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Resumé

L’importance des interactions entre les galaxies et leur environnement à plus grande échelle

pour comprendre leur évolution constitue une pierre angulaire de la théorie actuelle de formation

des structures. Cependant, derrière cette idée très générale se cache en réalité une longue liste de

processus physiques. En effet, les galaxies grandissent au sein d’intenses courants de gaz à haut

redhsift et acquièrent du moment angulaire grâce aux couples de marée exercés par les grandes

échelles, tout en fusionnant avec d’autres galaxies. Aucun de ces mécanismes ne peut être ap-

préhendé indépendamment de la distribution de matière à grande échelle, fortement anisotrope,

constituée d’un réseau étendu de vides délimités par des murs, eux-mêmes segmentés par des fila-

ments de haute densité dans lesquels la matière s’écoule en direction des noeuds compacts où ils

se croisent. La géométrie et la dynamique d’une telle structure influent fortement sur les écoule-

ments cosmiques, notamment les flux de gaz et de galaxies en migration vers les noeuds de la

"toile cosmique" ainsi définie. Cela modifie en conséquence la distribution des galaxies et de leurs

propriétés, observées à différents redshifts. Cette thèse explore certaines de ces corrélations en-

tre les échelles galactiques et extra-galactiques dans la simulation cosmologique hydrodynamique

Horizon-AGN, afin d’éclairer nos connaissances sur les origines des propriétés observées des galax-

ies, à l’aide d’un échantillon statistiquement représentatif. Dans une première partie, j’analyse

l’orientation du moment angulaire des galaxies et retrouve une tendance déjà mesurée sur les halos

de matière noire qui les abritent: les galaxies jeunes et peu massives ont un moment angulaire

préférentiellement aligné avec la direction de leur filament le plus proche tandis que les galaxies

plus vieilles et plus massives présentent un moment angulaire d’avantage perpendiculaire à cette

même direction. Cette dichotomie est reliée aux mécanismes par lesquels les galaxies accroissent

leur masse, tout d’abord par accrétion diffuse de gaz, dans des régions à forte vorticité présentes

au coeur des filaments, puis lors de fusions avec d’autres galaxies au cours de leur dérive le long de

ces mêmes filaments, ce qui entraine une conversion substantielle de moment orbital en moment

angulaire intrinsèque. Je quantifie ces effets dans Horizon-AGN, et montre que les fusions majeures

comme mineures peuvent provoquer d’importantes bascules du moment angulaire galactique sur
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des échelles de temps de l’ordre de quelques centaines de millions d’années. J’étudie par la suite la

distribution des galaxies satellites autour de leur hôte plus massive et mets de nouveau à jour des

corrélations non négligeables avec la direction du filament voisin. Toutefois, cette tendance est en

compétition avec une autre selon laquelle les satellites finissent par aligner leur orbites avec le plan

de leur galaxie centrale, entrant alors en co-rotation, une tendance qui se révèle particulièrement

importante dans les parties les plus internes du halo (r < rvir), même lorsque le plan galactique

est très mal aligné avec la direction du plus proche filament. En dernier lieu, J’étudie plus pré-

cisément l’impact des fusions galactiques caractérisées par différents rapports de masses ainsi que

de l’accrétion diffuse sur la taille et sur la forme des galaxies lors du pic de formation stellaire a

l’échelle cosmique. Mes principaux résultats apportent une confirmation statistique au scénario

invoquant des fusions mineures à faible composante gazeuse pour interpréter la perte de compacité

des sphérőides entre z ∼ 2 −−3 et z ∼ 1. Ils apportent également des preuves substantielles de la

tendance de l’accrétion diffuse de gaz à z > 1 à reformer des disques pourvu que ceux-ci restent

confinés dans la région riche en vorticité qui les contenait initialement.

Mots clé : astrophysique numérique, simulation, formation des galaxies, évolution galactique,

structures a grande échelle, fusions, accrétion.

8



9



10



Abstract

The importance of interactions with the larger scale environment in driving their evolution is

a central tenet of structure formation theory. However, this general idea actually encompasses a

long list of physical processes. Indeed, galaxies grow from intense gas inflows at high-redshift and

acquire spin through tidal torques on larger scales while merging with one another at the same

time. None of this processes can be considered independently from the large scale distribution of

matter, which is strikingly anisotropic, consisting of an extended network of voids delimited by

sheets, themselves segmented by high-density filaments within which matter flows towards compact

nodes where they intersect. Such a structure imprints its geometry and dynamics on cosmic flows,

especially gas inflows and migrating galaxies - which drift along this so-called "cosmic web" -

ultimately shapes the distribution of galaxies and galactic properties observed at all redshifts.

This work investigates some of these correlations between galactic and extra-galactic scales in the

hydrodynamical cosmological simulation Horizon-AGN to shed light on the origins of galactic

properties through a statistically representative analysis. In a first part of this thesis I analyze the

spin orientations of galaxies and recover a trend already documented for dark halo hosts: young

small galaxies have a spin preferentially aligned to the direction of their closest filament while older

more massive counterparts more likely display a perpendicular orientation. This dichotomy can be

related to the way galaxies acquire mass, first from diffuse gas accretion in vorticity rich regions

in the vicinity of filaments, then through mergers along filaments, which leads to a substantial

conversion of orbital momentum into intrinsic angular momentum. I quantify these affects in

Horizon-AGN , showing that both minor and major mergers can drive important spin swings on

timescales of the order of a few hundred million years. I further investigate the distribution of

satellite galaxies around a more massive central host and find it to be also fairly correlated to

the direction of the surrounding filament. However, this trend is in competition with a tendency

for satellites to eventually align their orbits in the central galactic plane and start co-rotating, a

trend that proves significant in the inner parts of the halo (r < 0.5 rvir) even when such a galactic

plane is strongly misaligned with the direction of its closest filament. Finally, I study with greater
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precision the impact of mergers of various mass ratios and of diffuse accretion processes on the

size and morphology of galaxies at the peak of cosmic star formation history. The main results of

this study include a statistical validation of the gas-poor minor merger scenario to interpret the

loss of compacity of spheroids between z ∼ 2 − 3 and z ∼ 1 and substantial evidence that diffuse

gas accretion at z > 1 tend to (re)-form disks, up to the point where the galaxy grows out of the

coherent vorticity region it is embedded in.

Keywords: computational astrophysics, galaxy formation, galaxy evolution, large-scale struc-

ture, mergers, accretion
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Introduction

Understanding the mechanisms that drive the formation and evolution of galaxies and lead

to their observed diversity is a long-standing issue. Over the past decades major improvements

in observational and computational astrophysics have led to substantial changes from the simple

initial picture of galaxies as isolated islands arising from the collapse of smooth spherical self-

gravitating clouds of particles. The formation scenarios have grown in complexity, progressively

leading to the now standard evolutionary track in which small haloes of dark matter form first

and hierarchically merge into more massive structures at later times (Press & Schechter, 1974).

Galaxies then form as gas collapses into the center of such haloes, radiatively cools and starts

forming stars (White & Rees, 1978). First scenarios suggested the formation of a hot corona of gas

around galaxies in formation —as a result of the virial shock undergone by the collapsing gas—

that would subsequently cool radiatively and rain isotropically over the galaxy. It has since been

realized that dense enough gas would never shock-heat to temperatures where Bremsstrahlung

dominates cooling but rather cool first by atomic transitions, leading to a scenario where forming

galaxies are actually being fed by cooling gas streams (Binney, 1977; Dekel & Birnboim, 2006) .The

later evolution of these galaxies has been progressively completed with internal mechanisms such

as supernova outbursts (Dekel & Silk, 1986; Kauffmann et al. , 1999; Benson et al. , 2003) and

central black holes activity (Binney & Tabor, 1995; Ciotti & Ostriker, 1997; Silk & Rees, 1998;

King, 2003) able to channel out matter and energy so as to prevent overcooling trends measured

in simulations (Cole, 1991; White & Frenk, 1991) and heat the gas so as to reconcile the observed

low star formation rates of most massive galaxies with the hierarchical model which claims they

form last (Bower et al. , 2006; Croton et al. , 2006; Cattaneo et al. , 2006; Sijacki et al. , 2007).

Although these so-called feedback processes are intrinsic and prove crucial to explain the ob-

served properties of galaxies in the Local universe, perhaps the most striking aspect in this change

of paradigm remains the complete and definite rule-out of the "isolated islands" picture. Both the

hierarchical model and the origin of the galactic stellar component from cooling gas streams imply

that galaxies mostly form and evolve from interactions between other collapsed objects and gas
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0.1. STRUCTURE FORMATION IN THE EARLY UNIVERSE: LINEAR PERTURBATION
THEORY

inflows shaped by the underlying dark matter distribution on larger-scales. This naturally ties up

the fate of galaxies to the geometry of the matter distribution on larger scales.

Interestingly, both theory and observations altogether found it to be strikingly anisotropic even

on scales> 1 Mpc, drawing a large-scale "cosmic web" made of clustered halos, filaments, sheets and

voids. Zel’dovich (1970); Shandarin & Zeldovich (1989); Bond et al. (1996) predicted the planar

collapse of matter into walls, then into filaments, themselves draining matter into intersection

nodes as a direct consequence of the inherent structure of the initial gaussian density field, and

Bond et al. (1996) completed this picture explaining how galaxies and dark haloes are woven in

such filaments. The extension of the Center for Astrophysics redshift survey (Huchra et al. , 1983)

then provided spectacular observational evidence (de Lapparent et al. , 1986; Geller & Huchra,

1989) for this picture - further confirmed in the Sloan Digital Sky Survey (SDSS) 1

(Doroshkevich et al. , 2004) - and triggered a renewed interest for such large-scale galaxy surveys

(Colless et al. , 2001).

This underlying anisotropy imprints the geometry of matter flows (gas and satellites) and

therefore has major consequences on the outcome of gas accretion onto galaxies and of galaxy

mergers. Moreover, Tidal Torque Theory (Peebles, 1969; White, 1984; Porciani et al. , 2002b) also

predicts a strong tidal influence of extragalactic scales on haloes and galaxies, accounting for most

of their orbital momentum at high-redshift. As a result there exists a tight connection between

the geometry and dynamics of the cosmic web on the one hand, and the properties of galaxies on

the other hand, which simulations on cosmological scales are especially well-suited to analyze.

In this thesis, we use the cosmological hydrodynamical simulation Horizon-AGN (Dubois et al. ,

2014) to further investigate this connection. More specifically, we analyze the orientation of the

intrinsic angular momentum of large sample of galaxies in a wide range of redshifts, how it arises

from mergers and gas inflows, and how these mechanisms relate it to the underlying filamentary

structure. In a similar fashion, we analyze the distribution of satellite galaxies around their central

host, and eventually we characterize in detail the impact of mergers and diffuse accretion on the

sizes and morphology go galaxies.

0.1 Structure formation in the early universe: linear pertur-

bation theory

According to the standard hot Big Bang model, the universe emerged from an inflationary phase

(epoch of accelerated expansion) the last stage of which lasted for less than 10−32 s and resulted in a

1http://www.sdss.org/science
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0.1. STRUCTURE FORMATION IN THE EARLY UNIVERSE: LINEAR PERTURBATION
THEORY

flat and nearly homogeneous universe with the exception of small density perturbations of quantum

origin. After this phase, the (less accelerated) expansion went on, causing the temperature to drop

progressively and resulting in the successive formation of protons and neutrons, then light elements

within less than 20 minutes. Past this epoch, the universe expanded adiabatically for about 380

000 years before the temperature dropping under ∼ 3000 K caused radiation (photons) and matter

(hydrogen) to decouple, hence insuring the free streaming of the photons and the subsequent

transparency of the universe.

The dynamics of this universe is well described in general relativity and in the Friedmann-

Lemaitre-Robertson-Walker metric by the Friedmann equation:

H2(t) =

(

ȧ

a

)2

=
8πGρ

3
− k

a2
+

Λ

3
, (1)

with H(t) the Hubble parameter, a(t) the scale factor, G the gravitational constant, Λ the dark

energy related cosmological constant and k the curvature (k = 0 for a flat universe). The first term

encompasses the contribution from both matter density ρm and radiation density ρr. This latter

can be conveniently re-written as:

H2(t) =

(

ȧ

a

)2

= H2
0

[

Ωm,0

a3(t)
+

Ωr,0

a4(t)
− Ωk

a2(t)
+ ΩΛ

]

, (2)

with the cosmological parameters: Ωm,0 = ρm,0/ρc,0, Ωr,0 = ρr,0/ρc,0, Ωk = H2
0/k and ΩΛ that

characterize the contribution from matter density ρm, radiation density ρr, curvature k and dark

energy respectively. The subscript 0 indicates that quantities are taken at present time and ρc =

3H2(t)/(8πG) is the critical density. Such a set of parameters therefore defines the cosmology of

the universe and needs to be fitted from observations and used as an input in simulations.

Comparing how each component in the equation scales with a(t), one can distinguish three

successive eras: the early universe where radiation is the most important form of energy, then

a later phase that is matter-dominated, eventually leading to the contemporary universe where

dark energy takes over. As the previously mentioned density perturbations start to grow after

the matter-radiation equality, their subsequent evolution under gravity in an expanding universe

is well described in the linear regime with the linearised Euler equations and the Poisson equation.

Defining the density contrast δ(x, t):

ρ(x, t) = ρm(t)[1 + δ(x, t)] , (3)
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One gets

∂δ

∂t
+

1

a
∇.v = 0 , (4)

∂v

∂t
+
ȧ

a
v = −1

a
∇φ , (5)

∇2φ = 4πGρ̄a2δ , (6)

which leads to the perturbation equation:

∂2δ

∂t2
+ 2

ȧ

a

∂δ

∂t
=

3

2
Ωm,0H

2
0

δ

a3
, (7)

which admits the following general solution in an Einstein-de Sitter Universe with (k = 0,Λ =

0,Ωm = 1):

δ = A(x)D+(t) +B(x)D−(t) ≃ A(x)D+(t) , (8)

as the decaying mode becomes rapidly negligible, with the growth factor D+ ∝ a in a matter

dominated universe.

The growth of these density perturbations is thought to give rise to all the structures observed

in the current universe from the cosmic web to virialised haloes and galaxies. Initially, in their

early post-inflation form, they are to a large extent gaussian distributed, hence fully characterized

by their initial power spectrum (in Fourier modes k):

Pi(k) = Ckns , (9)

with ns = 0.96 ≃ 1. This yields to the important conclusion that corresponding fluctuations for

the gravitational potential are scale invariant in good approximation, hence distribute equally on

all spatial scales. The subsequent evolution of this power spectrum is encapsulated in the transfer

function T (k) such that:

P (k) = Pi(k)T
2(k). (10)

0.2 Spherical collapse and Press-Schechter theory

The evolution of these perturbations is however not fully described in the linear regime, as

perturbations later enter a non-linear regime when particle orbits start to cross and invalidate

the one-flow approximation. In particular, density peaks later collapse into virialised haloes and

galaxies. This collapse is well described by the spherical collapse model which consists in solving

the Friedmann equation for an over dense sphere of radius r in a flat universe. This successfully de-

scribes the competition between the global expansion of the universe that tends to spread particles

apart, and the gravitational potential that tend to collapse them into one point.
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0.2. SPHERICAL COLLAPSE AND PRESS-SCHECHTER THEORY

This allows to calculate the turnover radius rmax = 6ri/10δi, which is the maximum radius

the sphere reaches before it begins to shrink as gravity takes over and the density contrast above

which a sphere will collapse to a point δcol = 1.686 (for Λ = 0. ΩΛ = 0.7 leads to δcol = 1.676). In

reality, the over density is not smooth but rather composed of particles which do not accumulate

in one point but shell-cross and reach virial equilibrium. In this case, the same model predicts that

the ratio between the density inside the sphere at virial equilibrium and the average background

density at time of collapse will be:

ρ(tvirial)

ρ̄(tcollapse)
= 18π2 ≃ 178 , (11)

assuming that Λ = 0. Interestingly, this provides a well justified criterium to discriminate collapsed

structures in simulations. Fully developed galaxies will later form at the center of virialised dark

haloes from the accumulation of cold dense gas streaming to the core of the haloes and form-

ing stars. Note that a non-zero cosmological constant, this ratio is actually redshift dependent

(Bryan & Norman, 1998).

Another neglected aspect of the collapse stems from the non-sphericity of density peaks and

will be developed in Chapter 1. Noticeably haloes and pro to-galaxies acquire angular momentum

through misalignments between their tensor of inertia (ellipticity) and the eigenvectors of the tidal

tensor that describes gravitational tidal interactions on large scales. This ability of galaxies to

acquire rotation can have a major impact on their subsequent morphology.

Following on this analysis, it is therefore of interest to derive the statistics of collapsed struc-

tures, especially the fraction of haloes of a given mass M at a given time. In order to understand

when and with which rate over-dense clouds smoothed on a typical scale R (hence enclosing a

typical mass M ∼ 4πR3/3) will collapse, Press & Schechter (1974) investigated the evolution of

such smoothed gaussian random fields describing the smoothed density contrast δ.

The mass of such a cloud smoothed on scale R is :

M(r) =

∫

ρ(x)W (x + r, R)d3x , (12)

with W (r, R) a window function sharply decreasing for r > R.

This smoothing washes away fluctuations on scales smaller thanR. The corresponding smoothed

gaussian random field takes the form:

p(δ)dδ =
1√

2πσM

exp

[

− δ2

2σ2
M

]

dδ , (13)

with σM the variance in mass fully determined by the power spectrum P (k) and the smoothing

function W . This quantity decreases with M in a ΛCDM universe.
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Therefore remarking that fluctuations above the threshold δcol(t) correspond to virialized struc-

tures and that δcol(t) = δcol/D+(t) increases with time t, Press & Schechter (1974) derived the

differential number density of haloes (modulo a factor of 2 to account for the fact that voids can

be gravitationally bound to over-densities hence collapse simultaneously):

dn

d lnM
=

√

2

π

ρ̄m

M

d lnσ−1
M

d lnM
ν exp

(

−ν
2

2

)

, (14)

with ν = δcol(t)/σM .

In the ΛCDM paradigm, this therefore implies that more massive haloes - that correspond

to more extended lagrangian patches of matter - collapse later in time. This prediction is the

backbone of the hierarchical formation model according to which small-mass structures form first

from fluctuations on smaller scales, then further coalesce into more massive structures. Massive

haloes then most likely correspond to mergers of smaller - previously collapsed - haloes, and later

merge themselves into even bigger clusters.

0.3 The cosmic web

For nearly two decades, this result appeared to be in stark contrast with the pancake model

proposed by Zel’dovich (1970) and Shandarin & Zeldovich (1989) to describe the outcome of a non-

spherical collapse and predicting the "cosmic web" agencing of matter on largest scales in a ΛCDM

universe. In both observations (de Lapparent et al. , 1986; Doroshkevich et al. , 2004) and N-body

simulations (Efstathiou et al. , 1985; Springel et al. , 2006), matter on largest scales appears to

be distributed in compact nodes connecting high density filaments, themselves segmenting lower

density sheets which enclose under-dense voids.

Assuming the validity of the now famous Zeldovich approximation (Zel’dovich, 1970; Hidding et al. ,

2014) for the displacement field ψ - that maps eulerian coordinates to lagrangian ones in the linear

regime -, these authors established that such structures correspond to the ongoing compression of

matter along each eigenvector of the deformation tensor

Dij = −∂ψi

∂qj
, (15)

the fast (since not slowed down by gravity) expansion of voids confining matter into sheets, that

then feed matter into filaments, themselves draining matter into nodes. As the Zeldovich approxi-

mation reduces the displacement field ψ to a potential vector field, the scalar potential of which is

simply proportional to the underlying gravitational potential, a major result of this theory is that

the Universe large-scale structure is framed by the planar local collapse of over densities. However,

In such a theory, smallest structures arise from the fragmentation of bigger ones, hence form last.
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These approaches were reconciled by Bond et al. (1996) remarking that these theories are valid

on different scales and in different regimes: smoothing out the initial density contrast to recover

only somewhat "long wave-length" fluctuations that have not yet entered the non-linear regime,

The Zeldovich pancaking successfully explain the anisotropy in the distribution of matter on largest

scales. However, it is not an accurate description of the non-linear regime of structure formations

once individual orbits have shell-crossed and ruled out the hypothesis that allows to describe δ as

a single-flow fluid.

The non-linear regime is then better described by the Press-Schechter formalism. However, one

should notice that the non-linear collapse regime is first entered where the overdensity is initially

the highest, hence at narrow peaks of the unsmoothed density field. On these short wave-length

scales, we therefore recover the hierarchical picture in which smaller structures form first then

merge into bigger ones.

The apparent discrepancy between these two approaches hence disappears when high order

statistics of the initial random field are analyzed in details, more specifically in the vicinity of "rare"

peaks. This reveals that 1) the long wavelength fluctuations act as a background that constrains

the distribution of shorter wavelength peaks, which tend to be enhanced by the background leading

to collapsed structures that lie near the crests of the long waves 2) rare peaks on a given scale

tend to enhance the density contrast in between them, therefore constraining the position of a

proto-filament (Bond et al. , 1996).

More generally, the main point raised by Bond et al. (1996) is that the field of initial pertur-

bations already has a geometrical structure and a globally interconnected organization, an aspect

largely overseen in the Zel’dovich approach. Hence, the universe large-scale structure is actually

framed by the interplay between the planar collapse and the inherent structure of the gaussian

initial density and velocity shear fields.

This leads to the following picture at time t: the perturbations of the initial density field in

a given wavelength range - that has not yet reached the critical density of non-linear collapse -

is subject to quasi-linear pancaking whose geometry is imprinted in the inherent structure of the

gaussian density field on these scales, especially the position of the rare peaks. This generates a

cosmic web made of overdense collapsing peaks and fast expanding voids where matter is being

drained into denser and denser regions at their intersection. This background anisotropy constrain

the distribution of density peaks of smaller wavelength (Kaiser, 1984) simultaneously entering the

non-linear clustering regime, which drives a "bottom-up" clustering on these smaller scales. The

distribution that emerges from this process is that of a filamentary network made of hierarchically

clustered haloes and galaxies woven in the linear cosmic web, more and more massive collapsed
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Figure 1: Illustration of the Hubble sequence with main features for the three distinct branches:
elliptical, normal spirals and barred spirals.

objects appearing, as larger and larger wavelengths progressively enter the non-linear collapse

regime, hence as haloes and galaxies along the filaments migrate towards nodes and merge.

This naturally raises the question of the influence of such an anisotropic environment on the

formation and evolution of galaxies, more specifically on their observed properties such as their

mass, size and morphology.

0.4 Galactic morphologies

The morphological diversity of galaxies in the Local Universe is remarkable. They come in

a variety of sizes and shapes and can have as few as 10 million stars or as many as 10 trillion

(the Milky Way has about 200 billion stars). In 1926, Edwin Hubble classified them in the now

famous "Hubble Sequence" fork diagram (Hubble, 1936) depending on their overall shape (ellipsoid,

spheroid or disk), the presence or not of a central bar, inner structure patterns (tightly wound

spirals, double spirals) and importance of the bulge (bulge dominated, disk dominated). This fork

diagram is presented in Fig .1 and distinguishes three branches:

Ellipticals: Elliptical galaxies show very little substructure and display roughly ellipsoidal shapes,

sorted out in the Hubble tuning fork diagram from the quasi-spheroidal ones (E0) on the left

to the most flattened ones on the right (E7). It should be noted however that elliptical galax-
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0.4. GALACTIC MORPHOLOGIES

ies from E4 to E7 do show a faint bulge/disc dichotomy. They tend to contain very little gas

and dust and host old (red) stars. They are believed to form either from the relaxation of un-

stable disks (Elmegreen et al. , 2008; Dekel et al. , 2009; Ceverino et al. , 2012) at high redshift,

or later through mergers of either disk progenitors (Toomre & Toomre, 1972; Schweizer, 1982;

Cretton et al. , 2001; Naab & Burkert, 2003; Naab et al. , 2006b; Qu et al. , 2011). Their masses

are extremely diverse, ranging from the smallest to the largest of all observed galaxies (106M⊙ to

1013M⊙).

Normal spirals: Spirals are galaxies characterized by a disk shape, which comprises a bulge

of somewhat old stars and a thin outskirt of younger stars. They display spiral patterns, the

winding strength of which can be more or less pronounced, from floculent (Sc) to grand-design

(Sa). They are classified (from left to right) in the Hubble diagram from the most tightly wound

with largest bulge to the loosest arms with smallest bulge. In the local Universe, they occupy a

narrow intermediate galactic mass range (109M⊙ to 1011M⊙).

Barred spirals: Barred spirals (Sb) display spiral arms that originate from a central bar rather

than directly from the center of mass of the galaxy. They are otherwise very similar to normal

spirals in the Hubble diagram.

Irregular galaxies with less distinctive features and corresponding to disturbed systems eventu-

ally add up to the picture, as well as lenticulars which are disk structures with no distinctive spiral

pattern.

Although from the very publication of this diagram Hubble insisted that it should be considered

a static classification, favoring no temporal evolution, the continuous transformation from the left

to the right of the sequence led astrophysicists to question the origin of this diversity and to suspect

transformations from one type to the other. Over the last decades, many new mechanisms have

piled up to the list of possible transformation channels from spirals to lenticulars, lenticulars to

ellipticals, or spirals to ellipticals.

An aspect of this work, developed in Chapter 3 is to investigate some of the most promising

of these accretion mechanisms to explain the build-up of disks and ellipticals at high redshift (and

their subsequent loss of compacity).
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0.5 Structure of this Thesis

This thesis investigates the interplay between galaxies and their anisotropic environment, more

specifically through a close analysis of the contrasting impacts of diffuse accretion processes and

mergers on the mass, spin, shape and size of galaxies and on the spatial distribution of their satel-

lites. This analysis was performed in the state-of-the-art cosmological hydrodynamical simulation

Horizon-AGN

(Dubois et al. , 2014) run with the eulerian code ramses (Teyssier, 2002). Chapter 1 briefly de-

scribes the main features of the code and the Horizon-AGN simulation, and gives further details

on the numerical methods used to identify haloes, galaxies, and large-scale cosmic web features

such as filaments. Chapter 2 presents results I have obtained relative to the spin orientation of

galaxies in the cosmic web. In particular, it identifies specific galactic properties as tracers of spin

alignment trends. It further analyzes the ability of galaxy mergers to trigger galactic spin swings

and of smooth accretion to build-up the galactic spin parallel to its closest filament. While this

study is performed at z > 1, Chapter 3 focuses on the distribution of satellites around their central

galaxy at redshift 0.3 < z < 0.8. More specifically, it investigates the tendency of satellites to align

within the filament in which their central host is embeddded and analyses their related tendency

to align in the galactic plane of their host. In this chapter we also discuss important consequences

of such alignment trends for prospective observations. Chapter 4 presents results I have obtained

concerning the impact of mergers of various mass ratios and diffuse accretion processes on the

morphology and size of galaxies at the peak of cosmic star formations history. In particular, I

discuss the statistical efficiency of gas-poor mergers in driving the loss of compacity expected for

spheroidal galaxies between z ∼ 2 − 3 and z = 1. I correlate these results with previous findings

on the impact of the filamentary structure on the statistics of mergers and diffuse accretion.

Chapter 5 Concludes and discusses prospects.
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Chapter 1

Numerical Methods

Throughout the last decades, numerical simulations have progressively acquired a leading role

in the study of galactic formation and evolution. Ever since pure dark matter N-body cosmological

simulations imposed themselves as the main theoretical driving force to establish the ΛCDM

paradigm (by allowing to perform theoretical measurements of the 2 point correlation function

which can be compared quantitatively with that measured in galaxy surveys), important efforts

have been made to implement new physics in computational astrophysics. At the heart of this rapid

development lies the fact that, while the dark matter dynamics drives the formation of the cosmic

web, a full understanding of the formation of galaxies in such a structure requires to successfully

integrate additional baryonic processes to the description.

Indeed, since galaxies grow from intense star formation in regions where gas has cooled radia-

tively and later undergo a long list of strongly non-linear processes on small scales, from mergers to

feedback from supernovae and supermassive black holes, deriving reliable analytical predictions for

the outcome of such events proves extremely difficult. In this context, simulations implementing

effective models to describe such mechanisms stand out as ideal tools to understand the diversity

of galaxies on cosmic scales and their interplay with their anisotropic environment.

Over the last few years, the increase in computing performance has given birth to the first

generation of "full-physics" cosmological hydrodynamical simulations: high-resolution simulations

of large cosmic volumes (up to ∼100 Mpc scale) including not only the evolution of the dark matter

component but also the hydrodynamics of the gas and numerous non-linear processes such as star

formation or feedback. Horizon-AGN
1 (Dubois et al. , 2014) is one of these simulated universes,

along with others such as MareNostrum, MassiveBlack-II, Eagle and Illustris (Devriendt et al. ,

2010a; Khandai et al. , 2015; Schaye et al. , 2015; Vogelsberger et al. , 2014; Genel et al. , 2014).

