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ABSTRACT

Context. Observations indicate that central galaxies’ main shape axes are significantly aligned with other galaxies in their group, as
well as with the large-scale structure of the Universe. Simulations have corroborated this finding, providing further insights into how
the shape of the stellar component aligns with the surrounding dark matter halo. Recent studies have also investigated the evolution of
this alignment in bright central galaxies, revealing that the shapes of the dark matter halo and the stellar component can differ. These
results suggest that assembly and merger processes have played a crucial role in the evolution of this alignment.
Aims. In this work, we aim to gain a deeper understanding of galaxy alignments by quantifying how this property is related to the
mass of the halos hosting central galaxies and to the large-scale environment measured at different scales.
Methods. By studying different angles, we describe how the alignments of central galaxies depend on the masses of the halos they
inhabit. We explore how the main axes of central galaxies align across different scales, both in three-dimensional and two-dimensional
projections. We examine how halo mass influences these alignments and how they vary in the surrounding large-scale environment.
Additionally, we analyse the characteristics of these alignments across different environments within the large-scale structure of the
Universe. To conduct this study, we employed TNG300 hydrodynamical simulations and compared our results with spectroscopic
data from the Sloan Digital Sky Survey Data Release 18 (SDSS DR18).
Results. Three types of alignment were analysed: between stellar and dark matter components, between satellite galaxies and the
central galaxy, and between the central galaxy and its host halo. The results show that the alignment increases with halo mass and
varies with the environment (cluster, filament, cluster outskirt, and others). However, after controlling for local density, we found that
most of the observed trends disappear, except for a marginal influence of cosmic filaments on some of the considered alignment angles.
The SDSS observations confirm a mass dependence similar to the simulations, although observational biases limit the detection of
differences between the different environments.
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1. Introduction

Galaxies form and evolve within a large-scale structure predomi-
nantly made up of dark matter (DM). Their spatial distribution is
influenced by gravitational forces acting initially on tiny fluctua-
tions in the early Universe. As structures develop hierarchically
through gravitational instability, the tidal fields, the process of
matter accretion, and even baryonic physics are expected to sub-
tly affect the properties of galaxies and DM halos. In this sce-
nario, galaxies will tend to have preferred shapes, orientations,
and distributions depending on the halo in which they form and,
potentially, the surrounding local and large-scale environment.

Several observational works have investigated these
so-called intrinsic alignments, which are expected to have
important implications for the extraction of cosmological infor-
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mation from upcoming galaxy surveys (e.g. Hirata et al. 2007;
Troxel & Ishak 2015; Joachimi et al. 2015; Kirk et al. 2015).
Evidence suggests that the alignment of galaxies with each other
and with large-scale cosmic structures is influenced not only
by their luminosity, colour, and star formation history, but also
their position within the host halo and cosmic environment. In
this context, red or elliptical galaxies in general tend to display
more significant alignments on a variety of scales (see e.g.
Sales & Lambas 2004; Yang et al. 2006; Agustsson & Brainerd
2010; Kirk et al. 2015; Rodriguez et al. 2022; Smith et al. 2023;
Desai & Ryden 2022). Moreover, red satellite galaxies show a
stronger preference to align with the galactic plane of red central
galaxies (Yang et al. 2005; Wang et al. 2008; Kiessling et al.
2015; Kirk et al. 2015; Libeskind et al. 2015; Welker et al.
2018; Pawlowski 2018; Johnston et al. 2019). This specific
connection between star formation activity, or lack thereof,
and galaxy alignments is sometimes referred to as anisotropic
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quenching or angular conformity (Wang et al. 2008; Stott 2022;
Ando et al. 2023), an obvious reference to the correlation effect
called galactic conformity (see Bray et al. 2016; Otter et al.
2020; Maier et al. 2022; Lacerna et al. 2022, and references
therein).

The shape of spiral galaxies, on the other hand, is usually
linked to their angular momentum, which has been proposed to
arise from torques produced by the external gravitational field
(Heavens et al. 2000; Catelan et al. 2001; Codis et al. 2015), and
tends to align parallel to filaments, in contrast to the angular
momentum of higher-mass galaxies, which is preferentially per-
pendicular (Welker et al. 2020; Barsanti et al. 2022; Kraljic et al.
2021, and e.g. Ganeshaiah Veena et al. 2019, 2021 for studies in
simulations). Despite this connection, there is little observational
evidence of shape alignments in spiral galaxies (Zjupa et al.
2022; Johnston et al. 2019; Samuroff et al. 2023). However,
some studies based on observations and simulations indicate that
central disc galaxies show greater misalignment with their host
halos, and that this misalignment decreases with an increasing
halo mass and ex situ stellar mass fraction (Xu et al. 2023a,b).

In this context, a useful tool to assess the degree of alignment
of a galaxy or group population with respect to any reference
system is the anisotropic correlation function, which is used to
compare the clustering of different sub-regions with respect to
a given orientation axis (Paz et al. 2008, 2011). Rodriguez et al.
(2022) applied this method to the spectroscopic data provided
by Sloan Digital Sky Survey Data Release 16 (SDSS DR16;
Ahumada et al. 2020), in combination with a group identifica-
tion scheme (Rodriguez & Merchán 2020), to show that bright
central galaxies align with both the satellites inhabiting the same
halo and the nearby large-scale cosmic structures up to a distance
of &10 Mpc. They also report a significant dependence on colour,
with red central galaxies being more aligned with their environ-
ments than blue ones. A physical interpretation of these observa-
tional constraints was subsequently provided in Rodriguez et al.
(2023) based on a detailed study using the IllustrisTNG1 (here-
after simply TNG) hydrodynamical simulation. The intrinsic
alignments of Rodriguez et al. (2023) are decomposed in a series
of correlations and sub-dependences across scales, whereby the
alignment between the baryonic component of the central galaxy
and the large-scale structure is mediated by internal alignments
with the sub-halo and the host halo.

The results of Rodriguez et al. (2022, 2023) prompted the
additional analysis of Rodriguez et al. (2024), in which the
evolution of the intrinsic alignments was investigated for red
and blue galaxies separately, in connection with their different
assembly and merger histories. Mergers are in fact shown to
be a major contributor to the build-up of these alignments for
red central galaxies, as opposed to blue central galaxies, which
are younger, experience fewer mergers, and have only recently
acquired their oblate shape. This aligns with findings from
other cosmological simulations, such as the ones in Lagos et al.
(2018), based on the EAGLE simulations, which demonstrate
the broader prevalence of merger-induced alignment effects. The
work of Rodriguez et al. (2024) emphasises even more the multi-
scale nature of the intrinsic alignments. Mergers tend to increase
the alignment between the stellar content of central galaxies
and their dark-matter halos, whereas the preferred orientation
of halos with respect to the large-scale environment is initially
stronger and tends to diminish with time.

