
UNIVERSIDAD TÉCNICA FEDERICO SANTA MARÍA
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Abstract

Understanding how dark matter (DM) halos acquire and evolve their angular momentum is es-

sential to unravel the connection between halo properties and the surrounding cosmic web. In

the linear regime, Tidal Torque Theory (TTT) predicts that proto-halos gain their spin through

tidal interactions. However, deviations from these predictions emerge once nonlinear processes,

mergers, and environmental effects become dominant. In this work, we study the evolution of

the spin alignments of DM halos with respect to the filaments of the cosmic web, focusing on the

physical mechanisms that shape their orientation over time. In particular, we explore how halo

mass, proximity to filaments, and major mergers influence the persistence or loss of alignment.

We perform a suite of dark matter-only zoom-in N-body simulations centered on ten filaments

extracted from a cosmological box using the 1DREAM structure finder. The zoom-in technique

allows us to resolve low-mass dark matter halos within each filament while preserving the large-

scale environment. Halos are identified with Amiga Halo Finder (AHF), and their evolutionary

histories are reconstructed to track the spin, shape, and distance to the filament from redshift

z = 1 to z = 0.

We confirm a strong mass-dependent alignment signal: low-mass halos tend to align par-

allel to the filament axis, while high-mass halos preferentially exhibit a perpendicular orienta-

tion. Predominantly perpendicular alignments begin to dominate toward halo masses of order

log10(Mh/h
−1M⊙) ∼ 12, corresponding to the most massive bins in our sample. Our analysis

shows that this behavior is primarily driven by halo mass and remains robust against variations in

the local filament density. We identify major mergers as one of the mechanisms capable of inducing

sharp spin reorientations and driving temporary transitions toward prolate shapes. The impact of

these mergers is most pronounced for massive halos located near the filament core, suggesting the

presence of a preferential merger direction within the filament.

Overall, our results indicate that halo mass is the primary factor governing spin–filament align-

ments in our sample. Major mergers, although relatively rare, are capable of producing strong and

coherent deviations from the pre-existing alignment, particularly for massive halos. In contrast,

halos evolving through smoother assembly histories tend to preserve an alignment signal that ap-

pears largely established by redshift z ∼ 1 and subsequently evolves only gradually. This suggests
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that the commonly reported mass-dependent transition in alignment should be interpreted as a

progressive trend rather than the outcome of a single dominant mechanism.
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Chapter 1

Introduction

The current paradigm of cosmic structure formation establishes that the Large-Scale Structure
(LSS) of the Universe arises from small primordial fluctuations in the density field, generated in the
early Universe and amplified by gravitational instability. In the linear regime, these perturbations
grow proportionally to the cosmic expansion factor while preserving their initial phases, a process
accurately described by linear theory and the Zel’dovich approximation (Zel’dovich, 1970).

As the density contrast increases and the evolution becomes non-linear, gravitational collapse
proceeds in an intrinsically anisotropic manner, governed by the large-scale tidal field. Matter
collapses first along the direction of maximum compression, leading to the formation of sheet-
like structures, followed by filamentary structures and, finally, dense nodes at their intersections
(Zel’dovich, 1970; Bond et al., 1996). This sequence of anisotropic collapse gives rise to the Cosmic
Web, a complex network that dominates the matter distribution on megaparsec scales and encodes
the geometry of the underlying tidal field.

Within this framework, the Cosmic Web provides a natural description of the hierarchical
and multiscale organization of matter into voids, walls, filaments, and nodes, each associated
with distinct dynamical regimes and accretion patterns. Matter flows coherently from underdense
regions toward higher-density environments, being funneled along filaments into nodes, where mass
assembly is most efficient (Bond et al., 1996). These coherent flows not only regulate the growth of
structures but also imprint preferred directions that influence the acquisition of angular momentum
and the internal properties of collapsing systems.

As a result, dark matter halos form and evolve embedded within this anisotropic large-scale en-
vironment, growing hierarchically through mergers and continuous accretion from the surrounding
Cosmic Web (Press and Schechter, 1974; Peebles, 1980). Once virialized, these halos constitute
the fundamental building blocks of galaxies and galaxy clusters. Their assembly histories and
structural properties are therefore intimately linked to the geometry and dynamics of the large-
scale tidal field in which they reside, motivating detailed studies of the connection between halo
evolution and the Cosmic Web.

1.1 Tidal Torque Theory

According to the Tidal Torque Theory (TTT), the angular momentum of proto-halos is generated
during the early stages of structure formation by tidal torques exerted by the surrounding mass
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distribution, arising from the misalignment between the inertia tensor and the local tidal field
(Hoyle, 1951; Peebles, 1969; Doroshkevich, 1970; White, 1984). These tidal shears, produced
by asymmetries in the gravitational potential, induce coherent torques that efficiently build up
angular momentum in the linear regime. However, tidal torques become progressively inefficient
once a proto-halo decouples from the cosmic expansion and undergoes collapse. After this stage,
the proto-halo separates from neighboring perturbations while its moment of inertia decreases
rapidly, effectively freezing the angular momentum acquired during the TTT phase (Porciani
et al., 2002a,b).

1.2 Halo Alignments

The spin alignments of DM halos have been widely studied with respect to its surrounding LSS,
using cosmological N-body simulations. Initially, early studies were contradictory regarding the
distribution and behavior of spin alignments. While several studies using N-body simulations have
investigated the orientation of halo spins relative to filaments, Hahn et al. (2007); Sousbie et al.
(2009); Zhang et al. (2009) reported that halo spins tend to be preferentially perpendicular to the
filament direction, independent of halo mass. In contrast, Faltenbacher et al. (2002) found that the
spin orientation is distributed randomly in the plane perpendicular to the filaments, while Hatton
and Ninin (2001) suggested a tendency for halo spins to align along the filament.

Currently, there is general agreement that the spin orientation of DM halos and galaxies is not
random; rather, it is correlated with the large-scale structure in which they reside, as well as with
their mass. In particular, this work focuses on filaments of the cosmic web. More recent work has
shown that the orientation of the halo spin vector is mass-dependent (e.g., Codis et al., 2015;
Ganeshaiah Veena et al., 2018; Codis et al., 2018; Kraljic et al., 2020; Ganeshaiah Veena et al.,
2021). This mass-dependent alignment behavior, often related to a phenomenon known as spin-
flip, suggests a transition in the angular momentum acquisition process depending on halo mass
and environment (Codis et al., 2012; Pichon et al., 2014), leading to the so-called transition mass,
where the alignment behavior of halos changes. Theoretically, this inversion has been commonly
interpreted by different studies as a consequence of the interplay between large-scale tidal flows
and local accretion geometry. In this framework, vorticity is described as being generated in the
multi-stream regions of the cosmic web (Libeskind et al., 2013; Laigle et al., 2015). Low-mass
halos, which form earlier, are embedded within these flows and, according to this scenario, tend to
acquire spin parallel to the filament axis due to the winding of flows around the filament (Codis
et al., 2012). Conversely, more massive halos, which form later, are thought to grow primarily
through mergers and diffuse accretion flowing along the filament spine. This directional accretion
is expected to generate angular momentum perpendicular to the filament axis, leading to the
observed mass-dependent transition (e.g., Bett and Frenk, 2012; Welker et al., 2014; Laigle et al.,
2015; Ganeshaiah Veena et al., 2018; Krolewski et al., 2019; Ganeshaiah Veena et al., 2021).

The transition mass is a widely studied topic, particularly regarding its dependence on redshift
and simulation parameters such as box size. In early studies, limitations in the dynamic mass range
led to seemingly contradictory results, suggesting in some cases that no transition existed. For
instance, Hatton and Ninin (2001) analyzed halos with masses below 1012 M⊙ in a 100 h−1Mpc box
and found spin alignments strictly parallel to the filament. Conversely, Faltenbacher et al. (2002)
studied more massive halos (> 1014 M⊙) in a larger 500 h−1Mpc box and observed a perpendicular
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trend. Current consensus establishes that these findings essentially probed different ends of the
same mass-dependent transition (Codis et al., 2012; Pichon et al., 2014).

Moreover, it has been demonstrated that the transition mass is not universal but depends on
the environmental scale, such as filament thickness and density. Aragon-Calvo and Yang (2014)
demonstrated that the transition mass varies with the hierarchical level of the filament. Similarly,
Ganeshaiah Veena et al. (2018, 2021) showed that the transition mass increases with filament
diameter, a behavior linked to the accretion dynamics described by Borzyszkowski (2018). In
this context, our work benefits from analyzing a controlled sample of filament with similar scales,
allowing us to isolate the mass dependence.

For shape alignments, the interpretation is relatively straightforward, as they are largely im-
printed by the initial physical processes governing the ellipsoidal collapse during structure forma-
tion (e.g., Forero-Romero et al., 2014). These processes naturally induce a preferred orientation
of halos with respect to the surrounding large-scale tidal field, leading to a coherent alignment
pattern that reflects the anisotropic nature of gravitational collapse. In particular, the minor
axis of halos tends to be preferentially perpendicular to the filament, while the major axis is
aligned parallel to it (Lee and Pen, 2001; Aragón-Calvo et al., 2007; Hahn et al., 2007; Shao et al.,
2016; Ganeshaiah Veena et al., 2018; López et al., 2021). An analogous effect is also observed for
galaxies (Codis et al., 2018). This is a consequence of the sequential nature of collapse: first, a
one-dimensional collapse forms sheets, then a two-dimensional collapse forms filaments, and finally,
a three-dimensional collapse occurs as matter flows along filaments into nodes (e.g., Zel’dovich,
1970; Codis et al., 2015).

