but with offsets that can exceed 1 Mpc. In
observations, the use of galaxies as filament tracers is currently
unavoidable, as the direct detection of diffuse gas in filaments
is typically limited to rare individual cases (e.g. Cantalupo et al.
2019; Tornotti et al. 2025a) or stacks of previously identified fil-
aments (e.g. de Graaff et al. 2019; Tanimura et al. 2022). Disen-
tangling cause and effect in the observed trends is therefore far
from trivial.

A second complication is the heterogeneous selection of
filaments in the literature. Many works study filaments on
the outskirts of galaxy clusters, both in observations (e.g.
Malavasi et al. 2020; Castignani et al. 2022) and simulations
(e.g. Gouin et al. 2022; Vurm et al. 2023). While it is easiest to
identify filaments in this environment, their selection is then nec-
essarily biased, and it is unclear to what extent results apply
to the full population. Similarly problematic is that most stud-
ies do not differentiate between different types of filaments and
implicitly treat them as one homogeneous environment. This
is a major oversimplification (see e.g. Galárraga-Espinosa et al.
2020), akin to neglecting the differences between a dwarf galaxy
and a massive elliptical.

Finally, the properties of filaments depend sensitively
on the algorithm used to identify them (Libeskind et al.
2018; Rost et al. 2020). As an example, the comparison of
Libeskind et al. (2018) found a factor ≈30 scatter in the median
DM overdensity of filaments extracted from the same simulation
by 12 different codes. The main reason for this striking inconsis-
tency is that the different algorithms were developed for a variety
of scientific objectives, and hence each code identifies subtly dif-
ferent structures as filaments. Most algorithms also contain user-
adjustable parameters that have a strong impact on the result (see
e.g. Galárraga-Espinosa et al. 2024) but for which there is no
commonly agreed default. When using galaxies as filament trac-
ers, their completeness limit likewise influences the outcome:
shallow surveys are limited to relatively massive galaxies (e.g.
Mstar & 1010 M� for the SDSS) that can only trace the thickest
filaments.

In light of these obstacles, progress requires four key ingredi-
ents. First, filaments must be identified independent of galaxies
to avoid circular conclusions. Second, we must analyse a repre-
sentative part of the cosmic web to sample the full filament pop-
ulation. Third, individual filaments must be separated to allow
them to be grouped by their properties and thereby account for
their heterogeneous nature. Finally, the filament extraction must
be characterised by calibrating it to the underlying density field
so that the type of filament identified is clear. To our knowledge,
no previous study satisfies all of these criteria.

This article is the first in a series aimed at overcoming the
aforementioned limitations in order to better understand how the
cosmic web and its galaxies influence each other. In the frame-
work of the concordance ΛCDM cosmology, we want to illu-
minate the structure of filaments and the role of galaxies within
them; the extent to which filaments affect the observed prop-
erties of galaxies; how present-day filaments and their galaxies
have assembled; and how the star formation history of galax-
ies is driven by the evolution – or lack thereof – of their large-
scale environment over all of cosmic history. All of these goals
require access to the three-dimensional distribution and evolu-
tion of DM, gas, and galaxies, and therefore an analysis based
on cosmological simulations is the only viable approach.

Modern simulations are well converged in their predic-
tions of the DM structure on scales greater than ≈1 Mpc (e.g.
Schneider et al. 2016; Angulo & Hahn 2022). Over the last
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decade, they have also made immense progress on baryon prop-
erties, especially due to the now common approach of cali-
brating uncertain simulation parameters to key galaxy prop-
erties (for recent reviews, see Vogelsberger et al. 2020 and
Crain & van de Voort 2023). A number of independent simu-
lations now predict galaxy populations with broadly realistic
masses, sizes, colours, and star formation rates – at least for
stellar masses 109 . Mstar . 1011 M� – and therefore serve
as valuable tools to explore the connection between galaxies
and large-scale structures. Two prominent examples are EAGLE
(Schaye et al. 2015) and IllustrisTNG (Nelson et al. 2018). We
analyse these two simulations alongside each other to separate
robust predictions from more uncertain ones.

Several authors have previously identified filaments
in both of these simulations (e.g. Ganeshaiah Veena et al.
2019; Martizzi et al. 2019; Galárraga-Espinosa et al. 2020;
Bulichi et al. 2024; Hasan et al. 2024). However, none of the
catalogues from these works satisfy our needs: they use the
positions of galaxies as a basis, do not explicitly identify
individual filaments and/or their spines, or consider only one of
the two simulations. We therefore begin our investigation, in this
paper, by constructing purpose-made filament catalogues based
on the considerations discussed above, critically assessing the
influence of methodology and parameters. While we leave an
in-depth analysis of the galaxy properties in these filaments to
the next part of the series, we here examine the predicted variety
of filament lengths, radial density profiles, and widths (the last
of which is defined by contrast to the background density) as
well as the redshift evolution between z = 0 and 2. Furthermore,
we analyse the properties of gas in and around filaments in
anticipation of its critical role in any interactions with galaxies.

The remainder of this paper is structured as follows. In
Sect. 2 we summarise the most relevant aspects of the EAGLE
and IllustrisTNG simulations before describing our filament
identification procedure in detail in Sect. 3. We then discuss the
properties of filaments at z = 0 (Sect. 4) and also at z = 2
(Sect. 5). Given its key role in the interaction between filaments
and galaxies, we then analyse the properties of filament gas in
Sect. 6 before discussing the impact of identifying filaments
from galaxies rather than DM in Sect. 7. We summarise our
results and present the salient conclusions in Sect. 8. Through-
out, we use a ΛCDM cosmology with the same parameters as
in the underlying simulations: H0 = 67.77 km s−1 Mpc−1, ΩΛ =
0.703, and Ωm = 0.307 for EAGLE; H0 = 67.74 km s−1 Mpc−1,
ΩΛ = 0.6911, and Ωm = 0.3089 for IllustrisTNG. We denote
co-moving and proper lengths with the prefix ‘c’ and ‘p’, respec-
tively, and use ‘h-free’ units for lengths and masses except when
quoting from other works.

2. The EAGLE and IllustrisTNG simulations

Because our aim is to study a representative part of the cosmic
web, we require a simulation that is large enough to include
structures up to the scale of galaxy clusters but that also has a
high enough resolution for converged galaxy properties down to
mass scales well below the Milky Way, Mstar ∼ 109 M�. The
former implies a volume of V & (100 cMpc)3, while the lat-
ter implies a (baryon) mass resolution of m . 106 M�. These
conditions are met by two publicly available simulation suites,
which we use for our study: EAGLE and IllustrisTNG. They
were developed independently of each other and differ in several
key modelling aspects so that a comparison between them allows
us to assess the robustness of our results to modelling assump-
tions and hence enables separation of physical from numeri-

cal effects. We summarise their aspects most relevant to our
work below and refer to Schaye et al. (2015), Vogelsberger et al.
(2014), Weinberger et al. (2017), and Pillepich et al. (2018a) for
full details.

2.1. The EAGLE simulation

The EAGLE project (Schaye et al. 2015, see also Crain et al.
2015) consists of a suite of cosmological N-body + smoothed
particle hydrodynamics (SPH) simulations, performed with a
heavily modified version of the Gadget3 code (last described
by Springel 2005). We mainly use the largest-volume realisa-
tion of the ‘Reference’ model (Ref-L0100N1504 in Schaye et al.
2015; EAGLE[-Ref100] in the following) that evolves a
(100 cMpc)3 volume from initial conditions at z = 127 to the
present day (z = 0). Apart from the gravity and hydrodynamics
calculation, the simulation includes ‘sub-grid’ prescriptions for
relevant astrophysical processes that arise on unresolved scales:
gas cooling and heating (Wiersma et al. 2009a), reionisation
(Schaye et al. 2015), star formation (Schaye & Dalla Vecchia
2008), metal return from stellar evolution (Wiersma et al.
2009b), energy feedback from star formation in stochastic ther-
mal form (Dalla Vecchia & Schaye 2012) with an efficiency that
scales with local gas density and metallicity (Crain et al. 2015;
Schaye et al. 2015), as well as supermassive black hole seeding,
growth, and the associated energy feedback (‘AGN feedback’;
Rosas-Guevara et al. 2015; Schaye et al. 2015). Relevant to our
discussion of filament gas properties (Sect. 6), the simulation
has a numerical entropy floor to prevent the formation of an
inadequately modelled dense-cold gas phase. As a result, tem-
peratures of dense gas (nH & 0.1 cm−1) are limited to a floor
T > 104 K that increases with density (Schaye et al. 2015, see
also Schaye & Dalla Vecchia 2008).

As explained by Schaye et al. (2015), key parameters of
these sub-grid models–in particular the energy efficiency of star
formation and AGN feedback–are poorly constrained and must
therefore be calibrated. For EAGLE, this calibration was primar-
ily performed against the observed stellar masses and sizes of
galaxies in the local Universe (Crain et al. 2015). This approach
also leads to broadly realistic predictions of star formation rates
and quenched fractions (Schaye et al. 2015), neutral gas con-
tent (Bahé et al. 2016; Crain et al. 2017), and galaxy colours
(Trayford et al. 2015), amongst many others. The properties of
filaments, however, were not considered in this calibration and
can therefore be regarded as genuine simulation predictions that
allow strong tests of the underlying models.

EAGLE-Ref100 models the evolution of 15043 DM parti-
cles (each with mass mDM = 9.69 ·106 M�) and an initially equal
number of gas particles1 (with initial mass minit

gas = 1.81 ·106 M�),
whose properties are stored at 29 snapshots between z = 20
and 0. In each of these snapshots, structures are identified in a
two-step procedure. First, a friends-of-friends (FoF) algorithm
with a linking length b = 0.2 times the mean inter-particle sep-
aration is run on the DM particles to identify spatially disjoint
‘haloes’. In a second step, the Subfind algorithm (Dolag et al.
2009, see also Springel et al. 2001) is used to find gravitation-
ally self-bound ‘subhaloes’ within each FoF halo, now includ-
ing baryon particles. For this work, we identify subhaloes with a
total stellar mass of at least 108 M� as galaxies. At z = 0 (2) there
are 40 312 (35 149) galaxies with stellar mass Mstar > 108 M�
in EAGLE-Ref100; 13 300 (8043) have Mstar > 109 M� and

1 A few per cent of these are converted to star or black hole particles,
or swallowed by the latter, over the course of the simulation.
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hence reasonably well converged baryonic properties, in partic-
ular quenched fractions (Schaye et al. 2015). All data is publicly
available (McAlpine et al. 2016).

2.2. The TNG100 simulation

In addition to EAGLE-Ref100, we perform our analysis
on the public IllustrisTNG100 simulation (‘TNG100’ from
now on) from the IllustrisTNG project (Marinacci et al. 2018;
Naiman et al. 2018; Nelson et al. 2018, 2019a; Pillepich et al.
2018b; Springel et al. 2018). This simulation is based on a fun-
damentally different hydrodynamics solver – the arepo mov-
ing mesh code (Springel 2010) that also includes ideal magneto-
hydrodynamics – and different sub-grid models than EAGLE.
In particular, stellar energy feedback is implemented in kinetic
from through hydrodynamically decoupled winds with explic-
itly prescribed speeds and mass loadings, while AGN feedback
transitions from a numerically inefficient ‘quasar mode’ to a
highly efficient ‘jet mode’ at low black hole accretion rates
(Weinberger et al. 2017, 2018). Similarly to EAGLE, dense gas
is limited to temperatures T & 104 K, in this case through
an effective equation of state in the sub-grid model for star-
forming gas (Springel & Hernquist 2003). The key parameters
of the TNG model were calibrated against observations of the
local Universe that, in contrast to EAGLE, also include galaxy
colours and the gas fractions of massive haloes. At the resolu-
tion of TNG100, the model reproduces these calibration diagnos-
tics well, in addition to a wide range of other galaxy properties
(e.g. Donnari et al. 2019; Xu et al. 2019; Bustamante & Springel
2019; Gebek et al. 2024).

The side length of the TNG100 simulation box is 75 h−1 =
110.7 cMpc, resulting in a 36% larger simulated volume than
EAGLE-Ref100. DM particles have a mass of mDM = 7.46 ·
106 M�, while the average mass of a gas resolution element (i.e. a
gas cell) is mgas = 1.39 ·106 M�. Both of these are slightly (23%)
lower than for EAGLE-Ref100. The identification of haloes and
subhaloes is very similar as for EAGLE, also using the Subfind
algorithm. Commensurate with its larger volume, TNG100 con-
tains slightly more galaxies than EAGLE: at z = 0 (2) there are
49 914 (48 325) with Mstar > 108 M�; 21 052 (12 281) of them
have Mstar > 109 M�.

3. Filament identification

In contrast to haloes and subhaloes, filaments are not detected by
Subfind because they are less overdense and not gravitationally
self-bound; a dedicated filament finding step is therefore neces-
sary. As we cannot re-use one of the filament catalogues from
previous works (see the Introduction), we therefore begin our
analysis by building our own, based on the three-dimensional
DM density field and the publicly available, well-established
topological DisPerSE algorithm (Sousbie 2011; Sousbie et al.
2011). In the remainder of this section, we first discuss the subtle
but important limitations that arise from the multi-scale nature
of the cosmic web (Sect. 3.1), then describe our approach to
extract filaments with DisPerSE (Sect. 3.2), and finally discuss
our choice for the various parameters inherent in this process
(Sect. 3.3).

3.1. The problematic multi-scale nature of filaments

The simple picture of the cosmic web as a hierarchical structure
of voids, walls, filaments, and nodes only describes the large-

scale structure in the Universe to first order. Instead, the real cos-
mic web is a multi-scale structure. Ultra-high-resolution zoom-
in simulations have shown that ΛCDM voids contain plentiful
structure in the form of DM filaments and haloes, down to at
least ∼10 pc scales (Wang et al. 2020). As we show in the top
panel of Fig. 1, DM within filaments is similarly structured into
haloes, some of them connected to (smaller) sub-filaments, while
much of the main filament has a density closer to the back-
ground than to the most prominent peaks. This intricate multi-
scale structure arises because filaments, walls, and voids are not
virialised, and therefore – unlike within haloes – the DM in them
is not stabilised against further gravitational collapse (in fact, we
show in Sect. 4.4 that the substructure fraction is even higher
within than outside filaments).

There are two particular consequences of this situation. First,
DM filaments are traced by a series of peaks that are rela-
tively isolated locally, and not by a smooth background overden-
sity as in haloes. This is quite different from what is implicitly
assumed by topological filament finders, such as DisPerSE: its
approach of identifying filaments as critical lines between peaks
and (2-)saddles only works if there is actually a continuous den-
sity gradient on the scale of interest. Without corrective steps,
the filament network identified by DisPerSE from the DM den-
sity field will therefore not correspond to the main underlying
structure. For the same reason, the seemingly obvious analogy
between filaments and the ridges of a mountain range between
two peaks (e.g. Galárraga-Espinosa et al. 2024) captures more
their ideal rather than actual nature: mountain ridges are locally
well-defined, with altitude variations along them typically only
a fraction of the peak elevation. A closer topographical analogy
for real filaments would be a chain of islands in the ocean.