In this work, we use both observational data from the SDSS
and simulation data from TNG to investigate in greater detail

1 http://www.tng-project.org

the dependence of central galaxy alignments on the environ-
ment. Our analysis follows two approaches. First, we examine
the dependence on stellar and halo mass, which are known to be
first-order proxies for local and large-scale environments. Sec-
ond, we study how alignments vary with the location of galax-
ies within the cosmic web. The different components of the
cosmic web are identified using the Discrete Persistent Struc-
tures Extractor (DisPerSE; Sousbie 2011; Sousbie et al. 2011), a
structure finder that detects critical points of the density field
(maxima, minima and saddle points). By combining the Dis-
PerSE output with a group catalogue, galaxies can be classified
into specific cosmic environments, such as filaments, clusters, or
cluster outskirts. This analysis complements several other works
in which DisPerSE has been employed to investigate the link
between the properties of galaxies and halos and the cosmic web,
including the dependence of gas accretion and star formation in
galaxies (Galárraga-Espinosa et al. 2023), galaxy clustering and
assembly bias (Montero-Dorta & Rodriguez 2024), halo occupa-
tion distributions (Perez et al. 2024a,b), or occupancy variations
(Wang et al. 2024), to name but a few.

The paper is organised as follows. Section 2 describes the
simulation (TNG) and observational (SDSS) data employed in
this work, along with the identification of cosmic-web envi-
ronments in both datasets based on DisPerSE. The different
alignments measured in this work are defined in Sect. 3. The
dependence of the alignments on both mass and the cosmic-web
environment as measured from TNG is presented in Sects. 4
and 5, respectively. Section 6 focuses on the measurements
performed on the SDSS, including a comparison with the
simulation-based results. Finally, Sect. 7 summarises the main
conclusions of our work, while discussing their implications
and potential ramifications. The TNG simulation adopts the
standard ΛCDM cosmology (Planck Collaboration XIII 2016),
with parameters Ωm = 0.3089, Ωb = 0.0486, ΩΛ = 0.6911,
H0 = 100 h km s−1 Mpc−1 with h = 0.6774, σ8 = 0.8159, and
ns = 0.9667.

2. Data

2.1. The TNG hydrodynamical simulation

In this study, we utilise the galaxy and dark-matter halo cata-
logues from the Illustris TNG300 simulation at (z = 0, referred
to as TNG300, Nelson et al. 2019; Pillepich et al. 2018a). The
TNG magneto-hydrodynamical cosmological simulations were
executed using the arepo moving-mesh code (Springel 2010)
and represent an enhanced iteration of the original Illustris sim-
ulations (Vogelsberger et al. 2014a,b; Genel et al. 2014). These
simulations incorporate sub-grid models that address factors
such as radiative metal-line gas cooling, star formation, chem-
ical enrichment from SNII, SNIa, and AGB stars, as well as
stellar feedback processes, the formation of supermassive black
holes with multi-mode quasar activity, and kinetic feedback
from black holes. They adopt a cubic box with a side length
of 205 h−1 Mpc and were run with 25003 dark-matter particles,
each with a mass of 4.0 × 107 h−1 M�. The initial conditions
include 25003 gas cells, with each gas cell having a mass of
7.6 × 106 h−1 M�.

A friends-of-friends (FoF) algorithm was employed to iden-
tify DM halos – referred to as groups in this paper – using
a linking length of 0.2 times the mean inter-particle sep-
aration (Davis et al. 1985). The gravitationally bound sub-
structures, hereafter referred to as sub-halos, were identified
using the SUBFIND algorithm (Springel et al. 2001; Dolag et al.
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2009). We define the stellar mass of galaxies, denoted as
M∗, as the total mass of all stellar particles associated with
each sub-halo. In our analysis, following the selection crite-
ria used in many previous works that take simulation resolu-
tion into account (e.g. Pillepich et al. 2018b; Rodriguez et al.
2023, 2024; Perez et al. 2024a), we consider all simulated
galaxies with stellar mass (M?) greater than 108.5 M�, result-
ing in a total number of 429 982 galaxies. In this study, we
analyse central galaxies identified as those sub-halos whose
index matches the GroupFirstSub entry of their correspond-
ing FoF group in the TNG300 simulation, selecting those with
Mr < −19.5 in the r band. This yields a final sample of
89 534 systems, each containing more than 880 DM particles
and 100 stellar particles. The magnitude threshold matches the
group-definition criterion from Rodriguez & Merchán (2020),
whereby groups must contain at least one galaxy brighter than
Mr = −19.5 (defining the faintest observable centrals in optical
surveys).

2.2. SDSS

To verify the consistency of the simulation results with the ones
observed in large survey detections, we utilised the main galaxy
sample from the SDSS Data Release 18 (DR18; Almeida et al.
2023). This release covers an extensive sky area exceeding
10 000 square degrees across five optical bandpasses (u, g, r, i, z)
and includes more than 1.2 million galaxies with spectroscopic
redshift data, reaching an approximate redshift of (z ' 0.3).The
spectroscopic version of this survey is statistically complete up
to an apparent magnitude limit in the r band of 17.77, which
guarantees a robust sample suitable for the analysis of large-
scale structures. Each galaxy provides a wealth of information,
including its positions, magnitudes, ellipticity, and the position
angle of its major axis; the latter two parameters are crucial for
the alignment analyses we intend to conduct. These parameters
are derived from models based on either Vaucouleurs or expo-
nential profiles. We have checked that regardless of the model
used, the results presented in this work remain consistent. There-
fore, following previous studies, this paper will present only the
results obtained from the exponential model, pointing out that
the figures would be nearly identical if the Vaucouleurs model
were used instead.

