The three hundred project: thermodynamical properties, shocks and gas
dynamics in simulated galaxy cluster filaments and their surroundings

Agustin M. Rost!2*, Sebastidn E. Nuza?, Federico Stasyszynl, Ulrike Kuchner?, Matthias Hoeft*,
Charlotte Welker’, Frazer Pearce?, Meghan Grayz, Alexander Knebe>°, Weiguang Cui>®, Gustavo Yepess’6

U Instituto de Astronomia Tedrica y Experimental (IATE), Laprida 854, Cérdoba, Argentina

2 School of Physics & Astronomy, University of Nottingham, Nottingham NG7 2RD, UK

3 Instituto de Astronomia y Fisica del Espacio (IAFE, CONICET-UBA), 1428 Buenos Aires, Argentina

4 Thiiringer Landessternwarte, Sternwarte 5, 07778 Tautenburg, Germany

5 Departamento de Fisica Teérica, Médulo 15, Facultad de Ciencias, Universidad Auténoma de Madrid, 28049 Madrid, Spain
6 Centro de Investigacion Avanzada en Fisica Fundamental (CIAFF), Universidad Autonoma de Madrid, 28049 Madrid, Spain
7 NYC College of Technology, City University of New York, 300 Jay street, Brooklyn, NY, USA

Accepted XXX. Received YY'Y; in original form ZZZ

ABSTRACT

Using cosmological simulations of galaxy cluster regions from THE THREE HUNDRED project we study the nature of gas in
filaments feeding massive clusters. By stacking the diffuse material of filaments throughout‘the cluster sample, we measure
average gas properties such as density, temperature, pressure, entropy and Mach number and censtruct one-dimensional profiles
for a sample of larger, radially-oriented filaments to determine their characteristic featurés as‘€osmological objects. Despite the
similarity in velocity space between the gas and dark matter accretion patterns onto.filaments and their central clusters, we
confirm some differences, especially concerning the more ordered radial velocity dispetsion of dark matter around the cluster
and the larger accretion velocity of gas relative to dark matter in filaments. We also study the distribution of shocked gas around
filaments and galaxy clusters, showing that the surrounding shocks allow an efficient internal transport of material, suggesting a
laminar infall. The stacked temperature profile of filaments is typically colder towards the spine, in line with the cosmological
rarefaction of matter. Therefore, filaments are able to isolate their inneftegions, maintaining lower gas temperatures and entropy.
Finally, we study the evolution of the gas density-temperature phase diagram of our stacked filament, showing that filamentary
gas does not behave fully adiabatically through time but it is subjectto shocks during its evolution, establishing a characteristic
z = 0, entropy-enhanced distribution at intermediate distances from the spine of about 1 — 2 4~! Mpc for a typical galaxy cluster
in our sample.
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1 INTRODUCTION levels, galaxies generally flow from voids to flattened walls as a
result of the gravitational collapse along one axis. They further col-
lapse onto filaments which in turn transport galaxies into galaxy
clusters that sit at the nodes of the largest filaments of the web-like
large-scale structure. As a result, filaments are responsible for con-
tinuously feeding clusters with new galaxies (e.g. Zel’dovich 1970;
van Haarlem & van de Weygaert 1993; Knebe et al. 2004; Cautun
et al. 2014; Kuchner et al. 2022), which end up orbiting these central
objects eventually reaching a virial equilibrium or being destroyed
by galaxy interactions. The dark matter and gas components follow
a similar behaviour owing to the fact that they are influenced by
the same gravitational field. Consequently, the gas permeating the
Universe is also expected to flow from low to high-density regions,
i.e. moving towards the potential wells determined by the evolving
large-scale structures. However, while dark matter is collisionless
and experiences only a gravitational pull and shell crossing, gas also
exerts pressure and is able to cool down through radiative cooling and

In the Universe there is an evident pattern of cluster regions contain-
ing hundreds of galaxies interconnected by filaments of several Mpc
in length, which are, at the same time; bordering walls of galaxies
of similar size. Furthermore, all these structures wrap around irreg-
ularly shaped cosmic voids{(de Lapparent et al. 1986; Bond et al.
1996; Colless et al. 2003).

These large-scale structures result from the anisotropic gravita-
tional collapse of-random fluctuations in the beginning of the Uni-
verse, which grew sin¢e the Big Bang, and continue to do so in the
present (e.g<Zel'dovich 1970; Peebles 1980; Peacock 1999; Planck
Collaboration et al. 2020). This fact not only explains the spatial
distribution-of.galaxies but also, to a great extent, the complex dy-
namics of the emerging cosmic web. In the latter, on multi-scale
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shocks, making the behaviour of these components diverge in high-
density environments such as clusters of galaxies or inside haloes.
These differences are evident when we consider, for instance, the
formation of galaxy discs, stars, and shocked gas around haloes and
galaxy clusters, among other phenomena that the dark matter does
not exhibit.

As cosmological structure grows and evolves, strong shocks are
expected to develop around filaments, where primordial gas is shock-
heated for the first time (Sunyaev & Zeldovich 1972; Miniati et al.
2000). Similarly, the collapse of gas surrounding galaxy cluster re-
gions, where several filaments meet, can also give rise to the for-
mation of shocks at large distances from the cluster centre. These
so-called accretion shocks trace structure formation at large scales,
typically reaching Mach numbers that can be well above 10 (Araya-
Melo et al. 2012; Power et al. 2020; Vurm et al. 2023) heating up
the gas. Filaments have been proposed to host a significant fraction
of the missing mass in the Universe in the form of a rarefied gas
component (Cen & Ostriker 1999; Tuominen et al. 2021) known as
the warm-hot intergalactic medium (WHIM). Its direct detection is
challenging and has recently been achieved through measurements
of individual galaxy cluster pairs (Tittley & Henriksen 2001; Werner
et al. 2008; Akamatsu et al. 2017; Bonjean et al. 2018), individual
filaments (Umehata et al. 2019; Bacon et al. 2021) or through the
stacking of many filaments (Tanimura et al. 2019; Vernstrom et al.
2021). These accretion shocks have higher Mach numbers compared
to those produced as a result of the hierarchical nature of halo growth,
the so-called merger shocks (Hoeft et al. 2011; Nuzaetal. 2012,2017;
Nuza 2023), which provide additional gas heating to the intergalactic
medium.

Some works have studied the accretion of material onto the cluster
by cosmic filaments (Rost et al. 2021; Kotecha et al. 2022; Vurm et al.
2023) and found that filaments continuously feed cluster centres with
colder gas by resisting the pressure from the ICM. In particular, Rost
etal. (2021) (hereafter R21) compared gas accretion in clusters to that
of dark matter. Although more dark matter is being accreted along
the direction of filaments, its infall velocity seems not to depend
on whether we look in the radial direction of the filament or not,
in contrast to what happens with the gaseous counterpart. Kotecha
et al. (2022) found evidence that filaments could shield galaxies.to a
certain degree from the more hostile intracluster medium as they enter
the cluster environment well within the virial radius. These authors
found the shielding effect to result from cooler, mofe,collimated
gas streams at the core of intra-cluster filaments. This\is interesting
because, although this work focuses on the internial-cluster regions,
for the outskirts the effect seems to be the opposite. There have been
many studies finding that filaments have‘a significant role in the
so-called “preprocessing"” of galaxies, affecting.galaxy evolution and
properties by diverse mechanisms such as ram-pressure, mergers and
the like, inducing a quenching on the ability of galaxies to form stars
before these objects enter the clustémenvironment (e.g. Wetzel et al.
2013; Martinez et al. 2016; Kraljic et al. 2018; Porter et al. 2008;
Haines et al. 2015, 2017;:Keotecha‘et al. 2022; Song et al. 2021).

In this work, we-take ‘advantage of a sample of hydrodynami-
cal galaxy cluster simulations performed within the context of THE
THREE HUNDRED project (Cui et al. 2018), a sample of 324 simulated
galaxy clusteryregions that allow us to study filaments at z = 0 in
cluster-like envirenments to characterise the kinematics of material
in filaments, the distribution of shocks and their stacked density, pres-
sute, temperature and entropy profiles. Moreover, we also study the
mean phase-space temporal evolution of gas in the filament sample.
To identify filaments in the simulations we use the DisPerSe filament
finder including gas particles (Sousbie 2011). This filament catalogue

was previously used in R21, among others, and it allows us to infer
statistical properties of filament gas dynamics in the neighbourhood
of galaxy clusters.

