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Relation between the local width and linear halo mass density of cosmic filaments
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ABSTRACT

Large-scale cosmic filaments may have played an important role in shaping the properties of galaxies.
Meanwhile, cosmic filaments are believed to harbor a substantial portion of the missing baryons at
redshift z < 2. To inspect the role of filaments in these issues, many properties of filaments need
to be examined, including their lengths, thicknesses, and density profiles. However, measuring some
of these properties poses challenges. This study concentrates on estimating filament width/thickness,
investigating potential correlations between the local width of filaments and the properties of dark
matter halos within filaments. We find that the local width of filaments generally increases with
the mass of dark matter halos embedded in filaments per unit length, roughly following a second-
order polynomial, although with notable scatter. We probe and discuss means that may refine our
findings. After further verification and improvements, this relation could be applied to filament samples
constructed from the observed galaxy distribution, aiding in understanding the roles of cosmic filaments
in galaxy evolution and uncovering the missing baryons.
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1. INTRODUCTION

Over the last 50 years, galaxy surveys have revealed
a web-like spatial distribution of galaxies(e.g. de Lap-
parent et al. 1986; Colless et al. 2003; Alpaslan et al.
2014; Tempel et al. 2014), consisting of voids, sheets, fil-
aments and nodes. This discovery validates predictions
from theoretical studies regarding the anisotropic grav-
itational collapse of cosmic matter predicted the (e.g.
Zel'dovich 1970; Bond et al. 1996; van de Weygaert &
Bond 2008). In recent years, the evolution of the cosmic
web has also been explored in great detail, facilitated by
the development of numerous tools tailored for analyz-
ing the cosmic web constructed from observed galaxies
and simulations (e.g. Colberg et al. 2005; Aragén-Calvo
et al. 2007; Forero-Romero et al. 2009; Aragén-Calvo
et al. 2010a,b; Hoffman et al. 2012; Cautun et al. 2014;
Libeskind et al. 2018; Hasan et al. 2023). Meanwhile,
several important problems arise, including the proper-
ties of the four types of structures within the cosmic
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web across various underground cosmology models (e.g.
Novikov et al. 2006; Lavaux & Wandelt 2010; van de
Weygaert & Platen 2011; Codis et al. 2018), the impact
of the cosmic web environment on the properties of dark
matter halos and galaxies (e.g., Hahn et al. 2007; Musso
et al. 2018; Kraljic et al. 2018; Singh et al. 2020), the
distribution of dark and baryonic matter in the cosmic
web (e.g. Cen & Ostriker 1999; Davé et al. 2001; Cau-
tun et al. 2014; Zhu & Feng 2017; Martizzi et al. 2019).
Filaments mark the transition from the low-density to
the high-density environment and contain the largest
portion of matter with respect to other structures, i.e.,
voids, wall/sheets, nodes/clusters at z < 2. The cosmic
filaments could be used to probe the cosmology mod-
els and nature of gravity (e.g. Codis et al. 2018; Ho
et al. 2018), and may have played important roles in
shaping the properties of halos and galaxies(e.g., Hahn
et al. 2007; Chen et al. 2017; Kuutma et al. 2017; Kraljic
et al. 2018), in hosting the missing baryons (e.g. Cen &
Ostriker 1999; Shull et al. 2012; de Graaff et al. 2019;
Tanimura et al. 2019), etc.

To reveal the roles of filaments in relevant studies, a
comprehensive understanding of their properties is es-
sential. This includes factors such as the length, den-
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sity and velocity profiles of matter and galaxies embed-
ded within them, as well as the gas temperature and
local width/thickness. Once the filaments are identi-
fied with various methods, it is relatively straightfor-
ward to measure their length, as well as the galaxy
overdensity profiles in their cross-sections for both the
simulation and observation samples (e.g.Colberg et al.
2005;Aragén-Calvo et al. 2010b). However, measuring
certain properties, such as width, is relatively difficult
for a couple of reasons. Firstly, there is no unified def-
inition of the filament boundary. This complexity is
further compounded by the fact that galaxies serve as
biased tracers of matter distribution. Secondly, filament
width can vary considerably along their spine. Addi-
tionally, some properties, like the profiles of matter dis-
tribution and gas temperature, remain infeasible to be
measured directly in filaments identified from observa-
tional data, despite having been extensively examined in
simulation samples. (Cautun et al. 2014; Gheller et al.
2015; Gheller & Vazza 2019; Galarraga-Espinosa et al.
2021; Tuominen et al. 2020; Zhu et al. 2021;Lu et al.
2023). On the other hand, the measured properties ex-
hibit significant discrepancies attributed to variations
in filament samples and the methodologies employed for
their classification and measurement.