A closely related framework to these alignment studies is that of intrinsic alignments (IA),
which describe coherent correlations between the orientations of galaxies and dark matter halos
induced by large-scale tidal fields (Hirata and Seljak, 2004; Troxel and Ishak, 2015). Intrinsic
alignments provide a valuable probe of structure formation, but also represent a major astrophysical
systematic in weak-lensing and large-scale-structure analyses (Hikage et al., 2019; Fabbian et al.,
2019, see Chisari 2025 for a comprehensive review). Numerical and hydrodynamical simulations
have shown that halo and galaxy spins and shapes exhibit mass- and environment-dependent
alignments with the local tidal field (Chisari et al., 2015). In this context, understanding how halo
spin–filament alignments evolve, and how they are affected by non-linear processes such as mergers
and anisotropic accretion, is essential for connecting IA models to the underlying assembly history
of halos.

Observationally, these alignments have also been confirmed for galaxies, where not only mass is
a determinant factor, but also morphology plays a key role in the resultant orientation of the spin
with the surrounding structure, most outstandingly so in the finding by Tempel et al. (2012) that
massive elliptical galaxies tend to have their spin perpendicular to their host filaments while the
spin of less massive bright spirals has a tendency to lie parallel to their host filaments (Jones et al.,
2010; Tempel and Libeskind, 2013; Zhang et al., 2013, 2014; Hirv, A. et al., 2017; Kraljic et al.,
2020). More recent work by Kraljic et al. (2021) further confirmed this morphological dependence
using data from the MaNGA survey showing that the alignment is also critically dependent on the
galaxy’s kinematics (specifically, the degree of ordered stellar rotation). Their findings indicate that
spiral galaxies (Late-type) tend to align parallel to the filaments, a signal dominated by low-mass
systems. Conversely, S0-type galaxies (elliptical-like) maintain a perpendicular orientation, often
linked to lower kinematic support or misalignment between stellar and gas components. This
highlights the importance of morphological and kinematic selection in detecting a statistically
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significant alignment signal.

1.3 Aims and Motivation

Recent work by Storck et al. (2024) adopted a novel experimental approach using the ’splicing’
technique to strictly isolate the effect of the cosmic web on halo properties. By simulating specific
Milky Way-mass halos at varying distances from a filament while fixing their initial density and
tidal fields, they demonstrated that spin orientation is highly sensitive to non-linear coupling with
the environment, showing fluctuations of up to 80%.

Similar to this controlled experimental setup, our work investigates the natural dynamical
evolution of a broad population of halos within their host filamentary environments. To capture
the key drivers of spin alignment—specifically the wide range of halo masses and the stochastic
nature of merger histories—within a self-consistent cosmological context, we adopted a targeted
numerical strategy. Rather than relying on large-volume simulations, which often lack the resolu-
tion required for detailed halo identification, we generated a suite of DM-only N-body simulations
tailored specifically to this study. We employ the zoom-in technique, which offers the advantage of
achieving high dark-matter particle resolution in filamentary regions without requiring excessive
computational resources. This enables us to resolve a wide range of halo masses from 109.5 h−1M⊙
to 1013.5 h−1M⊙, providing high confidence in the low-mass regime, where these halos constitute
the dominant population in our sample. All of this is performed while preserving the surrounding
large-scale cosmological environment.

The main goal of this paper is to investigate the different drivers of spin alignment and to
disentangle whether the signal observed at redshift z=0 reflects an intrinsic evolutionary trend
of halo spin alignments, or whether it is instead the outcome of external mechanisms — such as
the influence of the local filamentary environment or highly disruptive events like major mergers.
Although this study focuses exclusively on DM halos, these structures define the gravitational
potential wells in which galaxies reside. While baryonic physics—such as gas cooling, feedback,
and star formation—can induce misalignments between the galaxy spin and the halo spin (Tenneti
et al., 2014; Velliscig et al., 2015; Jiang et al., 2019), the alignment trends established by the DM
halo impose a foundational constraint on the galaxy’s orientation relative to the cosmic web. By
isolating the DM dynamics, we aim to understand the purely gravitational baseline upon which
baryonic processes subsequently act. In particular, we explore how major mergers influence halo
orientations, and whether certain halos maintain their alignment over time while others undergo
significant reorientation. We examine the spatial distribution of halos that preserve or lose their
alignment, and investigate if proximity to filaments tends to enhance alignment. Since the ha-
los studied in this work are, by construction, collapsed systems, our analysis probes a post-TTT
evolutionary stage, in which nonlinear processes such as mergers, anisotropic accretion, and envi-
ronmental interactions dominate the subsequent evolution of halo spin and shape. In particular,
within the filamentary environment of the cosmic web, these processes are expected to imprint
correlations between halo angular momentum, halo shape, and the large-scale structures in which
they are embedded (Aragón-Calvo et al., 2007).

This thesis is organized as follows. Chapter 2 describes the numerical setup, including the
simulations, halo identification, and filament reconstruction. Chapter 3 presents the alignment
results and their evolution with redshift, as well as the analysis of the main drivers of spin reorien-
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tation. Chapter 4 discusses the physical interpretation of these results. Finally, Chapters 5 and 6
summarize the conclusions and outline possible future work.

5



Chapter 2

Methods

This chapter details the numerical tools and methodology employed to model the non-linear evo-
lution of dark matter halos within the cosmic web. We begin by describing the algorithms used
for generating cosmological initial conditions and for evolving the N-body dynamics. Finally, we
describe the specific parameters and ”zoom-in” configuration of the simulation suite performed for
this work.

2.1 MUSIC

The MUlti-Scale Initial Conditions code (MUSIC; Hahn and Abel, 2011) is used to generate the
cosmological initial conditions for the zoom-in simulations. MUSIC allows the construction of
multi-resolution initial conditions, enabling high-resolution regions to be embedded within a lower-
resolution cosmological volume while preserving consistency with the input linear matter power
spectrum.

The code generates particle displacements and velocities using Lagrangian Perturbation Theory
(LPT). In this work, second-order LPT (2LPT) is employed to improve the accuracy of the initial
density and velocity fields at early times. The multi-resolution capability of MUSIC ensures that
the refinement region remains consistent with the large-scale modes of the simulation box, which
is essential for properly modeling the formation of structures within the selected filaments.

2.2 RAMSES

RAMSES (Teyssier, 2002) is an adaptive mesh refinement (AMR) N-body code designed to study
structure formation in a cosmological context. The code relies on the Adaptive Mesh Refinement
technique to increase spatial resolution in high-density regions. Its fundamental data structure
is the Fully Threaded Tree (FTT), which allows recursive cell-by-cell refinements organized into
groups of eight cells (“octs”). Each oct contains pointers to its parent, neighbors, and children,
enabling efficient navigation across refinement levels. Refinement follows a quasi-Lagrangian cri-
terion, where cells are refined once the particle number exceeds a given threshold, maintaining an
approximately constant number of particles per cell.

The dark matter component is treated as a collisionless system governed by the Vlasov–Poisson
equations. Gravitational forces are computed using a Particle–Mesh (PM) method. The Poisson
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equation is solved with a multigrid relaxation scheme on refined levels, while Fast Fourier Trans-
forms (FFT) are used on the coarse base grid. This approach allows an accurate computation of
gravity across different refinement levels.

Time integration is adaptive, with smaller time steps assigned to higher refinement levels ac-
cording to local stability conditions. The integration scheme is second-order accurate and reduces
to a standard leapfrog scheme when constant time steps are used.

2.3 N-body simulation

We performed an initial cosmological N-body simulation consisting of 1283 equal-mass DM particles
within a cubic box of side length 100 h−1Mpc (hereafter referred to as the level-7 simulation,
since it considers 27 = 128 particles in each side of the box). Each DM particle has a mass of
mDM ≈ 5.21 × 1010 h−1M⊙. The initial conditions were generated using the MUSIC code (Hahn
and Abel, 2011) previously described, adopting the standard ΛCDM cosmological model with
parameters Ωm = 0.315, Ωb = 0.049, ΩΛ = 0.685, H0 = 67.4 km s−1 Mpc−1, and σ8 = 0.811,
consistent with the Planck 2018 base-ΛCDM results (Planck Collaboration et al., 2020), initialized
at redshift z = 40. The simulations were evolved down to z = 0 using the publicly available AMR
code RAMSES (Teyssier, 2002).

2.4 1Dream

To identify filamentary structures in the simulation volume, we applied the 1DREAM framework
(Canducci et al., 2022) to the z = 0 snapshot of the level-7 simulation. 1DREAM is a novel
machine-learning toolbox designed to robustly recover low-dimensional manifolds (such as fila-
ments) in noisy environments (e.g., Awad et al., 2023; Raj et al., 2024). The structure extraction
pipeline consists of four sequential steps:

• LAAT (Locally Aligned Ant Technique): A swarm-intelligence algorithm that uses simulated
pheromones to highlight high-density regions and remove background noise particles that do
not belong to any structure.

• MBMS (Manifold Blurring Mean Shift): A denoising algorithm that iteratively moves the
remaining particles toward the local density ridge, effectively collapsing the structure onto
its central axis.

• DimIndex (Dimensionality Index): A classifier that computes the local dimensionality of the
manifold, allowing us to distinguish between clusters and filaments.

• Crawling: A graph-based algorithm that traces the connected 1D skeleton (spine) of the
filament by linking the density peaks identified in the previous steps.

2.5 Zoom-in simulations

In this initial step, we employed only the LAAT module to remove noisy particles and enhance the
contrast of large-scale structures. From the resulting filament network, we selected a sample of ten
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filaments through visual inspection, requiring that (i) their curvature to be negligible, (ii) their
lengths be comparable, and (iii) both ends of each filament be connected to group-mass halos with
12.8 ≤ log10(Mh/h

−1M⊙) ≤ 13.7, which were confirmed during the halo selection process described
in Section 2.7. The selected filament sample is listed in Table 2.1, where we report some of its main
properties, such as the filament length, the number of DM particles enclosed within each filament
in the level-7 simulation, and its particle number density, computed within cylindrical volumes of
radius 3 h−1Mpc around the filament spine. As can be seen, the selected filaments have similar
properties.