The paper is organized as follows. In Section 2 we describe the
simulations analysed in this paper, the filament sample and the shock
finder algorithm. In Section 3 we describe the halo excision procedure
and the filament stacking technique. In Section 4 we present our
results concerning mean gas properties and shock distribution in
filaments at z = 0, together with the stacked phase-space temporal
evolution of filamentary gas. Finally, in Section 5, we close the paper
with a discussion and our main conclusions.

2 SIMULATIONS
2.1 The Three Hundred galaxy cluster sample

Tue Turee HUNDRED! (Cui et al. 2018) simulations cofisist of 324
spherical zoom-in re-simulations of galaxy clusters selected from the
simulated MultiDark2 cosmological volume (Klypin et'al. 2016) us-
ing the RocksTar halo finder (Behroozi et al. 2013). The re-simulated
regions were run with the code GApGeT-X (Springel 2005; Murante
et al. 2010; Beck et al. 2016; Rasia et al. 2015), which implements
full gas physics in a Lagrangian smoothed. particle hydrodynamics
(SPH) approach. The particle resolution of the spherical volumes
of radius 15 h~! Mpc consist of initial masses of 12.7 x 108 and
2.36 x 108 h~! M, for the dark matter‘and gas components, respec-
tively. These volumes aimetosrepiesent the ~ 5R02 region around
clusters at z = 0, as the outer layers of the spherical regions contain
successively coarser SPHuwparticles. The simulation runs are stored
in 129 snapshotsiand have been used to study the build-up of haloes
in previous works\(e:g. Arthur et al. 2019; Haggar et al. 2020).

The haloes‘and'subhaloes in the THE THREE HUNDRED simulations
were identified with the AHF? halo finder (Knollmann & Knebe
2009), which determines several halo properties such as e.g. masses,
angularimomentum, luminosities, among other relevant quantities,
taking into account all matter components, i.e. dark matter, gas and
star particles. The range of cluster masses at the current time go from
Moo = 6.08 x 104 t0 2.62 x 101 h~! M, and were selected as a
mass-complete sample of the 324 most massive virialised structures
atz=0.

To illustrate our simulations, Fig. 1 shows a slice of 2 A~1 Mpc
thickness for one of the re-simulations in the sample centred at the
main galaxy cluster of the region. Different properties for the gas
particles are depicted together with a network of filaments located
in the simulated sphere as identified by the DisPerse code (Sousbie
2011). The spatial distribution of these physical quantities were ren-
dered with the software SPH-viewer (Benitez-Llambay 2015), which
generates a two-dimensional (2D) array representing the distribution
that takes into account the smoothing length of the particles. The
averaged quantities were estimated by weighting the physical prop-
erties (e.g. temperature, radial velocity and Mach number) of the gas
particles with their corresponding mass and then normalising them
by the 2D array of the mass distribution, which was obtained using
only the mass of the particles. For the density we determined the
mass distribution by weighting by the particle’s mass, and then di-
viding it by the corresponding volume of each cell. A more detailed

I https://the300-project.org

2 Ry is the radius enclosing an overdensity of 200 times the critical density
of the universe.

3 http://popia.ft.uam.es/AHF
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Figure 1. Gas distribution at z = 0 around galaxy cluster 14 centred‘in the simulated volume for a slice of 4 h~! Mpc. Top left: logarithm of the mean baryon
density in the pixel-column. Top right: mean mach number. Bottom leftilogarithm of mean temperature. Bottom right: mean value of the radial component of
the velocity with respect to the cluster centre without removing the infall velocity. Arrows represent the mean velocity in the plane of the plot and the purple
dots represent the filamentary network identified by DiSPERSE (see/text for details).

description of the filament set in the simulated cluster regions will
be given in Section 2.2. On the top left, the gas density is shown,
naturally reaching its maximum at the galaxy cluster location, and
also displaying clear filamentarysstructures consisting of three main
branches converging at the centre. Additionally, it is also possible to
spot less contrasted scattered within the simulated sphere that, given
the persistence paraméter useéd (a measure of the density contrast
of the structures; see R21 for details), were not significant enough
to not be discarded by the filament identification algorithm. In the
THe THrREe HUNDRED the persistence is chosen to focus on the most
contrasted-filaments, i.e. the ones that typically connect clusters of
galaxieS,or large groups.

To estimate the distribution of shocked gas, we can look at the
local Mach number of the gas particles. A more detailed description
of the method used to determine this quantity in our simulations
is outlined in Section 2.3. On the top right panel, the distribution

of Mach number M is shown for gas particles with M > 1. This
figure is produced assuming that, similarly to gas density, the Mach
number values can be extrapolated using a smooth kernel around the
particles. As seen in this figure, the shocked material is generally
found wrapping the filaments around. Similarly, shocked gas is also
located at a certain radius surrounding the central halo. However,
in the inner cluster regions, merger and structure formation shocks
outside filaments outskirts are also seen. The presence of shocks close
to galaxy cluster outskirts is consistent with the findings of Vurm et al.
(2023). These authors found that filamentary gas flowing towards a
simulated massive cluster would form a termination shock close to
its virial radius, thus making these locations promising targets for the
detection of WHIM gas in filaments with X-ray observations.

The temperature distribution is shown in the lower left panel. The
underlying filamentary structures can roughly be spotted looking at
the broad hot gas regions. Material at the boundary of the broad hot
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regions around filaments tends to have higher temperatures than in
the spines and coincides with the location of the shocked gas enve-
lope. Interestingly, where filaments meet the central cluster, dents in
the roughly spherical distribution of hot material around the clus-
ter systematically form, in a process analogous to the smaller-scaled
“cold streams” studied by Dekel et al. (2009).

Lastly, on the lower right panel, the velocity field is shown using
arrows, with colour-coded regions according to the radial velocity
component towards the centre. Blue colours represent infalling ma-
terial, as expected for high-density regions, where gas is mainly
channelled through the filaments towards the centre, while reddish
colours correspond to outwardly expanding material. By visual in-
spection of the time evolution of this particular cluster region using
the same techniques applied in Nuza et al. (2017), we have checked
that the expanding gas seen in this panel is set in motion as a result of
arecent multiple-merger event of the central cluster with several sub-
structures, driving the formation of merger shocks in the inner cluster
regions that happen to be spotted at the current time. Comparing the
lower left and right panels, it can be seen that the outflowing gas is
clearly correlated with the central hot gas clouds, sharing the same
cavities seen in the temperature maps. Moreover, the hot regions seen
at the edge of the red distribution in the velocity maps are the result
of merger shocks raising the temperature behind the shocks as they
mover through the ICM. An analysis of cluster merger shocks within
the context of the THE THREE HUNDRED project will be presented in
a forthcoming paper (Nuza et al., in preparation).

These accretion patterns, and other features, are consistent with
the results of R21, where we studied the efficiency of gas transport
towards clusters through filaments. In general, the trends discussed
above can be found in other clusters of the simulation set, allowing
us to perform, in the following sections, a statistical analysis of gas
properties with focus on filaments and their adjacent regions.

2.2 The filament sample

We use the same catalogue of filaments as in the work of R21. The
latter consists of a set of 3D filaments for each one of the galaxy
clusters in THE THREE HUNDRED sample, obtained with the DisPerSe
code (Sousbie 2011) from the distribution of gas particles:

The DisPerSe software identifies many topological features of the
cosmic web such as nodes, filament segments, saddle points, bi-
furcation points, among others. In particular, filaments=correspond
to ridges in the smoothed density field that connect local maxima
(nodes) through a filament-type saddle point. Naturally, at these lo-
cal maxima to which filaments are connectedy=dark matter haloes
reside, which gravitationally dominate part of the filament up to
the saddle point attracting material towards the nodes. As a result,
these filaments are only half of the “traditional” ones studied in other
works that, in fact, consider both their start and end as nodes. In or-
der to extract DisPerSe filaments, the gas density distribution around
each cluster was computed.in a grid with cell size of 150 h! kpc in
three dimensions? The filament search was performed within a cube
of 30 h~! Mpc on a side centred at the cluster’s position. The grid
was then smoothed-eut with a gaussian kernel of 8 cells, and it was
used toextract the filament network with a persistence value of 0.2.
This.value allows us to keep prominent filaments connecting clusters
ot/ groups of galaxies, and leave out thin tendrils. In total there are
11058 filaments distributed throughout the 324 clusters. For a more
detailed description of the filament identification procedure please
refer to R21.

