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ABSTRACT

We present a comprehensive study of the distribution of matter around different populations of large-scale cosmic filaments, using
the IustrisTNG simulation at z = 0. We computed the dark matter (DM), gas, and stellar radial density profiles of filaments, and
we characterise the distribution of the baryon fraction in these structures. We find that baryons exactly follow the underlying DM
distribution only down to r ~ 7 Mpc to the filament spines. At shorter distances (r < 7 Mpc), the baryon fraction profile of filaments
departs from the cosmic value Q,/Q,,. While in the » ~ 0.7—7 Mpc radial domain this departure is due to the radial accretion of
the warm-hot intergalactic medium (WHIM) towards the filament cores (creating an excess of baryons with respect to the cosmic
fraction), the cores of filaments (r < 0.7 Mpc) show a clear baryon depletion instead. The analysis of the efficiency of active galactic
nuclei (AGN) feedback events in filaments reveals that they are potentially powerful enough to eject gas outside of the gravitational
potential wells of filaments. We show that the large-scale environment (i.e. denser versus less dense, hotter versus colder regions)
has a non-negligible effect on the absolute values of the DM, gas, and stellar densities around filaments. Nevertheless, the relative
distribution of baryons with respect to the underlying DM density field is found to be independent of the filament population. Finally,
we provide scaling relations between the gas density, temperature, and pressure for the different populations of cosmic filaments. We
compare these relations to those pertaining to clusters of galaxies, and find that these cosmic structures occupy separate regions of the
density-temperature and density-pressure planes.
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1. Introduction

On the largest scales of the Universe, matter is organised in
nodes, filaments, walls, and voids, creating a gigantic network
called the cosmic web (Bond et al. 1996). This network is mostly
made of dark matter (DM) which, from the initial fluctuations of
the primordial density field, collapsed under the action of grav-
ity and formed the cosmic filamentary pattern (Zel’dovich 1970)
that we observe today. In the cosmic web, matter flows from the
less dense to the denser environments, going from voids to walls,
from walls to filaments, and from filaments to nodes, where it
accumulates.

The study of the cosmic skeleton, which is gravitationally
shaped by DM, has been made possible thanks to the devel-
opment of N-body numerical simulations (e.g., Springel 2005;
Boylan-Kolchin et al. 2009; Klypin et al. 2011; Prada et al.
2012; Potter et al. 2017), and the development of web-finder
methods (for e.g., Libeskind et al. 2018). For example, the sem-
inal studies of Aragén-Calvo et al. (2010) and Cautun et al.
(2014) have shown that most of the cosmic volume at z = 0
is occupied by voids, and, despite nodes being the denser cos-
mic structures, ~50% of today’s cosmic mass resides in fil-
aments. Also, among other results, these papers have shown
overlapping ranges for the DM density distributions in the differ-
ent cosmic environments. For example, encompassing a broad
range of almost five orders of magnitude, the density distribu-
tion in filaments partially overlaps with that in nodes towards the
higher density values, and with that in voids towards the lower

ones, hinting at the diversity of the filamentary structures in the
cosmic web.

Baryons account for ~15.7% of the total budget of matter
(Planck Collaboration XIII 2016). Ruled by gravity, they fall into
the gravitational potential wells created by DM, and they are dis-
tributed around the cosmic skeleton. Despite baryons being the
only matter component that is directly observable, their signal
in cosmic filaments is only difficultly detected in actual obser-
vational data. This is due to the small matter densities and com-
plex morphologies of these structures with respect to the denser,
more luminous (and thoroughly studied) clusters of galaxies. The
detection of baryons around filaments thus represents a chal-
lenge which demands different observational approaches and
techniques. For example, by observing individual pairs of clus-
ters, Tittley & Henriksen (2001), Werner et al. (2008), Planck
Collaboration VIII (2013), Sugawara et al. (2017), Akamatsu
etal. (2017), Alvarez et al. (2018), Bonjean et al. (2018), Connor
et al. (2018), Connor et al. (2019), Govoni et al. (2019), Hincks
et al. (2022), and Biffi et al. (2022) (among others) have detected
filaments of scales of a few megaparsecs, acting as bridges of
matter between the cluster pairs. Using statistical approaches,
some of the properties of these bridges (such as their density,
temperature, or magnetic field strength) have been constrained
thanks to stacking techniques (e.g., Tanimura et al. 2019; de
Graalff et al. 2019; Vernstrom et al. 2021). On scales of tens of
megaparsecs, longer filaments have been detected by applying
different filament finders (e.g., Sousbie 2011; Sousbie et al. 2011;
Cautun et al. 2013; Tempel et al. 2016; Bonnaire et al. 2020) to
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galaxy surveys. This has enabled the study of the properties of
galaxies (e.g., Alpaslan et al. 2016; Malavasi et al. 2017, 2020a;
Chen et al. 2017; Laigle et al. 2018; Kraljic et al. 2018; Sarron
et al. 2019; Rost et al. 2020; Bonjean et al. 2020; Welker et al.
2020), and gas in filaments (Tanimura et al. 2020a,b). More pre-
cisely, the first constrains on the gas density and temperature of
large-scale filaments have been recently obtained by Tanimura
et al. (2020a,b) thanks to the combined analysis of Sunyaev-
Zel’dovich (SZ) and lensing signals, and of stacked X-ray
data. Also, filaments connecting clusters of galaxies have been
observed by focusing on the outskirts of clusters, at small scales
in, for example, Eckert et al. (2015), but also on larger scales (e.g.,
Malavasi et al. 2020Db).

The previous studies concern the local Universe, but sev-
eral efforts have also been made in order to detect filaments
at higher redshifts. For example, thanks to the careful analysis
of the Lyman-alpha emission, small-scale filaments connecting
galaxies at 7 ~ 3—4 have been observed by Gallego et al. (2018),
and a detection of larger-scale structures has been reported by
Kikuta et al. (2019). Other observations at these high redshifts
have also been possible thanks to Lyman-alpha forest tomog-
raphy (e.g., Lee et al. 2014; Japelj et al. 2019), and predic-
tions concerning the potential detection of large-scale filaments
using the 21 cm signal of neutral hydrogen have been stated by
Kooistra et al. (2019). All these studies have revealed both the
multifaceted and multi-scale aspect of the filaments of the cos-
mic web, and the need to further characterise their properties in
order to better understand these structures.

Thanks to the development of new numerical methods and
of baryonic models calibrated on observations, the increas-
ingly accurate hydro-dynamical simulations (e.g., Dubois et al.
2014; Hirschmann et al. 2014; Dolag 2015; Schaye et al. 2015;
McCarthy et al. 2017; Nelson et al. 2019; Davé et al. 2019)
have recently enabled the ‘theoretical’ study of cosmic fila-
ments and of the properties of matter within them. We mention,
for example, the work of Gheller et al. (2015, 2016), Gheller
& Vazza (2019), Rost et al. (2020), Galarraga-Espinosa et al.
(2020) aiming at characterising these structures, and the par-
ticular interest on their gas content presented in Martizzi et al.
(2019), Tuominen et al. (2021), Galarraga-Espinosa et al. (2021).
Moreover, the analysis of different properties of galaxies in fil-
aments has been performed by e.g., Kraljic et al. (2018, 2019,
2020a), Ganeshaiah Veena et al. (2019), Song et al. (2021), and
Gouin et al. (2020, 2021, 2022), Kraljic et al. (2020b), Rost et al.
(2021) have studied how these filamentary structures connect to
clusters in hydro-dynamical simulations.

