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Abstract
The theory of galaxy formation posits a clear correlation between the spin of galaxies and the orientation of the elements of the large-scale
structure of the Universe, particularly cosmic filaments. A substantial number of observational and modelling studies have been undertaken
with the aim of identifying the dependence of spin orientation on the components of the large-scale structure. However, the findings of
these studies remain contradictory. In this paper, we present an analysis of the orientation of the spins of 2 861 galaxies with respect to
the filaments of the large-scale structure of the Universe. All galaxies in our sample have an inclination to the line of sight greater than 85
degrees, enabling an unambiguous determination of the spin axis direction in space.We investigate the alignment of galaxy spin axes relative
to cosmic web filaments as a function of various properties for galaxies. Our results reveal a statistically significant tendency for the galaxy
spin axes to align along the filament axes of the large-scale structure.
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1. Introduction

The distribution of galaxies in the Universe forms a large-scale
structure consisting of voids, filaments, sheets, and clusters. Most
galaxies reside in filaments that lie between voids and connect
galaxy clusters. The theory of galaxy formation posits that the
angular momentum (spin) of protogalaxies arises under the influ-
ence of tidal forces exerted by elements of the large-scale struc-
ture of the Universe (Efstathiou and Jones, 1979; Peebles, 1969;
Porciani, Dekel, and Hoffman, 2002; White, 1984). According to
this theory, the axis of rotation of a protogalaxy should correlate
with the principal axes of the local tidal shear tensors (Dubinski,
1992; Lee and Pen, 2000). Consequently, if the original angu-
lar momentum of a protogalaxy is preserved, a clear correlation
between the galaxy spins and the elements of the large-scale
structure of the Universe should be observed.

A substantial amount of works, both observational and
modelling-based, has been undertaken to search for the depen-
dence of the spin orientation relative to elements of the large-scale
structure. However, the results remain contradictory.

For instance, when studying the orientation of the spins of 100
galaxies relative to filaments in a hydrodynamic cosmological sim-
ulation, it was found that the most massive disk galaxies at all red-
shifts tend to be oriented along the filament (Hahn, Teyssier, and
Carollo, 2010). Conversely, based on N-body modelling, Aragón-
Calvo et al. (2007); Codis et al. (2012); Libeskind et al. (2012);
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Trowland, Lewis, and Bland–Hawthorn (2013) found that massive
halos exhibit a perpendicular spin orientation relative to the fil-
aments, while the spins of low-mass halos are aligned along the
filament axes. The mass of the halo at which the spin orienta-
tion transition occurs is approximately (5± 1)× 1012 M� (Codis
et al., 2012). However, subsequent studies have shown that the
mass at which the spin orientation transition occurs is not uni-
versal and depends on the properties of the large-scale structure
itself (Libeskind et al., 2013). The dependence of spin orientation
on mass was identified by Wang et al. (2018), where the transi-
tion mass is approximately 109.4 h−1 M�; a correlation with the
colour index was also discovered. However, Ganeshaiah Veena
et al. (2019) reported a perpendicular orientation of spins relative
to filaments, regardless of mass. Additionally, Kraljic et al. (2019)
found a dependence on the H Imass: galaxies with high H I exhibit
a tendency to have a parallel spin orientation, while galaxies with
low H I demonstrate a perpendicular spin.

According to observational data, bright spiral galaxies predom-
inantly exhibit co-directional spins with respect to the filaments,
while elliptical galaxies tend to have a perpendicular spin direc-
tion (Tempel, Stoica, and Saar, 2013; Tempel and Libeskind, 2013).
Other studies have found that galaxies located in denser envi-
ronments predominantly display perpendicular spin orientations
(Lee and Erdogdu, 2007; Jones, van deWeygaert, and Aragón-
Calvo, 2010). However, some authors did not identify any sig-
nificant dependencies (Pahwa et al., 2016; Krolewski et al., 2019;
Karachentsev and Zozulia, 2023).