A lack of reliable estimation of filament properties will
undoubtedly impede their roles in crucial issues such
as galaxy evolution and the missing baryons at redshift
z < 2. For instance, regarding the latter issue, baryonic
matter constitutes ~ 5% of the energy density in the uni-
verse according to the standard ACDM cosmology (e.g.,
Planck Collaboration et al. 2014). At redshift z < 2,
however, a significant portion, estimated to be between
30 — 50%, are ‘missing’ from detection (Fukugita et al.
1998; Shull et al. 2012; Danforth et al. 2016). Most of
those ‘missing’ baryons are believed to be located in cos-
mic filaments and sheets ( Cen & Ostriker 1999; Davé
et al. 2001; Dolag et al. 2006; Haider et al. 2016; Zhu
& Feng 2017; Cui et al. 2018; Martizzi et al. 2019).
X-ray emission and absorption of baryons in filaments
have been reported in the literature (e.g., Bregman 2007;
Bregman et al. 2009; Eckert et al. 2015; Akamatsu et al.
2017; Fang et al. 2002; Nicastro et al. 2005; Bonamente
et al. 2016; Nicastro et al. 2018; Nevalainen et al. 2019;
Tanimura et al. 2020b). In addition, detection of the
thermal Sunyaev-Zel’dovich (SZ) signal from baryons in
filaments has recently been reported at 3-4 o level (Bon-
jean et al. 2018; Tanimura et al. 2019; de Graaff et al.
2019; Tanimura et al. 2020a).

Future observations will enhance the statistical sig-
nificance of detecting baryons within filaments through
X-rays and the SZ effect. Despite this, accurately es-

timating the mass of baryons in filaments will remain
a challenge, as certain properties, such as width, den-
sity, and temperature profiles, cannot be directly mea-
sured through observations. Currently, the width is typ-
ically assumed to be a fixed value, while other proper-
ties, such as the density and temperature distribution
of baryons, rely on simulated results when estimating
baryon content within filaments. However, there are
notable discrepancies in the measured properties of fila-
ments in simulation due to the differences in simulations
and cosmic web classification. More studies and tools
are needed to effectively reduce these uncertainties. On
the other hand, properties of filaments measured in sim-
ulation should be further verified by observations, which
urges the methods used to measure properties should be
friendly for both simulation and observation samples.
For example, measuring the width of filaments re-
mains a challenging task. A number of works have esti-
mated the radius of filaments based on the density pro-
files or the radial distribution of halos/galaxies derived
from simulation or observation (Colberg et al. 2005;
Aragén-Calvo et al. 2010b; Bond et al. 2010; Gonzélez
& Padilla 2010; Tempel et al. 2014, 2016; Bonjean et al.
2020; Zakharova et al. 2023). However, distinctive re-
sults on the typical thickness have been reported, span-
ning 0.5-8.4 Mpc, which should be partly owed to the
differences in filament samples and boundary definition.
The radius inferred from matter distribution is expected
to offer a more intrinsic measurement. Colberg et al.
2005 found that the radial density profiles of filaments
detected in simulations begin to follow a =2 power law
at a radius of approximately 1.5-2.0 Mpc/h. Aragén-
Calvo et al. 2010b shows that the slope of the average
filament profile in their simulation shifts from —1 to —2
at about r=2.0 Mpc/h, which could be considered as the
width of filaments. Cautun et al. (2014) proposed mea-
suring the local width of filaments in simulations based
on the volume occupied by filament segments along the
spine. Nonetheless, this method is difficult to apply di-
rectly to observational data. Gheller et al. (2015) quan-
tified the total volume of filaments in simulations, allow-
ing them to calculate the mean thickness under the as-
sumption of cylindrical symmetry. However, the width
of a single filament can vary significantly along the spine.
These difficulties motivate us to seek a method or re-
lation that can be used to estimate the local width of fil-
aments constructed from simulations and observations.
Moreover, the boundary of filaments that is defined by
the matter distribution is favored. If there exists a cor-
relation between the local width and the mass of dark
matter halos enclosed in filament segments, it could be
suitable. Cautun et al. (2014) showed that the local
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width of filaments scales with the linear density, i.e.,
the mass per unit length along the spine. Hence, the
key question is whether the linear density correlates with
the mass contained by halos in filaments. In fact, ha-
los form first in the denser region of the density field.
Simultaneously, density peaks are linked by filaments.
Consequently, denser filaments are anticipated to con-
tain more massive halos. The findings of previous stud-
ies indicate that the total mass of matter in filaments
is highly likely to correlate with the mass of halos em-
bedded within. Filaments contain around 30% — 45% of
the total mass in the universe since z = 2 (Cautun et al.
2014; Zhu & Feng 2017; Libeskind et al. 2018; Martizzi
et al. 2019). Around 40% of mass in the universe has
been collapsed into halos at z = 0, and this proportion
decreases gradually with increasing redshift (e.g., Haider
et al. 2016). Meanwhile, most of the dark matter halos
more massive than ~ 10'0-°M, are located in the fila-
ments and knots since z ~ 4(Cautun et al. 2014; Zhu
et al. 2022). Gheller & Vazza (2019) showed that the
total mass of the filaments scales with the total mass of
resident halos.