To identify galaxy groups in the SDSS DR18, we followed
the procedure described by Rodriguez & Merchán (2020). This
algorithm combines the FoF method (Merchán & Zandivarez
2005) and halo-based techniques (Yang et al. 2005). The algo-
rithm begins by detecting gravitationally bound systems through
a percolation method adapted from Huchra & Geller (1982).
Each group is assumed to contain at least one bright cen-
tral galaxy, and its initial properties are estimated based on
the total luminosity of its members. In the subsequent itera-
tive step, the halo-based approach refines group memberships
and recalculates halo properties on the basis of updated lumi-
nosity estimates. This process continues until convergence is
reached, ensuring a reliable identification of systems across a
broad range of group sizes, from small associations to rich clus-
ters. The resulting group catalogue provides essential properties,
including galaxy membership, spatial positions, and halo mass
estimations (Mgroup), derived using an abundance matching tech-
nique (Vale & Ostriker 2004; Kravtsov et al. 2004; Conroy et al.
2006; Behroozi et al. 2010). This method assumes a one-to-one
relationship between a group’s characteristic luminosity and its
dark-matter halo mass. Additionally, galaxies within each group
are classified as central and satellites, with the brightest galaxy

designated as the central galaxy, while the remaining members
are considered satellites (Rodriguez et al. 2021). This catalogue
demonstrates strong consistency with weak gravitational lens-
ing mass estimates (Gonzalez et al. 2021) and effectively repro-
duces the observed central-satellite galaxy population properties
seen in numerical simulations, focusing primarily on the varia-
tions in halo occupancy distribution and the properties of mem-
ber galaxies in different environments (e.g. Alfaro et al. 2022;
Rodríguez-Medrano et al. 2023). Our final dataset consists of
galaxies with spectroscopic magnitudes, redshifts, angular posi-
tions, and group and halo properties, providing a robust foun-
dation for analysing the alignment of galaxies across different
cosmic environments.

2.3. Large-scale environment definitions

This work aims to study the alignment of central galaxies located
in different components of the cosmic web. We identified the
latter using the Discrete Persistent Structures Extractor (Dis-
PerSE; Sousbie 2011; Sousbie et al. 2011) structure finder. Dis-
PerSE2 detects persistent topological features such as peaks,
voids, walls, and particularly filamentary structures using dis-
crete Morse theory (see Morse 1934), operating under the
assumption that a mathematical framework, known as the Morse
complex, is an adequate description of the cosmic web. In this
context, a set of manifolds can be related to the aforementioned
cosmic web structures. In a nutshell, this algorithm identifies the
critical points of the density field, which correspond to locations
where the field’s gradient vanishes – namely, the maximum, min-
imum, or saddles of the density field. To determine the density
field from the input particle distribution (galaxies in the present
case), the algorithm employs the Delaunay tessellation field esti-
mator (DTFE; see van de Weygaert & Schaap 2009).

In this work, we detected filaments in TNG300 following a
similar DisPerSE implementation as in Galárraga-Espinosa et al.
(2020), namely by using a 3σ persistence ratio on a smoothed
DTFE density field computed from M∗ ≥ 109 M� galax-
ies. We further associated galaxies with different cosmic web
environments using the following definitions based on dis-
tances to cosmic web structures, in a similar fashion to
Galárraga-Espinosa et al. (2023):

– Filaments: These structures correspond to the ridges of the
density field between two nodes that connect from node to
node. We consider galaxies within 2 Mpc of the filament axis
to inhabit this environment.

– Clusters: This refers to those halos with a virial mass greater
than 5 × 1013 M�. We assume that all central galaxies within
one virial radius belong to this environment.

– Cluster outskirts: These are the regions surrounding the clus-
ters, including those galaxies that lie between 1 and 3 virial
radii from the cluster centre.

– Others: This group includes all central galaxies that are not
found in any of the environments defined above. Primarily,
they will be the ones that populate the emptier regions of the
Universe.

The top panel of Fig. 1 illustrates the mass distributions of halos
(i.e. Mh is the mass of the central sub-halos provided by the
TNG300 simulation), in the different cosmic web environments
defined above, specifically those of central galaxies with an r-
band brightness greater than −19.5. These are the central galax-
ies that we focus on throughout this work. By definition, the

2 http://www2.iap.fr/users/sousbie/web/html/indexd41d.
html
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halos located in clusters occupy the most massive regions. In
contrast, the other three environments show a similar mass range,
with only minor differences in the average values of their dis-
tributions. In terms of the number of objects, the majority of
halos are found in the environment categorised as others, fol-
lowed by those in filaments, then on the cluster outskirts and
finally in clusters. This distribution pattern fits the volumes occu-
pied by each of these environments, which generally follow the
same order. This distribution differs from that found in earlier
studies (e.g. Ganeshaiah Veena et al. 2019), as we only consider
bright central galaxies in our analysis. The bottom panel of Fig. 1
shows the stellar mass distribution of the central galaxies in the
halos, whose (halo) mass distributions were displayed in the top
panel. It can be seen that the stellar mass distributions are simi-
lar to those shown for the halo mass across the different environ-
ments, albeit with greater scatter. This reflects a well-established
fact: beyond the processes governing halo mass growth, internal
astrophysical processes also shape the stellar mass of the cen-
tral galaxy. This is the reason for the blurring of boundaries that
are otherwise clear when considering halo mass alone. In other
words, even when imposing a lower or upper halo mass cut to
define environments, this does not translate linearly into a selec-
tion on the stellar mass of central galaxies. Nevertheless, this
does not imply that the significant differences between environ-
ments are driven by sampling distinct stellar mass distributions.
Therefore, throughout the analysis in this work we focus on halo
mass.

For cosmic web analysis in the SDSS spectroscopic survey,
we utilised the identification done by Malavasi et al. (2020a)
using the DisPerSE method. This approach followed the same
procedure as that used for simulation data while also consid-
ering the observational nature of the data and accounting for
projection effects. The results of this implementation are pub-
licly available and the derived filament catalogues have been
utilised in several studies, including those by Malavasi et al.
(2020b), Tanimura et al. (2020a,b), and Bonjean et al. (2020).
In this work, we use the 3σ persistence catalogue based on the
Legacy North SDSS galaxy distribution (with smoothed density)
consistent with what we employ in TNG300.

To define large-scale environments in SDSS DR18 in a
manner analogous to those used in simulations and compare
our results, we combined the group catalogue obtained using
the method of Rodriguez & Merchán (2020) with the DisPerSE
implementation of Malavasi et al. (2020a). We selected cen-
tral galaxies brighter than −19.5 in the r band. This approach
allowed us to use the same definitions as before: clusters were
identified using the same mass threshold based on the mass pro-
vided by the group identification method; the remaining envi-
ronments were defined following the same guidelines. It is
important to note that this environment identification in redshift
space introduces systematic effects like the fingers-of-God elon-
gation and line-of-sight projection artefacts. These effects may
dominate the uncertainty budget in environment classification,
particularly for cluster regions and filament connectivity.