2.3 The shock detection scheme

Shocks are identified in post-processing in the same way as in Nuza
et al. (2017) (see also Nuza et al. 2012 and references therein). For
every gas particle, we define the shock normal, n = -VP/|VP|, by
evaluating its pressure gradient and later impose a series of con-
ditions to search for true shocks, i.e. the shocked region must be
in a convergent flow and thermodynamic properties are required to
increase when going from the upstream to the downstream region.
Specifically, we demand, along the shock direction, that (i) the veloc-
ity field shows a negative divergence, (ii) the density increases from
upstream to downstream and (iii) that the latter is also valid for the
entropy.

To estimate the Mach numbers, we use the Rankine-Hugoniot jump
conditions for hydrodynamical shocks (see e.g., Landau & Lifshitz
1959) for each one of the imposed conditions above and compute
three Mach number values. For a conservative estimate of the Mach
number we consider the Mach numbers derived in each shock and
then take the minimum. For further details for our shock identification
technique within SPH, we refer the reader to the-papers mentioned
above.

With this procedure we estimated shock Machynumbers for all
gas particles in 279 out of the 324 galaxy clusters in THE THREE
Hunprep sample, leaving out of the/analysis#only part of the less
massive groups. This does not change, the conclusions of our work as
we have already large enough statistics. In what follows, all stackings
for the gas properties of interest willkbe/performed with clusters from
this subsample.

3 ANALYSIS

The physical processes that occur in galaxy clusters, groups, filaments
and other large cosmic structures determine the properties of baryons
and galaxies inside them. One way to characterise their influence is by
computing the distance to these structures, assuming that all objects
under$crutiny have similar characteristics at a given position relative
to them. Another general assumption is that haloes have influence
on surrounding material up to a distance proportional to their Ry
radius. This, of course, depends on the scale considered, making
the physical distance itself not a reliable parameter. In our sample,
the influence of galaxy clusters goes up to 1 — 2 X Rpgg from the
centre, where, for example, we can already see traces of the central
halo’s influence by looking at the proportion of backsplash galaxies
(Haggar et al. 2020). Therefore, in what follows, we adopt distances
normalised by Rpgp as a better way to estimate any given halo’s
influence.

Following R21, we define, for each gas particle, the perpendicular
distance to the closest filament, df, that is not closer to an endpoint.
This is done in order to avoid nearby material being influenced by
groups or clusters of galaxies residing at the termination of filaments.
Once the closest filament is identified, we also define the distance
along the spine starting from its node, d;,oqe Nnormalised by its Rpqq.
This will likely be the central node for radial filaments, but it could
also be a secondary halo in the simulation region. To better account
for the central halo influence, we define d ¢ as the distance to the
centre of the cluster, for each particle, normalised by the central Ryq.
Finally, we define the quantities X, Y and Z for a given particle and
a roughly radial filament linked to the central node. These quantities
are Cartesian coordinates in the frame of reference of the cluster,
oriented along the considered filament, scaled down by Rqq of the
cluster. We determine these quantities so that the X axis is aligned
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Table 1. Properties of the filament samples discussed in Section 3.2.1. From
top to bottom the rows show the number of filaments; their mean length in
h~! Mpc, and the mean angle of filaments in degrees with respect to the radial
vector from the cluster centre.

Sample: All Parallel  Perpendicular ~ Prominent
N 9638 1242 858 574
(L) 3.77 3.14 2.67 9.04
(ag)) 39.33 16.56 76.33 27.28

with the vector pointing from the node to the saddle point of the
filament and, given an arbitrary rotation along this axis, we define
the Y and Z axes to be perpendicular to each other. As a result,
the X,Y, Z coordinates correspond to the particle positions in the
filament-oriented frame, so that the node and the saddle point of
the filament would have (0,0,0) and (L/Rpqg,0,0) coordinates,
respectively, where L is the filament’s length. It is worth noting that
these coordinates do not follow the curvature of the filament axis like
the quantities dgj and dp,ogde. To provide a hint about related physical
quantities, the mean (median) R, of central clusters in our sample
atz = 0is 1.56 47! Mpc (1.523 Kl Mpc) with a mean (median)
mass of 9.16 x 10 171 M, (8.22 x 10 1~ Mo).

3.1 Halo excision

Cosmological filaments comprise a relatively smooth distribution of
dark matter and gas that, at the same time, is populated by virialised
regions where galaxies and groups are located. Inside these virialised
structures small-scale physical processes take place that, although
linked to the environment where haloes reside, do not necessarily
characterise the environment itself as they are internal processes. For
example, if we look at the gas content, one immediately notices the
presence of a shock-heated gas corona surrounding haloes, in sharp
contrast to the smoother, underlying WHIM of the filament. As with
R21, we consider these effects as a contamination from the small-
scale processes present in haloes. So, in order to study the unpolluted
diffuse gas from filaments, we proceeded to excise all particles inside
spherical regions of 2R( around haloes of masses aboye to!! Mg
(adiscussion and justification for this choice is given in R21); Smaller
haloes have intrinsic virial temperatures (log;o(TK=t)=x 5.5) that
are lower than the intrafilament gas one, thus rot.affecting the overall
WHIM distribution. After the excision process, about 70% of the gas
is removed from the sample.

3.2 Stacking procedure

To statistically study the effects observed in Fig. 1 we stack the data
of our cluster sample uSing-the-quantities defined in Section 3. The
value of each bin is“determined using a 2D histogram weighted by
gas particle mass times‘the quantity of interest (i.e. temperature,
entropy, radial velocity)and Mach number). For example, in the case
of temperature, the-following equation applies

o D kebin Tkmi
1, ) % 10810 (ﬁ )
€DIn

where I (i, j) is the temperature in bin (7, j) which is constructed
using spatial coordinates, such as e.g. dgj, dcjys» X, ¥, and the sum
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Figure 2. Stacking of the Mach number for shocked gas infilaments. Particles
whose closest filaments is radially aligned with/the radial direction from the
centre of the cluster are shown on the left(see the explanation of filament
classification in the text), whereas thosethat.are perpendicular are shown in
the right. The tolerance angle in each case is.set to 20°. Contours indicate
particle counts per bin.

is performed for all particles falling in the current bin for the entire
cluster sample. To determine’the density of each bin, their volume
was estimated u$ing a distribution of random points imposing a
mask that excludes tegions around haloes to mimic the distribution
of considered, particles as explained in the previous section. Note
that it is=possible-that not all filaments will contribute to the signal
in the same way for all dg; and/or dj,s explored values. However,
when stacking a sample of multiple filaments, empty bins will fill
ups although not evenly across the full spatial range. To take this
intojaccount, in order to assess the reliability of the signal, we also
indicate the bin counts of each stacking using contours lines in some
plots.

3.2.1 Shocks in ‘parallel’ and ‘perpendicular’ filaments

By inspecting several figures like Fig. 1 for the rest of the clusters, we
observe that the Mach number-enhanced regions around filaments is
a common feature of these structures regardless of their orientation.
To check for this, we split the filament sample in those oriented
radially towards the centre of the cluster (parallel filaments), and
secondary filaments which are rather perpendicular to the radial
direction (perpendicular filaments).

