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Abstract

We investigate the influence of the cosmic web on galaxy properties in the IllustrisTNG simulations. To
disentangle the effects of galaxy groups and cosmic filaments, we divide the cosmic web environment into four
categories: group, group-dominated region, filament-dominated region, and field. By controlling for stellar mass,
we reveal evident differences in specific star formation rates (sSFRs), quenched fraction, gas fractions, local
density, and stellar ages among central galaxies in different cosmic web environments, particularly for lower-mass
galaxies. However, these differences largely diminish when the effect of local overdensity is further accounted for,
indicating its dominant role. Additionally, we observe distinct differences in these properties among satellite
galaxies across environments, mainly driven by stellar mass, halo mass, and overdensity. Notably, residual
differences between satellites in field and filament-dominated regions persist even after controlling for these
factors, suggesting a stronger susceptibility of satellite galaxies to filaments compared to central galaxies. Our
findings highlight the importance of differentiating between central and satellite to accurately assess the
environmental effects of the cosmic web. Our analysis suggests that the relationship between galaxy properties and
their distance from filaments arises from a combination of factors, including stellar and halo mass, groups,
overdensity, and the intrinsic influence of the cosmic web. Additionally, we find that the effect of the cosmic web
on galaxy properties is reduced at z= 0.5, compared to z= 0. Furthermore, central galaxies near thick filaments
tend to exhibit slightly to moderately lower sSFR and cold gas fractions compared to those near thin filaments.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Large-scale structure of the universe (902);
Cosmic web (330); Hydrodynamical simulations (767)

1. Introduction

In the past several decades, a comprehensive theory of
galaxy formation and evolution developed within the frame-
work of ΛCDM cosmology (e.g., S. D. M. White & M. J. Rees
1978; S. D. M. White & C. S. Frenk 1991; H. Mo et al. 2010).
In this paradigm, galaxies form at the centers of dark matter
halos, assembling their gas and stars through accretion and
mergers. According to this model, galaxy properties are shaped
by both internal and external influences. Internally, galaxy
evolution is governed by physical processes such as gas
accretion, cooling and heating, star formation, and feedback
from massive stars and active galactic nuclei (AGN;
S. D. M. White & M. J. Rees 1978; S. D. M. White &
C. S. Frenk 1991; G. Kauffmann et al. 2004; J. R. Primack
2024). Externally, the surrounding environment of a galaxy can
also play an important role in shaping its properties. The
environment of galaxies can be generally classified into three
scales: the halo scale (approximately the virial radius), the local
environment (within ∼1–2 h−1 Mpc), and the cosmic web
environment (beyond ∼1–2 h−1 Mpc). Note that the first two
scales may overlap for groups and clusters.

At the halo scale, it is well established that halo mass and
mechanisms such as harassment, strangulation, and ram pressure
stripping play a crucial role in galaxy formation and evolution
(e.g., J. E. Gunn & J. R. Gott 1972; S. D. M. White &
C. S. Frenk 1991; H. Mo et al. 2010; R. H. Wechsler &
J. L. Tinker 2018; L. Xie et al. 2020; K. Wang et al. 2023). At

the local environment scale, the halo mass function varies with
local overdensity, with massive halos predominantly residing in
high-density regions, leading to a strong correlation between
galaxy properties and local overdensity (e.g., A. Dressler 1980;
G. Kauffmann et al. 2004; Y.-j. Peng et al. 2010; R. H. Wechsler
& J. L. Tinker 2018). In addition, the interaction and merge rate
in the high-overdensity region would be higher.
The large-scale spatial distribution of galaxies exhibits a

distinct cosmic web pattern (e.g., V. de Lapparent et al. 1986;
M. Colless et al. 2003; M. Alpaslan et al. 2014; E. Tempel et al.
2014a), which can be classified into nodes (clusters), filaments,
sheets (walls), and voids. Theoretical studies suggest that the
cosmic web arises from the anisotropic gravitational collapse of
matter in the nonlinear regime (Y. B. Zel’dovich 1970; J. R. Bond
et al. 1996; R. van de Weygaert & J. R. Bond 2008). Its formation
and evolution have been extensively studied through cosmologi-
cal simulations (J. M. Colberg et al. 2005; M. A. Aragón-Calvo
et al. 2007, 2010a, 2010b; J. E. Forero-Romero et al. 2009;
Y. Hoffman et al. 2012; M. Cautun et al. 2014; W. Zhu &
L.-L. Feng 2017; N. I. Libeskind et al. 2018). However, whether
the cosmic web and, in particular, its filamentary structures
significantly influence galaxy properties remains an open question
and a subject of ongoing debate.
Numerous observational studies suggest that galaxies in

different cosmic web environments exhibit distinct properties.
For example, galaxies in regions of low local density are, on
average, bluer and less massive and have later-type morpholo-
gies. They exhibit higher cold gas content, elevated star
formation rates (SFRs), slower stellar mass growth histories,
lower stellar metallicities, and a more gradual evolutionary pace
compared to their counterparts in denser large-scale environ-
ments (e.g., R. R. Rojas et al. 2004; C. Park et al. 2007;
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F. Hoyle et al. 2012; J. Florez et al. 2021; J. Domínguez-Gómez
et al. 2023b; D. Zakharova et al. 2024). Moreover, several
studies have reported that galaxies closer to filaments generally
tend to have lower SFRs, older ages, redder colors, higher
metallicities, and higher masses (M. Alpaslan et al. 2016;
Y.-C. Chen et al. 2017; K. Kraljic et al. 2018; C. Laigle et al.
2018; N. Winkel et al. 2021; G. Castignani et al. 2022; Euclid
Collaboration et al. 2025). In addition, C. T. Donnan et al.
(2022) find that galaxies closer to nodes exhibit higher gas-phase
metallicities, with a similar but weaker trend observed for
filaments.

Several factors contribute to these trends. One major driver is
the relationship between galaxy properties and local environ-
mental density (A. Dressler 1980; G. Kauffmann et al. 2004).
Another key factor is the mass of the host halo. Recent studies
have attempted to isolate the additional influence of the cosmic
web on galaxies by disentangling the effects of local
overdensity and halo mass. T. Kuutma et al. (2017) find that,
even after accounting for environmental density and redshift,
residual trends remain as galaxies approach filaments: early-
type galaxies become more prevalent, color indices increase,
and specific SFRs (sSFRs) decline. D. Kleiner et al. (2017)
report that for galaxies with stellar masses below 1011Me the
H I fraction is comparable for those near filaments and those in
the field. In contrast, M. Crone Odekon et al. (2018) find that,
at fixed local density and stellar mass, the H I deficiency of
galaxies with stellar masses between 108.5 and 1010.5Me
becomes more pronounced as they approach filaments.
M. Hoosain et al. (2024) suggest that the observed reddening
and gas depletion of galaxies near filaments are primarily
driven by the increased presence of galaxy groups in these
regions, with filaments themselves exerting only a minor effect
on the gas content. C. J. O’Kane et al. (2024) report that
differences in star formation activity and morphological
fractions between filament and field galaxies disappear once
the local galaxy density is controlled for.