Such differences in the results may stem from the challenges
in determining the spin orientation of galaxies, identifying the
filaments themselves, and the limited statistical sample sizes.
There are two main difficulties in determining the direction of
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the normal to a galaxy’s disk: significant measurement errors in
the inclination of arbitrarily oriented galaxies and the ambigu-
ity regarding which side of the galaxy is closest to the observer.
Both of these issues can be effectively addressed by selecting a spe-
cific subset of galaxies. For edge-on galaxies, the inclination is,
by definition, close to 90 degrees, with an accuracy better than
5 degrees. This significantly reduces the ambiguity in determin-
ing the direction of the disk’s normal. Furthermore, the positional
angle of the major axis can be determined with an accuracy better
than 1 degree, allowing for a precise determination of the normal
direction— an accuracy that is typically unreachable for arbitrarily
oriented galaxies.

In this paper, we aim to determine whether there is a preferred
spin direction of disk galaxies relative to the filament axes of large-
scale structures. For this analysis, we used the largest Edge-on
Galaxy catalogue (EGIPS, D. Makarov et al., 2022) together with
the filament catalogue (Tempel et al., 2014).

2. Sample

The uncertainty of the spin position can easily be circumvented
by using edge-on galaxies. Currently, the EGIPS catalogue (D.
Makarov et al., 2022) represents the largest sample of edge-on
galaxies, comprising 16 551 objects selected using an artificial
neural network based on data from the second release of the
Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS1). This catalogue includes a wide range of parameters,
such as the position angle, which is essential to determine the
spin. Completeness tests show that the EGIPS catalogue is 96%
complete for objects with a major semi-axis, ar > 5.5′′. Moreover,
taking into account that the typical image quality in the Pan-
STARRS1 survey is 1.1–1.3′′ (Magnier et al., 2020), the size- and
axis-ratio estimates for the smallest EGIPS galaxies may suffer
due to image blurring. Thus, we excluded from consideration all
edge-on galaxies with a major semi-axis ar < 5′′.

One of the largest and most reliable filament catalogues
(Tempel et al., 2014) was created using the Sloan Digital Sky
Survey (SDSS) data release 8 based on a sample of 499 340 galax-
ies with a redshift of 0.009< z < 0.155 in the cosmic microwave
background (CMB) system. It contains 15421 filaments.

We cross-identified galaxies from the EGIPS catalogue with the
SDSS sample used to detect the filaments of the large-scale struc-
ture. This process resulted in a sample of 2 831 edge-on galaxies,
each associated with one of the 2 831 filaments.

It is important to note that each filament in the catalogue
(Tempel et al., 2014) was constructed from an average of 32
galaxies. Given that the probability of a galaxy being edge-on is
approximately 1%, we would expect to find no more than one
edge-on galaxy per filament, which aligns with our observations
in this sample.

3. Coordinate transformation

The filament catalogue includes coordinates that describe the fila-
ment structure in the Cartesian coordinate system of SDSS (η, λ).
In contrast, the positions of the galaxies are provided in the equa-
torial coordinate system, with corresponding position angles from
the EGIPS catalogue also given in this system. To work with all
this data, it is essential to convert all coordinates into a single ref-
erence frame. For this purpose, we selected a Cartesian coordinate
systemwhere the z-axis points towards the north celestial pole, the

x-axis is aligned with the vernal equinox, and the x− y plane cor-
responds to the equatorial plane. This choice simplifies a analysis
of the filaments and galaxies.

To convert filament coordinates, we use Equations (1–10). The
coordinates of the filament points are first translated into the SDSS
coordinate system (η, λ), according to Tempel, Stoica, and Saar
(2013):

αcen = 185.0◦, (1)

δcen = 32.5◦, (2)

D=
√
(x2 + y2 + z2) (3)

λ = arcsin (− x/D), (4)

η = arctan (z/y), (5)

where D is the distance in Mpc h−1.
Then, to convert to the equatorial coordinates (α, δ) we use the

formulas from the coordinate conversion softwarea:

α = arctan
(

sin(λ)
cos(λ) cos(η + δcen)

)
+ αcen, (6)

δ = arcsin (cos(λ) sin(η + δcen)). (7)
The Cartesian coordinate system (x, y, z), where the z-axis is

directed to the north celestial pole, the x-axis is directed to the
vernal equinox point, the x− y plane lies in the equatorial plane:

x=D cos(δ) cos(α), (8)

y=D cos(δ) sin(α), (9)

z =D sin(δ). (10)
Equations (8–10) were used to convert the galaxy coordinates.
As the spin of an edge-on galaxy, we can use a position angle