3. Alignment definitions

3.1. Simulation

In this work, we investigate the alignment properties of central
galaxies, focusing on the brightest (and most massive) group
galaxies (BGGs). Building upon our previous methodologi-
cal developments (Rodriguez et al. 2023, 2024) and following
established best practices for shape measurement (Zemp et al.

Fig. 1. Mass distributions of halos and their central galaxies in TNG300.
Top panel: Distribution of total halo masses (Mh). Bottom panel: Stellar
mass (M?) distribution of central galaxies. In both panels, the total sam-
ple is represented by a solid black line, while different environmental
subsets are indicated as follows: filaments are shown in green, clusters
in red, cluster outskirts in pink, and others in light blue.

2011; Bassett & Foster 2019), we analysed these systems using
exclusively stellar and DM particles enclosed within twice the
half-DM mass radius. We computed the inertia tensor (Ii, j) of
the BGGs as

Ii, j =
∑

n

mnxn
i xn

j , (1)

where i and j correspond to the three spatial axes of the simu-
lated box, i.e. i, j = 1, 2, 3. The term mn represents the mass of
the n-th, while xn

i and xn
j denote the positions of the n-th particle

along the i-th and j-th axes, respectively. These particle posi-
tions are measured relative to the centre of the sub-halo to which
the particle belongs, defined as the position of the particle with
the minimum gravitational potential energy. Let ra, rb, and rc
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Fig. 2. Schematic showing the angles used in this work to study alignments. From left to right, the angles θint, θsat, and θch are displayed. The first,
θint, represents the alignment between the stellar and DM components of the BGG. The second, θsat, corresponds to the angle between the principal
axes of the BGG and the position of a satellite galaxy. Finally, θch describes the angle between the principal axes of the BGG and those of the host
DM halo of the group.

be the three normalised eigenvectors of Ii, j corresponding to the
major, intermediate, and minor axes, respectively. From these
directions, we defined three angles that provide an insight into
the internal alignment of the BGG and its alignment with the
other group members, referred to as satellites.

We begin by introducing the first angle, which quantifies
the alignment of the internal components of the BGG. In this
approach, we use the angle between the principal shape axes
corresponding to DM and stars, which we refer to as θint, is illus-
trated in the first diagram of Fig. 2 and is defined as

cos(θint,k) = rdm,k · rstars,k, (2)

where θint,k is the angle between the k-th semi-axis calculated
using DM (rdm,k) and the corresponding semi-axis determined
using stars (rstars,k).

The second angle we define is θsat, which is used to analyse
the distribution of galaxies in relation to a specific axis of the
BGG (see the second diagram of Fig. 2). This angle was calcu-
lated using the following equation:

cos(θsat,k) =
rdm/stars,k · (xBGG − xsat)

|xBGG − xsat|
· (3)

In this equation, xBGG represents the position of the BGG, while
xsat refers to the position of a satellite galaxy. The term rdm/stars,k
denotes the k-th eigenvector of the BGG’s shape, which can
be calculated using either DM or stars. Essentially, this angle
describes the orientation of the satellite’s relative position with
respect to the BGG’s principal axes.

To further explore the alignments and to complement the two
previous definitions, we introduce a third angle, denoted as θch,
which is illustrated in the third diagram of Fig. 2. This angle is
defined as the angle between the principal axes of inertia, which
are calculated using the positions and masses of the DM particles
in the group, and the axes corresponding to the BGG:

cos(θch,k) = rc,k · rh,k, (4)

where k denotes the semi-axis considered and rc and rh represent
the normalised eigenvectors corresponding to the BGG and the
group, respectively.

As we are going to study the behaviour of these three angles
statistically throughout this work, it is important to bear in mind
that, in the case of a random spatial distribution, they give an
average value of 60◦. That is, values greater than 60◦ indicate a
misalignment, while ones less than 60◦ suggest an alignment.

3.2. SDSS

To measure the alignments in the SDSS, we introduced angles
that are analogous to the ones defined in simulations, while con-
sidering the projection limitations of the catalogues. The direc-
tion of the main shape axis of the BGG is represented by the
position angle calculated from its brightness distribution, as pro-
vided by the SDSS. The direction of the group is defined by the
position angle that corresponds to the eigenvector of the semi-
major axis, which is obtained from the two-dimensional iner-
tia tensor using the projected positions of its member galaxies.
From this information, the projected counterpart of θch is called
ϕch, calculated simply as the difference between the two angles.

A similar approach was applied to the analogous angle, θsat,
which we denote as ϕsat. In this case, we considered the posi-
tion angle of the projected radius vector of the member galaxies
in relation to the main shape axis of the BGG provided by the
survey.

It is worth mentioning that, in this case, since these angles
are measured in projection, the average values corresponding to
a random distribution are 45◦. Moreover, due to the lack of infor-
mation regarding the DM distribution in the BGG halo, we can-
not observe an equivalent of θint. In this article, we first focus on
the simulation, reserving the analysis corresponding to the SDSS
for the final section.

4. Dependence of alignments on mass

In this study, we aim to analyse the behaviour of the angles dis-
cussed earlier with respect to the local and global environments
surrounding central galaxies. The mass of a galaxy group serves
as the primary indicator of this environment. This mass is closely
linked to the astrophysical processes that influence the formation
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Fig. 3. Relation between the alignment and the mass of the halo in which the central galaxies of the sample are located. The left, centre, and right
panels present this relation for angles θint, θsat, and θch respectively. In all panels, solid lines represent the major axis, while dotted lines represent
the minor axis. Additionally, where possible, measurements based solely on stellar information are indicated in yellow. Error bars were calculated
using the standard deviation of the mean. The left panel illustrates the direction of increasing alignment. This feature is consistent across all panels
displaying alignments in this figure and the subsequent ones.