The second consequence is that there is, strictly speaking, no
such thing as a ‘filament galaxy’. In a ΛCDM universe, galax-
ies live inside haloes (e.g. Wechsler & Tinker 2018), which are
(local) nodes, and because haloes are the locally dominant envi-
ronment even within a filament, any galaxy that is part of a fil-
ament will principally belong to this node rather than to the fil-
ament. If we want it to be associated with the latter, we must
explicitly discount the nodes represented by their own haloes2.

Since both problems stem from the existence of structures
below the scale of interest, a natural solution is to filter these
‘nuisance structures’ from the density field before running Dis-
PerSE. This minimum scale of interest must be specified and
clearly depends on the scientific objective: kpc-scale filaments
that feed individual galaxies, for example, are distracting for our
work but of central importance for studies of galaxy connectiv-
ity and accretion physics (e.g. Galárraga-Espinosa et al. 2023,
2025). Here, we define filaments as relevant if they are thick
enough to host well-resolved galaxies (Mstar > 109 M�). This
dependence on the science goal means that no filament catalogue
is universally applicable, even when one chooses a filament iden-
tification method that takes the multi-scale nature of the cosmic
web into account (e.g. NEXUS+; Cautun et al. 2013): the choice
of relevant scale is then absorbed into the algorithm, but it is
implicitly still made.

In practical terms, small-scale structures can be filtered out
in one of three ways. First, one may use a sparse tracer – such as
galaxies – that effectively hides the multi-scale complexity. As
illustrated in Fig. 1, galaxies do indeed line up approximately
linearly towards the centre of the DM filament, although by no
means exactly. However, in addition to the issue of circular con-

2 The same argument applies to galaxies within walls and voids, where
the local dominance of haloes is even greater.
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Fig. 1. Close-up view of one filament in the EAGLE-Ref100 simula-
tion. Shown is the dark matter (DM; top) and gas (bottom) surface
density in a 6 × 6 × 6 Mpc cube at z = 0. In both cases, the colour
map changes halfway between the cosmic average (Σ) and the 99.99
percentile to highlight the low- and high-overdensity regions. Galax-
ies with Mstar > 109 M� are depicted as open green circles. The DM
is concentrated into clumps with a density >10× above the smooth fil-
ament background. The gas is more smoothly distributed and shows a
continuous filament structure, but still has noticeable peaks up to ≈5×
the smooth background, due to the presence of galaxies and feedback-
driven haloes. Neither corresponds to the smooth density field implicitly
assumed by topological filament finders, which complicates the filament
identification.

clusions as discussed in the Introduction, the density field recon-
structed from galaxies is necessarily very coarse and ignores
much of the useful information provided by the DM: even
down to Mstar = 109 M�, there are only 13 300 galaxies in the

(100 Mpc)3 volume of EAGLE at z = 0, which corresponds to a
mean inter-galaxy separation of 4.2 Mpc, and still ∼1 Mpc within
(overdense) filaments (Fig. 1). Moreover, the scale of identifi-
able filaments is then not set explicitly by our science goal, but
implicitly and indirectly by the availability of galaxies.

Another option is to use a highly sampled tracer that is less
susceptible to small-scale structure formation, i.e. the gas. As
illustrated in the bottom panel of Fig. 1, the gas distribution is
indeed much smoother than the DM, with the densest part form-
ing a continuous structure as opposed to the very isolated den-
sity peaks for DM. Nevertheless, local density peaks persist at
the location of galaxies. More problematically, gas in the vicin-
ity of haloes is subject to strong feedback from star formation
and AGN. This not only creates structures that have no counter-
part in DM and are hence arguably not part of the cosmic web,
but different plausible feedback implementations in simulations
lead to strongly differing outcomes in terms of how gas is ejected
from haloes (see e.g. van Daalen et al. 2020). Identifying fila-
ments from the gas would therefore complicate the interpretation
of results substantially.

Given these unsatisfying alternatives, we use a third option:
our filament finding is based on the position of simulated DM
particles, with the problem of small-scale structure mitigated by
smoothing the DM density field before identifying cosmic web
features. As we detail below, this approach requires calibration
and is therefore, in the absence of a well-defined benchmark,
necessarily somewhat subjective. However, combined with care-
ful examination of the result, it allows us to identify cosmic fila-
ments in a quantitative and physically meaningful way.

3.2. DM filament identification with DisPerSE

Based on the considerations discussed above, we identify fila-
ments from the simulated DM density field in a sequence of six
steps, each involving one or more parameter choices. For clarity,
we first describe our fiducial procedure, giving full details but
only minimal explanations. We then revisit each step individu-
ally in Sect. 3.3, where we explain and justify our choices.

Starting from the coordinates of individual DM particles, we
construct the DM density field on a regular three-dimensional
grid, with 1200 cells per dimension for EAGLE, corresponding
to a cell size of 83.3 kpc. For TNG100, we use the same cell
size, i.e. a grid with 1329 cells per dimension. We use nearest-
grid-point interpolation, in other words assigning the entire mass
of a particle to the cell at its position. The resulting density
field is then smoothed to suppress small-scale features in the
(real) density field, as well as reduce the sensitivity to sampling
noise3. Following Cautun et al. (2013), we smooth the logarithm
of the density field (log10 ρ/ρ, where ρ denotes the cosmic mean
density). Smoothing is done with a spherical Gaussian kernel
with a standard deviation of 0.5 Mpc (see Sect. 3.3.2). Once
smoothed, we downsample the density cube by a factor of 33,
i.e. to N = 400 cells of side length ∆x = 0.25 Mpc per dimen-
sion. This downsampling is necessary for DisPerSE to run in a
reasonable length of time (∼5 hours) and within the constraints
of available memory.

With the final DM density cube constructed, we extract the
filamentary ‘skeleton’ of the cosmic web with DisPerSE, specif-
ically its mse task. We run mse in its alternative mode with
the input density provided as a FITS cube, with fully periodic

3 We have found that DisPerSE crashes consistently without this step,
likely because a large number of cells in the unsmoothed field have a
value of zero.
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boundary conditions as appropriate for our simulation input. In
this mode, the ‘persistence threshold’ T must be specified as an
absolute value, rather than in terms of the statistical significance
(‘multiples of σ’) typically used with discrete sample inputs
such as galaxy positions. As detailed in Sect. 3.3.3, we choose a
threshold T = 4 ·107 M�/Vcell, where Vcell = 1.56 ·10−2 Mpc−3 is
the volume of one DM field cell, to capture the majority of visu-
ally clear and relevant filaments while minimising the number of
filament identifications that do not correspond to clear features
in the DM field.

DisPerSE traces filaments by their spines, which are made up
of short (∼300 kpc) straight-line ‘segments’ between a sequence
of ‘sampling points’. As described by Sousbie et al. (2011), the
exact location of these sampling points is noisy and suffers
from discretisation, which leads to artificial small-scale struc-
ture in the identified filaments. To mitigate this, we smooth the
filaments with the skelconv routine of DisPerSE, iteratively
replacing each sampling point with the average of its two neigh-
bours Nsmooth = 10 times (see Sect. 3.3.4). The result is a smooth
sequence of sampling points, with 80% of adjacent segments dif-
fering in their orientation by less than five degrees.

To cleanly separate filaments from the (major) nodes of the
cosmic web, i.e. galaxy groups and clusters, we identified any fil-
ament sampling points that lie within 3 r200c of a FoF halo4 with
mass M200c > 1013 M� (see Sect. 3.3.5). Segments connected to
any such points were masked out and considered not part of a fil-
ament. In other words, no identified filament spine has any part
that lies within 3 r200c of a group or cluster.

As a final step, we test whether any two filaments that start
or end at the same ‘critical point’ (node or 2-saddle) are suf-
ficiently closely aligned that they should be considered as two
parts of the same filament, rather than two separate structures.
Since each critical point may be connected to an arbitrary num-
ber of filaments, we first identify for each critical point the two
closest-aligned filaments; no others are considered for joining.
We then join these two filaments if the angle between them is
less than 60◦ (see Sect. 3.3.6), i.e. if their direction vectors are
(in 3D space) closer to being parallel than perpendicular. This
criterion is rather permissive and only excludes 11% of potential
joins.

The end result of this procedure is a catalogue of 2400 and
3189 filaments in EAGLE and TNG100, respectively5. A visual
impression of them is shown in Fig. 2, where we plot the fil-
aments in shades of orange and red over the underlying DM
density (greyscale). Both DM and filaments are only shown in
a 15 Mpc thick slab to reduce projection effects.

The filaments identified by our approach correspond closely
to the major structures of the DM density field. Unsurpris-
ingly, they are particularly prominent, and generally thickest
(red shades, see below) between the most massive haloes (light
blue circles), but they extend throughout the simulation volumes.
There is a plethora of additional DM filaments that we do not
identify, but as discussed above (Sect. 3.1) this is by choice–
hardly any of them contain galaxies with Mstar > 109 M� (indigo
circles). Visually, the global structure of the filament networks of
EAGLE and TNG100 is very similar. This is not surprising given
that the N-body part of the gadget and arepo codes is very
similar and that, more generally, the predictions for CDM struc-
4 We define r200c as the radius of a sphere centred on the potential
minimum of the halo within which the average density is 200 times the
critical density of the Universe. The mass within this sphere is denoted
as M200c.
5 Excluding filaments with a length of zero, which are likely an artefact
of DisPerSE.

tures are well-converged between simulations (see Section 8.5
of the review by Angulo & Hahn 2022 and references
therein).

As a quantitative measure of our cosmic web identification,
we show in Fig. 3 the overlap between the nodes as identi-
fied by DisPerSE and the DM haloes from the FoF algorithm.
While only a few per cent of haloes with M200c < 1011 M�
lie within 500 kpc of a DisPerSE node, the fraction increases
steadily towards higher mass and reaches unity at 1013 M�. This
relatively broad transition range, over a factor 100 in halo mass,
is due to our log-smoothing procedure that effectively priori-
tises the large-scale structure around a halo, rather than its local
mass concentration, in determining its significance – in other
words, it confirms that our approach actually identifies filamen-
tary structures rather than just arbitrary connections between
massive haloes.

As expected, the endpoints of the joined filaments typically
correspond to more massive haloes than the individual nodes
(red vs. blue lines in Fig. 3). They only cover the majority of
haloes above a mass of ≈2 · 1012 M�, but the fraction then rises
steeply and also reaches unity at 1013 M�. The latter is by con-
struction, as our masking approach prevents joining filaments at
a group or cluster halo.

3.3. Parameter choices for our filament identification

Having described our fiducial filament extraction above, we now
discuss our choice of approach and parameters in the individual
steps. Readers who are mainly interested in the properties of the
identified filaments may skip this part and continue to Sect. 4.

3.3.1. DM density field construction

Although DisPerSE can in principle be run directly from the
coordinates of a discrete set of sampling points – such as DM
particles – we work with the DM density field sampled on a regu-
lar grid, for two reasons. First, the very large number of DM par-
ticles in our simulations (ca. 3.4 and 6.0 billion for EAGLE and
TNG100, respectively) would make the analysis prohibitively
expensive. More importantly, this approach allows us greater
flexibility in how to smooth the density field before running Dis-
PerSE.

The grid size of 4003 cells for EAGLE (4433 for TNG100
due to its ∼10% larger simulation box length) is chosen as a
compromise between resolution and computational complexity.
With a cell size of ∆x = 250 kpc, the Mpc-scale structures of
the cosmic web that are of interest here are well resolved. Using
the EAGLE-Ref25 simulation, whose volume is 64 times smaller
than Ref100, we have verified that a four times smaller cell size
(i.e. ∆x = 62.5 kpc) leads to negligible changes in the identified
filament network. Nevertheless, it is important to keep in mind
that the exact position of our identified filament spines is uncer-
tain below the 250 kpc scale of a single cell.

To construct the density field from the discrete particles, we
choose the simplest approach of assigning the mass of each par-
ticle entirely to the cell at its coordinates. This implicitly treats
the particles as point masses, while they are in reality Monte
Carlo tracers of the underlying continuous DM density field.
The reason why this approximation is justified here is the rel-
atively high resolution of both EAGLE and TNG100: the mean
separation between DM particles is 66 kpc (EAGLE) and 61 kpc
(TNG100), several times smaller than our adopted cell size. We
have verified explicitly that an alternative interpolation scheme
(cloud-in-cells) yields near-identical results.
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Fig. 2. Filament network at z = 0 of EAGLE (left) and TNG100 (right) compared to the underlying dark matter (DM) density field. Orange-shaded
lines represent filaments in a 15 Mpc thick slice, with line colour encoding the filament width. Background images show the DM density projected
in the same slice. Galaxies with Mstar > 109 M� are shown as indigo circles, massive haloes (M200c > 1013 M�) with light blue circles at 1 and
3 r200c. The filaments identified by DisPerSE trace well the main filamentary features of the DM density field that harbour resolved galaxies.
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Fig. 3. Fraction of haloes that mark the endpoint of filaments. Shown
is the fraction of FoF haloes, in 0.1 dex bins of M200c, that are within
500 kpc of a cosmic web node as identified by DisPerSE (blue: all
nodes, red: only those at the end of a joined filament; see text). Shaded
bands represent the binomial 1σ uncertainty on the fraction. There is no
single mass threshold above which haloes become filament endpoints,
but for the joined filaments the transition occurs broadly at the scale of
massive galaxies (M200c ≈ 2 · 1012 M�).

In practice, we first sample the DM density field on a three
times finer grid, with N = 1200 (1329) for EAGLE (TNG100),

smooth this high-resolution DM density field, and then bin the
result to the final N = 400 grid. We do this in order to better
resolve the densest parts of the cosmic web during the smooth-
ing, but have not explored the impact of this choice in detail6.

3.3.2. DM density smoothing

As discussed above, the DM density field must be smoothed
before running DisPerSE, for both physical and numerical rea-
sons. The simplest approach would be to use a Gaussian kernel
with some specified width. However, we have found that this
leads to strong spherically symmetric ‘bleeding’ of the high-
est density peaks into their surroundings for smoothing lengths
S & 0.1 Mpc, with the result that the smoothed field emphasises
rather than suppresses these small-scale haloes.