1http://www.horizon-simulation.org
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Each of these includes its own implementation of hydrodynamics and specific non-linear small scale

processes.

In this first chapter, I describe the genesis and the main features of the simulation Horizon-AGN in

which I analyzed the interplay between the cosmic web and galaxies. Let me consecutively develop

the main numerical tools I used to identify the galaxies and compute their physical properties.

1.1 Simulating the universe on cosmological scales

In practice, simulating a universe consists in computing iteratively the evolution of a set of well-

suited initial conditions (at redshift z ≃ 50) for dark matter density under specific physical forces

and in a specific cosmology. Dark matter is modeled with macro particles, each of which actually

corresponds to considerable amounts of real dark matter particles. Initially evenly distributed on a

mesh that covers the whole simulated volume, these particles are first applied a Zeldovich boost ac-

cordingly to the initial density contrast at their initial position. They are subsequently left to move

and interact under gravitational forces only as their small cross-sections make them non-collisional

in good approximation. Diverse methods have been developed to further include gas and follow its

dynamics and transformation into star particles. More specifically, the Horizon-AGN simulation is

run with the Adaptive Mesh Refinement code ramses (Teyssier, 2002), which is further described

in the next sub-sections.

Horizon-AGN adopts a standard ΛCDM cosmology with total matter density Ωm = 0.272,

dark energy density ΩΛ = 0.728, amplitude of the matter power spectrum σ8 = 0.81, baryon

density Ωb = 0.045, Hubble constant H0 = 70.4 km s−1 Mpc−1, and ns = 0.967 compatible

with the WMAP-7 cosmology (Komatsu, 2011). The values of this set of cosmological parame-

ters are compatible with those of the recent Planck results within a ten per cent relative vari-

ation (Planck Collaboration et al. , 2014). The chosen size of the simulation box is Lbox =

100 h−1 Mpc with 10243 dark matter (DM) particles, which results in a DM mass resolution of

MDM,res = 8 × 107 M⊙. The initial conditions have been produced with the mpgrafic soft-

ware (Prunet et al. , 2008), which efficiently generates gaussian random fields from an input power

spectrum. The simulation was run down to z = 0.05 and used 10 million CPU hours.

1.1.1 RAMSES: basic features

In ramses, the cosmological expansion is accounted for using the super-comoving coordinate

system described in Martel & Shapiro (1998). This amounts to a rescaling of the variables - for

a non-zero cosmological constant universe - depending on the scale factor a(t), the cosmological
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parameters and a specific time variable - the conformal time - derived from the Friedman equation.

Such a coordinate system has the major advantage of preserving the standard form of the fluid

equations obtained in a non-expanding universe. As a consequence, one should bear in mind that

in ramses (as in other cosmological simulations) expansion is a taken into account as a background

evolution, therefore not influenced by the internal dynamics of particles.

1.1.1.1 Turning on gravity

In this background, particles (dark matter: DM and later stars) form collisionless systems

governed by gravitational forces, each particle following the equation of motion:

dxp

dt
= vp , (1.1)

dvp

dt
= −∇φ , (1.2)

where xp,vp and φ are the position, the velocity and the gravitational potential respectively. The

direct computation of all the inter-particle forces is very costly. ramses therefore resorts to an

adaptive Particle-Mesh method which computes the gravitational force on a non-uniform grid and

can be described as follows:

• Particles of mass mp are given an extension by means of a cloud shape function S(x) (a

Cloud-in-Cell in ramses, i.e. a grid-sized top hat function) and assigned to all the grid cells

i (of size ∆x) they overlap through the assignment function

W (x) =

∫ xi+∆x/2

xi−∆x/2

S(x)dx , (1.3)

• This allows to convert the distribution of particles into a discrete density computed on the

grid:

ρi =
1

∆x3

N
∑

p=1

mpW (x)W (y)W (z) , (1.4)

• φ can then be derived from the Poisson equation: ∇2φ = 4πGρ. Since the grid is not uniform,

ramses solves iteratively the diffusion equation:

∂φ

∂τ
= ∇2φ− 4πGρ , (1.5)

until a stable solution is found (Bodenheimer et al. , 2007). This is performed discretizing

(finite differencing) this equation on the grid and isolating the potential in cell i at time

τn+1, φi(τn+1) as a function of the density in cell i and of the potential at time τn in the

neighboring cells.
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• Then the force −∇φ calculated on the grid is interpolated at each particle position

• Positions and velocities are updated.

Details about the solver and convergence control methods can be found in Teyssier (2002).

1.1.1.2 Hydrodynamics

Additionally, ramses computes the dynamics of the gas. Unlike particles, fluid elements are

subject to compression and pressure. In Astrophysics, viscosity is relevant on unresolved scales

hence fluid dynamics are governed by the stress-free Euler equations with gravity source term,

which extend the conservation equations for mass, momentum and energy:

∂ρ

∂t
+ ∇.(ρu) = 0 , (1.6)

∂ρu

∂t
+ ∇.(ρu × u) = −∇P − ρ∇φ , (1.7)

∂E

∂t
+ ∇(u[E + P ]) = 0 , (1.8)

with ρ, u and P the density, stream velocity and pressure of the fluid. Note that this latter

equation 1.8 actually becomes

∂E

∂t
+ ∇(u[E + P ]) = H − C , (1.9)

when taking into heating and cooling processes which will be described in section 1.1.2.1.

ramses is an eulerian code. As such, it solves the Euler system on a grid where gas is repre-

sented as fluid cells by computing the fluxes at the interface of each cell, as opposed to lagrangian

codes (Smoothed-Particle-Hydrodynamics techniques) which discretize mass rather than space and

therefore split the gas into massive extended interacting particles. A major advantage of eulerian

codes is their great ability to capture complex instabilities and shocks, however at the expense of

strict mass conservation.

The evolution of the gas is therefore followed using a second-order unsplit Godunov scheme see

(Godunov, 1959, see). To briefly describe this method, let us focus on the simple case where all

the source terms: gravity, cooling or heating can be neglected. the Euler equations simplify as:

∂Q

∂t
+
∂F

∂x
= 0 , (1.10)

with Q = (ρ, ρu,E) the conservative variables and F = (ρu, ρuu+ P, u[E + P ]) the fluxes.

Assuming that the gas is ideal, monoatomic and in adiabatic evolution it further simplifies to:

∂Q

∂t
+ A

∂Q

∂x
= 0 , (1.11)
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which can be solved finding the eigenvalues of the jacobian matrix A, and therefore allows to

understand the Euler system as the propagation of a given superposition of hydrodynamical waves.

In Horizon-AGN , the gas follows an equation of state for an ideal monoatomic gas with an

adiabatic index of γ = 5/3.

For simplification, let us consider a unidimensional uniform grid. One can show that integrating

equation 1.10 over cell of size ∆x and time step ∆t and using the divergence theorem yields to

Qn+1
i = Qn

i − ∆t

∆x
(Fi+1/2 − Fi−1/2) , (1.12)

with Qn
i the average value of Q over cell i at time step n and Fi±1/2 the half-step Godunov

fluxes computed from the inter-cell riemann solutions for Q: Qi±1/2. This allows for an iterative

calculation of Q and F at each timestep in any cell of the grid providing that one can properly

estimate the inter-cell variables and Godunov fluxes.

The scheme used in ramses is second-order meaning that Q (hence Qi±1/2) is actually recon-

structed everywhere in a cell using a piecewise linear interpolation rather than simply equated to

the average value over the cell previously calculated, in order to avoid diffusion. There is a variety

of ways to reconstruct such states and compute the corresponding Godunov fluxes. Horizon-AGN

relies on the HLLC Riemann solver (Toro & Speares, 1994), which makes strict assumptions on

the propagation direction and velocity of the former identified hydrodynamical waves, then recon-

structs the interpolated variables from their cell-centered values. It further imposes limitations

on the slope of the linear interpolation using the MinMod Total Variation Diminishing scheme to

prevent spurious oscillations at cell interfaces in regions where the gradient of Q is steep.

The reader may refer to Teyssier (2002) for more technical information on these methods.

1.1.1.3 Adaptive mesh refinement

ramses is an adaptive mesh refinement code, which means that the grid is not uniform but

rather refines or de-refines automatically (i.e. splits one cell into 8 sub-cells) in dense regions from

one time step to the next so as to naturally adapt to the local density and successfully follow the

dynamics of the gas and particles in the highly non-linear regions. In Horizon-AGN , the initial

mesh is refined up to ∆x = 1 kpc (7 levels of refinement). This is done according to a quasi-

Lagragian criterion: if the number of DM particles in a cell is more than 8, or if the total baryonic

mass in a cell is 8 times the initial DM mass resolution, a new refinement level is triggered. In

order to keep the minimum cell size approximately constant in physical units, a new maximum

level of refinement is allowed every time the expansion scale factor doubles (i.e. at aexp = 0.1, 0.2,

0.4 and 0.8).
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1.1.2 Small-scale physical recipes for realistic galactic dynamics.

Once the dynamics is computed for the gas and the particles, simulating a physical universe

still requires to compute the non-linear physics that govern small scales of the Universe. Since

our resolution is limited to 1 kpc, many of these processes actually occur on typical scales smaller

than the smallest cell in the simulation. They are consecutively labeled as "sub-grid processes",

hence only modeled through their effective impact on cell scales. Let us review all such processes

implemented in Horizon-AGN .

1.1.2.1 Gas cooling and heating

Photons interact with electrons -either bound in an atom or free- in many ways that can impact

the overall energy of the system. Specifically, photons can excite bound electrons to either higher

energy bound states which will soon after decay radiating away the excess energy, or to unbound

states which may lead to the subsequent recombination of the electron with another photon (ioniza-

tion/recombination). Free electrons can also transfer their kinetic energy to background photons

through two channels: bremsstrahlung (fly-by braking) or inverse Compton scattering (head-on

collision). These processes, each of which dominates in a specific temperature range, therefore re-

duce the internal energy of the gas. This loss of energy ė therefore depends on the number density

of protons np and electrons ne:

ė ∝ nenp . (1.13)

In the temperature range 104 − −105 K, gas is at ionization equilibrium, leading to a plasma

where the number density of electrons and the proton number density are related through specific

coefficients that account for the rates of spontaneous emission, absorption and stimulated emission

respectively. The loss of energy writes ė = fcool(T )npne where fcool(T ) is a cooling rate that

encapsulates the efficiency of each process at a given temperature T.

In Horizon-AGN , gas is allowed to cool by H and He cooling with a contribution from metals

assuming a solar composition by implementing the cooling rate from the Sutherland & Dopita

(1993) model down to 104 K. This leads to add the cooling term C in the energy equation of the

Euler system. Metallicity is modelled as a passive variable for the gas and its amount is modified

by the injection of gas ejecta during supernovae explosions and stellar winds. Various chemical

elements synthesised in stars are released by stellar winds and supernovae: O, Fe, C, N, Mg and

Si. However, it is important to remind that they do not contribute separately to the cooling curve

(the ratio between each element is taken to be solar for simplicity) but can be used to probe the

distribution of the various metal elements
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Quasars and hot massive stars are also thought to produce an intense UV radiation able to heat

the gas from very high redshift (Haehnelt et al. , 2001; Dunkley et al. , 2009). In order to model

this effect, heating from a uniform UV background is triggered in Horizon-AGN after redshift

zreion = 10 following the frequency-integrated ionization and photo-heating rates computed from

the spectra of quasars in Haardt & Madau (1996). This adds the heating term H in the energy

equation of the Euler system. .

1.1.2.2 Star formation and stellar feedback

Stars form from the collapse of giant molecular clouds or ultra-dense infrared dark clouds

(under Jeans instability) emerging from the cooling of high-density gas. This suggests that the star

formation rate must be a function of the local gas density, a relationship that reveals surprisingly

tight in observations (Kennicutt (1998)) which found it to be close to ˙ρstar ∝ ρ
3/2
gas. This behavior

can be understood as the result of the star formation rate following a Schmidt law:

ρ̇star = ǫ∗ρ/tff , (1.14)

where ρ̇star is the star formation rate density, ǫ∗ = 0.02 (Kennicutt, 1998; Krumholz & Tan, 2007)

the constant star formation efficiency, and tff the local free-fall time of the gas:

tff =
3π

32Gρ
. (1.15)

This is how star formation is modeled in Horizon-AGN .

However, observations also reveal that stars form only in regions where the gas density exceeds

a given threshold that corresponds to the transition from atomic hydrogen to molecular hydro-

gen(Kennicutt, 1998; Wong & Blitz, 2002). Following on this behavior, although with some cor-

rections to overcome the limited resolution of the simulation, star formation in Horizon-AGN is

allowed in regions which exceed a gas Hydrogen number density threshold of n0 = 0.1 H cm−3.

In such regions, at each time step, a small fraction of gas is converted into star particles the

density of which is given by the Schmidt law, and whose individual masses are multiple of the

minimum mass M∗ = ρ0∆x
3 ≃ 2 × 106 M⊙. The multiple is drawn from a Poissonian random

process (Rasera & Teyssier, 2006; Dubois & Teyssier, 2008).

The gas pressure is artificially enhanced above ρ > ρ0 assuming a polytropic equation of state

T = T0(ρ/ρ0)
κ−1 with polytropic index κ = 4/3 to avoid excessive gas fragmentation and mimic the

effect of stellar heating on the mean temperature of the interstellar medium (Springel & Hernquist,

2003).

As massive stars (M > 8M⊙) grow a stable iron core, they begin to contract. Their inner
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core collapses under gravity and increases its density up to the point where it reaches the Fermi

quantum degeneracy pressure. Passed this point, the inner core undergoes an extremely rapid

collapse owing to the dissociation of its iron nuclei that allows the protons to capture electrons and

form neutrons, hence decreases the Fermi pressure. This phase produces intense fluxes of neutrinos.

It stops abruptly due to repulsive strong force when the density reaches the point where it violates

the Pauli’s principle applied to neutrons. This generates a shock wave which washes away the

energy of the supernova, therefore released in the interstellar medium. This kind of supernovae is

labeled Type II: it ejects ∼ 5 M⊙ in the interstellar medium with a total kinetic energy K ∼ 1051erg

and radiates ∼ 1049erg on a month timescale.

Another major type of supernovae (Type Ia) is consecutive to the accretion of a companion star

by a white dwarf whose electronic pressure has reached the Fermi limit. This drives explosions

that release huge amounts of thermal energy and leave no remnant.

This feedback from stars is explicitly taken into account assuming a Salpeter (1955) initial mass

function with a low-mass (high-mass) cut-off of 0.1 M⊙ (100 M⊙), as described in details in Kimm

2012 (DPhil Thesis). Specifically, the mechanical energy from supernovae type II and stellar winds

is taken from starburst99 (Leitherer et al. , 1999, 2010), and the frequency of supernovae type

Ia explosions is computed following Greggio & Renzini (1983).

1.1.2.3 Feedback from black holes

Supermassive black holes forming at the center of galaxies can also radiate considerable amount

of energy either thermally or through strong outflows of accelerated ionized material locked in a

thin bipolar jet.

In Horizon-AGN , the same “canonical” Active Galactic Nuclei (AGN) feedback modelling

than the one presented in Dubois et al. (2012b) is used. Black holes (BHs) are created where the

gas mass density is larger than ρ > ρ0 with an initial seed mass of 105 M⊙. In order to avoid

the formation of multiple BHs in the same galaxy, BHs are not allowed to form at distances less

than 50 kpc from each other. The accretion rate onto BHs follows the Bondi-Hoyle-Lyttleton rate

ṀBH = 4παG2M2
BHρ̄/(c̄

2
s + ū2)3/2, where MBH is the BH mass, ρ̄ is the average gas density, c̄s

is the average sound speed, ū is the average gas velocity relative to the BH velocity, and α is a

dimensionless boost factor with α = (ρ/ρ0)
2 when ρ > ρ0 and α = 1 otherwise (Booth & Schaye,

2009) in order to account for our inability to capture the colder and higher density regions of the

inter-stellar medium. The effective accretion rate onto BHs is capped at the Eddington accretion

rate: ṀEdd = 4πGMBHmp/(ǫrσTc), where σT is the Thompson cross-section, c is the speed of

light, mp is the proton mass, and ǫr is the radiative efficiency, assumed to be equal to ǫr = 0.1 for
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the Shakura & Sunyaev (1973) accretion onto a Schwarzschild BH.

The AGN feedback is a combination of two different modes, the so-called radio mode operating

when χ = ṀBH/ṀEdd < 0.01 and the quasar mode active otherwise. The quasar mode consists

of an isotropic injection of thermal energy into the gas within a sphere of radius ∆x, and at

an energy deposition rate: ĖAGN = ǫfǫrṀBHc
2. In this equation, ǫf = 0.15 is a free parameter

chosen to reproduce the scaling relations between BH mass and galaxy properties (mass, velocity

dispersion) and BH density in our local Universe (see Dubois et al. , 2012b). At low accretion

rates, the radio mode deposits AGN feedback energy into a bipolar outflow with a jet velocity of

104 km s−1. The outflow is modelled as a cylinder with a cross-sectional radius ∆x and height 2 ∆x

following Omma et al. (2004) (more details are given in Dubois et al. (2010). The efficiency of

the radio mode is larger than the quasar mode with ǫf = 1.

1.2 Structure detection and identification in Horizon-AGN

1.2.1 Haloes and galaxies: Structure identification and merging

identification Haloes and galaxies are identified from DM particles and star particles respectively

using HaloMaker (Tweed et al. , 2009, based on) with the AdaptaHOP algorithm (Aubert et al. ,

2004). This subsection only summarizes the main features of the algorithm.

This method identifies structures from the particle positions only, no further correction is per-

formed based on the velocities. Its great advantage is however its ability to detect sub-structures.

It first computes the density at each particle position by finding its N nearest neighbors and

integrating their contribution to the local density using the standard SPH (smoothed particle hy-

drodynamics) spline kernel (Monaghan (1992). A total of 20 neighbours were used to compute the

local density of each particle in our post-processing of Horizon-AGN .

Then the algorithm hops from one particle to its highest density neighbor until it reaches a local

maximum. Once all the local maxima of the field are found, a peak patch around each maximum

is defined as the set of particles above a well-suited density threshold (ρ/ρ̄ > ρth where ρ̄ is the

average of the total matter density) that share this local maximum. In the following work, I chose

ρth = 178 to identify clear collapsed, virialised structures: haloes and galaxies. At this point,

detected overdensities still need to be discriminated into main structures and sub-structures of

various levels.

It is performed first identifying the saddle points between interfacing patches. The connecting

saddle point between two patches is identified as the particle of highest density among all their
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saddle points. Those saddle points are used to create branches connecting all the local maxima

in a group of adjacent patches with saddle point densities higher than ρthρ̄. It allows to build a

hierarchy of nodes, where each node contains all the particles in the group whose associated density

is enclosed between two values. For a connex group of interfacing patches, the lowest level (0) node

is constituted of all the particles in the group with associated density higher than the threshold

ρthρ̄ and lower than the lowest saddle point detected (if any). Particles with density above this

value are splitted into two level 1 nodes depending on their proximity to the two local maxima

associated to this saddle point. This operation is repeated iteratively over all saddle points in the

group in ascending order of their density: Particles in level 1 nodes are splitted into higher level

nodes if their density is higher than that of the lowest of the remaining saddle points adjacent to

the patch of the maximum they have been temporarily assigned to.

Physical structures correspond to the highest level -"leaf-" nodes, which are nodes that cannot

be further splitted. Structures and sub-structures of various hierarchical levels are then recovered

collapsing this node structure tree along the branch containing the most massive leaf node ("MSM"

technic). This defines the main structure. This operation is then repeated with the most massive

remaining leaf node, whose branch is collapsed down to the the lowest level node not assigned yet,

and then again until all leaf nodes are assigned a substructure hierarchical level. A force softening

(minimum size below which substructures are considered irrelevant) of ∼ 2 kpc is applied to discard

small fluctuations or clumps as substructures.

Moreover, only structures with a minimum number of particles (fixed as an input parameter to

50, 100 or 1000 in this work) are identified as haloes or galaxies.

The center of a structure is then identified as the particle of highest density, its inertia tensor

is computed from the positions of its particles, which allows to infer its axis ratios when assuming

its shape to be ellipsoidal. Mass is then computed in concentric ellipsoids with axis (ai, bi, ci) and

same axis ratios until the enclosed particles verify the condition:

||2Ek + Ep ||
||Ek + Ep ||

< 0.2 . (1.16)

This determines the viral mass mvir and the virial radius Rvir = (aibici)
1/3.

Merger trees The updated version devised by Tweed et al. (2009) allows to build merger trees

(with the TreeMaker module) for all galaxies or haloes from a collection of time-ordered snapshots.

These trees are hierarchical networks through which a galaxy (or halo) identified in snapshot n is

connected to its progenitors in snapshot n− 1 and its child structures at time set n+ 1. The tree

is computed using the following set of rules:
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• Each (sub)structure i at step n can only have 1 son at step n+1. Fragmentation is neglected.

• Tracking the identities of the star (DM) particles, the mass mij shared by a (sub)structure i

of mass mi at step n and a (sub)structure j of mass mj at step n+ 1 is computed

• The son of i is identified as the (sub)structure j that maximizes mij/mi.

• Conversely, a (sub)structure i of mass mi at step n is a progenitor of the (sub)structure j of

mass mj at step n+ 1 if, and only if j is the son of i.

• The main progenitor of j is the (sub)structure i that maximizes mij/mj

A new progenitor of a galaxy ng in snapshot n is therefore any galaxy in snapshot n− 1, then

identified as a main or sub-structure, whose material (or a significant amount of it) is found in the

galaxy ng in snapshot n and not further identified as a relevant substructure. This method thus

naturally tracks the last stage of the merging process when the material of the smallest progenitor

has completely dissolved into its more massive host.

1.2.2 Synthetic galaxies in Horizon-AGN

Applying this identification process in Horizon-AGN and selecting only galactic structures

identified with more than 50 particles, I produce catalogues of around ∼ 150 000 galaxies and

∼ 300 000 haloes at each snapshot of the simulation for redshifts 0 < z < 5. For each galaxy

or halo, HaloMaker produces a list of all the particles (star or DM) in the structure with their

position, age, mass and velocity, along with some global properties such as the total mass of the

structure or its virial radius.

These data allow to compute numerous more elaborate properties such shape parameters (in-

ertia tensor, bulge-to-disc ratios, triaxiality) or rest-frame colors from AB magnitudes. The com-

putation of such specific properties will be detailed in each chapter when relevant to the study.

However, a few general comments can be made prior to a more detailed analysis:

• Although the limited resolution used for the hydrodynamics and intense AGN feedback pre-

vent the formation of very thin disks with well defined spiral patterns, Horizon-AGN recovers

a wide morphological diversity for galaxies at all redshifts with disk, ellipticals and spheroids,

covering a wide range of masses and colors. A few examples are presented on Fig. 1.1 .

• The mass function in Horizon-AGN is compatible with observations down to lowest redshifts

although it tends to overestimate the low-mass range by a factor ≃ 3 as can bee seen on

Fig.. 1.2. It should be noted however that the rate of AGN feedback and supernovae feedback

37



1.2. STRUCTURE DETECTION AND IDENTIFICATION IN HORIZON-AGN

Figure 1.1: Stellar emission of a sample of galaxies in the Horizon-AGN simulation at z = 1.3
observed through rest-frame u-g-i filters. Extinction by dust is not taken into account. Each
vignette size is 100 kpc vertically. The numbers on the left of the figure indicate the galaxy stellar
mass in log solar mass units. The number in the bottom left of each vignette is the g-r rest frame
colour, not corrected for dust extinction. Disc galaxies (galaxies in the centre of the figure) are
shown edge-on and face-on.
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Figure 1.2: Galaxy stellar mass function in Horizon-AGN , for z = 4 to z = 1.3. N is the number
density of galaxies, Ms the stellar mass (together with Horizon-noAGN for comparison). The sharp
cut-off at Ms = 108 M⊙ corresponds to our completeness detection threshold. 1-σ poissonian error
bars are over plotted as vertical lines. Observational points from CANDELS-UDS and GOOD-
S surveys are rescaled from best fits in Mortlock et al. (2015) and Grazian et al. (2014) and
overplotted. While mass functions are consistent at the high mass end, Horizon-AGN overshoots
the low-mass end by about a factor 3 in this redshift range.
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are tuned so as to bend the mass function in the high-mass and low-mass range respectively

and obtain this compatible mass function.

• Horizon-AGN features the large-scale pattern of the cosmic web, with filaments and walls

surrounding voids and connecting halos, the gas following very closely the distribution of the

underlying dark matter on largest scales. A projected map of half the simulation volume and

a smaller sub-region are shown in Fig. 1.3.

Gas density, gas temperature and gas metallicity are depicted in Fig. 1.3. Massive halos are

filled with hot gas, and feedback from supernovae and AGN pours warm and metal-rich gas in the

diffuse inter-galactic medium.

As demonstrated in Dubois et al. (2013a), the modelling of AGN feedback is critical to create

early-type galaxies and provide the sought morphological diversity in hydrodynamical cosmological

simulations (see e.g. Croton et al. , 2006, for semi-analytical models).

1.2.3 The numerical cosmic web

I briefly recalled in introduction how theoretical models of structure formation and numerical

simulations have predicted that the amplification of small density fluctuations from the early Uni-

verse under gravitational instability leads to the formation of this large-scale "cosmic web" made

of clustered halos embedded in filaments, sheets and voids. Although this filamentary layout is

visually compelling, tracking its influence on the properties of galaxies on smaller scales requires

the development of a robust mathematical framework, able to provide strict definitions of such

patterns (filaments, sheets, voids) then identify them in simulations and observations from the

density field of matter or gas (or even galaxies themselves in observations).

Over the past decade, numerous attempts in this direction have led to an important diversifica-

tion of such geometry extractors. In this work, I chose to use what might be the most robust -both

theoretically and numerically- and the most promising one towards the unification of extractors

in simulations and observations: the DisPerse ridge extractor devised by Sousbie (2013), and a

slightly older version from Sousbie et al. (2009)

In the following, a brief description is provided of the successive generations that have led

to the fully developed and most up-to-date method I used. For a full description of the mathe-

matical framework involved, the reader may refer to Novikov et al. (2006); Sousbie et al. (2008);

Sousbie et al. (2009, 2010).

Let us consider a gaussian random field ρ describing the matter density in the universe (or a

40



1.2. STRUCTURE DETECTION AND IDENTIFICATION IN HORIZON-AGN

Figure 1.3: Projected maps of the Horizon-AGN simulation at z = 1.2 are shown. Gas density
(green), gas temperature (red), gas metallicity (blue) are depicted. The top image is 100 h−1 Mpc
across in comoving distance and covers the whole horizontal extent of the simulation and 25 h−1 Mpc
comoving in depth. The bottom image is a sub-region where one can see thin cosmic filaments as
well as a thicker filaments several Mpc long bridging shock-heated massive halos and surrounded
by a metal-enriched intergalactic medium. Physical scales are indicated on the figures in proper
units.
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simulated/observed volume).

Let us first restrain this description to 2D and then define peak patches (void patches) as the

regions of space containing all the points converging to the same local maximum (local minimum)

while going along the field lines in the direction (opposite direction) of the gradient ∇ρ. The

skeleton of overdense regions can be seen as the borders of the void patches, that is to say the

ridges of the density field . One can show that it passes through all the saddle points and the local

maxima.

The skeleton can therefore be rigorously defined as the ensemble of pairs of stable fields lines

departing from saddle points and connecting them to local maxima. The skeleton field lines can

thus be drawn by going along the trajectory with the following motion equation:

dr

dt
= v = ∇ρ , (1.17)

starting from the saddle points, and with initial velocity parallel to the major axis of the local

curvature. This definition can be extended to three dimensional fields. One should note however

that this dependance on nearby saddle points means that such a skeleton is by very definition

non-local.

First techniques developed in this framework proposed to by-pass this difficulty with a local

Taylor expansion (second order approximation) of the density field around extremas and saddle

points. At leading order, back in a three dimensional field, this therefore leads to define the skeleton

as the set of points which satisfy:

H.∇ρ = λ1∇ρ , (1.18)

λ3 < 0, λ2 < 0 , (1.19)

with

H =
∂2ρ

∂xi∂xj
, (1.20)

the Hessian tensor of the field, and λ3 < λ2 < λ1 its eigenvalues (axis of the local curvature).

While the first condition arises from a constrained extremalization of the gradient ∇ρ to select the

most relevant field lines from one point to another, the second condition is enforced so that the

skeleton traces only the ridges of the distribution.

Since this local skeleton is based on a local second-order approximation of the density field, its

properties can be understood through the properties of its gradient and hessian tensor only.