Therefore, the key remaining question is whether there
is a correlation between the mass of filaments and the
embedded halos per unit length or not. In this paper,
we will investigate this aspect and further probe the re-
lation between the local width of cosmic filaments and
the mass of dark matter halos enclosed, utilizing sam-
ples from a cosmological hydrodynamic simulation. This
paper is organized as follows. Section 2 provides a brief
description of the cosmological simulation and the nu-
merical methods we employed to identify filaments and
measure their width, total mass, and mass of enclosed
halos per unit length. Section 3 presents the relation-
ships we find. We discuss future improvements and po-
tential applications in Section 4. Finally, our findings
are summarized in section 5.

2. METHODOLOGY
2.1. Simulation

Our cosmological hydrodynamic simulation sample
was produced by the code RAMSES(Teyssier 2002),
adopting a ACDM cosmology (2, = 0.317,Qp =
0.683,h = 0.671,08 = 0.834,Q;, = 0.049, and n, =
0.962, Planck Collaboration et al. 2014). The simula-
tion traces the evolution of matter from z =99 to z =0
in a volume of (100h~1)3 Mpc. It utilizes 10243 dark
matter particles and 10243 root grid cells, i.e. each with
a side length of 97.6h~'kpc. Adaptive mesh refinement
is employed, achieving a resolution of 0.763h'kpc at
the finest level. At redshift 8.5, a uniform UV back-
ground is turned on following the model in Haardt &
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Figure 1. Top: Density field of baryonic matter belong-
ing to filaments and nodes in a cubic box of (33.3h™*Mpc)?;
Middle: 1% of the grids belonging to filaments after com-
pressing. Grids in the same filament segment are coded with
the same color. Due to the limited color slots, different seg-
ments may share the same color. Bottom: Dark matter halos
in filaments and nodes.
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Madau (1996). Various sub-grid physical modules, such
as gas cooling and heating, star formation, and stellar
feedback, are implemented, excluding feedback from ac-
tive galactic nuclei( AGN). We have identified the dark
matter halos in our simulation samples using the Friend-
of-Friend (FOF) algorithm. For more details on the sim-
ulation, readers can refer to Zhu & Feng (2021).

2.2. Filaments processing and measurements

The cosmic web in our samples, including structures
such as nodes, filaments, sheets, and voids, is identified
using the tidal tensor of the rescaled peculiar gravita-
tional potential, which is usually named T-Web and is
one of the widely used algorithms. This method can
capture the dynamical evolution of cosmic structures
by analyzing the tidal force field. We have used the
same procedure and parameters selection as in Zhu et al.
(2021) for classifying the cosmic web and compressing
the filaments. The threshold eigenvalue A, is an im-
portant parameter in the T-Web algorithm regarding
the properties of identified cosmic structures. We have
utilized a default value of \;;, = 0.2, which can provide
a better visual impression of the web (Forero-Romero
et al. 2009; Zhu & Feng 2017). Moreover, the average
density at the boundary of the identified filaments with
Atp, = 0.2 is around 1.8 times the cosmic mean(Zhu et al.
2021), which can be considered a good separation be-
tween the filaments and walls. Subsequently, we adopt
the methods in Cautun et al. (2014) for the compres-
sion of filaments. More details about the construction
of T-Web and filament compression can be found in Zhu
et al. (2021). Note that all grid cells in filaments and
nodes are included when we compress the filaments and
measure their properties. On the other hand, we have
used an alternative approach, instead of the method in
Cautun et al. (2014), to separate the filaments into seg-
ments, as detailed below.

1. Starting from any one grid, indicated as g; where
i is the tag number, within the compressed fil-
aments, we firstly search its neighboring grids
within a sphere of small radius r; = 0.04 Mpc/h,
which is roughly 0.2 times of the grid size used for
constructing the T-Web. Subsequently, we calcu-
late the angles between the orientation at different
neighboring grids and that at grid g;. If the an-
gle for a neighboring grid is less than 6, = 30
degrees, it is categorized as part of the same fila-
ment segment as grid g;. Grids in the same seg-
ment will be allocated the same segment number.
The rationale behind choosing 0y, = 30 degree is
as follows: The visual impression shows that a 6y,
smaller than 20 degrees struggles to handle slightly

curved segments, while a 0y, larger than 40 degrees
fails to segment the filament network into distinct
branches.