In this work, we use the outputs of the IllustrisTNG sim-
ulation (Nelson et al. 2019) and, by the means of radial den-
sity profiles, we perform the first comprehensive analysis of
the relative distribution of all the matter components (i.e. DM,
gas, and stars) around the large-scale (~Mpc) cosmic filaments.
Based on the studies of the galaxy distribution and gas prop-
erties around these structures (Galarraga-Espinosa et al. 2020,
2021), filaments are separated in two populations: the short, trac-
ers of denser and hotter regions, and the long filaments, tracers
of less dense and colder environments. A special attention is put
on the study of the relative behaviours of the DM, gas, and stel-
lar profiles, as well as on their shapes as a function of the fila-
ment population. We also investigate the evolution of the baryon
fraction in filaments as a function to the distance to the filament
spines and we present scaling relations between the gas density
of filaments and some observables, namely gas temperature and
pressure.
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The IustrisTNG simulation is briefly introduced in Sect. 2,
along with the filament catalogue used in this work. Section 3
shows the density and over-density profiles, and the study of the
baryon fraction in filaments is presented in Sect. 4. Finally, the
resulting scaling relations are provided in Sect. 5, and we sum-
marise our main conclusions in Sect. 6.

2. Data
2.1. lllustrisTNG simulation

We use the outputs of the gravo-magnetohydrodynamical simu-
lation IlustrisTNG' (Nelson et al. 2019), which follows the cou-
pled evolution of DM, gas, stars, and black holes from redshift
z = 127 to z = 0. This simulation is run with the moving-mesh
code Arepo (Springel 2010), and the values of the cosmologi-
cal parameters are those of Planck Collaboration XIII (2016):
Qap = 0.6911, Qo = 0.3089, Qo = 0.0486, o3 = 0.8159,
ns = 0.9667 and h = 0.6774. We study the TNG300-1 simulation
box, which is the best resolution run (mpy = 4.0 X 107 My /h)
of the largest volume of the IllustrisTNG simulation. This box,
which consists of a cube of about 302 Mpc side length, allows
both the statistically significant detection of long cosmic fila-
ments and the study of processes down to small scales. In the
following, all the results are derived from the snapshot at red-
shift z = 0.

The gaseous component in the IllustrisTNG simulation is
implemented by Voronoi cells that evolve in time, refined and
de-refined according to a mass target of 7.6x 10 M /h (Springel
2010; Nelson et al. 2019; Weinberger et al. 2020; Pillepich et al.
2018), and the baryonic processes driving gas dynamics (like star
formation, stellar evolution, chemical enrichment, gas cooling,
black hole formation, growth, and feedback, etc.) are described
by the “TNG model’ (Pillepich et al. 2018; Nelson et al. 2019),
implemented in a subgrid manner, whose description and details
can be found in Pillepich et al. (2018). We note that this model
was specifically calibrated on observational data to match the
observed galaxy properties and statistics (Nelson et al. 2019).

2.2. Analysed data sets

The full snapshot of the TNG300-1 box at z = O contains a very
large number of DM particles and gas cells (~14 x 10%), and
~7 x 10® star particles. Running the analysis on this extremely
large amount of information is computationally very expensive
and time consuming, so in order to compute the density profiles
in reasonable computing time, we sample the DM, star parti-
cles, and the gas cells by randomly selecting one out of 1000
(and we rescale the resulting densities by this factor). As shown
in Appendix A, this sub-sampling factor turns out to be a good
compromise between computational speed and precision, and it
does not bias the density estimates with respect to the full par-
ticle distribution. Moreover, performing the analysis on differ-
ent random extractions gives stable results, so this sub-sampling
does not undermine the statistical conclusions presented in this
work.

2.3. The filament catalogue

We detect the filaments in the TNG300-1 simulation box by
applying the DisPerSE code (Sousbie 2011; Sousbie et al. 2011)
to the galaxy distribution at z = 0. DisPerSE identifies filaments

! https://www.tng-project.org
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Fig. 1. Box of 60 Mpc side length, projections onto the xy, xz, yz planes. Orange and blue lines represent the spines of short and long filaments,
respectively. The black points show the underlying DM distribution. Short filaments are at the vicinity of nodes, whereas the long population traces

less dense regions.

from the topology of the density field, traced here by galaxies,
using Discrete Morse theory. All the details and technicalities
of the extraction of the skeleton used in this work can be found
in Galdrraga-Espinosa et al. (2020), where the catalogue of fil-
aments was first constructed. It is important to mention that,
following Galdrraga-Espinosa et al. (2020, 2021), a filament is
defined as the set of straight segments connecting a point of max-
imum density (hereafter CPmax), to a saddle of the density field
(see Fig. 2 of Galarraga-Espinosa et al. 2020). Within this defi-
nition, the filaments of our catalogue have a maximum length of
Ly = 65.6 Mpc, a minimum of and Ly = 0.4 Mpc, and their mean
and median lengths are respectively 10.9 and 8.8 Mpc. More-
over, since this study focuses on the main stem of filaments and
not on their connection with nodes, we remove from our cat-
alogue all the filament segments lying closer than 3 X Ry to
the centre of the CPmax points, the topological nodes found by
DisPerSE.

The previous studies of Galarraga-Espinosa et al. (2020,
2021) have shown that filaments can be classified into two pop-
ulations, that are the short (Ly < 9Mpc) and the long (L; >
20 Mpc) filaments. From the total of 5550 filaments of the cata-
logue, 2846 are short and 632 are long. Figure 1 shows the xy,
xz and yz projections of the positions of short and long filaments
(respectively in orange and blue) in a sub-box of the TNG300-
1 simulation. In this figure we can clearly see that short fila-
ments are located at the vicinity of clusters of galaxies (dens-
est regions), while long filaments, living in less dense regions,
connect vaster regions. These different environments reflect the
findings of Galdrraga-Espinosa et al. (2020, 2021), where we
have shown that short filaments are denser in gas and galaxies,
and that they have on average higher temperature and pressure
values than the long population. In the following, we present a
comprehensive study of the distribution of matter around the two
populations of filaments.

3. Densities of DM, gas, and stars around filaments

In this Section, we investigate how the different matter compo-
nents (DM, gas, and stars) are distributed around cosmic fila-
ments. We first compute the radial densities of these three matter
components around short and long filaments (Sect. 3.2), and then
we focus on the relative radial behaviour of DM, gas, and stars
by studying their over-density profiles (Sect. 3.3).