To properly define these samples, we compute, for each filament,
the cosine of the angle of its segments and the radial direction (see
below) and average them to assign an angle g to the filament as
follows:

_ (Tpy1 —Tn) - 0p

cosa; = 2)
[Tp1 = 1l
1 N-1
{cosag) = Z cos @j|rppy = al, 3
n=1

where r,, is the position to the nth node, @, is the direction from
the centre of the cluster to the centre of the segment, a; is the
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Figure 3. Stacked sample for all filaments at z = 0 connected to the central
cluster that are longer than 5 h~! Mpc. Top left: mean Mach number. Top
right: gas temperature. Bottom left: gas density. Bottom right: particle count.
All gas particles inside 2R500 were removed.

angle with the radial direction of the ith segment, |r,.; — ry| is
the length of the segment, which all add up to L, the total length
of the filament. With this method we obtain, for each filament, an
angle ag) as an average of the perpendicularity of the filament’s
segments with respect to the radial vector from the cluster centre and
use this angle to classify the filament sample. In particular, those
filaments with ag < 20° are classified as parallel (1242 out of 9638
filaments in the sample), whereas those satisfying that ag; > 70°.are
perpendicular (858 in total). Filaments that are too bent ordvarped
would unlikely be classified as parallel regardless of their otientation.
However, we consider this rough approximation of perpendicularity
good enough for our purposes. Some of the properties of ourfilament
samples are listed in Table 1. Apart from the“intrinsichdifference
in filament orientation, the two samples differ.in ‘filament length,
with perpendicular filaments being shortet'on average. The column
referring to ‘All’ considers the 9638 filaments inour sample of cluster
regions with Mach number estimates, and then comprise a subset of
the sample of 11058 DisPersE filamentsiidentified in the total sample
of 324 simulated clusters. The remaining 1420 filaments were thus
not considered in this work.

In Fig. 2, we stack the:Mach.number of gas in our filament sample
in the d s — df) plane following the procedure outlined in Sec-
tion 3.2, with the parallel filaments on the left-hand panel, and the
perpendicular on the right. The number of particles in each bin is
shown using contourd€vels. The perpendicular sample is smaller than
the parallel one and their filaments are weaker, which explains the or-
der of magnitude difference in the amount of stacked particles seen in
the plot, and'the consequently noisier signal of the perpendicular fil-
aments. However, for both cases, the Mach number tends to be lower
near the stacked filament core. The widening of filaments at shorter
distances from cluster centre is evident in the parallel sample. Since

these filaments are approximately radial, the d.j, distance can be
roughly interpreted as filament elongation. This feature is also seen
in the perpendicular sample although, in this case, the interpretation
is more tricky since dj,s roughly corresponds to the radial location
of the whole filament. In both cases, however, there appear shocks
surrounding the central spines and we do not see much difference
between the two samples, despite of the noisier distribution of the
perpendicular sample owing to its smaller number size (858 vs. 1242
filaments).

3.2.2 The sample of ‘prominent’ filaments

Although the presence of shocked gas surrounding filamentary struc-
tures does not seem to be unique to the radial filaments, the perpen-
dicular sample is smaller and contains less significant filaments*Fur-
thermore, their position with respect to the central cluster willyvary
in the df) vs. dpoqe diagram, adding an additional difficulty when
stacking these structures. For these reasons, from now om, we will
focus only on a sample of “prominent” radial filaments defined by all
structures starting within the Ry of the central'cluster extending to
at least 5 h~! Mpc away, which for our clustef sample corresponds to
lengths within the range 2.2 — 3.57 Rpqg. In this cdse, the resulting
filaments are significantly longer than those considered in the parallel
and perpendicular samples. Furthermore, filaments in the prominent
sample are rather aligned with the radial orientation, as it can be seen
when comparing their average, angle with that of the total sample.
The properties of the prominent Sample are summarised in Table 1.

4 RESULTS
4.1 The stackedfilament

In Fig. 3, we plot all prominent filaments as a unique stacked struc-
ture inythe vertical direction by conveniently rotating the clusters,
using the'coordinates (X, Y) introduced in Section 3, as explained in
Seetion 3.2. For this stacked filament we studied the Mach number,
temperature, density and particle counts by removing all particles
inside 2Ry to focus on filament properties only. All in all, after se-
lecting the prominent parallel structures in the sample, a total of 574
filaments have been stacked out of a total of 9638 filaments found in
our filament sample (see Section 3.2.1). The last quantity provides an
impression of the available sampling in the stacked cluster regions.

The stacked Mach number distribution is shown in the upper left
panel. Two salient features can be immediately noticed. First, the cen-
tral cluster region appears to be surrounded by shocked gas that most
likely comprise the known accretion shocks onto clusters. Similarly,
an increase of the Mach number with the distance to the filament
is seen in a region that wraps the structure (similar to Fig. 2), close
to the temperature bump regions. These shocks could coincide with
the location of the edges of the rich vorticity regions of filaments,
studied by Song et al. (2021). Second, the central filament spine and
its surroundings is essentially devoid of shocks directly feeding the
central cluster with fresh WHIM gas as a consequence.

As for the temperature (see right upper panel) there is a clear hotter
region corresponding to the central cluster temperature, whereas the
stacked filament shows two mild temperature bumps when travers-
ing the filament along the horizontal direction surrounding a colder
spine. These bumps in temperature occur at the edges of the hot gas
associated to the filament. Similar features were also reported for
smaller-scale filaments in the works of Klar & Miicket (2012) and
Ramsgy et al. (2021), where the temperature increase observed is the
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result of the formation of shocks around the filaments. Interestingly,
the filament spine reaches further towards the centre in comparison
with any other direction from the origin suggesting that cooler mate-
rial travelling through the filament can, in fact, carve the ICM in its
inward journey. This effect can also be seen in the distribution of the
colder gas as a widening of the region when we travel away from the
cluster. The density structure of the resulting stacked filament can
be seen in the lower left panel having, as expected, a well-defined
higher-density spine that vanishes with the distance from the axis.
The density distribution surrounding the central cluster region is also
observed as a an increase of the density as we approach the excised
volume.

Finally, we can asses the reliability of the signal by inspecting the
particle count in the bottom-right panel of Fig. 3. The majority of the
bins have accumulated above 102 particles, which we consider high
enough to not be considered noise. Note that this quantity is related
but not equivalent to the density, to calculate the last, we require the
estimation of the volume by means of randomly distributed particles.

4.1.1 Filament profiles

For our quantitative analysis of the filament sample studied in the
previous subsection at z = 0, we first estimate the average filament
density profiles by fitting them with a mathematical model. Owing to
the low dependency of the profile on the Y-axis position, we integrate
the density profile (lower left panel in Fig. 3) along the X-axis in the
range [2.5,7] in Rpgp units and, taking advantage of the mirror
symmetry, we stack both sides and fit the gas density profile with the
following function:

_ PO
P = e 0

This profile has been used in other works like e.g., Colberg
et al. (2005) and Galdrraga-Espinosa et al. (2020). To find opti-
mal parameter values we use a nonlinear least squares method.
For the gas density we found pg = 1.76 X 101 B2 Mg Mpc_3,
pp = 1.13 x 100 12 Mg Mpc3, B = 2.12 and ry = 0.4 Rygg. In
this case, there is also a mild dependence along the filament that we
take into account as an uncertainty for the fitting.

We also define an “entropic function” as S = Tp_% (not shown
in Fig. 3), which we stacked in the same way as the othér physical
quantitites to obtain a 1D profile. In this case, we adoptia.Gaussian
function with an offset for the fit, namely

1(r=ro\?
S(r) = Ap + A e’f( o ) , 5)

with best-fitting values Ap, = 1.97 x 102, Ag.=.12 x 10%° (both
in units of A2 K (gem™3)"2/3), o =(0.64 Ry and ry = 1.30 Ragp.
Similarly to the entropic function, weyalso estimated the pressure
per particle as Pu/ky = pT /mp ‘inwunits of 2 Kem™3, where mp
is the proton mass and y is\the mean molecular weight in units of
mp. To fit this quantity,.we use.a Similar formula as that of Eq. (5)
centred in the filament spines (i.e., we take rg = 0), obtaining best-fit
values of Ay, = 7462, Ag,=49.32 (both in units of h?Kem™3) and
o =0.67 Ryp.

For the gastemperature profile, a more complex function is needed,
that we take by adding two Gaussian profiles. This function allows
us to capturerthe decrease in temperature towards the spine, as well
as/a charactetistic radii from which the profile starts to decrease as
one moves away from the filament, i.e.

r ”’0)2

logo(T'(r) K1) = Ale_%(f"l) +Aze_%( )

(6)
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Figure 4. Radial profiles for gas density, entropy, pressute and temperature of
the stacked filaments shown in Fig. 3 (solid circles) and. their.eorresponding
best fitting functions (see text).