(PA) rotated by 90◦. To determine the spin vector in the Cartesian
coordinate system, the rotation matrices were used, with the help
of which the unit vector was rotated to a position corresponding
to the spin of the galaxy under consideration. Initially, the unit
vector has α = 0◦, δ = 0◦, PA= 90◦, such a vector in the Cartesian
coordinate system will have a very convenient representation x=
0, y= 0, z = 1. The coordinates of the galaxy spins in the Cartesian
coordinate system were found using Equations (11–16).

s= PA◦ + 90◦, (11)

Rx(s)=

⎛
⎜⎜⎝
1 0 0

0 cos(− s) − sin(− s)

0 sin(− s) cos(− s)

⎞
⎟⎟⎠ , (12)

Ry(δ)=

⎛
⎜⎜⎝

cos(− δ) 0 sin(− δ)

0 1 0

− sin(− δ) 0 cos(− δ)

⎞
⎟⎟⎠ , (13)

Rz(α)=

⎛
⎜⎜⎝
cos(α) − sin(α) 0

sin(α) cos(α) 0

0 0 1

⎞
⎟⎟⎠ , (14)

ahttps://www.sdss4.org/dr17/algorithms/surveycoords/
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n=

⎛
⎜⎜⎝
0

0

1

⎞
⎟⎟⎠ , (15)

n′ = RzRyRxn. (16)
Since filaments have a complex shape, we approximate it by a

cubic spline without smoothing. We use the tangent at the fila-
ment point closest to our galaxy to determine the angle between
the filament and the galaxy spin. The tangent was defined as the
first derivative of the spline at this point. The angle between the
tangent to the filament and the spin of the galaxy is determined
through the scalar product of the vectors.

4. Galaxy-filament alignment

We analyse the probability density of the angle, �, between the
galaxy spin and the filament axis of the large-scale distribution of
galaxies. The random distribution of angles between vectors in a
three-dimensional space is uniform in cos�. If there is no pre-
ferred spin direction relative to the filament axis, then there should
be no trend in the distribution, and the linear regression slope
should be equal to zero. We should test the null hypothesis that
the spins are randomly distributed with respect to the filaments,
and, consequently, the slope of the distribution as a function of
cos� is zero.

However, the observed filament distribution is systematically
biased, with filaments preferentially oriented perpendicular to
the line of sight. When combined with edge-on galaxies, whose
spin direction is, by definition, also perpendicular to the line of
sight, one would expect an artificial alignment even in the absence
of any internal alignment between the galaxies and filaments.
To account for this effect, we generated a sample of 2.86× 106
objects around the same 2861 filaments selected for analysis. The
position angles of these test galaxies were randomly distributed
across the sky. The probability density of the angle distribution
was calculated in bins uniformly distributed along cos�.

Figure 1 reproduces the probability density of the angles
between the spins of randomly oriented galaxies and filament axes
for the null hypothesis. It is evident that this probability density is
quite complex and differs significantly from the naively expected
constant value. The black curve represents a cubic spline fit to the
distribution. To approximate the distribution, we used the Python
function “UnivariateSpline()” with parameters k=3, s=10, and
ext=3.

It can be seen that, in general, it follows the probability density
of randomly oriented galaxies (black solid curve in Figure 1). After
correction for this selection effect caused by the non-uniformity
of filament orientations, the deviations were described by a simple
linear regression (see Figure 2, bottom panel). A statistically sig-
nificant slope should indicate the existence of a correlation or anti-
correlation between the galaxy spin and the filament axis, which in
turn may testify the influence of large-scale structure on the rota-
tion axis of galaxies. We do not find a statistically significant signal
in the angle probability density after correction for the shape of the
artificial signal. The slope is 0.03± 0.05 (see Table 1).

The absence of correlation in the galaxy sample we studied may
be attributed to the fact that the initial angular momentum of pro-
togalaxies is not conserved, leading to random spin directions of
the galaxies. However, according to modern theory of evolution,
early-type galaxies undergo mergers with galaxies of comparable

Figure 1. Null hypothesis. The dependence of the probability density of the angle
between the randomly oriented spin of the galaxies under study and the filament axes
to which they belong. The solid black curve is the approximation of the points by a
smoothing cubic spline. The apparent correlation is a consequence of selection effects
in creating the filaments that are predominantly oriented perpendicular to the line of
sight, and in using the edge-on galaxies whose rotation axis is by definition oriented
perpendicular to the line of sight. This function describes the null hypothesis against
which further analysis is carried out.