To circumvent this problem, we follow the solution pro-
posed by Cautun et al. (2013) for their NEXUS+ algorithm and
smooth the density field in logarithmic space: we first compute
ρ′ = log10 (ρ/ρ), smooth that, and afterwards transform back
to linear density (ρ/ρ = 10ρ

′

). In effect, this approach down-
weights the contribution from the highest density cells and there-
fore results in a smoothed field that is more representative of
the lower-density regions, such as filaments (see Fig. A.1 in
Appendix A for a visual comparison). For example, at fixed
smoothing length a single cell with an overdensity of 100 (i.e.
ρ′ = 2) will contribute 50 times less to a neighbouring cell when
the smoothing is done in logarithmic rather than linear space.

A technical issue with this approach is that many cells are
empty, especially in void regions, and hence have no valid value

6 Due to the non-mass-conserving nature of our logarithmic smooth-
ing, sampling the DM density directly on an N = 400 grid will
give a quantitatively different result, although this could plausibly be
accounted for by a re-calibration of the DisPerSE persistence threshold.
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of ρ′. One solution would be to impose a very low but non-zero
density floor. However, these cells would then have a strongly
negative ρ′ that would dominate the smoothed field, which is
clearly undesirable. At lower grid resolution (N = 400), most
cells do contain particles so we can measure a meaningful low-
est overdensity there, ρ/ρ ≈ 1/30. Assuming that this is also
approximately the lowest true density on the scale of the (3×
smaller) cells in the high-resolution cube, we use a slightly lower
value than this as our floor, adding 3 · 105 M� to the mass within
each cell (≈1/60th of the mean cell mass) and then subtract the
same mass from each cell after smoothing7. We have verified
that using a ten times higher or lower floor leads to a normalised
smoothed density field that is nearly indistinguishable from our
default choice – the absolute density values differ by a factor of
≈3 at the low-density end, but this would simply lead to a differ-
ent choice of DisPerSE persistence threshold.

There is no natural length scale over which to smooth the
DM density field. We therefore calibrated this parameter such
that the resulting filament network traces the key features of the
DM field for our science goals as best as possible, again using the
smaller EAGLE-Ref25 simulation. We tested 12 values between
S = 0.03 and 3 Mpc. For each of them, we ran DisPerSE with
many different persistence thresholds to find the optimal value
(see below) and then compared the best results across smoothing
lengths to find our fiducial value of S = 0.5 Mpc. As illustrated
in Fig. 4, a smaller value (S = 0.03, bottom-left corner) leads to
filaments with many small-scale ‘wiggles’ due to local density
variations. If it is larger (S = 3.0, bottom-middle panel), the
filaments no longer follow the underlying DM density.

3.3.3. DisPerSE persistence threshold

The relatively high resolution of EAGLE and TNG100 means
that even very fine filamentary structures can be statistically
significant, down to scales well below that of galaxies. To
avoid being swamped by these mini-filaments (even after den-
sity smoothing), and to limit the fragmentation of major fila-
ments into many smaller ones, we must therefore calibrate the
‘persistence threshold’ that DisPerSE uses to assess the signifi-
cance of a filament end-point, based on the level of detail of the
resulting filamentary network. Specifically, we want to find the
‘sweet spot’ between a threshold that is too low and would hence
lead to too many insignificant filaments and one that is too high
and results in missing filaments that harbour resolved galaxies
(Mstar > 109 M�). We addressed this in a semi-quantitative way
by running DisPerSE with a wide range of thresholds8 (from
106 to 109 M� per cell for our fiducial smoothing length of
S = 0.5 Mpc) and picking the one for which &90% of galaxies
lie within 1 Mpc of an identified filament spine, a decrease in the
threshold by 25% leads to a .1% increase in the covered galaxy
fraction, and where the filament network covers the majority of
visually clear DM filaments with resolved galaxies.

As illustrated in the top row of Fig. 4, the identified filament
network is quite sensitive to the choice of persistence threshold:
lowering it by a factor of 10 from our fiducial value of 4 ·107 M�
per cell leads to an extremely dense network with filaments
everywhere, while a 10× increase results in a very sparse struc-
ture that misses many visually clear filaments that host resolved

7 This does not lead to negative ρ in the final result because smoothing
always increases the density of the lowest-density cells.
8 To accomplish this large suite of DisPerSE runs in an efficient man-
ner, we use the smaller EAGLE-Ref25 simulation and re-use the previ-
ously computed Morse-Smale Complex when changing the persistence
threshold.

galaxies. Even though our choice is to some extent subjective,
it is therefore physically meaningful and – in the absence of an
objective justification for a particular threshold – arguably the
optimal value for the purpose of classifying filaments as galaxy
environments.

3.3.4. Filament smoothing

Because we run DisPerSE on a relatively coarse regular grid
(cell size ∆x = 250 kpc), the filaments as identified by mse are
artificially jagged and must be smoothed to correspond better
to the actual DM structure (bottom-right panel of Fig. 4). The
skelconv task of DisPerSE that we use for this purpose has one
free parameter, namely the number Nsmooth of smoothing itera-
tions in which filament sampling points are replaced by the aver-
age of their neighbours. As for the DM smoothing length and
persistence threshold, we calibrate this number, here by com-
paring nine filament networks of EAGLE-Ref25 with Nsmooth
between 0 and 50. Nsmooth & 10 is necessary to suppress most
of the small-scale wiggles that arise from the discretised input,
while there is no appreciable change when going to larger values.
We therefore use Nsmooth = 10.

3.3.5. Masking of groups and clusters

Our halo mass threshold for masking (M200c = 1013 M�) is moti-
vated by the observed quenched galaxy fraction as a function
of stellar and halo mass (e.g. Wetzel et al. 2012) – low-mass
galaxies (Mstar ∼ 1010 M�) have a quenched fraction excess of
>25% only in haloes above this threshold. In addition, haloes
more massive than 1013 M� are all identified as a node by Dis-
PerSE (see the blue line in Fig. 3), whereas the same is not
true for lower-mass haloes (e.g. only two thirds of haloes with
M200c = 1012 M� are identified as a node). A threshold lower
than 1013 M� would therefore have broken up filaments, whereas
a higher one would have blurred the distinction between the fil-
ament and group/cluster environments.

We choose to mask not only the central part of the
group/cluster halo, but also its outskirts within 3 r200c. This is
because a large fraction of galaxies (and hence also DM) within
this region has previously passed through the halo centre, disrupt-
ing any filamentary structure (see e.g. Bahé et al. 2013). More-
over, the gaseous halo around groups and clusters extends to
approximately this radius (Bahé et al. 2013; Zinger et al. 2018),
so the environment is dominated by the nearby group/cluster.

3.3.6. Filament joining

As a consequence of our relatively low persistence threshold,
large filaments may be artificially split up into multiple smaller
ones if there are significant enough local DM concentrations
along them (such as moderately massive haloes). An example is
shown in Fig. 5, where five ‘raw’ filaments (as identified by Dis-
PerSE) line up smoothly with each other and should therefore
be considered as one continuous filament that spans between the
two haloes marked with blue circles.

To find the maximum angle between two filaments that
should be joined, we consider the distribution of angles
αseg between segments within each raw filament; we use an
unsmoothed version here (Nsmooth = 0; see above) because the
smoothing procedure does not change the angle between two
adjacent filaments systematically while reducing (by design) that
between segments within a filament. We find that there is a
relatively broad distribution of angles, up to αseg ≈ 60◦, while
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Fig. 4. Sensitivity of the filament network to parameter choices. Each panel shows a full projection through the EAGLE-Ref25 simulation, with
filaments in orange, galaxies (Mstar > 109 M�) in indigo, and the projected DM density as greyscale image in the background. Deviations from our
fiducial parameters are highlighted in red. In the top row, the middle panel (green frame) uses our fiducial values, while the left- and right-hand
panels adopt a 10× lower and higher DisPerSE persistence threshold T , respectively. In the bottom row, the left-hand and middle panels instead
show the effect of smoothing the DM field with a smaller or larger kernel S than our fiducial choice. Finally, the bottom-right panel shows the
filaments without smoothing the spines. Of the six networks shown here, only our fiducial choice traces the DM filaments adequately.

larger angles are much more common between than within fila-
ments. We therefore use 60◦ as the limit for joining filaments.

We finally note that, while the vast majority of joined fila-
ments have the normal linear shape as depicted in Fig. 5, there
are a few cases where filaments curve back onto themselves and
end at a point that a point that they have previously traversed (in
both EAGLE and TNG100). Because these cases are so rare, and
their spines remain locally well-defined, we do not exclude them
from our analysis.

4. The properties of filaments at z = 0

With the filaments identified as described above, we now char-
acterise their basic properties. The filament length is straight-
forward to compute as the total length of all its segments,
but because DisPerSE only identifies the one-dimensional fila-
ment spines, rather than their full volumes, an additional step
is necessary to determine their width and density. We derive
both quantities from the DM particle distribution around the
filaments (Sect. 4.1) and analyse the distribution and correla-
tion of all three properties (Sect. 4.2). We then compare the
overdensity profiles of DM, gas, and galaxies around filaments
(Sect. 4.3) and quantify the influence of substructures within
them (Sect. 4.4).

4.1. Definition of filament width
As illustrated in Figs. 1 and 5, filaments have no sharp edge that
unambiguously defines their extent. To determine the filament
width, we therefore consider the cylindrical DM density profile
around the filament and aim to find the distance from the spine
at which this density has dropped sufficiently to identify it as
the ‘boundary’ of a filament. Our approach is illustrated in the
top panel of Fig. 6. For each filament, we first consider all its
segments individually and measure the DM density within 160
concentric rings of width 25 kpc, out to 4 Mpc9. The resulting
density profiles, in units of the mean DM density ρDM, are plot-
ted as faint red lines; they show a generally decreasing trend,
albeit with significant scatter. We then compute the median of
these segment profiles as the characteristic density profile of the
filament (thick red line in Fig. 6), weighted by the length of
each segment. Compared to a mass-weighted mean, this has the
advantage of being less susceptible to the presence of relatively
massive haloes in a small number of segments that could oth-
erwise dominate the stacked profile (see Fig. 9 below). In other

9 We recall that each segment of the spine is defined as a straight line
between two sampling points, so we can measure an unambiguous dis-
tance from the spine for each DM particle that lies in the cylinder around
each segment. We assign particles wholly to the bin that contains their
coordinates.
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Fig. 5. Comparison of raw and joined filaments. Different coloured lines
correspond to five individual (‘raw’) DisPerSE filaments that we joined
to one filament for our analysis. The background image shows the pro-
jected dark matter density in a 16 × 16 × 4 Mpc slab, oriented along the
best-fit plane of the joined filament. Blue circles mark 1 and 3 r200c of
the two most massive haloes in the field, with masses just under 1013

and 1012 M�, respectively. Linking these two haloes, the joined filament
is more physically meaningful than the raw ones.

words, the profile that we construct is representative of the fila-
ment along its full length, rather than only its densest parts.

From this filament DM profile, we then determine the local
DM density background ρfloor as the minimum of the average
density within a sliding window of width 1 Mpc. In Fig. 6, we
illustrate the resulting background value and the window over
which it is measured as a thick horizontal black line, in this
case extending from 2.8 to 3.8 Mpc around the filament and
with a density of 0.4 ρDM. We then find the (smallest) radius at
which the profile drops within a factor two of ρfloor, interpolat-
ing between adjacent bins, and take this radius as the ‘width’ of
the filament10. The factor two is to some extent arbitrary, but we
have found that less than 5% of filament profiles rise again to
more than 2 ρfloor after having dropped below ρfloor (not shown).
We therefore identify the edge of a filament as the radius where it
blends into the background, a definition that is physically mean-
ingful and does not depend of the shape of the density profile.

In the example shown in Fig. 6, the filament width is close to
the radius at which the profile drops below ρDM, which might
seem a more natural boundary. We have decided against this
because it would introduce an implicit dependency of the fila-
ment width on the background: in a large-scale overdensity, the
density profile of even a very thin filament may only reach the
cosmic mean several Mpc from its spine. By explicitly measur-
ing the local background around each filament, our method is not
subject to this bias; we have verified that the filament width is
indeed not correlated with the background density (not shown).

10 We refer to the boundary radius as the filament width for simplicity,
even though it is more accurately the half-width of the full filament.
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Fig. 6. Dark matter density profiles around filaments in EAGLE. Top:
Density profiles for the individual segments of one filament (thin red
lines) and their stacked median, the representative profile of the fila-
ment (thick red line). The dotted black line represents the local back-
ground density, with the solid portion indicating the window where it
is measured. The filament width (vertical purple line) is defined as the
point where the profile drops below twice this value (black dash-dotted
line); here it is close to the cosmic mean (grey dash-dotted line). Bottom:
Median-stacked profiles of all filaments in bins of their width (different
colours). Shaded bands enclose the central 50% of filaments in each bin.
All stacks decline steadily to a common floor at around half the cosmic
mean, with a clear correlation between the width and central density.

In the bottom panel of Fig. 6, we show the filament den-
sity profiles stacked within the four quartiles of filament width,
with yellow representing the thinnest and dark red the thick-
est filaments; shaded regions indicate the central 50% of fil-
aments in each bin. The stacked profiles show a well-defined
decline from the centre, with typical overdensities of ≈4−10, to
a floor of ≈0.5 ρDM at large radii. The exact values may depend
somewhat on our choice of smoothing scale and persistence
threshold, but given the relatively small offset in the overden-
sity profiles between the thinnest and thickest filaments, such a
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dependence must be minor. That the DM density drops below
the cosmic mean simply reflects the fact that underdense voids
fill a much larger fraction of the cosmic volume than overdense
filaments and nodes. The slight drop within ≈0.25 Mpc may be
physical, but it could plausibly also result from our finite DM
cell size leading to a slightly inaccurate placing of the filament
spines. The difference between the four bins persists to the cen-
tre (i.e. the region immediately around the filament spine), where
the thickest filaments typically have the highest density and vice
versa. For clarity, we only show profiles for EAGLE here, but we
have verified that TNG100 gives nearly indistinguishable results.

Our overdensity profiles can be compared to those of
Cautun et al. (2014, top panel of their fig. 40) and Zhu et al.
(2021, top-left panel of their fig. 4), both of which use a tidal
tensor approach to find filaments. Despite this fundamental dif-
ference from our work, we find a similar dependence on filament
width, and broadly agree on the central overdensities of filaments
with width .3 Mpc. We have no analogues to the thickest profiles
of Cautun et al. (2014), likely because they define filament width
locally (on a scale of 4 h−1 Mpc), rather than using a constant
value for an entire filament as we do. At larger radii, our pro-
files decline both more rapidly and to a lower asymptote than in
either Cautun et al. (2014) or Zhu et al. (2021). Given the close
agreement between EAGLE and TNG100, we suspect that this
is not related to differences in the underlying simulations, but
instead reflects our different definitions of filaments and how to
stack their profiles along the spine.