3.1. Method

We compute the density profiles of the matter component i (i =
DM, gas, or stars) around filaments, by averaging the profiles of
individual filaments so that, for a number Ng, of filaments, the
average density of i at a distance r from the filament spines is
given by:

Nsit

1 fil,f
i(r) = — ().
0= 53

Here p'/(r) denote the individual profiles, which are obtained
as follows. For a given filament f, the density of the matter com-
ponent i is computed by summing its mass enclosed in hollow
cylinders around all the Ny, segments belonging to the fila-
ment. Then, this mass is divided by the corresponding volume,
as shown by:

Nseg s
Z M (ry, ri-1)

s=1

Meg
ﬂ(rlz h r]%’l) Zs:l ls’
where, for the filament segment s, the quantity M Sy Fe-1) is the
mass enclosed within the cylindrical shell of outer radius r; and

of thickness r; — ry_1, centred on the segment axis, and le\/:lg 8
corresponds to the total length of the filament. Therefore, the
total density of matter at a distance ry, from the filament spine can
be simply computed by summing the individual contributions of
DM, gas, and stars, such that pror(ri) = ppm(Te) + Pgas(ri) +
1% *(r k )

Finally, in what follows, all the error bars are computed
by using the bootstrap method over the number of filaments.
These errors thus represent the statistical variance of the den-
sities around our limited sample of filaments.

ey

™ () = )

3.2. Radial densities

The density profiles of DM, gas, and stars around short and
long filaments, from their spine up to large radial distances of
~100Mpc are presented in Fig. 2. First of all, we note that, at
large radial scales, all the curves of Fig. 2 reach their respective
background density (grey horizontal lines) computed as p?‘”‘ =
MTOT/VIOT ‘When approaching the cores of filaments, the den-
sities of these three matter components increase, as expected,
and peak at the innermost region of the filaments.
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We see a clear difference between the filament populations.
For example, in the r < 1Mpc region, short filaments are
on average 1.95, 2.10, and 1.76 denser than long filaments in
DM, gas, and stars, respectively. These results correlate well
with the findings of Galarraga-Espinosa et al. (2020, 2021). At
z = 0, short filaments trace denser regions of the cosmic web
(like the vicinity of clusters of galaxies), while long filaments,
the building blocks of the cosmic skeleton, live in less dense
environments.

3.3. Over-densities

We now focus on the relative distribution of DM, gas, and stars
around filaments. We compute over-density profiles of these
three matter components by dividing the densities of Fig. 2 by
their respective background value:

i(r)
L+8() = 222, 3)

The over-density profiles are presented in Fig. 3a. Qualitatively,
the overlap between the three 1 + ¢; profiles is striking at large
distances form the cores of filaments. This shows that, at these
distances, gas and stars closely follow the DM distribution and
fall, unperturbed, into the DM gravitational potential wells. Nev-
ertheless, when approaching the cores of filaments, gas and stars
clearly depart from the DM over-density. This departure happens
atr ~ 0.7 Mpc in both short and long filaments. In Sect. 4 we see
that this radial scale marks a well defined regime in the baryon
fraction profiles of filaments. Notice that this scale is smaller
than the typical filament thickness at the outskirts of clusters
(which are excluded in this work) of Rost et al. (2021), showing
that the filamentary structures connected to clusters of galax-
ies are different from the main stems of cosmic filaments, as
expected for structures in those extremely dense environments
of cluster outskirts. Moreover, it is interesting to see that the
over-density of gas we find here at the cores of long filaments
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is compatible with the analysis of SDSS filaments of Tanimura
et al. (2020a), and also in good agreement with the 6 = 30 + 15
value found by Tanimura et al. (2020b) using X-ray data.

We check the robustness of these results against the res-
olution of the simulation by performing the same analysis in
the TNG300-2 and TNG100-1 simulation boxes, whose resolu-
tions are respectively ~8 times lower and higher than the ref-
erence TNG300-1. The resulting over-density profiles are shown
in Fig. 3b in black, pink, and green respectively for the TNG300-
1, TNG300-2, and TNG100-1 simulations. We note that the
black curves are the same as those of Fig. 3a. Apart from the
(expected) slight enlargement of the filament cores due to the
DisPerSE uncertainty in finding the position of the filament
spines in low resolution simulations (see Galdrraga-Espinosa
et al. 2020), the radial profiles of the TNG300-2 filaments are
essentially the same as those of the reference simulation, given
that their 1 + ¢; values are remarkably close. The results from
TNG300-1 are also compatible with those from the (higher res-
olution) TNG100-1 box. Nevertheless, the profiles of the latter
have very large uncertainties, which is due to the very reduced
number of cosmic filaments detected in this small (110.7 Mpc)?
box (302 filaments in total, versus 5550 in TNG300-1). As a
consequence, from Fig. 3b it is not possible to detect any poten-
tial resolution effects causing density deviations at the filament
cores and having amplitudes smaller than the uncertainties of the
TNG100-1 profiles.

Still, according to the studies of Ramsgy et al. (2021), a
spatial resolution of at least /.., = 2.4 kpc is needed to have a
robust measurement of the densities of cores of (small-scale) fil-
amentary structures of radii R..s ~ 8 kpc. The mean inter-particle
distance of the TNG300-1 simulation is lrng = (Voox/Np)'/? =
0.123 Mpc, so by adopting the /. resolution limit, we obtain that
TNG300-1 is able to resolve filament of a minimum radius of:

Ruin = Ries X (I1nG/Ires) = 0.41 MPC, 4

which is smaller than the typical ~1 Mpc radial scales of the cos-
mic filaments analysed in this work. We therefore deduce that the
TNG300-1 simulation is a good compromise between statistics
and resolution, providing stable results at the studied scales.

Of course, further studies in higher-resolution boxes with
large enough simulated volumes would not only allow for a more
detailed analysis of the very inner cores of cosmic filaments, but
also to perform a global (multi-scale) study of the filamentary
structures of the cosmic web. The latter range from the large
(Mpc) scales of cosmic filaments, which are the focus of this
work, down to the small (kpc) scales of galactic tendrils, which
might be the main providers of gas supplies to the galaxies (e.g.,
Ramsgy et al. 2021).

3.4. Modelling the mean DM, gas, and stellar over-density
profiles

Let us now analyse the shapes of the profiles shown in Fig. 3a.
First, inspired by the findings in small-scale (~kpc) filaments
connecting galaxies (Ramsgy et al. 2021), we fitted the inner
part of the density profiles to a Plummer model. This model,
described in Eq. (B.1), is the theoretical analytic description
of an isolated, self-gravitating isothermal cylinder of infinite
length (Stoddlkiewicz 1963; Ostriker 1964). Our results, pre-
sented in Appendix B, show that the only matter compo-
nent whose profile is relatively well described by the Plum-
mer model is gas, hinting that gas around the (large-scale) cos-
mic filaments is in hydrostatic equilibrium, in agreement with
the predictions of isothermal cores (Klar & Miicket 2012;
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Gheller & Vazza 2019; Tuominen et al. 2021; Galarraga-
Espinosa et al. 2021). Appendix B also shows that the mean den-
sity of the DM component deviates from the Plummer model,
which might hint that filaments are not yet completely self-

gravitating structures (because they might still be accreting mat-
ter in the radial direction). Nevertheless, given that the fila-
ments in this work have been detected in the galaxy distribution
(in order to mimic observations), we abstain from drawing any
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physical conclusions from this comparison. Indeed, the spines of
filaments extracted from the galaxy distribution might be slightly
biased with respect to the density of the underlying DM skele-
ton. Despite the fact that this bias has been shown to be relatively
negligible (Laigle et al. 2018), it could nevertheless be respon-
sible of slightly blurring the profiles at their innermost part, and
thus of a possible ‘non-physical’ departure from the Plummer
model. Further analyses are thus required in order to conclude
on the self-gravitating nature of large-scale cosmic filaments,
but we leave this study to a future work. In the remaining of
this Section, we model the filament over-density profiles with a
more empirical description.