The eigenvalues of H define the local curvature of ρ at any point, thus separating space into

distinct regions depending on the sign of these eigenvalues. Let N− be the number of negative

eigenvalues:
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• Nodes are located at maxima of the density field and have N− = 0

• Filaments are passing through saddle points that have N− = 1 ("filament-type saddle point")

• Walls are located around saddle points that have N− = 2 ("pancake-type saddle point")

• Voids are located at minima of ρ and have N− = 3.

This characterization of typical extremas and saddle points is theoretically robust and allows

for a better understanding of how large-scale structures are deeply imprinted in the initial matter

density field, but it implies to compute such a "skeleton" locally, at the expense of its connectivity.

Building on this first idea, two versions of the ridge extractor I used were designed and greatly

improved the identification of these structures by producing a fully connected network of filaments

("skeleton"). Both are based on Morse theory results (Jost (1995)), i.e. the definition of sheets as

the interface (boundaries) of void patches, and filaments as the interface of sheets. Therefore they

identify iteratively voids, sheets from voids and filaments from sheets:

• The first version: "the skeleton" (Sousbie et al. (2009)) is based on the watershed technique

and consists in a probabilistic extraction of patches in a sufficiently sampled and smoothed

density field (to ensure differentiability). For each pixel, probabilities of belonging to specific

patches are calculated and the pixel is later assigned to the highest probability patch. When

enough neighboring pixels belong to different patches, skeleton segments are created from the

edges of such pixels, and their extremities are later adjusted to ensure the differentiability of

the skeleton.

• the second version: DisPerse (Sousbie et al. (2010) requires no smoothing and directly op-

erates on a distribution of particles (would it be a noisy one). It computes a discrete density

field from a Delaunay tessellation on the particles then - extending Morse theory to deal with

discrete fields - identifies the relevant ridge lines connecting maxima through filament-type

saddle points above a given persistence threshold. The concept of persistence encompasses

the robustness of topological features in the field (such as number of components, of holes,

or tunnels) to an increasing excursion threshold (i.e. when looking only at values of the field

above a certain threshold). It proceeds via pairing critical points together as persistence pair,

and measuring their relative height (the persistence of the pair) to decide if they are signif-

icant enough to represent a robust underlying topological feature of the field, or if they are

an artifact of sampling. This second version hence naturally deals with noisy observational

data.
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Both versions were found to give similar results in Horizon-AGN on scales considered.
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Chapter 2

Galactic spin alignments induced by

the cosmic web

Over the past ten years, several numerical investigations

(e.g. Aragón-Calvo et al. , 2007; Hahn et al. , 2007; Paz et al. , 2008; Sousbie et al. , 2008) have

reported that large-scale structures, i.e. cosmic filaments and sheets, influence the direction of the

intrinsic angular momentum (AM) – or spin– of haloes, in a way originally predicted by Lee & Pen

(2000). It has been speculated that massive haloes have AM perpendicular to the filament

and higher spin parameters because they are the results of major mergers (Aubert et al. , 2004;

Peirani et al. , 2004; Bailin & Steinmetz, 2005). On the other hand, low-mass haloes acquire most

of their mass through smooth accretion, which explains why their AM is preferentially parallel to

their closest large-scale filament (Codis et al. , 2012; Laigle et al. , 2015).

In this chapter, after a brief review of the results established for dark haloes and further

precision on the numerical methods I used, I revisit these significant findings using the cosmological

hydrodynamical Horizon-AGN simulation for redshifts z > 1 (around the peak of cosmic star

formation history). First, I show that that this trend extends to simulated galaxies displaying a

wide morphological diversity: the AM of low-mass, rotation-dominated, blue, star-forming galaxies

is preferentially aligned with their filaments, whereas high-mass, velocity dispersion-supported, red

quiescent galaxies tend to possess an AM perpendicular to these filaments. These theoretical

predictions have recently received their first observational support (Tempel & Libeskind, 2013).

Analysing Sloan Digital Sky Survey (SDSS) data (Aihara et al. , 2011), these authors uncovered

a trend for spiral galaxies to align with nearby structures, as well as a trend for elliptical galaxies

to be perpendicular to them. Then, in a second part, I emphasize both exploring the physical

mechanisms which drive halo’s and galactic spin swings and on quantifying how much mergers and

smooth accretion re-orient these spins relative to cosmic filaments. In particular, I analyse the
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effect of mergers and smooth accretion on AM’s orientation and magnitude for haloes and galaxies.

This chapter reproduces results published in Dubois et al. (2014) and Welker et al. (2014).

2.1 Orientation of dark haloes in the cosmic web

Let us first summarize the theoretical and numerical results that first allowed for a better

understanding of the orientation the orientation of dark haloes (more specifically the orientation

of their spin) in the cosmic web.

2.1.1 The spin of dark haloes: a mass segregated distribution

The consensus that has emerged from the aforementioned studies is that the orientation of the

spin of the dark haloes is imprinted by the geometry of the surrounding large scale structures, more

specifically the nearby cosmic filaments, following two distinct mass dependent trends:

• low-mass haloes tend to display a spin parallel to the nearest large-scale filament.

• more massive haloes are more likely to have a spin orthogonal to the nearest filament.

This is not an absolute trend but a mild -though compelling- statistical effect, therefore better

described by the evolution of the excess probability ξ of given deviations angles. While previ-

ous works had pointed out strong hints of such a mass-segregation, Codis et al. (2012) made

the first robust quantitative estimation of such an angular distribution and confirmed with high

relevancy the existence of a smooth transition from alignment to perpendicularity as the halo

mass increases. Studying the orientation of 40 millions dark haloes in the cosmological N-body

simulation 4π and making use of the same state-of-the-art filament detection methods presented

in Chapter 1(Sousbie et al. (2009)), they constrained the estimation of the halo transition mass

around 5 1012 M⊙ and the highest alignment excess probability for the cosine of the angle between

the halo spin and the direction of its filament around ξ = 20%.

They suggest a scenario involving the winding around of cosmic flows conjoint to the filamentary

collapse to justify the spinning of small haloes parallel to their filament, and relying on Tidal Torque

Theory (Hoyle, 1949; Peebles, 1969; Doroshkevich, 1970; White, 1984; Porciani et al. , 2002a,b)

(possibly relayed through mergers) to flip more massive haloes perpendicular to it. In the next

sections, the predictions of Tidal Torque Theory are presented with its subsequent improvements

and develop the most up-to-date version of this scenario.
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2.1.2 Tidal Torque Theory

Haloes - and therefore galaxies- acquire most of their angular momentum at an early stage

of structure formation, in the linear regime, from environmental tidal torques from the nearby

density fluctuations (Hoyle, 1949; Peebles, 1969). This angular momentum transfer results from

the misalignment of their inertia tensor with the tidal shear tensor which induces, to the first non-

vanishing order, a coupling between the quadrupole moment of the halo mass and the tidal field

exerted by the neighboring density fluctuations (Doroshkevich, 1970; White, 1984). In contrast,

only little angular moment is tidally exchanged after the haloes decouple from expansion and start

to collapse.

This therefore leads to the halo angular momentum:

Li(t) = a(t)2Ḋ+(t)ǫijk Tjl Ilk , (2.1)

with the antisymmetric tensor ǫijk, the expansion factor a(t), the growth rate D+(t), the tidal

tensor or shear tensor:

Tij = Dij −
1

3
Dijδij , (2.2)

defined as the traceless part of the deformation tensor:

Dij =
∂2Φ

∂qi∂qj
, (2.3)

and quadrupolar inertia tensor:

Iij = ρ0 a
3
0

∫

Γ

q′iq
′
jd

3q′ , (2.4)

where Γ is the lagrangian volume of the proto-halo and q′ = q− q̄, the bar standing for the average

over Γ. Note that only the traceless part of Iij leads to a non-zero term. The qi are the eulerian

spatial coordinates and Φ is related to the gravitational potential φ through :

Φ(q) =
φ(q, t)

4πGρ̄(t)a(t)2D+(t)
. (2.5)

An interesting aspect of this expression is that it relates the geometry on small scales - through

the inertia tensor- to the tidal tensor that probes the matter distribution on somewhat larger scales.

This formalism is therefore well suited to explore the connection between the spin alignment trends

and the cosmic web geometry. In the following, I briefly summarize the analysis performed in

(Porciani et al. , 2002b).

First, let us assume that T and I are uncorrelated. Although this is a questionable assumption in

the scope of structure growth from density perturbations, this provides a qualitative understanding
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of the alignment trends. In a frame where T is diagonal, one finds:

Li ∝ (λT
j − λT

k )Ijk , (2.6)

(2.7)

with λT
3 < λT

2 < λT
1 the corresponding eigenvalues of T and i, j, k cyclic permutations of 1, 2, 3.

Since I is supposed independent of T, averaging over all the possible rotation matrix from the T

to I frame, one gets:

〈|Li|〉 ∝ |λT
j − λT

k | 〈|Ijk ||i1, i2, i3〉 = |λT
j − λT

k | f(i1, i2, i3) , (2.8)

where i1 > i2 > i3 are the eigenvalues of Ii,j and f(i1, i2, i3) is a function independent of the

Li component considered. As a consequence the largest component of the angular momentum

is L2 ∝ |λT
1 − λT

3 |. In linear structure formation theory, for a lagrangian patch in the vicinity

of a filament-type saddle point, the second eigenvector of T points towards the proto-wall and

orthogonally to the local proto-filament. It is therefore expected that the haloes will display a spin

preferentially aligned to the direction of the wall and orthogonal to the filament. As a purely linear

prediction, it can only be expected to affect the largest scales of the halo hierarchy at low redshift

i.e. the most massive ones.

Porciani et al. (2002a) found a good agreement between this prediction and massive haloes in

N-body simulations, although both the spin amplitude and the alignment the trend were found to

be much weaker than expected. They directly related that to the fact that T and I are actually

strongly correlated, the typical initial configuration being a prolate proto-halo lying perpendicular

to a large-scale high-density ridge, with the surrounding voids inducing compression along its

major and intermediate inertia axes. However this result remains at odds with the trends found

for low-mass haloes.

Anisotropic TTT To better understand the observed trends in simulations, Codis et al. (2015)

developed an analytical theory of these correlations in the lagrangian framework, from the gaussian

random field that describes initial matter density perturbations.

Defining a typical proto-filament within a proto-wall (i.e. the preferential environment where

galaxies form) as a specific elliptical saddle-point of the initial density field (a filament-type saddle

point), these authors derived analytical estimations of the tidal field everywhere in such a con-

strained large scale background. They further estimated the constrained inertia tensor (estimated

through an appropriate normalization of the inverse hessian) of lagrangian patches at elliptical

peaks of the density field ("proto-haloes"), in the vicinity of such an anisotropic environment.
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This allowed them to extend the prediction of Tidal Torque Theory to map the mean spin expec-

tations in this geometry .

In the direct vicinity of the saddle point, they found a mean spin aligned with the direction of

the filament, with a symmetric distribution in four quadrants of alternate sign around the ridge

line. Moving away from the saddle point in the direction of the filament, they predicted a flip

of the mean spin orthogonally to the filament in these regions. These patterns arise from the

fact that the tidal tensor and the inertia tensor of the proto-halo feel differently the large scale

anisotropic features of the local density field that are predominantly the filament + the wall when

close to the saddle point, and the filament + the density gradient towards the node when moving

away from the saddle point in the direction of the filament. These misalignments then generate

the angular momentum of the proto-halo as predicted by Tidal Torque Theory and lead to the

observed distribution.

A simple use of a Press-Schechter like theory with background split prescription (Press & Schechter

(1974); Peacock & Heavens (1990); Paranjape & Sheth (2012)) allowed them to relate this spatial

evolution to the mass evolution detected in simulations for virialised structures at lower redshift:

they mapped the mean mass of haloes formed in a given locus around this geometry, and recovered

the transition mass between the two trends (spin aligned/ spin orthogonal) as more massive haloes

form further from the saddle point than low-mass ones.

These results provide a good understanding of the distribution of spin on large (linear) scales of

the cosmic web available for embedded future haloes. However, understanding the way it effectively

persists in the hierarchical build up of evolved virialised haloes and possibly transfers to smaller

scale, non-linear, virialised structures (including baryonic structures) requires a more detailed

scenario.

2.1.3 A dynamical scenario

Such a scenario requires to analyze the dynamical evolution of structures over cosmic time

and is therefore developed in the eulerian framework. It was first suggested qualitatively by

Codis et al. (2012) for dark haloes and further developed in the scope of recent works such as

Laigle et al. (2015), then extended to galaxies and tested in further details in Dubois et al. (2014)

and Welker et al. (2014).
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Figure 2.1: Sketch of the quadrupolar vorticity distribution in the vicinity of a filament.

2.1.4 Mergers versus smooth accretion

It relies on the interplay between two competing processes for the mass acquisition of virialised

structures: mergers and smooth accretion.

Smooth accretion: I define smooth accretion as the diffuse accretion of material - dark matter,

gas and possibly small amounts of stellar material- onto a halo (or galaxy). Unlike mergers, it is

a continuous steady process that progressively builds up the structure In the vicinity of filament,

smooth accretion follows a specific geometrical pattern.

Indeed simulations reveal that, after gravitational collapse has started, the coherent large scale

spin quadrants analyzed in Codis et al. (2015) translate into near-filament regions where newly

formed vorticity is concentrated and aligned with the initial spin, following a similar quadrupolar

geometry (Laigle et al. (2015)) as represented on Fig .2.1. Small haloes embedded in these vorticity

quadrants and accreting material from them therefore build up their angular momentum parallel

to their neighboring filament from vorticity transfer (see also Pichon et al. (2011)). This coherent

acquisition is efficient up to the point where vorticity-fed haloes grow out of their quadrant over

the neighboring quadrants of opposite sign, therefore canceling out the overall vorticity transfer.

This defines a transition mass Mtrans around 5 × 1012 M⊙ for haloes.

Mergers: Above this limit, mergers likely dominate the spin acquisition. When two extended

virialised structures (haloes or galaxies) come close to each other and bind in the gravitational

potential of one another, they experience strong tidal disturbances which profoundly redistribute
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Figure 2.2: Sketch of the angular momentum build-up from vorticity transfer for low-mass haloes
(and possibly galaxies: through "cold flows").

the orbits of their particles (dark matter or stars) and lead to rapid energy transfers to the dispersive

component. Through this process of dynamical friction and violent relaxation (See Chapters 3 and

4 for further details), the two structures end up merging with one another therefore forming a new,

more massive structure of increased dispersion. Specific features vary with the mass ratio between

the two structures but such mergers drive the formation (collapse) of massive haloes and galaxies

in the universe (see for instance Lotz et al. , 2010b,a).

The orientation of the spin of massive haloes is therefore driven by mergers. A simple explana-

tion of the observed trend is therefore that pairs of merging haloes convert a significant amount of

their orbital momentum into intrinsic momentum of the remnant, this component being dominant

in its total intrinsic momentum. Moreover, tidal torque theory and standard structure formation

theory naturally predict that mergers occur along the filament between pairs of drifting haloes.

Indeed, since haloes flow along filaments as large scale structures collapse, and since mergers con-

sequently correspond to the late (hence closer to the cosmic nodes) collapse of large lagrangian

patches with a predicted spin orthogonal to the filament, their orbital momentum is also most

likely orthogonal to the filament, which naturally explains the orthogonal spin orientation of their

massive remnants.

2.1.5 From haloes to galaxies

Though alignment trends found in simulations are compelling for dark haloes they allow for no

direct observation. A natural question arising from such theories is therefore whether, how and to
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Figure 2.3: Sketch of the angular momentum build-up from orbital momentum transfer for high-
mass haloes (and possibly galaxies).

what extent such trends cascade down to galactic scales and apply to baryonic matter.

Such questions are a priori difficult to answer since galaxies form on much smaller, highly non

linear scales and grow from gas accretion, which, unlike dark matter, can shock and consecutively

dissipate very effectively energy and redistribute angular momentum on dynamical (as opposed to

secular) scales, even in the process of a smooth steady accretion. Most of the orbital momentum

available from the infalling gas might thus be lost at the galactic virial scale when the radial density

gradient rises to the point where the inflowing gas undergoes a interface shock (the "virial shock").

A major concern is therefore the fate of the gas flowing from the vorticity quadrant into an

embedded galaxy, especially whether or not it lingers as coherent orbital momentum rich inflows

down to the core of such a galaxy. Over the past decade, the behavior of these gas inflows has

been studied in numerous zoom-in simulations including various physical effects. Unlike previously

suggested, it was found that, at high redshift, multi-phase turbulence on the galactic virial scale

allows for the partial conservation of coherent inflows in the form of cold streams ( labeled as

"cold flows") that survive the virial shock. (Birnboim & Dekel (2003); Dekel & Birnboim (2006);

Brooks et al. (2009b)).

Danovich et al. (2012) studied the feeding of massive galaxies at high redshift through cos-

mic streams using the Horizon-MareNostrum simulation by Devriendt (2011). They found that

galaxies are fed by one dominant stream (with a tendency to be fed by three major streams),

streams tend to be co-planar (in the stream plane), and that there is a weak correlation between

spin of the galaxy and spin of the stream plane at the virial radius, which suggests an angular

momentum exchange at the interface between streams and galaxies (see also Tillson et al. , 2012;
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Danovich et al. , 2015).

A key process that further drives the preservation or mixing of such streams is the level of

active feedback from the galaxy: while intense feedback from central black holes (AGN feedback)

seems to blow them away (Dubois et al. , 2012b; Nelson et al. , 2015), supernovae feedback lowers

the amount of AGN feedback needed to form realistic synthetic galaxies and only triggers a partial

fragmentation of cold flows that mostly preserves their orbital momentum (Powell et al. , 2011).

Recent observations - through specific emission lines in the line of sight of background quasars- of

cold flow candidates flowing onto galaxies (Crighton et al. , 2013; Pisano, 2014) further strengthen

the idea that the vorticity transfer identified for low-mass haloes might also be efficient for low-mass

galaxies to the point of statistical observability.

Similarly, galaxy mergers might lead to a preferential orientation of the spin of massive galaxies

perpendicular to their nearby filament if however they do not lose most of their orbital momentum

to the host halo of the main progenitor (through dynamical friction, a process more thoroughly

described in Chapter 2).

The main goals of the work presented here is to evaluate to what extent one can recover such

alignment trends for fully developed galaxies the state-of-the-art cosmological hydrodynamical

simulation Horizon-AGN and to quantify more carefully the proposed scenario in which galaxies

form in the vorticity-rich neighborhood of filaments, and migrate towards the nodes of the cosmic

web as they convert their orbital angular momentum into spin.

2.2 Tracing galactic spin swings in the cosmic web

2.2.1 Numerical Methods

2.2.1.1 Identifying and segmenting galaxies

Galaxies are identified with the already presented AdaptaHOP finder (Aubert et al. , 2004,

updated to its recent version by Tweed et al. , 2009 for building merger trees) which directly

operates on the distribution of star particles. Let us recall that a total of 20 neighbours are used

to compute the local density of each particle, a local threshold of ρt = 178 times the average total

matter density is applied to select relevant densities, and the force softening (minimum size below

which substructures are considered irrelevant) is ∼ 2 kpc. Only galactic structures identified with

more than 50 particles are considered. It allows for a clear separation of galaxies including those

in the process of merging. Catalogues of around ∼ 150 000 galaxies are produced for each redshift

analysed in this chapter from z = 3 to z = 1.2.
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Figure 2.4: Top: projection along the z-axis of the Horizon-AGN gas skeleton (colour coded by
logarithmic density as red-yellow-blue-white from high density to low density) at redshift z = 1.83
of a slice of 25 h−1 Mpc on the side and 10 h−1 Mpc thickness. Galaxies are superimposed as black
dots. The clustering of the galaxies follows the skeleton quite closely. Bottom: larger view of
the skeleton on top of the projected gas density. This work quantifies orientation of the galaxies
relative to the local anisotropy set by the skeleton.

2.2.1.2 Defining a relevant network of filaments with Skeleton

In order to quantify the orientation of galaxies relative to the cosmic web, I use the geometric

three-dimensional ridge extractor described in Chapter 1 (the so-called "skeleton”), which is well

suited to identify filaments. A gas density cube of 5123 pixels is drawn from the simulation (whole

box) and gaussian-smoothed with a length of 3 h−1 Mpc comoving chosen so as to trace large-

scale filamentary features relevant to galaxy nesting and consecutive anisotropic infall and tidal

torquing. This length can be varied around this value with a Mpc amplitude with little effect on

the observed trends. It was checked that our results were not sensitive to how many such segments

were considered to define the local direction of the skeleton.

The two different implementations of the skeleton, based on “watershed” and “persistence” were

implemented, without significant difference for the purpose of this investigation.

Fig. 2.4 shows a slice of 25 h−1 Mpc of the skeleton colour coded by logarithmic density, along

with galaxies contained within that slice. The clustering of the galaxies follows quite closely the

skeleton of the gas, i.e. the cosmic filaments. Note that, on large-scales, the skeleton built from

the gas is equivalent to that built from the dark matter particles as the gas and dark matter

trace each other closely. To study the orientation of the spin of these galaxies relative to the
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Figure 2.5: PDF of the distance to the nearest identified filament for galaxies in Horizon-AGN at
5 successive redshifts between z = 5.2 and z = 1.2.

direction of the nearest skeleton segment, an octree is built from the position of the mid-segment

of the skeleton, which speeds up the association of the galaxy position to its nearest skeleton

segment.The orientation of the relevant segment of the skeleton is then used to define the relative

angle between the filament and the spin of the galaxy. The segments are also tagged with their

curvilinear distance to the closest node (where different filaments merge), which allows for a more

careful study of the evolution of this (mis)alignment with the distance to nearest node of the cosmic

web.

Note that all galaxies/haloes are associated with one single filament. The very definition of

such filament (ridge line) relies on a smoothing scale for the density field. The smoothing scale here

is set so as to trace reasonably well the galaxy/halo distribution. As a consequence most galaxies

are "close” to the ridge line they are assigned to, and only a few galaxies happen to be in voids.

Fig. 2.5 confirms that most galaxies are within less than 0.5 Mpc away for their filament segment.

It was also checked that large-scale filaments, defined from the skeleton, do not show any

alignment with the grid of the simulation.
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2.2.1.3 Kinematics

The AM –or spin– of a galaxy (halo) is defined as the total angular momentum of the star

(DM) particles it contains and is measured with respect to the densest of these star (DM) particles

(centre of the structure):

Ls = Σimi(ri − rcm) × (vi − vcm) , (2.9)

with ri, mi and vi the position, mass and velocity of particle i, and center of mass cm. Similarly,

let us define the specific angular momentum (sAM) of the structure as ls = Ls/Ms, with Ms the

total mass of the structure.

2.2.1.4 Dealing with grid-locking effects

A major concern when analyzing the orientation of spins in an AMR simulation is the amplitude

of grid locking. Indeed, as gas fluxes are computed on a cartesian grid, this can favor orientations

of galaxy spins along cartesian axes of the box, at least for a certain range of galaxy mass. The

tendency to align with the grid was therefore tested prior to any further analysis in Horizon-AGN .

I found that while the spin of the less massive galaxies are clearly aligned with the grid, no obvious

alignment is seen for the high-mass galaxies. Lighter galaxies are preferentially locked with the grid

because they are composed of very few grid elements: the gaseous disc of a galaxy with ∼ 109 M⊙,

embedded in a halo of mass ∼ 1011 M⊙, tends to be aligned with one of the cartesian axes due to

the anisotropic numerical errors. However, for more massive galaxies, the grid-locking is absent

due to a larger number of resolution elements to describe those objects. This result is consistent

with that of Hahn et al. (2010) and Danovich et al. (2012).

Since low-mass galaxies (within halo of mass < 5× 1011 M⊙) show some preferential alignment

along the x, y and z axis of the simulation box, the effect of grid-locked galaxies on the galaxy-

filament different alignment signals was evaluated removing galaxies whose spin is comprised within

less than 10 degrees of any of the cartesian planes of the box. I systematically found that the

alignment signal without grid-locked galaxies is comparable to the case where all galaxies are

accounted for.

This behaviour was expected as it was also checked that filaments do not suffer from grid-locking

(coherently with the fact that such large scale structures are mostly determined by the dark matter

collapse, dark matter particles evolving independently from the grid). The effect of grid-locking on

low-mass galaxies is limited to some extra noise to the alignment measurement. Thus, the signal

obtained below for alignment of low-mass galaxies, while probably under-estimated, is a robust

trend. The same is true for high-mass galaxies that do not suffer from spurious grid-locking.
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2.2.2 Evolution tracers

This work aims not only to check if one can recover the alignment transition documented for

haloes but also to understand how one can trace such swings in observations and how it relates to

the dynamical evolution of galaxies. In Dubois et al. (2014), I then computed multiple synthetic

properties for all the simulated galaxies identified such as: rest-frame colors, age, specific star

formation rates or various morphology tracers. In the following section, I present two such tracers

that relate well to the dynamical evolution of galaxies (and therefore correlate with their stellar

mass).

2.2.2.1 Colors

Rest-frame colors are efficient tracers of the age of galaxies in observations. Indeed, as the emis-

sion spectrum of stars in a galaxy is directly dependent on their age, colors are a direct tracer of the

star formation activity - which varies over cosmic time- in a galaxy and of the aging of its stars. Ex-

pectedly, strong colour and metallicity (curvilinear) gradients were found by Gay et al. (2010) to-

wards and along the filaments and nodes of the cosmic web in the Horizon-MareNostrum simulation

(Devriendt et al. , 2010b), which however did not display much morphological diversity.

In this study, it was therefore of great interest to compute synthetic absolute AB magnitudes

and rest-frame colors for all the identified galaxies. To perform such a spectral synthesis, one needs

to resort to models, more specifically stellar population models.

A single stellar population consists of all stars in a galaxy born at the same time (in an assumed

"starburst") and having the same initial element composition (metallicity). Single stellar popu-

lation models use them as building blocks for any more complex stellar population. However, in

the same SSP, stars of different masses follow different evolutionary tracks. Such models therefore

derive isochrones - lines that connect the points belonging to the various theoretical evolutionary

tracks at the same age- from stellar evolution theory. Stellar spectra for stars at any evolutionary

stage (i.e. any set of parameters including age, metallicity and mass) are compiled in libraries from

both theoretical predictions and observations. Providing that the initial mass function(IMF) - de-

fined as the mass distribution for a population of newly born stars (i.e. in a starburst)- is known,

one can therefore calculate the full spectral energy distribution of an SSP of age t by integrating

the stellar spectra over the isochrone, and the full energy spectra of a galaxy by integrating over

all the SSPs.

I did so following the methodology below:
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• I use single stellar population models from Bruzual & Charlot (2003) and assume a Salpeter

Initial Mass Function (IMF). In Horizon-AGN , due to the coarse discretization of time

and sub-galactic scales, each star particle corresponds to an SSP, the age, total mass and

metallicity of which is known with precision. I therefore infer the corresponding integrated

SSP spectrum of each star particle.

• Since each star particle contributes to a flux per frequency that depends on its mass, age,

and metallicity,the sum of the contribution from all stars is then passed through the u, g,

r, and i filters from the SDSS. Fluxes are expressed as rest-frame quantities (i.e. that do

not take into account the red-shifting of spectra). I also neglect the contribution to the

reddening of spectra from internal (interstellar medium) or external (intergalactic medium)

dust extinction.

• The rest frame colors g− r, u− r and r− i are then computed from the calculated fluxes Fr ,

Fi and Fg as for instance g − r = −2.5 log(Fg/Fr)

Once the flux in each waveband is obtained for a star particle, I also build two-dimensional projected

maps of 256x256 pixels from single galaxies (satellites are excised with the galaxy finder), and I

can sum up the total contribution of their stars to the total luminosity.

2.2.2.2 Morphology

Like in observations, galaxies in Horizon-AGN display a wide variety of morphologies. How-

ever, although this is an intuitive visual concept, the morphology of a galaxy is hard to define

quantitatively. A rather efficient way to do that in observations consists in quantifying the amount

of rotational support and dispersion support of the stellar material in a galaxy, and then sort the

galactic morphologies with the respect to the ratio between those two components. Let Vrot be

an estimation of the average rotation component (around the spin axis) of star velocities and σ

the dispersion component of such a collection of velocities, then Vrot/σ allows for a reasonable

estimation of the galactic morphology.

In simulations, such an estimation can be performed on the 3D stellar distribution or on the

2D projected quantities so as to mimic observations. I first compute it in 3D with the following

definition:

• Let ez be the direction of the spin of a given galaxy. In the galactic rest-frame with adapted

spherical coordinates (er, eθ, eφ) where ez corresponds to the θ = 0, Vrot is the mass averaged
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Figure 2.6: Evolution of Vrot/σ with respect to stellar mass for three different redshifts. low-mass
galaxies are rotation supported while their high-mass counterparts are dispersion supported.

