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Abstract

Observational studies have reported that cosmic filaments on the megaparsec scale exhibit rotational motion.
Subsequent simulation studies have shown qualitative agreement with these findings, but quantitative discrepancies
remain due to differences in data and methods, which require verification. To address this issue, we adopt the same
methodology as used in the observations to identify filament spin from the galaxy distribution constructed from a
hydrodynamic simulation. Using the same approach to measure filament spin, we find that the simulation results
closely match the observational findings, with only minor discrepancies arising from slight differences in the
fraction of filaments classified as dynamically cold or hot based on their dynamic temperature. Additionally, an
analysis of how filament spin affects the galaxy spin—filament correlation shows that dynamically cold filaments
with strong spin signals have a greater impact on the galaxy spin—filament correlation than those with weaker spin
signals and dynamically hot filaments. These results not only provide further evidence that cosmic filaments exhibit
spin but also highlight the importance of this rotation in the acquisition of angular momentum by individual
galaxies. Future studies exploring the influence of filament spin on galaxy spin may shed light on the physical
origins of filaments and the angular momentum of galaxies.

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

environments (2029); Astrostatistics (1882)

1. Introduction

The large-scale structure of the Universe forms through
gravitational instability, driven by initial perturbations in an
otherwise homogeneous density field. Linear theory and the
Zel’dovich approximation (Y. B. Zel’dovich 1970) predict that
the matter distribution on megaparsec scales is not uniform but
instead forms a connected network. In the latter half of the
twentieth century, scientists such as S. A. Gregory &
L. A. Thompson (1978), M. Joeveer & J. Einasto (1978), and
S. A. Shectman et al. (1996) began mapping the spatial
organization of galaxies in the Universe. Detailed analyses of
large-scale galaxy surveys, including the 2dF Galaxy Redshift
Survey (M. Colless et al. 2003), the Sloan Digital Sky Survey
(M. Tegmark et al. 2004), and the Two Micron All Sky Survey
Redshift Survey (J. Huchra et al. 2005), have further confirmed
these findings. These surveys reveal that galaxies are not
distributed randomly but instead form a vast, intricate, weblike
structure known as the cosmic web (J. R. Bond et al. 1996).
This cosmic web exhibits a multiscale, hierarchical structure
(J. Wang et al. 2020) that can be categorized into four main
components: clusters (or knots), filaments, sheets (or walls),
and voids. Clusters form in the densest regions, are typically
located at the intersections of filaments, and are fed by mass
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inflows along filament spines. Filaments, in turn, form at the
intersections of walls, while walls arise along the boundaries of
low-density voids.

Cosmic filaments are among the most significant structures
in the cosmic web (J. R. Bond et al. 1996). These quasilinear,
extended topographical features of the galaxy distribution
provide an environment that strongly influences galaxy
formation and evolution, particularly through processes such
as mass accretion (N. I. Libeskind et al. 2014; X. Kang &
P. Wang 2015; J. Shi et al. 2015) and galaxy environmental
quenching (M. A. Aragon-Calvo et al. 2019; N. Winkel et al.
2021). Additionally, they are widely recognized for their
crucial role in shaping and spinning dark matter halos (O. Hahn
et al. 2007; M. A. Aragon-Calvo & L. F. Yang 2014) and the
galaxies they host (E. Tempel & N. I. Libeskind 2013),
especially in controlling rotational directions (Y. Zhang et al.
2009, 2015). The spins of galaxies and halos are correlated
with the orientation of cosmic filaments, with this alignment
depending on the mass (see Table 1 in P. Wang et al. 2018 and
references within). Low-mass galaxies and halos tend to align
their spins with the host filament, while high-mass counterparts
preferentially orient their spins perpendicular to the filament
(P. Wang et al. 2018; P. Ganeshaiah Veena et al. 2021). This
transition in alignment occurs at a characteristic mass,
estimated to range between 10''2~' M. and 104" M.,
and has been linked to the properties of dark matter (J. Lee &
N. I. Libeskind 2020; J. Lee et al. 2020; J.-S. Moon &
J. Lee 2023, 2024). The flip in halo spins from alignment to a
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perpendicular orientation is consistent with the “two-stage”
evolution scenario (P. Wang & X. Kang 2017, 2018), where
the halo spin—filament correlation depends on whether mass
accretion occurs along or perpendicular to the filament.