4.2. Filament widths, lengths, and densities

The full distribution of filament widths is displayed in the top
panel of Fig. 7; solid and dashed lines show the cumulative dis-
tribution for EAGLE-Ref100 and TNG100, respectively, while
the histogram gives the (normalised) differential distribution for
EAGLE. It is evident that EAGLE and TNG100 agree extremely
closely: the dashed and solid lines lie almost exactly on top of
each other in all panels. The median width is 0.9 Mpc, with tails
to 0.4 and 2.9 Mpc, respectively. These widths are broadly con-
sistent with the distribution of Cautun et al. (2014, their fig. 38),
and with the ≈1 Mpc width inferred from the stacked galaxy pro-
file by Wang et al. (2024), keeping in mind the different defini-
tions. The dearth of filaments with a width of only a few 100 kpc
may be an artefact from slightly inaccurately placed spines, but
it could also be a (physical) manifestation of which filaments
we have deemed ‘significant’ in the calibration of the persis-
tence threshold. A few per cent of filaments in both EAGLE and
TNG100 have a central overdensity of <2, and hence a width of
zero.

In the middle panel of Fig. 7 we show the distribution of two
measures of filament density: first (in green) the average out to
the width of the filament (i.e. where the density reaches twice
the local background), and secondly (in purple) the average in
the filament centre, out to 300 kpc from the spine. The latter
is, unsurprisingly, higher, with median overdensity of 2.5 and
5, respectively; similar to the filament width both have a mod-
erately broad distribution within a factor of ∼30 (2−60 for the
central density, albeit with a tail to values well above 100, which
we return to below).

Finally, the bottom panel of Fig. 7 shows the filament lengths
for both the raw (light red) and joined (dark red) filaments. The
former has a median of 1.7 Mpc, while joining typically extends
the length by a factor of ≈4, to a median of 7.3 Mpc. The full
distribution extends over a factor 100, from as short as 0.5 Mpc
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Fig. 7. Filament properties at z = 0 for EAGLE and TNG100. Top
panel: Filament widths, defined as described in the text and illustrated
in Fig. 6. Middle panel: Average dark matter density within the filament
width (green) and the central 300 kpc from the spine (purple). Bottom
panel: Lengths of the ‘raw’ filaments as identified by DisPerSE (light
red) and the combined filaments after our joining step (dark red; see
Sect. 3.3.6). In all cases, histograms represent the differential distribu-
tion for EAGLE, while the solid and dashed lines show the cumulative
distributions for EAGLE and TNG100, respectively. The two simula-
tions agree almost perfectly, with typical values of ∼1 Mpc for width,
∼10× overdensity within 300 kpc, and ∼10 Mpc length for the joined
filaments.
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for the shortest, to ≈50 Mpc for the longest (joined) filaments
for both EAGLE and TNG100. This distribution of lengths is
similar to what Galárraga-Espinosa et al. (2020) report for the
lower-resolution IllustrisTNG300 simulation (their fig. 3), with
filaments also identified by DisPerSE but using galaxies as trac-
ers. In contrast, Cautun et al. (2014) find a z = 0 filament length
distribution that is almost flat up to ≈20 Mpc and then extends to
lengths beyond 100 Mpc. While the absence of such very long
filaments in our work may be due to the relatively small box size
of EAGLE and TNG100, the different distributions at shorter
lengths more likely arise from our different definitions of the
filament network and its partition into individual filaments.

The correlations between these three filament properties are
shown in Fig. 8; given the close agreement between the distribu-
tions of EAGLE and TNG100 in Fig. 7 we only show EAGLE
here. From the top panel, we see a moderately clear correla-
tion between width and central density, in the sense that the
thickest filaments also tend to be the densest, albeit with con-
siderable scatter (an order of magnitude). The tail of filaments
with extremely high central densities, >30ρDM are an exception;
they tend to have moderate widths (∼1 Mpc) but – almost uni-
formly – extremely short lengths of <1 Mpc. Visual inspection
(not shown) confirms that they lie in the vicinity of reasonably
massive haloes and are therefore arguably an artefact of our fila-
ment finding approach rather than genuine filaments.

Between length and width there is hardly any correlation
(bottom panel of Fig. 8), apart from a tendency for the short-
est filaments to also be the thickest. This is very different
from Cautun et al. (2014), who find a clear positive correlation
between filament length and width (their fig. 57), albeit with dif-
ferent definitions of filaments, their lengths, and widths from us.
As discussed above, many of our short filaments instead have
high central densities (yellow colour in the plot), although there
are also a lot of ‘thick-and-short’ filaments that only reach cen-
tral overdensities of ∼10. Our analysis therefore suggests that
cosmic filaments are quite heterogeneous and cannot be mean-
ingfully classified by a single number. This is notably different
from haloes, whose mass and concentration are strongly corre-
lated so that the former provides a useful one-parameter label, at
least to first order.

4.3. Density profiles for different components

We have found above that the DM distribution within filaments
is rather narrow and extends at most a few megaparsecs from the
filament spine. In Fig. 9, we compare this distribution to that of
the baryonic components; galaxies, DM, and gas are shown in
shades of blue, red, and purple, respectively. For clarity, we only
show EAGLE here, but the profiles from TNG100 agree closely
(see Fig. B.1 in Appendix B). Darker shades represent thicker
filaments, where the thickness is determined as described above,
i.e. from the DM. In contrast to Fig. 6, we show here the mean,
rather than the median, across segments (again weighted by seg-
ment length). This is necessary because the low galaxy num-
ber density does not permit us to construct meaningful galaxy
density profiles for individual segments. For a direct compari-
son between the three components, we normalise each to their
respective cosmic mean (ρ).

The DM profiles (red shades in Fig. 9) resemble those shown
in Fig. 6, albeit with a significantly higher and more cuspy cen-
tral overdensity (∼100 instead of ∼10) and an asymptote very
close to, rather than below, the cosmic mean at R & 3 Mpc.
Both differences are due to the higher influence of segments
with disproportionately high density on the mean (as shown in
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Fig. 8. Correlation between filament width, length, and central density
(within 300 kpc from the spine) for EAGLE at z = 0. Top panel: Density
vs. width coloured by length. Bottom panel: Length vs. width coloured
by density. For both panels, points represent individual filaments, while
black lines enclose the central 10%, 25%, 50% (thick), 75%, and 90%
of points. There is a modest correlation between density and length,
while length and width are largely independent apart from outliers with
density & 30× the cosmic mean.

Fig. 9) compared to the median used in Fig. 6; we return to this
point in Sect. 6. In other words, the outskirts of filaments are
slightly underdense over most of their volume (Fig. 6), but con-
tain almost exactly the average amount of DM once the contri-
bution of local overdensities is taken into account.

Compared to the DM, the galaxy profiles are more strongly
concentrated, with a central overdensity of ∼200 and a drop to
the cosmic mean by R = 1 Mpc except for the thickest filament
bin (dark blue). The stronger concentration of galaxies than DM
towards the spine may partly be by construction (DisPerSE will
tend to place filament spines close to overdensities, i.e. galaxies),
but as we argue in Sect. 4.4 below, it is more likely the result of
enhanced halo formation near filament spines. Our galaxy pro-
files can be compared to Galárraga-Espinosa et al. (2020, their
fig. 6). They find a similar overdensity close to the spine, but a
much slower decline, with their profiles only reaching the cos-
mic mean at ≈20 Mpc. As we show in Sect. 7, this difference
arises because their choice of using galaxies as filament tracers
has systematic shortcomings.

Meanwhile, the gas displays the opposite behaviour of galax-
ies and is somewhat less strongly concentrated than the DM,
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Fig. 9. Mean-averaged density profiles of galaxies, dark matter, and
gas around filaments in EAGLE at z = 0. Different shades represent
different filament width quartiles as indicated. All profiles are mean-
averaged across the relevant filament segments and normalised to their
respective cosmic mean (grey dash-dotted line). The different profiles
agree broadly with each other, with the galaxies most concentrated near
the filament spine while the gas is most extended. Even in the thickest
quartile, the average profiles reach the cosmic mean at <3 Mpc from the
spine.

with a central overdensity of ∼30 and a slightly more extended
tail towards larger radii (by a few hundred kpc). The more
extended profile of gas is, plausibly, the result of two physical
effects: its non-zero pressure makes it more resistant to grav-
itational compression, while simulations also predict that it is
highly susceptible to feedback from galaxies pushing it away
from the filament centre (we return to this point in Sect. 6). Both
effects could in principle be compensated by gas cooling, but as
discussed by Tuominen et al. (2021), the density and metallic-
ity of gas in z = 0 filaments lead to cooling times longer than a
Hubble time so that significant cooling is unlikely. Our profiles
agree reasonably well with those of Tuominen et al. (2021, their
fig. 15), also based on EAGLE but with a different filament defi-
nition (the Bisous algorithm applied to galaxies). We find similar
central overdensities, but their profiles have a more pronounced
density core in the central ≈1 Mpc and only drop to the cosmic
mean at a radius of ≈4 Mpc. Again, this is most likely a conse-
quence of their use of galaxies as filament tracers, in addition
to the intrinsic differences between Bisous and DisPerSE in the
definition of filaments and their spines.

For all three components, there is a small but clear offset
between the four bins in filament width, with the thickest fil-
aments consistently having the highest density, at least out to
≈2.5 Mpc. At larger radii, there is a small but noteworthy inver-
sion, with the thinnest filaments slightly overdense in all three
components (by a factor <1.5) while the thickest ones stay close
to the cosmic mean. No such hint is seen in Fig. 6, so this
could be another subtle effect of mean averaging. Alternatively,
it might be a consequence of hierarchically correlated large-scale
structure: thick filaments tend to be surrounded by thinner ones
(see Fig. 2), so the outermost profiles of thin filaments may start
to pick up some of the matter from their prominent neighbours.
In any case, the increase is small and the average profile of

all filaments remains within a factor 1.5 of the cosmic mean at
R & 2 Mpc. At very large distances (R & 15 Mpc, not shown in
Fig. 9) we have found that all four width quartiles show a slight
underdensity of galaxies (by a factor &0.8), because the profiles
then preferentially probe the voids surrounding filaments.

As a final caveat, we note that our discussion above has
implicitly assumed that filaments are well-described by cylin-
drical symmetry. While this may be appropriate on scales up to a
few megaparsecs, it is worth keeping in mind that filaments are
typically embedded within sheets so that the density on their out-
skirts is more complex, both due to the anisotropic distribution
of diffuse matter within the sheets and the fact that neighbouring
filaments will be preferentially located along the same direction.

4.4. How smooth are filaments?

We noted above that DM filaments contain prominent substruc-
tures (Fig. 1), which significantly affect density profiles near the
filament spine (Fig. 9). To understand their role more clearly, it is
instructive to quantify the substructure fraction within filaments
(we focus on EAGLE for simplicity, but expect identical results
for TNG100). We separate all DM particles in the simulation
into those belonging to individual filaments (closer to a spine
than the width of the filament); individual groups (within 3 r200c
of a halo with M200c > 1013 M�); and others, which include parti-
cles in voids, walls, and in filaments below our detection thresh-
old. The filament particles are further subdivided into four radial
bins around the spines (0−100 kpc; 100−300 kpc; 300−700 kpc;
and >700 kpc), while for groups we distinguish between parti-
cles within and beyond r200c. For each resulting set of DM par-
ticles, we then identify those that are not gravitationally bound
to a resolved subhalo (except the central subhalo for groups),
i.e. the diffuse ‘background’ of their environment, rather than a
clumpy substructure. The resulting distributions of diffuse mass
fractions fd, the ratio of diffuse to total DM mass, are shown in
Fig. 10.

There is a very clear difference between filaments and
groups: while the diffuse background is dominant for the lat-
ter (median fd = 0.93 within r200c, i.e. only 7% of DM mass is
in resolved subhaloes), its mass fraction is much lower in fila-
ments, with a strong trend to a lower fd closer to the spine (a
median of only 0.21 within 100 kpc). Remarkably, the outskirts
of groups and filaments (light blue and orange, respectively)
have almost the same diffuse DM fractions, with a median close
to that outside filaments or groups ( fd ≈ 0.75). In other words,
groups (and clusters) are predominantly smooth structures sur-
rounded by average-clumpy outskirts, while filaments have a
highly clumped core surrounded by a comparatively smooth
outer region. As we will show in Paper II, similar differences
are seen for the halo mass function.

A second noteworthy difference between filaments and
groups is the object-to-object scatter in fd, with groups having
uniformly high values (only 10% below 0.88) while the central
filament bin spans almost the full range from fd = 0 to 1. We
have found no significant trend of fd,≤100 kpc with filament length
or width (not shown), but there is a clear correlation with total
mass in the same aperture, with a median of 0.70 and 0.10 for
the least and most massive quartile, respectively11.

11 The correlation with mass per unit length is similarly strong (medians
of 0.66 and 0.08 for the least and most massive quartile, respectively),
whereas that for only the diffuse mass is weaker but still clear (0.55 vs.
0.14). The latter rules out that the trend is self-induced by the presence
of the substructures.
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Fig. 10. Diffuse dark matter (DM) mass fraction, fd, in filaments. Dif-
ferent shades of purple and blue represent different radial zones around
the filament spines. Histograms and solid lines show the differential
and cumulative distributions of diffuse fractions over individual fila-
ments, with the correspondingly coloured dotted vertical line giving the
median fraction. The analogous distributions for the centre and outskirts
of groups are shown in red and orange, respectively, while the dash-
dotted green vertical line marks the average diffuse fraction of DM out-
side of groups or identified filaments. Most filaments are substructure
dominated in their centre (low fd), in contrast to groups.

The high diffuse fraction in groups is easily understood as
arising from the stripping and disruption of (sub)haloes in the
strong tidal field near the group centre (e.g. Hayashi et al. 2003;
Bahé et al. 2019). In filament cores, another mechanism must
be dominant. Discounting the possibility that the high substruc-
ture fractions are the cause and not the effect of their proximity
to the filament spines – which would be inconsistent with the
good agreement between the spines and the DM field as seen in
Figs. 2, 4, and 5 (and also in Figs. 17 and 18 below) – there are
two plausible explanations: accretion of DM onto haloes could
be more efficient in filament cores, or haloes might preferentially
accumulate near filament spines. Both of these are physically
plausible and consistent with the higher substructure fraction in
more massive filament cores: the overdensity of filaments corre-
sponds to a higher volume density of haloes, so each DM particle
is closer to a halo and hence more easily accreted, while dynam-
ical friction provides a natural mechanism for the segregation of
haloes towards the local gravitational potential minimum along
filament spines. Most likely, both are at play to some extent,
but quantifying their respective roles would be a non-trivial task
beyond the scope of this work.