φ-projected component of the star velocities:

Vrot =

√

∑

i mi (vi.eφ)2
∑

i mi
, (2.10)

• σ corresponds to the non-rotational component:

σ =

√

∑

i mi (vi − (vi.eφ))2
∑

imi
. (2.11)

With these definitions, one can therefore distinguish two main morphologic categories: dispersion

supported galaxies with Vrot/σ < 1 ( i.e. ellipticals, spheroids) and rotation supported galaxies

with Vrot/σ > 1 (i.e. disky structures). Fig. 2.6 displays the average evolution of this parameter

with stellar mass for 1.5 < z < 2.5. A similar estimation was also computed on projected quantities

using 256x256 projected maps of galaxies, leading to similar results. Further details can be found

in Dubois et al. (2014).

One can see that this morphology tracer is fairly well correlated to the galactic stellar mass, low-

mass galaxies being rotation supported while their high-mass counterparts are dispersion supported.

This correlation with mass holds for other tracers: colors, age, specific star formation rates were
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also found to be correlated to the mass of the galaxy. These correlations allow to sort galaxies into

two distinct groups related to the stage they have reached in their dynamical build-up: young, star

forming, blue rotation supported structures and older, redder, rotation supported structures where

star formation is somewhat quenched. The details of these results can be found in Dubois et al.

(2014).

Note that this conclusion is obtained for galaxies at rather high redshifts (1 < z < 5), prior to the

rebuilding of massive disks from orbital momentum rich wet mergers (such as grand design spirals)

observed at z=0. It is therefore predictable that young galaxies newly born at the intersection of

cold gas streams are disky structures since only the rotation (orbital) component of the gas velocity

can survive multi-stream shocks, leading the gas to consecutively settle on a plane - determined by

the conservation of angular momentum of the in falling material- and form stars.

It is also noticeable that, for galaxies in Horizon-AGN , Vrot/σ never reaches values much higher

than the unity, when one would expect a thin disk to reach at least several unities. The reason is

two-fold. First it is a resolution problem: the gas is computed one a grid of 1 kpc maximum initial

resolution, and only in densest regions, which therefore drastically limits the settling of the gas in

a disk forming a young galaxy. Moreover, AGN feedback also limits the flattening of more massive

galaxies and the build-up of massive disks at lower redshifts. Horizon-noAGN, a similar simulation

where AGN activity is turned off was found to lead to the build-up of many more massive thin

disks at z < 1.

2.2.3 Alignments in Horizon-AGN

2.2.3.1 Recovering the mass segregation

Fig. 2.7, Left panel shows the PDF of µ = cos θ with θ the angle between the spin of the

galaxy and the direction of its nearest filament for all galaxies with a stellar mass M > 108.5M⊙

at z = 1.83 .

The choice of the cosine statistics is natural since the analysis is performed on the three-

dimensional (3D) kinematics. This arises from the fact that I am willing to compare angular

distributions (say P (θ)) around a given axis to the 3D distribution Pu(θ) one would expect in the

absence of any angular bias: if angles were uniformly distributed on the sphere. Given a radius r0,

the standard definitions of the polar and azimuth angles θ and φ in an adapted spherical coordinate

system, and dS(θ, φ) the corresponding elementary surface, the probability density function ρu for

this latter writes:

dPu(θ) = ρu(θ)dθ =

∫ φ=2π

φ=0

dS(θ, φ)

4πr20
=

∫ φ=2π

φ=0

r20 sin θdθdφ

4πr20
=

1

2
sin θdθ =

−1

2
d(cos θ) . (2.12)
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Figure 2.7: Left panel PDF of µ = cos θ with θ the angle between the spin of the galaxy and the
direction of its nearest filament for all galaxies with a stellar mass M > 108.5M⊙ at z = 1.83 .
The uniform PDF is represented by a dashed line. Right panel PDF of µ = cos θ for different mass
bins. Low mass galaxies tend to have a spin aligned to the nearest filament while more massive
ones tend to display a spin perpendicular to the nearest filament.

Thus one gets ρu(θ) ∝ sin θ but ρu(cos θ) ∝ cste. The uniform probability density function is flat

with respect to cos θ, which allows for an easy direct comparison.

One can notice that I recover on average the alignment trend expected for low-mass galaxies:

the distribution peaks for values close to µ = 1 revealing an excess alignment of the spin of galaxies

with their nearest filament. The maximum excess probability is 8% and is observed in 20o cone

around the nearby filament. On the contrary, the orthogonal orientation is disfavored. As a

conclusion, galaxies seemingly tend to align their spin with the nearest filament.

However, the whole sample is largely dominated by low masses, which implies that the observed

trend actually corresponds to the orientation of low-mass galaxies. To probe the evolution of this

trend with stellar mass, Fig. 2.7, Right panel displays the PDF of µ = cos θ for different mass bins.

It reveals a transition between two different trends: while low-mass galaxies have indeed a spin

aligned with the nearest filament, this trend decreases as stellar mass increases bending closer to the

uniform PDF down to the point where it flips across the uniform PDF. Hence most massive galaxies

are more likely to have a spin orthogonal to the filament, although at this level of significance it

is not entirely clear whether this latter orientation is strictly orthogonal or more random. The

transition mass between these two trends is confidently bracketed between Mtrans,min = 100.25M⊙

and Mtrans,max = 100.75M⊙. This is consistent with the transition mass found for dark haloes in
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Codis et al. (2012) accounting for stellar to dark matter mass ratio and redshift difference. As

a conclusion, although the effect is fainter for galaxies, I recover the mass segregated alignment

trend already described for dark haloes. However, mass is not a quantity easily measurable in

observations, but rather derived from more specific measurements such as the observed luminosity,

or related to more specific galactic properties such as morphology and color. It is therefore essential

to test whether one can recover an orientation segregation similar to that found for the stellar mass

for such galactic properties.

2.2.3.2 Relating tracers to the dynamical scenario

Fig. 2.8 displays the PDF of µ = cos θ for all galaxies with a stellar mass M > 109M⊙ at

z = 1.83, for different Vrot/σ bins. I select only galaxies with a stellar mass M > 109M⊙ so as

to ensure that I am considering structures with at least a few hundreds particles, which limits the

shape noise associated with poor resolution. Bins are then chosen to compromise between the strict

comparison to unity and the scarcity of the highest value sample. As expected, galaxies with the

highest values of Vrot/σ (which corresponds to rotation supported disks) display a clear tendency

to align their spin with the nearest filament, the amplitude being directly comparable to the same

trend for low-mass galaxies. On the contrary, galaxies with Vrot/σ < 1.0 (dispersion supported) do

not follow such a trend and there is even hints for spin flips orthogonal to the filament.

In Dubois et al. (2014), projected quantities V max
rot σmax are also computed from maximum

values estimated on a 256x256 projected map of each galaxy, and used to bin the PDF of µ = cos θ.

This shows a more clear-cut spin flip between disks and ellipsoids.

Now considering rest-frame colors on Fig. 2.9 which shows the PDF of µ = cos θ for galaxies

with a stellar mass M > 108.5M⊙, at z = 1.83, for different g− r and r− i color bins, I can further

confirm the two trends already described. Red galaxies ( with g − r > 0.34 or r − i > 0.17) tend

have a spin flipped orthogonal to the filament while their bluer counterparts most likely have a

spin aligned to it.

The typical amplitude of the maximum excess probabilities is around ξ = 5% in order, once

again much smaller than values found for dark haloes (ξ ∝ 20%), which is expected since galaxies

are more evolved and subject to much more complex baryonic physics. However, Our results

remain statistically significant and confirm that these spin orientations inherited from the large

scale structures pervade down to galactic scales and may be reasonably detectable in observations.
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2.2.4 Comparison to observations

It is of interest to notice that recent observations in the SDSS (Sloan Digital Sky Survey:

Aihara et al. (2011)) by Tempel & Libeskind (2013) now support the segregated orientations I

described in this section. Although those early investigations must be taken with precaution as the

morphological classification method they used is different from ours, and as their filament detection

relies on a specific method of local statistical inference, their results suggest that spiral galaxies

align their spin to filaments while ellipticals bend it perpendicular to the same filaments.

These encouraging results should be followed by new investigations in deep field surveys such

as VIPERS (Guzzo et al. , 2014), which in addition will apply the same filament detection technic

-robust even when applied to scarce, low completeness data- than the one presented in this work.

More tracers -all correlated to stellar mass- are found to follow the exact same trends in

Dubois et al. (2014) and pave the way towards new possible observational analysis. These re-

sults boil down to the following conclusions: young blue rotation supported low-mass galaxies are

more likely to display a spin aligned with the filament they are embedded in while older redder

dispersion supported massive galaxies tend to orient their spin orthogonal to the filament. The evo-

lution spin-filament trend for the whole mass range ( i.e. dominated by small masses as in Fig. 2.7,

Left panel) is also found to decrease with cosmic time and with proximity to cosmic nodes, which

is consistent with the aging and building up of more and more massive galaxies and with the idea

that galaxies merge while drifting along filaments (which destroys alignment), and with the strong

colour (curvilinear) gradients found by Gay et al. (2010).

Thus, It seems that the late collapse of more and more massive galaxies follows remarkably well

the predictions of the Tidal Torque Theory. Is this spin-oriented collapse efficiently mediated by

smooth accretion in vorticity rich regions then galaxy mergers? This is the question I investigate

in Section .2.3.

2.3 How mergers drive spin swings in the cosmic web

2.3.1 Tracking mergers in Horizon-AGN

I also identify galaxies and haloes with the AdaptaHOP finder (Aubert et al. , 2004), which

this time operates on the distribution of star particles for galaxies and DM particles for haloes

respectively with the same parameters than previously. Unless specified otherwise, only structures

with a minimum of Nmin = 100 particles are considered, which typically selects objects with masses

larger than 2 × 108 M⊙ for galaxies and 8 × 109 M⊙ for DM haloes. Catalogues containing up to
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∼ 180 000 galaxies and more than ∼ 300 000 DM haloes are produced for each redshift output

analysed for 1.2 < z < 3.8. It is important to note that, although sub-structures may remain, they

are sub-dominant in our sample.

The galaxy (halo) catalogues are then used as an input to build merger trees with TreeMaker

(Tweed et al. , 2009). Any galaxy (halo) at redshift zn is connected to its progenitors at redshift

zn−1 and its child at redshift zn+1. I build merger trees for 18 outputs from z = 1.2 to z = 3.8

equally spaced in redshift. On average, the redshift difference between outputs corresponds to a

time difference of 200 Myr (range between 100 and 300 Myr). I reconstruct the merger history of

each galaxy (halo) starting from the lowest redshift z and identifying the most massive progenitor

at each time step as the galaxy or main progenitor, and the other progenitors as satellites. Moreover,

I double check that the mass of any child contains at least half the mass of its main progenitor

to prevent misidentifications. Note that the definition of mergers (vs smooth accretion) depends

on the threshold used to identify objects as any object composed of fewer particles is discarded

and considered as smooth accretion. Finally, in order to get rid of objects too contaminated by

grid-locking effects (grid/spin alignment trend for the smallest structures, see Dubois et al. , 2014),

I exclude galaxies with Ms < 109 M⊙ and haloes with Mh < 1011 M⊙ from our main progenitor

sample for spin analysis. Satellites, however, can be smaller structures, which is why I adopt a

low object identification mass threshold, and select more massive main progenitors afterwards.

This two-step procedure allows for a clear separation of main progenitors and satellites (which

means that very minor mergers can be detected even for small galaxies in the sample) and avoids

significant signal loss.

Let us define the mass fraction of an object that is accreted via mergers:

δm = ∆mmer(zn)/M(zn) . (2.13)

In this expression, M(zn) is the total stellar (DM) mass of a galaxy (halo) at redshift zn and

∆mmer(zn) is the stellar (DM) mass accreted by this galaxy (halo) through mergers between red-

shifts zn−1 and zn. In this chapter I will mostly focus on three subclasses of mergers characterized

by different mass ratios:

• very minor mergers with 1% < δm < 5%,

• minor mergers with 5% < δm < 10%

• and major mergers δm > 10%.

It is important to notice that these definitions might not follow exactly corresponding definitions

in observational studies which often limit major mergers to δm > 20% based upon observability.

65



2.3. HOW MERGERS DRIVE SPIN SWINGS IN THE COSMIC WEB

However, all measurements presented below were also carried out for mergers with δm > 20% and

even δm > 30%, which did not show significant variations from the 10% < δm < 20% sample. For

better visibility I therefore decided to restrict our higher cut to δm > 10% but it should be noted

that results still hold for higher mass ratio cuts. Similarly I decided to present results for so-called

"very minor mergers" with very low mass ratios -1% < δm < 5%- which might as well be tagged

as "clumpy accretion" since it appears that the behavior of the spin for galaxies subjected to such

events is closer to mergers than smooth stellar accretion conjoint to gas inflows.

When specified, I also use a higher detection threshold: Nmin = 1000. In such a situation the

threshold is the same for galaxies and progenitors (which is around Ms = 109M⊙ for galaxies and

Mh = 1011M⊙ for dark haloes, given that DM particles and stellar particles have different masses).

It tends to discard small mergers for small galaxies and multiple simultaneous very small mergers

in general (corresponding to clumpy accretion). Therefore, the focus is put on mergers (small to

major) for massive galaxies (Ms > 1010M⊙) but only upper intermediate to major mergers for

the smallest galaxies in the sample. This allows us to focus on well-resolved mergers, most likely

one-to-one events along the cosmic web, discarding small mergers occurring between the smaller

galaxies in formation caught in a given vorticity quadrant.

Note that, in all figures where haloes and galaxies are compared, the ratio of main progenitor

minimal mass to satellite minimal mass is the same, so as to permit a fair comparison between

both categories of objects.

2.3.2 Mergers, stellar mass and spin in Horizon-AGN: close-up case
studies

Having defined the merger mass ratio, one can also define in a similar fashion the galactic

merger fraction fmerge as the integrated stellar mass fraction acquired through mergers between

z0 = 3.8 and zn:

fmerge =

∑zn

z0
∆mmer(zi)

M(zn)
. (2.14)

This allows us to measure for each galaxy the stellar mass acquired through the different branches

of the tree (satellites) quoted as a merger, the main progenitor being excluded from the calculation.

The evolution of fmerge with stellar mass is presented on Fig. 2.10 at redshift z = 1.83. Fig. 2.10

shows that massive galaxies acquire a non-negligible fraction of their mass by mergers. (at least

1000 particles of star particles, up to 20 per cent at z = 1.83), while low-mass galaxies grow their

stellar mass content almost exclusively by in situ star formation (e.g. De Lucia & Blaizot, 2007;

Oser et al. , 2010). This definitely points towards a major role of mergers in the triggering of spin

swings orthogonal to the filament, and justifies further analysis.
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Figure 2.10: Average fraction of stellar mass gained through mergers as a function of the galaxy
stellar mass at z = 1.83. The error bars are the standard errors on the mean. More massive
galaxies have a larger fraction of galaxy mergers contributing to their stellar mass. Lower mass
galaxies build up their stellar mass through in situ star formation only

Fig. 2.11 provides a more close-up observation following the spin six specific massive galaxies

of various stellar masses (1.7×1011 M⊙ (top left), 7.3×1010 M⊙ (top right), 3.8×1010 M⊙ (middle

left), 4.8 × 1010 M⊙ (middle right), 1.2 × 1011 M⊙ (bottom left), 6.0 × 1010 M⊙ (bottom right) at

z = 1.83) over the redshift range 1.8 < z < 3.8. Let α be the angle between the direction of the

spin of a galaxy at redshift zn and its initial direction at redshift z0 = 3.8. Fig. 2.11 follows the

evolution of both cosα (red curve) and the differential fraction of mass between two time steps

coming from mergers δm (in blue) over 12 outputs.

One can notice that non-zero values of cosα, which correspond to rapid changes in spin direction

("flips"), are very well correlated to episodes of mass accretion through mergers, either minor or

major mergers. In the absence of mergers, the galaxy spin maintains a steady direction, with

negligeable drift over 2 Gyr. Once again, this is consistent with a scenario where galaxies acquire a

spin orthogonal to their nearby filaments through mergers between progenitors drifting along the

cosmic web. The following sections are dedicated to a more careful analysis of the efficiency of

smooth accretion in building up galactic spins parallel to their filaments and of mergers in flipping

them perpendicular by ≈ 90o.
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Figure 2.11: Examples of galaxies changing their spin direction during mergers with stellar mass
1.7 × 1011 M⊙ (top left), 7.3 × 1010 M⊙ (top right), 3.8 × 1010 M⊙ (middle left), 4.8 × 1010 M⊙

(middle right), 1.2 × 1011 M⊙ (bottom left), 6.0 × 1010 M⊙ (bottom right) at z = 1.83. cosα (red
curve) is the cosine of the angle between the spin of the galaxy at the current redshift and the
initial spin measured at z = 3.8. The differential fraction of mass between two time steps coming
from mergers δm = ∆mmer(zn)/M(zn) (in blue) is overplotted. Non-zero values correspond to
rapid changes in spin direction. In the absence of mergers the galaxy spin has a steady direction.
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2.3.3 Mergers and smooth accretion on spin orientation

Let us now also define the relative sAM variation of an object between simulation outputs n−p
and n as:

δλp =
ln+p−1 − ln−1

ln+p−1 + ln−1

, (2.15)

where ln is the magnitude of the object sAM at redshift zn. Fig. 2.12 (top panel) displays the

Probability Distribution Function (PDF) of cos∆α, where ∆α is the variation in the angle of the

galaxy’s AM between time outputs n − 1 and n + 1, for galaxies with different merger histories,

i.e. different values of δm. We recall that the satellite detection threshold is set at Nmin = 100

particles, but that only main progenitors with masses Ms > 109 M⊙ (galaxies) and Mh > 1011 M⊙

(haloes) are considered. From this figure, one can see that mergers are clearly the main drivers

for galaxy spin swings, while the spins of galaxies without mergers tend to remain aligned between

time outputs. Indeed, 91% of these latter see their spin stay within an angle of 25 deg over two time

outputs (each separated by ∆z = 0.1) whereas this happens only for 28% of galaxies with a merger

mass fraction above 5% (this ratio even falls down to 10% with Nmin = 1000). Such a swing effect

is sensitive to the merger mass fraction and, as one would expect, tends to be stronger for larger

fractions. For δm > 5%, 50% of the galaxy sample underwent a spin swing > 45 deg while this is

true for only 18% of galaxies with 0% < δm < 5% and less than 2.5% of the no-merger (δm = 0)

population. However, even mergers with low mass ratio (i.e. mergers where the satellite is less than

twenty times lighter than the main progenitor) trigger important swings compared to the no-merger

case. Only 58% of the galaxies which underwent a very minor merger (0 < δm < 5%) maintain

a spin within a cone of 25 deg over two time outputs (compared to 91% for non-mergers). This

behavior is consistent with the well-known fact that when two galaxies merge, the remnant galaxy

acquires a significant fraction of AM through the conversion of the orbital angular momentum of

the pair rather than simply inheriting the AM of its progenitors.

A similar analysis for DM haloes confirms that they qualitatively follow the same behavior as

galaxies but with quantitative variations due to the fact they are velocity dispersion-supported

structures rather than rotationally supported ones. More specifically, one can see from Fig. 2.12

that unlike galaxies, even haloes defined as non-mergers (δm = 0) exhibit noticeable spin swings (see

also Bett & Frenk, 2012). This can be attributed to the net AM of haloes resulting from random

motions of DM particles (by opposition to ordered rotational motion of star particles for galaxies):

even a small amount of AM brought in coherently by smooth accretion or mergers will be enough

to noticeably influence the direction of the halo spin vector. Note that large-scale tidal torques also

apply more efficiently to haloes than galaxies due to the larger spatial extent of the former, and it
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Figure 2.12: Logarithm of the PDF of cos∆α, the cosine of the spin swing angle for galaxies (top
panel) and haloes (bottom panel) between time steps n − 1 and n + 1, for objects with different
merger histories. The dashed line corresponds to the uniform PDF, i.e. no preferred orientation.
The dotted lines show the threshold below which the population in the bin is 30%, 10%, 3% and
1% of the sample considered. δm is the mass fraction accreted through mergers between two
consecutive time outputs. δm = 0 corresponds to the no merger case, i.e. pure smooth accretion.
Mergers are responsible for spin swings; haloes are more sensitive to smooth accretion.
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Figure 2.13: PDF of µ, the cosine of the angle between the galactic spin and its filament for
different galaxy merger histories. This plot shows cumulative results for all simulation galaxies
identified between z = 3.16 and z = 1.71. ξ is the excess probability with respect to a uniform
distribution (dashed line). As before, δm is the fraction of mass accreted through mergers between
two consecutive time outputs, and nm is the total number of mergers a galaxy has undergone at
the time of the measurement. ∆m = 0, with ∆m the cumulative merger fraction corresponds to
the absence of mergers over the lifetime of the galaxy. The stronger the merger rate the stronger
the misalignment. Subsequent mergers amplify the alignment.

can be speculated that these torques could also contribute to some of the quantitative differences

I measure between AM alignment of haloes and galaxies.

Given that mergers account for the spin swings of galaxies, they should also be responsible for

setting the orientation of their spins relative to the filament, at least for massive galaxies which do

experience a significant amount of mergers. Our results are consistent with this scenario, as can be

seen in Fig. 2.13 where I plot the PDF of µ, the cosine of the angle between the galactic AM and

the direction of its filament, ξ being the excess probability with respect to a uniform distribution.

It demonstrates that galaxies (each one being counted once after each merger) which have just

merged tend to show a spin more perpendicular to filaments, and that the signal is stronger for

galaxies which have experienced a larger number of mergers during their lifetime (from redshift

of birth to the redshift of measurement). This is a strong argument in favour of orbital angular

momentum transfer into spin since mergers are preferentially the result of galaxies encounters along
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cosmic filaments, i.e., pairs with an orbital angular momentum that is orthogonal to the filament.

Note that the excess probability ξ ≃ 0.1− 0.2 of being perpendicular to their filament for galaxies

undergoing mergers is larger than when the same galaxies are simply split in sub-samples according

to their physical properties: mass, colour, activity, etc. (ξ < 0.05 in that case, see Dubois et al. ,

2014).

In contrast, spins of galaxies with no merger are more likely to be aligned with their filament.

Note that the threshold for structure detection here was set to Nmin = 1000 particles, which

implies that “merger” galaxies are more clearly identified than “non-merger” ones in this figure.

The alignment signal is therefore weaker, as expected. To emphasize this selection effect, the

excess probability of alignment was analysed for galaxies split in different mass bins, the lowest

two of which I plot in Fig. 2.13. Comparing both measurements, there is indeed tentative evidence

that the excess probability of alignment is weaker for higher mass galaxies, which are more likely

to have accreted “undetected” mergers. Note that the alignement signal is completely lost when

considering that sub-sample of galaxies with masses above 1010 M⊙. Further analysis confirms

that lower thresholds (Nmin < 1000) attenuate the orthogonal misalignment and strengthen the

alignment excess probabilities.

2.3.4 Mergers and smooth accretion on acquisition of spin.

Turning to the magnitude of the sAM, Fig. 2.14 shows the PDF of δλ2 for both galaxies and

haloes. We can see from this figure that mergers with mass ratios 5% < δm < 10% tend to increase

the magnitude of the object sAM (curves are skewed towards positive δλ2), and that this effect

becomes stronger as the mass ratio increases, up to mass fractions around δm > 10% for which

∼75% of haloes and galaxies see their sAM magnitude increase – by a factor 2 or more for ∼25%

of haloes and galaxies – between two consecutive time outputs.

This behaviour indicates that most mergers contribute constructively to the sAM of the col-

lapsed structures. This is especially true for halo mergers where it can be understood as the

conversion of orbital angular momentum into AM of the massive host. For very minor (δm < 5%)

to minor (5% < δm < 10%) galaxy mergers, satellites are most likely progressively stripped of their

gas and stars and swallowed in the rotation plane of the central object, therefore increasing this

later rotational energy. However, major mergers (δm > 10%) – where an important part of the

rotation energy can be converted to random motion energy through violent relaxation, intense star

formation and feedback – can in fact contribute destructively to the sAM of the galaxy remnant.

Indeed, those mergers induce wings in the PDF of δλ2 corresponding to galaxies with increasing

and decreasing sAM.
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Figure 2.14: PDF of δλ2 of the halo’s (top panel) and galactic (bottom panel) sAM, for objects
with different merger ratios. Positive values correspond to objects which acquire sAM through
mergers, negative values correspond to objects which lose sAM. This plot shows results for the
entire population of objects identified between z = 3.8 and z = 1.2. Mergers increase the sAM’s
magnitude.
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Figure 2.15: Same as Fig. 2.14 for objects which do not merge and for different lookback times.
Secular accretion builds up the sAM of galaxies but not that of haloes.

74



2.3. HOW MERGERS DRIVE SPIN SWINGS IN THE COSMIC WEB

0.0 0.2 0.4 0.6 0.8 1.0

0.96

0.98

1.00

1.02

1.04

1.06

p=n+2
1

+
ξ

p=n+3
1

+
ξ

p=n+4
1

+
ξ

p=n+1

μ

Figure 2.16: Same as Fig. 2.13 for galaxies which do not merge and for different lookback times
(but samples of comparable size). In absence of merger, galaxies tend to re-align with their filament
over time.

With δm = 0 the PDF bends towards positive δλ2, suggesting that smooth gas accretion on

galaxies, unlike smooth DM accretion on haloes tends to increase their sAM over time. In order

to probe this (re)alignment process further, I present in Fig. 2.15 the evolution of the PDF of

δλp−n ≡ (lp− ln)/(lp + ln), where lp is the sAM magnitude at redshift zp and p = n+1, n+2, n+3

indicates different lookback time outputs, for haloes and galaxies. It appears clearly that while

the halo distribution remains symmetric over time, the galaxy distribution shifts towards positive

values with an average peak drift timescale of tδλ ≃ 5 − 10 Gyr. I measure a similar trend for

different galaxy mass bins up to Ms = 1011 M⊙ (albeit with a slower drift for the most massive

galaxies with Ms ≈ 1011 M⊙).

These findings favour the idea that cold gas (either cold streams or diffuse cooling gas) spins

up galaxies over time. This secular gas accretion onto galaxies also (re)aligns the galaxy with its

filament. This is demonstrated in Fig. 2.16, which is obtained via stacking for four successive time

steps the relative orientation of the spins of galaxies to filaments when no merger occurs. It shows

that the excess probability of alignment is amplified with time in the absence of mergers.

To sum up, Tempel & Libeskind (2013), found that spiral galaxies tend to have a spin aligned

to their nearest filament while the spin of S0 galaxies are more likely to show an orthogonal
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orientation. Dubois et al. (2014) argue that a transition mass can be associated to this change in

spin orientation, which is reasonably bracketed between log(Ms/M⊙) = 10.25 and log(Ms/M⊙) =

10.75. These authors also point out that such a mass loosely corresponds to the characteristic

mass at which a halo extent becomes comparable to that of the vorticity quadrant in which it is

embedded within its host filament (Laigle et al. , 2015). Such a mass dependent scenario was first

suggested by Hahn et al. (2007), and quantified by Codis et al. (2012) for DM haloes. The key

idea which underpins all these studies is that lighter galaxies acquire most of their spin through

secondary infall from their (aligned with the filament) vorticity rich environment, while more

massive galaxies acquire a large fraction of theirs via orbital momentum transfer during merger

events which mainly take place along the direction of the large scale filament closest to them. This

section showed that galaxies without merger both realign to their host filament and increase their

sAM, while successive mergers drive the remnant’s spin perpendicular to it, and depending on the

strength of the merger, decrease or redistribute the remnant’s sAM magnitude. Hence it strongly

favors the idea that cold/cooling flows feed low-mass disc galaxies (with anisotropic gas streams

along the vorticity rich filaments, as advocated in Pichon et al. (2011), or possibly through smooth

gas accretion from the spinning host halo) therefore enhancing their sAM magnitude over time.

2.4 Conclusion

Our analysis shows that the orientation of the spin of galaxies depends on various galaxy

properties such as stellar mass, V/σ, colour and age:

• The spins of galaxies tend to be preferentially parallel to their neighbouring filaments, for

low-mass, young, centrifugally supported, metal-poor, bluer galaxies.

• they tend to be perpendicular for higher mass, higher velocity dispersion, red, metal-rich old

galaxies.

The alignment is the strongest, the closer to the filaments and further from the nodes of the

cosmic web the galaxies are. This is in agreement with the predictions of Codis et al. (2012) for

dark matter halos. I find a galactic transition mass, Mtr,s ≃ 3 × 1010 M⊙ which is also consistent

with these authors’ predictions for the corresponding halo transition mass. However, due to the

weak galaxy-halo alignment (Dubois et al. (2014)), the amplitude of the correlation with cosmic

filaments is somewhat weaker for galaxies than for halos. It also decreases with cosmic time, most

likely due to mergers and quenching of cold flows and star formation. Hence our results suggest

that galaxy properties can be used to trace the spin swings along the cosmic web.
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This led us to analyse the variations of AM orientation and magnitude of galaxies and haloes

as a function of their merger rates.