Previous studies focusing on the velocity field (or velocity
shear field) around dark matter halos (S. Codis et al. 2012;
N. L. Libeskind et al. 2013; C. Laigle et al. 2015) have
suggested that cosmic filaments may generate angular momen-
tum themselves by providing a “rotational” environment for
halos. M. Neyrinck et al. (2020) explored the possibility of
filaments rotating by examining the motion of dark matter on
the scale of cosmic filaments in an N-body simulation. More
recently, P. Wang et al. (2021), for the first time, provided
observational evidence that cosmic filaments are spinning by
comparing the redshift and blueshift of galaxies in filaments
constructed from the Sloan Digital Sky Survey galaxy
distribution (S. Alam et al. 2015; E. Tempel et al. 2017). A
theoretical study (Q. Xia et al. 2021) corroborated these
findings using an N-body simulation, employing completely
different methodologies for filament identification and spin
definition. Although these two studies qualitatively agree, they
exhibit some quantitative differences. This raises the question
whether the ACDM model can accurately replicate observa-
tional results using the same methodology. To address this, we
employ a state-of-the-art hydrodynamic cosmological simula-
tion, utilizing the same filament finder as the observational
study, Bisous (E. Tempel et al. 2014), and applying an identical
method to define spin.

This paper is organized as follows. Section 2 introduces the
simulation data and explains the methodology used to measure
the spin signal of the filaments. In Section 3, we present the
results of the filament spin signal obtained from the simulation
and compare them with the observational data. Additionally,
we examine the effect of filament spin on the correlation
between galaxy spin and filament direction. Finally, in
Section 4, we summarize and discuss our findings.

2. Data and Methodology

We use the publicly available Illustris-TNG hydrodynamic
cosmological simulation (F. Marinacci et al. 2018; J. P. Naiman
et al. 2018; A. Pillepich et al. 2018; V. Springel et al. 2018).
Mlustris-TNG adopts cosmological parameters from the Planck
mission (Planck Collaboration et al. 2016), includinig
Qp = 0.6911, Q,, = 0.3089, and Hy = 100h km s_lMpc_ ,
with 7 =0.6774. The simulation suite consists of three box
sizes: 50, 100, and 300 Mpc3, with each size available in both
the N-body and hydrodynamic versions. For this study, we
selected the TNG300-1 hydrodynamic simulation—the run
with the largest box size—to ensure a statistically robust galaxy
sample. This choice is motivated by our focus on the galaxy
spin—filament spin correlation, which requires detailed stellar
kinematics, and by our future goal of investigating interactions
between the gaseous components of galaxies and those within
filaments. The simulation achieves a mass resolution of
my, ~ 5.9 X 10’ M., per particle. Dark matter halos are
identified using the standard friends-of-friends (FoF) algorithm
(M. Davis et al. 1985), while the SUBFIND algorithm
(V. Springel et al. 2001; K. Dolag et al. 2009) is applied to
each FoF group to identify gravitationally bound structures.
The position of the most bound particle within each subhalo is
used as the galaxy’s position.
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Figure 1. A schematic cartoon diagram illustrating the filament spin
calculation. The horizontal dashed line represents the filament spine, which
divides the member galaxies into two regions (A and B) on either side of the
spine. In this example, the filament spine is perpendicular to the line of sight;
there are three galaxies in each region, with a total of six galaxies. Only
filaments with at least three galaxies per region and six galaxies in total are
considered. Galaxies in region A are redshifted relative to the filament, while

those in region B are blueshifted. From this, it can be inferred that the filament
is rotating in the direction indicated by the arrow.

Considering the mass resolution and sample size, we
selected galaxies with a stellar mass greater than 10" A~ M.
We obtained a total of 1,338,333 galaxies for the next step of
the filament search. The Bisous process, identical to the one
used in the observational study of filament spin (P. Wang et al.
2021), was applied to the galaxy distribution to construct the
filament catalog. For detailed information on the Bisous
algorithm, we refer the reader to E. Tempel et al. (2014), and
for a comparison of the Bisous model with other cosmic web
classification methods, to N. I. Libeskind et al. (2015, 2018).