2. The procedures in Step 1 are executed for each
grid within the filaments, following which all the
grids are assigned to one of the filament segments.
We store the information for each segment in the
list.

3. The filament segments identified in the preceding
two steps are relatively short and are called pri-
mary segments. Hence, it is necessary to consoli-
date nearby short primary segments. For each pri-
mary segment, we walk along its spine to search
for all neighboring segments within a distance of
Tneb- The closest pair of grids across a primary
segment and any neighboring primary segments is
determined, i.e., with one grid from each of the
segment pairs. If the angle between the orienta-
tions at this pair of grids is less than 6;;, = 30 de-
grees, their host primary segments will be linked
to form a longer segment.

4. Step 3 is iterated multiple times, with the search
radius r,¢p gradually increasing from 0.04 Mpc/h
to 0.4 Mpc/h. We have assessed the performance
of our method with various maximum 7,,., val-
ues, denoted as Tyep,mag, ranging from 0.2 to 1.0
Mpc/h. We find that a rnepmae lower than 0.3
Mpc/h leads to excessively fragmented segments,
whereas a Tpeb,mae greater than 0.5 Mpc/h tends
to merge relatively isolated segments via bridges.
Therefore, we select an rpep mae = 0.4 Mpc/h as a
balanced choice.

A total of 54514 segments have been identified in the
sample at redshift z=0. The upper panel in Figure 1
illustrates the density of grid cells within filaments and
nodes in a cubic box with a side length of 33.3Mpc/h
at z = 0. The middle panel of Figure 1 displays the
filament segments after compression and segmentation
within the same box. Grid cells within the same seg-
ment are color-coded identically. Note that, due to a
limited number of colors in the color table, filament seg-
ments in different regions may share the same color. The
visual assessment suggests that our segmentation proce-
dure works reasonably well. The lower panel of Figure
1 shows the distribution of dark matter halos within the
same cubic volume. We can see that the distribution of
halos mirrors the frame of the filaments.

After segmenting the filaments, we measured the
length, local width/diameter, Dg), and liner mass den-
sity of filament segments, (s, following the procedures
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introduced in Cautun et al. (2014). At each grid within
any filament segment, g;, we place a sphere with a ra-
dius of Ry = 1.5Mpc/h. This value is moderately lower
than the value used in Cautun et al. (2014) and Zhu
et al. 2021), because it can more effectively capture the
variations of local width. The number of grids encom-
passed within the sphere is counted, denoted as Ng.
Subsequently, the contribution of grid g; to the filament
length is calculated as 6L = 2 % Ry/Nys. The local
thickness/width of filaments at grid g; is determined as
Dyy = \/4Vv0melNgs/(27T Ry), where vyoqe represents
the volume of a grid cell. The total mass contained by
the grids within the sphere, AM, is utilized to com-
pute the linear mass density of the filament segment at
grid g;, denoted as (ry = AM/(2R;). When estimating
these filament properties, only grid cells within the same
filament segment are accounted for by default. This re-
striction will be relaxed in some cases to demonstrate its
impact. Moreover, we link each of the dark matter halos
within the filaments and nodes to the grid cell that hosts
the halo center and subsequently to the parent segment
containing this grid cell, which is called the primary host
segment of a halo. It is important to note that halos
more massive than 10'2Mg are connected by multiple
filaments, with a typical number of 2-3 (e.g., Aragon-
Calvo et al. 2010a; Cui et al. 2018). To take this fact
into account, we also assign halos more massive than
10'2M, to a secondary parent segment, specifically the
one that contains the grid with the shortest distance to
the halo center among those grids outside of the primary
parent segment.

2.3. Linear halo mass density

Given the correlation between local width and linear
density of filaments, if there exists another measurement
that scales with linear density, it is expected to exhibit a
correlation with local width. One such a candidate is the
mass of halos within filaments per unit length. Cosmic
filaments and nodes are structures that have undergone
collapse in at least two of the three dimensions, whereas
halos have achieved virial equilibrium after three dimen-
sions collapse. Consequently, the proportion of the mass
in filaments and nodes occupied by embedded halos is
anticipated to surpass the overall fraction of the mass
held by halos in the whole universe. In our sample,
approximately 32% of the mass in the universe is con-
tained by the halos in filaments and nodes. Meanwhile,
filaments and nodes contain around 70% of cosmic mass.
Namely, around 46% of the mass in the filaments and
nodes are contained by halos. The evolution of these
fractions as a function of redshift is depicted in Figure
2.
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Figure 2. Top: Fractions of mass residing in various struc-
tures from redshift z = 4 to z = 0. Bottom: Fractions of
mass contained by halos that reside in different structures.