To accurately assess the influence of the cosmic web on
galaxies, it is essential to disentangle the effects of stellar mass,
halo mass, and local density and the impact of galaxy groups
and clusters. Additionally, the influence of the cosmic web may
differ between central and satellite galaxies owing to their
distinct evolutionary pathways. However, observational studies
face several challenges in effectively separating these factors,
including determining host halo masses, identifying galaxy
groups, and distinguishing satellite galaxies from low-mass
central galaxies. Cosmological hydrodynamical simulations of
galaxy formation and evolution provide a powerful tool to
address these challenges. In particular, several state-of-the-art
simulations, such as Horizon-AGN (Y. Dubois et al. 2014),
EAGLE (J. Schaye et al. 2015), IllustrisTNG (A. Pillepich et al.
2018b), and SIMBA (R. Davé et al. 2019), can reproduce many
statistical properties of observed galaxy populations. Recent
studies have explored the role of the cosmic web, particularly
filaments, in shaping galaxy properties using cosmological
simulations (K. Kraljic et al. 2019; H. Song et al. 2021;
N. Malavasi et al. 2022; H. Zheng et al. 2022; T.-E. Bulichi
et al. 2024; F. Hasan et al. 2024; W. Ma et al. 2025). Most of
these studies find that galaxies located closer to nodes and
filaments tend to be more massive, exhibit lower sSFRs, and
have higher quenched fractions, consistent with observational
findings. However, only a few works have effectively
disentangled the effects of local overdensity and halo mass,

suggesting a possible additional influence of the cosmic web
environment on galaxy evolution (K. Kraljic et al. 2019;
H. Song et al. 2021; F. Hasan et al. 2024; C. J. O’Kane
et al. 2024).
In this study, we investigate the impact of the cosmic web on

galaxy properties using data from the IllustrisTNG simulations.
Our analysis distinguishes between the influences of galaxy
groups and filaments while controlling for the effects of halo
mass and local environment density. Additionally, we examine
central and satellite galaxies separately. Section 2 provides an
overview of the IllustrisTNG simulations, details the selected
galaxy samples and the properties analyzed, and outlines the
methodologies used for filament identification and environ-
mental classification. In Section 3, we first examine the impact
of environment on central galaxy properties, including results
after correcting for overdensity. We then explore the effects on
satellite galaxies, both before and after controlling for halo
mass and overdensity. Then, we show the results for the whole
galaxy sample. Additionally, we investigate the relationship
between galaxy properties and their distance from filaments.
Section 4 extends our analysis to higher redshifts, compares
results across different resolutions of the TNG simulations, and
examines the distinct effects of thick and thin filaments.
Section 5 summarizes our key findings.
Throughout this paper, we adopt the cosmological parameters

from Planck 2015: Ωm= 0.3089, Ωb= 0.0486, Ωλ= 0.6911,
and H0= 67.74 km s−1Mpc−1 (Planck Collaboration et al.
2016), aligning with the IllustrisTNG simulations.

2. Methodology

2.1. IllustrisTNG Simulations

The IllustrisTNG simulations (D. Nelson et al. 2018;
A. Pillepich et al. 2018a; V. Springel et al. 2018) build on
the original Illustris project (D. Nelson et al. 2015), utilizing the
AREPO moving mesh code (V. Springel 2010). These
simulations track the evolution of dark matter, gas, stars, and
supermassive black holes while incorporating key baryonic
processes such as radiative cooling, star formation, chemical
enrichment, and stellar and AGN feedback.
IllustrisTNG consists of three simulation suites: TNG50,

TNG100, and TNG300, with volumes of (51.7 cMpc)3,
(110.7 cMpc)3, and (302.6 cMpc)3, respectively. The mass of
a single dark matter particle is 4.5× 105Me in TNG50,
7.5× 106Me in TNG100, and 5.9× 107Me in TNG300, with
corresponding baryonic particle masses of 8.5× 104Me,
1.4× 106Me, and 1.1× 107Me, respectively. The spatial
resolution improves from around 1 kpc in TGN300 to around
100–200 pc in TNG50. This study primarily focuses on
TNG100 for several reasons. First, TNG100 has been
calibrated to reproduce key properties of observed galaxy
populations. Second, the volume should be relatively large to
contain a substantial number of groups, clusters, and filaments,
while the resolution is adequate to resolve low-mass galaxies.
To assess the potential effects of resolution and cosmic
variance, we compare our main results from TNG100 with
those from TNG50 and TNG300 in Section 4.

2.2. Galaxy Samples and Properties

Galaxies with stellar masses of M* > 108Me in TNG100,
M* > 109Me in TNG300, and M* > 107Me in TNG50 are
selected from their respective catalogs, ensuring that each
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galaxy contains at least 100 star particles. At z= 0, the
TNG100 catalog includes a total of 49,914 galaxies with
M* > 108Me, comprising 27,729 central galaxies and 22,185
satellites. The key galaxy properties analyzed in this study are
detailed below.

1. sSFR: the specific SFR, calculated by SFR/M*, using
data from subhalo catalogs.

2. Gas fraction: the ratio of gas mass bounded to the
subhalo, Mgas, to the total baryonic mass in the galaxy,
defined as Mgas/(Mgas+M*). Data from subhalo and
particle catalogs are used.

3. Cold gas fraction: indicates the abundance of raw
materials for star formation and is defined as Mcold/
(Mgas+M*), where Mcold is the mass of gas Tgas<
8000 K, which is lower than the typical temperature of
warm neutral hydrogen (e.g., M. G. Wolfire et al. 2003),
and Tgas is calculated by

( ) ( )/g m= - * * *T U k m1 , 1gas B H

where γ= 5/3, μ= 1, U represents internal energy, kB is
the Boltzmann constant, and mH is the mass of hydrogen
atoms. Data from subhalo and particle catalogs are used.

4. g− i: galaxy color index derived from the absolute
magnitudes of the g and i bands in the AB system. For
more information, see D. Nelson et al. (2019).

5. Mass-weighted age: calculated from stellar particles in
subhalos.

6. Mass-weighted stellar metallicity: calculated as

[ ] [ ] ( )/
/

= å
å
* *
*

M

M
M H

M H
2M

where M* and [M/H]* represent the mass and metallicity
of any stellar particle in the galaxy, respectively, and

[ ] ( )/ /= Z ZM H log10 , with Ze= 0.0127 in IllustrisTNG.
7. log(O/H)+12: SFR-weighted gas-phase metallicity calcu-

lated from star-forming gas particles in each galaxy.
To control for the influences of halo mass and local

environment, it is necessary to measure certain properties,
including the following:

8. Mh: use the Mh,C200 from halo catalogs, which represents
the total mass of the halo for galaxies enclosed within a
sphere whose mean density is 200 times the critical
density of the Universe.

9. Overdensity: the local density contrast, δρ, is defined as

¯
¯

( )d
r r
r

=
-

r . 3

We compute the dark matter particle density on a cubic
grid covering the simulation volume using the CIC
algorithm, with 353 grids for TNG50, 753 grids for
TNG100, and 2053 grids for TNG300. The density field
is then smoothed using a Gaussian filter. In this process,
we adopt a grid resolution and smoothing length of
1 cMpc h–1, a value often used in observational studies
(S. I. Muldrew et al. 2012; C. J. O’Kane et al. 2024). The
galaxy overdensity is determined by interpolating the
grid-based density at the galaxy’s position. In the
following context, we use 1+ δρ to indicate the local
environment density.

2.3. Filament Identification and Environment Categories

Cosmic filaments are identified using the DisPerSe algo-
rithm, which detects the topological structure of the mass
distribution (T. Sousbie 2011; T. Sousbie et al. 2011) and is
widely used to extract filaments from galaxy and halo
distributions. As input, we use the stellar mass and positions
of galaxies with M* > 109Me in each of the three TNG
simulations, since many observations use galaxies with about
M* > 109Me as tracers to identify filaments (E. Tempel et al.
2014a; C. T. Donnan et al. 2022; C. J. O’Kane et al. 2024).
Due to the limited number of galaxies, we use the CIC

algorithm instead of DTFE to generate a mass-weighted density
field on the grids for processing with DisPerSe. The grid
resolution and Gaussian smoothing scale are set to 0.547 cMpc
h–1 for TNG50, 0.585 cMpc h–1 for TNG100, and 0.800 cMpc
h–1 for TNG300. The persistence threshold, -Nsig, is set to 4,
and no additional smoothing is applied to the output skeleton.
We have tested both the CIC and DTFE algorithms with
various resolutions and -Nsig values. Based on visual
inspection, we find that for our case (galaxy samples are used
as input) filaments identified with a density field produced by
the CIC method would align more closely with the dark matter
distribution compared to DTFE.
Given that a filament’s influence on a nearby galaxy is

primarily governed by the mass distribution in its immediate
surroundings, we divide the filamentary structures identified by
DisPerSe into relatively straight segments with lengths ranging
from 1.5 to 2.5 cMpc h–1. Each of our segments can be roughly
considered as a structure made up of several filament segments
identified by DisPerSe, but with a cylindrical shape. The
methods used to divide filaments into segments and measure
their thickness, Rfil, and mass, Mfil, are briefly described in the
Appendix A. Further details on filament identification,
segmentation, and thickness measurement will be presented
in Q.-R. Yang et al. (2025, in preparation). In this study, we
include only filament segments with Mfil> 1012Me and
Rfil> 300 kpc in our sample, as lower-mass, tenuous filaments
are expected to have a negligible impact on galaxy properties.
To examine the impact of filaments, we first measure the

distance between a galaxy and its closest filament segment in
our segment sample. We define this distance, Dfil, according to
their relative positions. As illustrated in Figure 1, if the galaxy
lies within an infinitely extended cylindrical region centered on
the segment’s axis, Dfil is set to the perpendicular distance to
the segment spine (axis) Dspine. Otherwise, Dfil is defined as the
distance to the nearest endpoint of the segment, Dsp. This
definition is chosen to avoid overestimating the influence of
filaments when Dsp>Dspine. In TNG100, 53% of galaxies and
their closest segments have Dfil=Dspine. For the remaining
cases, 69% have Dsp< 1.5×Dspine. We also tested an
alternative definition of Dfil using the distance to the segment
midpoint, denoted as Dcenter in Figure 1. This alternative
approach produces only minor changes in our results.
We divide the cosmic web environments of galaxies into

four categories: group, field, filament-dominated region
(FilDR), and group-dominated region (GrpDR).