To model the projection effects in the observations, we
placed an imaginary observer at a distance of approximately
150 h~! Mpc from the center of the simulation box, corresp-
onding to the average distance of galaxies in the observational
study by P. Wang et al. (2021). It is important to note that, in
observations, the number density of galaxies decreases with
distance for a given brightness limit because of observational
constraints, whereas this effect does not occur in simulations.
We will address this difference in Section 4. Using this setup,
we calculated the simulated redshift of galaxies as z =
(Hy'dga + Vies)/c, where the Hubble constant H, =
0.6774*100km s~ ' Mpc ™', dga is the proper distance from
the galaxy to the imaginary observer, V). is the line-of-sight
peculiar velocity component, and c is the speed of light.

In Figure 1, we illustrate the calculation of the spin of the
filament. Each filament is modeled as a cylinder aligned with
its spine and is viewed at an angle ¢ relative to the line of sight.
The galaxies within each filament with a distance to the
filament spine less than 2 Mpc are divided into two regions, A
and B. To ensure statistical reliability, each region must contain
at least three galaxies, meaning that a filament must have a
minimum of six galaxies in total. Applying this selection
criterion, we obtained a sample of 29,190 filaments.

The mean redshift, z,, of a filament is calculated as the
average redshift of all galaxies within it. Additionally, the mean
redshifts of galaxies in regions A and B are denoted as z5 and
zp, respectively. We hypothesize that if filaments rotate, there
should be a noticeable velocity component perpendicular to the
filament’s axis. This component would act in opposite
directions on either side of the filament’s spine, with one side
receding and the other approaching. To distinguish between the
two regions based on their mean redshifts, we arbitrarily
designate the region with the higher mean redshift as region A
and the region with the lower mean redshift as region B. If the
galaxies in region A are redshifted relative to the filament
(za > 7o), and those in region B are blueshifted (zg < zp), the
filament’s spin can be inferred as indicated by the arrow in
Figure 1. The difference in redshift between the two regions,
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AZxp = za — 7B, serves as a proxy for the spin signal of the
filament. The relative rotational speed is then calculated as
1= c X AZxg, where c is the speed of light.

To classify filaments as dynamically hot or cold, we analyze
the redshifts of all galaxies within each filament and calculate
the rms of these values (Z,s). We compare Z,,; with AZxg to
make the distinction. Filaments with Z.,, > AZ,g are
classified as dynamically hot, while those with Z,; < AZxp
are classified as dynamically cold. Detecting rotation signals in
dynamically hot filaments is inherently challenging, as AZp
values smaller than Z. lack physical significance. Conse-
quently, significant rotation signals are not expected in
dynamically hot filaments.

After determining AZp for each filament, it is necessary to
assess the statistical significance of the measured value to
ensure that the detected signal is not due to random
fluctuations. To achieve this, we performed the following test:
the redshifts of all member galaxies in a given filament were
randomly shuffled while keeping their positions fixed. The
same procedure for calculating AZ,p was then applied to the
random trails. This process was repeated 10,000 times for each
filament, generating a random distribution of AZ{9™  The
significance of the measured AZ,p can then be quantified as

AZyp — (AZFH%™)
S =
o (AZE*™)

where (AZi%m) and o (AZ89°m) are the mean and standard
deviation of 10,000 random trials, respectively.

3. Result
3.1. Filament Spin Signal

To investigate the potential influence of the observer’s
placement on the filament spin measurement, we randomly
selected an imaginary observer within our simulation. The
distance between the observer and the center of the simulated
box was fixed, but the observer’s position was randomized.
Following the procedure outlined in Section 2, we calculated
the redshift of the galaxies, divided them into regions A and B
of the filaments, and determined the redshift difference, AZ5.
This process was repeated 1000 times, and the results are
presented in Figure 2. The gray lines represent the distributions
of AZp of the 1000 random tests, which are tightly clustered
and show minimal variation. This indicates that the random
placement of the observer does not significantly affect the
measurement of filament spin. Given this consistency, we
selected one of the random tests, shown as the solid blue line in
Figure 2, for subsequent analysis. This result validates the
robustness of our method against observer placement within the
simulation.