Fig. 4. Relation between the alignment of central galaxies and the mass of the halos in which they are located across different large-scale envi-
ronments. The left, centre, and right panels illustrate this relationship for angles θint, θsat, and θch, respectively. In all panels, solid lines indicate
the major axis, while dotted lines represent the minor axis. The lines shown in green, red, pink, and light blue correspond to halos in filaments,
clusters, cluster outskirts, and other environments, respectively. The axes were measured using the DM particles and error bars were calculated
using the standard deviation of the mean. In all panels, solid lines represent the major axis, while dotted lines represent the minor axis.

and evolution of the galaxies within the group. For instance,
characteristics such as the merger rate, mean density, and colour
of the central galaxy show a strong dependence on mass (e.g.
Shankar et al. 2006; Contreras et al. 2015; Wechsler & Tinker
2018; Man et al. 2019). This relationship is also evident in sev-
eral scaling relations (e.g. Rodriguez et al. 2021; Behroozi et al.
2010).

In Rodriguez et al. (2022, 2023, 2024), we explore the align-
ments of galaxies, focusing specifically on their colour depen-
dence to compare our findings with the results obtained from
observations and simulations. However, those studies show that
the dependence on mass of the alignments calculated using the
correlation function is equally as strong as, if not stronger than,
that on colour. Therefore, the first analysis we chose to conduct
in the present paper examines the relationship between the align-
ment of the central galaxies in our sample and the mass of the
halos in which they are located.

In the left panel of Fig. 3, we observe that the angle θint
decreases as the mass increases for both the major and the minor

axes. The minor axis exhibits values lower than the major axis
for masses below ∼1014 M�, while both axes show similar val-
ues for masses above this threshold. This angle represents the
alignment between the stars and the DM halo they inhabit, indi-
cating that the major and minor axes of both the stars and the
DM halo tend to become more aligned as the mass of the halo
increases. Additionally, it suggests that for lower-mass halos,
the minor axes are more closely aligned with each other than
their respective major axes. The noticeable difference in align-
ment between the major and minor axes of galaxies residing in
less massive halos can be attributed to their tendency to be spi-
ral (oblate) (see, for example, Rodriguez et al. 2024). This mor-
phology results in a more clearly defined minor axis compared
to the other two axes, which are quite similar and lie within the
same plane. In the most massive end, the predominant morphol-
ogy is triaxial, meaning that the three axes are clearly defined,
with no differences in alignment between the minor and major
axes. This behaviour of internal alignment may arise from the
fact that the processes involved in the formation and evolution
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Fig. 5. Same format as in Fig. 4, but presenting the alignment of the
main axes measured with the stellar component of the central galaxies.

of galaxies vary depending on their mass. This variation under-
scores the complex nature of galaxy development, highlighting
how halo mass plays a crucial role in shaping galaxies.

The central panel of Fig. 3 illustrates the relationship
between θsat and mass. It is evident that this angle, measured with
respect to the major (resp. minor) axis, shows a strong alignment
(resp. misalignment) across the entire range of masses. Exam-
ining the DM estimates (black curves), we observe that unlike
many other halo properties, θsat does not show a strong depen-
dency on mass. Only for lower masses, around ∼1012 M�, align-
ment in both axes seems to be a small feature. It is important to
note that this angle was calculated for each satellite individually.
As a result, at the lower halo mass end, there are many groups
with only a few members. In contrast, at the higher-mass end,
there are fewer clusters but a greater number of satellites. Esti-
mating the axes of the central galaxy using stellar material yields
measurements closer to 60◦. Here, the alignment of the major
axis with mass increases, but the minor axis shows the opposite
trend. This behaviour is expected since, as is illustrated in the
left panel described above, the stars are misaligned in relation
to their own DM halo, and this misalignment decreases as halo
mass increases. As a result, measurements derived from DM and

stars tend to converge and resemble each other as halo mass
increases. The results of θsat indicate that satellite galaxies are
preferentially distributed around the major axis.

We finally focus on the angle between the central galaxy’s
shape with that of the host group, θch, in the right panel of Fig. 3.
Is it clear that this angle significantly decreases with mass, show-
ing a progressive alignment between the shape of the galaxy
and its associated group as halo mass increases. This trend is
observed for both the major and minor axes when analysing the
shapes of DM and stellar components. Notably, measurements
taken from stars exhibit greater misalignment than those related
to DM. This discrepancy may result from the internal misalign-
ment represented by θint, indicating that the DM of the BGG is
more closely aligned with the shape of the host halo than the
stars of the BGG (see Figs. 7 and 8 in Rodriguez et al. 2023).

Previous studies have shown that central galaxies are aligned
with their surroundings, and this alignment is more pronounced
when considering DM instead of just stars. In this section we
have analysed how these alignments depend on halo mass and
found that both the internal orientation angle (θint) and the ori-
entation angle of the central galaxy shape with respect to that of
the host halo (θch) increase with mass. In contrast, the distribu-
tion of satellites (θsat) does not exhibit a significant dependence
on mass.

5. Environmental effects

Having established the relationship between the studied angles
and halo mass, we next analysed how the large-scale environ-
ment and its characteristics influence these alignments in fila-
ments, clusters, cluster outskirts, and others. Given that clusters
occupy uniquely the high mass-end of the halo mass distribution,
the trends for galaxies in these structures are dominated by the
mass effect described above. Regardless, we include this infor-
mation for the sake of completeness. In contrast, the remaining
environments are populated by objects within a similar and over-
lapping halo mass range, as is illustrated in Fig. 1, enabling the
exploration of any specific trends arising from environmental
effects while keeping the halo mass fixed. To begin with, we
analysed the alignments taking into account the axes defined
using DM particles. This builds on the results derived from the
black curves presented in the Fig. 3.

In the left panel of Fig. 4, we illustrate how θint varies as a
function of halo mass across different environments. At a glance,
we can see that in all environments the same trend with halo
mass is observed as in the overall sample of the previous section
and figure. Along the major axis (solid lines), we observe that
around 1013 M� stellar material and DM exhibit a lower align-
ment in filaments than others, as the θint values for galaxies in
filaments are ∼4◦ higher than in others. Note that the cluster out-
skirts shows noisy results, mainly because there are only 2122
halos in this environment. In contrast, galaxies in others demon-
strate the lowest degree of alignment at lower masses. Addi-
tionally, within the halo mass range from approximately 1012 to
1013 M�, central galaxies in filaments are less aligned compared
to those in other environments. Although the above results are
statistically significant, the differences found are minimal across
the different environments compared to the trends with mass,
which are the dominant ones driving the alignments.