1. The “group” environment includes galaxies residing in
halos with masses exceeding Mh> 1013Me.

2. The “field” environment is defined as the region
sufficiently distant from groups and filaments, satisfying
Dgrp> 2Rgrp and Dfil> 2Rfil, where Dgrp and Dfil denote
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the distances from a galaxy to its nearest group/cluster
and nearest filament segment, respectively.

3. For galaxies in transitional regions between the field and
group environments, we compare the gravitational
potentials exerted by the nearest group/cluster and the
nearest filament segment. Galaxies in regions where the
filament’s potential dominates are classified as FilDR,
while those where the group’s potential is stronger are
categorized as GrpDR.

These classification criteria are summarized in Table 1, along
with the number of galaxies residing in each environment at
z= 0 in TNG100.

Figure 2 illustrates the projected distribution of galaxies
(circles) within a 30Mpc h−1 thick slice of TNG100. The
colors indicate the different environments in which the galaxies
reside. Filaments, depicted by green lines, act as bridges
connecting massive galaxy groups and clusters while also
linking relatively less massive galaxies. Notably, some galaxies
appear to be in group-dominated regions despite being visually
distant from any groups or clusters. This is because their
nearest groups and clusters lie outside the selected slice.

Figure 3 presents the distribution of galaxies in the parameter
space defined by their distances from the nearest group, Dgrp,
and the nearest filament segment, Dfil. Galaxies in FilDR tend
to be closer to filaments and farther from groups compared to
those in GrpDR. This trend arises because filament segments
generally contain less mass than groups and clusters, requiring
galaxies to be in closer proximity for filaments to exert a
significant gravitational influence. Additionally, the distribution
of FilDR galaxies in Dfil is more extended with a slight bimodal
feature. Notably, there is substantial overlap between FilDR
and GrpDR in both Dfil and Dgrp, indicating that proximity

alone does not uniquely determine whether filaments or groups
have a dominant effect. The mass of the nearest filament and
group must also be considered.
Figure 4 presents the distributions of central and satellite

galaxies across different stellar and halo mass bins in various
environments for the z= 0 sample in TNG100. Significant
differences emerge between central and satellite galaxies.
Approximately 25%, 30%, and 45% of the central galaxies
with stellar mass below 109.0Me are located in the field,
FilDR, and GrpDR environments, respectively. As stellar mass
increases from 108.5 to 1011.5Me, the fraction of central
galaxies residing in FilDR gradually rises, while the fractions in
the field and GrpDR decrease. All central galaxies with masses
exceeding 1012.0Me are found exclusively in groups and
clusters. Additionally, the majority of central galaxies are
hosted by halos with masses below 1013.0Me.
In contrast, the majority of satellite galaxies are found in

groups and clusters, preferentially residing in more massive
halos compared to their central counterparts. Additionally, the
distribution of central galaxies provides insight into the spatial
distribution of dark matter halos across different environments.
Around 25%, 30%, and 45% of halos with masses below
1011.0Me are distributed among the field, FilDR, and GrpDR
regions, respectively. For halos with Mh< 1013.0Me, the
fraction residing in FilDR gradually increases with mass, while
those in the field and GrpDR decrease. Since both stellar mass
(M*) and halo mass (Mh) play crucial roles in shaping galaxy
properties, this variation complicates efforts to simultaneously
control for both factors across the entire sample. To address
this, we will first examine the impact of the cosmic web and
filaments on central and satellite galaxies separately in the
following section.

3. Impact of the Cosmic Web on Galaxies Properties in
TNG100

3.1. Central Galaxies

Figure 5 shows the properties of central galaxies as functions
of stellar masses across different environments. The median
value and 1σ uncertainties for each stellar mass bin are estimated
using 200 bootstrap resampling iterations (B. Efron 1992;
J. L. Horowitz 2019). Overall, most galaxy properties exhibit a
clear dependence on stellar mass, consistent with previous
studies and observations (D. Nelson et al. 2018; A. Pillepich
et al. 2018b, 2018a; V. Springel et al. 2018; P. Torrey et al.
2019). For central galaxies with M*< 1010.25Me, the majority
are blue and star-forming, maintaining a reservoir of cold gas
that sustains star formation. The metallicity of both the gas and
stellar components increases with M*, driven by enrichment
from stellar winds and supernovae. However, for galaxies
exceeding M*> 1010.25Me, their sSFR declines rapidly, they
become progressively redder, and their stellar ages increase
significantly. These trends stem from two key factors. First, cold
gas accretion onto the halo becomes inefficient when the halo
mass exceeds 1012Me. Second, AGN feedback becomes
increasingly effective in suppressing gas cooling in both the
circumgalactic medium and the interstellar medium (ISM),
ultimately leading to the quenching of star formation in galaxies
with M*> 1010.25Me (E. Zinger et al. 2020; J. M. Piotrowska
et al. 2022).
For central galaxies of a given stellar mass, their host halos

have almost the same mass, regardless of the various

Figure 1. A schematic representation of a filament segment and nearby
galaxies. The filament segment is modeled as a cylindrical structure. The
distance of a nearby galaxy to the filament spine, Dspine, is defined as the
perpendicular distance to the straight line connecting the two endpoints
(depicted as a green filled circle) of the segment and is shown as a dashed line.
The distance to the nearest segment endpoint, Dsp, is also represented by a
dashed line and corresponds to the distance from the galaxy to the closest
endpoint. Additionally, the distance to the segment’s midpoint, Dcenter, is
illustrated as a dashed–dotted line.
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environments. Beyond halo mass, the cold gas fraction, stellar
metallicity, and log(O/H)+12 exhibit only minor variations
between galaxies in the field, FilDR, and GrpDR, aside from
fluctuations within specific mass ranges. However, noticeable
differences emerge in sSFR, gas fraction, color, age, and
overdensity for galaxies with M* < 1010.25Me across different
environments. These results indicate that while stellar mass and
halo mass primarily govern the properties of central galaxies, as
demonstrated by M. Alpaslan et al. (2015), superhalo-scale
environmental effects also play a role. Furthermore, the impact
of these superhalo-scale environments is more pronounced for
low-mass galaxies, suggesting that they are particularly
susceptible to external environmental influences.

Specifically, within the stellar mass range of 108.25–
1010.25Me, central galaxies in the field environment exhibit
higher sSFR and gas fractions, bluer colors, younger stellar
populations, and lower local densities compared to their
counterparts in FilDR. A similar trend is observed when
comparing galaxies in FilDR to those in GrpDR, but the
differences are smaller. These findings align with general
observational trends (e.g., R. R. Rojas et al. 2004; C. Park et al.
2007; F. Hoyle et al. 2012; J. Florez et al. 2021;
J. Domínguez-Gómez et al. 2023b). It is worth noting that

many previous studies do not distinguish between central and
satellite galaxies. In Section 3.4, we extend our analysis to
include both populations for a more comprehensive comparison
with observations.

Figure 2. Projected distribution of galaxy (circles) and filament samples within
a slice of thickness 30 Mpc h−1 in TNG100. The environments in which
galaxies are residing are indicated by the colors: field (blue), FilDR (green),
GrpDR (orange), and group (red). Filaments are illustrated as green lines.
Groups and clusters are denoted by purple circles, with radii corresponding to
Rh,Crit200.