Our statistical analysis of merger trees, shows that the transition from the aligned to the

misaligned case is dynamically triggered by mergers (the frequency of which increases with galaxy

mass), which swing the spin of galaxies and have a strong impact on both the orientation and the

magnitude of the AM. Our main findings are the following:

• the stronger the strength of the merger the larger the memory loss of the post-merger spin

direction of dark haloes and galaxies;

• the alignment of the spin of an object with the cosmic web depends on its merger history:

the more mergers contribute to its mass, the more likely its spin will be perpendicular to its

filament;

• when the merger contribution to the mass of an object is negligible (< 1%) the modulus of

the sAM of galaxies still increases with time via smooth accretion. Moreover, the orientation

of these spins drift towards (re-)alignment with the filament; this does not happen to the

sAM of dark matter haloes, whose magnitude remains independent of time on average;

• mergers (with mass ratios > 10%), like smooth accretion, also tend to build up the sAM

modulus but of both haloes and galaxies in this case; on the other hand, they also produce

a low sAM tail in the magnitude distribution.
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Chapter 3

Orientation of satellites galaxies:

massive hosts versus the cosmic web

An equally important impact of large scale structures on smaller scales is the impact of massive

virialised structures on smaller scale virialised structures they host but do not strip apart. Indeed,

in the previous chapter I studied how smoothly accreted - mostly gaseous - material and galaxy

mergers could efficiently re-orient their spin of galaxies orthogonal to the filament their are em-

bedded in. I explained that these results were consistent with similar trends for dark halo mergers

and were a major source of correlation between the cosmic web geometry on large scales and the

properties of virialised structures on small scales. However, in this description I focused on fully

relaxed post-merger states of dark haloes and galaxies which necessarily induced a re-distribution

of the dark matter/baryonic material into a new self-consistent structure over a few 100 Myrs.

Considering more closely the post-merger evolution of dark matter halos, features can be quite

different. Indeed, when a massive dark halo accretes smaller halos, only gravitational forces are

at stake. If those accreted haloes survive tidal stripping, they can give rise to a population of

sub haloes evolving independently within the primary structure. Among them, the newly formed

sub-haloes which managed to preserve their gas and possibly pre-existing stars host their own

galaxy, which can therefore be defined as a satellite galaxy. The galaxy naturally formed by gas

cooling and concentration at the pit of the potential well of the host halo prior to merging is called

the central galaxy. This chapter focuses on understanding the interplay between these objects of

similar structure and composition but formed at a different stage of the hierarchical evolution:

satellites and their host’s central galaxy.

This chapter reproduces results to be published in Welker et al (2015b) in prep.
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3.1 An overview of satellite galaxies

This first section details the formation and evolution of satellites in standard CDM cosmology

and further develops the reasons why they are the subject of great interest in observations..

3.1.1 The formation of satellite galaxies in CDM cosmology

Recall that, in the standard hierarchical model of structure formation, small dark haloes form

first and progressively aggregate into more massive structures. Those dark haloes flow along

the slowest direction of collapse predicted by the Zel’dovich paradigm of structure formation

(Zel’dovich, 1970), therefore defining large-scale filaments of preferred accretion (Shandarin & Zeldovich,

1989; Sousbie et al. , 2008; Libeskind et al. , 2014) in which haloes and galaxies preferentially

emerge (Bond et al. , 1996). When a low-mass dark halo flows towards a more massive companion

under its gravitational influence, the two structures end up merging with one another. However,

the outcome of such an event can fall in two different categories: either the smaller companion

is stripped apart and its material redistributed in its host, or it manages to somewhat preserve

its coherent structure, possibly its pre-existing gas and stars, and becomes a sub-halo, possibly

hosting a satellite galaxy.

To understand how such a satellite halo can be either destroyed or preserved, let us focus on

the processes that drives this evolution known as dynamical friction and tidal stripping.

3.1.1.1 Tidal and Ram Pressure Stripping

Let us a focus on a small dark halo orbiting in the gravitational potential of a much more massive

host. In the rest frame of this host one can therefore compute the gravitational acceleration felt

by the particles of the orbiting satellite. In the simplest model on Fig 3.1, Panel a, the massive

host is modeled as a point-like mass M and the satellite as a spherical homogeneous mass m with

radius r orbiting its host on a circular orbit of radius Rs. The tidal acceleration on the edge of m

( in point of shortest distance A) is therefore defined as the difference between the acceleration in

A and the acceleration at the center of mass of the satellite S:

gtidal =
GM

R2
s

− GM

(Rs − r)2
≈ 2 rGM

R3
s

if r ≪ Rs . (3.1)

Therefore, as a first approximation, if this acceleration exceeds the binding force per unit of

mass Gm/r2, the stars or dark matter particles orbiting the satellite at distance r will be stripped.

This leads to define the tidal radius as:

rt =
( m

2M

)
1

3

Rs , (3.2)
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Figure 3.1: Sketch of the satellite-host system in the most simplistic model on Panel a and a more
refined one taking into account the extension of the host halo and the eccentricity of the satellite’s
orbit on Panel b

the distance from the center of mass of the satellite above which its material will be stripped apart

(von Hoerner, 1957).

Although this toy model provides a good understanding of the general process, it remains

simplistic and does not allow to grasp the full complexity of tidal stripping. A straightforward

correction consists in taking the centrifugal force associated with the centrifugal motion of the

satellite, which leads to a corrected tidal radius:

rt =

[

m/M

3 + (m/M)

]
1

3

Rs . (3.3)

Then again, the model in itself remains very simplistic.

Developing a more realistic model of tidal stripping of satellites requires to take into account

the extension of the host halo, the eccentricity of the satellite’s orbit, and possibly the orbits of

the stars and dark matter particles within the satellite as presented on Fig 3.1, Panel b. In this

model the tidal radius needs to be redefined as the instantaneous radius at which a particular

star/particle within a satellite becomes bound instead to the host halo about which the satellite

orbits. This radius therefore depends on four parameters: the potential of the host, the potential

of the satellite, the orbit of the satellite and the orbit of the star within the satellite, all of these

being time-dependent.

Few analytical works have tackled the whole complexity of this problem but many publications

- both theoretical and numerical - have focused on different aspects and exposed the main features

of tidal stripping:

• In the context of globular clusters, von Hoerner (1957) and King (1962) considered point

mass potentials for the host and the satellite but suggested to deal with the eccentricity
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of the cluster’s orbit with a restricted definition of the tidal radius as the distance rt from

the center of m at which a point on line connecting centers of m and M experiences zero

acceleration when m is located at the pericentric distance Rp. This followed from the fact

that the internal relaxation time of the cluster is greater than its orbital period for almost all

observed globular clusters. In this case, star/particle orbits are assumed to be purely radial

kepler orbits and the tidal radius reduces to rt = (m/(M(3 + e))1)1/3Rp.

• Read et al. (2006) extended this analysis (for both point mass and power law potentials)

to define two additional tidal radii for star/particles with prograde and retrograde circular

orbits around the satellite, in which cases the coriolis force cannot be neglected. Noticing

that the smallest radii are therefore found for coplanar orbits of the satellite and the star

considered in a frame centered on the host and when the three bodies are aligned, they estab-

lished analytically that prograde orbits are more easily stripped than radial ones, themselves

more easily stripped than retrograde ones. As a result, tidal radii depend on the precise

mass distribution of the satellite. This confirmed the predictions of numerous simulations

(Toomre & Toomre, 1972; Keenan.D.W & Innanen, 1975; Kazantzidis et al. , 2004a).

• The fate of stripped stars has also been the object of numerous analytical works, from the re-

stricted analysis of one single test star (Szebehely & Peters, 1967; Henon, 1997; Valtonen & Karttunen,

2006) to the precise description of tidal tails in angle-action variables (Helmi & White, 1999;

Tremaine & Ostriker, 1999).

• Using N-body simulations, Choi et al. (2009) studied the dynamics of tidal tails made of

stripped material and found that their morphology is considerably modified by the satellite’s

self gravity which tends to accelerate the trailing tail but decelerate the leading tail, further-

more displacing the radial velocities of the trails from that of the satellite orbit proportionally

to the satellite mass.

• Eventually Chang et al. (2013) studied the dependence of the efficiency of tidal stripping

on the satellite and the host central galaxy morphology, for satellite halos which contain

a galaxy. They found that the removal of the stellar component only begins after 90% of

the dark matter mass has been stripped and occurs very differently for disc, bulge+disc

and pure bulge satellite galaxies. While the disc component is quickly removed (exponential

mass loss) - completely after a few 100 Myr - especially when coplanar to the satellite orbit,

remaining bulges are able to survive for several Gyr ( power-law mass loss). This is consistent

with previous result by Kazantzidis et al. (2004b) that satellites with high central densities

mostly survive tidal stripping over several Gyr.
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In addition, Mayer (2005) shows that intense stripping from ram pressure - the pressure ρextv
2

exerted on a satellite moving with the velocity v through the intergalactic medium of density ρext is

needed to account for a substantial removal of the gas component. As a consequence, a considerable

amount of small dark haloes that accreted cold gas and started forming stars prior to merging with

a more massive host are able to survive the stripping of their material and constitute a population

of satellite galaxies.

3.1.1.2 Dynamical friction and orbital decay

Although this first exploration of tidal stripping explains how satellite galaxies can linger into

their host, it does not explain how they migrate and distribute in the host halo. Indeed, once

they are bound to their host, sub-halos do not remain on a definite orbit but rather spiral inwards

rapidly over cosmic time. This process is called orbital decay and implies a transfer of energy and

angular momentum to the host halo hence the existence of some drag force. The mechanism that

makes this transfer possible is called dynamical friction and is briefly described in the following

paragraph.

What is dynamical friction? The general idea behind dynamical friction is that individual

stellar/DM encounters with a given satellite can perturb their trajectories, leading to a progressive

diffusion in phase-space away from their initial orbits, over a typical timescale trelax called the

relaxation time. While trelax is larger than the age of the universe for typical isolated galaxies,

which can therefore be considered collisionless, this is not the case in the situation of satellite S

moving across a much larger system H of much less massive field stars/DM particles.

In this situation, collisions between the satellite S (and its stars) and the particles of H leads

to a transfer of energy from the relative orbital motion between S and H to the random motions

of their constituent particles.

One way to take into account individual encounters requires to add up a collisional operator

Γ to the Boltzmann equation which describes the effect of diffusion around a star in phase-space.

The mathematical expression of Γ is rather complicated.

The mechanism of dynamical friction on a satellite can however conveniently be described in

the framework of linear response theory (Weinberg, 1986, 1989; Colpi & Pallavicini, 1998) as a two

step process, which regards the satellite as an external potential exciting a response density in the

host system, itself exciting a response potential responsible for dynamical friction on the satellite.

A seminal analysis is developed from a perturbative scheme in Tremaine & Weinberg (1984) and

shows that this irreversible process can be interpreted as the result of numerous resonances between
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the orbital frequencies of the satellite and the halo’s particles. In a nutshell, the slower the relative

orbital motion the stronger the cumulative effect of gravity.

This theory includes the effect of correlations between particles —restricted to self-correlations—

which are needed to efficiently account for all the features of dynamical friction: the wake and tides

associated to the satellite motion, the shift of the host stellar center of mass due to the stellar orbits

perturbation and the orbital decay of satellites from outside their spherical host due to global tidal

deformations excited by the orbital motion.

However, equations are quite complex and the mechanism of orbital decay can be understood

in the restricted formalism developed by Chandrasekhar (1943).

Chandrasekhar local approximation This approximation assumes an infinite, homogeneous,

isotropic stellar (point stars) background where self-gravity is turned off, in which case the frictional

force simply arises from the uncorrelated superposition of binary short-lived encounters between

the satellite of mass M at speed vs and the field particles of the host (of mass Mhost). This reduces

the drag force to a purely local friction term originating from a trailing wake of field particles, but

linear response theory confirmed that this is indeed the dominant term providing that the satellite

already lies in the background field, in which case this approach remains very predictive (Weinberg,

1989) . In this formalism the drag force can be expressed approximately as:

F∆ = −4π

(

GM

vs

)2

ln

(

bmax

b90

)

ρ(< vs)
vs

vs
, (3.4)

with ρ(< vs) the local density of field particles with speeds lower tan vs, bmax ≈ R the maximum

impact parameter taken as the typical size of the host R and b90 ≈ G M/〈v2
star〉1/2 the impact

parameter leading to a 90 deg deflection.

A very short introduction to orbital decay Let us take the simple case of a satellite moving

on a circular orbit with radius rs in a spherical, isothermal halo with density ρ(r) = V2/(4πGr2)

and a Maxwell-Boltzmann velocity distribution hence with dispersion σ = V
√

2. It is therefore

straightforward to compute the rate at which the satellite loses orbital momentum:

dLs

dt
= rs

dvs

dt
= rs

F∆

M
= −0.428

GM2

rs
ln

(

bmax

b90

)

, (3.5)

with ln

(

bmax

b90

)

≈ ln

(

Mhost

M

)

since V =

√

GMhost

R
.
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Considering now that the satellite must recover the circular speed vs = V , independent of radius,

on its new orbit one gets:
dLs

dt
= vs ×

drs
dt

, (3.6)

thus the satellite spirals inwards with the radius change:

rs
drs
dt

≈ −0.428
GM

V
ln

(

Mhost

M

)

. (3.7)

Therefore, as they orbit around their extended hosts, satellites lose angular momentum and energy

to the background field and spiral inwards until they reach the center of their host after a dynamical

friction time than can be estimated either this simplistic approach or from linear response theory.

Interplay between dynamical friction and tidal stripping. The processes of tidal stripping

and dynamical friction do not occur independently but rather affect one another. Ample analytical

and numerical studies have explored the fate of galaxy satellites bound to a spherical massive

host under various hypothesis and noticeably found that eccentric orbits decay faster, and that

the steady mass loss due to tidal stripping can increase the dynamical friction time by a factor

three (Lynden-Bell & Kalnajs, 1972; Tremaine & Weinberg, 1984; Colpi et al. , 1999). Colpi et al.

(1999) studied satellites with mass M = 2%Mhost and different density contrasts. They found tidal

stripping to be systematically more efficient than dynamical friction: while satellites lose 60% of

there mass after the first pericentric passage (1.5 Gyr), their orbital momentum is only decreased by

20%. They further estimated that satellites with high density contrasts could survive up to 6−−8

Gyr (4–5 pericenter passages) on eccentric orbits and that all satellites on peripheral orbits could

survive much longer than 10 Gyr as the mass loss almost completely compensate the dynamical

friction in this case. Moreover, satellites with small cores can survive up to a Hubble time within the

primary. As an example, dwarf spheroidal satellites of the Milky Way, such as Sgr A and Fornax,

have already suffered mass stripping, and with their present masses, the sinking times exceed 10

Gyr even if they are on very eccentric orbits (Colpi et al. , 1999). Linear response theory further

confirms the numerical result that satellite orbits do not undergo any significant circularization

through these processes (Colpi et al. , 1999).

Orbital decay from outside the host: torques form the central galaxy These processes

explain well the fate of satellites once they have entered the halo. Nevertheless, significant effects

can arise from the interaction between an external satellite and its central galaxy as the central

galaxy - where stellar material is highly concentrated - can display a sharply distinct morphology

from the overall morphology of the halo on large scales, imprinting only the morphology of the

inner part of the halo.
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This is however naturally described in the framework of linear response theory as the result of

friction that arises from the tidal deformation induced by the external satellite on its self-gravitating

host, which channels out energy and angular momentum from the satellite (Tremaine & Weinberg,

1984; Colpi, 1998) .

Noticeably, for eccentric orbits, the loss of stability is easier and corresponds to a pericentric

distance smaller than a critical radius. The exchange of energy is then very effectively channeled

through a quasi-resonance interaction. The bandwidth of effective energy transfer around the

resonance is larger for more massive satellites which thus decay sooner and faster than their light

counterparts for which the decay corresponds to a secular evolution.

3.1.2 The distribution of satellite galaxies

Theoretical predictions This first exploration of the processes that drive the evolution of

satellite sub-haloes bound to a more massive host boil down to the following scenario: while

satellites on very eccentric orbits and low density sub-haloes with few stars and gas are rapidly

stripped apart and accreted down to the core of their host, highly concentrated sub-haloes hosting

a galaxy revolve around their host along a wide range of eccentricities undistinguishable from that

of the diffused dark matter component (Ghigna et al. , 1999), over long periods of time. They are

only very progressively stripped of their gaseous and stellar material as they enter the inner regions

of the halo.

As a consequence, one can expect the observed populations of satellite galaxies at low redshift

to be excellent tracers of the underlying dark matter density of their host halo. Since numerous

simulations in CDM cosmology have found that haloes display important deviations from sphericity

and are therefore better described as ellipsoids (Barnes & Efstathiou, 1987; Warren et al. , 1992;

Yoshida et al. , 2000; Meneghetti et al. , 2001; Jing & Suto, 2002), those satellites are therefore

expected to be distributed anisotropically as a result of their host triaxiality (Wang et al. , 2005;

Agustsson & Brainerd, 2010).

The properties of satellites are also expected to display a radial evolution consecutively to

the progressive morphology dependent tidal stripping they undergo: while disks and star forming

satellites will be most likely found in the outskirt of their host before any significant stripping and

sinking has occurred, the inner regions will most likely host quenched spheroids deprived of their

disk component as well as of their star forming gas (Agustsson & Brainerd, 2010; Yang et al. ,

2006; Dong et al. , 2014).
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Observations vs. Simulations: A biased distribution Although these predictions look

pretty robust at first glance, many recent studies have exposed a discrepancy between simulations

and observations, suggesting the existence of several biases in the satellite distribution.

Observationally, satellites have been successfully used as dynamical tracers to provide accurate

dynamical masses for the haloes as well as constraints on the radial density distribution of dark

matter (Zaritsky et al. , 1993; Brainerd & Specian, 2003; van den Bosch et al. , 2004). However,

simulations predict two important spatial biases:

• First they found the radial distribution of halos to be much less concentrated at the center

than the dark matter (Ghigna et al. , 2000; De Lucia et al. , 2004; Gao et al. , 2004; Mao,

2004; Nagai & Kravtsov, 2005). The discrepancy appears however much less pronounced

in observations (van den Bosch et al. , 2005; Yang et al. , 2005), and recent measurements

in the Illustris hydrodynamical simulation, based on moving-mesh techniques, seemingly

recover these trends (Sales et al. , 2015).

• Second, many established the existence of an additional angular bias resulting from the

preferential sustained accretion of sub-haloes along a cosmic filament (Aubert et al. , 2004;

Knebe et al. , 2004; Wang et al. , 2005; Zentner et al. , 2005; Pichon et al. , 2011). These

authors suggest that it would increase the tendency of satellites to align in the galactic

plane of their host as -in the standard hierarchical model- this plane is most likely parallel

to the filament direction since the massive host built up its spin from mergers along the

filament. Recent observations in both the Local Group and the SDSS support this claim

(Libeskind et al. , 2011; Lee et al. , 2014; Libeskind et al. , 2015; Tempel et al. , 2015).

One should notice that this latter effect seems by essence hard to distinguish from the anisotropy

related to the mere triaxiality of the halo. Indeed, since the hierarchical build-up of massive host

halos is not isotropic but partially the result of mergers, whose orientations are defined by the em-

bedding filament, the population of massive hosts is thought to be dominated by halos with a spin

flipped orthogonal to their host filament with no further evolution (van Haarlem & van de Weygaert,

1993; Tormen et al. , 1997; Bailin et al. , 2008; Paz et al. , 2011; Codis et al. , 2012; Zhang et al. ,

2013). As a consequence, the elongation of the halo and filamentary infall share a unique direction.

The tendency of their satellites to orbit in the central galactic plane is therefore not a mere tracer

of the halo triaxiality but also naturally enhanced by the continuing infall (Aubert et al. , 2004;

Knebe et al. , 2004; Wang et al. , 2005; Zentner et al. , 2005). Recent observations of planes of

satellites for M31 or the Milky Way (Ibata et al. , 2013; Libeskind et al. , 2015) and the discovery

of alignment trends in the SDSS, e.g., by Paz et al. (2008) and Tempel et al. (2015) which studied
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Figure 3.2: Illustration of the main features of anisotropic infall onto dark haloes discussed in
Aubert et al. (2004): (1) The average orbital momentum measured on the virial sphere is mostly
aligned with the spin embedded in the virial sphere. (2). On the virial sphere, an excess of
ring-like or harmonic accretion in the equatorial plane is detected. (3) In projection, satellites lie
preferentially in the projected equatorial plane of the halo. (4) The orbital momentum of satellites
is preferentially aligned with the spin of the core halo. (5) The velocity vector of satellites (in
the core s rest frame) is orthogonal to the direction of their spin. (6) In the equatorial plane, the
projected orientation of satellites is more "radial", while near the direction of the spin a "circular"
configuration of orientation seems to emerge. courtesy of Aubert et al. (2004).
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the correlations between the alignment of satellites and the directions of the shear tensor, strongly

support this claim.

One should note that results for dark matter find this concept of polar flow to be relevant for

the diffuse component as well satellites. It is described in some details in Aubert et al. (2004).

An illustration that summarizes the most significant findings of these authors can be found in

Fig. 3.2. Using a suite of pure dark matter simulations, they explored the dynamical evolution of

sub-haloes within their host halo. While the anisotropy of accretion they measure - strengthened

in the equatorial plane of the halo for both satellites and the diffuse component - is consistent with

a filamentary infall on haloes with a spin preferentially orthogonal to their nearby filament, they

also detect a tendency of satellites to align their shape and synchronize their kinematic features

with that of the core halo suggesting a specific dynamical influence of the host inner parts on those

dense virialised structures.

Although it is still unclear how strongly this impacts the observed angular anisotropy and

whether the alignment trends observed remain compatible with a mere asphericity of the halos

(itself stimulated by the anisotropic infall), it remains important to make the distinction between

a dynamical angular bias (sustained polar accretion, gravitational torques from the central disc

and halo) and a purely geometrical angular anisotropy (related to the elongation of the halo) that

affects the diffuse dark matter component equally, as illustrated on Fig. 3.3.

What’s more, the triaxiality of a halo is distinct from the triaxiality of its central galaxy

(van den Bosch et al. , 2002; Chen et al. , 2003; Sharma & Steinmetz, 2005; Dubois et al. , 2014),

and predicting reliable correlations for them has proved a major difficulty for semi-analytical stud-

ies. More specifically, Kazantzidis et al. (2004b) and Dong et al. (2014) showed that the forma-

tion of a disc modifies only the shape and orientation of the inner halo, leaving the outer parts

virtually intact.

This distribution of satellites in the galactic plane has since been confirmed by numerous ob-

servations at low and high redshifts (Sales & Lambas, 2004; Brainerd, 2005; Yang et al. , 2006;

Sales et al. , 2009; Wang et al. , 2010; Nierenberg et al. , 2012), which focused on evaluating the

alignment of satellites along the major axis of the host projection along the line of sight. Although

Holmberg (1969) primarily found an alignment with the host minor axis and brought some con-

fusion to the previous scenario - some studies even claiming the absence of any alignment trend

(Hawley & Peebles, 1975; Phillips et al. , 2015) - subsequent studies -especially on large scales -

were unable to confirm this so-called "Holmberg effect" with the exception of some specific cases in

the Local Group (Pawlowski et al. , 2012; Forero-Romero & González, 2015) that have since been

convincingly explained by large-scale tidal torques (Libeskind et al. , 2015). In particular, analysis
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of galaxy groups in the Sloan Digital Sky Survey (SDSS, Abazajian et al. 2009) has confirmed this

trend and established that the signal is stronger for massive red central galaxies, especially in the in-

ner regions of the halo (Yang et al. , 2006). Note that alignments of nearby structures are common

on multiple scales as there is also evidence of alignment trends between brightest cluster galaxies

and groups/clusters on large scales (up to 100 h−1 Mpc) as a consequence of hierarchical structure

formation (Binggeli, 1982; Plionis & Basilakos, 2002; Hopkins et al. , 2005; Mandelbaum et al. ,

2006; Hirata et al. , 2007; Okumura & Jing, 2009; Joachimi et al. , 2011; Smargon et al. , 2012;

Singh & Mandelbaum, 2014). All of these alignment trends bring potential pollution to weak

lensing surveys and therefore require in-depth study.

This chapter pursues two main goals:

• using a cosmological hydrodynamical simulation with all the prominent features of baryonic

physics implemented to make testable statistical predictions for the satellites alignment to

their host galaxy, without resorting to ad hoc prescriptions for the shape of such a galaxy. As

such, I will show that these results add up to and confirm recent numerical results obtained

by Dong et al. (2014).

• understanding whether the previously mentioned filament alignment trend is indeed distinc-

tive from the coplanarity of satellites with their host galactic plane, and how the two correlate

in different mass ranges and for different orientations of the host galaxy.

3.2 Satellites in Horizon-AGN

This study was carried out in the Horizon-AGN simulation, between redshift z = 0.8 and

redshift z = 0.3 and briefly compared to higher results at higher redshifts (1 < z < 2).

3.2.1 Identifying central galaxies and satellites

As in previous chapters, haloes and galaxies were identified with the AdaptaHOP structure

finder of the HaloMaker program (Tweed et al. , 2009; Aubert et al. , 2004), operating on dark

matter particles for haloes and star particles for galaxies. The minimum number of particles for

detected structures was set to Nmin = 100 - which typically selects stellar objects with masses

larger than 2 × 108M⊙ - but central galaxies were selected only among structures with a stellar

mass Mg > 109M⊙ so as to detect satellites within a wide range of satellite-to-host mass ratios.

Catalogs were produced for six outputs of the simulation between for 0.3 < z < 0.8 with a

increment ∆z = 0.1, which covers a period of 3.5 Gyr, with a typical time step of 700 Myr. This
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triaxial halogalactic plane
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dynamical angular bias geometrical angular anisotropy
    non-uniform spherical:

 65% in the conical section

uniform spherical: 40% 

uniform triaxial: 60%

Figure 3.3: Sketch of the different angular biases that can be expected. Satellites are represented
as red dots (spherical halo) and blue dots (elongated halo). Right halo: a dynamical process bends
the satellites orbits towards a preferred plane. Left halo: While the corresponding spherical halo
shows no angular anisotropy, a continuous transformation that breaks this sphericity leads to an
effective anisotropy of the satellites distribution. Indicated fractions of satellites are relative to this
specific illustration.

coarse time step allows for a substantial progress of satellites on their orbit. This allows us to stack

the results from all the pairs in the 6 outputs and still remain consistent with observations stacked

over independent redshift bins without being too disrupted by the time correlation between our

snapshots.

Haloes were then matched to their central galaxy, identified as the most massive galaxy within a

sphere of radius 0.25Rvir around the center of mass of the halo, with Rvir its virial radius. Satellite

galaxies were identified as all the galaxies within a sphere of a given radius R around the center of

mass of the halo. In this selection, I considered only main haloes, galaxies within sub-haloes being

therefore identified as satellites of the main halo. One can notice that, if R is chosen large enough,

this selection will include galaxies hosted by other neighboring haloes. This method consistent

with the idea that alignments along the major projected axis are expected to be detected on large

scales as well, with haloes being themselves aligned with one another.

However, for reasons developed in the next section, this study focuses on the one-halo term

and its interplay with the filament hosting the halo. Thorough studies of the two-halo term can

be found in Chisari et al. (2015).

This leaves us with up to 180000 satellites and galaxies per snapshot, 10% to 15% of which
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Figure 3.4: Log distribution of the number of galaxies per halo in Horizon-AGN for main haloes
and sub-haloes.

are identified as central galaxies. As an example, at z = 0.3, 16 000 galaxies are identified as

centrals, 6622 haloes host at least 2 galaxies, 263 more than 30 galaxies and the richest one is a

well-identified massive cluster in the simulation containing 678 galaxies.

For more details, Fig. 3.4 shows the distribution (in log scale) of the number of galaxies per

halo in Horizon-AGN for main haloes and sub-haloes, for the two extrema of the redshift range I

study.

For complementary small-scale measurements, all non-central galaxies are also matched to

their host sub-halo. This step is performed in a different way: I do not force a cut in radius but

rather assign each galaxy to its closest halo structure, independently of its level in the hierarchical

formation scheme.

3.2.2 Tracing the evolution of satellites in the halo: synthetic colors.

In this study, I want to follow the evolution of satellites within their hosts in order to develop

a dynamical model for the distribution of satellites within dark haloes. This implies to be able to

statistically trace the two main aspects of this evolution developed in the the first section:

• the orbital decay which leads to a distribution where satellites accreted earlier are found closer

to the central galaxy. This is done computing the distance between the satellite and its host
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• the tidal stripping which progressively deprives the satellite of its gas therefore quenching

its star formation. This is done computing synthetic rest-frame colors derived from the AB

magnitudes.