Figure 2. Upper panel: the probability density, P, of the mutual orientation of the
spins of galaxies and filaments in three-dimensional space. The black solid curve is
the smoothed approximation by a cubic spline. Bottom panel: the probability density
difference, � P, of mutual orientation between the observed spins of galaxies rela-
tive to the filaments in three-dimensional space and the null hypothesis (see Figure 1).
The black solid line is the linear approximation. The red dashed lines show the 5%
confidence interval for an individual measurements.
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Table 1. Correlation between galaxy spins and filament axes

Condition slope std err N p-value

all 0.03 0.05 2861 0.6

(g− i)0 < 1 −0.02 0.05 1190 0.7

(g− i)0 > 1 0.05 0.10 1671 0.6

0.7< (g− i)0 < 1.3 0.13 0.03 1890 0.002

(g− i)0 > 1.4 −0.7 0.2 165 0.01
Condition is the selection criterion;
slope is the slope of the probability density distribution;
std err is the standard error of the slope;
N is the number of galaxies in the sample.

sizes, which can affect the orientation of their rotation axes. In
contrast, late-type galaxies may retain their initial rotation direc-
tion (Tempel, Stoica, and Saar, 2013; Tempel and Libeskind, 2013).
Furthermore, Libeskind et al. (2012) suggest that some early-type
galaxies can dramatically change their spin orientation, with the
new orientation becoming perpendicular to the initial one.

From this, we can conclude that by studying a sample that
includes galaxies with diverse properties, we may not observe any
dependencies in the alignment of their spins relative to large-scale
structures, particularly filaments. Analysing a sample where one
subset of galaxies has a preferred spin orientation relative to the
filaments that is diametrically opposite to that of another subset
risks yielding a uniform distribution, as illustrated in Figure 2.

Figure 2 (upper panel) shows the probability density as a func-
tion cos� between the galaxy spins and the filament axes for our
sample of 2861 edge-on galaxies.

Therefore, we will further analyse various subsamples selected
by colour, distance from the filament, redshift, and other crite-
ria. A more refined selection of galaxies may enable us to detect
correlations, despite some degradation in statistics due to smaller
sample sizes.

4.1 Dependence on the colour index

According to several studies (see Section 1), the orientation of
galaxy spins may depend on various factors, including galaxy mor-
phology. This is not surprising, as modern studies suggest that
galaxies of different morphological types are formed through dis-
tinct processes, and the environment plays a direct role in shaping
the formation. At this stage of the analysis, we examine whether
the correlation depends on galaxymorphology. The general galaxy
population exhibits a bimodal distribution in the colour–absolute
magnitude diagram. Bell et al. (2004) were the first to describe the
individual areas of the diagram. The red sequence is populated by
early-type galaxies, while the blue cloud is formed by spirals. A
transitional region known as the ’green valley’ lies between them,
commonly interpreted as a zone of rapid evolution from late-type
to early-type galaxies. The edge-on EGIPS galaxies are well sepa-
rated into the red sequence and the blue cloud by a colour index
of (g − i)0 ≈ 1 (D. Makarov et al., 2022, see figures 8–10). The
blue subsample, defined by (g − i)0 < 1, includes 1 190 galaxies,
while the red subsample, with (g − i)0 > 1, contains 1 671 galax-
ies. In both cases, the probability density distributions do not show
statistically significant deviations from the null hypothesis of no
correlation between galaxy spin orientations and filament axes.
The regression slopes are−0.02± 0.05 for the blue subsample and
0.05± 0.10 for the red subsample.

Figure 3. Dependence of the regression slope on the subsample colour. The dotted
straight line shows the zero level. The size of the circle increases as the galaxies become
brighter.

However, a more detailed division of the sample by colour
index uncovered notable patterns of behaviour. Figure 3 shows the
regression slopes representing deviations from the null hypoth-
esis for various subsamples, plotted as a function of the angle
between the galaxy spin and filament axis. On the one hand, none
of the individual subsamples differs significantly from the null
hypothesis, except for the reddest subsample. On the other hand,
the subsamples exhibit regular behaviour that may suggest the
presence of a correlation within a specific subset of galaxies.