Figure 3. The main plot shows the distribution of galaxies (circles) at z = 0 in
the TNG100 simulation in the distance to group vs. distance to filaments (Dgrp–

Dfil) space. Red, orange, green, and blue indicate environments of group,
GrpDR, FilDR, and field, respectively. The top and right panels display the pdf
of Dfil and Dgrp, respectively, for galaxies in each environment.

Figure 4. The fraction of central galaxies (left) and satellite galaxies (right) in
four types of environments in different galaxy stellar mass bins (top) and halo
mass bins (bottom), each with a bin width of 1 dex. Dashed lines represent the
number of central or satellite galaxies corresponding to each mass bin.

Table 1
Categories of Cosmic Web Environments, Their Criteria, and Number of Central and Satellite Galaxies in These Environments at Redshift z = 0 in the TNG100

Simulation

Environment Criteria Number of Central Galaxies Number of Satellites

Group In groups and clusters 182 12,138
Field Dgrp > 2Rgrp and Dfil > 2Rfil 5489 772
GrpDR Not in group or field, and |Φgroup| > |Φfil| 11,267 2778
FilDR Not in group or field, and |Φfil| > |Φgrp| 10,791 6497
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Quantitatively, the differences in sSFR, gas fraction, color,
and stellar age are relatively moderate, whereas the variation in
overdensity is more pronounced. For example, at a stellar
mass of M*= 108.25Me, galaxies in the field environment
exhibit an sSFR higher than those in FilDR by 0.16± 0.015
(11.0σ). This difference remains significant at M*= 108.75Me,
with an sSFR offset of 0.065± 0.013 (5.0σ), but disappears by
M*= 1010.25Me, where the difference is only 0.017± 0.023
(0.74σ). Meanwhile, the disparity in sSFR between GrpDR and
the other environments remains distinguishable at intermediate
stellar masses. At M*= 108.25Me, galaxies in GrpDR have an
sSFR lower than those in FilDR by 0.044± 0.017 (2.6σ), and at
M*= 1010.25Me, the difference is 0.065± 0.025 (2.6σ). On
average, for central galaxies with M*< 1010.5Me, the sSFR
difference is 0.053 between the field and FilDR and 0.042
between FilDR and GrpDR.

It is important to note that we distinguish the relative
influence of groups and filaments based on gravitational
potential. Some galaxies classified as being in FilDR are
actually located in proximity to groups and clusters. Previous
studies have shown that groups and clusters can exert
significant effects on nearby galaxies (e.g., N. Winkel et al.
2021; C. T. Donnan et al. 2022). In TNG100, approximately
1% and 6% of galaxies in FilDR and GrpDR, respectively, lie
within 2× R200c of their nearest group or cluster. The observed
differences in galaxy properties between the field and FilDR, as
well as between FilDR and GrpDR, as shown in Figure 5, may
be partially influenced by these galaxies. To assess this

potential effect, we reanalyzed the results after excluding
galaxies within 2× R200c of groups and clusters. While the
main findings remain unchanged, the differences between
galaxies in FilDR and GrpDR narrow slightly, as shown
Figure 16.
Furthermore, we investigate the quenched fraction across

different environments, a topic frequently discussed in the
literature. Rather than using a fixed sSFR threshold, we adopt
the (g− z) color index, which has been shown to provide a
clearer separation between quenched and star-forming galaxies
compared to the widely used (g− i) color, particularly for faint
galaxies (J. Meng et al. 2023). The color-based classification of
all galaxies is shown in Figure 17 in Appendix B. The
demarcation line separating star-forming and quenched
galaxies is as follows:

( )- = -
+

g z
M

0.95 0.3 tanh
15

5
. 4r⎛

⎝
⎞
⎠

This form is derived from J. Meng et al. (2023), while the
parameters have been determined according to the kernel
density estimation (KDE) density map of g− z−Mr. Figure 6
illustrates the quenched fraction of central galaxies as a
function of stellar mass in various environments.
Our results show that GrpDR hosts a higher fraction of

quenched galaxies with M* < 1010.75Me compared to FilDR
and field, with the differences becoming more pronounced at
lower masses. This trend aligns with the sSFR distribution and

Figure 5. Galaxy properties as functions of the stellar masses for central galaxies in the group (red), GrpDR (orange), FilDR (green), and field (blue). The panels from
left to right and from top to bottom show the median sSFR, gas fraction, cold gas fraction, color index (g − i), halo mass, mass-weighted stellar age, mass-weighted
stellar metallicity ([M/H]M), and overdensity. The definitions of the above properties are given in Section 2.2. Error bars represent 1σ, calculated by standard
deviation.
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suggests that galaxies in transition regions may experience a
sequence of environmental effects, first undergoing preproces-
sing by filaments before being influenced by groups and then
eventually falling into dense group environments, as interpreted
by U. Kuchner et al. (2022). Meanwhile, the quenched fraction
of central galaxies increases as the stellar mass decreases at the
low-mass end (M< 109Me). This is mainly because the TNG
simulations produce an excess of quenched low-mass galaxies
with M< 109Me compared to Sloan Digital Sky Survey Data
Release 7 (M. Ayromlou et al. 2021). We have also tested
using a threshold of ( ) = -log sSFR 11 to separate star-forming
and quenched galaxies, and the result is consistent with the
current one shown in Figure 6.

On the other hand, central galaxies in the group environment
exhibit lower sSFR and cold gas fractions, higher stellar
metallicities, redder colors, older stellar populations, and
greater local overdensities compared to those in nongroup
environments. These differences are primarily driven by the
massive halos hosting these galaxies. However, since central
galaxies in the group environment tend to have significantly
higher stellar and halo masses, it is not possible to directly
compare them to galaxies in other environments while
controlling for these two factors.

3.2. Overdensity Correction for Central Galaxies

Beyond the influence of stellar mass, halo mass, and group/
cluster environments, it is also crucial to account for local
density when isolating the impact of cosmic web filaments. To
achieve this, we compare the sSFR of galaxies with similar
stellar mass and overdensity across different environments.
Figure 7 presents the results using a bin size of 0.2 dex. Next,
we quantify the difference in median sSFR between environ-
ments for central galaxies within the same stellar mass and
overdensity bins. To minimize statistical fluctuations due to
limited sample sizes, we only include bins with at least five
galaxies in both environments. When overdensity is controlled,
the mean sSFR difference for central galaxies with
M* < 1010.4Me is −0.005 dex between the field and FilDR
environments and −0.005 dex between FilDR and GrpDR. In
contrast, without controlling for overdensity, these differences
are 0.053 and 0.042 dex, respectively. However, this compar-
ison remains inapplicable to galaxies in groups and clusters, as

their stellar and halo masses are significantly higher than those
in other environments. Similar to Figure 7, Figure 18 shows the
results excluding centrals within 2 × R200c of groups and
clusters, and the main findings remain unchanged.
This suggests that local overdensity takes the vast majority

of responsibility for the differences between central galaxies
across various cosmic web environments. This finding
partially aligns with the results of C. J. O’Kane et al.
(2024), and is consistent with previous studies on the
correlation of galaxies properties and local overdensity (e.g.,
G. Kauffmann et al. 2004; R. H. Wechsler & J. L. Tinker
2018). Moreover, it supports prior research showing that local
environmental density becomes an effective quenching
mechanism for galaxies at redshifts <1 (e.g., Y.-j. Peng
et al. 2010; P. Popesso et al. 2011; D. Sobral et al. 2011;
B. Darvish et al. 2016). Several physical mechanisms could
contribute to the enhanced suppression of star formation in
denser environments, including ram pressure stripping,
starvation, galaxy–galaxy interactions, tidal interactions with
clusters, an increased merger rate, preprocessing and cosmic
web stripping (e.g., S. Liao & L. Gao 2019; G. Herzog et al.
2023). Additionally, differences driven by overdensity may be
partially explained by the “archaeological downsizing”
scenario (D. Thomas et al. 2005). Galaxies in high-density
regions likely formed earlier than those in low-density regions
due to accelerated proto-halo collapse in an enhanced density
field. Consequently, high-density environments such as
Groups, GrpDR, and FilDR should contain a higher fraction
of older galaxies compared to the field.
We also find that, when the effect of overdensity is

controlled, the differences in color, gas fraction, and age
between galaxies of similar stellar mass but in distinct
environments follow a trend similar to that of sSFR. This
suggests that cosmic web filaments exert a minor influence on
the sSFR, color, gas fraction, and age of central galaxies in
TNG100, beyond the effects of stellar mass, halo mass,
groups and overdensity.