Indeed, I detailed in Chapter 2 how star formation from gas in a galaxy can be easily traced and

allows for the estimation of the age and history of galaxies: the luminous spectrum of a star evolves

as gas forms stars and as stars get old and consume their initial material into heavier chemical

elements.

In a similar fashion to what was done in Chapter 2, in this work I use single star population

models from Bruzual & Charlot (2003) and assume a Salpeter initial mass function to compute

the flux for each star. The flux emitted from a galaxy can be seen as the sum of the contributions

of all its star particles, each star contributing to a flux per frequency that depends on its mass, age

and metallicity. This flux can therefore be passed through the u, g, r and i filters of the SDSS. It is

therefore straightforward to calculate the rest-frame colors g− r, u− r or r− i from the calculated

fluxes Fr , Fi and Fg as for instance g − r = −2.5 log(Fg/Fr)

This leads us to classify galaxies as red or blue depending on their colors: star forming galaxies

containing lots of fast evolving high-mass stars at high temperature will emit hot radiation increas-

ing the blue component of their spectrum, hence their g − r , u − r and r − i values to be lower

than older quenched galaxies populated by old cooler stars emitting a redder radiation.

To decide which threshold to use in order to identify the galaxies and satellites in Horizon-AGN

as red or blue, I studied the evolution of the color bi-modality in our sample. The bimodal aspect

of the mass-color distribution in large samples of galaxies is a well-known feature of modern astron-

omy (Strateva et al. , 2001; Bell et al. , 2004; Ellis et al. , 2005; Baldry et al. , 2006; Driver et al. ,

2006), with high-mass early-types residing on a well-defined sequence separate from a cloud of

low-mass blue late-types. It has been established that galaxies progressively migrate from the

blue cloud to the red sequence when their star formation slows down due to quenching result-

ing from intense feedback, stripping but mostly strangulation from their host (Kang et al. , 2005;

van den Bosch et al. , 2008; Peng et al. , 2015).

In simulations, the color-diagrams do not show such a clear cut distinction. However, stacking

over stellar masses allows us to recover the bimodal signal. The corresponding distributions for

g− r, r− i and u− r in Horizon-AGN are presented on Fig. 3.5 for all the outputs studied in this

chapter. Comparing the evolution of the peaks corresponding to the blue and red galaxies, one can

clearly see the migration of blue galaxies into the red sequence over cosmic time.
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Figure 3.5: Distribution of the rest frame colors in Horizon AGN. Colored areas indicate the cuts
chosen for the analysis in color bins in this paper.

The well contrasted peaks in our sample allow for the definition of three relevant bins corre-

sponding to young star forming, intermediate and older quenched galaxies/satellites. The chosen

bins are represented by specific colored areas on the first panel of Fig. 3.5 . I chose to carry out the

following study with the g − r color which is less sensitive to short timescale disruptions than the

u − r color where u encodes the highly energetic ultraviolet emission of new born stars. The cuts

used to defined each population, g− r < 0.4, 0.4 < g− r < 0.55 and g− r > 0.55 , are defined in a

compromising way so as to isolate the two peaks of the distribution and select populated enough

samples for the analysis.

3.3 Statistical properties of the orientation of satellites

Once those synthetic galaxies are identified, I can calculate the kinematics of all satellites in the

rest-frame of their host and perform a detailed analysis of the various alignment trends described

in section.

3.3.1 Methods and variables

3.3.1.1 Kinematics

The kinematics are computed on the star particles for all galaxies and satellites in the sample.

The angular momentum (AM) – or spin – of a galaxy is defined as the total AM of the star

particles it contains and is measured with respect to the densest of these star particles (centre

of the structure), which reveals an excellent estimation of the center of inertia and proves more

relevant than the analytical center of mass for centrals at various stages of merging, hence including

94



3.3. STATISTICAL PROPERTIES OF THE ORIENTATION OF SATELLITES

a concentrated sub-structure:

Lg = Σimi(ri − rc) (vi − vc) , (3.8)

with ri, mi and vi the position, mass and velocity of particle i, and center c. Notation Lg is

hereafter used for the AM of the central galaxy while lisat designates the intrinsic AM of its i-th

satellite. I also compute the total orbital AM of satellites Lorb
sat with similar definitions computed

directly on the velocities and positions of satellites calculated before. Average angular velocities

(for the central galaxy or its orbiting system of satellites) are defined as

vrot =
Σimi(ri vi)

Σimiri
, (3.9)

with mi, ri and vi the masses, radius and speeds of structures considered: star particles for the

central galaxy, satellites for a system of satellites (replace ri, vi and mi by ris, vi
s and mi

s). From

now, I will use the notation v
gal
rot for the average angular velocity of the stellar material within the

central galaxy, and vsat
orb for the average orbital angular velocity of the system of satellites.

The position vector of each satellite in the rest frame of its central galaxy is defined as rgs =

rs − rc with rs the position of the satellite. Its norm is Rgs = ||rgs||.

The inertia tensor of each galaxy is computed from its star particles’ masses ml and positions

xl (in the barycentric coordinate system of the galaxy):

Iij = Σlm
l(δij(x

l
kx

l
k) − xl

ix
l
j) . (3.10)

This inertia tensor is diagonalized, with its eigenvalues λ1 > λ2 > λ3 being the moments of the

tensor relative to the basis of principal axes e1, e2 and e3. Since the inertia tensor is a 3 × 3 real

symmetric matrix, the analytical diagonalization is easily performed computing the determinant

Det(Iij − λ) then solving the cubic equation in λ. The lengths of the semi-principal axes (with

a1 < a2 < a3) are derived from the moments of inertia:

a3 = (5/M0.5)
√

λ1 + λ2 − λ3 , along e3 ,

a2 = (5/M0.5)
√

λ1 + λ3 − λ2 , along e2 ,

a1 = (5/M0.5)
√

λ3 + λ2 − λ1 , along e1 .

This allows for an easy estimation of the galactic shape using the triaxiality ratio

τ = (a2 − a1)/(a3 − a2) . Oblate structures (disky) have τ > 1 while prolate structures (elongated)

have τ < 1.

For comparison with observations, I also define the corresponding projected quantities along

the x-axis of the grid (labeled "X"). Definitions are similar for the positions and inertia tensor
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Figure 3.6: Left panel: 2D projection along the x axis of stellar positions and respective 3D and
2D ellipsoids that describe the shape of the galaxy. Axis of the respective inertia tensors are
symbolized as colored segments, stars as black dots and their 2D projections as red dots. The
bigger dots symbolize the highest density particle. In the case represented, the 3D major axis is
nearly aligned with the x axis, hence the 2D major axis is still a reasonable tracer of the galactic
plane. Right panel: Illustration of the 2D projected angles θX and αX . All features in pink-purple
shades are projections on the (y, z) plane containing the center of the central galaxy.

with summations restricted to the projected coordinates (y, z). This leads to the eigenvalues λX
1

and λX
2 , from which I derive the axis aX

1 < aX
2 . Fig. 3.6 illustrates the projection of stars on the

2D plane (y, z) of the grid and the consecutive calculation of the two-dimensional inertia tensor on

the left panel. The right panel illustrates the definition of the projected angles αX and θX which

are the angles between the projected position vector of the satellite along the x-axis and direction

of the projected filament and the 2D major axis respectively.

Each satellite has an individual orbital plane defined by eρ = rgs/Rgs and eθ = vortho/||vortho||
the direction of the component of its velocity orthogonal to rgs. The intersections, D2 and D3, of

such a plane with the planes (e1, e2) and (e1, e3) of the central galaxy allow us to compute two

orientation angles ζ2 between D2 and e2, and ζ3 between D3 and e3 respectively. Averaging these

angles for all the satellites in the system, I obtain two angles that define the mean orbital plane

for the whole system of satellites. This allows us to compute the dispersion ratio:

σplane

||Lorb
sat ||

, (3.11)

with σplane =
∑

i ||jorbsat ||i and ||jorbsat ||i the norm of the projected orbital momentum of satellite i

on the mean orbital plane of the whole system of satellites. This measures the dispersion of the

satellites around a mean rotation plane. This parameter drops to zero if satellites are all rotating
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in the same plane.

Similarly, I measure the corotation ratio:

|Lzc|
||Lorb

sat ||
, (3.12)

with Lzc the projection of the total orbital momentum on the spin axis of the central galaxy.

3.3.1.2 Choice of variables: benefits and limitations

The objectives of this work are to investigate two specific alignment trends of satellites galaxies:

• the tendency of satellites to lie in the galactic plane of their central host: the

coplanar trend . This can be analyzed computing either µ = cos(θ) the cosine of the angle

between the satellite’s position vector rgs and the spin of the central, or µ1 = cos(θ1) the

cosine of the angle between rgs and the minor axis of the central (vector e1). In this work,

I mostly focus on this latter measurement which is more closely related to observational

methods and gives a smoother signal.

• the tendency of satellites to align within the nearest filament - from which they

flowed into the halo: the filamentary trend. To carry out this study, I compute ν = cos(α)

the cosine of the angle between the satellite’s position vector rgs and the direction of the

closest filament.

As in the previous chapter, the choice of the cosine statistics is natural since the analysis is per-

formed on the three-dimensional (3D) kinematics since I want to compare angular distributions

(say P (θ)) around a given axis to the 3D unbiased angular distribution Pu(θ): if angles are uni-

formly distributed on the sphere. Thus the uniform probability density function is ρu(θ) ∝ sin θ

but is flat with respect to cos θ: ρu(cos θ) ∝ cst, which allows for an easy direct comparison.

It is however important to notice that a similar calculation in 2D (angles uniformly distributed

on a circle) yields to ρ2D
u (θ) ∝ cst, which implies that one should follow the PDF of θ when

analyzing projected alignment trends that directly compare to observations. Thus, in this work I

also analyze the PDF of the projected angles θX and αX .

A somewhat more subtle effect that needs to be checked in order for this method to be relevant

is whether or not, in a filament adapted spherical frame, the azimuth angle (α2D on Fig. 3.7)

is distributed randomly on the circle. Failure to fulfill this condition can mimic fake alignment

signals for the cosine statistic since ρu(cos θ) cannot be assumed to be constant anymore. However,

α2D cannot be expected to be randomly distributed on the largest scales of the simulation as
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Figure 3.7: PDF of cosα2D, the cosine of the angle between eortho
fil = efil × x and rgs|| , the

projection of rgs on the plane orthogonal to the filament (of norm Rgs||), with efil the direction
vector of the central galaxy’s nearby filament and x the x direction of the grid, for all galaxies
with Mg > 1010.5 M⊙. The random circular distribution for cosα2D is over plotted in green. The
satellite distribution can be considered random up to Rgs = 5Rvir. On larger scales, incomplete
randomization of the wall directions in the simulated volume leads to significant deviations.

matter tend to be distributed in walls — the halo relevant scale of which is set by our cosmic web

characterization — whose directions cannot be assumed to be random in the volume considered.

Fig. 3.7 shows the distribution of cos(α2D), the angle between eortho
fil = efil×x and the projection

of rgs on the plane orthogonal to the filament, with efil the direction vector of the central galaxy’s

nearby filament and x the x direction of the grid. This distribution is restricted to the highest

mass range studied: central galaxies with Mg > 1010.5 M⊙. One can notice that for satellites within

Rgs < 5Rvir, the signal is really well fitted by the 2D uniform PDF with a deviation inferior to

0.5% in ξ. However for satellites at larger distances, the PDF shows important deviations from the

uniform PDF (up to 25%).

This naturally sets the maximal scale that can be probed with the 3D cosine statistic to 5Rvir

of the most massive halos.
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Figure 3.8: Left panel: excess PDF ξ of µ1 = cos θ1, the angle between the minor axis of the
central galaxy and the direction towards the center of mass of its satellites, for different central
galaxy mass bins and between redshift 0.3 < z < 0.8. Results are stacked for 6 outputs equally
spaced in redshift. Satellites tend to distribute in the galactic plane of the central and this trend is
stronger with the increasing mass of the central. Right panel: excess PDF of ν = cosα, the cosine
of the angle between the direction of the central’s nearest filament axis and the direction towards
the center of mass of its satellites. Satellites tend to be strongly aligned within the embedding
filament.

3.3.2 Results

3.3.2.1 A mass segregated signal

Coplanar trend: Let me first analyze how the two trends evolve with respect to the stellar mass

Mg of the central galaxy using the 3D kinematics.

Left panel of Fig. 3.8 shows the probability density function (PDF, ξ is the excess of prob-

ability density above 1) of µ1 = cos θ1, where θ1 is the non-oriented angle between the minor

axis of the central galaxy and rgs for different mass bins of the central galaxy. As explained in

Section. 3.2.1, I accumulate the results of satellite distribution around central galaxies of the 6

Horizon-AGN outputs in the redshift range 0.3 < z < 0.8 equally spaced in redshift bins and con-

sider only satellites within 5Rvir of the halo host of the central. The main effect of this stacking is

a smoothing of the signal. It was checked that results for individual snapshots are fully consistent

with the stacked results, although with increased error bars.

Satellites have a tendency to lie in the galactic plane of the central galaxy, or equivalently,

perpendicular to the minor axis of the galaxy as shown by the excess PDF ξ at µ1 = 0 (see
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Aubert et al. , 2004, for the corresponding estimate for DM satellites). However, this conclusion

does not hold for all central galaxies: while the distribution of satellites around their host is mostly

random for low-mass centrals with 109 M⊙ < Mg < 1010 M⊙, the alignment strengthens as the

central mass increases. For the most massive centrals, galaxy satellites clearly tend to be more

distributed in the plane of the central galaxy.

For central galaxies with stellar mass Mg > 1010.5 M⊙, the excess PDF at µ1 = 0 is ξ = 40%,

with 52% of satellites lying within a 33◦ cone (cos θ1 < 0.4) around their projection on the galactic

plane, as opposed to 40% for the uniform PDF (in dashed line). For intermediate central masses

(1010 < Mg < 1010.5 M⊙), the excess PDF at µ1 = 0 is ξ = 13%, and 45% of satellites lie in the

33◦ cone. No substantial excess is found for lower masses (ξ < 2% at µ1 = 0). Thus the tendency

of satellites to lie in the galactic plane of their host is directly correlated to its mass. Reasons

for this can involve the mass segregation in the orientation of the galactic spins with respect to

nearby filaments developed in the previous chapter, closely related mass-morphology correlations

or gravitational torques of mass dependent strength.Codis et al. (2012); Dubois et al. (2014);

Welker et al. (2014) and Laigle et al. (2015) confirmed that massive haloes and galaxies formed

through mergers tend to display a spin orthogonal to their nearby filament (which is therefore

contained in the galactic/rotation plane) while low-mass haloes/galaxies caught in the winding

around of the cosmic flows in the vicinity of filaments are more likely to have a spin parallel to

their filament.

In order to better discriminate these effects, one needs to analyze the correlations between this

trend and the orientation of the closest filament. First, let us investigate the tendency of satellites

to align with this very filament.

Filamentary trend: In the right panel of Fig. 3.8, one can see the excess PDF of ν = cosα, the

angle between the direction of the central’s nearest filament axis and rgs. Galaxy satellites tend

to align in the filament axis direction of the central galaxy with ξ ≃ 30% rather independently

of the central galaxy mass (slight increase of ξ with Mg). 27% of the satellites’ vector positions

are contained within a 37◦ cone around the filament (cosα > 0.8), as opposed to 20% for angles

uniformly distributed on the sphere. This effect still holds even for the smallest host masses with

a decrease in amplitude of less than 1%.

These trends are in line with statistical measurements of the orientation of the spin of galaxies in

the cosmic web presented in the last chapter: low-mass young galaxies fed in vorticity rich regions

at the vicinity of filaments (Laigle et al. , 2015) have their spin parallel to the filament their are

embedded in, while older galaxies, more likely to be the products of mergers, are also more likely to
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Figure 3.9: Sketch of the expected results for the filamentary trend. Satellite galaxies tend to be
aligned within the nearest filament. they are consecutively orthogonal to the spin of older red
(massive) galaxies, and more often aligned with the spin of young blue (low-mass) galaxies.

display a spin flipped orthogonal to the filament due to the transfers of orbital angular momentum

during merger (Dubois et al. , 2014; Welker et al. , 2014).

The trends measured in Fig. 3.8 can therefore be explained by arguing that satellite galaxies

tend to be distributed along the closest filament of the central. The alignment in the galactic plane

is, thus, a direct consequence of:

• the dynamical angular bias: the fact that the galactic plane contains the ridge line defining the

filament, therefore the preferential direction of the filamentary accretion. This corresponds

to the case of the red central galaxy on the illustration in Fig. 3.9.

• the geometrical angular anisotropy: the fact that the host halo is mostly elongated in the

direction of this very filament – which corresponds to the slowest compression axis of the

shear tensor – resulting in an angular anisotropy tracing the halo density.

In this picture, the coplanar trend is a consequence of the filamentary trend. However, whether the

first trend can be neglected when using satellites as tracers of the underlying DM density remains

an open question. Moreover, the shape of central galaxies is not necessarily strongly correlated

with the diffuse DM component on the outer parts of the halo: low-mass disc galaxies which can be

responsible for additional gravitational torques (Kazantzidis et al. , 2004b; Dong et al. , 2014) and

are most likely elongated orthogonally to the filament (Dubois et al. , 2014). Moreover I will show

that many massive centrals in Horizon-AGN show a significant amount of misalignment between
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Figure 3.10: Same as Fig. 3.8 where samples are binned in distance from satellite to central Rgs.
Satellites close to the central galaxy tend to be distributed in the galactic plane with marginal
alignment to the filament, while satellites in the outskirt of the host halo of the central are strongly
aligned with the filament but the coplanarity with the central galaxy is weakened.

their galactic plane and the nearby filament. It is therefore important to study how this affects the

two above described trends and to what extent those specific cases impact the general distribution.

3.3.2.2 The filamentary trend versus the coplanar trend

Quantifying the relative influence of the filament and the joint effect of dissipation in the halo

and central galaxy torques (that also imposes the inner halo shape) is best achieved by noticing

that these processes operate on different radial scales (Danovich et al. , 2015). Let me investigate

how satellite galaxies distribute with distance to their central companion. Fig. 3.10 shows the

excess PDF of µ1 = cos θ1 (central galaxy minor axis) and ν = cosα (filament axis) for different

bins of Rgs = ||rgs||, the distance from the satellite to the central galaxy.

One can see that, as the distance increases, the alignment in the galactic plane weakens pro-

gressively while the alignment with the filament is strengthened. For satellites in the vicinity of

their host, within sphere of radius Rgs = 0.25Rvir, the coplanar trend is highly dominant with

ξ = 80% at µ1 = 0, and with 60% of the satellites within a 33◦ conical flange around the galactic

plane (40% for random), while the filamentary trend is reduced to a 12% excess within a 37◦ cone

around the filament axis, hosting 23% of the satellites (20% for random).
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In contrast, for satellites in the outskirt of the halo with Rgs > Rvir the filamentary trend

dominates with this same excess soaring to 41% at ν = 1 hosting 28% of the satellites in a 37◦

cone around the filament axis (20% for random), and the amount of satellites within the galactic

plane related 33◦ conical flange falls down to 48% (40% for random).

This investigation of satellite alignment with distance to the central galaxy shows that the

coplanar trend is not a mere consequence of the filamentary trend as they exhibit competitive

patterns, with the coplanarity being dominant in the vicinity of the central host, which is also

the area and the filamentary orientation in the outskirt of the halo. Hence, the dynamical bias

introduced by the filamentary trend can reach an amplitude comparable to that of the coplanar

trend for satellites within 0.5Rvir < R < Rvir from their central galaxy.

In order to confirm that both trends are intrinsic and to better understand where and to what

extent this competition occurs, Fig. 3.11 focuses on two sub-samples, which I select so as to preserve

statistics:

• satellites whose central minor axis is aligned to the filament axis within a 37◦ cone (cos θg >

0.8), like the blue galaxy on the illustration of Fig. 3.9 ,

• satellites whose central minor axis is perpendicular to the filament axis within a 37◦ conical

flange around the filament axis (cos θg < 0.45), like the red galaxy on the illustration of

Fig. 3.9) .

In the first case (green lines), the coplanarity and filamentary trends are mutually exclusive, while

in the second case they affect the distribution of satellites in similar ways and add up to one

another. Fig. 3.11 shows the excess PDF ξ of µ1 = cos θ1 and ν = cosα for both samples in

different mass ranges for the central galaxy. Following the first sample of centrals, one can see

that the coplanar trend dominates for the most massive central galaxies (Mg > 1010.5 M⊙) with

43% of satellites in the galactic plane related 33◦ conical flange (40% for random), even though

the filamentary trend has vanished. However, the coplanar trend disappears as the central mass

decreases (Mg < 1010.5 M⊙). In contrast, the filamentary trend is recovered for central galaxies

with mass Mg < 1010.5 M⊙, which shows a greater alignment to the filament (24% in the filament

37◦ cone instead of 20% for random).

Following the second sample of central galaxies whose minor axis is more perpendicular to the

filament axis (orange lines), coplanarity and filamentary trends coexist in all mass bins. Both

trends are strengthened for the most massive central galaxies (Mg > 1010.5 M⊙), which confirms

the distinct influences of the galactic plane and the filament in the orientation of satellites. The

signals for this sample are significantly higher than signals obtained when the trends compete.
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Figure 3.11: Evolution of the filamentary trend (dashed line) and the coplanar trend (solid line)
for either central galaxy’s minor axis aligned to the filament axis within a 37◦ cone (in green), or
2), or central galaxy’s minor axis perpendicular to the filament axis within a 37◦ cone (in orange).
From left to right panel, this shows three different central galaxy mass bins Mg as indicated in the
panels. Following the green lines: the two trends compete in this case. The coplanar trend takes
over for massive hosts while the filamentary trend is dominant for low mass hosts. Following the
orange lines: the two trends add up in this case. Expectedly, the trends are strengthened for most
massive hosts.

Corresponding satellite fractions are 46% for the 33◦ conical flange around the central galactic

plane and 32% for the 37◦ cone around the spin axis of the central for the highest mass range.

Confirmation of the scale segregation inherent to this competition between the coplanarity and

the filamentary trend can be found in Fig. 3.12. It shows the excess PDF of µ1 and ν for different

distances of satellites to the central galaxy similar to the one in Fig. 3.10 but restricted to the

first sample, for which trends are mutually exclusive, as seen in Fig. 3.11. The transition between

the filamentary trend far from the central galaxy and the coplanar trend in its vicinity is striking,

with a 50% excess in the 37◦ cone around the filament axis (30% of satellites instead of 20% for

random) at Rgs > 2Rvir – and no detectable coplanarity with the central at that distance – that

progressively decreases and turns to a 20% excess in a 33◦ conical flange orthogonal to the filament

for Rgs < 0.25Rvir, associated to a ξ = 70% excess at µ1 = 0, corresponding to 59% of satellites in

the 33◦ conical flange around the galactic plane (40% for random).

For further confirmation of this transition, Fig. 3.13 reproduces the analysis of Fig. 3.10 for three

different central mass bins: 109 < Mg < 1010 M⊙, 1010 < Mg < 1010.5 M⊙ and Mg > 1010.5 M⊙.

The evolution of both trends with respect to the mass of the central is fully consistent with the

strength of torques from the central and its average mass-dependent orientation in the cosmic web.

This confirms the general tendency already observed for all central galaxies with Mg > 1010 M⊙
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Figure 3.12: Same plot than Fig. 3.10 restricted to satellites whose host’s minor axis is aligned to
the nearest filament within a 37◦ cone, in which case the two trends compete. Results are stacked
for 0.3 < z < 0.8 for different radius Rgs (distance to the central galaxy) bins. Satellites close
to their host tend to be distributed in the galactic plane hence orthogonally to the filament while
satellites in the outskirt of the halo are strongly aligned with the filament but the coplanarity with
their host is lost.
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Figure 3.13: Same as Fig. 3.8 where samples are binned in distance, Rgs, from satellite to central.
This is plotted for three different central mass bins: 109 < Mg < 1010 M⊙ (top panels), 1010 <
Mg < 1010.5 M⊙ (middle panels) and Mg > 1010.5 M⊙ (bottom panels). Satellites close to the
central galaxy tend to be distributed in the galactic plane with marginal alignment to the filament,
while satellites in the outskirt of the host halo of the central are strongly aligned with the filament
but the coplanarity with the central galaxy is weakened. Results are stacked for 0.3 < z < 0.8.
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in Fig. 3.10: satellites in the outskirt of the halo are aligned with the nearest filament. As they

reach inner parts of the halo they deviate from the filament to align in the galactic plane of their

central host. Specific features in each mass bin tend to confirm the general scenario:

• For low mass centrals, the coplanar trend is significantly weaker than for centrals with Mg >

1010 M⊙ (for satellites within 0.25 Rvir: ξ = 30% at cos θ1 = 0 instead of ξ ≃ 100% for the

two highest mass ranges). This is consistent with a weaker torquing of lower mass centrals.

However, the flip from the filamentary trend to the coplanar trend is more distinctive than

for higher mass bins, which is directly related to the fact that those small mass centrals are

under the swing transition mass evaluated in Dubois et al. (2014), and therefore are more

likely to have a minor axis aligned with the filament, in which case both trends compete.

• The filamentary trend in the outskirt of the halo is mildly affected by the mass of the centrals.

As expected, it undergoes a little increase and persists at shorter distances from the host for

high mass centrals for which filamentary and coplanar trends are more likely to add up to

each other.

• For most massive central galaxies, the coplanar trend shows a general evolution very similar

to that observed for lower masses but experiences a new increase – although somewhat limited

– for satellites in the most outer parts of the halo (Rgs > 2 Rvir). Satellites so distant can

actually be satellites of a neighboring cluster. Thus, this trend is reminiscent of the Binggeli

effect (Binggeli, 1982) that applies for massive clusters, which tend to align their rotation

plane to that of their neighbours. This evolution is therefore a hint of the two-halo term and

will be discussed in further details in an upcoming paper by Chisari et al. (2015).

An illustration of the evolution with distance to the central can be found in Fig. 3.19. The

competition between the coplanar and filamentary trends may represent a real source of angular

bias in the distribution of satellites since the filamentary trend generates a dynamical angular bias,

which leads to either overestimate or underestimate the non-sphericity of the halo, inferred from

the angular anisotropy in the distribution of its satellites assumed to be unbiased. None of these

situations appears to be negligible since aligned spin galaxies with filament (angle smaller than 33◦)

represent 15% of all central galaxies with Mg > 1010 M⊙, orthogonal spin galaxies (angle larger

than 45◦) 60% and moderate misalignment cases 25% (angle between 33◦ and 45◦). This suggests

that the contradictory results that have been claimed from observations since the Holmberg (1969)

first results are mass and scale dependent, possibly as Zaritsky et al. (1997) suggested. The correct

inference of a halo’s non-sphericity from the distribution of its satellites would therefore depend

on a reasonable estimate of the orientation of the nearby filamentary structure.
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3.4 A dynamical scenario : satellites migrating into the halo.

3.4.1 Scenario

Considering our previous model of satellite migration down to the core of its halo through a

combination of dynamical friction and tidal stripping, this evolution in distance provides some

insights on the dynamical evolution satellites within their host halo. The main results of the

previous section call for a dynamical scenario in which young star-forming satellites flow along the

cold gas rich filament and plunge into the halo where their orbits can be progressively deviated from

the filament by gravitational torquing from their host and angular momentum transfer from the halo

which tend to flip it in the galactic plane. In effect, their fate is reminiscent of that of the cold gas at

higher redhsift (z > 1), which pervade as cold flows down to the core of central galaxies in formation

(Pichon et al. , 2011; Codis et al. , 2012; Tillson et al. , 2015). An important result is that high-

redshift gas inflow in the frame of the galaxy is qualitatively double helix-like along its spin axis

(Pichon et al. , 2011). It was generated via the same winding/folding process as the protogalaxy,

and it represents the dominant source of filamentary infall at redshift z ≃ 2 − 3 which feeds the

galaxy with gas with well aligned angular momentum (Pichon et al. , 2011; Danovich et al. , 2015).

Here I argue that the distribution of satellites in that frame at z < 0.8 somewhat traces that of

the gas at z > 1, which is directly correlated with the idea that satellites have progressively formed

in the gas streams, and which is of particular interest since the distribution of satellites can be

observed. This is not completely obvious, as the gas, unlike the satellites, can shock in the CGM.

In this picture, older quenched satellites in the vicinity of the halo end up rotating altogether in

the galactic plane, which suggests that torquing from the disc dominates over the effect of shocks.

To test this idea, let us further investigate the tendency of red and blue satellites to follow the

filamentary trend and the coplanar trend, and their corotation with their host galaxy.