In Figure 3, we present the statistical significance of the
measured AZ,p for the filaments, expressed in terms of the
number of standard deviations (o) by which it differs from
the random sample, as a function of the dynamic temperature of
the filament Z,,,,;/ AZxp. This relationship indicates that as the
dynamic temperature of a filament increases, the statistical
significance of the AZ,p signal (a proxy for the filament’s
spin) decreases. In other words, filaments with higher dynamic
temperatures are less likely to exhibit a significant AZxg
signal, suggesting a weaker or negligible spin. In contrast,
colder filaments (lower dynamic temperature) show higher o
values, meaning that their redshift differences are more
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Figure 2. The cumulative distribution of AZxg. The gray solid lines represent
1000 randomized trials, where the imaginary observer is placed randomly
outside the simulation box while maintaining the same distance. The blue line
represents a single randomized trial used in this work. The upper x-axis shows
the rotation speed of the filament, calculated as © = ¢ X AZag. This indicates
that the random placement of the observer does not significantly affect the
measurement of filament spin, so we only randomly chose one trial in the
following analyze.
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Figure 3. The statistical significance of filament spin in the simulation is
analyzed as a function of the filament’s dynamic temperature. The dynamic
temperature, Zs/AZap, of a given filament is defined as the ratio of the rms
of the redshifts of the member galaxies, Z,s, to the redshift difference between
those galaxies, AZ,p. Filaments are classified as either "cold" or "hot" based
on the criterion Z,/AZxg = 1. Additionally, 1\{0,‘:13 denotes the average
number of galaxies on either side of the filament, as indicated by the color bar.

inconsistent with the random sample. This implies a stronger
signal for filament spin in colder filaments. This trend
highlights the connection between the dynamic temperature
of a filament and the detectability of its spin signal.

The mean number of member galaxies in regions A and B is
represented by color, ranging from dark blue (with the smallest
value of three, noting that six is the minimum number of
galaxies per filament) to light yellow (several hundred



THE ASTROPHYSICAL JOURNAL, 983:100 (8pp), 2025 April 20

Wang et al.

u kmjs H kmis U km/s
30 300 3000 30 300 3000 30 300 3000
50 50 50
40 40 a0
30 30 30
o =] =]
20 20 20
10 10 10
0 s 0
10*
10°
I = o
< < <
N N N
< < <,
A A A 10
- — -
= = =
10!
Al Filament = Filaments : cos(d) < 0.5 . [m— Cold Filaments : cos{$) < 0.2
e Median of Random Samples = Median of Random Samples 10™ e Median of Random Samples |
10° -
1071 107t 107!
81072 £10°? 1072
= = =
= = =
Z 1077 Z 1073 Z 1073
107*{ m=m Simulation 107*{ e Simulation 107 Simulation
m— \\ang et al. 2021 = \Nang et al. 2021 m— \Wang et al. 2021
107° 107° 1075
10-4 1073 1072 104 1073 1072 1074 10732 102
AzZpg Azpp AZpg

Figure 4. The cumulative distribution of the redshift difference, AZ,g, between galaxies in region A and region B within filaments is analyzed. From left to right, each
column corresponds to the following: all filaments without considering the viewing angle (left column), filaments whose spines subtend an angle cos(¢) < 0.5 relative
to the line of sight (middle column), and dynamically cold filaments whose spines subtend an angle cos(¢) < 0.2 and satisfy Z,s/ AZxp < 1 (right column). The solid
red lines in the middle rows represent the distribution of the measured filament signal, while the 10,000 gray lines correspond to randomized samples. The black solid
lines indicate the median values of the random samples. The top panels display the sample-to-sample distance between the real filaments in the simulation and the
random samples, expressed in units of the standard deviation of the random trials. The upper x-axes show the rotation speed of the filaments, calculated as

1= ¢ X AZag. The bottom panels compare each subsample from the simulation with observational data (P. Wang et al. 2021).

galaxies), as shown in the color bar in Figure 3. Compared to
observations, filaments in simulations contain significantly
more galaxies. Observations show a maximum of ~90 galaxies
per filament (see Figure 1 in P. Wang et al. 2021), while
simulations exhibit slightly more than 300 galaxies per
filament. Importantly, the ratio of galaxies in region A to
region B remains nearly equivalent. We found that filaments
with a larger number of member galaxies exhibit a more
inconsistent (higher o) redshift difference, AZg, compared to
random samples, resulting in a more significant spin signal.