Figure 6. The quenched fractions of central galaxies as a function of stellar
mass. The star-forming or quenched state is inferred from the (g − z) color and
r-band absolute magnitude. Different colors indicate quenched fractions in
various environments: group (red), GrpDR (orange), FilDR (green), field
(blue), and total (black).

Figure 7. Heatmap of sSFR for central galaxies: overdensity vs. stellar mass.
Each pixel represents the median sSFR of galaxies within a specific stellar mass
and local overdensity bin of 0.2 dex. The sSFR values are indicated by the
color bar on the right. Contours, from the innermost to the outermost, enclose
5%, 25%, 45%, 65%, and 85% of the pdf in the overdensity−stellar mass
parameter space, calculated using KDE.
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3.3. Satellite Galaxies

Figure 8 displays the properties of satellite galaxies as
functions of stellar mass across different environments. Most
properties, except for gas and stellar metallicity, show
significant variations among satellites of the same stellar mass
in different environments, which are more evident than the
differences between central galaxies. The most pronounced
differences arise between satellites in groups and those in the
other three environments. Nearly all satellites in groups and
clusters with stellar masses below 1010.75Me are quenched,
exhibiting very low sSFR, depleted gas reservoirs, higher host
halo masses, and significantly older stellar populations.
Compared to satellites in the field, those in FilDR and GrpDR
have lower sSFR, reduced gas and cold gas fractions, redder
colors, more massive host halos, older stellar populations, and
higher local densities. These features are broadly consistent
with G. Herzog et al. (2023) and F. Hasan et al. (2023), where
satellites in dense cosmic environments exhibit significantly
reduced star formation and lower gas fractions at low redshift.
However, satellite galaxies in FilDR exhibit even lower sSFR
and gas fractions, redder colors, more massive host halos, and
older stellar populations than those in GrpDR, which is
opposite to the relative trend observed for central galaxies.
Nonetheless, similar to central galaxies, satellites in GrpDR
experience higher local densities than those in FilDR.

The mass of the host halo plays a crucial role in shaping
galaxy evolution, even when stellar mass is matched (e.g.,
H. Mo et al. 2010; J. M. Gabor & R. Davé 2015;
R. H. Wechsler & J. L. Tinker 2018; K. Wang et al. 2023).
This effect is particularly pronounced for satellite galaxies

(C. Knobel et al. 2015) and is likely the primary driver of the
differences observed among satellites with the same stellar
mass across different environments that shown in Figure 8. For
instance, satellites with M*� 10.25Me in FilDR reside in host
halos with masses around Mh= 1012.4Me, which are system-
atically more massive than those in GrpDR and the field.
Additionally, the cold gas fraction of low-mass satellites
(M*� 109.25Me) in FilDR and GrpDR increases with stellar
mass, a trend that differs from that of central galaxies. This
pattern may be attributed to the fact that low-mass satellites are
more vulnerable to ram pressure stripping due to their weaker
gravitational restoring forces (J. E. Gunn & J. R. Gott 1972;
L. Xie et al. 2020).
To disentangle the effects of stellar mass and halo mass, we

examine the difference in sSFR of satellite galaxies while
controlling for both parameters. The results are presented in
Figure 9. Note that, the color bar in Figure 9 has a much larger
range (∼3 dex) than that of Figure 7 (∼1 dex), due to satellites
exhibit a much larger range of star formation activity than
central galaxies. To minimize fluctuations due to limited
sample size, we calculate the sSFR differences between
environments only for bins containing at least five galaxies in
both environments. When halo mass is accounted for, the mean
sSFR difference between the field and FilDR environments
decreases significantly from 0.737 dex to 0.039 dex, while the
difference between FilDR and GrpDR is reduced from
−0.564 dex to 0.141 dex. These findings indicate that halo
mass plays a dominant role in shaping the properties of satellite
galaxies. However, the residual differences suggest that factors
beyond stellar mass and host halo mass also influence satellite

Figure 8. Same as Figure 5, but for satellite galaxies.

8

The Astrophysical Journal, 986:193 (18pp), 2025 June 20 Yu et al.



galaxy properties. The cosmic web environment may con-
tribute to these variations, though additional factors, such as
local density likely play a role as well.

As an example of further controlling the effect of local
overdensity, Figure 10 illustrates the differences in sSFR for
satellite galaxies with matched stellar mass, halo mass, and
overdensity across three environments. When all three factors
are taken into account, the residual difference between FilDR
and GrpDR is −0.006 dex; however, when all three factors are
matched, the mean sSFR difference between the field and
FilDR environments is 0.123 dex, which is larger than when
only stellar mass and halo mass are matched. This increase may
partly result from the reduced sample size, as we only compare
bins containing at least five galaxies in both environments.
Additionally, this change suggests that an additional factor is
needed to fully explain the discrepancy. The influence of
cosmic web filaments is a strong candidate, as suggested by
previous studies (T. Kuutma et al. 2017; K. Kraljic et al. 2019;
H. Song et al. 2021).

The anisotropy of the cosmic web environment could impact
galaxies through several potential physical mechanisms. For
instance, the properties of host halos, such as formation time
and mass accretion rate, can be influenced by the halo’s
position within the cosmic web (T. Lazeyras et al. 2017;
M. Musso et al. 2018). Additionally, processes like spin
advection (i.e., galaxies acquire angular momentum from the
large-scale vorticity of the anisotropic environment), inefficient
gas transfer from halos to galaxies due to large angular
momentum, and AGN feedback at high mass may all contribute
to these differences (K. Kraljic et al. 2019; H. Song et al. 2021).
Moreover, S. Liao & L. Gao (2019) indicate that cold and
dense gas preprocessed by dark matter filaments can be further
accreted into residing individual low-mass halos in directions
along the filaments. About 30% of the accreted gas of a
residing filament halo was preprocessed by filaments, leading
to two different thermal histories for the gas in filament halos.
In addition, cosmic web stripping could help—that is, when
galaxies, particularly dwarf satellites, pass near the dense cores

of filaments, the strong pressure from the surrounding cosmic
medium can strip away their gas (G. Herzog et al. 2023).

3.4. The Whole Sample

Most previous studies, particularly those based on observa-
tions, have analyzed central and satellite galaxies together
when examining the relationship between galaxy properties and
large-scale environments. However, as demonstrated in the
preceding sections, these two populations exhibit significant
differences in their environmental dependencies. To facilitate
direct comparison with prior research, we present results for the
entire galaxy sample in TNG100 in Figure 11. The figure

Figure 9. Heatmap of sSFR for satellite galaxies: Halo mass vs. Stellar Mass.
Each pixel represents the median sSFR of galaxies within a specific stellar mass
and halo mass bin of 0.2 dex. The sSFR values are indicated by the color bar on
the right. Contours, from the innermost to the outermost, enclose 5%, 25%,
45%, 65%, and 85% of the pdf in the stellar mass–halo mass parameter space,
calculated using KDE.

Figure 10. Differences in sSFR between satellites in the same stellar mass
−halo mass−overdensity bins but in different cosmic web environments. The
top (bottom) panel indicates the difference between field and FilDR (FilDR and
GrpDR). Each sphere represents the difference in the median sSFR within a
specific bin containing at least five samples in both environments.
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reveals pronounced discrepancies between galaxies in groups
and those in the other three environments across multiple
properties. As discussed earlier, these differences are primarily
driven by satellites at the low-mass end and central galaxies at
the high-mass end. Furthermore, noticeable variations in sSFR,
gas fraction, color, and age persist between galaxies in
transition regions, such as FilDR and GrpDR, and those in
the field, particularly for M*� 1010.25Me. As previously
revealed, these differences stem from a combination of local
overdensity and cosmic web effects for central galaxies, while
for satellites they are primarily influenced by host halo mass
and local overdensity.