The best-fitting values,found-in this case are A = 6.40, o =
6.83 Ry, Ay = 0.18,rg"=0.85 Rypp and o = 0.53 Ryqp.

Fig. 4 shows theistacked profiles for the gas properties discussed
above and thewesulting fits. The profile scale-lengths can be accord-
ingly computed.for any cluster. For instance, using the average Ry
of the€Cluster sample given in Section 3 (= 1.5 h~! Mpc), itis possible
toestimate the typical locations of temperature, pressure and entropy
bumps_at“about 1 — 2 B! Mpc from the filament spines. If we as-
sume  typical value of Rygg ~ 1.5 k=1 Mpc for the gas density profile
(rg = 0.4 Ryq0), and compare our results with the work of Galdrraga-
Espinosa et al. (2022), we found ry ~ 0.88 Mpc (using & = 0.678),
which is higher than the values ryo = 0.51 — 0.56 Mpc found by
these authors for filaments selected from the IllustrisTNG simulation
(Nelson et al. 2019). However, in our work, we are mainly focused
in filaments located in high-density regions that are connected to
quite massive galaxy clusters with Mgy ~ 101 Mg, which may
explain the differences. For the exponent of the gas density profile,
Galdrraga-Espinosa et al. (2022) obtained a value of @ ~ 1.53 - 1.57
for their filament sample (see their Eq. (5)) whereas, in our case, we
found 8 = 2.12.

In relation to the gas pressure profiles, our results are in line with
those found by Galdrraga-Espinosa et al. (2021) in the [llustrisTNG
cosmological box for their ‘short’ filaments which are more compa-
rable in size to our prominent filament sample, although our values
are somewhat higher. This could also be explained by the intrinsic
higher environmental temperatures we are sampling, and/or by the
implementation of the different feedback models.

Finally, we note that an unbiased comparison between our results
and other simulations is not possible as the former is affected by the
different numerical techniques, average procedures of the filament
samples and the maximum radial distances considered. In our case we
explored distances up to about > 3 #~! Mpc from the filament spines,
whereas Galdrraga-Espinosa et al. (2022) perform their sampling up
to about 100 Mpc.
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4.2 Angular dependence
4.2.1 Filament gas properties

To take into account the approximately spherical symmetry of the
resimulated galaxy clusters, we also perform the stacking of promi-
nent parallel filaments by measuring the angle between the direction
of a filament seen from the centre of the cluster and the direction to
the gas particles.

For this statistic, we determine all filaments intersecting a spherical
surface of radius d_j,, measure the angles 6; between the intersecting
points ry, the centre of the cluster rg, and a given gas particle located
on the surface of such sphere rp, so that

(rx —rq) - (rp —10)
rx —rollrp — ol

cos() = (@)
and finally select the filament for which 6; is minimum. Fig. 5 shows
an illustration of this procedure. In this way, we can isolate the
most likely filament linked to the gas particle of interest. Using
this measure, the vertical line 6 = O represents the stacked filament
spine from djys = 0 to 7Ryqg. Similarly, material that falls close to
0 = 90° will be located perpendicular to it. Note that, in this case,
not all filaments would contribute to this signal at these distances
since it is possible for a cluster to have a significant amount of them
emanating from the centre. In such a case, when trying to leave a
filament’s influence zone, one instead falls under the influence of
another neighbouring filament (at a 6 ranging from ~ 50° to ~ 90°,
assuming connectivities in the range 8 — 20, Codis et al. (2018)), thus
the former will only contribute to the signal up to a certain angle
only.

In Fig. 6 we show different stacked physical quantities as a function
of dj,s and 6 for all particles that fulfil the conditions listed above,
whereas Fig. 7, which displays gas velocity components, only consid-
ers those that are currently being shocked (i.e. M > 1). Additionally,
all panels include the one-dimensional (1D) tangential profiles at
different radii as a function of 6. The curves are colour-coded ac-
cording to radial distance with the red (blue) end representing the
inner (outer) profiles from 2 to 3 (6 to 7) in units of Ryq.

The upper left panel of Fig. 6 shows the stack of the mean Mach
number. As noticed in the previous plots, much lower Mach numbers
are seen inside the filaments compared to the surrounding‘shocked
gas envelope” at 10° < 6 < 30° and non-filament regions. This is
clearly seen in the 1D profiles for all radial distances. Inygéneral,
Mach numbers tend to decrease at d.jys S 3 Ragp, Whereas between
3 Ropo and 4 Ry a large shocked region centred at approximately
60° is seen. Additionally, the 1D profiles’show a shift of the Mach
number peak towards the filament as we get fusther away from the
cluster.

The stacked temperature distributionyis/Shown in the right upper
panel displaying a radial increase of, the temperature towards the
cluster centre, where most of'the hotter material is located. Naturally,
hot gas associated to thefilaments ‘extending for couple of Mpc from
the filament axis is dlso seen. This is observed in many individual
cases as a weak increase of temperature at the edge of a filament-like
structure, eitherdetected or not, by the filament finder. This seems to
occur to some,filaments at different distances from the axis. Hence,
the trend is a bit)blurred out in the stacking. As pointed out in the
previous section, a lower-temperature cavity carving its way along
the approximate direction of the filament spine near the cluster is
evident at 2Ry00 < deius S 3R00, which was also observed by Klar
& Miicket (2012) in an idealised gas filament simulation at smaller
scales. This can also be seen in the 1D profiles: filaments are generally

Figure 5. Diagram of thejangular quantities defined in Section 4.2.1. The
spiral represefits,a particle or halo to be studied, which is embedded in a
sphere whose radius is the particle’s distance to the centre of the cluster
(translucentisphere). The filament network is represented in purple, and the
unit‘vectors used to define velocities (see section 4.2.2) are shown in green.
The. filament crosses the sphere at the location marked with “X”, which is
linked to the location of an arbitrary particle by the yellow arc. The angle 6
is then defined as the angle subtended by the yellow arc seen from the cluster
centre.

cooler compared to their surroundings close to the cluster, whereas
the opposite is true at large radial distances when comparing filaments
with void-like regions. In the first case, filaments are embedded in
cluster-like regions (protecting galaxies from the more hostile ICM in
agreement with Kotecha et al. 2022), whereas in the second one they
are surrounded by lower-density voids. If we consider the temperature
at the filament spine, there is an evident increase towards the cluster
centre which is not that pronounced at large distances, as we can
deduce from the separation of the 1D profiles at 8 = 0. The abrupt
increase of the temperature closer to the central regions could be
the result of the blurred out contributions of individual temperature
jumps in filaments when material flowing through them gets shock
heated as it slows down (Vurm et al. 2023). These shocks could be
related to some of the features observed in the Mach number panel
of Fig. 1 near filament spines in the cluster outskirts.

The entropic function of the gas can be seen in the lower left panel.
From this plot, it is clear that closer to the filament spine the entropy
decreases to values similar to gas in “void” regions (i.e., § ~ 90°
and dgys 2 4Ro00)- This suggests that the hot gas inside filaments
was subject to quasi-isoentropic processes responsible for increasing
its temperature such as, adiabatic compression of the gas or simple
compression, just like material in voids. Conversely, gas in filament
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Figure 6. Arc-distance stacking of all gas particles around filaments con-
nected to galaxy clusters at distances [2, 7] X Rpo. From top left to bottom
right: Mach number, temperature, entropy and WHIM fraction. In the lower
right, contour lines indicate gas density. The profiles below each panel show
the plotted quantities along the separation angle @ at different radii from
deus = 2Ry (red lines) to 7Ry (blue lines). The green arrow in the upper-
right panel indicates the approximate location of the temperature bump.

outskirts shows larger entropy values suggesting that non-isoentropic
processes, most likely accretion shocks, play a significant role to
establish the observed profiles. This is confirmed in the 1D plots at
large radial distances by the presence of a peak at an angular$cale of
0 ~ 10°. These results are in agreement with the work of Angelinelli
et al. (2021), where it is expected that gas in filament regions have
relatively low entropy values, basing their filament identification tool
on this premise. We also observe an increase of theventropy along
the spine of the filament as we move towards ‘the eluster centre in
agreement with Vurm et al. (2023). In Section 4.3, we will analyse
the temporal evolution of stacked filamentary gas‘to shed light on its
density and temperature evolution.