A natural question arises: Why does a greater number of
member galaxies lead to a more pronounced rotation signal?
Previous studies, such as P. Wang & X. Kang (2018),
M. Neyrinck et al. (2020), and P. Wang et al. (2021), proposed
that galaxies orbit filaments in helical motion. As galaxies
move along these orbits, their velocities transition from being
perpendicular to aligning with the filament’s direction. If
filaments are indeed spinning, then a filament containing a
larger number of galaxies provides a more accurate representa-
tion of its rotation dynamics, enhancing the observed spin
signal.

However, it is important to note that not all filaments exhibit
spin. Similarly to galaxies being classified as spiral or elliptical
based on the motion patterns of their stars, filaments can also be

categorized by their dynamic temperatures. Specifically, we
classified filaments as cold if Z.,;/AZxg < 1 and hot if
Zims/AZag > 1, as indicated by the blue and red regions,
respectively, in Figure 3. Our analysis shows that the statistical
significance of filament spin decreases with increasing filament
dynamic temperature. This suggests that dynamically cold
filaments are more likely to exhibit spin. When we account for
the number of galaxies in a filament, we find an additional
trend: for filaments with a given spin significance, those with
more member galaxies tend to be dynamically hotter.

In Figure 4, we present the cumulative distribution of the
filament spin signal, AZ,g, which corresponds to the redshift
difference of galaxies between regions A and B. Observational
studies (P. Wang et al. 2021; X.-x. Tang et al. 2025) have
shown that the spin signal of the filament depends on the
viewing angle of the filament spine relative to the line of sight.
To explore this, we examined the dependence of AZ,g on the
viewing angle. Figure 4 shows three cases: left column: all
filaments, regardless of the viewing angle; middle column:
filaments with spine angles relative to the line of sight such that
cos(¢) < 0.5; and right column: dynamically cold
(Zims/ AZxp < 1) filaments with viewing angle cos(¢) < 0.2.

In the central rows of Figure 4, the solid red lines represent
the distribution of the measured filament spin signals, while the
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10,000 gray lines denote random samples. For random trials,
we kept the position of galaxies fixed but randomly shuffled
their redshifts (see Section 2 for more details). The median
values of the random samples are represented by the black solid
lines. The red lines and black lines remain distinct and do not
intersect, except when AZ,g is very small or very large. The
separation between the red and black lines increases as the
cosine value of the viewing angle decreases. This effect
becomes even more pronounced when the condition of
dynamically cold filaments is applied. The dependency of this
separation on AZ,p is clearly illustrated in the upper panels.
This analysis highlights the influence of the viewing angle on
the observed spin signal and confirms that dynamically cold
filaments with smaller angles relative to the line of sight exhibit
stronger spin signals.

The upper panels of Figure 4 quantify the separation
between filaments in the simulation and random samples,
normalized by the standard deviation of the random trials, as a
function of the filament spin signal, AZg. The upper x-axes
show the rotation speed of the filaments, calculated using
1= c X AZg, where c is the speed of light. The peak values
of the curves range from 300 to 500, indicating a strong
cumulative statistical signal for the spin of the filaments.

The lower panels of Figure 4 provide a direct comparison
between subsamples of filaments in the simulation and those
from observations (P. Wang et al. 2021). For the first two
subsamples, the observational signal (depicted as solid blue
lines) is higher than the simulation signal for most AZsp
values. In contrast, for the final subsample, the observational
and simulation signals nearly overlap. This discrepancy arises
from differences in the ratio of cold to hot filaments between
observations and simulations. When both the viewing angle
and the dynamically cold filaments are applied, the signals in
the observations and simulations become consistent.

In Figure 5, we present the dynamic temperature distribution
of filaments, comparing observations with simulations. The
blue line peaks at Z,s/AZxp < 1, while the red line peaks at
Zims/ AZap ~ 1, indicating a greater number of hot filaments in
the simulation compared to observations. We note the
discrepancy in the fraction of dynamically cold/hot filaments
between observation and simulation, which may arise from
several factors. In observations, filaments are primarily defined
by the distribution of galaxies, and observational catalogs are
inherently biased toward filaments populated by brighter or
more massive galaxies. In contrast, simulations identify
filaments directly from galaxy populations with a specified
mass threshold. Additionally, systematic errors in the observa-
tional data may also contribute to this discrepancy.