In our study, the field environment corresponds to what is
referred to as the void or field in previous works, while GrpDR
and FilDR can be collectively considered as filaments and walls
in the literature for comparative analysis. The relationships
between galaxy properties and the cosmic web environment in
TNG100 align well with many previous observational studies.
For example, galaxies in low-density voids are reported to be
bluer, exhibit higher SFRs, and experience slower star
formation histories and stellar evolution compared to those in
denser environments (e.g., R. R. Rojas et al. 2004; C. Park
et al. 2007; F. Hoyle et al. 2012; J. Florez et al. 2021;
J. Domínguez-Gómez et al. 2023b). Meanwhile, galaxies
in filaments and walls appear to be in a transitional phase
between those in the field and those in groups (e.g.,
J. Domínguez-Gómez et al. 2023a; D. Zakharova et al.
2024). Additionally, J. Domínguez-Gómez et al. (2023a) show
that galaxies in filaments and walls exhibit slightly higher
(∼0.05 dex) stellar metallicities than those in voids but lower

than those in clusters, with differences reaching up to 0.4 dex.
These variations are particularly pronounced for low-mass
galaxies (∼109.25Me). Moreover, galaxies located closer to
nodes are found to have higher gas metallicities (C. T. Donnan
et al. 2022).
However, our results diverge moderately from observations in

the magnitude of differences in some specific galaxy property
seen among diverse environments. For example, the difference
in gas fraction between the field and transition regions in our
findings is approximately 5%–10%, whereas observations show
variations of up to 30% (e.g., J. Florez et al. 2021). Additionally,
the differences in metallicity between the group and other
regions in our results reach up to 0.1 dex, which is less
pronounced than those reported in J. Domínguez-Gómez et al.
(2023a). This discrepancy may stem primarily from two factors:
(1) the limited volume in the TNG100 simulation, which may
underestimate the impact of filaments and groups, as it contains
fewer massive filaments and clusters compared to observational
studies (we will further discuss the impact of the simulation box
size and resolution in Section 4.2), and (2) the difference in
redshift range—our results in this section are based on
simulation data at redshift z= 0.00, while the results in many
previous studies are based on samples with the redshift ranging
from z= 0 to z∼ 0.5. This could partially explain why our
overall stellar metallicity is somewhat higher.
In summary, our study highlights the impact of the cosmic

web environment on galaxies in the TNG100 simulation. After
controlling for stellar mass and local overdensity, the influence
of cosmic web filaments on central galaxies nearly disappears.
However, when stellar mass, host halo mass, and overdensity

Figure 11. Same as Figure 5, but for the whole galaxy samples including both central galaxies and satellites in TNG100.
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are controlled, differences in satellite galaxy properties between
the field and filament-dominated regions persist, which is very
likely driven by physical processes associated with the
anisotropic nature of the cosmic web. In contrast, the
differences between FilDR and GrpDR almost vanish. These
findings highlight the importance of distinguishing between
central and satellite galaxies when analyzing the effects of the
cosmic web on galaxy evolution.

3.5. Dependence of Galaxy Properties on the Distance to
Filaments

The previous subsections presented results based on our
environmental classification. However, many studies in the
literature assess the impact of filaments by examining how
galaxy properties vary with distance from filaments. To
facilitate a direct comparison, we analyze galaxies in the field,
FilDR, and GrpDR regions, investigating their sSFR, color
(g− i), gas-phase metallicity, halo mass, and local overdensity
as functions of distance to the nearest filament segment, Dfil,
for central and satellite galaxies and the full galaxy sample. The
results are shown in Figure 12.

For central galaxies, we find that within each stellar mass bin
the host halo mass remains relatively constant with respect to
Dfil. However, as galaxies move from larger distances toward
Dfil∼ 1Mpc, they tend to have a lower median value of sSFR
and redder colors, accompanied by a rapid increase in local
overdensity. These trends are more pronounced for galaxies with
M*> 1010.5Me, where the decline in sSFR and shift toward
redder colors persist down to Dfil∼ 0.3Mpc. For less massive
galaxies, these trends weaken and largely disappear around
Dfil∼ 1Mpc, after which their properties show little dependence
on Dfil in the range 0.1Mpc <Dfil< 1Mpc. Note that local
overdensity tends to plateau at 0.1Mpc <Dfil< 1Mpc,
primarily due to smoothing effects. At Dfil< 0.1Mpc, properties
exhibit notable fluctuations due to limited sample sizes, though
both sSFR and overdensity tend to increase as Dfil decreases.
Some previous studies have reported similar findings that sSFR
could be enhanced in some dense environments at low redshift
in both observations (e.g., B. Vulcani et al. 2019) and
simulations (e.g., F. Hasan et al. 2023).

Furthermore, for central galaxies with 109.0Me<M* <
1010.5Me, we find that sSFR increases and color becomes bluer
as Dfil decreases from 1 to ∼0.3 Mpc. This feature is likely
driven by a corresponding decrease in local overdensity within
this range, resulting in a bump in the overdensity profile within
0.3 Mpc<Dfil< 1.5 Mpc for galaxies in this mass range. This
bump is likely a result of several contributing factors: (1) the
inclusion of galaxies within GrpDR, as the bump weakens
when these galaxies are excluded; (2) our selection criteria,
which exclude short and less massive filament segments, would
lead to an overestimation of Dfil for some galaxies whose true
nearest filament segments are either short or less massive; and
(3) our definition of filament distance is related to the spine
connecting the segment’s endpoints. However, for moderately
curved filaments, this spine may deviate from the actual density
ridge, causing galaxies that lie nearer the actual ridge to appear
at Dfil= 0.3–1.0Mpc from the spine. Consequently, these
effects collectively contribute to the observed overdensity
bump within the range 0.3–1.0 Mpc in the profile for central
galaxies within the specified stellar mass range.

The trends of lower sSFR and redder colors in satellite
galaxies are more pronounced than in central galaxies, remaining

significant at smaller filament distances, around 0.3Mpc. This is
illustrated in the middle column of Figure 12 and aligns with
previous studies (e.g., T.-E. Bulichi et al. 2024). However,
caution is warranted regarding the decline in sSFR for satellites
less massive than 109.0Me, as TNG100 overproduces quenched,
less massive galaxies. Notably, the halo mass of satellite galaxies
increases when they approach the filaments, with Dfil decreasing
from 10 to 1Mpc. Moreover, the decrease in color and local
overdensity in the range of 0.3Mpc <Dfil< 1Mpc for satellite
galaxies with 109.0Me<M*< 1010.5Me is much weaker
compared to the central sample.
When the central galaxies and satellites are combined, the

corresponding trends are shown in the right column of
Figure 12. Approximately 10% of the galaxies reside within
Dfil< 0.25Mpc, while 90% are located within Dfil< 5Mpc
(indicated by the black dashed and solid vertical lines in the
Mh−Dfil panel). The evolution of galaxy properties as they
approach filaments at Dfil> 1Mpc in TNG aligns qualitatively
with findings from both observational and simulation-based
studies (e.g., T. Kuutma et al. 2017; K. Kraljic et al. 2018;
N. Winkel et al. 2021; N. Malavasi et al. 2022; T.-E. Bulichi
et al. 2024). However, the slope of these trends exhibits
discrepancies. For example, the sSFR of central galaxies in
TNG100 decreases by 0.2–0.5 dex between Dfil= 10 and
∼1Mpc, significantly larger than the 0.04 dex reported by
K. Kraljic et al. (2018), but comparable to that found in
T.-E. Bulichi et al. (2024). Meanwhile, similarly, the color
index of central galaxies in TNG100 increases by 0.1–0.3 dex,
compared to only 0.02 dex in T. Kuutma et al. (2017).
Several factors may contribute to this discrepancy. First,

there are moderate discrepancies between TNG100 and
observations on the star formation activity, gas properties,
and colors. Second, the volume and redshift range of TNG100
are limited, which is subject to cosmic variance. Third,
variations in cosmic web filament classification methods across
studies, including identify filament central axes and measure of
distance to filament, introduce inconsistencies. In addition,
moderate variations in the stellar mass ranges considered across
studies can also contribute to these discrepancies.
Nevertheless, based on the results presented in previous

sections, we argue that assessing the impact of filaments on
galaxy properties solely through their dependence on Dfil is
inadequate, as several effects are mixed, including overdensity,
halo mass, groups, and the intrinsic influence of the cosmic web.