If we divide filament segments into numerous short
slices along their spines and calculate the mass of matter
in embedded halos within those short slices, the results
would exhibit considerable fluctuations. However, when
measured in slices of length 1 Mpc/h or longer, these
fluctuations would be reduced. Therefore, we introduce
a novel measurement, the linear halo mass density of fil-
aments, 7y;;, representing the total mass of halos embed-
ded in filaments per Mpc/h. The measurement of 7y
is akin to the linear mass density of filaments but with
some differences. At any grid cell along the filament
spine, denoted as g;, we set up a virtual sphere cen-
tered at g; with a radius of Ry = 1.5Mpc/h. We iden-
tify all the dark matter halos whose centers are within
this sphere. Subsequently, we select halos hosted by the
same filament segment as grid g;, including both pri-
mary and secondary hosts, in the default mode. The
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FOF mass of those selected halos is summed up and de-
fined as AMj}. Consequently, 1y at grid g; is defined
as 11 = AMp/(2Ry). Note that we will relax the limi-
tation that only halos in the same filament segment are
included when calculating AM), and n¢; if the similar
limitation is lifted when calculating (r;. The scaling re-
lations between the linear halo mass density, linear mass
density, and the local width of cosmic filaments will be
explored in the subsequent section.
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Figure 3. Top: The local thickness versus the linear density
that is estimated at grids in filaments, requiring that the
neighboring grids used to estimate the filament properties
are in the same segment. The solid green line indicates the
median linear density. Bottom: The same as the left, but
all the neighboring grids in filaments are accounted for when
estimating the linear density and local thickness.

3. LOCAL WIDTH-LINEAR HALO MASS DENSITY
RELATION

3.1. linear mass density - linear halo mass density
relation

Cautun et al. (2014) found a scaling relation between
the local width/diameter of filaments and the local lin-
ear mass density, (r;, in N-body simulation samples,
albeit exhibiting considerable scatter. Based on the cos-
mological hydrodynamical simulation, we (Zhu et al.
2021) demonstrated that the local width of filaments
is indeed correlated with the local linear mass density,
aligning with Cautun et al. 2014. In Zhu et al. (2021),
where the filament segmentation process is not applied,
we found that the median of (y; as a function of local
diameter can be approximately described as

11
Crit 7 2.7 x 10" Mg <% ( Ry ", (1)
(Mpc/ho) (Mpc/ho)

where the power index n is approximately 2 —2.5. Af-
ter the filament segmentation procedure, the correlation
between the local thickness and the linear mass density
is shown in the top panel of Figure 3. The solid green
line represents the median linear density as a function of
Dy, which can still be fitted by eqn. 1 with a power in-
dex n ranging from 2 — 2.5. However, there is noticeable
scatter in the Dy —(yy relation. Allowing for the inclu-
sion of grids beyond the same segment when estimating
D¢y and (py will moderately reduce the scatter, as il-
lustrated in the bottom panel of Figure 3. Note that our
objective is to find a viable statistical estimator for the
width of filament segments. Achieving high accuracy
at each grid within the filaments is not an immediate
necessity at this stage. Therefore, we will accept the
scatter in the Dy — (g relation in this study.

For the sample at redshift z=0, we have measured the
linear mass density and the linear halo mass density at
~20 millions grid cells, with a neighboring search ra-
dius of Ry = 1.5Mpc/h. The top left panel in Figure 4
illustrates the results of n¢; versus (ry at 100,000 ran-
domly selected grids from the entire sample. Observing
Figure 4, one can discern an overall scaling relationship
between these two characteristics. However, there is a
noticeable scatter in the (r; — nyy correlation, particu-
larly at the low and high linear mass density ends. The
red, green, and blue dashed lines indicate the 75th, 50th,
and 25th percentile of linear halo mass within each lin-
ear mass density bin for the entire sample. The median
linear halo mass as a function of the linear mass could
be roughly described by a linear relation as

Nrit = fo* Crat (2)

, where fp ~ 0.85 — 0.90.