In the middle panel of Fig. 4, we observe a variation in the
alignment of θsat with cosmic environment. Galaxies classified
as others show a somewhat stronger alignment along the major
axis, followed by those located in filaments, while galaxies on
the cluster outskirts exhibit a weaker alignment. Conversely, the
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Fig. 6. Dependence on halo mass the angles θint (left), θsat (centre), and θch (right) for central galaxies located in filaments of varying densities.
Darker lines represent the highest density quartile, while lighter lines correspond to the lowest. In all panels, solid lines represent the major axis,
while dotted lines represent the minor axis. The lower panels show the ratio between the results at different densities.

results for the minor axis present an opposite trend. With this in
mind, the results suggest that the alignment of satellite galaxies
increases as the density decreases.

For the different environments, the right panel of Fig. 4
shows the relationship between θch and mass. For the minor axis
(dotted lines), it is observed that there is a lower alignment for
the centrals in cluster outskirts, followed in alignment by the fil-
aments and, finally, by those in others. On the major axis, the
trends are similar although the results for cluster outskirts are
noisy. This would indicate that, like θsat, the DM halos of central
galaxies are increasingly aligned with the host halos, when the
environment is less and less hostile.

We now analyse the results for θsat and θch using stellar
particles. They are shown in Fig. 5. In general, we observe
that in both panels, the differences obtained between environ-
ments are smaller than the corresponding results for the case
where the axes are defined using the DM distribution. For θsat,
it is not possible to detect any variation in the alignment with
the environment given the uncertainties in the measurements.
In the case of θch (lower panel), although there appear to be
some differences similar to those observed with DM. However,
it should be borne in mind that, to compare it with observations,
we would need to consider the effects of projection, the distor-
tions produced by the redshift space, and the errors inherent in
the measurements or the environment detection, which together
contribute to an increase in the errors of the angles we are
studying.

5.1. Variations with filament density

The previous results suggest a second-order connection between
large-scale environments and the alignment of central galaxies.
We now further explore this connection by addressing potential
differences within the filaments class, namely by disentangling
any variation in alignment as a function of the density of the fil-
aments hosting central galaxies. To do this, we define filament
density based on the galaxies located within 2 Mpc of the fil-
ament’s axis, considering a cylinder of the same radius, with

length corresponding to the total length of the segments that
comprise the filament.

In Fig. 6 we analyse the behaviour of the angles θint, θsat, and
θch by dividing the filaments based on their density. Two samples
were taken using the first and fourth quartiles of the filament den-
sities, corresponding to 24.5 and 82.7 Mpc−3, respectively. Note
that, to calculate this density, we considered all galaxies with
stellar mass greater than 108.5 M�. Darker lines represent higher-
density filaments, while lighter lines indicate lower-density ones.
In the left panel, we examine the alignment between DM and
stars (θint). For denser filaments, the stellar component is less
aligned with its DM halo along the major axis, particularly at
higher masses. In contrast, the minor axes exhibit the opposite
trend, with greater alignment in denser environments. This is
clearly shown in the lower panel, which quantifies the ratio of
angles between low- and high-density filaments, θlow/θhigh. For
the major axis (solid line), we observe differences of up to 20%
at high masses, while the minor axis (dashed line) shows smaller
differences of around 10% at low masses. The middle and right
panels present θsat and θch, respectively. Both panels show that
for both minor and major axes, there is a greater alignment in
less dense filaments. In summary, the only exception to this trend
is the alignment θint for the minor axis at lower masses, which
behaves differently than the other alignments. Regarding the
ratio of angles between low- and high-density filaments for θsat,
our analysis demonstrates that only the major axis is responsive
to filament density, showing consistent differences of approxi-
mately 10% throughout the halo mass range. Furthermore, the
ratio for θch remains similar for both axes and increases with
mass, spanning from very low values to greater than 20%. These
results underscore the strong effect of different filament environ-
ments on the alignment of central galaxies with respect to the
three different reference scales explored in this paper.

The results indicate that in the outermost regions of the halo
traced by θsat and θch, the denser filaments generate a misalign-
ment with respect to the major and minor axes of the central
galaxy. On the other hand, in the innermost regions (traced by
θint), DM and stars tend to align with the minor axis of the galaxy.
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Fig. 7. Local density distribution at 5 Mpc for central galaxies found in
low- and high-density filaments.

5.2. Variations with local density

At this stage, a key question that emerges is whether the fila-
ments (as physical structures) are directly influencing the align-
ments, or whether we are simply measuring local density effects;
in other words, whether the filaments or the local environment
are responsible for affecting the alignments. Therefore, it is
important to examine how much these samples differ in local
density.

To address this issue, we estimated the local density by cal-
culating the density of DM within a sphere of radius 5 Mpc
centred around each BGG. We compared the local density dis-
tributions of central galaxies found in low- and high-density
filaments, as is illustrated in Fig. 7. We present the results
across four halo mass ranges to avoid potential biases associated
with the mass variability. Due to the significant differences in
local density observed between the two samples, we found that
adjusting for local density resulted in alignment differences that
closely resembled those shown in Fig. 6, which classifies galax-
ies according to filament density (we do not display this figure
here because it does not provide relevant information).

We take a step further and focus now on the differences
between centrals in filaments and those in others, i.e. the most
under-dense cosmic environments. Figure 8 illustrates the local

Fig. 8. Local density distribution at 5 Mpc for central galaxies found in
filaments and those classified as others. The dotted line represents the
distribution of galaxies selected from the others that correspond to those
in filaments.

density distribution for those galaxies classified as belonging to
filaments and others. As can be expected, the distributions dif-
fer significantly, with the filaments typically being much denser.
In order to determine whether the presence of filaments has any
effect on the alignments beyond local density effects, we made
the two samples comparable by selecting a subsample of BGGs
from the others that match the density distribution of the filament
sample. This is illustrated by the dotted lines in Fig. 8.

Following the same approach as in the previous sections,
Fig. 9 shows the results of the alignments for the BGGs in fil-
aments (darker lines) and the mimic sample of other (lighter
lines). In the innermost regions of the halo, when analysing
θint, we observe that, at an equal local density, the differences
between the field and the filaments are equivalent to those in
Fig. 3, where the local density was not matched. This suggests
that the observed differences are indeed due to the presence of
the filament. As for the distribution of satellites around the BGG,
represented by θsat, the central panel clearly illustrates that there
are no significant differences when comparing the filament cate-
gories with the others, both with equal distribution of local den-
sities. However, when analysing θch, it is observed that, at equal
local density, the presence of the filament reduces the alignment
on both axes, although the differences are not as marked as in
Fig. 3. This suggests that the filament influences the alignment
of the DM halo but not so much the distribution of satellite galax-
ies, or at least not to a level detectable with the sensitivity of our
experiment.