4. Discussions

4.1. Results at z= 0.5

As large-scale cosmic structures, which emerge from the
nonlinear evolution of dark matter, become more prominent at
lower redshifts, it is expected that the influence of different
environments on galaxy properties would weaken at higher
redshifts. To explore this, we examine galaxy samples at
redshift z= 0.5. For brevity, we focus on the sSFR, cold gas
fraction, and overdensity across different environments. The
results, shown in Figure 13, clearly demonstrate that the impact
of the cosmic web on galaxy properties decreases at z= 0.5 for
nongroup environments.

4.2. Comparing Results in TNG50, TNG100, and TNG300

To investigate the effects of simulation resolution and volume,
we compare the sSFR, cold gas fraction, and overdensity of the
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whole galaxy samples from TNG50, TNG100, and TNG300 at
z= 0 across different environments, as shown in Figure 14. The
top panel illustrates that for sSFR galaxies in TNG50 and
TNG300 display patterns similar to those in TNG100 for stellar
masses below M*< 1010.25Me. However, at the high-mass end,
the results differ significantly, which could be attributed to larger
simulation volume containing a greater number of massive
galaxies. Additionally, the differences between low-mass
galaxies in the field and those in the transition regions (FilDR
and GrpDR) are somewhat weaker in TNG300. The relatively

lower resolution in TNG300 may limit its ability to accurately
model galaxy properties at the lower-mass end.
We also examine properties such as cold gas fraction and

overdensity across different simulations. The relationship
between the cosmic web environment and cold gas fraction
remains ambiguous in all three simulations, likely due to the
combined analysis of central galaxies and satellites. Addition-
ally, there is a clear discrepancy between TNG50 and the other
two simulations regarding the overall dependence of the cold
gas fraction on stellar mass. In TNG50, the cold gas fraction

Figure 12. The median sSFR, color (g − i), gas metallicity, halo mass, and overdensity as functions of distance to the nearest filament segment, Dfil, for central
galaxies (left), satellites (middle), and all galaxies (right). Galaxies in different stellar mass bins are shown with lines of different colors. The lines for galaxies with
M* � 1010.5 Me have been shifted upward (downward) by 0.5 dex in the first (second) row for clarity. In the halo mass panel for all galaxies, the black dashed and
solid lines indicate the 10th and 90th percentiles of the Dfil distribution, respectively.

12

The Astrophysical Journal, 986:193 (18pp), 2025 June 20 Yu et al.



initially increases with M*, reaching its peak at 1010.25Me,
before decreasing at higher masses. In contrast, for galaxies in
TNG100 and TNG300, the cold gas fraction generally
decreases with stellar mass, although with some fluctuations
in TNG100. This discrepancy likely occurs for the following
reasons: The higher resolution in TNG50 can enhance the
efficiency of ISM heating by stellar feedback and resolve
small-scale cool clouds instead of a more homogeneous cold
phase of gas (D. Nelson et al. 2020). Moreover, the cold gas
content is not converged even with TNG50 resolution
(M. S. Peeples et al. 2019; N. Mandelker et al. 2021). Higher
resolution is needed to accurately assess the impact of the
cosmic web on cold gas in galaxies.

On the other hand, the relationship between overdensity and
stellar mass across different environments remains a consistent
tendency across all three simulations. However, group galaxies
in TNG50 have lower overdensity than those in TNG100 or
TNG300, because TNG50’s small volume leads to a lack of
massive clusters with respect to the other two simulations.

Overall, the influence of different cosmic web environments
on galaxy properties exhibits moderate discrepancies across the
three simulations. To achieve a more comprehensive evalua-
tion, a simulation with a volume comparable to TNG300 and a
resolution similar to TNG50 or TNG100 would be highly
beneficial.

4.3. Impact of Filaments with Various Thickness

Cosmic filaments exhibit distinct variations in length and
thickness (e.g., M. Cautun et al. 2014; W. Zhu et al. 2021).
W. Zhu et al. (2022) demonstrated that the gas accretion rate
onto low-mass halos is lower in thick filaments compared to
thin filaments. This suggests that filament thickness may

influence galaxy properties in different ways. To investigate
this potential effect, we divided the central galaxy sample in
FilDR from TNG100 into two subsamples: those located near
thick filaments (Rfil� 2Mpc) and those near thin filaments
(Rfil< 2Mpc). Figure 15 illustrates the properties of central
galaxies in these two subsamples, including sSFR, cold gas
fraction, Mh, and overdensity.
For low-mass galaxies (M* < 109.5Me), those located near

thin filaments exhibit slightly to moderately higher sSFR,
greater cold gas fractions, and lower overdensity compared to
their counterparts near thick filaments. Since the halo mass for
galaxies of a given stellar mass is similar between these two
subsamples, the observed differences in sSFR and cold gas
fraction are likely influenced, at least in part, by the
surrounding overdensity. Additionally, thick filaments are
known to contain hotter gas (W. Zhu et al. 2021, 2022;
Q.-R. Yang et al. 2025, in preparation), which may further
inhibit the accretion of cold gas and suppress star formation
activity.
Consistent with our findings, F. Hasan et al. (2024)

demonstrated, using TNG100 simulations, that galaxies resid-
ing near denser filaments exhibit reduced gas fractions and
SFRs at z 1, compared to those near less dense filaments.
Observationally, M. Crone Odekon et al. (2018) reported MH I

deficiencies in galaxies within thin filaments (“tendrils”),
suggesting a closer resemblance to void galaxies than to
typical thick-filament populations. Similarly, M. Alpaslan et al.
(2016) observed a reduction in sSFR within these tendrils.
These results are likely indicative of significant physical
processes that regulate gas transfer from filaments to galaxies
or halos. However, a more detailed and comprehensive analysis
is required to establish definitive conclusions regarding this
aspect. Furthermore, the development of robust methods for
accurately measuring filament widths is crucial (W. Zhu
et al. 2024).

4.4. Limitations

There are certain limitations in our study that may lead to an
underestimation of the impact of the cosmic web environment
on galaxy properties. First, while the IllustrisTNG simulations
broadly align with observational trends across various galaxy
properties, they still exhibit notable discrepancies. For instance,
the simulated galaxy stellar mass function is slightly to
moderately higher than the observational estimates at both
the low- and high-mass ends. Additionally, the simulation
produces a moderately higher fraction of quenched dwarf
galaxies, red disks, and blue spheroids compared to observa-
tions (M. Ayromlou et al. 2021; R. A. Crain & F. van de Voort
2023). And TNG has less of a green valley than observed at
low redshifts, very likely due to the rapid quenching driven by
the kinetic AGN feedback (M. Donnari et al. 2021).
Moreover, IllustrisTNG overestimates the total neutral gas

abundance at z= 0 by approximately a factor of two, predicts
an excess of galaxies with MH I∼ 109Me, and generates an
overabundance of satellite galaxies that contain little or no
neutral gas (B. Diemer et al. 2019). TNG also slightly
overproduces gas fractions in massive galaxies relative to
observations (A. R. H. Stevens et al. 2019). These discrepan-
cies between the galaxy population in TNG100 and those
analyzed in previous observational and simulation studies
likely contribute to the partial inconsistencies between our
results and findings in the literature.