This correlation aligns with our expectations based on
the discussions in the preceding sections. However, f,
significantly exceeds the overall mass fraction contained
by halos in the filaments and nodes, as depicted in Fig-
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and linear halo density.

ure 2. This disparity primarily stems from the mean
value of 7y, /Crii being lower than the median value,
due to a substantial portion of grid cells having a quite
small 7¢;1, as illustrated in Figure 4. Simultaneously, the
challenge of accurately estimating 7y, and (yy for grids
within short filament segments likely contributes to the
scatter in the (ry — 7y relation. Grid cells within seg-
ments shorter than 2.0 Mpc/h constitute 18% of all grid
cells in filaments and nodes. If these segments shorter
than 2.0 Mpc/h are excluded, the scatter in the (i —n5u
relationship will be moderately reduced, illustrated in
the top right panel of Figure 4 shows. On the other
hand, doubling the neighboring search radius R; used
in estimating n;; and (g, to 3.0 Mpc/h will significantly
reduce the scatter in the (y; — nyy relation, as demon-
strated in the bottom left panel of Figure 4. However,
a large Ry will wash out some of the local variations in
the properties of the filament, as noted by Cautun et al.
(2014). Alternatively, eliminating the constraints that
only grids and halos in the same filament segments are

considered when estimating 7y, and (r; would also lead
to a significant reduction in the scatter of the 7y-Cra
relationship, as shown by the bottom right panel of 4.

3.2. Linear halo mass - filament width relation

We now move on to explore the relation between the
linear halo mass density and the local width/thickness
of grids in filaments. Figure 5 presents the results of 7
versus Dy; across 100,000 grids. In the top left panel,
grids are selected from all the filament segments, with
a neighbor-finding radius Ry = 1.5Mpc/h used for es-
timating 77y and Dyy. An overall correlation between
these properties is observed, although there exists a no-
ticeable scatter in the filament width at a given 7¢;.
To quantitatively assess this scatter, we plot the 75th,
50th, and 25th percentile filament widths for all the
grids in each linear halo mass bin using red, green, and
blue dashed lines. The interquartile range has a mini-
mum value of approximately 1Mpc/h within the range
nfa ~ 10122 —10132M, /Mpc/h, and gradually increas-
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Figure 5. Top Left: The linear halo density and local thickness estimated at 100,000 grids in filaments. The red, green, and
blue dashed lines indicate the 75, 50, and 25 percentile, respectively, in each linear halo density bin. Top Right: Same with the
left, but only for grids selected from filaments with lengths longer than 2 Mpc/h. Bottom left: The same as top left, but with
a neighboring search radius Ry = 3.0 Mpc/h. Bottom right: The same as the top left, but all the neighboring grids and halos
in filaments are accounted for when estimating the linear density and linear halo density.

ing towards both lower and higher 7y, ends. We use a
second-order polynomial to fit the median value of Dg;
in each 7y bin. The fitting curve is represented by the
black dashed line, which can be interpreted as

Dg
——— =0.865+0.301 x [ )
Mpc/h + x logio(nfit,10)+ 3

0.175 x [loglo(nfil,lo)]2,

where 0,10 = 10“’1\/@%‘ The corresponding Dg;
values for nsy; = 10',10'% and 10'* Mg /Mpc/h pre-
dicted by eqn. 3 are 1.341,2.167 and 3.343Mpc/h re-
spectively. On the other hand, 49.7% of the grid cells in
filaments lie within a range of +0.5Mpc/h around the
values given by eqn. 3.

The top right panel shows the case if only filament
segments longer than 2 Mpc/h are taken into account,
resulting in a moderate reduction in the scatter observed
in the nyy-Dyy relation. Consequently, the fitting result
of the median width would be altered to

Dsi
——— = 0.861 +0.279 x I i
Mpe/h + x logio(nyir,10)+ 4)

0.177 x [logm(ﬁfil,lO)]z'

In this case, 56.0% of the grid cells in filament seg-
ments longer than 2 Mpc/h lie within the range of values
predicted by eqn. 4 plus or minus 0.5 Mpc/h.

Alternatively, increasing the neighbor finding radius
or removing the restriction that only includes grids and
halos within the same filament segments can lead to a
moderate reduction in the scatter observed in the 7yy-
Dy relation. The results of these adjustments can be
found in the bottom left and right panels of Figure 5.
For a neighbor finding radius of Ry = 3.0 Mpc/h, fitting
the median width with a second-order polynomial yields
a set of coefficients (2.144, -0.979, 0.480). When all
neighboring grids and halos within filaments and nodes
are considered, the corresponding coefficients are (1.277,
-0.534, 0.471). In both cases, around 52% of the grid
cells in filaments fall within the range defined by the fit-
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ting curve plus or minus 0.5 Mpc/h. The coefficients of
the fitting results are listed in Table 1.
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Figure 6. The linear halo density and local thickness are es-
timated at 100,000 grids in filaments. The upper and bottom
panels show the results at redshift z = 0.5 and 1.0, respec-
tively. The meaning of lines is the same as Figure 5. Pink
line indicates the fitting result at redshift z=0.