6. SDSS

Numerical simulations are important tools because they allow
for the analysis of complex phenomena and enable highly accu-
rate predictions. One of their key advantages is that they are not
influenced by observational biases that can affect studies rely-
ing solely on observed data. However, it is essential to compare
theoretical predictions with actual observations to validate the
results and draw reliable conclusions. In this section we analyse
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Fig. 9. Using the same format as Fig. 6, results are shown for central galaxies in filaments or others with the same local density distribution.

the alignments of central galaxies in the SDSS. To do this, we
use the data and the angles defined in Sects. 2.2 and 3.2, respec-
tively.

The first step is to measure how the alignments depend on
mass. In this context, we examined the projected versions of θsat
and θch, which are denoted as ϕsat and ϕch. Since the data we are
using does not provide information about the DM content of the
BGG, it is not possible to obtain the internal alignment. To cal-
culate the shape of the group in the catalogue, we only have the
member galaxies provided by our identifier. Generally, the num-
ber of members in these groups is relatively low; it is uncommon
to find groups with more than ten members. Therefore, to max-
imise our sample size and obtain a reasonable estimate of the
main axes, we selected groups with at least four members for
our shape calculations, which we used to study ϕch.

The results are shown in the upper panels of Fig. 10, in which
we only present the ones corresponding to the major axis of the
BGG. As these angles are two-dimensional measurements, the
results regarding the minor axis are complementary.

We first note that, despite the projection, we recover the
trends detected in the simulations, as the alignment of the satel-
lites ϕsat (shown in the upper left panel) shows a strong depen-
dence on the mass. Similar to the simulations, no alignment is
observed in low-mass systems; however, alignment significantly
increases as halo mass increases (for reference, see measure-
ments indicated by the yellow lines in Fig. 3). It is remarkable
to find this dependence in the observations and that it agrees
with the simulations. Indeed this result supports the reliability of
the abundance matching procedure, which assigns masses in the
group catalogue based solely on luminosity ranking and aims to
provide a proxy for the mass, rather than an exact measurement.

In the upper right panel of Figure 10, we show the projected
alignment of the BGG shape with respect to the halo shape, ϕch.
Once again, the behaviour of ϕch as a function of the halo mass
resembles that of the simulations: for low masses, the align-
ment is undetectable, whereas for high masses, it increases. It
should be emphasised that, besides the uncertainties in deter-
mining the mass, the shapes are estimated with very few mem-
bers and, therefore, the direction of the major axis of the group
has significant uncertainty, unlike the simulations where the

shape is determined with greater precision using numerous DM
particles.

Based on our observations, we have provided observational
confirmation of an important relationship between galaxy align-
ments and their mass. The next logical step is to investigate how
these alignments depend on their environmental conditions on a
large scale. For this analysis, we focus exclusively on three types
of environments: filaments, clusters, and others. We are omitting
cluster outskirts due to the limited number of galaxies in that
category, which prevents us from obtaining reliable results. The
bottom panels of Fig. 10 show the corresponding results for each
environment.

As is observed, it is not possible to differentiate the align-
ments between the trends of filaments and others environments.
This is not surprising, given several predictable factors. First,
simulations indicate that stars are misaligned with their halo
(see Fig. 6), which causes an attenuation in the signal we detect
between the DM halo of the BGG and the group’s halo. Sec-
ond, the identification of environments is less precise compared
to simulations due to known observational biases. Considering
these factors, which influence how galaxies are assigned to dif-
ferent environments, we assessed the impact of projected dis-
tance cuts on our results by testing several definitions of fila-
ment thickness. However, the results remained consistent with
those presented in Fig. 10, convincing us to keep the original
definitions.

7. Summary and conclusions

This study builds on our previous findings (Rodriguez et al.
2022, 2023) to explore how the mass of host halos and the loca-
tions of galaxies, whether in clusters, filaments, cluster outskirts,
or other environments, affect these alignments.

We analysed how three different angles characterise the
alignment of central galaxies with their multi-scale environment
to understand their relation to the structure on different scales.
First, we studied the alignment between the stellar and DM com-
ponents of the central galaxy (θint), which provides informa-
tion on the internal alignment. Second, we examined the angle
between the satellite galaxies and the shape axes of the central
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Fig. 10. SDSS measurements of the alignments of the major axis of the central galaxies with the location of the satellite galaxies (ϕsat) and of the
major axis of the central galaxies with the major axis of the group to which they belong, measured with the member galaxies (ϕch). The upper
panels show the total sample and its dependence on mass, while the lower panels show those corresponding to different environments of the cosmic
web. In all panels, error bars represent the standard deviation of the mean.

galaxy (θsat), allowing us to characterise the distribution of stellar
material within the halo in which the group resides. Finally, we
investigated the alignment between the shape axis of the central
galaxies and that of the group’s host halo (θch), providing infor-
mation on the connection between galaxy and structure on larger
scales. These angles are illustrated in Fig. 2, which provides a
schematic representation of their definitions. These analyses let
us explore how the surroundings and multi-scale physical pro-
cesses influence the angles characterising the central galaxies.

First, we performed our analysis using the TNG300 hydro-
dynamical simulation. We explored how each angle depended
on the halo mass. We found that both θint and θch – measured
using the shape axes of the central galaxy defined by either the
DM or stellar distributions – exhibit a clear trend of decreasing
with halo mass (see Fig. 3). The first one suggests that, inter-
nally, the stellar component becomes more tightly coupled with
DM as the halo mass increases. Similarly, from θch we can infer
that the DM and stellar components of the central galaxy show a
stronger alignment with the DM of the host halo as mass grows.
In contrast, θsat does not demonstrate a clear dependence on mass
when measured using the DM axes. When we consider the axes
defined by the stellar distribution, a clear increasing trend with
halo mass emerges. However, in all cases in which we measure
the angles using the axes defined by stellar distribution, we find
that it is systematically weaker than when measured using the

DM axes. This suggests that while the stellar structure some-
what follows the DM, its degree of alignment with its surround-
ings is less pronounced. This could mean that the astrophysical
processes affecting stars are more complex than the ones influ-
encing DM, which is reflected in their alignments. These results
expand on previous works, such as Valenzuela et al. (2024), in
which the authors study central galaxy shapes in the Magneticum
simulation and conclude that stellar and DM shapes are corre-
lated at internal scales, but the inner halo appears to be decou-
pled from the outer halo. We find that the strength of both the
internal stellar–sub-halo and the sub-halo–host halo alignment
are strongly coupled in the more massive halos, and the large-
scale structure environment impacts more on the sub-halo–host
halo alignment than on the internal alignment.