3.4.2 Corotation of satellites

To test the importance of the intrinsic torques of the central galaxy on its orbiting satellites, let

us first study their rotation around the central galaxy. Fig. 3.14 shows the rescaled PDF 1 + 2ξ of

cosφ, the cosine of the angle between the spin of the central galaxy and the total orbital momentum

of its satellites in the rest-frame of their host, for 0.3 < z < 0.8. I study the evolution with mass

in the left panel, but also the evolution with distance to the host, Rgs, in the middle panel.

Trends with mass and radius confirm the tendency of satellites to rotate in the galactic plane of

their host with angular velocities of the same sign in the rest-frame of the host galaxy. This trend

is observed for satellites of massive hosts (Mg > 1010 M⊙) and within 2Rvir, increasing with the
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mass of the host and decreasing with distance Rgs. For satellites within a Rgs < 0.5Rvir sphere

around their host galaxy, I observe that 21.5% of them display an orbital angular momentum

that remains within a 40◦ cone around the spin of their host and rotate in the same direction

(12.5% for random). In contrast, counter-rotation is more unlikely in the vicinity of the central

galaxy, with only 8% of the sample counter-rotating within a cone of 40◦. (12.5% for random)

The relative orientation of the satellite’s orbital angular momentum and the spin of the central

galaxy is close to the random distribution outside the halo of the central galaxy, where satellites

motions are governed by the filamentary flow. Those results are consistent with the idea that

the transfer of orbital angular momentum of satellites and intrinsic angular momentum of its host

(halo and central galaxy), through dynamical friction and gravitationnal torques. This exchange of

angular momentum drives the evolution of the orbital angular momentum satellites, which end up

co-rotating in the galactic plane, as they are dragged deeper into the halo. This evolution shows

that this second dynamical effect is qualitatively distinct from the filamentary trend, the later being

dominant outside the halo. More massive central galaxies, and, therefore, halo hosts, influence the

satellite orbital angular momentum more strongly: the excess probability at cosφ = 1 is 3 times

higher for centrals with Mg > 1010.5 M⊙ than for centrals with Mg < 1010 M⊙.

To confirm this evolutionary picture, the right panel of Fig. 3.14 shows the PDF of

(vsat
orb − vgal

rot)/(v
sat
orb + vgal

rot) for different distance bins, with vsat
orb and vgal

rot corresponding to the angular

velocities of the system of satellites (i.e. the orbital velocity) and of the central galaxy, respectively.

In the outer region of the halo, Rgs > 0.5Rvir, the average orbital velocity of satellites around their

host is found to be lower than the angular velocity of the central host around its spin axis but

vsat
rot increases in the inner part of the halo. Satellites therefore increase their angular velocity,

synchronize with their host as they reach the inner halo and achieve corotation within 0.5Rvir

of the halo. Two effects are competing: conservation of angular momentum tend to increase the

amount of rotational velocity as satellites goes deeper in the halo, but the dynamical friction

enforces the orbital motions of satellites to synchronise with the rest of the material in the halo,

and this effect is stronger in the densest regions of the halo, i.e. in the center.

However, the orbital angular momentum of satellites (not represented in Fig. 3.15) decreases

for satellites closer to the host (by a factor 3 between Rgs < 5Rvir and Rgs < 0.5Rvir). Comparing

the ratios between Lzc, the component of the orbital angular momentum aligned with the spin of

the central galaxy (in the lower right panel) and the dispersion σplane (in the upper right panel),

both normalised to total orbital angular momentum, one should notice on Fig. 3.15 Left panel that

the relative importance of the aligned component increases for satellites closer to the host (from

60% to 70%) while om Right panel the relative amplitude of the dispersion between the satellite’s
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Figure 3.14: Twice the PDF of cosφ, the cosine of the angle between the spin of the central galaxy
and the total orbital momentum of its satellites for 0.3 < z < 0.8 for different mass bins (left panel)
and radius Rgs bins (middle panel). For massive central galaxies, the orbital angular momentum
of satellites tend to align with the galactic spin of the central, especially in its harbour. Right
panel: excess PDF of (vsat

orb − vgal
rot)/(v

sat
orb + vgal

rot) for different radius bins, with vsat
orb and vgal

rot the
angular velocities of the satellites system and of the host galaxy respectively. satellites increase
their angular velocity and synchronize with their host as they reach the inner halo.

orbits drops from 120% to 20% between 2Rvir and 0.25Rvir. This is consistent with the fact that

orbits of satellites progressively become coplanar. On average satellites lose angular momentum as

they are dragged deeper into the halo but these trends reveal a segregation between the different

components of the satellite orbital angular momentum: the component aligned to the spin of the

central galaxy is better preserved as satellites reach the inner parts of the halo.

I show in the next section that the evolution of satellites’ age as traced by colours is also

consistent with this mechanism. To trace the age of satellites I rely on the rest-frame colors

computed from the AB magnitudes as described in section. 3.2.2.

3.4.3 Evolution of satellites within the halo

So far, I only followed the evolution of alignment trends with respect to distance to the host.

Although it can be reasonably expected to trace the evolution in time of satellites entering a host

halo, It was explained in section 3.1.1.2 that the radius decay of a given satellite depends on

numerous parameters, including the eccentricity of its orbit. To further confirm the dynamical

aspect of the previous trends, I analyze their evolution with respect to rest-frame colors of the

satellites, used as tracers of their age and progressive strangulation from their host.

Fig. 3.16 right panel shows the PDF of cosφ, the angle between the spin of the central galaxy

and the total orbital angular momentum of its satellites for 0.3 < z < 0.8 and for different satellite

g − r color bins One can see that red satellites have an orbital plane better aligned with the
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Figure 3.15: Left panel: Evolution of the orbital dispersion momentum σplane over the norm of the
total satellite orbital momentum for systems of satellites enclosed in spheres of increasing radius
around their central host. Right panel: Evolution of the ratio between the component of the
satellite orbital momentum aligned to the spin of the central galaxy over the norm of the total
satellite orbital momentum.

galactic plane on average than their blue counterparts (24% of the sample within the 33◦ cone

around for g− r > 0.55, and around 21.5% for g− r < 0.4. Moreover, Fig. 3.16 left panel shows the

average distance of satellites to the central as a function of their color for satellites within 5Rvir:

red galaxies are closer to the central (≃ 1.3Rvir) than blue galaxies (≃ 0.9Rvir). Therefore, red

satellites are more clustered around the central galaxies than blue satellites, as an effect of ram-

pressure stripping and strangulation that respectively removes the gas from satellites and prevents

further gas accretion onto them as they evolve in the hot pressurised atmosphere of the halo host

of the central.

In conclusion, satellites orbits are closer to coplanarity with the central galaxy as they get closer

to it and get progressively deprived of their star forming gas. Sketch orbits of such satellites are

represented by blue lines on the illustration of Fig. 3.19.

As can be seen in the left panel of Fig. 3.17, I also found that satellites not only align their

orbital plane to the galactic plane, but also align their spin (intrinsic angular momentum) with that

of the central galaxy as they reach the inner parts of the halo. In fact, cuts in mass and distance

Rgs lead to similar results as for cosφ, when applied to cosχ, the cosine of the angle between

the host galaxy’s spin and the satellite’s spin, though the signal is weaker and rapidly decreasing

with distance to the host. Nonetheless, within a 0.5Rvir sphere around their host, satellites have

a ξ = 9% excess probability to stay within a 37◦ cone around the spin of their host (22% of the
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Figure 3.16: Left panel: evolution of the relative mean radius with g-r color. Our bins are repre-
sented as colored areas. Colored dashed lines indicate the average radius in each bin. The radius
is constant for −0.2 < g − r < 0.05. However, satellites with g − r < 0.05 are marginal hence
not represented. Right panel: PDF of | cos(φ)|, the cosine of the angle between the spin of the
central galaxy and the total orbital momentum of its satellites in the rest frame of their host for
0.3 < z < 0.8 and for different g-r color bins. For red quenched satellites, the orbital momentum of
satellites tend to be aligned with the galactic spin. Blue star forming satellites do not follow such
a trend.
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Figure 3.17: Left panel Twice the PDF of cosχ, the cosine of the angle between the spin of the
central galaxy and the spin of the satellite for 0.3 < z < 0.8 for different radius bins. satellites
align their intrinsic angular momentum to to that of the host galaxies in the inner part of the
halo. Blue satellites in the outskirt of the halo have a spin aligned with their position vector while
red satellites in the inner parts have a rotation plane aligned with that of the galaxy. Right panel
PDF of cosχs, the cosine of the angle between the spin of the satellite and its position vector for
different satellites in g − r color bins.

satellites). Although this effect is weaker than the previous trends, it statistically confirms the

strength of angular momentum transfer from the halo and torques from the massive host in the

fate of satellites plunging into the halo (in particular, this excess was also found to reach 18%

for satellites within 0.25Rvir, 20% for most massive hosts with Mg > 1011 M⊙). Note that this

measurement is at least partially sensitive to grid-locking (i.e. tendency of spins to align with

the grid on which the gas fluxes are computed; such effects will be discussed in great details in

(Chisari et al. , 2015), which will analyse spin-spin correlations over a wide range of masses and

separations.

To confirm such swings of the satellite rotation plane, let us show in the right panel of Fig. 3.17

the PDF of cosχs, the cosine of the angle between the spin of the satellite and its position vector

for different color bins. I find that blue (outer) satellites have a spin preferentially aligned with

their position vector, which is directly related to the fact that they are mostly small structures

with spins aligned with the filament they are flowing from; while red (inner) satellites have a spin

more likely to be perpendicular to their position vector, hence a rotation plane aligned with it.

In Fig. 3.18, I consider the orientation of the minor axis rather than the spin of the satellite for
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position vector for 0.3 < z < 0.8 for different radius bins (Left panel), satellite g − r color bins
(Middle panel) and mixed bins (Right panel). satellites lingering in the halo align their minor axis
to that of the host galaxies in the inner part of the halo.

different bins in distance and colors. This static geometrical parameter is more strongly sensitive

to stripping and friction than the orientation of the satellite spin and no flip as clear as the one

found for the spin is detected, but the evolution is globally similar and the tendency to display a

minor axis orthogonal to the galactic plane for redder satellites in the inner parts of the halo is

strengthened. It confirms the dynamical mechanism that bends the rotation plane of satellites in

alignment with their orbital plane. As it progressively aligns itself with the central galactic plane,

the rotation plane of satellites also end up aligned.

These torquing processes are consistent with theoretical predictions derived from linear re-

sponse theory in Colpi (1998). They interpreted the orbital decay triggered not by the surrounding

halo, but by the central galaxy (stellar material) itself on its external satellites, via near reso-

nance energy and angular momentum transfers. This should lead noticeably to a circularization

of orbits, and an alignment between the major axis of the satellite with rgs, a result also found

for dark haloes in N-body simulations by Aubert et al. (2004) and Faltenbacher et al. (2008).

Note that Schneider et al. (2013) finds a fainter signal in observations from the GAMA survey,

most likely associated with the misalignments between baryons and dark matter. However, while

Schneider et al. (2013) claims that much of the signal could be reminiscent of filamentary accretion,

our distance analysis, in strong agreement with Faltenbacher et al. (2008), underlines the impor-

tance of torques from the host, even for the baryonic component. Note however that Sifón et al.

(2015) and Chisari et al. (2014) recently looked at ellipticity alignments around stacked clusters

at lower redshift (0.05 < z < 0.5) and found residual systematic effects to be much smaller than

the statistical uncertainties. As a consequence neither of them was able to recover a significant
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Figure 3.19: Sketch of the evolution of the alignment trends with distance to the center of the
halo. On the outskirt of the halo, satellite galaxies are strongly aligned with the nearest filament.
Probing deeper into the halo this trend weakens as the alignment of satellites in the galactic plane
strengthens.

alignment signal. Although numerous observational limitations and selection effects affect such

measurements, it suggests that satellite alignments in most massive clusters may be mostly damped

in the local universe by non-linear evolution. This calls for thorougher studies of the dependence

of these alignments with the morphology and mass of the central galaxy.

It is important to note that this tidal torquing from the central galaxy induces a dynamical

angular bias that is a priori distinct from the geometrical anisotropy inherited from the large scale

shear. However, it affects the dark matter component in the inner parts of the halo in a similar

way, as established by several numerical works which showed that the shape of the inner halo

(R < Rvir) is strongly correlated to the shape of the central galaxy even though this correlation

disappears on larger scales (Kazantzidis et al. , 2004b; Bailin et al. , 2005; Dong et al. , 2014). It

may therefore preserve the quality of satellites as dark matter density tracers, providing that the

filamentary trend has vanished.

3.5 Implications for observations.

In this last part I provide further insights about the signal that can be expected in observations

and I relate our trends to existing observational studies. The interest is double: one wants to
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make accurate predictions for prospective observational studies and one wants to confirm that the

scenario developed in the previous section is compatible with existing observations.

3.5.1 Color selection

In most observational studies, the mass of galaxies and satellites is traced by their rest-frame

colors. Fig. 3.20 shows three plots very similar to the mass segregation plots presented in the

previous sections but with mass bins replaced by g− r color bins for the central galaxy. Assuming

that red central galaxies are indeed older and more massive than their blue counterparts, one would

expect to observe the increase of the coplanar trend as g − r increases. This is indeed the case, as

can be seen on the first panel, which displays the PDF of µ1 = cos(θ1) for three different bins of

color for the central galaxy. Red hosts with g − r > 0.55 tend to have their satellites aligned in

their galactic plane, with 54% of satellites in the 33◦ cone around their projection on the galactic

plane, which falls down to 46% for blue centrals with g− r < 0.4 (uniform: 40%). The filamentary

trend is also observed in the middle panel, with excess probabilities similar to the trend with mass.

The fact that blue centrals are more likely to be young galaxies with a spin parallel to the filament

explains why blue hosts are subject to a slight decrease in the filamentary trend compared to red

hosts: they are more likely to be found in a situation where both trends compete.

As a conclusion, color selection proves as efficient as mass selection to identify and quantify

both trends, which is consistent with the steady evolution of the average mass in each color bin

for all galaxies with Mg > 1010 M⊙: red galaxies have an average mass of 8.8 × 1010 M⊙, while

it falls down to 4.2 × 1010 M⊙ for the intermediate bin and 2.9 × 1010 M⊙ for the blue galaxies.

Additionally, the right panel of Fig. 3.20, shows the PDF of µ = cos(θ), the angle between the

spin of the central galaxy and the direction towards the center of mass of its satellites. While

replacing the alignment to the minor axis by the alignment to the galactic spin does not change

results qualitatively, one can see that the spin signal is significantly lower than the axis signal, with

the already mentioned 54% falling down to less than 45%. This is a general trend that I tested on

multiple PDFs presented in this paper, which suggests a significant impact of torquing from the

central galaxy in the motion of satellites entering the halo and is also reminiscent of the fact that

the spin can be significantly misaligned with both the minor axis of the galaxy and the spin of the

host halo.

As will be made clear in the next section, the discrepancy between those two signals is highly

dependent on the shape of the central galaxy, which can induce significant misalignments between

the minor axis and the spin.
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Figure 3.20: PDF of µ = cos θ, the angle between the spin of the central galaxy and the direction
towards the center of mass of its satellites, at 0.3 < z < 0.8 for different central color bins. For
massive red central galaxies, the satellites tend to be distributed in the galactic plane.

Fig. 3.21 shows similar results for the projected quantities along the x-axis of the grid. The

right panel shows the PDF of θx the angle between the major axis of the projected central galaxy

and the projected rgs, at 0.3 < z < 0.8 for different color bins. The left panel displays the PDF

of αx, the angle between the projected direction of the filament and the projected rgs. Results are

in good agreement with the observed signal found in the SDSS by Yang et al. (2006), although

alignment trends seem to be slightly stronger in our case, taking into account the fact that our mass

range is more biased towards small masses. Average values for θx in each color bin are specified on

the right panel and confirm the steady evolution of the trend with g − r. This increase is sharper

than that found in Yang et al. (2006), however the results remain completely consistent. I do not

model dust extinction, which impacts our estimation of colors and might explain this deviation.

Nevertheless, it is interesting to notice that the projected estimation follows very closely the

results in 3D, although it tends to slightly underestimate the alignment trends.

Finally, in Fig. 3.23 I use the three dimensional framework to test further observations by

Yang et al. (2006) and simulations by Dong et al. (2014), which performed a detailed analysis of

the alignments with respect to the colors of both the satellites and the hosts. Our results are the

following:

• The coplanar trend is stronger for red hosts, especially red hosts with blue satellites (although

the distinction is minor). This is most likely a mass effect due to more efficient torques, as the

mass ratio mi
sat/Mg is smaller on average for blue satellites. It is important to remember that

trends are more likely to add up in this case, as red centrals are often post-merger structures,

hence have a higher chance of maintaining a spin orthogonal to their filament.Therefore, the
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Figure 3.21: PDF of θx and αx, the angles between the x-projected major axis of the central galaxy
(left panel) / direction of the filament (right panel) and the x-projected rgs, at 0.3 < z < 0.8 for
different color bins. For massive red central galaxies, the satellites tend to be distributed in the
galactic plane. Projected signal is comparable to results in 3D.

distance to the filament is not crucial in this case, as satellites fall directly from the filament

into the galactic plane.

• Blue hosts — younger and less massive — are more likely to have a spin parallel to their

filament — which induces a competition between the filamentary and the coplanar trends —

and less likely to efficiently torque their satellites into their rotation plane. Expectedly, the

coplanar signal is weaker than the one for red hosts.

• Consistently, The signal is then slightly stronger for red satellites of blue hosts which are

more evolved and on average closer to their host than blue satellites.

The same analysis in projection along the x-axis of the grid provides similar results and leads

to a mean angle variation detail on Fig. 3.22. Those results are again consistent with Yang et al.

(2006) which analyzed more specifically the alignments of satellites along the major axis of their

host within the galactic plane. Although they found a red-red signal higher than the red-blue ones,

their study focused on Rgs < Rvir which left aside an important amount of possible blue satellites

in alignment with the filament. However their general color and mass trends for the central galaxy

are in good agreement with our results.
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Figure 3.22: Mean values (in degrees ) for θx in different color bins for both satellites and central
galaxies, and within two different radius from their host.
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satellites. Blue galaxies are identified as structures with g − r < 0.4 and red galaxies as structures
with g − r > 0.55.
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Figure 3.24: Left panel Evolution of the filamentary trend (dashed line) and the coplanar trend
(solid line) for two sub-samples of the sub-halo satellites: 1) satellites whose host’s minor axis is
aligned to the nearest filament within a 37 deg cone (in green) 2) satellites whose host’s minor axis
is perpendicular to its nearest filament within a 37 deg cone (in orange). middle and right panels
PDF of µ = cos θ (middle panel), the angle between the spin of the central galaxy and the direction
towards the center of mass of its satellites, and β = cosα (right panel) for 0.3 < z < 0.8 and for
different g − r color bins. For massive red central galaxies, the satellites tend to be distributed in
the galactic plane, which is consistent with an alignment with the filament.

3.5.2 Signal on smaller scales

Although much less populated (maximum in the simulation: six satellites), the sub-haloes in

Horizon-AGN still offer reasonable statistics to track alignment trends on smaller scale. This

was done for all sub-haloes in the simulation. Fig. 3.24 , middle and right panels, shows the

corresponding color cuts for the filamentary trend and the coplanar trend. One can see that both

trends exist at small scale with the same qualitative evolution as similar trends on halo scales,

although with a much fainter signal (ξ = 2.5% in the best case, for red hosts.). The signal is found

to be slightly higher at higher redshift, 1 < z < 2 which tends to confirm the existence of such

trends for sub-haloes.

Cuts in colors at an intermediate redshift (z = 1.2) are presented on Fig. 3.25 , which shows

that while red galaxies tend to have their satellites distributed in the galactic plane, blue galaxies

have them distributed along the direction of their spin. This is consistent with the previous results

as more massive galaxies tend to be older and redder than their blue, younger hence smaller

counterparts.

This result highlights the multi-scale nature of such alignment trends as the direct consequence

of the scale invariance of the density fluctuation power spectrum in the primordial universe. Though

our work is restricted to the one-halo term, similar results can be found on higher scales with nearby

central galaxies aligning their galactic planes with one another, then gathering in clusters whose
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Figure 3.25: PDF of µ = cos θ, the angle between the spin of the central galaxy and the direction
towards the center of mass of its satellites in the same sub-halo at z = 1.2 for different color bins,
for all galaxies with Mg > 109 M⊙. For massive red central galaxies, the local satellites tend to be
distributed in the galactic plane.

major axis tend to align with each other as well (Binggeli effect: Binggeli (1982)).

Such intrinsic alignments of galaxy shapes are widely regarded as a contaminant to weak gravita-

tional lensing measurements (Hirata et al. , 2004; Mandelbaum et al. , 2006; Hui & Zhang, 2008;

Schneider & Bridle, 2010),. They play a particularly important role in upcoming cosmic shear

measurements, potentially biasing constraints on the evolution of dark energy equation of state

(Bernstein & Norberg, 2002; Schneider et al. , 2013; Codis et al. , 2015). In particular, the need

to access information on nonlinear scales of cosmic shear power spectrum to constrain dark energy

makes it particularly important to use numerical hydrodynamical simulations to study the mech-

anisms that lead to alignments (Tenneti et al. , 2015a). Coplanarity of satellites in the vicinity

of a central massive galaxy can lead to an alignment signal that could contaminate lensing mea-

surements. Similarly, coherent alignments of galaxies with the filaments that define the large-scale

structure of the Universe can produce a contamination to cosmic shear. A complementary analysis

to this work can be found in Chisari et al. (2015), which relates the shapes of the galaxies in the

simulation and their correlations to currently available models for intrinsic alignments

3.5.3 Effects of the shape of the central host and high-z alignments.

The dependance of the alignment on the shape of the central host proves crucial to fully under-

stand the amplitude of the signal, as trends show different features for oblate and prolate structures.

Fig. 3.26 (upper panels) shows the evolution of the PDF of µ1 = cos θ1 for oblate and prolate cen-
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tral galaxies. The satellites’s orthogonality to the minor axis is stronger for prolate structures,

especially in the intermediate mass range. One should not deduce however that it corresponds to

a better alignment in the galactic plane, as such a plane for prolate structures is poorly defined

and more likely to be supported by the minor axis. Indeed, prolate structures show a significant

amount of misalignment between their spin and minor axis, with more than 30% displaying a spin

aligned to the major axis. Fig. 3.26 (lower panels) — which investigates the oblate and prolate

alignment in the intermediate mass range for which the deviation is maximal — confirms this

trend. Following the green lines which show the evolution of the PDF of µ1 = cos θ1 and ν = cosα

for satellites of central galaxies with a spin aligned to the filament, one can see that the alignment

of satellites along the minor axis of their host and along the filament can not be straightforwardly

deduced from the orientation of the spin for such prolate structures.

Finally, Fig. 3.27 shows the PDF of µ3 = cos θ3 the cosine of the angle between rgs and the

major axis of the central host for oblate hosts (dashed line) and prolate hosts (solid line). While

oblate hosts display a certain degree of satellite alignment along their major axis, prolate hosts

have their satellites strongly aligned with their major axis. This is consistent with a distribution

of satellites tracing the underlying triaxiality of its host but is also reminiscent of the fact that this

axis is more often aligned with the spin in the prolate case.

This shape dependence leads to a major difficulty when comparing two samples at very different

redshifts. They correspond to different galactic populations — with great variations in the galactic

shape distribution — due to subsequent evolution, especially from mergers between the two epochs.

This therefore induces substantial changes in the angle between the minor axis and the galactic

rotation plane. To overcome this difficulty I chose to compare the alignments with the galactic

spin rather than the minor axis, and I computed the spin only on the star particles contained in

the half-mass radius of each galaxy (defined as the radius which encompasses 50% of the total

stellar mass). This limits the dispersion in shape and the misalignments with the host halo spin.

Fig. 3.28 displays the PDF of µ = cos(θ), the angle between the spin of the central galaxy and

the direction towards the center of mass of its satellites, for different mass bins, for both redshift

ranges. Results are stacked for 10 outputs equally spaced in redshift between z = 2 and z = 1 and

6 outputs between z = 0.3 and z = 0.8. The low-redshift range is presented on the first panel and

its high-redshift counterpart on the second.

Although this induces a loss a signal, Fig. 3.28 clearly shows a greater signal at 1 < z < 2.

As expected, the signal decreases with redshift as galaxies evolve non-linearly and merge with one

another. While 75% of satellites lie within a cone of 45◦ around the minor axis of their central

galaxy at high-redshift, this population only amounts to 64% of the sample at low-redshift. More
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Figure 3.26: Upper panels: Mass cuts for the PDF of µ1 = cos θ1 similar to those in Fig. 3.8 for
oblate (left) and prolate (right) central galaxies. Lower panels: PDF of µ1 = cos θ1 (solid line)
and ν = cosα (dashed line) for central galaxies with a spin aligned to their filament (in green)
and central galaxies with a spin orthogonal to their filament (in orange), for the intermediate mass
range. Results for oblate centrals are presented on the left panel, for prolate centrals on the right
one.
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Figure 3.29: Illustrated summary of the three alignment trends that drive the fate of satellites in
their host halo.

specifically, at 1 < z < 2 , 44% of satellites lie within a 33◦ cone around the minor axis, while it

amounts to 26% for galaxies at 0.3 < z < 0.8.

3.6 Conclusion.

The main results of this work are sketched on Fig. 3.29: the distribution of satellites in their

host halo and around their host central galaxy arises from the superposition of three different

effects:

• the tri-axiality of the halo, as identified by numerous numerical and observational studies

• the polar flow from the filament, which mostly affects young blue satellites in the outskirt of

the halo, and leads to an overestimation of the halo’s tri-axiality on large scales.

• the dissipation in the halo and torques from the central galaxy, which bend older inner redder

satellite orbits close to coplanarity with the galactic plane, thus accordingly with the inner

dark matter density profile.

The analysis of the radial and temporal evolution of those trends in Horizon-AGN strongly

suggests that:
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• The leading effect in the orientation of satellites is the tendency to align with the nearest

filament. While stronger for satellites in the outskirt of the dark halo, this tendency decreases

as the satellites are dragged deeper into the halo - where they exchange angular momentum

as they are subject to the gravitational torques of the central galaxy - but not to the point

where it becomes negligible, unless strong misalignment (> 45◦) are found between the central

galaxy’s minor axis and the filament’s direction.

• A secondary effect that becomes dominant in the inner parts of the halo is the tendency of

satellites to eventually align with the central galactic plane. This effect can either compete

or strengthen the alignment with the filament, depending on the orientation of the central

galaxy. As expected, the signal is stronger for red massive centrals which are already more

likely to have a spin orthogonal to the filament - therefore the filament lies in the galactic

plane - as the two effects add up to one another in this case. On the contrary, low mass blue

centrals with a minor axis aligned to their filament have satellites predominantly aligned with

their filament.

• The alignment of satellites in both the filament and the galactic plane is consistently found

to be stronger for red central galaxies, as it corresponds to massive centrals. The dependance

of this coplanar trend on the g − r color of satellites is also consistent with a dynamical

scenario in which young (blue) satellites flowing from the filament progressively bend their

orbits towards the central galactic plane (under its tidal influence) as they reach the inner

parts of the halo and get deprived of their gas and stars through tidal stripping therefore

becoming redder. This is likely to be observable.

• Around 40% of massive centrals with Mg > 1010 M⊙ display significant deviations from the

spin-filament orthogonality (> 30◦) and are therefore subject to such competing alignment

trends, with an alignment to the filament predominant for blue satellites in the outskirt of

the halo, and coplanarity with the central host taking over for older red satellites in the inner

regions of the halo.

• The tendency for systems of satellites to align in the galactic plane is consistent with a

tendency to align and synchronize their orbital momentum to the angular momentum of the

central galaxies. I also find hints that satellites align their intrinsic AM to that of their host

as they reach inner regions of the halo.

• This effect is occurring on multiples scales. Noticeably, similar trends are detected on the

sub-halo scales and add up to other trends previously observed on larger scales, between

central galaxies and even clusters. These intrinsic alignments may therefore represent a
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worrisome source of contamination for upcoming 1% precision weak lensing surveys, as it

correlates ellipticities of structures on virtually all scales and thus mimics the gravitational

lensing shear (Chisari et al. , 2015).

In closing, this investigation has shown that the distribution of satellites cannot at face value

be taken to simply trace the shape of the dark halo. One must also account for the dynamical

bias induced by their flow within their embedding filament, which closely resembles that of the

cold gas, even though the satellites population does not shock in the CGM (Circum Galactic

Medium) which highlights their tidal origin. Given that such flow was identified at high redshift

with tracer particles Dubois et al. (2012a); Danovich et al. (2015), it is interesting that it has a

stellar counterpart at low redshift in the possibly observable satellite distribution via its colour

variation.