Table 2.1: Properties of the selected filaments at redshift z = 0 in the level-7 simulation, including
the filament length (in h−1Mpc), the number of particles associated with each filament, and the
particle density computed assuming a cylindrical volume with radius 3h−1Mpc.

Filament Length h−1Mpc DM particles Density #/h−3Mpc3

1 15.33 801 1.85
2 9.25 1844 7.05
3 8.15 1325 5.75
4 9.20 723 2.78
5 10.98 864 2.78
6 9.53 961 3.57
7 8.29 575 2.45
8 7.63 535 2.48
9 12.16 869 2.53
10 11.05 751 2.40

To implement the zoom-in procedure, we use the particles associated with the filaments previ-
ously identified in the uniform-resolution (unigrid) level-7 simulation. For every filament, we trace
the corresponding particles back to the initial conditions and define an ellipsoidal Lagrangian re-
gion that is sufficiently large to enclose all particles that will eventually end up in the filament
at the final snapshot. This ellipsoidal region is adopted as the high-resolution target volume for
that filament, and a new set of multi-scale initial conditions is generated, in which the resolution
is increased inside the zoom region — reaching a maximum refinement level of 11 (corresponding
to a minimum dark matter particle mass of mDM ≃ 1.01 × 107 h−1M⊙) while the surrounding
environment remains at lower resolution. Each of these initial-condition sets is then used to run
an independent zoom-in simulation.

The zoomed-in regions of the ten filaments are shown in Fig. 2.1 (highlighted in blue), illus-
trating that the structures identified in the level-7 simulation remain unchanged at large scales,
while the mass resolution within the refined regions is significantly enhanced.

The primary analysis was performed on the z = 0 snapshot, while for the evolutionary study
we considered several intermediate redshifts spanning the range 0 ≤ z ≤ 1, to ensure that the
effects analyzed are fully within the nonlinear regime. Throughout this work, all the analysis is
restricted to the highest-resolution (level-11) regions of the zoom-in simulations. This approach
allows us to robustly resolve low-mass halos within filaments while maintaining a self-consistent
cosmological environment.
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Figure 2.1: Side view of the zoomed-in region corresponding to the ten filaments at redshift 0
colored in blue. Gray represents the particles of the level-7 initial simulation.

2.6 Filament across redshift

To quantify the local environment of the dark matter halos, we computed the perpendicular dis-
tance from each halo to the filament’s central axis (or spine) as a function of redshift. This analysis
utilizes again the previously mentioned set of tools 1DREAM, now employing a sequence of its core
modules—LAAT, MBMS, DimIndex, and Crawling—to robustly extract the filamentary skeleton.

In order to reconstruct our filament distances, one possible approach would be to identify
and track the filament independently at each snapshot of interest. However, this strategy would
increase the computational cost and introduce additional uncertainties, since noise can accumulate
differently at each redshift and lead to inconsistencies in the filament reconstruction. Instead, we
identified filaments at the highest redshift considered in our analysis, which allows us to trace the
densest and dynamically dominant regions of the structure and ensures a coherent definition of the
filament backbone. Our reconstruction strategy follows a retrograde–anterograde tracking scheme.
We define the filament geometry at redshift z = 1, where the structure is already well established
but is still less affected by the strong non-linear shell-crossing in the core. The procedure consists
of four steps: (i) LAAT is used to remove background noise; (ii) MBMS collapses the remaining
particles toward the local density ridge; (iii) DimIndex identifies and removes the densest regions
(nodes); and (iv) the Crawling algorithm traces the connected filamentary structure between these
nodes, obtaining the particle distribution that defines the filament.

This combination yields a continuous and topologically robust definition of the filament spine
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Figure 2.2: Side view of the zoomed-in region corresponding to filament 4 at redshift 1. Gray
represents the particles of the level-11 zoom-in region, red shows the filament body detected by
Crawling, and blue indicates the particles collapsed to the filament center by MBMS.

at z = 1. We then tracked the particles belonging to this spine across all snapshots down to z = 0,
re-applying MBMS at each step to follow the evolution of the filament’s physical ”backbone”.

For each halo identified in Section 2.7, we defined its distance d to the filament as the minimum
Euclidean distance between the halo’s center of mass and the reconstructed filament spine at the
corresponding redshift. This provides a consistent, time-resolved metric of the halo’s proximity to
the deep potential well of the filament.

Figure 2.2 illustrates the different regions identified for Filament 4 at z = 1. The gray points
represent the full dark matter particle distribution in the high-resolution region, the blue points
indicate the particles collapsed by MBMS, and the red line shows the final filament body detected
by Crawling.

2.7 Halo properties

For halo identification, we use the AMIGA Halo Finder (hereafter AHF) code (Knollmann and
Knebe, 2009), which identifies gravitationally bound structures in N-body simulations using the
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Friends-of-Friends (FOF) method (Huchra and Geller, 1982). Due to the high resolution achieved
by the zoom-in simulations, AHF is able to resolve a large number of low-mass DM halos. We
impose a minimum of 100 particles per halo, which allows us to resolve halos down to a minimum
mass of 109 h−1M⊙ . For this work, however, we adopt a more conservative lower mass limit
109.5 h−1M⊙ , corresponding to a minimum of 311 DM particles per halo. This choice helps
to avoid resolution artifacts. As expected, more massive halos are less abundant. This trend is
illustrated in Fig. 2.3, which shows the mass distribution of halos associated with the ten filaments.
The imposed mass cut is indicated by the red dashed line.

Figure 2.3: Mass distribution of halos associated with the ten selected filaments. The red dashed
line indicates the mass cut applied in our analysis.

Halo DM particles may not be strongly bound, but the angular momentum from each individual
particle contributes to the total halo spin, defined as the sum over the angular momentum of all
the DM particles that compose the halo:

J =
N∑

n=1

mn(rn × vn), (2.1)

where rn and vn denote the position and velocity of the n-th particle relative to the halo center of
mass, and mn is its mass.

Commonly, one makes use of the magnitude of the angular momentum, J = |J|, to quantify
the spin by using the spin parameter λ, first introduced by Peebles (1969). This spin parameter
quantifies the level of coherence in the rotation of the halo. A value close to unity indicates that the
halo is mainly or purely supported by rotation (Padmanabhan, 1993), while a value closer to zero
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corresponds to halos that are pressure- or dispersion-supported. In this work, we adopt the terms
fast rotators and slow rotators to refer to these rotationally supported and dispersion-supported
halos, respectively. In this work, we adopt the spin parameter definition of Bullock et al. (2001),
denoted as λ′. Defined within a virialized sphere of radius R enclosing a mass M , and with V the
halo circular velocity, the spin parameter is given by:

λ′ =
J√

2MVR
. (2.2)

DM halos are commonly referred to as perfect spherical bodies for simplicity. Here, we aim to
extend the study to include their shape, taking into account their triaxiality. N-body simulations,
in agreement with theoretical and observational studies, indicate that DM halos deviate from
spherical symmetry; numerous studies have found that halos are better represented by ellipsoids
(e.g., Jing and Suto, 2002; Bailin and Steinmetz, 2005; Kasun and Evrard, 2005; Allgood et al.,
2006; Hayashi et al., 2007; Vera-Ciro et al., 2011; Bonamigo et al., 2015; Butsky et al., 2016; Prada
et al., 2019). To determine the shape of the halo, we make use of its reduced moment of inertia
tensor, Ĩij. The reduced inertia tensor is a 3× 3 symmetric matrix, defined as

Ĩij =
N∑
k=1

mkrk,irk,j
r2k

, (2.3)

where rk is the distance of the k-th particle from the halo center. This tensor can be diagonalized
to calculate its eigenvalues, sa ≥ sb ≥ sc, and eigenvectors E⃗a, E⃗b and E⃗c, which denote the major,
intermediate, and minor axes of the halo respectively. We describe the shape of the halos using
the triaxiality parameter T , defined as

T =
1− q2

1− s2
, (2.4)

in terms of the axis ratios q = b/a and s = c/a, where a =
√
sa, b =

√
sb, and c =

√
sc. This

parameter allows us to classify the shape of halos into three regimes: when T → 0, halos tend to
be oblate, that is, two dominant axes (a ≃ b ≫ c); for intermediate values of T , halos are triaxial,
meaning none of the axes dominates significantly; and when T → 1, halos are prolate, with a single
dominant axis (a ≫ b, c).

In addition to halo mass, AHF provides a wide range of phys- ical properties, including velocity,
inertia tensor components, halo radius, and angular momentum components, among others. Using
the latter, we extract the spin vector of each halo in the zoomed-in region, as previously defined,
in order to study its alignment with the corresponding filament direction.

Regarding the evolution of the filament body, we also track the evolution of halos using AHF.
In addition to the main halo-finding tool, we use two complementary utilities: MergerTree, which
provides information about the merger history of halos across different snapshots; and ahfHalo-
History, which links the MergerTree output and produces individual files describing the evolution
of each halo, reporting the properties of the most massive progenitor of each halo.
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Chapter 3

Results

In this chapter we present the alignment results obtained from the ten zoom-in filaments. We
begin by characterizing the spin–filament alignment at redshift z = 0, separating halos by mass
and distance to the filament. We then extend the analysis to 0 ≤ z ≤ 1 to study how this signal
evolves over time. Finally, we examine the main mechanisms associated with spin reorientation,
focusing on different drivers of spin alignments.