The above analysis examines the spin signal of individual
filaments (Figure 3) and the stacked signal of all filaments
(Figure 4). However, each galaxy within a given filament has a
specific distance from the filament spine, allowing us to
measure the stacked rotation signal of galaxies at a given
distance. In Figure 6, we present the stacked rotation curve of
galaxies in filaments as a function of their distance from the
filament spine. The simulation results are shown as red and
blue points with error bars, while the gray line with error bars
represents the observational results from P. Wang et al. (2021).
Galaxies receding from the observer are marked in red, and
their distances from the filament spine are treated as positive.
Conversely, galaxies approaching the observer are marked in
blue, with their distances considered negative. The same
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Figure 5. The distribution of filament dynamic temperature, Z,s/AZag, is
shown for both the simulation (solid red line) and observation (solid blue line).
Filaments are categorized as either “cold” or “hot” based on the criterion Z,s/
AZxg = 1.
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Figure 6. The stacked rotation curve of galaxies in filaments is shown, where
the rotation speed, ¢ X Agz, is plotted as a function of the distance between
galaxies and the filament spine. Here, Az represents the redshift difference
between all galaxies within a given distance bin and the mean redshift of the
filament. The red and blue dots with error bars indicate results from the
simulation, while the gray line corresponds to observational data (P. Wang
et al. 2021). Galaxies in regions moving away from the observer are shown in
red, with their distances from the filament spine and rotation speeds assigned
positive values. Conversely, galaxies in regions moving toward the observer
are shown in blue, with their distances and speeds assigned negative values.

approach is applied to define the positive or negative values of
the rotation speed.

As seen in Figure 6, the rotation curves from the simulation
(red and blue lines) roughly agree with those from the
observations (gray line). The error bars are smaller in the
simulation because of the larger number of galaxies and
filaments. In the inner regions of filaments, specifically at
distances less than 1Mpc, the observational curves and
simulations align closely. However, this agreement weakens
as the distance increases. In observations, the rotation curves
drop more sharply at distances greater than 1 Mpc. Although
the margins of error are significant, a clear trend toward zero is
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regions.

evident. In contrast, the rotation curve in the simulation shows
minimal reduction, with the rotation curve gradually decreasing
beyond 1.8 Mpc, reaching approximately 50 kms~"' at 2 Mpc.

The discrepancies of the rotation curves between the
simulation and the observation can be attributed to the
following factors:

First, the discrepancy may stem from the differing propor-
tions of cold and hot filaments. As shown in Figure 5, an
approximately equal count of hot and cold filaments is present
in the simulation sample, in contrast to the observation sample,
which shows a greater number of cold filaments. Further
support is demonstrated in the lower right panel of Figure 4,
which shows that the simulation results align closely with the
observational findings when only cold filaments are considered.

Second, as shown by the gray line in Figure 6, although the
rotation curve in the observational data decreases at distances
greater than 1Mpc, the uncertainty increases significantly
within the 1-2 Mpc interval. This is primarily due to the limited
number of galaxies in the observational filaments, a situation
that is not reflected in the simulations. In the simulations, while
the number of galaxies generally decreases with increasing
distance from the filament spine (D. Galarraga-Espinosa et al.
2020, 2024; W. Wang et al. 2024), a significant population of
low-mass galaxies is still included. This differs from the
observational data, where low-mass galaxies are often
undetected because of observational limitations. Consequently,
the simulations produce more precise rotation profiles,
particularly in the outer filament regions, with smaller errors
compared to the observational sample.

In addition, a test was conducted using a higher mass
threshold for galaxy selection within the simulation and
focusing on dynamically cold filaments. Although the resulting
rotation curves showed greater consistency with the observa-
tions, slight differences remain. Q. Xia et al. (2021), using
filaments from an N-body simulation, conducted a similar study
on filament spin and found that the rotation curve reached
approximately 70kms™' at 2Mpc. This result is more
consistent with our finding (50 kms ") although discrepancies
still persist, probably due to differences in the data and
methodologies used.

The third point is that, in observations, a phenomenon
similar to the asymmetric drift effect seen in the rotation
profiles of disk galaxies (M. A. Bershady et al. 2024) may be
present. This effect causes the outer rotation velocity to
decrease more rapidly than expected. We suspect that a similar
effect occurs when the rotation profiles of filaments are
measured in observational data, but we need more studies to
confirm this.