In the lower right panel we plot the'fraction of gas particles be-
longing to the WHIM that we defineas-gas with temperatures in the
range 10° — 107 K and densities of nyy < 107 h2cm™3 (e.g. Mar-
tizzi et al. 2019; Galdrraga=Espinosa et al. 2021). It is evident that the
WHIM fraction at 8-, 0°\is close to 1, proving again that filaments
hold a large proportion of warm-hot intergalactic gas as seen in other
works (e.g. Galdrraga-Espinosa et al. 2021, 2022; Tuominen et al.
2021). In fact;the'tDprofiles clearly show that the fraction of WHIM
gas monotonically’ grows towards the filament spine for all distances
from.the stacked cluster. This behaviour is different to the gas fraction
profiles shown in Galdrraga-Espinosa et al. (2021), where they find
a peak at a distance of about 1 Mpc from filaments. However, if we
include material from haloes, we do obtain WHIM fraction profiles
showing a peak at 6§ ~ 10° as it is shown in Fig. Al (see below).

Filaments and shocks in galaxy clusters 9

All gas v,

0
1000 30° 1000 ¢ 30°
(%
500 500
4 -
-500 —500 2
-1000 -1000
0 0 90°
0 2 4 6

2 4 6
deus [R200]

Shocked gas v,

o
9

IS

)

o
°

vIih~tkms™!]
o
N

v[h~lkms 1]
o

©
o
o

Ll - deius [R200]
IV'A ‘(h
£ -5001 £ -5001
7 —1000 - 7 —10001
= 0 20 40 60 80 = 0 20 40 60 80
6 [deg] 6 [deg]
All gas v¢ Shocked gas v;
0°
50 50
6
- 0 ol 0
» »
e -50 4 g -50
Y3 X
T —100 T —100
= 2 =
> —-150 > —150
—-200 0 —200

6

IV\ TU’
e I——=| £ °
X X
T 7
s PR y =
> >

2 4
deus [R200]

=250 - T T

20 40 60 80
6 [deg] 6 [deg]

Figure 7. Arc-distance stacking of the radial (upper row) and tangential
(lower row) velocity components'defined in Section 4.2.2 for all gas particles
around filaments connected torgalaxy clusters at distances [2,7] X Rpqp.
Quantities corresponding to all (shocked) gas is shown in the left (right)
column. The profiles below each panel show the plotted quantities along the
separation angle, 6 atdifferent radii from d.j,s = 2Rp00 (red lines) to 7Rg0
(blue lines).

At distances 2Rp00 < depus S 3R200 the hot gas associated to the
cluster lowers the WHIM fraction, except in the direction of the fila-
ment. Interestingly, this type of gas fills the cavity of hot gas already
seen in the temperature maps along the spine direction indicating that
the central cluster is constantly feed with fresh warm-hot intergalac-
tic gas that can penetrate the hotter ICM. Contours indicate the gas
density, calculated using randomly positioned particles to determine
the volume of the complex shapes that result after removing haloes
within filaments (see Section 3.1).

To assess the level of contamination provided by galactic haloes
in our determination of filament properties, we have repeated the
same analysis without excising haloes from the simulations. Gen-
erally speaking, we found similar results compared to the diffuse
filamentary gas only, although the signal in this case is significantly
noisier. We refer the reader to Figs. Al and A2 in the Appendix A.
Note that, when including haloes, the gas density is much higher
compared to that of the diffuse material (see contour plots in the
lower right panels of Figs. 6 and Al). Furthermore, the temperature
is much noisier with hotspots distributed all around the cluster re-
gion. These “clumps” of gas host the warm circumgalactic medium
(WCGM) of galaxies that, together with the WHIM, comprise all the
warm gas available. This plot suggest that the WCGM of haloes in
filaments could also play a significant role in future X-ray observa-
tions of filaments and their surrounding regions (Angelinelli et al.
2021; Gouin et al. 2023).

£20Z JaquiaAoN z0 uo 1sanb Aq 0//9ZE//80ZSPEIS/SEIUW/SE0 | 01 /10P/2[0IIB-80UuBAPE/SEIUW/WOD dNoolwapeoe//:sdiy wWoll papeojumod



10  Rost et al

4.2.2 Velocity fields

To determine the velocity components of a gas particle with respect
to the filamentary structure, we define a coordinate system centred on
the particle by taking (i) the salient radial unit vector from the centre
of the cluster pointing in the direction of the particle, u,-, and (ii) the
direction towards the nearest filament (as explained at the beginning
of Section 4.2.1), ug;. Note that for the angular distance calculation,
all filaments from the sample were considered.

We first remove the radial component of the vector ug), normalise
it and flip its direction to get u;:

yy = - i ur (ty - ug) @)
lusi = wr (ur - ug)]

In this way, a vector that is pointing outwards from the location
of the nearest filament is obtained. At same time, this unit vector
is perpendicular to the radial direction from the cluster pointing to
the particle. Then, we define u,, = u; X u;-. These three unit vectors
are represented in green in the diagram of Fig. 5. After subtracting
the velocity of the mass centre of the whole cluster, the velocity
components are defined as the dot product of the velocity vectors
and the unit vectors mentioned above. This analysis of the velocity
components exploits the roughly spherical symmetry of the cluster
region. It allows us to easily separate the components influenced by
the filament (tangential), and by just the central cluster (radial).

Fig. 7 displays the components of the velocity vector for the stacked
filament sample. On the top left we see the radial component of all
gas, consisting of only negative velocities as material is generally
infalling towards the cluster. For filamentary gas, velocities are max-
imally negative at 2Ry0p < deus S 3.5R200. However, material at
similar distances but outside filaments (i.e., 30° < 6 < 80°) com-
prising both infalling and ejected gas is observed. These results are
in accordance with the findings of Rost et al. (2021), Gouin et al.
(2022) and Vurm et al. (2023). In fact, some of this material might
have been inside Rpqq so that it could be considered “backsplash”
gas, analogous to the backsplash galaxies studied in the literature
(Gill et al. 2005; Muriel & Coenda 2014; Haggar et al. 2020), which
refer to systems that have been inside the virial radius of a massive
cluster in the past and might have been “processed” by it. This.gas
seems to avoid the filament direction when ejected, however this
is not necessarily true in the case of haloes, since the ptesence of
“backsplash haloes” in filaments has been recently shown by Kuch-
ner et al. (2022). This region around the filament axis,and)close to
the 2R;(q sphere is interesting because it contains gas-funnelled by
the filament onto the central cluster but, at the same time, haloes and
galaxies travelling upstream. The 1D profiles,show that at large radial
distances the infall of gas is slower inside thesfilament than in the
surrounding region, probably owing#o the gravitational pull of other
cosmological structures connected to the filaments. These complex
fluxes around filaments have als@ been.extensively studied in works
such as Codis et al. (2012) and Kraljic et al. (2018). However, to-
wards the centre we seerasmajorincrease in the infall velocity inside
filaments compared-to. the\surroundings. When taking into account
only shocked particles (upper right panel of Fig. 7), the largest dif-
ference lies close to thecluster and in the range 30° < 6 < 60°. The
non-shocked gas seems to be going against the shocked one.