3.1 Spin and shape alignments at z=0

In this section, we focus on the alignment of halos with respect to their host filaments at z = 0,
where we adopt the mass cut previously mentioned in Section 2.7 and, in addition, consider only
central halos that are enclosed within a cylindrical region of radius 3 h−1Mpc around the filament
axis. This selection results in a total of 5,297 DM halos.

To quantify the alignments, we compute the angle θ between two vectors, v1 and v2. Since no
preferred direction is assumed for the filament, we adopt the standard convention of restricting θ
to the range [0, π/2] (e.g., Aragon-Calvo and Yang, 2014; Ganeshaiah Veena et al., 2018). This is
operationally defined by the absolute value of the dot product:

cos θ =
|v1 · v2|
|v1||v2|

. (3.1)

In this work, we apply this definition to measure the alignment between: (i) the halo spin and
the filament axis (v1 = J,v2 = efil), (ii) the halo shape principal axes and the filament (v1 =
Ea,b,c,v2 = efil), and (iii) the internal alignment between the halo spin and its shape (v1 = J,v2 =
Ea,b,c).

Figure 3.1 illustrates an arbitrary distribution of DM halos along a filament, highlighting three
halos denoted as H1, H2, and H3, which represent different types of alignment with the filament
vector, shown as a blue arrow. The angle between the filament and the spin vector of each halo
is also indicated. H1 is aligned parallel to the filament, with an angle of 0 between its spin vector
and the filament direction, yielding an alignment value of 1 since cos(0) = 1. H3 is oriented
perpendicular to the filament, corresponding to an angle of θ = π/2 and an alignment value of 0.
Finally, H2 exhibits an intermediate alignment (or no preferred orientation), resulting in a value
close to 0.5.
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Figure 3.1: Sketch of the problem involving three halos, labeled H1, H2, and H3 in black, including
their spin directions, next to a filament whose direction is represented by a blue arrow and whose
shaded area indicates its total extent. We can see that the three halos have different orientations,
which can be related by the angle θ shown in the figure.

Figure 3.2: Stack of the spin-filament alignment distributions for the sample of 10 filaments. The
panel shows histograms normalized to unity, separated into different mass bins as indicated by the
legend. The shaded regions represent the 1σ uncertainty estimated via bootstrap resampling.
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Figure 3.3: Similar as in Figure 3.2, but for the alignments related to the components of the inertia
tensor. The top three panels show the alignment between the major axis, the second major axis
and the minor axis, denoted by Ea,Eb,Ec respectively, and the filament direction. In each panel,
halos are separated into different mass bins. The bottom three panels display the dot product
between the spin vector J and each of the inertia tensor axes, using the same mass binning as in
the top panels. Again the shaded regions represent the 1σ uncertainty estimated via bootstrap
resampling.

With this in mind, we stack all the alignment values of halos from the 10 filaments that make
up our sample. To properly interpret the behavior, it is crucial to separate the sample by halo
mass. The distribution of | cos θj| for all halos located within our sample filaments at redshift 0
is shown in Figure 3.2 in different halo mass bins, where the number of halos in each mass bin is
normalized so that the area under the curve equals 1. This mass-based division is motivated by
the discussion in Section 1, where it was established that halo mass plays a significant role in the
alignment with respect to the host filament.

To assess the statistical significance of the alignment signals, we estimate the uncertainties
using a bootstrap resampling technique. These are shown as shaded regions in Figures 3.2 and 3.3.
As observed in the plots, the uncertainty intervals widen for the highest mass bin. This behav-
ior is expected and reflects the hierarchical nature of structure formation, where the abundance
of halos decreases rapidly with increasing mass. Consequently, the highest mass bin contains a
smaller sample size compared to the low-mass population, leading to larger statistical fluctuations,
as also noted in similar studies (e.g., Ganeshaiah Veena et al., 2018). To complement the boot-
strap estimation and robustly quantify the deviation from a random orientation, we performed
a Kolmogorov-Smirnov (KS) test against a uniform distribution (Table 3.1). The test confirms
a highly significant alignment signal for the lowest mass regime (p ∼ 10−5), while intermediate
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Table 3.1: Kolmogorov-Smirnov (KS) test results for the halo spin alignment. The table presents
the KS statistic D and the corresponding p-value for different halo mass ranges, evaluating the
null hypothesis of a uniform random distribution.

Mass Range log10(MH/h
−1M⊙) Statistic D p-value

9.5 < M ≤ 10.0 0.0414 8.46× 10−5

10.0 < M ≤ 10.5 0.0336 1.51× 10−1

10.5 < M ≤ 11.0 0.0333 7.54× 10−1

11.0 < M ≤ 11.7 0.0432 9.36× 10−1

11.7 < M ≤ 13.5 0.1335 2.57× 10−1

masses are statistically consistent with random orientations. Notably, the KS statisticD reaches its
maximum value (D ≈ 0.13) in the highest mass bin; however, the corresponding p-value (p ≈ 0.26)
indicates this deviation is not statistically significant. This behavior is a direct consequence of the
aforementioned low number statistics at the massive end, which prevents the test from completely
ruling out random fluctuations. Nevertheless, the transition from a parallel tendency at low masses
to a perpendicular one at high masses remains distinguishable despite the increased variance in
the massive end.

The results reveal a clear mass dependence in the alignment signal. Low-mass halos exhibit a
tendency to align parallel to the filament axis, whereas the most massive halos show a preferential
perpendicular orientation. We identify a transition between these two regimes in our sample
occurring near log10(Mh/h

−1M⊙) ∼ 12, where perpendicular alignments begin to dominate the
overall trend. In this range, the alignment signal begins to favor a perpendicular orientation, yet
the strength of this signal remains weaker than that observed for the highest mass bin. This
transition mass is consistent with previous findings (e.g., Codis et al., 2012; Ganeshaiah Veena
et al., 2018; López et al., 2019).

So far, our analysis has focused on the orientation of the spin vector relative to the host filament.
We now extend this study to the alignment of the halo’s shape. Previous studies have established
that the minor axes of DM halos tend to be oriented perpendicular to the filaments or walls of
the cosmic web (Aragón-Calvo et al., 2007; Hahn et al., 2007; Shao et al., 2016; Ganeshaiah Veena
et al., 2018; López et al., 2021), indicating a strong correlation between the halo’s geometry and
its large-scale environment.

In the top three panels of Figure 3.3, we present the alignment between these three principal
axes and the filament vector. Two main results emerge from this analysis. First, unlike the spin
vector, the orientation of the inertia tensor components does not exhibit a directional inversion
(or ‘shape-flip’) as a function of halo mass. However, as we will explore in the next section, the
strength of this alignment does depend on mass. Second, the major and intermediate axes tend
to align parallel to the filament, whereas the minor axis is preferentially oriented perpendicular
to it (Aragón-Calvo et al., 2007; Hahn et al., 2007; Shao et al., 2016; Ganeshaiah Veena et al.,
2018; López et al., 2021). To quantify this, our KS tests against a uniform distribution (Table 3.2)
reveal important nuances regarding the statistical robustness of these trends. While the visual
tendencies remain consistent, the statistical significance strongly depends on the mass bin and
the specific axis. For instance, the parallel alignment of the major axis (E⃗a) becomes statistically
indistinguishable from a random distribution for masses above 1011h−1M⊙ (p > 0.6). Similarly,

the intermediate axis (E⃗b) shows a weak and often non-significant signal across several bins. In
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Table 3.2: Same as Table 3.1, but for the alignment of the halo shape with the filaments (| cos(θEi
)|)

and the internal alignment between the halo’s angular momentum and its principal axes (|J⃗ · E⃗i|).
Measurement Mass Range log10(MH/h