Another analysis we conducted was the study of the vari-
ation in alignments as a function of halo mass across differ-
ent environments of the cosmic web (see Fig. 4). We classified
these environments into four categories: clusters, filaments, clus-
ter outskirts, and a category labelled others, which includes voids
and walls. As was expected, the most massive central galaxies –
which also exhibit the strongest alignments – are by definition in
clusters, while the other three environments host central galax-
ies of lower masses. We found significant differences between
environments, suggesting that alignments depend on large-scale
structure. Since we compared galaxies at fixed mass, the detected
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variations reflect the impact of the environment beyond the effect
of the host halo mass. While the mass of the host halo largely
influences alignments, the location in the most hostile environ-
ments of the cosmic web appears to disrupt these alignments
at a fixed halo mass. Furthermore, since our previous analyses
were based on DM, we investigated whether these differences
persisted when measuring the principal axes of central galaxies
using their stellar component (Fig. 5). We observed that the dif-
ferences decreased compared to the ones found with DM, indi-
cating that environmental influences are more pronounced in the
DM structure than in the stellar distribution.

To further explore the relationship between alignments and
the environment, we specifically analysed the case of filaments
and studied the dependence of alignment angles on filament den-
sity (see Fig. 6), with the goal of probing the extreme diver-
sity of the filament population. We found systematic variations
with density, which suggests that filament properties influence
the alignments of central galaxies consistent with the previ-
ous analysis, i.e. central galaxies in denser filaments are more
misaligned. This finding led us to investigate whether the local
density or the presence of the filaments themselves is the deter-
mining factor. As was expected, we found a strong correlation
between filament and local density (see Fig. 7). This suggests
that the effects observed in different environments could be asso-
ciated with the characteristic local density of each region, rather
than the presence of these specific structures. To address this
question, we selected central galaxies in the areas labelled as oth-
ers with a local density distribution similar to that of filaments
(see Fig. 8). In this way, any detected differences should be
attributed to effects related to their location in different regions
of the cosmic web (see Fig. 9). Thus, we identified that, when
analysing θint, there are differences in the alignments between the
stellar and DM components when central galaxies are located in
filaments or field at the same local density. However, the dis-
tribution of satellite galaxies, in terms of θsat, does not seem
to be affected by the presence of these structures. Additionally,
the alignment in θch also shows less coherence when the central
galaxy is in filaments compared to the field. The results indicate
that filaments cause a misalignment effect on DM host halos and
the central galaxies within them, particularly affecting their DM
component. In contrast, the positions of satellite galaxies appear
to be less influenced by the presence of these filaments. This
analysis showed that, in general, local density is the driving fac-
tor in the alignments of central galaxies, and that the position
within the large-scale environment plays a secondary, marginal
role.

To contrast with the results of the TNG300 simulations, we
performed a similar analysis using SDSS data. First, we exam-
ined the alignments as a function of halo mass (see Fig. 10)
and found a clear dependence, similar to what we observed in
the simulations. This finding is particularly significant given
the numerous observational biases inherent in SDSS data that
could potentially obscure the signal, unlike in simulations where
such biases are absent. The consistency between the two anal-
yses underscores the reliability of group identification and halo
mass assignments in the observational data. Additionally, it sug-
gests that the physical effects that influence galaxy alignments in
the real Universe are reflected in the simulations. Secondly, we
investigated whether the differences observed between environ-
ments in the simulations were also present in the observational
data, focusing on three environments: clusters, filaments, and
others. However, we did not detect significant differences, likely
due to observational biases that blur the effects identified in sim-
ulations. Nevertheless, it would be interesting to explore this fur-

ther using alternative filament and void identification methods
applied to future observational data.

In conclusion, this study has deepened our understanding of
the alignments of central galaxies concerning their environment,
both internally and on larger scales, using hydrodynamical sim-
ulations and observational data. The results confirm that the halo
mass, and environment (both local and, to a lesser extent, large-
scale), play a crucial role in determining these alignments. How-
ever, open questions remain about how other factors, such as
the processes of galaxy formation and evolution, might influ-
ence these patterns. For example, Xu et al. (2023b) analysed the
alignment between the principal axes of the stellar component
and the host halo as a function of mass, and showed that fix-
ing the ex situ stellar mass fraction almost eliminates the align-
ment’s dependence on halo mass, meaning that mass accretion
processes strongly influence the alignments. Also, other studies
using the SAMI and MaNGA surveys have established that there
exists a relationship between the stellar mass and the alignment
of galaxies’ angular momentum with filaments, and that some
evolutionary processes such as bulge growth, active galactic
nucleus activity, and mergers play an important role in produc-
ing the so-called spin flip effect (Welker et al. 2020; Kraljic et al.
2021; Barsanti et al. 2022, 2023, 2025). Given that a galaxy’s
shape orientation can be related to its stellar angular momentum,
there may be a connection between the spin–filament alignment
and the axis alignments studied in this work. Nonetheless, cau-
tion is needed when making comparisons, as these are different
types of alignments. Therefore, future research projects could
explore in more detail the impact of the accretion history of
galaxies or the relationship between a galaxy’s morphology and
its alignment in different environments. Additionally, it would
be beneficial to validate these findings through larger-volume
simulations such as Flamingo (Schaye et al. 2023) or Millenni-
umTNG (Pakmor et al. 2023), which would enhance the statis-
tical analysis. Exploring new methods of identifying structures
in observational data would also help refine our understanding
of the connection between galaxies and the cosmic web. This
work is particularly timely, as new data from upcoming spec-
troscopic surveys such as the Dark Energy Spectroscopic Instru-
ment (DESI), Euclid, and the Prime Focus Spectrograph (PFS)
will soon be available. These surveys will provide unprecedented
statistics and resolution, enabling rigorous tests of our predic-
tions and offering new insights into galaxy alignments within
the cosmic web.
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