5. Filaments at redshift z = 2
5.1. The cosmic web at z � 0

We have so far focused our analysis on the present-day Universe,
where the formation of large-scale structure has progressed the
furthest and the observational picture is clearest. Nevertheless,
it is now clear that the inhomogeneous nature of the Universe is
not only a low-redshift phenomenon: galaxy clusters have been
identified up to z ≈ 2 (e.g. Nantais et al. 2016; Balogh et al.
2017; Belli et al. 2019; Xu et al. 2023; Calzadilla et al. 2023)
and overdensities that may correspond to proto-clusters up

to z ≈ 8 (e.g. Laporte et al. 2022; Morishita et al. 2023;
Champagne et al. 2025). What is more, while systematic explo-
rations of filaments in three dimensions are currently limited
to z . 1, there are already tentative detections of individ-
ual filament-like structures out to z ≈ 4 (e.g. Tornotti et al.
2025a,b) and deep spectroscopic surveys such as MOONRISE
(Maiolino et al. 2020) are about to push the redshift limit of sys-
tematic filament studies beyond z = 2. It is therefore of consid-
erable interest to test in how far high-redshift filaments resemble
those found in the local Universe.

As a first step, we show in Fig. 11 a visual representation of
the cosmic web at redshifts z = 0, 2, and 4. Each panel displays
the projected DM density of EAGLE-Ref100 within the same
100×100×15 cMpc slice. We use the same density scaling (in co-
moving units) for all three panels and recover the expected trend
of a significantly decreasing density contrast towards higher red-
shift, driven in particular by the less developed underdensities in
voids. Nevertheless, a clear filamentary structure spanning the
full panel remains visible at z = 2, albeit with generally thin-
ner filaments and without the prominent cluster-scale haloes at
the end of the thickest filaments as is the case at z = 0. At a
qualitative level, it is evident that the z = 2 filaments already
occupy broadly the same regions12 that will host the major fil-
aments and nodes at z = 0. This general picture of the cosmic
web at z > 0 agrees with previous works (e.g. Gheller et al.
2016; Martizzi et al. 2019) and is also consistent with the result
of Cautun et al. (2014) that ≈90% of the mass in z = 2 filaments
will end up in filaments or nodes at z = 0.

At z = 4, the picture looks very different. There are
hardly any moderately prominent haloes left, and the remaining
large-scale structure consists of extremely thin ‘proto-filaments’,
which often appear bundled together but are relatively short indi-
vidually and form less of a coherent, percolating network. It is
unclear which of these structures we would want to identify as
filaments for a meaningful comparison to lower redshifts, even
leaving aside the technical question of how well a filament finder
would perform in this regime. As a result of all these considera-
tions, we focus our quantitative high-redshift analysis on z = 2.

5.2. Filament identification at z = 2
We identify filaments at z = 2 with nearly the same approach as
detailed for z = 0 in Sect. 3.2. The only difference is that we have
re-calibrated the DisPerSE persistence threshold, and use a 50%
higher value (i.e. 6·107 instead of 4·107 M�/Vcell). Our reasoning
for this change is analogous to the calibration at z = 0, namely
that a value of 4 · 107 would have led to a too dense filamentary
network that would only have covered 7% more galaxies (92%
vs. 85% of all galaxies with Mstar > 109 M�, within 1 cMpc from
the spines) but with a 64% greater total length. Our resulting
fiducial filament network at z = 2 is shown in Fig. 12 for both
EAGLE and TNG100, in analogy to Fig. 2 for z = 0.

As can be seen, our DisPerSE approach results in a good
representation of the DM filaments at z = 2, much the same as at
z = 0 (Fig. 2). This confirms that we can meaningfully analyse
the filaments at this redshift, and compare the result to z = 0. As
already noted above, a profound difference is the near-absence
of massive haloes (M200c > 1013 M�), of which there are only
2 and 1 in the displayed z = 2 slice for EAGLE and TNG100,
respectively (in the full EAGLE and TNG100 volumes, there are
18 and 25 such haloes, respectively, as opposed to 162 and 182

12 We note that the simulation employs periodic boundary conditions,
so the left and right edges correspond to the same physical region. This
is why many of the prominent filaments continue fairly smoothly across
adjacent panels.
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Fig. 11. Cosmic web structure in EAGLE-Ref100 at redshifts 0, 2, and 4 (left, middle, and right panels, respectively). All three panels show the
dark matter density projected over the same 15 cMpc thick slice, with the same density scaling in co-moving units. Going back in time, the cosmic
web is very clear at z = 0, still recognizable at z = 2, but almost dissolved by z = 4.

Fig. 12. Filamentary skeleton at z = 2, analogous to the z = 0 skeleton shown in Fig. 2. EAGLE is shown on the left, TNG100 is on the right. Red
and orange lines represent filaments in a 15 cMpc thick slice; background images show the dark matter (DM) density projected in the same slice.
Galaxies with Mstar (z = 2) > 109 M� are shown as indigo circles. As for z = 0, the filaments identified by DisPerSE correspond well to the main
features of the DM density field, complemented by a myriad of unidentified thinner filaments.

at z = 0). Instead, the locations of many of the prominent haloes
at z = 0 are now the sites of thick filaments arranged in a web-
like pattern, compared to the predominantly radial orientation
of filaments around the massive haloes at z = 0. As at z = 0,
the void regions between our identified filaments contain almost
no galaxies but are spanned by a large number of tenuous DM
filaments that fall below our DisPerSE detection threshold.

5.3. Filament properties at z = 2

With the z = 2 filaments identified, we determine their width, den-
sity, and length in the same fashion as for z = 0. For the width and
length, one subtlety is that at z > 0 we have the choice between

proper and co-moving units. We choose the latter, because fila-
ments remain significantly coupled to the cosmic expansion, as
is evident from Fig. 11. With this choice, the width of z = 2 fila-
ments as shown in dark blue in the top panel of Fig. 13 is similar to,
but generally smaller than, that at z = 0 (light blue histogram and
dashed cumulative distribution). The median width is 0.7 cMpc
(vs. 0.9 cMpc at z = 0), with only 5% of z = 2 filaments wider
than 1.2 cMpc (vs. 35% at z = 0). For clarity, we only show the
results for EAGLE here but have verified that, as for z = 0, the
equivalent distributions for TNG100 agree closely.

The global distribution of central overdensities and filament
lengths are not very different between z = 2 and z = 0 (middle
and bottom panels of Fig. 13): both are shifted to slightly higher
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Fig. 13. Filament properties at z = 2 (dark colours and solid lines) com-
pared to z = 0 (light colours, dashed lines). For clarity, only EAGLE
is shown. In analogy to Fig. 7, we show the filament widths, central
densities, and lengths in the top, middle, and bottom panels, respec-
tively. Histograms represent the (normalised) differential distribution,
whereas lines give the corresponding cumulative distributions. Even in
co-moving coordinates, filaments are ≈30% thinner at z = 2 than at
z = 0, while their central overdensities and (co-moving) lengths are
consistent between the two epochs.

values, but the offset is negligible compared to the spread of val-
ues at either redshift. These small shifts might, conceivably, be

the result of our slightly higher persistence threshold at z = 2
(see above), although one would then also expect a shift towards
thicker, rather than thinner, filaments. In light of this uncer-
tainty, we caution against overinterpreting this result and con-
clude instead that the (central) overdensity and co-moving length
of filaments have, on average, remained almost unchanged over
the past 10 Gyr. It is worth keeping in mind that we are not track-
ing individual filaments, but compare populations that are only
partly progenitors and descendants of each other: not all z = 0
filaments will have identified progenitors at z = 2, while some of
the z = 2 filaments may have fully collapsed into nodes by z = 0
(see e.g. Cautun et al. 2014; Galárraga-Espinosa et al. 2024).

We have also constructed the mass-weighted DM, gas, and
galaxy profiles around z = 2 filaments in analogy to those shown
in Fig. 9 for z = 0. There are no qualitative differences compared
to z = 0, so we only show these in Appendix B (Fig. B.2). Quan-
titatively, the central mass-weighted DM densities are slightly
lower than at z = 0 (reaching an overdensity of ≈50 instead
of ≈100), so the difference between DM and gas is less pro-
nounced13. Likewise, the diffuse DM fractions fd at z = 2 are
qualitatively similar to z = 0 (see Sect. 4.4), although the median
fd in filament cores is slightly higher (0.34 vs. 0.21). Consistent
with our visual impression from Fig. 11, this means that fila-
ments are somewhat less clumpy at higher redshift, although still
far less smooth than group or cluster haloes.

5.4. Comparison to other works

There are a number of other studies that have investigated
the evolution of filament lengths, widths, and/or densities in
cosmological simulations (Cautun et al. 2014; Zhu et al. 2021;
Galárraga-Espinosa et al. 2024; Wang et al. 2024). While differ-
ences in the precise definition of these quantities make it difficult
to compare results in detail, we nevertheless attempt an approx-
imate comparison with these works.

In terms of filament widths, our finding of a shift towards
slightly thinner filaments at z = 2 is broadly consistent with
Zhu et al. (2021), who also report a deficiency of the thickest
filaments, and a corresponding increase in the thinnest ones,
towards higher redshift (their fig. 2). Cautun et al. (2014) find no
such shift in the width distribution (their fig. 38), although simi-
lar to Zhu et al. (2021) they defined filaments based on the tidal
tensor of the DM field. Likewise, Wang et al. (2024) find little
change in the (stacked) filament width from z = 0 to 2, based
on DisPerSE but with galaxies as tracers of filaments and pro-
files. Towards higher redshifts, they report a strong thickening
of filaments, by a factor ≈2.5 from z = 2 to 4. We do not quan-
tify our filament widths at z > 2, but it is evident from Fig. 11
that DM filaments become, if anything, even thinner at z = 4
than at z = 2. Galárraga-Espinosa et al. (2024) do not measure
the filament width explicitly, but show that their radial galaxy
overdensity profiles are almost unchanged from z = 0 to 4 (their
fig. 13). Most likely, the differences between Wang et al. (2024),
Galárraga-Espinosa et al. (2024), and our work are due to the
different definitions of filament width, as well as their use of
galaxies as filament tracers (see Sect. 7).

We are not aware of another study that has computed the DM
density in the core of individual filaments. However, our result

13 Above, we had found that the central density from the length-
weighted median profiles are if anything slightly higher at z = 2 than at
z = 0. This difference is due to the higher sensitivity of mean-averaged
profiles to embedded haloes, and their lower abundance at higher red-
shift.
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of a nearly unchanged density distribution between z = 0 and 2
agrees qualitatively with Cautun et al. (2014), who found simi-
larly small differences between the full DM density distributions
in filaments at z = 0 and 2 (their fig. 26); and (indirectly) with the
near-constant galaxy density profile of Galárraga-Espinosa et al.
(2024). In detail, we note that Galárraga-Espinosa et al. (2024)
found a marginally significant decrease in the central galaxy den-
sity from z = 0 to z = 2 (by . 50%), which is the opposite
of our slight increase in density over the same redshift interval.
It is plausible that this discrepancy reflects the different density
and/or filament definitions between our studies (we note in par-
ticular that our DM densities are median-averaged, while fig. 13
of Galárraga-Espinosa et al. 2024 shows the mean galaxy den-
sity). However, given that the magnitude of the evolution is small
in both our studies we agree, to first order, that filaments are
characterised by broadly similar central overdensities over most
of cosmic time.

For filament lengths, Cautun et al. (2014) report a notice-
able shift towards shorter filaments at z = 2, with filaments of
length ≈7 (≈60) cMpc three times more (less) abundant than
at z = 0 (their fig. 53). In contrast, the length distributions
shown by Galárraga-Espinosa et al. (2024) are almost redshift-
invariant, with only a ≈10% shift towards larger values. Our
redshift-invariant length distribution is in closer agreement with
their result than with Cautun et al. (2014). Since the filaments
of Galárraga-Espinosa et al. (2024) are, like ours, based on Dis-
PerSE (albeit with galaxies as tracers), this demonstrates once
again that alternative filament definitions can lead to significant
differences in their properties.

6. Gas in and around filaments

Since the gas component within filaments is expected to be most
closely connected to the evolution of galaxies, and its baryonic
nature gives rise to more complex phenomena than DM, its prop-
erties merit closer investigation. We first analyse the gas temper-
ature profiles (Sect. 6.1) and then inspect maps of gas density,
temperature, pressure, and metallicity (Sect. 6.2).

6.1. Gas temperature profiles

To complement the insight from the gas density profiles in Fig. 9,
we analyse the gas temperature14 in Fig. 14. Very broadly, the
typical gas temperature near the filament spines is several times
higher than at 3−4 Mpc distance, in both simulations (red shaded
lines for EAGLE, purple shades for TNG100) and at both red-
shifts (z = 0 in the top panel, z = 2 below). This is plausibly
a consequence of accretion shocks and/or heating by feedback
from galaxies embedded within the filaments, to which we return
below.

In analogy to the density profiles, the presence of substruc-
tures and inhomogeneities within the filaments means that an
average profile can only give a simplified description of the
true filament structure. Different equally valid ways of averaging
the temperature profile may therefore give substantially differ-
ent results, so we show results from two alternative approaches
in Fig. 14. In each case, we average the (base-10) logarithm of

14 Neither EAGLE nor TNG100 model the temperature structure of
cold star-forming gas realistically, with the temperatures as used for the
hydrodynamics calculation typically far exceeding the physical temper-
atures of the gas. We therefore assume a fixed value of T = 104 K for
each gas particle or cell that has a non-zero star formation rate, but we
have verified that this choice has no impact on our results shown here.
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Fig. 14. Gas temperature profiles around filament spines at z = 0 (top)
and z = 2 (bottom) for the EAGLE and TNG simulations (shades of pur-
ple and red, respectively). Filaments are split by their width as indicated
in each panel; darker shades correspond to thicker filaments. For each
bin, we show both the mass-weighted profile (thin dashed lines) and
the length-weighted one (thick solid lines); see text for details. While
temperatures are generally decreasing towards larger radii, there is con-
siderable variation with filament width, weighting method, and at z = 2
also between the two simulations.

the temperature, to reduce the impact of individual gas elements
with extremely high temperature due to recent feedback events.
Starting from the mass-weighted average temperature of all gas
in each radial bin of each segment, we first weight all segments
within a filament only by their length (solid lines), irrespec-
tive of the mass of gas that they contain at a given radius. This
approach gives a representative temperature along the entire fil-
ament, although one that may not be characteristic of the bulk
of its mass. As a second choice, we weight the segments by the
mass of gas within each radial bin (thin dashed lines). In this
way, segments that contain more gas at a given radius contribute
more to the average, and we obtain a temperature that is charac-
teristic of the majority of gas at this radius. The drawback is that
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this temperature may be biased by a small number of atypically
dense segments and hence not necessarily representative of the
filament along its full length.