−1M⊙) Statistic D p-value
| cos(θEa)| 9.5 < M ≤ 10.0 0.0484 2.00× 10−6

| cos(θEb
)| 9.5 < M ≤ 10.0 0.0306 8.12× 10−3

| cos(θEc)| 9.5 < M ≤ 10.0 0.0757 4.52× 10−15

| cos(θ J⃗ ·E⃗a
)| 9.5 < M ≤ 10.0 0.1758 8.09× 10−80

| cos(θ J⃗ ·E⃗b
)| 9.5 < M ≤ 10.0 0.0645 4.82× 10−11

| cos(θ J⃗ ·E⃗c
)| 9.5 < M ≤ 10.0 0.1862 1.43× 10−89

| cos(θEa)| 10.0 < M ≤ 10.5 0.0524 3.77× 10−3

| cos(θEb
)| 10.0 < M ≤ 10.5 0.0166 9.08× 10−1

| cos(θEc)| 10.0 < M ≤ 10.5 0.0760 3.78× 10−6

| cos(θ J⃗ ·E⃗a
)| 10.0 < M ≤ 10.5 0.1637 4.54× 10−27

| cos(θ J⃗ ·E⃗b
)| 10.0 < M ≤ 10.5 0.0608 4.27× 10−4

| cos(θ J⃗ ·E⃗c
)| 10.0 < M ≤ 10.5 0.1715 1.07× 10−29

| cos(θEa)| 10.5 < M ≤ 11.0 0.0700 3.81× 10−2

| cos(θEb
)| 10.5 < M ≤ 11.0 0.0323 7.88× 10−1

| cos(θEc)| 10.5 < M ≤ 11.0 0.0954 1.31× 10−3

| cos(θ J⃗ ·E⃗a
)| 10.5 < M ≤ 11.0 0.1506 2.30× 10−8

| cos(θ J⃗ ·E⃗b
)| 10.5 < M ≤ 11.0 0.0493 2.78× 10−1

| cos(θ J⃗ ·E⃗c
)| 10.5 < M ≤ 11.0 0.1546 8.63× 10−9

| cos(θEa)| 11.0 < M ≤ 11.7 0.0606 6.30× 10−1

| cos(θEb
)| 11.0 < M ≤ 11.7 0.0785 3.10× 10−1

| cos(θEc)| 11.0 < M ≤ 11.7 0.0762 3.43× 10−1

| cos(θ J⃗ ·E⃗a
)| 11.0 < M ≤ 11.7 0.1286 1.41× 10−2

| cos(θ J⃗ ·E⃗b
)| 11.0 < M ≤ 11.7 0.0911 1.64× 10−1

| cos(θ J⃗ ·E⃗c
)| 11.0 < M ≤ 11.7 0.1906 3.76× 10−5

| cos(θEa)| 11.7 < M ≤ 13.5 0.0686 9.42× 10−1

| cos(θEb
)| 11.7 < M ≤ 13.5 0.2293 5.04× 10−3

| cos(θEc)| 11.7 < M ≤ 13.5 0.1993 2.16× 10−2

| cos(θ J⃗ ·E⃗a
)| 11.7 < M ≤ 13.5 0.2624 7.89× 10−4

| cos(θ J⃗ ·E⃗b
)| 11.7 < M ≤ 13.5 0.1709 7.11× 10−2

| cos(θ J⃗ ·E⃗c
)| 11.7 < M ≤ 13.5 0.2628 7.69× 10−4

contrast, the perpendicular alignment of the minor axis (E⃗c) is much more robust, maintaining a
clear and significant signal even for the most massive halos (p ≈ 0.02), which distinguishes it from
the global spin-filament alignment that loses significance at the high-mass end.

Additionally, we examine the internal alignment between the spin vector and the halo’s shape.
The bottom three panels of Figure 3.3 display the angle between the spin vector and each principal
axis. We observe a trend inverse to that of the filament alignment: the spin vector tends to be
perpendicular to the major and intermediate axes, while showing a strong parallel alignment with
the minor axis. Physically, this indicates that these halos—which tend to be prolate—rotate
preferentially around their shortest axis. The KS test results further underscore the magnitude
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of this internal kinematic coupling, though they also highlight its complexity. The deviations
from a random distribution are exceptionally highly significant (p ≪ 0.001) for the major (E⃗a)

and minor (E⃗c) axes across almost the entire mass range, and this correlation persists with high
statistical significance even for the most massive halos (p < 10−3). However, the alignment with

the intermediate axis (E⃗b) weakens considerably, losing statistical significance for masses above
1010.5h−1M⊙ (p > 0.05). This confirms that while the internal spin-shape relationship exhibits
a generally stronger and more resilient signal than the external spin-filament orientation, it is
fundamentally dominated by the kinematic coupling with the longest and shortest axes of the
ellipsoid.

3.2 Alignment evolution

As mentioned in the Introduction, halos acquire their initial angular momentum through tidal
torques during the early linear regime, as described by the TTT. However, several studies (e.g.,
López et al. 2025) have shown that deviations from TTT predictions already emerge at very high
redshift (z ∼ 10), even before the onset of strong nonlinear evolution. Motivated by this, we focus
on the nonlinear regime, where TTT no longer holds, analyzing the spin evolution of our sample
of halos down to redshift z = 1. Our goal is to gain insight into how nonlinear processes shape the
final spin properties observed at z = 0. From now on, the sample will change slightly. Previously,
we considered main halos located within the cylindrical volume at z = 0. We now restrict the
sample to halos that can be traced back to z = 1, allowing us to follow their spin evolution over
the full redshift range. Additionally, we require all selected halos to be centrals at redshift z = 0.
This yields a sample of 4,797 halos, slightly smaller than that of the previous section, reflecting
the effect of the additional constraint.

Figure 3.4 shows the interpolated evolutionary curves of all halos contained in all filaments,
grouped by their mass at redshift z = 0. The top panel shows the average evolution of the spin
alignment. The second and third panels present the average evolution of the alignment of the major
and minor components of the inertia tensor, respectively. The fourth panel shows the evolution
of the distance between halos and the center of the filament, following the definition provided in
Section 2.6. Finally, the bottom panel shows the evolution of the triaxiality parameter T .

From Figure 3.4, we observe—similarly to Figure 3.2—that, when considering the spin align-
ment with the filament. Halos in the highest z = 0 mass bin tend to be more strongly per-
pendicularly aligned with the filament. Toward lower z = 0 masses, the alignment progressively
shifts toward a more parallel configuration, although this trend becomes less pronounced in the
lowest-mass bin. Another notable result shown in this figure is the remarkable stability of the spin
alignment since z ≃ 1. Despite halos progressively approaching the filament spine, the alignment
signal remains nearly constant over time, as indicated by the almost horizontal evolution of the
median curves in the top panels. This indicates that, for the majority of halos, the filament envi-
ronment does not induce significant reorientation after z ≃ 1; instead, the alignment observed at
z = 0 was already largely established at earlier epochs.

We also track the evolution of the orientation of the inertia tensor’s components relative to the
filament, focusing primarily on the major and minor axes, shown in the second and third panels,
respectively. Similar to the spin alignment, these tracks do not exhibit significant variations with
redshift, except for the major axis in the highest mass bin, which exhibits greater variability as it
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Figure 3.4: Average evolution of the halos belonging to the filaments at z=0 (r ≤ 3 h−1Mpc),
colored according to the final mass at z = 0, with shaded regions indicating the standard error of
the mean. From top to bottom, the panels show the spin alignment with respect to the filament,
the shape alignment of the major and minor axes with respect to the filament, the distance from
the filament, and the triaxiality parameter T , respectively.

approaches redshift z = 0, while consistently maintaining a parallel trend. Instead of a progres-
sive reorientation, the inertia tensor components display a trend of evolutionary invariance: the
major axis remains consistently aligned parallel to the filament, while the minor axis maintains
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the perpendicular orientation established at high redshift, showing an almost unperturbed evolu-
tion. In contrast, the intermediate axis (not shown) remains statistically neutral (with alignment
values around 0.5) throughout cosmic time. Consequently, we exclude it from further physical
interpretation, as it appears to lack a dominant driving mechanism comparable to the stretching
and compression acting on the other two axes.

Regarding the spatial distribution (fourth panel), we find a clear mass dependence. At z = 0,
the most massive halos are preferentially located closer to the filament spine than low-mass halos.
Since the mass bins are defined at z = 0, their progenitors are less massive at higher redshift,
which should be kept in mind when interpreting the evolutionary trends. We also observe a mass-
dependent trend in halo shape described by the triaxiality parameter (fifth panel). Halos in all
mass bins (imposed at z = 0) evolve to become more spherical as cosmic time progresses. At z = 1
we see a more clear trend where massive halos exhibit more prolate shapes while low-mass halos
are more spherical. This mass-dependent shape evolution is consistent with previous findings (e.g.,
Rossi et al., 2011). Finally, as redshift approaches z = 1, most curves tend to converge toward a
common region, indicating a possible settling of these properties during halo evolution.

Figure 3.5: Average evolution of halos across the ten filaments. The curves are color-coded accord-
ing to the particle number density reported in Table 2.1, normalized for visualization purposes.

Since we analyze a sample of ten filaments, one might expect variations in particle density to
influence the alignment distributions. To test this, we examined the average evolution of halos
within individual filaments (Figure 3.5) and found no significant differences in the alignment trends.
This suggests that filament density does not strongly affect the overall behavior, reinforcing the
conclusion that halo mass is the dominant factor, as shown in Figure 3.4. However, we note that
the filaments in our sample have relatively similar densities, which may partly explain the lack of
detectable variations.
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3.3 Drivers of Spin Alignment

The angular momentum of DM halos originates primarily during the linear regime of structure
formation, as described by TTT. To investigate the factors influencing its subsequent evolution
in the non-linear regime, we categorize the halo population based on three distinct drivers: the
history of spin–filament alignment, the distance to the host filament, and the time since the last
major merger. Figures 3.6, 3.7, and 3.8 illustrate the average evolution of these subsets.

Given that halo mass plays a decisive role in the acquisition and redistribution of angular
momentum, we further subdivide each subset into three mass bins defined at z = 0 to disentangle
its effects: low (9.5 ≤ log10(Mh/h

−1M⊙) ≤ 10.5), intermediate (10.5 < log10(Mh/h
−1M⊙) < 11.66),

and high mass (log10(Mh/h
−1M⊙) ≥ 11.66). Additionally, we track the evolution of other relevant

physical properties, such as the instantaneous halo mass and the spin parameter, λ′.

3.3.1 Subsampling by alignment evolution

Figure 3.6 presents the first classification, based on the type of alignment curve. We define four
categories: Neutral, for halos that exhibit minimal variation in their alignment (fluctuations within
±0.2); Positive, defined by a consistent increase in alignment over time (i.e., evolving toward a
parallel orientation); Negative, corresponding to halos that show a systematic decrease in align-
ment as redshift decreases; and Varied, which encompasses halos that do not fit into the previous
categories. The Varied group is characterized by irregular or non-monotonic fluctuations that
exceed the stability threshold but lack a directed trend.

Table 3.3: Number of halos by alignment curve and mass.
Low-mass Intermediate-mass High-mass

Neutral 1013 169 7
Positive 526 84 6
Negative 574 89 10
Varied 2060 227 32

The number of halos in each category is listed in Table 3.3. Figure 3.6 shows the average
evolution of several halo properties: spin–filament alignment, distance to the filament center, halo
mass, triaxiality parameter, and spin parameter (from top to bottom, respectively). Each column,
from left to right, corresponds to a different mass bin — low, intermediate, and high mass.