3.2. Effect of Filament Spin on Galaxy Spin

Over the past decades, numerous researchers have high-
lighted, through both observation (E. Tempel & N. I. Libesk-
ind 2013; Y. Zhang et al. 2015; 1. Pahwa et al. 2016) and
simulation (S. Codis et al. 2012; H. E. Trowland et al. 2012;
Y. Dubois et al. 2014; P. Wang & X. Kang 2017, 2018;
P. Ganeshaiah Veena et al. 2018; P. Ganeshaiah Veena et al.
2019, 2021) studies, that the spins of galaxies are influenced by
their host filament. In this work, we revisit this effect while
considering the rotation of the filaments.

In the left panel of Figure 7, we present the distribution of
the absolute value of cos(f) for all galaxies in our sample,
where 0 is the angle between the galaxy spin and the direction
of the filament spine. This distribution is represented by the
solid black line with error bars. Statistically, when the
orientation of a galaxy’s spin is randomly distributed relative
to the filament, the expected value of | cos(6)] is 0.5. If | cos(0)|
exceeds 0.5, it indicates an alignment between the galaxy spin
and the filament. Conversely, if |cos(f)| is below 0.5, it
suggests that the galaxy spin is preferentially perpendicular to
the filament. Consistent with previous studies (e.g., P. Wang
et al. 2018), we confirm the trend that the value of |cos(9)]
decreases with the virial mass of the dark matter halo hosting
the galaxies, indicating a parallel trend for low-mass halos and
a perpendicular trend for high-mass halos. The transition occurs
at a mass around 10'*3 M.

To examine the effect of filament rotation on the galaxy
spin—filament correlation, we divided the filaments into two
subsamples: the top 20% and the bottom 20% based on their
AZxp values (how fast the filament spins), represented by the
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red and blue solid lines, respectively. It can be observed that
the red solid line is systematically lower than the blue solid
line, indicating that the spins of galaxies tend to be more
perpendicular to the direction of the filaments with larger
rotation velocities. In contrast, galaxies in filaments with
smaller rotation velocities exhibit a tendency to align more
parallel to the filament direction.

In the right panel of Figure 7, we present |cos(f)| as a
function of the dynamic temperature of the filament
Zims/AZap. It is evident that the galaxy spin—filament
correlation depends on Z,s/AZap. As Zmms/AZap increases,
|cos(f)| decreases, transitioning from a parallel trend to a
perpendicular trend. This occurs because galaxies in dynami-
cally hot filaments tend to have higher masses compared to
those in dynamically cold filaments.

According to the two-phase model of the formation and
evolution of the spin—filament correlation proposed by P. Wang
& X. Kang (2017) and P. Wang & X. Kang (2018), the
correlation depends on the timescale over which a galaxy
resides in its surrounding environment, that is, the duration the
galaxy spends in a wall or filament. The longer a galaxy resides
in the wall (filament), the more likely it is to align with
(become perpendicular to) the filament direction. Since
filaments form as a result of the collapse of walls along the
secondary direction of matter collapse, it is important to
note that filaments undergo their own evolution, characterized
by continuous changes in their density distribution
(D. Galarraga-Espinosa et al. 2020, 2022, 2024) and radius
(W. Wang et al. 2024). During the collapse of the wall into the
filament, the radius of the filament gradually decreases (W. Wang
et al. 2024) while its density increases, and its rotation velocity
AZ g can also increase correspondingly. These changes make the
filament more constraining for the galaxies within it. In other
words, such filaments are established earlier, providing galaxies
within them more time to be influenced by the filament.
Consequently, these galaxies acquire an increased perpendicular
angular momentum by accreting more matter (subhalos, satellites)
along the filament direction.

4. Summary and Discussion

Motivated by the observational findings on filament spin
reported by P. Wang et al. (2021), we investigate the filament
spin signal in a hydrodynamic simulation based on the ACDM
cosmological model to assess the possibility of reproducing this
phenomenon. Additionally, we revisit the galaxy spin—filament
correlation, incorporating the direction of filament spin into our
analysis.

In this study, we used the Bisous model (E. Tempel et al.
2014) to identify filaments in the galaxy distribution selected
from the hydrodynamic simulation TNG300-1 (F. Marinacci
et al. 2018; J. P. Naiman et al. 2018; A. Pillepich et al. 2018;
V. Springel et al. 2018). The primary results of our analysis are
as follows.