6.1.1. Temperature profiles at z = 0

At z = 0 (top panel of Fig. 14), there is indeed a significant differ-
ence between the length- and mass-weighted profiles, the latter
being systematically hotter by & 0.5 dex. In other words, denser
filament parts typically have a higher gas temperature. Focus-
ing first on the length-weighted profiles (solid lines), we see that
the thickest filaments (darkest colours) are systematically hotter
at each radius, by up to a factor ≈3. The temperature profiles
decrease smoothly with increasing distance from the spine and
reach a floor of T ≈ 3 · 104 K at R ≈ 1.5 Mpc for the thinnest fil-
aments, but only at R > 4 Mpc for the thickest ones. EAGLE and
TNG100 follow each other quite closely, although the latter (in
red) predicts a marginally larger spread in temperatures across
different filament thicknesses.

The mass-weighted z = 0 profiles (thin dashed lines) are
not just offset from their length-weighted counterparts, but have
qualitatively different features. For TNG100 (red shades), the
central ≈0.5 Mpc show a clear downturn in all four bins of fil-
ament width, by 0.1−0.2 dex. For EAGLE, a (marginal) down-
turn is only seen for the two thinnest bins. In addition, all mass-
weighted profiles show a minimum at ≈2−4 Mpc and rise again
beyond this point. Both features suggest that gas in dense regions
along filaments has distinct properties; we return to this point
below.

Compared to our z = 0 temperature profiles, the ones
published by Galárraga-Espinosa et al. (2021, their fig. 5),
Tuominen et al. (2021, their fig. 13), and Zhu et al. (2021, their
fig. 6) all show more pronounced isothermal cores near the
spine, extending to ≈1−3 Mpc. As the study of Tuominen et al.
(2021) is also based on EAGLE, and Galárraga-Espinosa et al.
(2021) on the IllustrisTNG300 simulation that is closely related
to TNG100, these differences are most likely due to different fil-
ament definitions: both of these studies choose galaxies as trac-
ers, while we base the extraction of the cosmic web on the more
detailed DM density field (see Sect. 7).

Our temperatures are similar to Tuominen et al. (2021)
in both the filament core and outskirts, but even our mass-
weighted profiles have somewhat lower central temperatures
than Galárraga-Espinosa et al. (2021), and significantly lower
than those of Zhu et al. (2021) who also find higher temperatures
for thicker filaments. Differences in simulations and/or filament
finder are plausible origins for these discrepancies.

6.1.2. Temperature profiles at z = 2

At z = 2 (bottom panel of Fig. 14), the situation is some-
what different. Although the maximum temperatures are sim-
ilar to z = 0, broadly around 105 K, the profiles drop much
more rapidly and all reach a floor by ≈2 cMpc from the spine.
Whereas the level of this floor was broadly consistent between
EAGLE and TNG100 at z = 0, it is clearly different at z = 2, at
log10 T [K] ≈ 4.3 and 4.5 for TNG and EAGLE, respectively for
the length-weighted profiles (solid lines). A similar offset is seen
for the mass-weighted profiles, which (as for z = 0) are gener-
ally higher, by ≈0.2 dex. A shift to slightly lower temperatures
at higher redshift has also been found by Zhu et al. (2021, their
fig. 7). In contrast to us, they see an order-of-magnitude offset
between different widths even at z = 2, which we attribute to our
different definitions of filaments and their widths.

There is no pronounced rise in the gas temperatures at large
radii at z = 2, but the drop in the innermost ≈500 ckpc is sig-
nificantly stronger than at z = 0. For EAGLE (purple lines), the
mass-weighted profiles drop by ≈0.5 dex in the inner 0.5 Mpc,
and even the length-weighted profiles (solid purple lines) have a
≈0.1−0.2 dex drop. The downturn is less pronounced for TNG,
but its mass-weighted profiles still decrease by up to ≈0.2 dex
in the central 300 kpc. Only the length-weighted TNG profiles
show no central drop, just a plateau in the central ≈300 kpc.
While it must be kept in mind that trends within the central
≈250 kpc may be affected by inaccuracies in the spine place-
ment, such uncertainties should only act to wash out trends, not
create a turnover and central dip. We are therefore confident that
these trends are real and indicate the wide-spread presence of
cooler gas close to the filament spine of z = 2 filaments.

6.2. A detailed view of the gas structure in and around
filaments from projected maps

To help interpret the temperature profiles discussed above, and
gain further insight into the gaseous component of filaments, we
inspect maps of key gas properties. Since we are here primarily
interested in depicting the true structure of individual filaments,
rather than sampling a significant fraction of the simulation vol-
ume, we integrate over thin slices to minimise confusion from
projection effects15.

First, Figs. 15 (z = 0) and 16 (z = 2) show a 50 × 50 cMpc
field with a projection depth of 5 cMpc, comparable to the diam-
eter of filaments but still sampling a representative variety of
structures. We display their gas surface density Σgas and mass-
weighted gas temperature T (averaging the logarithm of T , as
for the profiles), directly comparing EAGLE (top rows) and
TNG100 (bottom rows). To put these maps in context, we also
show the corresponding surface density of DM in the left-hand
columns. The DM maps of the two simulations resemble each
other as closely as could be expected, given that they show
two completely different regions of space. Any significant differ-
ences between the gas properties must therefore be due to baryon
physics differences between the two simulations.

Haloes are much less prominent than in Figs. 2, 11, or 12.
This is a consequence of the smaller projection depth, which
decreases the probability for each line of sight to intersect a
halo16. We also note that, while there is an abundance of vein-
like structures in the DM maps for both z = 0 and z = 2, not all of
them are filaments. Many are, instead, slices through walls that
happen to intersect the projection plane at close to right angle.
The two are difficult to distinguish in an individual projection
plot, but we have tested this by scanning through the simulation
box in a sequence of very thin slices (∆ = 0.5 Mpc).

Complementing this large-scale view, Figs. 17 (z = 0) and 18
(z = 2) zoom in on one filament from each simulation. They
show a smaller 16 × 16 × 1 cMpc field, oriented along the best-
fit plane to each filament. In order to be representative and
inter-comparable, these four filaments were selected within nar-
row ranges in width (0.8−1.0 cMpc), length (15−17 cMpc) and

15 Since SPH describes a field in which gas properties can be calculated
at any point, it would in principle be possible to eliminate projection
effects completely and show a ‘razor-thin’ slice. We do not do this here
because no filament would lie perfectly along such a slice.
16 Due to their rather high overdensities (&100), haloes anywhere along
the line of sight tend to dominate the surface density of a pixel. In con-
trast, the lower overdensities of filaments and walls (.10) tend to aver-
age out in projection and form a more or less uniform background. As a
consequence, haloes appear much more ubiquitous than they really are
in images that are projected over thick slices.
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Fig. 15. Structure of the dark matter (DM) and gaseous cosmic web at z = 0 in EAGLE (top row) and TNG100 (bottom row). All six panels show
a field of view of 50×50 Mpc, with a projection depth of 5 Mpc. DM density is shown in the left-hand panels, gas density in the middle, and mass-
weighted gas temperature on the right. While the DM structures are near-indistinguishable, there are clear differences between the simulations
in both gas density and temperature, as discussed in the text. Particularly noteworthy is the prominence of small gas-rich haloes in TNG that are
absent in EAGLE, and the ubiquity of warm gas around filaments in EAGLE.

overdensity within the central 300 ckpc (10−15); we also require
their background overdensity (the ‘local floor’ in the top panel
of Fig. 6) to be less than 0.75 to exclude filaments within large-
scale overdensities.

6.2.1. The gas structure at z = 0

Focusing first on the large-scale view of gas density at z = 0
(Fig. 15, middle column), we find that it traces clear filament
spines in both simulations, even for those filaments that appear
highly clumpy in DM. This confirms our conclusion from the
single EAGLE filament shown in Fig. 1 that gas is a clearer tracer
of filament spines than DM.

In detail, there are significant qualitative difference between
EAGLE and TNG100, despite their very similar DM structure.
The TNG100 filaments are more clearly defined against their
surroundings, and they are traced by many gas knots coincid-
ing with small DM haloes that host Mstar . 109 M� galaxies
(not shown for clarity). In contrast, the EAGLE filaments appear
smoother and more ‘blurred’, indicating a more gradual decline
of the gas density away from the spine (the average gas den-
sity profiles are, however, very similar between the two simula-
tions, as shown in Fig. B.1). The difference between smooth and
knotted structure is particularly clear in the zoomed-in view of
Fig. 17 (left-hand column). EAGLE has the same abundance of

small DM haloes along its filaments as TNG100, but these do not
show up as prominently in the gas density map and must there-
fore be significantly less gas-rich (see also Davies et al. 2020).

This different gas density structure is most likely the result
of the very different sub-grid models for star formation feed-
back from low-mass galaxies embedded in the filaments. In
EAGLE, newly formed stars cause strong stochastic explosions
(Dalla Vecchia & Schaye 2012; Schaye et al. 2015) that create
powerful outflows from low-mass haloes (Mitchell et al. 2020). In
contrast, star-forming gas in TNG100 drives (hydrodynamically
decoupled) winds, whose launch speeds scale with the local DM
velocity dispersion and are therefore lower in low-mass haloes
(Vogelsberger et al. 2013; Pillepich et al. 2018a). As shown by
Nelson et al. (2019b), this implementation leads to high gas out-
flow rates from low-mass galaxies only close to their centre, while
the mass loading factor (mass of ejected gas per unit mass of
stars formed) drops precipitously towards larger radii. This is in
stark contrast to EAGLE – see the top-right panel of fig. 14 in
Mitchell et al. (2020) – and explains both the lower gas content
of low-mass haloes in EAGLE and its more blurred boundary of
filament spines.

Compared to the view from the gas density discussed above,
the filaments have a rather different appearance in the tempera-
ture maps (right-hand panels of Fig. 15 and second column of
Fig. 17). In both simulations, the main filaments correspond to a
broad band of hot gas, with a full width up to ≈5 Mpc. There is
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Fig. 16. Structure of the dark matter (DM) and gaseous cosmic web at z = 2 in EAGLE (top row) and TNG100 (bottom row). The layout is
analogous to Fig. 15; the six panels show the same 50 × 50 cMpc field, with a projection depth of 5 cMpc. DM density is shown in the left-hand
panels, gas density in the middle, and gas temperature on the right. While the DM structure is consistent across both simulations, the gas shows a
more diffuse structure in EAGLE with a hotter temperature across most of the field. In contrast to z = 0, both EAGLE and TNG100 clearly predict
the existence of cold gas in the centre of the filaments, as discussed in the text.

a sharp temperature contrast at the edge of the filament in both
simulations, consistent with an accretion shock. Within the fil-
aments, there is plenty of temperature substructure in the form
of both cooler (especially near the spines) and also higher (in
particular at larger radii) temperature ‘threads’. As these struc-
tures are similar in the two figures with different slice thickness,
they are unlikely to be remaining projection effects. Prominent
warm-hot bubbles exist around the locations of DM haloes, a
clear signature of feedback from galaxies.

For the most massive haloes, for which feedback is domi-
nated by AGN (e.g. Bower et al. 2017), the bubbles are broadly
consistent between both simulations. This is perhaps surprising,
given that (efficient) AGN feedback in TNG100 is implemented
as kinetic outflows, whereas EAGLE uses a thermal mode with
a very high temperature increment (∆T = 108.5 K). The similar
net effect on large scales indicates efficient conversion of either
form of input energy: heated particles expand and drive outflows,
whereas particles that have received a velocity kick will shock
and therefore raise the surrounding temperature. Instead, the
temperature map shows clear differences between EAGLE and
TNG100 around smaller haloes, where stellar feedback domi-
nates. The discrepancy in the temperature map is therefore con-
sistent with our discussion above: stellar feedback in EAGLE
drives stronger outflows from low-mass galaxies that heat up the
gas in the filaments around them.

With this insight, we can now better understand the mass-
weighted temperature profiles shown in Fig. 14. Their higher
temperature compared to the length-weighted profiles is caused
by the prominent hot haloes inflated by AGN feedback. These
haloes also lead to the rise in the outer profiles, because they
are not just hot but also have a higher density than other regions
at the same distance from the spine so they have a strong influ-
ence on the mass-weighted temperature. Meanwhile, the more
pronounced central temperature dip in TNG100 results from
the higher fraction of (cool-)gas rich haloes that are essentially
absent in EAGLE but bias the average temperature near the cores
of TNG100 filaments.

For the single-filament zoom-in views, we also show the gas
pressure and metallicity in the right half of Figs. 17 (and 18).
The filaments are significantly overpressurised, indicating that
their gas is confined by the gravitational potential. Within the fil-
aments, the pressure is fairly uniform (with the exception of the
haloes, due to their even deeper potential wells), so the different
gas phases are in approximate pressure equilibrium.

The spatial distribution of the gas metallicity Zgas is funda-
mentally different from the other three quantities. While there is
a general increase of metallicity along the filament, this is all
associated with outflows from embedded galaxies; Zgas drops
to almost zero between them, in both simulations. This indi-
cates that there is very little gas mixing along the filament
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Fig. 17. Detailed view of one representative filament at z = 0 in EAGLE (top) and TNG100 (bottom). From left to right, panels show maps of the
gas density, temperature, pressure, and metallicity in a 16×16×1 Mpc slice aligned with the best-fit plane of the filament. White dotted lines trace
the edges of each filament as identified from the dark matter. There is abundant structure within the filaments, both along and perpendicular to the
spine, with clear differences between the two simulations (see text for details).

Fig. 18. Same as Fig. 17 but showing two filaments at z = 2. The colour scales have been adjusted appropriately. Compared to z = 0, there is a
more prominent concentration of pristine cool gas immediately around the spine in both simulations.

axis, unlike in haloes. The clear outflow patterns within fila-
ments as traced by high-metallicity gas, coupled with the lack
of strong gas mixing, also implies that galaxies are not passive
‘sinks’ fed by gas streams along the filament axis, but play an
active role in the gas dynamics of filaments. The main differ-
ence between EAGLE and TNG100 is the small-scale appear-

ance of the metallicity maps (grainy vs. smooth). This is due
to the different hydrodynamics solvers: unlike Arepo gas cells,
the SPH particles in EAGLE do not exchange metals between
each other, so there is a large scatter between the metal mass
fraction of individual particles and hence between neighbouring
pixels.
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6.2.2. The gas structure at z = 2

We now turn our attention to the z = 2 maps. Fig. 16 depicts
the same (co-moving) sub-volume of each simulation as Fig. 15,
while Fig. 18 shows two individual filaments that are not related
to those in Fig. 17. Echoing what we noted in Sect. 5, the DM
filaments are noticeably thinner at z = 2 than at z = 0, and
both haloes and filaments are more evenly spread out. Both are
a direct consequence of the less progressed state of gravitational
collapse at earlier cosmic times.