Examining the alignment tracks, we clearly distinguish the characteristic behaviors of the
Neutral, Positive, Negative, and Varied categories. We observe a mass dependence: the downward
shift of the curves becomes evident in the highest-mass bin, indicating that these halos tend to
evolve toward perpendicular orientations relative to the filament. The Neutral curve generally
lies slightly above the others in most mass bins, particularly in the two lower-mass bins. This
tendency is more evident at certain redshifts and contributes, together with the Positive curve,
to the population of halos exhibiting parallel orientations relative to the filament. Conversely,
the Negative and Varied curves drive the perpendicular alignment signal observed at z = 0. The
Varied curves remain close to the random alignment value of 0.5, typically lying slightly below
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Figure 3.6: Similar to Figure 3.4, presents the evolution of halos grouped according to the type of
alignment evolution curve they exhibit: black (neutral) for halos that do not experience significant
changes, yellow (positive) for halos that become more parallel over time, red (negative) for halos
showing a decrease in alignment, and orange (varied) for halos whose spin evolution does not
fit into the previous three categories. Each column represents a different mass bin, arranged
from left to right as follows: low mass (9.5 ≤ log10.5(Mh/h

−1M⊙) ≤ 10), intermediate mass
(10.5 < log10(Mh/h

−1M⊙) < 11.66), and high mass (log10(Mh/h
−1M⊙) ≥ 11.66).

it. This indicates that halos with erratic alignment histories do not exhibit a strong preferred
orientation on average.

An additional insight emerges from the comparison between the different alignment classes.
While halos classified as Negative dominate the population that ends up preferentially perpen-
dicular to the filament in all mass bins, their average alignment histories exhibit a gradual drift
toward misalignment. The perpendicular configuration may reflect the influence of additional
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physical processes beyond smooth tidal evolution. Such mechanisms could perturb the coherent
alignment expected from linear theory. This behavior differs from the predictions of TTT, which
anticipate a stable orientation inherited from the linear regime. In this context, halos with Neutral
alignment histories provide a useful reference: across all mass bins, they follow similar evolu-
tionary tracks and consistently remain more parallel to the filament, indicating that a relatively
unperturbed evolution is broadly consistent with TTT. The deviation observed for halos ending
in a perpendicular configuration may indicate the influence of nonlinear mass assembly, including
anisotropic accretion along filaments and early interactions with the forming cosmic web. Such
processes could reorient halo spins beyond the linear TTT prediction, in agreement with López
et al. (2025). Given the redshift range explored here, we regard this interpretation as plausible
but not definitive.

Regarding physical properties beyond alignment, such as the distance to the filament, we
find no significant correlation with the alignment type. While there is a clear mass effect—more
massive halos are located closer to the filament axis—the alignment history itself does not appear
to dictate the halo’s spatial position. As halo mass increases, the distance curves exhibit greater
scatter without a consistent trend, a behavior likely driven by low-number statistics in the highest
mass range. Similarly, the mass evolution tracks show no dependence on alignment type, reflecting
only the expected growth for each mass bin. However, in terms of halo shape, we observe a
slight difference: halos with a Neutral alignment history tend to be somewhat closer to oblate
shapes (T → 0), whereas those with Varied histories show a mild tendency toward more prolate
configurations (T → 1).

For the spin parameter λ′, the trends are more distinguishable than for the shape. In the
low-mass bins, halos with a Neutral alignment history tend to have slightly larger spin parameters
compared to the other categories, while the Varied halos show marginally lower values of λ′. This
difference is less evident in the high-mass bin. In the two lowest mass bins, these populations also
tend to lie somewhat closer to the filament. Since this region is mildly denser and dynamically
more complex, this spatial segregation may contribute to the lower spin values observed for the
Varied halos, although this interpretation remains tentative.

3.3.2 Environmental dependence

Another potential driver of spin alignment is the environment within the filament. To investigate
how different regions in the filament affect halo evolution, we classify halos based on their distance
to the filament’s center. Specifically, we define three environmental categories: halos that remain
consistently within 1 h−1Mpc, those located between 1 and 2 −1Mpc, and those between 2 and 3
h−1Mpc from the filament.

In Figure 3.7, we present the evolution of halos that remain in one of these distance-defined
environments throughout their history, same as Figure 3.6 binned by mass, we also include an
additional category labeled mixed, which contains halos that change environment over time and
do not remain in a single region. The number of halos in each category is presented on Table 3.4.

The alignment evolves as expected for each mass bin when considering the distance. As indi-
cated in Table 3.4, most of the population of massive halos remain closer to the filament throughout
their evolution, which is associated with a strong perpendicular alignment trend. In contrast, halos
in the lowest mass bin show alignments that are predominantly parallel to the filament, while those
in the intermediate mass bin exhibit a qualitatively similar behavior, except in the 1–2 h−1Mpc
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Figure 3.7: Same as Figure 3.6, but for the environment-based subsets. The curves are color-
coded according to the distance d (in h−1Mpc) from the halo to the filament center, as indicated
in the legend. The category labeled ‘mixed’ includes halos that traverse multiple environments
throughout their evolution.

Table 3.4: Number of halos by environment and mass.
Low-mass Intermediate-mass High-mass

d ≤ 1 h−1Mpc 785 125 31
1− 2 h−1Mpc 146 18 0
2− 3 h−1Mpc 181 25 1
Mixed 3061 401 23

range, where they tend to be more perpendicular to the filament.
There are no further comments regarding distance, as this is part of the selection criteria.
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Besides that, halos in the highest-mass bin are predominantly located inside the filament, in
contrast to the lower-mass bins where the mixed population dominates. Similar to Figure 3.6,
only small differences with mass selection are visible. In the zoomed region, the lowest-mass bin
shows a slight decrease in halos closest to the filament. However, this effect is minor and may
be related to residual mass segregation within the bins or to mass growth with redshift. This is
presumably because they are less strongly bound than massive halos, and interactions with the
densest part of the filament lead to mass stripping. Additionally, the curves for the closest halos in
the other two mass bins remain above the others, a result that was expected according to previous
studies and is also shown in Figure 3.4.

Regarding shape, there is no distinctive trend driven by the environment. Finally, for the spin
parameter, a decrease for the halos closest to the filaments is evident in the low- and intermediate-
mass bins, whereas the highest-mass bin does not show a comparable trend. In the two lowest
mass bins, the other two environments show higher spin values.

Motivated by the mass reduction observed in the halos closest to the filament (d ≤ 1 h−1Mpc),
we investigated whether mass stripping influences the alignment signal. For this analysis, we
split the sample into two groups: those that have lost less than 25% of their initial mass and
those that have lost more than 25% (not shown). Our analysis showed that mass loss, while
affecting properties such as the distance to the filament and velocity, does not significantly alter
the alignment signal. Therefore, we exclude these specific plots from the final results.

3.3.3 Subsampling by last major merger

Major mergers (hereafter MM) are widely known to produce significant changes in both galaxies
and their host DM halos. In Figure 3.8, we present a classification based on the time since the last
major merger (hereafter TSLMM), dividing the sample into five subsamples: halos whose last MM
occurred at zMM ≤ 0.25, 0.25 < zMM ≤ 0.5, 0.5 < zMM ≤ 0.75, and zMM > 0.75, as well as halos
that have not undergone any MM. The distribution of these subsamples is listed in Table 3.5.

Table 3.5: Number of halos by TSLMM and mass.
Low-mass Intermediate-mass High-mass

zMM ≤ 0.25 105 12 2
0.25 < zMM ≤ 0.5 83 3 2
0.5 < zMM ≤ 0.75 182 22 5
zMM > 0.75 705 243 34
None 3098 289 12

As in the previous two plots, we use the same mass binning. In the high-mass bin, the effect
of the last major merger is reflected in a change in alignment, with halos becoming either more
parallel or more perpendicular to the filament. Halos that become perpendicular show a clearer
connection with the merger time, whereas those that become parallel tend to evolve earlier and
therefore do not exhibit an equally clear correlation. The subsample that exhibits an unperturbed
evolution across all five panels corresponds to halos with zMM > 0.75, which lie at high redshift
and therefore not necessarily in the linear regime of interest. Despite the presence of halos that
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Figure 3.8: Same as Figure 3.6, but for the subsets based on the time since the last major merger
(TSLMM). The curves are classified according to the redshift of the last event (zMM), as indicated
in the legend. The category labeled ‘none’ corresponds to halos that have not undergone a major
merger.

have not undergone any major merger, most halos experienced such an event at high redshift,
making major mergers in the nonlinear regime comparatively rare.

We also see a clear impact on mass growth: major mergers produce an increase in mass at the
time of the event, consistently across the three mass bins. The shape evolution becomes especially
interesting, as major mergers induce a temporary transition toward a more prolate configuration.
Since these mergers typically occur along the major axis, the associated stretching modifies the
halo’s shape. Finally, the spin parameter is also affected by the merger, showing a noticeable
increase at the time of the event. This behavior can be interpreted as a consequence of the
accretion of orbital angular momentum during the major merger, coupled with a redistribution
of the halo’s kinetic and potential energy. Such events induce transient changes in the halo’s
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internal structure, temporarily enhancing the relative contribution of ordered angular momentum
to the system. This interpretation is consistent with our findings that, for early mergers, the post-
merger increase in the spin parameter subsequently decays and stabilizes, indicating that these
merger-induced effects are largely transient.

Figure 3.9: Average evolution of halos from the ten filaments, binned by mass, as a function of
cosmic time relative to the last major merger. The top panel shows the evolution of the spin
alignment, the middle panel shows the alignment of the major axis of the inertia tensor, and the
bottom panel shows the alignment of the minor axis of the inertia tensor.

Given that major mergers have the strongest impact on alignment, we now investigate this
effect in greater detail. Retaining the same mass binning, we shift from a static classification
based on the time since the last merger to a dynamical analysis of the event itself. Figure 3.9
displays the evolution of the alignment of both the spin vector and the inertia tensor’s principal
axes with respect to the filament as a function of time relative to the merger epoch, defined such
that the event occurs at t = 0.