We push forward the modelling of the inner part (» < 3 Mpc)

of the over-density profiles of Fig. 3a by releasing the constraints
on the slopes of the Plummer profile. This yields the generic -

model (Cavaliere & Fusco-Femiano 1976; Arnaud 2009; Ettori
et al. 2013) parameterised by
1+60
B’

(L+())

and whose resulting fit-curves are shown in pink, green, and
cyan, respectively for DM, gas, and stars, in Fig. 3a. The result-
ing parameter values for short and long filaments are reported
respectively in Tables 1 and 2. We see that, for a given matter
component, the only parameter that significantly varies from one
filament population to the other is the over-density at the core,
1+ 5?. Indeed, in addition to the intrinsic differences between
matter components, the 1+6? values are always larger in short fil-
aments than in long filaments, reflecting the results of Sect. 3.2.

Interestingly, the other parameters of this model, namely
the radial scale ry and the slopes @ and 8, do not exhibit any
major variations between filament populations: their values are
rather set by the matter component. For example, for both short
and long filaments, we find that the ry scale (marking a tran-
sition between the slopes) is smallest in the profiles of stars
(ro ~ 0.1 Mpc), larger in those of DM (ry ~ 0.2 Mpc), and largest
in those of gas (rg ~ 0.5 Mpc).

Moreover, it is interesting to see that the o parameter, char-
acterising the slopes of the profiles at distances r > ry, is always
smaller than @ = 2. This differs from the trends of DM and
gas found in intracluster bridges and in those filaments, some-
times called ‘spider-legs’, that are found at the very outskirts of
massive clusters (e.g., Colberg et al. 2005; Dolag et al. 2006;
Rost et al. 2021). These filamentary structures do not belong to
the main stem of cosmic filaments, and we recall that they are
excluded from our analysis.

At distances r < ryp, all the matter components around short
and long filaments show an inner slope 8 = 1. This is in line
with the findings of Zhu et al. (2021). However, we note that
this regime is close to the resolution scale of the present work. A
study at higher resolution is needed in order to penetrate deeper
into the filament cores, therefore allowing a better modelling of
these regions thanks to a larger number of data points at the inner
part of the density profiles.

Finally, let us briefly comment on the outer part of the over-
density profiles of Fig. 3a, i.e. on the flattening of the profiles at
large distances from the spines. This flattening, resulting from
the decrease of density at large distances, describes the con-
nection of the filaments with their environment. It happens to
be different for the two extreme filament populations. While in
long filaments the over-densities reach values of 1 + 6 = 1 at
distances as short as » ~ 4 Mpc from the spines, the decrease of
over-densities is slower in short filaments, where the background
value is reached only at r ~ 12 Mpc. This slower decrease just

1+06i(r) = 5)

Al115, page 6 of 16

reflects the contribution of the denser environment in which the
short population is embedded. In order to better understand how
cosmic filaments are connected to their environment, it might be
interesting to disentangle between the different possible contri-
butions at the outer part of the density profiles of filaments (e.g.,
walls, other filaments, etc.). Nevertheless such study lies outside
of the scope of the present work.

This section has shown some similarities between the slopes
and radial scales of the DM, gas, and stellar density profiles
around short and long filaments. This might be a hint that matter
is subject to similar dynamics in filaments, despite the differ-
ent large-scale environments of these two extreme populations
(i.e. denser and hotter versus less-dense and cooler). In the next
section, we push forward the exploration of the effect of the envi-
ronment of short and long filaments on the relative distribution of
DM, gas, and stars by studying the radial profiles of the baryon
fraction around cosmic filaments.

4. Baryon fractions in filaments
4.1. Radial profiles

We compute the radial profiles of the baryon fraction in fila-
ments, f,(r), by combining the densities presented in Sect. 3.2
in the following way:

ou(r) Paas (1) + pu(7)

Hn)= p101(r)  pom(P) + Peas(r) + pu(r)’

(6

The baryon fraction profiles are presented in the first panel of
Fig. 4. The individual contributions of gas and stars, namely the
gas fraction (fgs) and stellar fraction profiles (f), are shown in
the second and third panels of this figure. At all radii, we have
Jo = f; gas t S

As expected, we see that the baryon fraction profiles of fila-
ments converge to the cosmic value, feosmic = Qb/Qm = 0.157
(Planck Collaboration XIII 2016) at very large radii. A devia-
tion from fiosmic arises as we approach the cores of filaments.
The departure from the cosmic value begins at a specific radial
scale of r ~ 7Mpc (outer grey vertical line), that is hereafter
called r.y. While at large radial distances of r > r., matter is
exclusively ruled by gravity and simply falls into the filament
potential wells, at distances r < re baryons stop following the
cosmic fraction, showing that their distribution is altered by the
mere presence of the filament.

Moreover, it is interesting to note that the 7. scale coincides
well with the sharp increase of gas temperature in the filament
temperature profiles of Galdrraga-Espinosa et al. (2021). All this
allows us to interpret rex as the radial extent to which baryonic
processes taking place in filaments can affect the large-scale dis-
tribution of baryons. We check this interpretation by comput-
ing the total baryon fraction (normalised to the cosmic value)
enclosed within a cylinder of radius ry centred on the filament
axis. We define this quantity as:

Jolr < rext) fo 7 [penr) + p.(r)] dr

F(r <rey) = = >

fmsmic ext
Seosmic X r pror(r) dr
0

@)

and the resulting values for the average short and long filaments
are respectively 1.02%00% and 1.01%0.9%, i.e. compatible with one.

Remarkably, short and long filaments exhibit the same value
of rexy ~ 7Mpc and baryon fraction profiles that significantly

overlap. In line with the results of Sect. 3.4, this means that the
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Table 1. Fitting results of the over-density profiles of short filaments (left panel of Fig. 3a) to the 8-model of Eq. (5).

(1+6%) ro [Mpc] a B x>
Dark matter 81.66 +£ 5.21 0.25+0.02 141+0.18 1.00+0.17 0.39
Gas 39.58 + 0.89 0.56+0.05 157+0.12 1.00+0.12 0.22
Stars 28743 +321.07 0.13+£0.05 1.59+143 1.00+£0.82 4.87

Table 2. Fitting results of the over-density profiles of short filaments (right panel of Fig. 3a) to the 8-model of Eq. (5).

(1+69) ro [Mpc] @ B X;
Dark matter  43.08 +£5.63 0.24+0.03 145+034 1.00+0.30 0.93
Gas 19.34 + 1.28 051 +0.11 1.53+0.32 1.00+0.17 0.88
Stars 17440 +17.92 0.14+003 1.73+0.80 1.00+043 1.75
Baryons Only gas Only stars
0.175F}
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0.125} /
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Fig. 4. Baryon fraction radial profiles of filaments (first panel), and the individual contributions of gas and stars (second and third panels). The
dashed horizontal line shows the cosmic value of feosmic = Qb/Qm = 0.157.

distribution of gas and stars with respect to that of DM is rather
independent of the specific absolute density ranges (Fig. 2) and
large-scale environments particular to each filament population.
Potentially, this similarity between filament populations suggests
that the baryonic processes responsible for modifying the bary-
onic density profile relative to that of the DM are mostly inde-
pendent of the environment.

Atradii r < rey, i.€. inside the filaments, the baryon fraction
profiles show two very different regimes, whose transition hap-
pens at a radius of ~0.7 Mpc. This radius is hereafter called ry
and is identified as the intersection point between f;, and €, /Qp,
(inner grey line in Fig. 4). We note that this distance is also con-
sistent with the radius where the DM and gas over-density pro-
files of Fig. 3a separate. The two regimes in the baryon fraction
profiles are identified in the following, from the inner to the outer
regions. Firstly, a clear baryon depletion is seen at the cores, as
shown by the sharp decrease of the baryon fractions. This deple-
tion is quantified by the factor Y, (7 < rine) = fo(r < Fint)/ feosmics
which respectively gives 0.9070.9 and 0.85700% in short and
long filaments, consistently with the results of Gheller & Vazza
(2019, we note the similar values between the two different fil-
ament populations). For comparison, the depletion factor in fil-
aments is of the same order of magnitude than the usual value
in cores of clusters of galaxies, ¥, ~ 0.85 (e.g., Kravtsov et al.