3.3. Results at redshift z > 0

We further explore the correlation between the linear
halo mass density and filament width at redshift above
0. Figure 6 illustrates the nyy-Dy; relation at redshift
z = 0.5 and z = 1.0, utilizing a neighbor search radius
of Ry = 1.5Mpc/h. The fitting result of the ‘default’
case at z = 0 is also shown in Figure 6. As the redshift
increases, the typical width of filaments decreases due to
a reduction in the number of grids within thick filaments,
aligning with the anticipated evolution of the cosmic
web. Fitting the median value of the width, a second-
order polynomial yields a set of coefficients (0.596, 0.463,
0.164) and (0.348, 0.848, 0.061) at z = 0.5 and z = 1.0,
respectively. We observe a slight change in the median
width at a constant linear halo mass density from z=0
to z=1. Meanwhile, the scatter in the ns;-Dy; relation
declines with increasing redshift. 56% and 58% of the

Table 1. The coefficients obtained from fitting the
relation between linear halo density 7ny; and local
width Dg; with a second-order polynomial as follows:
Ds1/(Mpc/h) = a+b x logio(na1,10) + ¢ X [logio(na1,10)]?,
where ngil, 10 = nfil/(l()lo M@/Mpc/h). The ‘default’
case represents the following selection: (1)A;, = 0.2,
R; = 1.5Mpc/h; (2) only the neighboring grids and ha-
los in the same segment are considered when estimating
nra and Dyy; (3) all the filament segments, including
both longer and shorter than Ls.y = 2.0Mpc/h, are con-
sidered for the fitting procedure. Other cases are named
according to the differences relative to the ‘default’ case.

redshift case a b ¢
0 default 0.865 0.301 0.175
0 Lseg >2.0Mpc/h 0.861 0.279 0.177
0 R =3.0Mpc/h  2.144 -0.979 0.480
0 All neighbour 1.277 -0.534 0.471
0.5 default 0.596 0.463 0.164
1.0 default 0.348 0.848 0.061
0 Aep = 0.4 0.811 0.312 0.164

grid cells within filaments fall within the range defined
by the fitting curves plus or minus 0.5 Mpc/h, at z = 0.5
and z = 1.0, respectively. One potential explanation for
the decrease in scatter is that tenuous filaments typically
exhibit a tighter scaling relation of 7y;-D s, while the
number density of thick filaments decreases gradually as
redshift increases (Zhu et al. 2021).

4. DISCUSSIONS

4.1. Impact of the cosmic web classification method
and further improvement

At present, there is no standard definition of the cos-
mic filament; thus, the properties measured for filaments
depend on the method and associated parameters used
to classify the cosmic web (e.g., Libeskind et al. 2018).
While the T-web method we utilize is among the most
commonly employed algorithms for identifying the cos-
mic web from simulation, the reliability of the results
presented in this study may still be influenced by the
procedures and parameters employed for processing fil-
aments. Furthermore, variations in the definitions of
halos and halo mass could also affect our findings. For
instance, it is valuable to examine how the chosen value
of A\ affects the findings presented in the preceding
section. Figure 7 shows the relations between the linear
halo mass density and the linear mass density, and local
width with A;;, = 0.4. Overall, the adjustment on Ag,
has a minor impact on these two relations. The corre-
sponding coefficients for fitting the median width as a
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function of linear halo mass density with a second-order
polynomial are (0.811, 0.312, 0.164). Moreover, there is
a slight change in the scatter observed in the relation-
ships Cri-npa and npy-Diyy.

While the examination with various My, is somewhat
reassuring, we would like to further assert that the scal-
ing relations outlined in this work are generally plausi-
ble. With a distinct filament detection method from the
T-Web, Gheller & Vazza 2019 demonstrated that the
total mass of the filaments scales proportionally with
the total mass of resident halos, as anticipated by the
current theoretical framework of structure formation. It
is rational to anticipate a correlation between the linear
halo density and the linear density of filament segments.
Furthermore, it is anticipated that larger halos are con-
nected by prominent filaments. Consequently, the lo-
cal width of filaments should generally scale with the
mass of embedded halos per unit length. Nevertheless,
further research is required to find methods that can
minimize the scatter in the relations Cr;-npy and nypy-
Dy Adjustments in parameters, such as the radius uti-
lized in filament compression and segmentation, might
be helpful. Simultaneously, utilizing the total mass of
sub-haloes instead of halos may offer a more direct ap-
proach to estimating filament width in galaxy samples,
as the mass of sub-haloes is more closely linked to the
stellar mass.