1. The observed filament spin signal is qualitatively
reproduced in the simulation.

2. Quantitative evaluation reveals discrepancies in the
filament spin signals, which arise from variations across
the filament and galaxy samples. However, these
discrepancies are within acceptable limits.

Wang et al.

3. Incorporating filament spin, we investigate the correlation
between the spins of galaxies and filaments. Our findings
indicate that filament spin influences this correlation.

Using a method nearly identical to that employed in the
observational study by P. Wang et al. (2021) to measure the
filament spin signal, our conclusions about the filament spin
signal are broadly consistent with previous results (P. Wang
et al. 2021; Q. Xia et al. 2021).

Some differences, revealed through quantitative comparative
analysis, have also been discussed in the work of X.-x. Tang
et al. (2025). They noted that while qualitative conclusions can
be obtained using different observational galaxy data and
filament identification algorithms, the differences in quantita-
tive analyses are significant.

It is important to note that we did not use the mock method
or directly calculate the angular momentum of the filaments
from the simulation (as done by M.-J. Sheng et al. 2022).
Therefore, on the one hand, it is crucial to employ the mock
method to fully reproduce the observed results from numerical
simulations, particularly for quantitative analyses. On the other
hand, directly investigating the angular momentum of filaments
and their formation and evolution by analyzing the velocity
field around the filaments, specifically the motion of galaxies or
dark matter particles, forms an essential part of our future plans.

Our current analysis centers on the global spin signal of
filaments, as a systematic investigation of its spatial variation
along the filamentary direction has not yet been conducted. We
emphasize that this phenomenon is highly sensitive to the
filament detection algorithm, given that divergent methodolo-
gical frameworks for defining and reconstructing filamentary
structures (e.g., density thresholds, connectivity criteria) may
introduce significant systematic biases. Nevertheless, probing
potential torsional modes or spatially dependent spin patterns
through segment-wise analysis of filaments represents a
promising avenue for further research. Should such variations
be robustly identified, their physical implications (e.g., angular
momentum transfer mechanisms, dark matter—filament cou-
pling) will be rigorously examined. These questions will be
prioritized in future studies leveraging higher-resolution
simulations and multi-algorithm cross validation.

The study of filament rotation in cosmology has a wide range
of applications. For example, S. Alexander et al. (2022)
observed filament rotation curves to constrain the mass range of
ultralight dark matter, establishing both upper and lower
bounds. Furthermore, Y. Zheng et al. (2023) investigated the
kinetic Sunyaev—Zeldovich effect by analyzing aggregated
signals from multiple filaments.

In the correlation between filaments and the angular
momentum of galaxies, it is important to note that, particularly
in observations, determining both the direction of the filament
and the galaxy’s spin is often challenging. For spiral galaxies,
the orientation of spin vectors is typically inferred using R.A.
and decl., and the inclination angle is derived from the
projected axis ratio, as noted in studies by I. Trujillo et al.
(2006), J. Lee & P. Erdogdu (2007), J. Varela et al. (2012).
Conversely, for elliptical galaxies, it is common to deduce the
projected spin orientation by assuming that the minor axis
aligns with the spin direction, as described by E. Tempel &
N. L. Libeskind (2013). However, this assumption is often
inaccurate because of a misalignment between the true spin
direction and the minor axis orientation, leading to significant
measurement discrepancies.
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Additionally, the alignment of galaxy spins with cosmic
filaments, whether aligned in the same or opposite direction,
carries distinct physical implications and origins. However, this
aspect has often been overlooked in previous studies by
checking the absolute value of the angle between the galaxy
spin and the filament direction, that is, | cos(#)|. Although the
spin of filaments can provide insight into the direction of the
filament, its physical interpretation requires further exploration.
Similarly, the spin of galaxies can be better constrained with
more precise observations, such as those provided by MaNGA
(K. Bundy et al. 2015).

In recent work, we investigated the correlation between the
spin direction of the filament and the spin directions of galaxies
indicated by the stellar components and the Ha line in
MaNGA. By removing the absolute value of the angle between
galaxy spin and filament direction, we found that the spin
direction of low-mass disk galaxies tends to be opposite to that
of the filamentary structure. However, these findings require
further verification through numerical simulations. This calls
for more detailed studies, which we aim to pursue in
future work.
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