2005; Planelles et al. 2013). Secondly, an excess of baryons with
respect to the cosmic value, characterised by a bump in the pro-
files, is observed. These two different regimes can be understood
by focusing only on the gas component. Indeed the fraction of
gas fgs in filaments (second panel of Fig. 4) shows the same fea-
tures as the total fraction of baryons, i.e. a depletion at the cores
(r < Finr), and a bump in the [riy, 7ex] radial range. This resem-
blance between the total fraction and that of gas is not surpris-
ing, given that gas represents on average ~78% of the baryonic
mass in the innermost bin, and ~96% in the [riy, 7ext] interval,
thus corresponding to the most abundant form of baryonic mat-
ter in filaments. Sections 4.2 and 4.3 will respectively present
the analysis of the gas depletion and the bump with respect to
the background value.

Before analysing the two regimes identified above, let us
comment on the stellar fractions of filaments, f, (the third panel
of Fig. 4). These show a flat trend in the profiles at large distances
from the spines of filaments, and contrary to gas, f. increases at
the filament cores (r < rjy). This increase of the fraction of stars
at the cores reflects well the results of previous studies of galax-
ies which have found that cores of filaments are more populated
by massive galaxies than more remote regions (Malavasi et al.
2017; Laigle et al. 2016; Kraljic et al. 2018, 2019; Bonjean et al.
2020).
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4.2. Analysis of the gas depletion at r < rin

Gas depletion can be easily understood by analogy with the case
of clusters of galaxies (e.g., Kravtsov et al. 2005; Puchwein et al.
2008; Planelles et al. 2013; Le Brun et al. 2014; Barnes et al.
2017; McCarthy et al. 2017; Chiu et al. 2018; Henden et al.
2020, and references therein). In these structures, the decrease
of the gas fraction is due to the conversion of gas into stars
(that lowers the gas fraction and enhances the stellar one), and
the ejection of gas due to feedback events (which displace,
disperse, and redistribute the gas, e.g., Cen & Ostriker 2006).
Previous studies have shown that feedback effects from active
galactic nuclei (AGNs) can modify the distribution of baryons
up to several Mpc away from these objects (see e.g., Chisari
et al. 2018). Thus, in this section we investigate whether the
feedback from AGNSs sitting in filaments is potentially powerful
enough to deplete the filament cores by ejecting their gas away.
A fundamental requirement for filamentary gas ejection is that
the injected energy (coming from the feedback of AGNs inside
filaments) be higher than the gas gravitational potential energy
(i.e. competition between pushing and pulling of gas).

Firstly, we compute the gravitational potential ¢ felt by a test
particle at a distance R from the spine of the filament using the
following expression (see Appendix C for all the details):

R r
¢(R) = ZGJ; dr % I) dr'r’ Apror(r') + ¢o. 8)

In this equation, G is the universal gravitational constant, Aptor
is the total matter over-density (Aptor = PTOT — Pbke)» and @y is
an integration constant chosen so that the potential at the limit
between the interior and the exterior of the filament is zero, i.e.
@(Ryim) = 0. Thus, Eq. (8) gives the following value of ¢g:

Riim 1 r
Po = —2Gf dr - f dr' ¥ Apror(r'). 9)
0 0

We note that, based on the studies of the baryon fractions profiles
presented above (Fig. 4), the limit between the interior and the
exterior of the filament is set to Rjm = 7ext = 7 Mpc.

The resulting ¢(R) profiles for short and long filaments are
shown in Fig. 5. As expected, the gravitational potential of short
filaments is deeper than that of the long filaments. This is due to
the higher density values of the former with respect to the later,
e.g., three times higher at the cores (see Fig. 2). We note that this
factor of three between the densities of short and long filament
cores is also reflected in the values of the gravitational poten-
tial. Physically, the calculations presented above show that, in
order to be displaced outside of filaments, baryonic gas particles
need to acquire a kinetic energy that is bigger than their potential
energy in the depth of the gravitational well
|Ag] = 1¢(0) = p(Riim)| = Idol- (10)
By construction, the values of |A¢| can by read directly from the
first bin of Fig. 5.

Let us now focus on the energy injected by AGNs. We com-
pute the amount of energy by unit of gas mass, gagn, injected
by AGN feedback events into a cylindrical shell of thickness
|[re—1 — ry| around the axis of the filament using the following
equation (see Appendix C for details):

Tk ki
frH drr exin ()
it drr peas(n)
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Fig. 5. Gravitational potential (Eq. (8)) felt by a test mass inside short

(orange) and long filaments (blue). The limit between inside and outside

for the computation of the gravitational potential is set to Ry, = 7exe =

7 Mpc. The outside regions are hatched in grey.
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Fig. 6. Radial profiles of the kinetic energy by unit of gas mass injected
by AGNs into the medium (see Eq. (11)). The inner and outer vertical
dashed lines correspond respectively to the riy and 7.y radii.

where R € [r_, r¢]. Here e‘:gN is the energy per unit volume,
which corresponds to the cumulative amount of kinetic AGN
feedback energy (total over the entire lifetime of the correspond-
ing black-holes) injected into the surrounding gas, divided by
the volume of the cylinder centred on the filament axis. For ref-
erence, the e‘j\igN profiles are presented in Fig. C.1. We note that,
from the two possible AGN energy injection modes available in
the TNG model (i.e. thermal and kinetic), only the kinetic mode
(field BHCumEgyInjectionRM in the PartType5 catalogue) is
studied here. It was indeed shown that it is the only mode able
to expel gas away from the centre of galaxies (Weinberger et al.
2018; Terrazas et al. 2020; Quai et al. 2021) thanks to the release
of mechanical energy into the gas (via winds in random direc-
tions). On the other hand, as shown by Weinberger et al. (2018),
the AGN thermal injection mode does not efficiently couple with
the gas in the galaxy environment, and thus it does not alter its
spatial distribution (see also Terrazas et al. 2020; Quai et al.
2021). Of course, this thermal injection mode contributes to
heating the gas in the inter-galactic medium in the filament.

The eagn profiles resulting from Eq. (11) are presented in
Fig. 6. Overall, the two filament populations have very similar
profiles. This is due to the fact that the differences between short
and long filaments shown by the ell‘\i('le profiles (Fig. C.1) are
compensated by the different gas masses of the two populations.



D. Galarraga-Espinosa et al.:

1024

1014

Eaan / |AQ|

10°
107!

10° 10! 102

R [Mpc]
Fig. 7. Ratio between the AGN feedback energy by unit of gas mass,
eaon (Eq. (11)), and the depth of the gravitational potential, |A¢|
(Eq. (10)). The inner and outer vertical dashed lines correspond respec-
tively to the 7, and re, radii. The regions outside filaments (i.e. 7 > 7ex()
are hatched in grey and must not be considered in the analysis.

This means that the potential efficiency of AGN feedback events
relative to the gas distribution is quite the same in short and long
filaments. We note, however, the slightly higher exgn value at
the inner cores of long filaments.