Another concern would be how to extrapolate our
findings to filaments identified by other methods, es-
pecially for samples constructed from halos or galaxies.
In fact, Libeskind et al. 2018 demonstrates that many
properties of the cosmic web that are identified through
the T — Web method are generally consistent with the
Disperse (Sousbie 2011) method, which is usually ap-
plied to samples constructed from halos or galaxies. For
example, the density probability distribution function
in different structures exhibits similarities between the
two methods. Furthermore, the volume and mass frac-
tions in knots and filaments categorized by the T-Web
broadly align with the mass fraction in filaments iden-
tified by Disperse, which lacks the knot structure. This
alignment could be attributed in part to both meth-
ods indirectly using information from the density field
gradient. Additionally, the parameters in both meth-
ods have been tuned to capture the visual impression of
the cosmic web. Therefore, a straightforward and naive
attempt could be employing Disperse to construct the
filament network from halo/galaxies data in simulations
and subsequently measure the local halo mass density,
which can then be utilized to infer the local width of fila-
ment. Furthermore, grid cells, mass, and profiles within
the filament boundary can be used to compare with the

results obtained from the cosmic web classified by the
T — Web method. If convergence is achieved, the re-
lations can be further used to observed galaxy samples,
whose (sub)halo mass can be estimated through the stel-
lar mass - halo mass relation (SHMR).

To establish a closer match to observed samples of
galaxies, we are going to extend the investigation in
this study to examine the correlation between the lo-
cal width of filaments and mass of haloes, sub-haloes,
and stellar components using the Illustris-TNG simula-
tion(Pillepich et al. 2018). This simulation integrates
AGN feedback (not present in our current simulation)
and has been calibrated to replicate the observed stellar
mass function of galaxies.

4.2. Potential application

The correlation between the local width and linear
halo mass density of the filaments can help to reveal the
role of cosmic filament in galaxy evolution and uncover
the missing baryons at redshift z < 2. Filament thick-
ness can exhibit significant variations along the spines
(e.g., Cautun et al. 2014; Gheller & Vazza 2019). Fil-
ament segments with different thicknesses are likely to
have different levels of impact on embedded galaxies,
with thick filaments tending to exert different influences
on embedded galaxies, with thicker filaments typically
possessing greater potential to inhibit gas accretion onto
less massive halos and induce more pronounced envi-
ronmental quenching (Aragon Calvo et al. 2019; Zhu
et al. 2022; Hasan et al. 2023). Measurement of the
local width allows for examination of how filament seg-
ments with different thicknesses impact the evolution of
galaxies.

Next, we would like to pay more attention to the ‘miss-
ing’ baryons at z < 2, which are believed to be hosted by
filaments and sheets and are the targets of many current
and future observational plans covering multiple tools
such as X-rays, SZ and Fast Radio Bursts. On the basis
of the D ;-1 relation, one can deduce the local width
for the filaments constructed from observed galaxy dis-
tribution. Additionally, the density and temperature
profiles have been revealed in the literature (e.g., Gheller
& Vazza 2019; Galarraga-Espinosa et al. 2021; Tuomi-
nen et al. 2021; Zhu & Feng 2021; Lu et al. 2023). For
instance, in our previous study Zhu & Feng (2021), we
found that the density profiles in the cross-section of fil-
aments exhibit self-similarity and can be described by
an isothermal single beta model. By combining the in-
formation on width and profiles, we can estimate the
mass of dark and baryonic matter residing in the fila-
ment segments and predict the associated X-ray and SZ
signals, which can then be compared with observations.
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The meaning of lines is the same as Figure 5.

5. SUMMARY

The width/thickness is an important property of cos-
mic filaments, which is crucial for the exploration of the
role of filaments in galaxy formation and for the detec-
tion of missing baryons. In this work, we have inves-
tigated the correlation between the local width of cos-
mic filaments and the mass of dark matter halos within
filaments per unit length based on a cosmological hy-
drodynamic simulation. We find that the local width of
filament segments grows with the linear halo mass den-
sity increases, which can be approximately described as
a second-order polynomial despite some notable scatter.

The results presented in this work call for further re-
finement and validation through the utilization of addi-
tional simulation samples and the enhancement of the
methodologies employed for defining, compressing, and
segmenting filaments. Moreover, the methods used to
measure the properties of filament could be refined to re-
duce scatter in the relation between the local width and
the linear halo mass density relation. Furthermore, to
make our results more conducive to scientific problems
related to cosmic filaments, it is essential to implement
the findings from this study on filaments constructed
from observed galaxy samples. In order to reassess the
roles of cosmic filament in shaping the galaxy’s prop-
erties and estimate the mass density of baryons in fila-

ments based on X-ray and SZ observations, we plan to
conduct a relevant study in the near future.
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