Figure 13. The median sSFR and overdensity of whole galaxies in different
environments at various redshifts (left: z = 0; right: z = 0.5) from the TNG100
simulation as a function of stellar mass M*.
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Second, several galaxy properties in IllustrisTNG exhibit a
degree of resolution dependence due to the implementation of
subgrid physics and the choice of model parameters (e.g.,

A. Pillepich et al. 2018b; R. A. Crain & F. van de Voort 2023).
Furthermore, quantitative discrepancies in galaxy properties
between TNG and other simulations persist, stemming from
variations in subgrid physics model implementations. For
instance, differing AGN and supernova feedback prescriptions
result in a substantially higher fraction of MH I gas in low-mass
galaxies within the TNG simulation compared to EAGLE
(R. Davé et al. 2020; X. Li et al. 2025).
Third, the limited volume of TNG100 may lead to an

underrepresentation of prominent large-scale structures, poten-
tially underestimating their influence on galaxy properties. In
addition, the classification methods used to define the cosmic
web vary significantly across different studies (e.g., Y.-C. Chen
et al. 2017; K. Kraljic et al. 2019; U. Kuchner et al. 2020, 2021;
F. Hasan et al. 2024, 2023). While our classification approach
aligns with methodologies adopted in several previous works
(e.g., K. Kraljic et al. 2019; H. Song et al. 2021; T.-E. Bulichi
et al. 2024; C. J. O’Kane et al. 2024), variations in the specific
procedures used can introduce discrepancies.
Additionally, variations in the stellar mass threshold used to

define cosmic web tracer galaxies can influence filament
identification. Specifically, lowering the threshold (e.g., from
109 down to 108.5Me) may resolve thick filaments into
multiple tenuous structures, while raising the threshold would
exclude a fraction of these tenuous filaments. We anticipate that
these differences in cosmic web classification introduce minor
quantitative variations in our results, potentially contributing to

Figure 14. The median sSFR and cold gas fraction of whole galaxies in different environments from TNG50 (left), TNG100 (middle), and TNG300 (right)
simulations as a function of stellar mass M*.

Figure 15. The median sSFR and cold gas fraction, halo mass, and overdensity
for central galaxies with M* � 1010.25 Me in thick filaments with radius
Rfil � 2 Mpc and thin filaments as a function of stellar mass M*. Light- and
dark-green lines correspond to thin and thick filaments, respectively. There are
3235 and 7358 galaxies in thick and thin filaments, respectively.
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the observed discrepancies between our findings and those
reported in the literature.

5. Conclusions

In this study, we explore the influence of the cosmic web on
galaxy properties using the IllustrisTNG simulations. To
disentangle the effects of groups and clusters from those of
filaments, we introduce an environmental classification method
that categorizes the cosmic web into four distinct regions:
group, GrpDR (group-dominated regions), FilDR (filament-
dominated regions), and field. We systematically compare the
properties of galaxies with the same stellar mass across
different cosmic web environments, analyzing central and
satellite galaxies separately. To isolate the impact of cosmic
web filaments, we further control for the effects of overdensity
and host dark matter halo mass. Our key findings can be
summarized as follows:

1. In IllustrisTNG, central galaxies of similar stellar and
halo mass exhibit obvious differences in their properties
across different cosmic web environments, particularly
for low-mass galaxies. Field galaxies tend to exhibit
higher sSFR and gas fractions, lower local densities, and
younger stellar populations compared to those in FilDR
and GrpDR, following an ordered trend. These variations
are primarily driven by local overdensity. After control-
ling for both stellar mass and local overdensity, the
influence of cosmic web filaments on central galaxies
nearly disappears.

2. Satellite galaxies within IllustrisTNG, when matched in
stellar mass, display significant property variations across
different cosmic web environments. Although halo mass
and local overdensity are primary drivers of these
variations, residual differences between satellites residing
in field and filament-dominated regions remain even after
controlling for these factors. This suggests that the
cosmic web environment itself exerts an independent
influence on satellite galaxy properties. Notably, satellite
galaxies appear more affected by the cosmic web than
central galaxies. The distinct physical processes govern-
ing central and satellite galaxy evolution necessitate their
separate analysis for accurate assessment of environ-
mental effects.

3. As galaxies approaching filaments in IllustrisTNG move
from Dfil∼ 10Mpc to Dfil∼ 1Mpc, they generally
exhibit a 0.2–0.5 dex decrease in specific sSFR and a
shift toward redder colors by 0.1–0.3 dex. However, the
relationships between galaxy properties and their distance
from filaments arise from a combination of factors,
including stellar mass, halo mass, groups, overdensity,
and the intrinsic influence of the cosmic web on galaxy
evolution.

4. The impact of the cosmic web on galaxy properties at
redshift z= 0.5 is weaker than at z= 0. Additionally,
thick filaments are often accompanied by higher over-
density. Central galaxies near thick filaments tend to
exhibit slightly or moderately lower sSFR and cold gas
fractions compared to those near thin filaments.

The trends we report—namely, that galaxies with the same
stellar mass in the TNG simulation exhibit different properties
across various cosmic environments, with those in denser

regions tending to have lower specific sSFR, lower gas
fractions, and older stellar populations—are consistent with
observational studies (R. R. Rojas et al. 2004; C. Park et al.
2007; F. Hoyle et al. 2012; J. Florez et al. 2021;
J. Domínguez-Gómez et al. 2023b; D. Zakharova et al.
2024). Additionally, the trend in TNG, where galaxies closer
to filaments show lower sSFR and redder colors, aligns with
observational results (M. Alpaslan et al. 2016; Y.-C. Chen et al.
2017; K. Kraljic et al. 2018; C. Laigle et al. 2018; N. Winkel
et al. 2021; G. Castignani et al. 2022; Euclid Collaboration
et al. 2025).
However, the rate at which galaxy properties change across

different environments shows a noticeable discrepancy between
TNG and observations. Additionally, another discrepancy exists
in the slope of these property variations with filament distance.
These differences likely stem from several factors, including
intrinsic variations in galaxy properties between TNG and real
observations, differences in cosmic web classification methods,
the limited volume of TNG100, and variations in stellar mass
and redshift ranges across data sets.
Our findings highlight the importance of distinguishing

between central and satellite galaxies to accurately evaluate the
environmental effects of the cosmic web. Additionally,
controlling for stellar mass, halo mass, and local overdensity
is essential to isolate the intrinsic influence of the cosmic web
on galaxy evolution.
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Appendix A
Filament Segments

The filaments identified by DisPerSe using our procedure
range in length from approximately 1 to over 10Mpc h−1.
DisPerSe generates continuous segment points along each
filament connecting two nodes. To divide the filaments into
segments of length of 1.5–2.5Mpc h−1, we follow the
procedure outlined below:

1. For each filament, we begin at one of its two nodes and
sequentially traverse the segment points in order. At each
segment point, we compute the angle, θadj, formed
between two consecutive short segments identified by
DisPerSe. Additionally, we track the cumulative length
from the starting node.

2. For significantly curved filaments, those with at least one
adjacent segment angle θadj� 45o, we split the filaments at
segment points where θadj� 45o. After splitting, we retain
segments with lengths between 1.5 and 2.5Mpc h−1. For
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segments longer than 2.5Mpc h−1, we further divide it into
pieces with length between 1.5 and 2.5Mpc h−1. Segments
shorter than 1.5Mpc h−1 are discarded, as they are
typically less massive.

3. For relatively straight filaments, those where the adjacent
segment angles at various segment points, as well as the
averaged segment angles, remain consistently below 45°
along the entire filament, we break filaments according to
the cumulative length. We divide them based on
cumulative length. Specifically, we break the filament at
selected segment points to ensure that the resulting
segments have lengths between 1.5 and 2.5 Mpc h−1. The
left segments shorter than 1.5Mpc h−1 are also discarded.

After processing, we generated a sample of filament
segments, each with a length within the range of
1.5–2.5 Mpc h−1. Each segment in our sample represents a
combination of multiple initially identified DisPerSe segments.
For each filament segment, we define the spine as the straight
line connecting its two endpoints. Approximating the segment
as a cylinder, we define the upper and lower surfaces as planes
perpendicular to the spine, passing through the endpoints. To
determine the segment’s thickness (cylinder radius), we

calculate the radial gas density profile. Specifically, using the
spine as the central axis, we compute the gas mass within
cylindrical shells and normalize by their respective volumes.
We apply the same procedure to obtain the dark matter density
profiles.
We determine the thickness of filament segments using their

radial dark matter density profiles. Specifically, the filament
thickness, denoted as Rfil, is defined as the radius where the
dark matter density reaches the cosmic mean. We then calculate
the total mass of each filament segment by summing the dark
matter and gas particles within this cylindrical volume. In our
analysis, we emphasize the influence of a galaxy’s nearest
massive filament segment when evaluating the effects of
cosmic filaments.

Appendix B
Miscellaneous

Figures 16 and 17 shows results similar to Figures 5 and 7,
but without centrals within 2 × R200c of groups and clusters.
Figure 18 shows the distribution of galaxies in the r band
magnitude and color space. The dashed line is our division
between star-forming and quenched galaxies.

Figure 16. Same as Figure 5, but for central galaxies with Dgrp > 2Rh.
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