The tangential)eomponent of the velocity in the filament direction
is shown'in the lower row of Fig. 7, both for all and shocked gas
respectively. As with the radial component, both values are negative
while their magnitude greatly differ. This indicates that the material
is infalling towards the spine in an approximately perpendicular di-
rection to the local filament axis, at different speeds, with shocked

or All gas o; All gas
0°
800 600

= 6 T 500

» 600 b

£ 4 £ 400

T 400 -

= 2 = 300

N -

S 200 S 500

0 90°
0o 2 4 6 2 4 6
deius [R200] deius [R200]

. 750 0

£ 1 € B
E 0] /—’_\’\ E 500
7 2507 | s eee—
- . - - — s . - ;
= 0 20 40 60 80 = 0 20 40 60 80
) )

6 [deg] 6 [deg]

o, Shocked gas o: Shocked gas

0°
800 600 300
— — 6
i i ©
L 600 1 500
£ £ 4004 4 60°
< 400 -
s =300
S 200 5 200
0 90°
0 2 4 6
- dcius [R200]
2 50 a
€ 1 I ]
Zs00f | 250
7 2501 250 | ————
=] ; ; —— >
= 0 20 40 60 8 = 0 20 40 60 80
[§) B

6 [deg] 6 [deg]

o, Dark matter

ot Dark matter

2 4 6
derus [R200]

n
€
500 X
T
=
N

500
250 4

Figure 8. Angular dependence of the velocity dispersion for all gas (upper
row), shocked gas (middle row) and dark matter (lower row) for the radial
and tangential components defined in the previous figure. Note the isotropy
in the radial velocity dispersion of the dark matter component. The profiles
below each panel show the plotted quantities along the separation angle 6 at
different radii from d.j,s = 2Rp00 (red lines) to 7Ry (blue lines).

gas moving faster than non-shocked material. Close to the spine, the
tangential velocity drops to near zero values as approaching mate-
rial is slowed down and swept by gas travelling through the inner
regions towards the cluster. Another possible reason for the decrease
of the tangential velocity could be a slight misalignment between the
physical filament structure and the corresponding axis identified by
the filament finder. DisPersE detects the filament spine as a ridge
that connects two critical points in the density field, not necessarily
implying that the velocity field will be centred around this axis too.
Further away, at angles 10° < 6 < 60°, the gravitational attraction
of these structures is more evident. Interestingly, at angular scales of
around 90°, the gravitational influence of the filament vanishes, or is
balanced out by the presence of another filament.

The 1D profiles also show a general infall of material at large
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distances of the stacked cluster towards the filament spine, however,
close to the central region positive tangential velocities, peaking at
0 ~ 15°, are seen. This is consistent with the presence of a shear
resulting from the difference in velocity between gas inside filaments
and hot gas surrounding the cluster. When we compare the tangential
component between shocked material and all gas particles clear dif-
ferences can be observed. The most striking one is that shocked gas
is infalling faster than average near the spine, suggesting that shocks
are produced by gravitational infalling material that encounters gas
flowing along the filament as it approaches the spine. Specifically, the
shocked gas seems to be going against non-shocked material having
larger negative velocities of about —200 4~! km s™!in comparison
to =100 2~ kms~! for all gas.

Finally, in Fig. 8, we show the velocity dispersion for all gas,
shocked gas and dark matter for the radial and tangential components
with respect to the filament spine. On the left-hand panel, the radial
component is shown displaying a region located at 30° < 6 < 70°
with a high velocity dispersion of about 600 4~! km s~! that corre-
lates with the high-entropy distribution close to the cluster, similar
in shape and size to the hot material seen in Fig. 6. This excludes the
filament direction, where the gas seems to be flowing softly, thus pro-
viding a quiet environment for filament galaxies flowing towards the
centre. As mentioned above, inner filament regions seem to be able to
protect galaxies from the shocked material around the cluster, which
is in agreement with the findings of Kotecha et al. (2022). In the case
of shocked gas, the velocity dispersion is lower with a dispersion
of about 500 2~ kms~!, although the peak is located at the same
place as the average distribution. From the 1D plots it can be seen
that the dispersion away from the cluster centre is more or less the
same, whereas the difference between the spine and the surrounding
region increases towards the centre. The right-hand panel shows the
dispersion of the tangential component. In this case, the maximum
velocity is located around 2Ryq at & ~ 20° and tends to have high
values, except in the void-like region located at 3 < d.jys/R200 < 7
and 6 2 50°. This behaviour is consistent with the generation of
turbulence in the transition layer between the filament and the hot
gas associated with the cluster.

4.3 Phase-diagram evolution

To study the nature of gas profiles in filaments we would like to
understand the history of the accreted material. The timescales in-
volved in the growth of filamentary structures, and the'fact that their
overdensities are at most of a few dozen times, p¢rif;"make them in-
termediate objects with internal structures highly contaminated by
the presence of galaxy haloes. If we remove themjto study only the
diffuse filamentary material, a characteristic gas-temperature profile
that does not follow a pure adiabatic€ontraction is found (i.e.inner re-
gions closer to the spine have lower temperatures than in the adjacent
regions of filaments, as shown in\Figa4). To understand the origin of
this feature, we selected groups of particles, sorted by distance from
the filamentary axis, forming.a, series of stripes around filaments
belonging to the cluSter sample at z = 0 (see Fig. 9). We tracked
the temperature of these'groups of particles back in time in the 129
snapshots and found‘that particles in the hotter stripes had a rela-
tively suddén‘increase of their temperature, consistent with a shock,
while the colder particles in the interior of filaments experienced a
slower temperature increase. This is expected as the formation of
accretion shocks around filaments is a natural outcome of cosmolog-
ical structure formation. The resulting evolution is shown in Fig. 10,
where we plot the mean logarithmic temperature as a function of the
mean logarithmic physical density of gas. The dashed lines represent
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Figure 9. Location at z = 0 of groups of gas pasticles surrounding filaments
considered to trace back the evolution,of different filament regions (see next
figure).

the expected adiabatic relation between gas density and temperature,
which should be'\followed by the phase-space trajectories in their
linear regime ofithe evolution. In general, none of the regions follow
a strict adiabatic_evolution since all the dots travel roughly perpen-
dicularly to\the dashed lines. However, not all the regions move in
the. diagram in the same way. In particular, the cyan points (corre-
sponding’to regions located at a distance of about 2 Ryqq from the
stacked filament spine) show the highest entropy at z = 0. Note that
purple dots represent the filament spine which, together with mate-
rial in the outskirts (red dots), seem to have the lowest entropy at
z = 0, indicating that the inner regions are better protected by the
shells surrounding filaments. Meanwhile, the intermediate layers are
significantly affected by shock heating and the stirring of galaxy dy-
namics, in contrast to those farther away from shocks reaching lower
entropy values. However, at earlier times up to z = 1.9, the trend is
different since the purple dots have the highest entropy among all the
filament regions.

For comparison, we trace back in time the evolution of all
gas belonging to galaxy haloes within Rpgy in simulated clus-
ter region 1 at z = 0 with a mass larger than 10" A~ Mg ex-
cluding the central halo. We refer to this choice as ‘halo 1’ in
Fig 10. Additionally, all gas within Rypo of the central halo with
M»ypp(z =0) =2.62 % 1015 p~1 Mg is also shown (‘halo 2”). As ex-
pected, the phase-diagram evolution of these haloes drastically differ
from that of filaments. This is easily seen after virialisation, where
they separate from the filament evolution, following their own path
in phase-space as haloes collapse and accrete material.

Contrary to haloes, both filaments and voids are non-fully viri-
alised structures that evolve following cosmological cooling and ex-
pansion. Fig. 10 also shows two examples of void-like regions from
simulated cluster region 1: (i) all gas outside 2Ry of the central
cluster and outside filaments with dg; > 3 h~! Mpc, i.e. including
both haloes and diffuse material (‘void 1°), and (ii) excluding all
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Figure 10. Phase-space diagram evolution for groups of gas particles that end
up in different parts of filaments at z = 0. The x-axis is the mean logarithm of
density, whereas the y-axis is the mean logarithm of temperature. The num-
bers indicate the redshift for the case of the stripes. Purple-blue dots represent
a group of particles located on/close to the spine of filaments at different dis-
tances from the central cluster, whereas green-red colours represent groups
of particles located at filament outskirts, towards void regions. Iso-entropic
trajectories are shown as grey dashed lines. For comparison, squares and
triangles show the evolution of two halo samples and two void-like regiofs,
respectively (see text).

haloes in the latter (‘void 2’). In these two cases, the phase-space
evolution of the material lies in a similar (non-virialiased)/tegion
to filamentary gas, with a tendency to cover the€ external parts of
filaments.