The gas density maps show a similar relation to the DM, and
between the two simulations, as at z = 0: filaments are somewhat
more clearly defined in gas than in DM; they stand out more
sharply from the background in TNG100 than in EAGLE; and
there is a greater abundance of small-scale gas-rich haloes in
TNG100. One notable difference is that the gas density peaks
more sharply near the spine, with a dense core that is much thin-
ner than the DM filament width (dotted lines in Fig. 18).

The temperature maps are, however, very different from their
z = 0 counterparts (right-hand column of Fig. 16 and second col-
umn of Fig. 18). As expected from the significant offset between
the temperature profiles of EAGLE and TNG100 (Fig. 14), the
two simulations look strikingly different: EAGLE has an abun-
dance of warm-hot gas with few regions dipping below 104 K,
whereas the TNG100 volume is dominated by cooler gas against
which the filaments (and major haloes) stand out very clearly. An
equally striking feature is the abundance of cool gas (T ∼ 104 K)
in the very centre of filaments – it stands out more noticeably for
EAGLE in the large-scale view of Fig. 16, but is equally clear in
the zoom-in maps of Fig. 18. Since we do not see cases where
the cool gas is clearly offset from the spine, it must correspond to
‘cool cores’ of gas in the centre of high-redshift filaments. Their
extent corresponds closely to the aforementioned density cores
so that the structure is one of cool-dense gas surrounded by a
warm-tenuous envelope.

Neither EAGLE nor TNG can model radiative gas cooling
below ∼104 K (see e.g. Ploeckinger & Schaye 2020), so we can-
not robustly predict the physical temperature of this gas, but it
is clearly cooler than its surroundings. As seen from the pres-
sure maps (third column of Fig. 18), both phases are approxi-
mately in pressure equilibrium and overpressurised compared to
the surrounding cooler and less dense background. This agrees
with the recent work of Lu et al. (2024), who analysed fila-
ments in a higher-resolution simulation with the TNG model at
z ∼ 4 and also found an inner ‘stream’ zone dominated by cool
(T ∼ 3 · 104 K) gas from an isobaric cooling flow. Our results
imply that this structure is also formed at the lower resolution
accessible to current simulations of representative volumes, and
that it is not unique to the TNG model.

Similar to z = 0, metallicity is only enhanced around galax-
ies, while much of the gas around the spine is at .10−2 Z� (right-
most column of Fig. 18). The cool gas discussed above is there-
fore nearly primordial, so the most plausible reason for its effi-
cient cooling is not metal enrichment but its significantly higher
physical gas density compared to z = 0. As we observed in
Fig. 13, the overdensity in the centre of filaments is similar at
z = 0 and z = 2, but as the Universe was only one-third of
its present-day size, the background density – and hence also
the physical density of gas around the filament spines – was
a factor of 33 = 27 higher. The gas cooling rate depends on
the square of the density and was therefore orders of magnitude
higher at z = 2. In other words, gas in high redshift filaments
could cool efficiently, and from there directly accrete onto galax-
ies (Dekel & Birnboim 2006). This is the origin of the tempera-
ture downturn in the central filament regions seen in Fig. 14.

7. Identifying filaments from galaxies instead of DM

Our analysis above is based on filaments identified from the DM
density. As discussed in the Introduction and in Sect. 3.1, this
approach is preferable to a galaxy-based identification on physi-
cal grounds, but it is currently impossible to apply to observa-
tions. We now compare the results of our DM-based method
to the more observational approach of applying DisPerSE to
the simulated galaxy catalogue. This not only serves to relate
our findings better to observational works, but also to the large
body of previous simulation studies that have identified fila-
ments based on galaxies. Broadly similar comparisons have been
performed by Laigle et al. (2018) and Zakharova et al. (2023),
which we discuss in Sect. 7.4. For simplicity, we only use
EAGLE here, and only look at z = 0, but would expect very
similar results for TNG100 given the close agreement between
the DM-filaments of the two simulations.

There are considerably fewer choices to make for the galaxy-
based filament finding than in our fiducial DM-based method.
One is the selection of input galaxies. Since our approach above
aimed at identifying filaments that host galaxies with Mstar >
109 M�, we select our tracer galaxies here above the same thresh-
old. Observationally, this cut-off mass is at the lower end of what
is currently accessible to systematic high-completeness spec-
troscopic surveys beyond the very local Universe17 – GAMA,
for instance, is complete down to Mstar = 109 M� only out to
z ≈ 0.06 (Davies et al. 2016). The second parameter is the Dis-
PerSE persistence threshold, which can in this case be expressed
in terms of the statistical significance of the critical points at
which filaments end. To make the result as comparable as possi-
ble to our DM-based method, we select a rather liberal threshold
of 3σ. As appropriate for our setup, we use periodic boundary
conditions. The resulting filaments are smoothed once to remove
artificial small-scale wiggles, but this has barely any effect here
since the vast majority of filaments are traced by ≤5 sampling
points.

7.1. Visual comparison

A visual comparison of the DM- and galaxy-identified filament
networks is shown in Fig. 19. The setup is equivalent to the
left-hand panel of Fig. 2: a 15 Mpc slice of the full simula-
tion box (100 Mpc side length) with the background showing
the DM density, light blue circles the location of haloes with
M200c ≥ 1013 M�, and small indigo dots the coordinates of
galaxies with Mstar > 109 M�. The galaxy-based filaments are
drawn with thick orange lines, the DM-based ones with thin dark
red ones. We do not differentiate between filaments of differ-
ent thickness here, because the sparseness of galaxies makes it
impossible to construct a meaningful galaxy density profile for
individual filaments (those shown in Fig. 9 were based on stacks
of 600 filaments each).

Both galaxy- and DM-filament networks cover similar parts
of the map, and mostly avoid the prominent void regions. In
detail, however, there are clear differences between the two. The
galaxy-filament network (orange) is less extended overall: its
total length amounts to only 28% of the DM-filaments (6244
vs. 22 297 Mpc in the full simulation volume). Many of the
finer and thinner filaments that are identified from DM (dark
red) have no galaxy-based counterpart, including ones that host

17 Lower mass limits can be achieved for star-forming galaxies, but the
filaments may then be biased so that the interpretation relies heavily
on the (limited) accuracy with which current simulations can predict
whether or not a galaxy is quenched.
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Fig. 19. Filament network identified from galaxies (orange) compared
with our fiducial reconstruction from the dark matter (DM) density field
(dark red) for EAGLE at z = 0 showing the same 100 × 100 × 15 Mpc
slice as in Fig. 2. The greyscale background represents the DM sur-
face density, while indigo points and light blue circles denote galaxies
with Mstar > 109 M� and haloes with M200c > 1013 M�, respectively.
The galaxy-based network broadly captures the thicker DM-filaments,
but misses most finer structures and suffers from a number of artefacts,
examples of which are labelled as ‘A’, ‘B’, and ‘C’ (see text for details).

galaxies above our 109 M� stellar mass threshold. Moreover, the
galaxy filament network has some noteworthy artefacts, exam-
ples of which are labelled with letters in orange circles in Fig. 19:
bridges across empty regions of space (A); ‘pseudo-filaments’
composed of galaxies that actually belong to multiple differ-
ent DM-filaments (B); and spines that are well offset from their
DM counterparts (C). Some of the more glaring problems can
be ameliorated by excluding galaxy-filaments with a very low
galaxy density along their spine (dashed lines; fewer than 1
galaxy per 10 Mpc within 200 kpc around the spine), but even
with such a cut many of the aforementioned artefacts remain.

While these shortcomings might, in principle, be intrinsic to
DisPerSE (notwithstanding its good result when applied to DM),
they can all be directly traced to the very sparse nature of galax-
ies as cosmic web tracers, as discussed in Sect. 3.1. We have
verified that lowering the persistence threshold to 2σ mostly
increases the number of spurious filament identifications, while
many of the fainter DM filaments are still unmatched. Lower-
ing the galaxy mass threshold to 108 M� helps with the latter,
but also adds many more spurious filaments so that the network
remains substantially different from the DM-based one. For the
sake of conciseness, we do not show figures from these addi-
tional tests.

7.2. Galaxies around DM- and galaxy-filaments

As a more quantitative comparison of the DM- and galaxy-
filaments, we test how the distance of galaxies from their nearest
galaxy-filament (dgal) relates to their true environment, which we

parameterise as (i) the distance to a DM-filament (dDM) and (ii)
the width of the DM-filament (if any) to which a galaxy belongs.
We use these metrics, rather than the distance between the fil-
ament skeletons (Laigle et al. 2018; Zakharova et al. 2023), due
to their unambiguous definition and direct relation to observa-
tional studies of filament galaxies, for which dgal is a key mea-
surable parameter. Specifically, we measure dgal and dDM as the
minimum perpendicular distance to all segments in the respec-
tive filament network. We define a galaxy as ‘belonging’ to a
DM-filament if the minimum distance between the two is less
than the filament width. If more than one filament satisfies this
criterion for a given galaxy, we choose the one with the small-
est separation. If there are none, we classify the galaxy as ‘not
in an identified filament’. Rather than labelling these galaxies
as ‘field’, ‘wall’, or ‘void’, this terminology makes explicit that
they are (typically) still part of a filamentary structure, albeit one
that is too tenuous to make our identification cut.

The left-hand panel of Fig. 20 compares the distances of
galaxies (Mstar > 109 M�) to their nearest DM- and galaxy-
filament. In analogy to our filament masking step (Sect. 3.3.5),
we exclude any galaxies that lie within 3 r200c of a M200c >
1013 M� halo because these are more appropriately classified as
group or cluster galaxies. Galaxies that belong to a filament are
grouped according to the width quartiles of that filament, rep-
resented by different shades of blue (see the legend in the right-
hand panel); those not in any identified (DM) filament are shown
in green. The running median of dDM in bins of dgal is traced
by the black line as a quantitative measure of the correlation
between the two distances.

While dgal and dDM span broadly the same range (∼10 kpc–
10 Mpc, but see below), they are far from equivalent. Half the
galaxies are loosely clustered along the equality line (dgal <
4 dDM, with a standard deviation of 0.33 dex in dgal/dDM), while
the other half form a clump around dgal ≈ 3 Mpc and dDM ≈

0.2 Mpc. Different DM environments overlap substantially, but
in tendency galaxies in the thickest DM-filaments, and those out-
side any DM-filament, are most common in the first set, while
thin DM-filaments dominate the clump of outliers towards the
bottom-right corner. The latter is therefore due to filaments that
are missed in the galaxy-based identification, which is unsurpris-
ingly more common for thinner ones18. In combination, this two-
component structure results in a modest correlation between dgal
and dDM for 0.03 < dgal < 0.7 Mpc (Spearman rank-order corre-
lation coefficient r = 0.34, standard deviation of 0.43 dex), but
the trend then inverts for larger dgal with a mild anti-correlation
and even larger scatter. Put simply, dgal is a moderately good
proxy for dDM near a galaxy-filament spine (dgal . 0.7 Mpc) but
not at larger values.

The distributions of dgal for the five environments can be
compared more clearly in the middle panel. Although all are
quite broad (with the exception of galaxies not in identified DM
filaments), different environments are clearly and systematically
offset from each other, with a median of 3.8 Mpc for galaxies not
in any identified DM filaments (green), 2.7 Mpc for galaxies in
the least dense ones (light blue), and only 0.7 Mpc for galaxies in
the densest DM filaments (dark blue). Even for this last category,
dgal is still systematically larger than dDM for the full galaxy sam-
ple, which is concentrated around a well-defined peak at only
18 We have verified that selecting only the N = 804 thickest DM-
filaments, whose total length matches that of the galaxy-filament net-
work, leads to an overall better agreement between dgal and dDM (not
shown). However, there remains a sub-population with dgal � dDM, so
the discrepancy is not exclusively due to the bias of galaxy-filaments to
the thickest structures.
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Fig. 20. Association of galaxies (Mstar > 109 M�, excluding those near a group or cluster) to filaments identified from galaxies and from dark
matter (DM). Shades of blue indicate DM-filaments of different width (see top-right corner of the right-hand panel), green denotes galaxies that do
not belong to any identified DM filament. Left: Comparison of distances to the spine of the nearest DM and galaxy filament (dDM, dgal). Points show
individual galaxies with correspondingly coloured lines enclosing the central 50% and 90% in each environment. The thick black line and shaded
band traces the running median of dDM in bins of dgal and its 1σ uncertainty. Middle: Cumulative distribution of galaxy distances from their nearest
galaxy-filament spine. The black line represents the full galaxy sample, corresponding to the dark grey histogram in the background. Coloured
lines split the galaxy population into the same five environments as in the left-hand panel (histograms omitted for clarity). For comparison, the
distribution of galaxy distances from their nearest DM-filament is shown by the grey line and histogram. Right: Fraction of galaxies in each of
the five environments as a function of distance from their nearest galaxy-filament spine. Shaded bands indicate binomial 68% confidence intervals
(Cameron 2011). Thin dotted vertical lines delineate the five distance bins; each point is plotted at the median distance of the galaxies that it
represents. Horizontal dash-dotted lines show the overall fraction of galaxies in each environment. Distances to the two filament networks are only
weakly correlated, but galaxies closer to a galaxy-filament are generally more likely to be part of a thick DM-filament.

0.2 Mpc; galaxies are typically closer to a DM- than a galaxy
filament. A few per cent of galaxies are outliers from these dis-
tributions and lie (within floating point accuracy) exactly on the
spine. Most likely, this is because DisPerSE uses the positions
of galaxies to define the cell structure on which filaments are
identified.

In the right-hand panel of Fig. 20, we compare directly the
mix of true environments at different distances from a galaxy-
filament. At the smallest dgal (<0.2 Mpc) there is a clear sepa-
ration between the five environments, with only 1% of galax-
ies not in identified filaments but 42% in the thickest quartile.
These fractions are almost the same in the next dgal bin, since
we are still probing distances smaller than the width of most fil-
aments. The different fractions then converge steadily towards
larger radii, with all five environments accounting for between
11% and 26% of galaxies in the outermost bin (dgal > 4 Mpc).
The radial trend in the fractions, and the excess (deficit) of high-
(low-)density environments in the innermost bins compared to
the average, confirms that dgal can be used statistically as an envi-
ronment proxy. We stress, however, that there is substantial over-
lap between DM-filament widths in all dgal bins, and that even at
dgal < 200 kpc less than half of all galaxies belong to the thickest
quartile.