Let us finally investigate whether these feedback processes
are potentially powerful enough to contribute to the gas deple-
tion observed at the cores of filaments (see Fig. 4). This is done
by comparing the values of the injected AGN energy (gacgn;,
Eq. (11)) to the depth of the gravitational potential well (|A¢|,
shown in Eq. (10)). The ratio between these two quantities,
eacn/|A¢| is presented in Fig. 7. For both short and long pop-
ulations, we find that the ratio eagn/|A¢| is larger than one at all
radii, reaching the maximum values of respectively ~21 and ~94
at the filament cores. This means that, within r < re Mpc, the
gas thrust due to AGN feedback is theoretically strong enough
to counteract the gravitational pull towards the filament cores.
Of course, it is important to remember that not all the kinetic
energy deposited in the medium by AGN feedback processes is
necessarily transferred to the gas. Indeed, this depends on several
factors such as the AGN jet geometry and orientation, their sta-
bility, and the coupling between the energetic jets and winds and
the gas, which is not the focus of this study. The main result of
this study is that the feedback from AGNs can potentially inject
enough energy into the medium to contribute to the gas depletion
observed in Fig. 4.

Figure 7 also shows that the efficiency of this process
depends on the filament population. Indeed, due to their shal-
lower gravitational potential, long filaments can be more easily
affected by AGN feedback processes than the short population,
as shown by the higher values of gxgn/|A@| at all radii of the
former with respect to the latter. This can be interpreted in anal-
ogy with clusters of galaxies, where the link between gas deple-
tion and density has been thoroughly studied, finding that AGN
feedback effects are efficient enough to displace large amounts
of gas outside the potential wells of the small-scale structures
(groups), but barely affect the more massive (larger-scale) clus-
ters of galaxies (e.g., Planelles et al. 2013; Le Brun et al. 2014;
McCarthy et al. 2017; Barnes et al. 2017; Henden et al. 2020,
and references therein).

Naturally, one might think that the observed baryon deple-
tion discussed in this section could be solely the result of the
thermal pressure of filament gas. Nevertheless, by comparing the

Matter in cosmic filaments

outputs between simulations with and without the inclusion of
AGN feedback, Gheller & Vazza (2019) have shown that AGNs
effectively affect the baryon fraction distribution of filaments. In
that paper, the baryon fraction f, enclosed in filaments in the
simulations that include AGN feedback reaches values that are
smaller than those of the structures detected in the baseline sim-
ulation without feedback. In line with the results presented in
this section, this supports a picture in which the effects of AGNs
have a non-negligible impact on the distribution of baryons in
large-scale filaments.

4.3. Analysis of the bump at r € [fint, Fext]

We now focus on the bump of the profiles, observed at r €
[7int, 7exe] in Fig. 4. In order to understand this feature, it is
primordial to disentangle between the different ‘types’ of gas
that co-exist in the cosmic web, e.g., the diffuse inter-galactic
medium, the warm-hot intergalactic medium (WHIM), hot gas,
etc. Based on their position in the density versus temperature
phase-space, we separate gas into the different phases as defined
by Martizzi et al. (2019) and we run the same analysis for each
of them. The resulting gas fractions are shown in Fig. 8, where
it is evident that the observed bump is specific to gas in the
WHIM, with temperature 7 ~ 103—107 K (warm), and density
nyg < 107* em™3 (diffuse). Indeed, diffuse gas is accreted towards
the cores of filaments by gravitational attraction, and due to its
collisional nature, it is shock heated and converted into WHIM
gas. Unable to efficiently cool down, WHIM gas assembles at the
outskirts (r ~ 1 Mpc) of filaments. We note that these results are
in excellent agreement with the study of gas properties around
filaments (Galarraga-Espinosa et al. 2021).

Interestingly, the work of Rost et al. (2021), focusing on
the filaments at the outskirts of clusters and their connection
to these structures, has also detected a bump in the gas frac-
tion profiles of filaments connected to the clusters of THE
THREEHUNDRED simulation (Cui et al. 2018a). In that work,
this feature was exclusively interpreted as the turbulent fuelling
of clusters with filament gas (i.e. filaments acting as highways of
gas towards clusters). However, since the outskirts of clusters are
not included in the present analysis (regions within 3 X Rygo from
cluster centres are excluded), the bump highlighted here is rather
found to be an intrinsic property of radial accretion shocks of
WHIM gas at the boundaries of filaments. Of course, this intrin-
sic radial feature can be enhanced by other processes, like the
turbulent motions for the filamentary structures at the outskirts
of clusters detected by Rost et al. (2021).

5. Scaling relations with gas temperature and
pressure

After analysing the full baryonic content of cosmic filaments,
let us now focus our analysis only on the gaseous component,
whose observation is the most challenging nowadays. Indeed,
despite recent detection of the SZ effect around filaments (see
e.g., de Graaff et al. 2019 and Tanimura et al. 2020a results), and
studies of X-ray emission of filament gas (see e.g., Tanimura
et al. 2020b and Biffi et al. 2022 respectively in ROSAT and in
the very recent eROSITA data), the gaseous content of cosmic
filaments is still not fully constrained in observations. In order
to help future studies, we provide scaling relations between gas
density, temperature, and pressure, derived from the analysis of
the TNG300-1 simulation.
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Fig. 8. Gas fraction profiles separated in five different phases, according to the classification of Martizzi et al. (2019). The vertical lines show the

positions of the riy (left) and rex, (right) radial scales.

From the gas density profile of each filament, we compute
the mean gas density (hereafter {pg,s)) up to the radial scale
rext> defined as the radial extension of baryons in filaments (see
Fig. 4). The same is done for gas temperature and pressure,
whose radial profiles were computed following Egs. (6) and (7)
of Galarraga-Espinosa et al. (2021). This yields one {pgas), (T')
and (P) value for each filament of our catalogue. We note that,
in order to reduce the scatter, in this section we focus only on
the filaments whose profiles are complete (i.e. without empty
bins). The resulting number of filaments in the short and long
populations is respectively 969 and 446 (for reference, the initial
number in each population is 2846 and 632).

With the aim of comparing the scaling relations of fila-
ments to those of other cosmic structures, in this section we also
show the pgs — T and pg,s — P relations of clusters of galax-
ies, the densest structures of the cosmic web. These structures
were selected from the publicly available friend-of-friend (FoF)
halo catalogue of the TNG300-1 simulation box. We focus on
the most massive haloes of this catalogue, that we separate into
three classes according to the mass: 13 < log My < 14 (2369
haloes), 14 < log My < 14.5 (138), and log Myoo > 14.5 My /h
(15 haloes), corresponding respectively to groups of galaxies,
clusters, and massive clusters. For further details on the FoF
group catalogue, we refer the reader to Nelson et al. (2019).
In the case of clusters, the corresponding average quantities are
computed up to the Ry radial scale.

The (0gus), (T, and (P) distributions of filaments and clus-
ters are presented in Fig. 9. For comparison, this figure also
shows the specific distributions of extreme filaments, i.e. the
high-density (HD) short, and low-density (LD) long filaments.
These filaments correspond respectively to the 25 and 75 per-
centiles of the short and long populations, and account for a
number of 242 (short HD) and 112 (long LD). The distributions
of Fig. 9 highlight the hierarchical structure of the cosmic web,
with the densest structures (i.e. clusters) being hotter and with
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higher pressure values than the least dense ones (i.e. long fila-
ments).