The subsample of 1 890 edge-on galaxies with colours in the
range 0.7< (g − i)0 < 1.3 demonstrates a tendency for their spins
to align with the filament axes (see the top panel of Figure 4). The
regression slope is 0.13± 0.03 with the p-value of 0.002.

The reddest subsample, with (g − i)0 > 1.4, exhibits a negative
regression slope of −0.66± 0.20 with p-value of 0.01, indicating
a statistically significant trend toward a perpendicular orientation
of galaxy spins relative to filament axes (see the bottom panel of
Figure 4). The lower statistical significance of this result may be
attributed to the small sample size of only 165 galaxies.

We expected galaxies with (g − i)0 > 1 to have their spins ori-
ented perpendicular to the filaments. This expectation is based
on the idea that early-type galaxies form primarily through major
mergers occurring along filaments. During these events, the orbital
angular momentum of the merging systems is converted into
intrinsic spin, resulting in a spin orientation that is typically per-
pendicular to the filament direction. However, we observe this
trend only among galaxies with (g − i)0 > 1.4. This observed result
can be explained by the insufficient mass of early-type galax-
ies with (g − i)0 > 1.4. According to Libeskind et al. (2012), only
galaxies with masses exceeding (8± 2)× 1012 M� exhibit perpen-
dicular spin. Galaxies with (g − i)0 > 1.4 are the brightest in our
sample, as indicated by the circle size in Figure 3. Their red colours
further suggest that they are also the most massive.

4.2 Dependence on different parameters

To enhance the alignment signal, we investigate how various
galaxy properties, such as absolute magnitude in the r-band, dis-
tance from the filament, and redshift, influence the correlation
between galaxy spin orientations and filament axes.

Tempel, Stoica, and Saar (2013) found that the correlation is
stronger for bright galaxies. The strongest parallel alignment is
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Figure 4. Deviation of the probability density from the null hypothesis of no corre-
lation between galaxy spin and filament axis in three-dimensional space. The black
solid line is the linear regression. The red dotted lines show the 5% confidence inter-
val for an individual measurement. The top panel shows the case of the subsample of
1890 edge-on galaxies with 0.7< (g− i)0 < 1.3. The bottom panel shows the case of
the subsample of 165 reddest galaxies with (g− i)0 > 1.4.

Figure 5. Mean regression slope as function of the distances between filament and
galaxy. The colour shows the g− i colour index of galaxies included in the indicated
range.

observed among galaxies with Mr < −20.7. In our case, we find
a good correlation for galaxies brighter −19.

Figure 5 suggests that, on average, galaxies tend to align their
spin with the filament axis with increasing distance from the

Figure 6. Mean regression slope as function of redshift. The circle size is proportional
to the mean galaxy absolute magnitude in the subsample.

filament axis. This correlation can be observed at sufficiently large
distances up to 6 Mpc, but due to the large scatter of estimates,
no unambiguous conclusion can be drawn and it remains only a
hint of the effect. However, it should be noted that such large-scale
correlations on scales up to 6Mpc have been found previously (Lee
et al., 2019; Kim, Smith, and Shin, 2022).

Also Figure 5 demonstrates that the reddest galaxies are located
near the filament axis, while the blue galaxies prefer to settle
on larger distances. However, this effect is very subtle. Bizyaev
et al. (2017) shows a dependence of galaxy type on distance to
the filament, with different types of galaxies having different spin
positions relative to the filament. They find that blue galaxies
are located farther from the filament axis. Kuutma, Tamm, and
Tempel (2017) also found this effect.

According to Figure 6, galaxies within the redshift range 0.06<

z < 0.10 exhibit aligned spin orientations, whereas the correlation
disappears for smaller and higher redshifts. This can be explained
by boundary effects. The volume of the nearby Universe is rather
small, and filaments close to the survey boundary are affected by
the survey edge effect. This might affect the alignment for nearby
bins. For far away bins, the statistics is probably not good enough,
and the galaxy density is lower, which is also affecting the filament
detection. In two intermediate redshift bins, we have sufficient
statistics and the most reliable filaments.