The results demonstrate that major mergers induce a distinct reorientation across all three mass
bins. For the spin vector, a decrease in alignment (i.e., a shift toward perpendicular orientation)
becomes evident even prior to the merger event (t < 0), likely due to tidal pre-interaction. The
strength of this signal diminishes with decreasing halo mass, becoming negligible for the lowest-
mass bin. Regarding the inertia tensor, we observe a coherent response: the major axis alignment
increases (becoming parallel to the filament) coincident with the spin becoming perpendicular.
Conversely, the minor axis follows the spin’s behavior, exhibiting a sharp drop in alignment. This
trend is most pronounced in the high-mass bin.

These results are in agreement with previous works (e.g., Bett and Frenk, 2012, 2016), which
found that major mergers produce significant changes in halo spin alignments. However, a nuanced
interpretation is necessary. While our results confirm that major mergers cause the most dramatic
individual reorientations (spin swings), they are relatively rare events. As noted by Bett and
Frenk (2012), approximately 75% of significant spin changes are driven by the cumulative effect
of minor mergers, accretion of small substructures, and flyby encounters, rather than by major
mergers alone. Finally, regarding halo shape, major mergers drive the system toward a prolate
configuration, effectively stretching the mass distribution along the merger axis, consistent with
established models (Allgood et al., 2006).

In the context of MM recent work by Lee and Moon (2022) analyzed halos at z = 0 based
on their latest merger epochs and did not find significant evidence for the effect of the last major
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merger on the global DM spin alignment with the large-scale tidal field. Consequently, they
concluded that mergers are not the primary mechanism behind the mass-dependent spin transition.
However, by dynamically tracking the evolution of halos relative to their specific merger times
(t − tMM), our results explicitly demonstrate that major mergers do induce strong, temporally
localized reorientations of the spin vector relative to the filament.

3.4 Crosser Halos

Finally, we briefly address the dynamics of halos that cross the filament structure—specifically,
those that travel from the outskirts, penetrate the filament core, and are subsequently expelled.
To this end, we consider halos that are initially outside the filament at redshift z = 1, later enter
the filament core—arbitrarily defined as a radius of 0.3, h−1,Mpc around the filament center—and
are subsequently expelled. For this analysis, we obtained very limited statistics, with a sample of
only nine halos.

Figure 3.10: Average evolution of halos from the ten filaments as a function of cosmic time relative
to the crossing time.

Figure 3.10 presents the average evolution of the spin alignment as a function of cosmic time
relative to the crossing time, tcross, of our sample of nine halos. We detect a strong signature in
the spin alignment, suggesting that the filament environment can induce temporary modifications
to the halo’s dynamical state. This observation is consistent with the findings of Storck et al.
(2024), who report a significant impact of non-linear environmental coupling. However, as the
statistical sample of these specific crossing events is limited in our current simulation suite, we
defer a detailed investigation of this phenomenon to future work.
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Chapter 4

Discussion

Our results indicate that the evolution of halo spin alignment within filaments is primarily governed
by the intrinsic, mass-dependent dynamical evolution of halos. In particular, the spin alignment
measured at z=0 does not differ significantly from its value at earlier stages (z=1). This behavior
is especially evident when halos are separated only by mass or by environment: in both cases, the
average alignment curves show that halos tend to preserve their initial orientation. It is important
to stress, however, that this behavior cannot be inferred from the subsampling by alignment
evolution, since in that case halos are explicitly selected according to different alignment curves in
order to investigate whether these behaviors are directly associated with other physical properties.

Major mergers, however, constitute a notable exception to this otherwise smooth evolutionary
behavior. We find that mergers generate sharp and temporally localized reorientations of both
the spin vector and the principal axes of the inertia tensor, accompanied by transient increases
in the spin parameter and a shift toward more prolate shapes. These features are consistent with
the interpretation that mergers inject orbital angular momentum into the remnant halo, which is
subsequently redistributed during relaxation. Crucially, as shown by Welker et al. (2014), mergers
preferentially occur along the direction of cosmic filaments. Consequently, the orbital angular
momentum of the merging pair is oriented orthogonally to the filament axis. The conversion of
this orbital momentum into the internal spin of the remnant drives the notable ’spin swings’ we
observe, effectively flipping the halo spin to a perpendicular configuration relative to the cosmic
web. Since the most massive halos typically reside closer to the filament core, the deeper local
potential well may enhance this coupling, amplifying the dynamical impact of mergers relative to
halos in the outskirts.

The physical implications of our results extend naturally to galaxy formation. Several ob-
servational and theoretical studies have shown that the orientation of galactic disks and stellar
angular momentum traces, at least partially, the angular-momentum content of their host halos
(Hahn et al., 2007; Tempel and Libeskind, 2013). In this framework, our findings suggest that the
intrinsic, mass-dependent halo evolution identified here provides the gravitational scaffold for the
observed morphological dichotomy in galaxies, where low-mass spirals align parallel to filaments
and massive ellipticals align perpendicularly (Welker et al., 2014; Kraljic et al., 2021).

Specifically, while major mergers act as a mechanism driving the perpendicular reorientation
and ’spin swings’ in massive systems Welker et al. (2014), the parallel alignment of low-mass halos is
likely sustained by smooth accretion. As demonstrated by (Codis et al., 2012) and (Welker et al.,
2014), unlike major mergers, the secular accretion of matter tends to build up specific angular
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momentum and re-align structures parallel to the filament, preserving the primordial vorticity
imprint found in our Neutral and Positive evolutionary tracks.

However, a key distinction must be made regarding baryonic physics. While our dark-matter-
only analysis shows that non-merging halos simply preserve their alignment, hydrodynamical sim-
ulations suggest that gas cooling can actively reform disks and re-align galaxies parallel to the
filament over time, potentially competing with the perpendicular tendency driven by the halo
(Welker et al., 2014; Jiang et al., 2019). A systematic comparison with hydrodynamical simula-
tions will be required to quantify how these baryonic processes—such as feedback-driven outflows
and disk instabilities—mediate or damp the imprint of the halo angular-momentum history on the
observable galaxy population.
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Chapter 5

Conclusions

In this work, we investigated the evolution of the spin alignments of DM halos within the non-
linear regime of the cosmic web, focusing on ten zoom-in filaments. Our analysis shows that
several features traditionally attributed to external influences—such as environmental effects or
proximity to the filament core—are instead manifestations of the intrinsic, mass-driven evolution
of halos. By separating the alignment curves, we observe that halos tend toward the characteristic
orientation of their mass scale. Specifically, they transition from a parallel to a perpendicular
regime as they grow in mass, with the exception of Negative halos, which remain perpendicular
across all mass scales. Similarly, the filament environment itself does not introduce significant
modifications to the alignment history: halos located inside, near, or outside the filament exhibit
comparable evolutionary pathways, with mass consistently remaining the dominant factor.

In contrast, major mergers, although relatively rare, emerge as the process capable of producing
a clear, coherent, and temporally localized impact on halo orientation, modifying the spin direction
and altering the alignment of the inertia tensor. These results indicate that, within the non-linear
regime, the dynamical history of halos—particularly mergers—plays a substantially greater role
in determining spin alignment than the local filamentary environment. Our principal conclusions
can be summarized as follows:

• Mass is the primary driver of spin–filament alignment. Low-mass halos tend to align parallel
to filaments, whereas high-mass halos preferentially evolve toward perpendicular orientations,
consistent with the canonical spin-flip behavior (Aragón-Calvo et al., 2007; Codis et al., 2012).

• Alignment curves reflect intrinsic halo evolution rather than external effects. Halos classified
as Neutral, Positive, Negative, or Varied—representing approximately 25%, 13%, 14%, and
48% of the sample, respectively (considering the population selected according to the criteria
defined in Section 3.2)—follow evolutionary paths primarily dictated by their mass, with
no strong evidence for environmental modulation. An important insight emerging from this
analysis is that Neutral halos consistently exhibit a more parallel alignment than the other
classes, while Negative halos systematically evolve toward a more perpendicular configura-
tion. This behavior supports the idea that the mechanisms driving perpendicular alignments
require deviations from the predictions of TTT and predominantly arise in the non-linear
regime (López et al., 2025).

• Analyzing our sample, we find that the filament environment does not significantly modify
halo spin alignments; instead, halos largely preserve the alignment they acquired prior to
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entering the filament. Grouping halos by fixed distance to the filament core reveals no
substantial changes in the alignment evolution at fixed mass, reinforcing the dominance of
halo mass over spatial location. Nevertheless, more massive halos are preferentially located
closer to filament cores, implying that any apparent distance-dependent trend is largely
driven by this mass segregation rather than by the filament environment itself.

• Major mergers constitute the strongest and most coherent driver of alignment changes. How-
ever, they remain relatively rare events in our simulation, with only ∼29% of halos expe-
riencing at least one major merger over their lifetime (considering the population selected
according to the criteria defined in Section 3.2). These events produce sharp reorientations
of the spin vector, temporary transitions toward prolate shapes, and measurable increases in
the spin parameter, with effects peaking near the merger time (Welker et al., 2014). We sug-
gest that this pronounced effect is physically linked to a preferential direction of the mergers
in the inside of the filament environment as this effect is enhanced for massive halos that are
commonly in the inner regions of the filaments.

• The inertia tensor axes respond coherently to major mergers. In particular, as the spin be-
comes more perpendicular to the filament, the major axis tends to align with the filament,
while the minor axis responds in a similar way to the spin alignment, exhibiting a progres-
sively more perpendicular alignment signal toward the end of the evolution. This behavior
is especially pronounced for the most massive halos (Bett and Frenk, 2012; Tenneti et al.,
2014).