The scaling relations between gas density and temperature
for filaments and clusters are obtained by fitting the following
function in the (pgas) — (T') plane:
10g(T) = a log ((pgs)/pe) + b, (12)
where p. corresponds to the critical density of the Universe (see
vertical light-blue line of Fig. 9). The same function form is used
for pressure, in the {pgas) — (P) plane.

The resulting scaling relations are presented in Fig. 10, and
the values of the fitting parameters are reported in Table 3 and 4
for temperature and pressure, respectively. As for the 1D distri-
butions, the 2D contours in the (pg,s) —(T') and {pgas) —(P) planes
clearly reflect the hierarchy between the considered structures:
clusters are found in the upper right corner of the plots (where the
density, temperature, and pressure values are the highest), and
groups, short, and long filaments are distributed in a decreasing
diagonal (in this respective order) down to the lower left corner,
where the values are the lowest. Nevertheless, a closer inspec-
tion of the resulting fitting parameters shows that the structures
do not follow a perfect diagonal in the {(pgas)—(T") and {pgas)—(P)
planes. Indeed, each structure possesses a different value of their
slope a. Despite the values being encompassed in a tight range
(a € [0.30,0.70] for temperature and a € [1.11, 1.81] for pres-
sure, see Tables 3 and 4), a clear steepening of the slope is seen
in structures with decreasing density. We note the large uncer-
tainties in the a value of the low density long filaments (Long —
LD). These are due to the rather broad temperature and pressure
ranges exhibited by this sub-set of 112 filaments (see Fig. 9),
leading to 2D asymmetrical distributions that are harder to con-
strain. The differences highlighted above indicate that it is pos-
sible to differentiate between the types of cosmic structures by
their relation in the {ogs) — (T') and {(pgas) — (P) planes.
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6. Discussion and conclusions

In this paper, we analysed the distribution of DM, gas, and stars
around the cosmic filaments detected in the TNG300-1 simula-

tion at redshift z = 0. The different populations of short and long
filaments were studied separately, allowing us to probe the effect
of the large-scale environments of cosmic filaments (i.e. denser
and hotter versus less dense and colder regions) on our results.
By computing radial density profiles of the different matter com-
ponents around filaments, and by deriving baryon fraction pro-
files of these cosmic structures, we have reached the following
conclusions:

— We find that DM, gas, and stars are distributed differ-
ently around short and long filaments, the former exhibiting
always higher density values than the latter (Fig. 2). DM, gas,
and stars show overlapping over-density profiles at all radii
except at the filament cores r < 0.7 Mpc (Fig. 3a), where the
over-density of baryons departs from that of DM. By mod-
elling the over-density profiles with a generalised S-model,
we find that the slopes of the profiles and the radius at which
they transition are independent of the large-scale environ-
ment (the latter is only reflected in the different density val-
ues found in short and long filaments). The slopes and radial
scales are rather set by the matter component, hinting at uni-
versal processes in filaments, regardless of the population.

— We find that the baryon fraction profiles f;, of short and long
filaments present three different regimes (Fig. 4): the cores
(r < rin) are baryon depleted with a depletion factor of
Yo(r < rin) = 0.90700¢ (short) 0.85*008 (long filaments),
at distances of r € [riy, rex] there is an excess (a bump) with
respect to the cosmic fraction {,/Q.,, and at larger distances
(r > rext) the fy, profiles are flat and consistent with the cos-
mic value. We show that, AGN feedback could contribute
to the observed baryon depletion in the cores, given that
the kinetic energy injected into the medium by AGNs can
be powerful enough to potentially expel gas outside of the
gravitational potential wells induced by filaments (Figs. 5—
7). We find that the bump in the baryon fraction profiles
is a specific signature of the radial accretion of WHIM gas
towards filaments (Fig. 8). Unable to efficiently cool down,
this gas assembles at radial distances of ~1 Mpc from the fil-
ament cores. Given that this gas phase is the dominant one
in filaments (e.g., Galdrraga-Espinosa et al. 2021), this bump
specific to WHIM is naturally reflected in the total baryon
fraction of cosmic filaments.

— We find two main characteristic radii for baryons in cos-
mic filaments. From the outer to the inner regions, these are
Fext ~ 71Mpc and ryyy ~ 0.7 Mpc. Both radii are found to
be independent of the filament population, meaning that they
are characteristic of all filaments, regardless from their large-
scale environment. They are also independent of the resolu-
tion of the simulation.

The first radius, rex, marks the departure of the baryon frac-
tion from the cosmic value Q,/Q,,. We show that the total
baryon fraction enclosed in a cylinder of radius re yields
the cosmic value (Eq. (7)). We thus interpret this radius as
the radial extent to which baryonic processes taking place in
filaments can affect the large-scale distribution of baryons.
The second one, riy, corresponds to the limit of the gas
depletion observed at the cores of filaments. It is defined as
the intersection between f, and Q,/CQ,, and also reflected
in the separation of the DM and gas over-density profiles.
This radius marks the regime from which the broad diversity
of physical mechanisms (e.g., AGN feedback) play a role in
shaping the properties of baryons in the cores of cosmic fila-
ments.

— We find that the distributions of gas density, temperature,
and pressure of filaments and clusters clearly reflect the
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Fig. 10. Scaling relations between temperature (left) and pressure (right) with gas density, for filaments and galaxy clusters. For each structure, the
dashed line corresponds to the linear function of Eq. (12), with the parameters of Tables 3 and 4 for temperature and pressure, respectively.

Table 3. Results of the scaling relations between pressure and gas den-
Sity, lOg (Ty=a lOg ((pgas>/pc) +b.

Table 4. Results of the scaling relations between pressure and gas den-
sity, log (P) = a 10g ({pgas)/pe) + b.

a b Xy a b X:
Clusters 0.32+0.03 6.69+0.08 0.01 Clusters 1.24+0.03 -545+0.08 0.01
Groups 0.54+0.01 6.02+0.02 0.01 Groups 145+0.02 -6.21+0.03 0.05
Short filaments — HD  0.61 £0.07 6.13+0.05 0.07 Short filaments - HD  1.81 +0.09 -6.15+0.06 0.11
Short filaments (all) 0.70+0.03 6.09+0.01 0.10 Short filaments (all) 1.63+0.04 -6.05+0.01 0.19
Long filaments (all) 0.70+0.03 6.04 £0.02 0.06 Long filaments (all) 1.69+0.06 -5.71+0.03 0.22
Long filaments— LD  0.30+0.20 5.71+0.17 0.08 Long filaments— LD  1.11 £0.39 -6.09+0.32 0.31

hierarchical structure of the cosmic web (Fig. 9). The dens-

est structures (i.e. clusters) possess higher temperature and

pressure values than the least dense ones (i.e. long filaments).

This is explicitly seen in the scaling relations (Fig. 10), where

the different values of the fitting parameters (Tables 3 and 4)

show that the scaling relations in the {pgas) — T and {pgqs) — P

planes can be used to differentiate between different types of

filaments and clusters.

This work revealed that the relative distribution of baryons
(gas + stars) with respect to DM shares the same trends, com-
mon radial scales, and similar depletion factors in short and long
filaments, i.e. it is independent of the large-scale environments
traced by the different populations. Therefore, we show in this
work that, contrary to absolute densities, the relative distribution
of DM, gas, and stars exhibits a universal behaviour around cos-
mic filaments, at least at redshift zero.