A visual impression of filament evolution can be seen directly
from Fig. 11, where five different snapshots atzs= 2,1.5,1,0.5 and
0 for a 2 h~! Mpc thick slice of cluster simulation 14 are shown as
an example. The first column from the left shows the fraction of
gas that belongs to filaments at\z =40 outside the Rpqg sphere of
the corresponding cluster, Where the assembly process of filaments
can be clearly seen as.theyscollapse in two directions, i.e. towards
the cluster centre and\perpendicularly. The second column displays
the mean entropjc function of the gas. As shown above, high values
owing to shock! regions surrounding filaments at intermediate dis-
tances are seen atwz== 0, while the contrary is true near their core.
However, this tendency is also observed at earlier times: at z > 0,
filamentary structures with lower entropy values surrounded by high-
entropy gas.suggesting the presence of shocks are observed. The third
column from the left shows the temperature distribution. In this case,
high-temperature regions are correlated with high-entropy gas and,
although less noticeably, filamentary regions also contain slightly

cooler gas close to their spines in comparison to their surroundings.
Finally, the fourth column displays the radial component of gas ve-
locity, where a burst of hot gas from the centre at z = 0 (not present
in the previous snapshot) is seen. As already discussed in Fig. 1 these
expanding lobes are produced as a result of a multiple-merger event
at z =~ 0.14, highlighting the impact of mass assembly in the ICM.

5 DISCUSSION

Although cosmological filaments around galaxy clusters are loca-
tions where specific gas properties could mildly affect galaxy proper-
ties compared to core regions of galaxy clusters, these environments
are deeply linked to the cluster to which they are connected and are
not free from complexities. In particular, in the outskirts of filaments,
we have observed, confirming previous works, that there is“a, layer
of shocked material that is heating up the gas which couldhave con-
sequences for galaxy evolution. This layer could be rélated to high
vorticity regions at the edges of filaments that, as shownby Song et al.
(2021), could affect galaxy properties. Similar to the results of Klar
& Miicket (2012) for a smaller, idealised filament simulation, we ob-
served a bump at a distance of about 1 —2 4~ ! Mpc from the filament
axis in the mean temperature profile. However, in.other works such as
Galdrraga-Espinosa et al. (2021) and Tuominen et al. (2021) the tem-
perature profiles of different filament populations appear to be flatter
from the core up to distancesOf about 2 Mpc, without a pronounced
temperature increase. In our work, we also found that the average
gas entropy is lower in the interior of filaments. To some extent, this
observation agrees withithe results of Angelinelli et al. (2021) as they
are able to identify filaments by selecting low-entropy gas regions.
This suggest that in‘the inner filament regions the gas is not heated by
strong shocks'in.the same manner as in the filament outskirts. How-
ever, it is possible that inner filament regions have experienced shock
formation as well, as the potential well of proto-filaments ending up
in‘the observed structures today (although weaker than at the present
time) were still capable of promoting shocks that would affect gas
properties at the filament core. Furthermore, this material is being
dragged rather calmly towards the centre of the cluster, resisting the
action of the cluster’s hot gas as it penetrates the inner regions of
the cluster. This is in line with our previous work R21, Gouin et al.
(2023) and also Vurm et al. (2023) who study in detail the formation
of shocks in the gas “rivers” inside filaments when they bump into
the hot atmosphere of the cluster. Some evidence of this can be seen
in Fig. 1. Our results suggest, in fact, that gas inside filaments was
not heated up by strong shocks in the past but went through a process
of pseudo-adiabatic compression as the radiative cooling inside fila-
ments is not enough to explain the change in entropy. Conversely, the
higher entropy of material surrounding filaments suggests that gas
went through a series of stronger shocks, as discussed in the previous
section.

After correlating the velocity fields with the entropic function,
the WHIM distribution and the gas temperature, we infer that the
filament structures collect their WHIM gas by efficiently dragging
material from their surroundings (as also found by Tuominen et al.
2021; Galarraga-Espinosa et al. 2022). Additionally, we do not ob-
serve an efficient isotropic collapse of WHIM material towards the
central cluster. This can be seen when comparing the radial veloci-
ties of both all and shocked gas, where the higher infall velocities are
preferentially linked to shock fronts going through the hot gas associ-
ated with the cluster in regions devoid of filaments. Additionally, we
have checked for a dependence of the Mach number in filaments and
spherical accretion shocks with mass and relaxation state of the clus-
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ter sample, but we have not found any statistically significant signal
when distances are normalised to Rygg. Similar to R21, our findings
show that at distances close to 2Ry in the direction of filaments a
“cavity” region forms where infall velocity is larger for gas than for
dark matter. However, in the isotropic case, this relation is inverted,
with gas moving slower than the dark matter towards the cluster cen-
tre. In general, we see that, relative to dark matter, baryons have a
more negative infall towards the filament, which is also consistent
with the fact that the tangential velocity dispersion is higher in the
dark matter than the gas owing to its viscosity and pressure. When
checking for the dispersion of the radial velocity component of the
dark matter, we find no angular dependence, which is consistent with
the velocity dispersion of the central galaxy cluster.

6 CONCLUSIONS

In this work, we used a set of galaxy cluster re-simulations belonging
to the THE THREE HUNDRED project aiming at reproducing cluster
environments and their evolution within volumes of 15 4~! Mpc to
study filamentary gas properties and accreting material towards fila-
ments and clusters. To improve statistics, we stacked simulated clus-
ters and measure average gas properties to produce density, tempera-
ture, pressure and entropy profiles and the Mach number distribution
surrounding filaments at z = 0. Additionally, we computed the aver-
age velocity field of baryons and dark matter in the sample and study
the temporal evolution of filamentary gas in density-temperature
phase-space. Our main results can be summarised as follows:

e We confirm a different behaviour for baryons and dark matter
in both filaments and galaxy cluster outskirts. We show that cosmic
filaments are surrounded by shocks allowing the internal regions
to efficiently transport fresh gas towards the cluster centre. The
velocity dispersion of the gas suggests a laminar infall of material;
meanwhile, the dark matter component shows a higher velocity
dispersion, compatible with the properties of the central halo.

e When considering filaments classified as parallel (i.e., those
with a node in the central cluster) or perpendicular (i.e., those with
a node in a parallel filament), there are no significant differences. in
the shock properties. However, there is a natural increase in filament
thickness towards the main node, which is more evidentfor tadial
filaments towards the cluster centre.

o We parameterise the shape of physical gas-properties by fitting
1D profiles (in Rppo units of the central cluster)\to our stacked
‘prominent’ filament sample (see Table 1);'showing that entropy and
temperature profiles display a bump at a charaeteristic scale length.
Meanwhile, the density and pressure monotonically decrease with
filament radius.

e We demonstrate that“the temperature profile of filaments is
typically colder in the centre., Therefore, filaments naturally protect
the inner regions, suggesting that the relatively pristine properties of
baryons remain ynchanged. In general, there should be no mixing,
nor metals close to ‘the ‘spine (apart from those linked to galaxy
haloes), whereas, around filaments, shocks rise the temperature and
promote’gas mixing through turbulence.

o We show that diffuse gas in filaments does not escape from the
cosmological expansion. However, this material does not follow a
fully adiabatic evolution through time, showing the larger departures
at intermediate distances. For our sample of simulated clusters at

z = 0 with a mean Ryq of 1.56 h~! Mpec, this translates in a distance
of about 1 — 2 h~! Mpc from the filament spine. These effects have
to be taken into account when considering galaxy evolution in those
regions.

Our work demonstrates that the spatial dependence of diffuse gas
properties in filaments naturally define several environments that
might differently affect galaxy evolution. Moreover, the effect of
cosmological expansion in filament evolution shown in this work
lead us to connect cosmological parameters and baryon physics.
These aspects will be developed in future works.
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APPENDIX A: DEPENDENCE OF FILAMENT GAS
PROPERTIES WITH HALO CONTAMINATION

As supplementary material we include the result of the stacking
procedure of Figs. 6 and 7, but without excluding galaxy haloes. In
general, we observe the same features and trends found in Section 4.2,
although including the disruption owing to haloes in the diffuse
material of filaments making the profiles noisier and mainly affecting
profiles in the inner cluster regions, as expected.
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Figure A2. Same as Fig. 7 but without masking out galaxy haloes. The 1D
profiles include now two more layers corresponding to the ranges 0 < djys <

R0 and Ryp0 < derus < 2R200-
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