7.3. Density profiles

As a final test of the galaxy-based filament network, we com-
pare its density profiles to those around DM-filaments in Fig. 21.
Similar to Fig. 9, we construct overdensity profiles for galax-
ies, DM, and gas. As in Fig. 19, we cannot differentiate between
galaxy-filaments of different width, but a comparison between
all galaxy- and DM-filaments would be biased because many
of the thinner filaments are missed in the former. We therefore
select the N = 804 thickest DM-filaments (width ≥1.095 Mpc),
such that their total length matches that of the (full) galaxy fila-
ment network for an approximately fair comparison.
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Fig. 21. Density profiles of galaxies (blue), dark matter (DM; orange),
and gas (purple) around filaments reconstructed from the galaxy dis-
tribution (solid lines) of EAGLE at z = 0. Equivalent profiles around
a matched sample of DM-based filaments are shown as dashed lines
for comparison. For all three components, the profiles around galaxy-
based filaments agree quite well with their DM counterparts in the cen-
tral ≈0.5 Mpc but are significantly more extended at larger radii.

In the central ∼500 kpc, the profiles for all three components
(galaxies, DM, gas) around galaxy filaments agree quite closely
with their DM-filament counterparts, to better than the offset
between the three components. However, we have already seen
(Fig. 9) that this part of the profiles is dominated by galaxies
and their satellites; the agreement is therefore not too surprising.
At larger radii, however, the galaxy-filament profiles drop more
slowly, and in contrast to the DM-filament profiles remain well
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above the cosmic mean beyond 3 Mpc. The less precise place-
ment of filament spines with galaxies as tracers therefore leads
to the illusion of a diffuse extended structure19. Most likely, this
explains why we find much thinner widths for filaments than e.g.
Galárraga-Espinosa et al. (2020) and a different redshift evolu-
tion of filament widths than Wang et al. (2024).

7.4. Comparison to other studies

Ours is not the first comparison between galaxy- and DM-based
filaments, although to our knowledge no previous works have
compared the two in as much detail for a representative part of
the cosmic web. Laigle et al. (2018) identify filaments via DM
and galaxies in the Horizon-AGN simulation using DisPerSE
and compare the projected distance between the two (see their
appendix C and fig. C1). They find a median (projected) off-
set of 0.3−0.8 Mpc between the two, depending on the galaxy
mass limit and direction of matching (DM- to nearest galaxy- vs.
galaxy- to nearest DM-filament). This is broadly consistent with
our Fig. 19, keeping in mind that we likely include thinner fila-
ments in our DM catalogue than Laigle et al. (2018). Neverthe-
less, our comparison makes it clear that even filament networks
that overlap quite closely along much of their length can have
very different shapes, profiles, and associations with galaxies.

Zakharova et al. (2023) performed a detailed study of DM-
vs. galaxy-filaments around massive galaxy clusters, also using
DisPerSE. Different from our approach (and from Laigle et al.
2018), they calibrate the persistence threshold for the DM fil-
ament network such that its total length is the same as for the
galaxy-based one. While this should minimise the difference
between the two approaches, they find – like us – only lim-
ited agreement between the DM- and galaxy filaments (see their
figs. 1 and 6), with almost half of their DM-filaments having
no clear galaxy-based analogue. Similar to Laigle et al. (2018),
Zakharova et al. (2023) only compute distances between pairs of
DM- and galaxy-filaments – again finding a rather broad range of
∼0.1−10 Mpc – rather than between filaments and galaxies as we
did. Nevertheless, the general agreement between our results and
theirs suggests that the discrepancy between DM- and galaxy-
based filaments is generic, affecting both the representative fil-
ament population that we study and the extreme subset around
massive clusters analysed by Zakharova et al. (2023).

We stress, however, that our comparison has been far from
exhaustive. It is conceivable that more sophisticated filament
finders and/or density estimators may be able to extract a
more accurate filament network from galaxies. For example,
Bonnaire et al. (2020) show that their (graph-based) ‘T-Rex’ fil-
ament finder avoids some of the artefacts seen in the DisPerSE
galaxy-filament network. Even within the DisPerSE framework,
Hasan et al. (2024) find that a different way of calculating the
density field from the galaxy coordinates leads to closer agree-
ment with the underlying DM density and hence to a more real-
istic filament network, although they do not compare to a DM-
based version. Our results indicate that developments of this kind
can improve our observational view of filaments and their galax-
ies, although more work needs to be done to fully assess their
capabilities and limitations.

19 It is worth noting that this is not due to residual bias of galaxy-
filaments to thicker structures–which simply means that we do not probe
around less prominent filaments–and also not due to the inclusion of
galaxies or matter in different physical filaments, which occurs also in
the DM-based profiles.

8. Summary and conclusions

Filaments harbour the majority of galaxies in the Universe, but
their non-trivial identification and complex multi-scale struc-
ture limits our understanding of what they are and how they
influence the evolution of galaxies. Using the publicly available
simulations EAGLE Ref-L0100N1504 (‘EAGLE’) and Illus-
trisTNG100 (‘TNG100’), we have built filament catalogues
based directly on the simulated dark matter (DM) density field
at redshifts z = 0 and z = 2 using the DisPerSE algorithm with
a careful discussion of all involved parameters. We have used
DM density profiles around filaments to compute a physically
motivated measure of their radial widths, analysed their structure
using a combination of parametric and image-based diagnostics,
and compared our findings to the more observation-compatible
approach of using galaxies as tracers. The main results from this
work are summarised as follows.

1. With appropriate density smoothing and post-processing,
DisPerSE can identify a network of filaments that closely
resembles the relevant features of the underlying DM den-
sity field (Fig. 2). The result depends sensitively on the input
parameters, in particular the DM smoothing length and per-
sistence threshold, and to a lesser extent on the smoothing of
the extracted filaments. All of these parameters must be cal-
ibrated for a given scientific objective, which in our case is
to capture filaments down to the scale where they host most
Mstar = 109 M� galaxies (Fig. 4).

2. Along most of their length (i.e. in a median-averaged sense),
filaments reach typical DM overdensities of only ∼10 in
their centre. On their outskirts, DM densities drop well
below the cosmic mean, but because most of the Universe
is highly underdense, even these modest underdensities rep-
resent local DM enhancements (Fig. 6).

3. Filaments are a heterogeneous class of environments. At
z = 0, those that we identify span a factor of ≈7× in
width (0.54−2.9 Mpc) and factors of ≈100× in central DM
overdensity (≈1−100) and length (≈0.5−50 Mpc). The dis-
tributions of these parameters are nearly identical between
EAGLE and TNG100 (Fig. 7), but they are only weakly cor-
related between each other (Fig. 8). This diversity limits the
meaning of ‘filament’ without further distinction or details
as an environment label.

4. The mean overdensity profiles of galaxies, gas, and DM
around filaments agree closely. Galaxies are slightly more,
and gas is slightly less, concentrated around filament spines
than DM. Their central parts are biased high by the presence
of highly overdense substructures and reach overdensities of
&100. All average profiles converge to the cosmic mean less
than 3 Mpc from the spine, indicating that filaments are rela-
tively thin structures. (Fig. 9).

5. The cores of most filaments are strongly substructure domi-
nated. Only 21% (median) of DM mass is in a diffuse back-
ground within 100 kpc from the spine. Towards the outskirts,
the diffuse fraction rises to ≈75%. This is the opposite of
groups or clusters, where the diffuse fraction increases to
&90% towards the centre (Fig. 10). This clumpy, multi-scale
nature of filaments complicates their definition, extraction
from simulations, and comparison across different method-
ologies.

6. The cosmic web evolves strongly with redshift. At z = 2,
density contrasts are lower, which is due in particular to
less developed underdensities in voids, and filaments are
less prominent and less strongly aligned towards nodes than
at z = 0. At even higher redshift, DM forms very thin

A145, page 25 of 28



Bahé, Y. M. and Jablonka, P.: A&A, 702, A145 (2025)

‘proto-filaments’ with clear visual differences from their z =
0 descendants. (Fig. 11). This evolution must be reflected in
the parameters used to extract filaments at z � 0 if the result
is to remain physically meaningful (Fig. 12).

7. Compared to z = 0, filaments at z = 2 have almost the
same distribution in (co-moving) lengths and very similar
overdensities but are ≈30% thinner even in co-moving units
(Fig. 13). This demonstrates that filaments remain coupled
to cosmic expansion and is consistent with inside-out growth
due to the accretion of mass from their surroundings.

8. Gas in filaments is hotter than the gas around them. At z = 0,
the length-weighted average temperature near the spine is
∼105 K, and ∼ 3 · 105 K in a mass-weighted sense due to
the influence of hot and overdense substructures. Tempera-
tures are higher for thicker filaments, agree broadly between
EAGLE and TNG100, and only asymptote to a ≈ 3 · 104 K
floor at & 4 Mpc for the thickest filaments. At z = 2, the tem-
perature profiles drop in the central . 500 kpc, differences
between filament widths are much smaller than at z = 0, and
the temperatures predicted by EAGLE are systematically ≈2
times higher than for TNG100 (Fig. 14).

9. Despite close agreement in DM, there are significant dif-
ferences in the gas structure of filaments in EAGLE and
TNG100. In EAGLE, the gas density is smooth within fil-
aments and blurs into the background, while TNG100 fila-
ments are sharply offset from their surroundings and con-
tain a myriad of gas-rich low-mass haloes. Both simulations
predict relatively sharp temperature edges around thick fil-
aments and prominent hot bubbles around massive haloes.
In contrast, thin filaments are inflated with warm (∼3 ·
104−105 K) gas in EAGLE, while in TNG100 their tempera-
tures only reach . 104 K, and only in a narrow region around
their spines (Figs. 15 and 16). These differences are plausibly
related to the different stellar feedback implementations of
the two simulations, despite their agreement on galaxy prop-
erties.

10. Detailed inspection of individual filaments confirms that the
DM-defined filament width closely corresponds to edges
in their gas structure and highlights plentiful substructure
within filaments. The temperature is non-monotonic, even at
z = 0, and the highest temperature is typically near the edge,
which is consistent with an accretion shock. The metallicity
distribution is highly inhomogeneous, ruling out significant
gas mixing along the filament axis. At z = 2, gas forms a
thin, highly overdense, and cool core near the spine (Figs. 17
and 18) that plausibly formed through efficient in situ cool-
ing due to the much higher physical densities than at z = 0.

11. Using galaxies as tracers only allows the most prominent fil-
aments to be identified, with a variety of artefacts; the result
is not a close analogue of our default DM-based approach
(Fig. 19). The distance of a galaxy to its nearest galaxy-
filament is only weakly correlated with the distance from a
DM-filament, but it can serve as a statistical proxy of the
galaxy’s DM-filament width and hence its local environment
(Fig. 20). As a result of spine miscentring, density profiles
around galaxy-filaments decay more slowly and are still well
above the cosmic mean at 4 Mpc, giving the illusion that fil-
aments are much thicker than they really are (Fig. 21).

At a high level, our analysis demonstrates that filaments (and the
cosmic web more generally) are complex structures for which
simple models based on cylindrical symmetry only provide a
limited description – filaments are not simply stretched-out ver-
sions of galaxy clusters. We have demonstrated that taking these
complexities into account can lead to a rich and detailed view

of filaments and the galaxies embedded in them. Notably, the
results obtained with this approach often contradict those derived
with other methods. The very close agreement between EAGLE
and TNG100, two independently developed and calibrated sim-
ulations, on the structural parameters of filaments strongly sug-
gests that these are robust predictions that can be applied to
observations, at least under the fundamental assumption of a
ΛCDM cosmology. The same is not true for baryon properties,
however, where discrepancies between the two simulations war-
rant careful validation across multiple simulations and/or obser-
vations; we therefore caution against overinterpreting their pre-
dictions.

With the filament catalogues that we have built in this work
and the insight into their DM and gas structure, we are now able
to investigate the co-evolution between filaments and their galax-
ies. This will be the topic of forthcoming works in this series. In
one work, we will analyse the predicted properties of galaxies
as a function of their filament environment, and in another we
will focus on the assembly of filaments and their galaxies over
cosmic time. Together, these works will shed new light on how
the properties of filaments and their galaxies are driven by their
mutual co-evolution.
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Fig. A.1. Comparison of the projected DM density field in a (25 cMpc)3

volume smoothed in linear (left column) and logarithmic space (right
column), at three identical smoothing lengths S . While linear smoothing
mainly blurs (and hence emphasises) the nodes, logarithmic smoothing
brings out the fainter features such as filaments. The middle-right panel,
framed in green, corresponds to our fiducial choice.

Appendix A: Comparison of smoothing styles

Fig. A.1 demonstrates the difference between smoothing the DM
density field in linear and logarithmic space. Each of the six
panels shows the projected DM density in the same (25 cMpc)3

volume of the EAGLE-Ref25 simulation but smoothed in differ-
ent ways. In the three left-hand panels, the linear density field is
smoothed, whereas we smooth its logarithm for the three right-
hand panels. Each row uses the same smoothing length, as indi-
cated on the left edge. There is a clear qualitative difference
between the two methods, with linear smoothing mainly blur-
ring out–and hence emphasising–the nodes, whereas logarithmic
smoothing emphasises the fainter filamentary features. This cor-
responds to a better ability of DisPerSE to recover the filaments
(not shown here), which is why we use logarithmic smoothing
in this work.

Appendix B: Additional density profiles

For completeness, we include here the two additional sets of
density profiles that were omitted from the main text as they
do not show qualitatively new features. Fig. B.1 compares the
z = 0 profiles around EAGLE and TNG100 filaments. The
dashed lines for EAGLE are identical to those shown in Fig. 9,
but for clarity we only include the two extreme filament width
quartiles. While there are some minor differences between the
two simulations, these are small and do not affect any qualita-
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Fig. B.1. Density profiles around filaments in EAGLE and TNG100 at
z = 0, in analogy to Fig. 9. Galaxy, DM, and gas profiles are shown
in blue, orange, and purple, each normalised to their respective cosmic
mean. Light and dark shades represent the first and fourth quartile in
filament width; for clarity we omit the two middle quartiles. Profiles
for EAGLE-Ref100 and TNG100 are shown as dashed and solid lines,
respectively. The grey shaded area marks overdensities & 10 that are
dominated by galaxies within the filaments. The two simulations agree
qualitatively for all six profiles shown, and even quantitative discrepan-
cies are minor.
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Fig. B.2. Density profiles around filaments at z = 2, in analogy to what
is shown in Fig. 9 for z = 0. Galaxy, DM, and gas profiles are shown
in blue, orange, and purple, each normalised to their respective cosmic
mean (grey dash-dotted line). The grey shaded area marks overdensi-
ties & 10 that are dominated by galaxies within the filaments. Different
colour shades represent different quartiles in filament width. The pro-
files are qualitatively similar to those at z = 0, with some minor quanti-
tative differences.

tive conclusions. In Fig. B.2, we show the density profiles for
EAGLE at z = 2. Compared to the equivalent profiles for z = 0
as shown in Fig. 9, they drop slightly faster (all profiles are close
to the cosmic mean at 2 Mpc) but otherwise their qualitative fea-
tures are the same as at z = 0. In both cases, overdensities &10
correspond to galaxies within filaments so that the profiles in
the central ≈500 kpc are not representative of the full filament
length.
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