• In the non-linear regime, halo evolutionary history outweighs the large-scale environment.
Once halos enter the non-linear phase, internal dynamical processes—especially mergers—
induce the largest individual variations in alignment (Porciani et al., 2002a; Codis et al.,
2015; Laigle et al., 2015). However, it is important to highlight that these events are not the
main drivers of the overall misalignment statistics, which are dominated by the cumulative
effect of minor interactions and accretion (Zavala et al., 2016; Ganeshaiah Veena et al., 2021).

Finally, we briefly explored additional dynamical scenarios capable of producing strong and rapid
changes in spin alignment, such as so-called crosser halos. Although rare in our sample, halos
that traverse the filament core exhibit transient enhancements in their alignment signal, indicating
that filament crossing events can temporarily modify the dynamical state of halos. Given their
low occurrence and the complexity of the associated dynamics, a detailed characterization of these
systems is beyond the scope of the present work and is therefore deferred to a dedicated follow-up
study.
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Chapter 6

Future work

Looking ahead, several natural extensions of this work arise. First, our analysis is based on dark-
matter-only simulations, and the inclusion of baryonic physics through hydrodynamical simulations
will be essential to assess how gas cooling, star formation, and feedback processes modify halo spin
acquisition and reorientation, particularly in the highly nonlinear regime explored here. Such
effects are expected to be especially relevant for the inner regions of halos, where baryons can
significantly reshape the angular momentum distribution (Dubois et al., 2014; Zavala et al., 2016;
Kraljic et al., 2020).

A closely related aspect is the connection of our results with the framework of IA, i.e., coherent
correlations in galaxy and halo orientations induced by large-scale tidal fields, which constitute
both a probe of structure formation and a major astrophysical systematic in cosmological analyses
(Hirata and Seljak, 2004; Troxel and Ishak, 2015, see Chisari 2025 for a complete review). Intrinsic
alignments can significantly bias cosmological parameter inference from weak lensing and clustering
measurements, and can also affect cross-correlations with other probes such as CMB lensing if not
properly modeled (Hikage et al., 2019; Fabbian et al., 2019). While hydrodynamical simulations
already show that galaxy spins and shapes exhibit mass- and environment-dependent alignments
with the local tidal field (Chisari et al., 2015), our results indicate that halo spin–filament alignment
is mainly governed by halo mass and internal dynamical history. In particular, non-linear events
such as major mergers produce the strongest localized reorientations, pointing to a picture in which
IA originate from early tidal imprints but are subsequently reshaped by non-linear evolution,
including mergers and anisotropic accretion. This highlights the importance of incorporating
realistic, mass-dependent and non-linear evolutionary pathways, such as those identified in this
work, into IA models aimed at interpreting current and future cosmological data.

Finally, the trends identified here open promising avenues for comparison with upcoming large-
scale surveys. Observational programs such as Euclid (Mellier et al., 2025) and the Vera C.
Rubin Observatory (LSST, LSST Science Collaboration et al., 2009) will provide unprecedented
constraints on galaxy orientations, shapes, and their relation to the cosmic web. Establishing a
robust connection between halo spin alignments in simulations and observable galaxy properties
will be a key step toward testing these theoretical predictions in a cosmological context.
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Kraljic, K., Davé, R., and Pichon, C. (2020). And yet it flips: connecting galactic spin and the
cosmic web. , 493(1):362–381.

Kraljic, K., Duckworth, C., Tojeiro, R., Alam, S., Bizyaev, D., Weijmans, A.-M., Boardman, N. F.,
and Lane, R. R. (2021). Sdss-iv manga: 3d spin alignment of spiral and s0 galaxies. Monthly
notices of the Royal Astronomical Society, 504(3):4626–4633.

Krolewski, A., Ho, S., Chen, Y.-C., Chan, P. F., Tenneti, A., Bizyaev, D., and Kraljic, K. (2019).
Alignment between filaments and galaxy spins from the manga integral-field survey. The Astro-
physical Journal, 876(1):52.

Laigle, C., Pichon, C., Codis, S., Dubois, Y., Le Borgne, D., Pogosyan, D., Devriendt, J., Peirani,
S., Prunet, S., Rouberol, S., Slyz, A., and Sousbie, T. (2015). Swirling around filaments: are
large-scale structure vortices spinning up dark haloes? , 446(3):2744–2759.

Lee, J. and Moon, J.-S. (2022). Merger Effects on the Spin and Shape Alignments of Galaxy
Stellar, Cold Gas, Hot Gas, and Dark Matter Components. , 936(2):119.

Lee, J. and Pen, U.-L. (2001). Galaxy Spin Statistics and Spin-Density Correlation. , 555(1):106–
124.

Libeskind, N. I., Hoffman, Y., Forero-Romero, J., Gottlöber, S., Knebe, A., Steinmetz, M., and
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Gómez-Alvarez, P., Gonzalez-Perez, V., Gonzalez, A. H., Gonzalez, E. J., Gonzalez, J. C.,
Gouyou Beauchamps, S., Gozaliasl, G., Gracia-Carpio, J., Grandis, S., Granett, B. R., Granvik,
M., Grazian, A., Gregorio, A., Grenet, C., Grillo, C., Grupp, F., Gruppioni, C., Gruppuso, A.,
Guerbuez, C., Guerrini, S., Guidi, M., Guillard, P., Gutierrez, C. M., Guttridge, P., Guzzo,
L., Gwyn, S., Haapala, J., Haase, J., Haddow, C. R., Hailey, M., Hall, A., Hall, D., Hamaus,
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O., Ilić, S., Ingoglia, L., Iodice, E., Israel, H., Israelsson, U. E., Izzo, L., Jablonka, P., Jack-
son, N., Jacobson, J., Jafariyazani, M., Jahnke, K., Jain, B., Jansen, H., Jarvis, M. J., Jasche,
J., Jauzac, M., Jeffrey, N., Jhabvala, M., Jimenez-Teja, Y., Jimenez Muñoz, A., Joachimi, B.,
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Kovačić, I., Kowalczyk, A., Koyama, K., Kraljic, K., Krause, O., Kruk, S., Kubik, B., Kuchner,
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Manera, M., Manjón-Garćıa, A., Mannucci, F., Mansutti, O., Manteiga Outeiro, M., Maoli, R.,
Maraston, C., Marcin, S., Marcos-Arenal, P., Margalef-Bentabol, B., Marggraf, O., Marinucci,
D., Marinucci, M., Markovic, K., Marleau, F. R., Marpaud, J., Martignac, J., Mart́ın-Fleitas, J.,
Martin-Moruno, P., Martin, E. L., Martinelli, M., Martinet, N., Martin, H., Martins, C. J. A. P.,
Marulli, F., Massari, D., Massey, R., Masters, D. C., Matarrese, S., Matsuoka, Y., Matthew, S.,
Maughan, B. J., Mauri, N., Maurin, L., Maurogordato, S., McCarthy, K., McConnachie, A. W.,
McCracken, H. J., McDonald, I., McEwen, J. D., McPartland, C. J. R., Medinaceli, E., Mehta,
V., Mei, S., Melchior, M., Melin, J.-B., Ménard, B., Mendes, J., Mendez-Abreu, J., Meneghetti,
M., Mercurio, A., Merlin, E., Metcalf, R. B., Meylan, G., Migliaccio, M., Mignoli, M., Miller, L.,
Miluzio, M., Milvang-Jensen, B., Mimoso, J. P., Miquel, R., Miyatake, H., Mobasher, B., Mohr,
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Millea, M., Mitra, S., Miville-Deschênes, M.-A., Molinari, D., Montier, L., Morgante, G., Moss,
A., Natoli, P., Nørgaard-Nielsen, H. U., Pagano, L., Paoletti, D., Partridge, B., Patanchon,
G., Peiris, H. V., Perrotta, F., Pettorino, V., Piacentini, F., Polastri, L., Polenta, G., Puget,
J.-L., Rachen, J. P., Reinecke, M., Remazeilles, M., Renzi, A., Rocha, G., Rosset, C., Roudier,
G., Rubiño-Mart́ın, J. A., Ruiz-Granados, B., Salvati, L., Sandri, M., Savelainen, M., Scott,
D., Shellard, E. P. S., Sirignano, C., Sirri, G., Spencer, L. D., Sunyaev, R., Suur-Uski, A.-S.,
Tauber, J. A., Tavagnacco, D., Tenti, M., Toffolatti, L., Tomasi, M., Trombetti, T., Valenziano,
L., Valiviita, J., Van Tent, B., Vibert, L., Vielva, P., Villa, F., Vittorio, N., Wandelt, B. D.,
Wehus, I. K., White, M., White, S. D. M., Zacchei, A., and Zonca, A. (2020). Planck 2018
results - vi. cosmological parameters. AA, 641:A6.

Porciani, C., Dekel, A., and Hoffman, Y. (2002a). Testing tidal-torque theory - I. Spin amplitude
and direction. , 332(2):325–338.

Porciani, C., Dekel, A., and Hoffman, Y. (2002b). Testing tidal-torque theory - II. Alignment of
inertia and shear and the characteristics of protohaloes. , 332(2):339–351.

Prada, J., Forero-Romero, J. E., Grand, R. J. J., Pakmor, R., and Springel, V. (2019). Dark
matter halo shapes in the Auriga simulations. , 490(4):4877–4888.

Press, W. H. and Schechter, P. (1974). Formation of galaxies and clusters of galaxies by selfsimilar
gravitational condensation. Astrophys. J., 187:425–438.

Raj, M. A., Awad, P., Peletier, R. F., Smith, R., Kuchner, U., van de Weygaert, R., Libeskind,
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