As a final point, the observed deviations of gas with respect
to DM can also be interpreted in terms of gas ‘bias’ in filaments.
Previous works such as Cui et al. (2018b, 2019) have argued that
the cosmic skeleton traced by the gas is not biased with respect to
the DM one (in the sense that gas follows the same cosmic web
as the DM alone), and that the baryonic processes have almost
no impact on large-scale structures in terms of their classification
in nodes, filaments, walls and voids. Here, we somewhat nuance
this by showing that gas follows DM in an ‘un-biased’ way only
down to a certain filament radius, 7.y. Although the bias is small
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at the intermediate distances of r € [Fiy, Fext] (Where the bump
lies), it is definitely non-negligible at the cores of filaments, i.e.
at distances lower than ry,.. This is seen in both the over-densities
(Fig. 3a) and gas fraction profiles (Fig. 4) presented in this work.

All the results of this work have been derived using the Illus-
trisTNG simulation. Of course, it would be interesting to per-
form this study using the following: (i) higher resolution large-
scale hydro-dynamical simulations, which would allow us to
probe the small-scale filaments and build a complete picture
of the multi-scale filamentary network of the cosmic web, and
(ii) other simulations with different baryonic models (and non-
radiative runs) in order to better assess the relative efficiency of
the mechanisms responsible of the distribution of baryons with
respect to DM, in cosmic filaments of different environments.
These studies, aiming at bridging the gap between the small
(kpc) and large (Mpc) scales, can be complemented by an anal-
ysis of the velocity field (see e.g., Zhu & Feng 2017). This will
enable a direct insight on the dynamics of matter that is required,
for example, to probe the effect of AGNs at large-scales. These
studies are the object of future projects.
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Appendix A: Impact of the sub-sampling of
particles and cells

As presented in Sect. 2.2, in order to perform the analysis of the
density profiles within reasonable computing time, the DM, gas,
and star data sets of the TNG300-1 simulation are sub-sampled
(by randomly taking one out of 1000 particles or cells). Fig. A.1
shows the resulting average DM density profiles of short and
long filaments for DM datasets having different sub-sampling
factors. We can see that the profiles derived from the 1/1000
dataset are essentially the same as those computed from slightly
lower and higher sampling factors (i.e. 1/750 and 1/1250). Thus,
a reasonable value of sub-sampling of the initial datasets does
not affect the resulting densities.
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Fig. A.1. Mean DM density profiles of short and long filaments, for
different sub-sampling factors of the DM particle distribution of the
TNG300-1 simulation.

In order to check that this procedure does not introduce a
systematic bias in the density values, we compared the densities
estimated from the fiducial sub-sampled data set (factor 1/1000)
to those derived from the full DM distribution of the TNG300-
1 simulation (i.e. all the particles around a given filament were
considered). Due to limited computing time and memory, this
comparison focused only on 50 randomly selected filaments.
Their average profiles computed from the full DM distribution
and from the sub-sampled data set are presented in the top panel
of Fig. A.2.

The lower panel of this figure shows the average profile of
the total number (i.e. 1731) of maximum density critical points
(CPmax) of the DisPerSE catalogue. In fact, the (assumed)
spherical symmetry of the CPmax simplifies the computations
of the density profiles with respect to the case of filaments, sig-
nificantly lowering the memory requirements.

For both filaments and nodes, we see that the DM profiles
computed from the full particle distribution (black profiles) are
in agreement with those derived from the sub-sampled data set
(red). The results in Fig. A.2 thus demonstrate that the sub-
sampling scheme adopted in this work does not bias the density
estimates with respect to the full particle distribution.
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Fig. A.2. Mean DM density profiles around a set of 50 randomly
selected filaments (top panel), and around all the DisPerSE CPmax
points of the TNG300-1 simulation (bottom panel). The black dashed
profiles correspond to those resulting from the full DM data set, while
the red solid curves show the results derived from the fiducial sub-
sampled DM data set (where one out of 1000 particles is randomly
selected).

Appendix B: Results of the fitting of Plummer
profile

This appendix shows the results of the fit of the over-density
profiles to the Plummer profile described in Eq. B.1:

1+6
I 2 2
(1 +(2) )
The obtained fit-curves are presented in Fig. B.1 and the
resulting parameters for short and long filaments are presented

respectively in Tables B.1 and B.2. These results are discussed
in the main text (see Sect. 3.4).

1+6;(r) = (B.1)
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Fig. B.1. Results of the fitting of the mean over-density profiles of short and long filaments to the Plummer profile of Eq. B.1. The fit-curves are

plotted using the parameters of Tables B.1 and B.2.

Table B.1. Fitting results of the over-density profiles of short filaments
(left panel of Fig. B.1) to the Plummer model of Eq. B.1.

| d+6) ro[Mpel | A2
Dark matter | 54.74 £5.54 0.73+0.06 | 11.73
Gas 3555 +1.17 1.00 £ 0.03 2.52
Stars 24743 +1.79 0.37+0.05 | 13.95

Table B.2. Fitting results of the over-density profiles of long filaments
(right panel of Fig. B.1) to the Plummer model of Eq. B.1.

| 1+ roMpcl | x2
Dark matter 27.90 +2.58 0.71 £0.05 6.10
Gas 16.98 + 0.49 0.97 £0.03 0.84
Stars 134.40 £8.52 0.37+0.05 | 16.53

Appendix C: Further details on the derivation of ¢
and exgN

In this Appendix we show the steps of the derivation of the grav-
itational potential ¢ (Eq. 8), and of the energy injected into the
medium by AGN feedback by unit of gas mass (Eq. 11).

Firstly, the gravitational potential energy of a test particle of
mass My, falling towards the filament is:

Ey(R) = mpay ¢(R).

We computed ¢ by applying the Gauss theorem to the total mat-
ter over-density, Aotor = pProT — Povkg, in the closed volume
defined by a cylinder whose axis corresponds to the filament
spine. In the following, let us assume that the matter density
is invariant by rotation around the axis of the filament, and by

(C.1)

translation along this axis, so that Aptor depends only on the

radial coordinate. Within this hypothesis, the result of the Gauss

theorem in polar coordinates reads

- =2G (7

g = —
rJo

dr' v Apror(r') ey, (C2)

where g is the gravitational field and G is the universal grav-
itational constant. The gravitational field ¢ is just the gradient
of the potential ¢. Therefore, the expression above allows us to
compute ¢ by numerically integrating the equation g = —?qﬁ,
which yields the result of Eq. 8.

Secondly, the amount of energy (by unit of gas mass)
injected by AGN feedback events into a cylindrical shell of
thickness |ry,_1 — r¢| around the axis of the filament is defined
as

Einj ( R)
e R) = AGN ,
AGN(R) —Mgas ®

(C.3)
where R € [ry_1,r¢]. Assuming that filaments are cylinders of
length Lg;, homogeneous along their axis, the numerator in this
equation is given by:

o L) 2 T y
= [ ["o [ e
Tk-1

where elﬁgN is the energy per unit volume, presented in Fig. C.1.
The denominator of Eq. C.3 is just the integral of the gas

density over the cylindrical volume:

L 21 Tk
Muo(R) = f dl f do f drr pgas(r).
0 0 Ti-1

The ratio between Eq. C.4 and Eq. C.5 yields the final expression
of EAGN of Eq. 11.

(C.4)

(C.5)
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Fig. C.1. Average radial profiles of kinetic energy per unit volume
injected by AGNs into the medium. The inner and outer vertical dashed
lines correspond respectively to the r;y and ey radii.
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