Combining together the conditions associated with the
strongest correlations 0.7< (g − i)0 < 1.3 & Mr < −19 & 0.06<

z < 0.10, we obtain a subsample of 554 edge-on galaxies. Figure 7
illustrates the existence of a statistically significant predominance
of galaxies with spin codirected with filament over the background
of randomly oriented galaxies. The probability density at the last
point with cos� ∼ 1 is 3.7 σ above the median average.

4.3 Correlation between galaxy spins and filament axes

The results of the linear regression analysis are summarised in
Table 1. The first column, condition, indicates the subsample
selection criteria; the slope characterises the deviation from the
null hypothesis, namely deviation from the random orientation
of spins with respect to the filament axis; the third column, std
err, gives the standard error of the slope; the fourth column, N,
stays for the number of galaxies in the sample; the p-value is the
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Figure 7. Deviation of the probability density from the null hypothesis of no cor-
relation between galaxy spins and filament axes in three-dimensional space. The
distribution is based on a sample of 554 edge-on galaxies width 0.7< (g− i)0 < 1.3,
Mr < −19, 0.06< z< 0.10.

probability of the given result under the assumption that the slope
equals zero (the most common threshold is p-value < 0.05).

5. Conclusion

In this paper, we examine the three-dimensional orientation of the
edge-on galaxy spin axes relative to the filaments of the large-scale
structure of the Universe. Edge-on galaxies allow us to determine
unambiguously and with great precision the directions of their
spin in space. The main limitation of using edge-on galaxies is
their relatively small number, as they represent only about 1% of
all disk galaxies. The study is based on the largest to date sample
of 16 551 edge-on galaxies selected in the Pan-STARRS1 survey
(EGIPS, D. Makarov et al., 2022) and the most reliable catalogue
of 15421 filaments (Tempel et al., 2014) created using the SDSS
DR8 redshift survey. After cross-identification of these catalogues,
our final sample of edge-on galaxies comprises 2861 objects.

After accounting for observational effects, we look for devia-
tions from the uniform distribution of the probability density of
the cos� between spin and filament axis. We identify statistically
significant correlations in the two galaxy subsamples above 3 σ

significance level.
The first is the subsample of 1890 galaxies with 0.7< (g −

i)0 < 1.3. Their probability density increases with angle between
spins and filaments as (0.13± 0.03) cos�. This implies that the
spins of these galaxies tend to align with the filaments at a confi-
dence level of 0.2% corresponding to 4.3 σ . This result agrees well
with the works by Aragón-Calvo et al. (2007); Codis et al. (2012);
Libeskind et al. (2012); Trowland, Lewis, and Bland–Hawthorn
(2013). According to theoretical models, low-mass galaxies are
formed through the winding of flows embedded inmisaligned cos-
mic walls. As a result, they acquire spin orientations parallel to the
axes of the filaments that form at the intersection of these walls.

The second subsample consists of only 165 reddest galaxies
with (g − i)0 > 1.4. Its probability density demonstrates a neg-
ative correlation ∼ (− 0.7± 0.2) cos� with p-value of 0.01 or
3.5 σ . Thus, they appear to be mostly oriented perpendicular to
the filaments. The described sample consists of early-type lentic-
ular galaxies. It is assumed that early-type galaxies are formed
through major merger occurring along filaments. Consequently,

they acquire spin orientations perpendicular to the merger direc-
tion as their orbital angular momentum is transformed into
intrinsic spin. According to Libeskind et al. (2012), perpendicu-
larly oriented spin should be in galaxies with masses higher than
(8± 2)× 1012 M�.

The probability density of the sample of galaxies with 0.7<

(g − i)0 < 1.3 & Mr < −19 & 0.06< z < 0.10 demonstrates the
sharp excess of galaxies with spins almost parallel to the filaments.
This point deviates by 3.7σ from the population of other randomly
oriented galaxies. This result can be interpreted as the presence
of a population of galaxies that have the spin co-directed to the
filament axis.

There is an indication of spin-filament alignment on scales up
to 6Mpc from the filament, although this trend is very weak due to
the substantial scatter in the data. Nevertheless, such unexpected
large-scale correlations between kinematics of giant galaxies and
the motion of surrounding galaxies within 6 Mpc have been
reported by Lee et al. (2019); Kim, Smith, and Shin (2022).
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