Observationally, stacked satellite distributions relying on galactic surveys such as the SDSS

could be used to compile a synthetic edge-on galactic disk and compare the corresponding flaring

with predictions. The measured anisotropic infall and realignment within the virial radius have an

impact on building up thick discs via cosmic accretion, and galactic warping.

Moreover, the development of models to quantify alignment trends is crucial for upcoming

imaging surveys to achieve their goals of constraining the equation of state of dark energy and

modifications to General Relativity. Surveys such as Euclid1 (Laureijs et al. , 2011), the Large

Synoptic Survey Telescope2(Ivezic et al. , 2008) and WFIRST3 (Spergel et al. , 2013). Hydrody-

namical simulations are a promising tool to quantify “intrinsic alignments” in the nonlinear regime

and provide estimates of contamination to future surveys (Tenneti et al. 2015b,a; Chisari et al.

2015). The results of simulations can be used to inform the parameters of an intrinsic alignment

“halo model” (Schneider & Bridle, 2010), or nonlinear models that rely on perturbation theory

power spectra (Blazek et al. , 2015).

However, our work shows that alignments of galaxies on small scales are the result of a com-

plex dynamical interplay between the host galaxy, the satellites and the surrounding filamentary

structure, and that alignment trends depend on the evolutionary stage of a galaxy (as probed by

color) and on the orientation of the central with respect to the nearest filament. Morever, our work

suggests that alignment trends exist for “blue discs”, and that their significance is increased at the

higher redshifts that will be typically probed by weak lensing surveys. While this alignment signal

tends to be suppressed in projection, its potential contamination to lensing remains to be explored

1http://sci.esa.int/euclid
2http://www.lsst.org
3http://wfirst.gsfc.nasa.gov/
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Chisari et al. (2015). Moreover, I have shown that alignments can transition between two regimes

as satellites move from the surrounding filament into the gravitational well of the central galaxy.

The filamentary trend implies a tangential aligment of discs around centrals, resulting in a tangen-

tial shear signal that adds to the galaxy-lensing in projection. The coplanar trend represents a net

radial orientation of satellites and their host, suggesting that galaxy-lensing could be suppressed

on the small scales in projection. Both trends would contribute to a cosmic shear measurement

through correlation of intrinsic shapes and weak lensing (the ‘GI’ term Hirata et al. , 2004).
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Chapter 4

The rise and fall of stellar disks

across the peak of cosmic star

formation history: mergers versus

smooth accretion

In the last chapters, we studied in details how the anisotropy of the cosmic web drastically

impacts the relative orientation of galactic spins, galactic planes, satellite orbits and cosmic fila-

ments. We found that these orientations changes are consecutive to gas inflows, tidal interactions

and mergers, the orientation of which is constrained by the large scale structures. Spins and sep-

aration vectors are vector quantities therefore easy to relate to the geometry of the cosmic web,

but it is of great interest to also evaluate and understand to what extent such constrained mergers

and gas inflows can modify more specific galactic properties, such as its shape or size. Indeed,

the morphological diversity of galaxies in the Local Universe - qualitatively encompassed by the

well-known Hubble Sequence - remains one of the most puzzling issues of modern astrophysics.

But while our present understanding of galaxy evolution derives mainly from the nearby (z < 1)

Universe, the bulk of today’s stellar mass formed around the broad peak of cosmic star formation

history at z ∼ 2 (e.g. Madau et al. , 1998; Hopkins & Beacom, 2006). Although it represents a sig-

nificant epoch in the evolution of the observable Universe, the properties of galaxies remain largely

unexplored at this epoch, as it has only recently become accessible by current observational facil-

ities (CANDELS, GOODS, Herschel, ALMA, Chen et al. , 2014; Lin et al. , 2010; Cooper et al. ,

2012; López-Sanjuan et al. , 2013).

As a result, what constitutes arguably the most important aspect of hierarchical galaxy forma-

tion and evolution is still being debated. Throughout the last decades, many processes - which will
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be detailed in the following section- have been proposed to trigger specific galactic morphologies.

Remaining issues consist in understanding to what extent mergers, as opposed to secular evolution

driven by (cold) gas inflows, explain the diversity of galaxies?

Notwithstanding observational advances, large statistical studies remain difficult, both due

to the fact that observational efforts rely on pencil-beam surveys that are susceptible to low-

number statistics and cosmic variance but also that they are based on techniques that can differ

significantly from study to study. Moreover, studies of galaxy merging at these redshifts are further

complicated by the fact that normal star forming discs becomes more turbulent and irregular

at earlier times, making them difficult to separate from genuine mergers (Kaviraj et al. , 2014b;

Huertas-Company et al. , 2014).

With the advent of large-scale albeit fairly well resolved cosmological hydrodynamical simula-

tions such as Horizon-AGN , it has recently become feasible to investigate these different physical

processes in detail and with sufficient statistics, a necessary requirement to truly unravel the impact

of galaxy environment on their properties.

In this last chapter, I review the morphological diversity of galaxies and its suspected origins,

and following up on Chapter 1, I investigate the comparative role of mergers and smooth accretion

of both gas and stars on defining and modifying the size and morphology of galaxies (see Fig 4.17)

in Horizon-AGN . After careful evaluation of the accretion rates of different types of mergers

as well as smooth accretion over cosmic history, I analyze the impact of both processes on the

growth of galaxies in the cosmic web, with specific emphasis on the different role played by gas and

stars dominated mergers (equivalent to the dry/wet dichotomy used in lower z studies). We then

explore the competitive effects of smooth accretion and mergers on the morphology of galaxies and

their correlation to the disk and spheroid abundances over the duration of the peak of cosmic star

formation.

4.1 Inflows and galaxy encounters: an overview of morpho-

logical transformations and size evolution

We presented in Introduction the "Hubble Sequence" fork diagram which classifies the vast

diversity of galactic morphologies depending on their overall shape (ellipsoid, spheroid or disk),

density profile (bulge dominated, disk dominated) and inner structure patterns (tightly wound

spirals, double spirals, central bar). It is now of interest to understand how galaxies evolve from

one type into another and how it affect the specific ratio of each type.
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4.1.1 Disc galaxies: evolution of the Hubble sequence with redshift

According to the now standard hierarchical paradigm - in which most massive galaxies form

last - thick gas-rich disk galaxies form first at high redshift at the intersection of cold gas streams

funneled through the cosmic filaments (Brooks et al. , 2009b; Agertz et al. , 2009; Dekel et al. ,

2009; Pichon et al. , 2011; Danovich et al. , 2012, 2015). Gas streams shock and lose most of their

mean velocities and angular momentum through tidal torquing with the exception of their orbital

components which add up coherently, then settle in a rotating plane plane through the conservation

of angular momentum and start to form stars.

Elliptical galaxies are generally believed to form later through galaxy mergers (Cretton et al. ,

2001; Naab & Burkert, 2003; Naab et al. , 2006b; Qu et al. , 2011).

However, in the wake of modern deep field surveys (CANDELS, GOODS, Herschel, ALMA,

Chen et al. , 2014; Lin et al. , 2010; Cooper et al. , 2012; López-Sanjuan et al. , 2013), and with

the rise of high-performance cosmological simulations, this description has also progressively en-

riched with distinctive features for given types at different redshifts

Hammer et al. (2009) and Delgado-Serrano et al. (2010) compared nearby galaxies from the

Sloan Digital Sky Survey (SDSS) and distant galaxies from the GOODS survey, which led to

confirm the relevance of the Hubble sequence for z > 1 but revealed evolving type ratios. Such

observations find an abundance of massive thin disks in the local universe, and measurements of

disk ratios at redshifts z = 1 and z = 0 reveal an increase of the amount of disks with cosmic time,

not observed for ellipticals, the amount of which remains roughly constant (Mortlock et al. , 2013;

Hammer et al. , 2009). More noticeably, irregulars progressively disappear as the ratio of disks

increases, suggesting the existence of a migration process from one type to the other (most likely

mergers of gas rich pairs with high orbital momentum), hence the re-building of disks at z < 1.

These later massive thin disks seemingly form later at z < 1.

These studies also revealed that, if the broadly defined morphological types of the Hubble se-

quence hold at high and low redshifts, their specific features actually experience on-going evolution

down to z = 0. Similar results were found by Mortlock et al. (2013) in the CANDELS survey. In

particular, observational studies suggest that large fractions of star-forming galaxies around z ∼ 2

are not razor thin spirals but rather show kinematics and visual morphologies consistent with

systems dominated by turbulent discs (e.g. Forster Schreiber et al. , 2006; Shapiro et al. , 2008;

Genzel & Burkert, 2008; Mancini et al. , 2011; Kaviraj et al. , 2013b). Consistently, disk galaxies

in simulations are found to be much thicker, clumpier and much more turbulent at redshift z > 2

(Elmegreen et al. , 2008; Dekel et al. , 2009; Cacciato et al. , 2012; Ceverino et al. , 2012) - when
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continuously fed with dense cold gas streams ("cold flows") reminiscent of the filamentary struc-

ture they are embedded in - than their counterparts (re)-built in the Local Universe which do not

experience this type of collimated smooth accretion (Birnboim & Dekel, 2003; Dekel & Birnboim,

2008; Dubois et al. , 2013b).

Note that disks then develop typical spiral patterns (density waves) as a secular response to low

amplitude perturbations (tidal, accretion related or internal such as supernovae feedback). Bars

can also develop through secondary gravitational interactions between stellar orbits (not counter-

balanced by their dispersion) and stir up specific spiral patterns.

4.1.2 Violent Disc Instability: the path to compact spheroids

This clumpy structure of early discs is a direct consequence of violent gravitational disk insta-

bility (Toomre, 1964) which arises when intense high density gas inflows trigger unstable density

waves that ultimately lead to the fragmentation of the disk into massive clumps if centrifugal

and dispersion ("pressure") forces are not able to counter balance their gravitational collapse.

Those clumps grow in mass and drive inflows to the galactic center on dynamical timescales as

they migrate inwards and drive transfers of angular momentum outwards (Bournaud et al. , 2007b;

Elmegreen et al. , 2008; Ceverino et al. , 2010). In simulations, it efficiently drives the transfor-

mation of the disk into a compact spheroid ("red nugget") over a few hundreds Myr (Dekel et al. ,

2009; Ceverino et al. , 2015). This mechanism is efficient at high redshift (z > 1) where gas cold

flows are commonly found and related accretion intense but becomes extremely rare in the Lo-

cal Universe where cold flows have dried out and feedback processes actively blow them away

(Dubois et al. , 2013b; Cen, 2014; Nelson et al. , 2015).

Accordingly, recent observations confirm that many primordial spheroids that are forming the

bulk of their stellar mass at z ∼ 2 do not show the tidal features that would be expected from

recent major mergers (Kaviraj et al. , 2013a). This therefore questions the statistical efficiency of

disk building in cosmic flows at z > 1. This issue constitutes one of the main focus of this work.

In contrast, possibly newly formed disks at z < 1 are predictably much less disturbed since cold

flows are rare at these redshifts

Moreover massive spheroids are much less compact in the Local Universe than the previously

mentioned "red nuggets" (e.g Trujillo et al. , 2006; van Dokkum et al. , 2008) .They are estimated

to grow their size by a factor 5-6 between z ∼ 2 − 3 and z = 0 for a fixed mass range (stellar

mass ∼ 1011M⊙) (Nipoti et al. , 2012; Huertas-Company et al. , 2013), which calls for yet another

transformation process.
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This latter issue constitutes another important focus of this work. To better understand which

specific interactions could drive the formation of large massive spheroids, let us further develop the

mechanisms through which galactic encounters drive morphological transformations in the next

subsections.

4.1.3 Mergers

In the context of long encounters better described by the processes of dynamical friction and

stripping presented in Chapter 2, galaxies can bind, progressively lose orbital momentum and en-

ergy and eventually merge with one another into a remnant structure with new features such

as size and morphology. The frequency of such events scales as ∝ (1 + z) for ΛCDM dark

haloes with important uncertainties on the prefactor (Gottlöber et al. , 2001; Berrier et al. , 2006;

Fakhouri & Ma, 2008; Stewart, 2009). This discrepancy is even stronger for galaxies in observations

(Patton et al. , 2002; Bundy et al. , 2004; Lin et al. , 2004; Bridge & Carlberg, n.d.; Lotz et al. ,

2008b). Such events are also believed to evolve from mere binding to complete relaxation over a

wide range of timescales: from a few 100 Myr for minor mergers to more than 1 Gyr for mergers

of equal mass progenitors (Lotz et al. , 2010b,a). However, even in such cases the elapsed time

between first encounter and post merger structure is closer to ∝ 0.5 Gyr. Moreover, strong mor-

phological disturbances, such as strong asymmetries and double nuclei, which occur during the

close encounter and final merger stages are believed to be short-lived and only apparent for only a

few 100 Myr (Lotz et al. , 2008a). Specific extended tails can survive longer but are much fainter.

The outcome of such an event is however highly dependent on the mass ratio between the less

massive and the most massive progenitor. Assuming galaxies to be collisionless self-gravitating

systems of stars, one can get a first idea of the size evolution of the remnant in specific cases.

Minor mergers If the mass ratio between progenitors is small (∼ 1/10), mergers are tagged

as minor. Although they are too faint to be observed, they might drive important morphological

changes. Interestingly, size predictions can be derived from the virial theorem (Naab et al. , 2009;

Hilz et al. , 2012). Using index ζ = i for the initial main progenitor, ζ = f for the final remnant

and ζ = a for the accreted smaller system, and defining the respective masses Mζ, gravitational

radii rg,ζ and mean square speeds of the stars 〈v2
ζ 〉, it yields to:

Eζ = −Kζ =
1

2
Wζ (4.1)

= −1

2
Mζ〈v2

ζ 〉 = −1

2

GM2
ζ

rg,ζ
. (4.2)
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Defining the mass ratio η = Ma/Mi and the dispersion ratio ǫ = 〈v2
a〉/〈v2

i 〉, and assuming the

conservation of energy one gets:

Ef = Ei + Ea (4.3)

= −1

2
Mf〈v2

f 〉 = −1

2
Mi〈v2

i 〉(1 + ǫη) , (4.4)

Mf = Mi +Ma = (1 + η)Mi. (4.5)

The following ratios are derived from the previous equations:

rg,f

rg,i
=

(1 + η)2

(1 + ǫη)
, (4.6)

〈v2
f 〉

〈v2
i 〉

=
(1 + ǫη)

(1 + η)
. (4.7)

For a minor merger, if one can assume ǫ≪ 1, then one obtains the scaling relation:

rg,f

rg,i
∝

(

Mf

Mi

)2

,
〈v2

f 〉
〈v2

i 〉
∝

(

Mf

Mi

)−1

. (4.8)

Hence the radius can increase by a factor 4 while the dispersion is decreased by a factor 2.This

prediction might explain the increase in size of spheroids at z < 2 − 3.

However, this assumes that galaxies can be considered pure systems of stars, which is a some-

what crude approximation. Real galaxies are actually composite systems of stars, dark matter

particles and gas. Noticeably, energy is not strictly conserved. Gas can shock thus lose angular

momentum and energy, falling down to the pit of the potential well where it can form additional

stars and lead to a strong contraction of the system.

We therefore expect the accuracy of this prediction to be highly dependent on the fraction of

gas in the progenitors: while this theoretical size evolution may be reasonable for gas-poor mergers,

it can be expected to overestimate the size growth triggered by gas-rich mergers.

Major mergers Similar predictions for major mergers (assuming ǫ ∼ 1) would lead to:

rg,f

rg,i
∝ Mf

Mi

,
〈v2

f 〉
〈v2

i 〉
∝ cst . (4.9)

In this approximation, the radius is doubled through an equal size merger (η ∼ 1) while the dis-

persion remains constant. However, one should keep in mind that evolution can be quite different

when a merger occurs between two progenitors of comparable mass. In this process, the mechanism

of violent relaxation is significant and strongly impacts the properties of the remnant. This mech-

anism introduced by Lynden-Bell (1967) and further refined by Nakamura (2000) describes the

evolution of two interacting collisionless systems of stars when, as a consequence, the gravitational

potential varies rapidly with time, which rules out the conservation of energy for single stars.
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Full understanding of this phenomenon is actually a complex problem of collisionless statistical

mechanics (see Lynden-Bell (1967) for more details) but main features consecutive to the non-

conservation of single star energy can be described simply. The conservation equation for energy

becomes:

dǫ

dt
=
∂φ

∂t
, (4.10)

with ǫ the energy per unit of mass. The time dependent virial theorem therefore yields to:

1

2

d2I

dt2
= 2K +W, (4.11)

with I the inertia tensor, K and the kinetic energy of the system and W its potential energy.

The rapid variations if φ will therefore drive back-and-forth transfers between the kinetic and the

potential energies. Since in equilibrium, I = 0 and K = −E with E = K + W , then away from

equilibrium K and W vibrate around these values, which scatters the energy distribution of stars.

As a result, tightly bound stars become even more bound and migrate into a dense core while some

weakly bound stars gain enough energy to escape the galactic potential. The remnant therefore

displays a dense core and fewer stars than the sum of the two initial systems.

Once again, it should be noted that real galaxies are not mere systems of stars but rather

composite systems of stars, dark matter particles and gas, which may lead to significant variations

in the expected features , especially since the gas can shock and fall down to the core of the remnant

to form new stars. At z > 2, when the universe is dense and very rich of cold gas, gas-rich major

mergers are thus expected to significantly add up to cold gas inflows to trigger intense central

starbursts and drive the formation of compact spheroids (Wellons et al. , 2015).

Thus, a conclusion of this first investigation is that the fraction of gas in progenitor galaxies

stands out as a key parameter to predict the outcome of a merger.

4.1.4 Dry or wet mergers? Extended spheroids and massive disks.

As a result, the significance of mergers, considered a cornerstone of the bottom-up growth

of galaxies, has been heavily debated in recent work. They are certainly capable of inducing star

formation, black hole growth and morphological transformations (e.g. Springel et al. , 2005), but it

is not obvious that, at z > 1, mergers drive the evolution of galaxy properties like stellar mass, size

and morphology (Shankar et al. , 2004; Law, 2009; Kaviraj et al. , 2013b) considering the steady
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input of accreted streams of gas (Kereš et al. , 2005; Ocvirk et al. , 2008; Dekel et al. , 2009) and

the gas-rich nature of galaxies (Tacconi et al. , 2010; Santini et al. , 2014).

Semi-analytical models and numerical simulations propose that mergers can account for the

size increase of local early-type galaxies if they are mostly dry (gas poor) and minor merg-

ers (Boylan-Kolchin et al. , 2006; Khochfar & Silk, 2006; Maller et al. , 2006; Naab et al. , 2006a,

2007; Bournaud et al. , 2007a; De Lucia, 2007; Guo & White, 2008; Hopkins et al. , 2009; Nipoti et al. ,

2009; Feldmann et al. , 2010; Shankar et al. , 2013; Bédorf & Portegies Zwart, 2013). Dry minor

mergers explain the loss of compactness of massive ellipticals at z < 2, where they are thought

to take over smooth accretion processes (driving in-situ star formation) in terms of stellar mass

increase rates (Oser et al. , 2010; Lackner et al. , 2012; Hirschmann et al. , 2012; Dubois et al. ,

2013a; Lee & Yi, 2013). The dryness of low-redshift galaxies is ensured either by the environ-

ment (for satellites infalling in groups and clusters) or by the presence of a supermassive black

hole (BH) at the center of massive galaxies which powers feedback from the active galactic nu-

clei (AGN) (Sijacki et al. , 2007; Di Matteo et al. , 2008; Booth & Schaye, 2009; Dubois et al. ,

2012b). Together, these mechanisms allow for the formation of extended elliptical galaxies that

would otherwise remain compact discs (Dubois et al. , 2013b; Choi et al. , 2014).

Multiple numerical studies also focused on a few idealised high resolution merger events to

determine their impact on the morphology of the stellar component of galaxies (Bournaud et al. ,

2004, 2005; Naab & Trujillo, 2006; Peirani et al. , 2010). They found that while major mergers,

or multiple minor mergers of stellar disks tend to produce elliptical-like remnants, either disky

or boxy depending on the amount of gas available (Cretton et al. , 2001; Naab & Burkert, 2003;

Naab et al. , 2006b; Qu et al. , 2011), single minor mergers did not systematically destroy the

primary disk but only thickened it (Quinn et al. , 1993; Walker et al. , 1996; Velazquez & White,

1999; Younger et al. , 2007). On the other hand, the steady input of cosmological gas accretion is

able to rebuild the disc of galaxies (Brooks et al. , 2009a; Agertz et al. , 2009; Pichon et al. , 2011).

Hence one needs to assess the relative importance of mergers versus smooth accretion driven by

the cosmic environment and to study its induced morphological diversity.

Fig. 4.1 summarizes the main suspected dynamical mechanisms that drive transformations

across the Hubble sequence. Recall that this does not imply however the existence of an "arrow of

time" across the Hubble sequence as those processes occur on different timescales, with different

frequencies and dominate at different epochs. Noticeably, while mergers are stochastic events with

timescales ranging from 100 Myr to 2 Gyr, major mergers being scarce, violent disk instabilities

arise from steady intense mass inputs and efficiently produce compact spheroids within a few

100 Myr at early stages of galaxy formation (z > 2). As a result, all types in the sequence are
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Figure 4.1: Illustration of the Hubble sequence with main suspected dynamical channels between
the various morphologies
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represented at any redshift from z = 2 − 3, but with varying features and ratios.

As stated in previous sections, this work is dedicated to understand the impact, competition

and efficiency of only a few of these mechanisms at the peak of stellar formation history where they

are believed to be dominant. In the simple framework I develop, I can classify them into two broad

categories: smooth accretion processes (cold flows, clumpy accretion) and mergers (of various mass

ratios and gas fraction).

4.2 Characterizing different types of mergers in Horizon-AGN

Similarly to what is done in previous chapters, galaxies are identified with the most massive sub-

node method (Tweed et al. , 2009) of the AdaptaHOP halo finder (Aubert et al. , 2004) operating

on the distribution of star particles with the same parameters than in Dubois et al. (2014). Unless

specified otherwise, only structures with a minimum of Nmin = 100 particles are considered, which

typically selects objects with masses larger than 2×108 M⊙. Catalogues containing up to ∼ 150 000

galaxies are produced for each redshift output analysed (1.2 < z < 5.2). Although sub-structures

may remain, these populations of galaxies are largely dominated by main structures.

Fig. 4.2 shows the evolution of the average stellar mass of galaxies with Ms > 1010 M⊙ at

z = 1.2, across the peak of cosmic star formation history. Note that the stellar mass growth of

galaxies remains steady for most of the evolution. The knee at redshift z = 1.5 corresponds to a

peak in the merger rate and smooth accretion observed at the same redshift (see Fig. 4.8), which

is due to the extra level of refinement added at this particular redshift: as gas cells get refined,

sub-cells are created where the density contrast is either enhanced or depleted, which triggers the

formation of stars in the new densest sub-cells.

The purpose of this work is to better understand the underlying processes that lead to this

steady growth, and how it affects the morphology of galaxies and their size evolution. To carry

out such a study one needs to track the individual evolution of all the galaxies in the sample and

find which progenitors have led to a specific galaxy.

Thus, I use the galaxy catalogues as an input to build merger trees with TreeMaker (Tweed et al. ,

2009) with the same procedure that was described in Chapter 2. Any galaxy at redshift zn is con-

nected to its progenitors at redshift zn−1 and its child at redshift zn+1. We use the merger tree

of 22 outputs from z = 1.2 to z = 5.2 equally spaced in redshift. On average, the redshift dif-

ference between outputs corresponds to a time difference of 200 Myr (range between 100 and 300

Myr). We reconstruct the merger history of each galaxy starting from the lowest redshift z and

identifying the most massive progenitor at each time step as the galaxy or main progenitor, and
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Figure 4.2: Evolution of the average stellar mass of galaxies with Ms > 1010 M⊙ at z = 1.2.

the other progenitors as satellites. Moreover, we check that the mass of any child contains at least

half the mass of its main progenitor to prevent misidentifications. Remember that such a definition

of mergers (vs smooth accretion) depends on the threshold used to identify objects as any object

below the chosen threshold is discarded and considered as smooth accretion.

We sort mergers in three categories depending on the mass fraction δm = mmergers(zn−1→n)/Ms(zn),

where mmergers(zn−1→n) is the stellar mass accreted through mergers between zn−1 and zn and

Ms(zn) the stellar mass of the merger product at zn.

• Major mergers are defined as mergers with δm > 20%,

• Minor mergers as mergers with 9% < δm < 20%

• Very minor mergers with 4.5% < δm < 9%.

Any merger with δm < 4.5% is discarded and counted as smooth accretion. This latest definition

might seem questionable but this corresponds to the frequent accretion of very small stellar struc-

tures along varying directions which cannot be conceptually separated from a statistically smooth

clumpy accretion process conjoint to accretion of gas streams. Furthermore, such events are neither

observable nor discriminated from gas streams in observations. Eventually, they cannot be counted
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Figure 4.3: Galaxy stellar mass function in Horizon-AGN , for z = 4 to z = 1.3. N is the number
density of galaxies, Ms the stellar mass (together with Horizon-noAGN for comparison). The sharp
cut-off at Ms = 108 M⊙ corresponds to our completeness detection threshold. Observational points
from CANDELS-UDS and GOOD-S surveys are rescaled from best fits in Mortlock et al. (2015)
and Grazian et al. (2014) and overplotted. While mass functions are consistent at the high mass
end, Horizon-AGN overshoots the low-mass end by about a factor 3 in this redshift range. The
vertical green line shows the selection threshold for our main progenitors candidates, chosen to
enable us to completely track their mergers with galaxies up to 20 times smaller.

as mergers since the merger sample is not complete for the whole range of main progenitors for

this mass ratio: as explained in the next paragraph, I am not able to track smaller mergers for

the low-mass galaxies in our sample since corresponding satellite masses are typically under the

HaloMaker detection threshold. These bins are defined so as to be consistent with observational

definitions of mergers using pairs of interacting galaxies, for which the observed mass ratio R is

defined as R = Msatellite/Mgalaxy and where the subscripts indicate secondary and main progeni-

tors respectively, as defined in the previous paragraph of this section. Our bins thus correspond to

R = 1 : 4, R = 1 : 10 and R = 1 : 20.

In order to preserve completeness, I define a second threshold and exclude galaxies with Ms <

5 × 109 M⊙ from the galaxy sample used in our analysis. Satellites, however, are allowed to be

less massive, in order for us to still capture the whole range of merger ratios for the smallest

of our galaxies. The galaxy threshold is identified as the green vertical line on Fig. 4.3, which

displays the mass function for all the structures identified in the simulation (for comparison I have
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(a)
(b) (c)(a) (b) (c)

Figure 4.4: average ellipsoid for (a) the spheroid population, (b) the non-merger spheroid popula-
tion after 1.5 Gyr, (c ) the disk population

also plotted the mass function of the Horizon-noAGN simulation, which is the same simulation

performed without BHs and, therefore, AGN feedback). As can be seen on the figure our sample

is complete down to our strict selection threshold of Ms = 2 × 108 M⊙, corresponding to galaxies

with 100 star particles. Thus, the smallest mergers detectable for galaxies at the Ms < 5× 109 M⊙

threshold correspond to a mass ratio of δm = 4.5%, which means that our merger classification is

complete for our galaxy sample.

4.2.1 Characterizing the morphology of galaxies

As in Chapter 2, the inertia tensor Iij of a galaxy is computed from its star particle distribution

(indexed by l) and calculated at the centre of mass of the galaxy, according to the definition:

Iij = Σlm
l(δij .(x

l
k.x

l
k) − xl

i.x
l
j), where ml is the mass of star particle l and xl

i its position in the

barycentric coordinate system of the galaxy. As a 3x3 real symmetric matrix, the inertia tensor

can be diagonalized, with its eigenvalues λ1 > λ2 > λ3 being the moments of inertia relative to

the basis of principal axes e1, e2 and e3. The lengths of the semi-principal axes a, b and c (with

a > b > c) are straightforwardly derived from the moments of inertia:

a = (5/M0.5)
√

λ1 + λ2 − λ3 , along e3 ,

b = (5/M0.5)
√

λ1 + λ3 − λ2 , along e2 ,

c = (5/M0.5)
√

λ3 + λ2 − λ1 , along e1 .

In Chapter 2, I use the triaxiality ratio as a proxy for the shape of the galaxy. In this chapter,

I want to be able to characterize more precisely the morphology of galaxies and to be able to trace

their evolution over time, including through violent events such as mergers.

Therefore I rely on the axis ratios: ξ1 = c/a, ξ2 = c/b and ξ3 = b/a and follow the variations
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of these three parameters over time. As an example, a perfectly round and infinitely thin disk has

ξ1 = 0, ξ2 = 0 and ξ3 = 1. For a Milky Way like galaxy (including stars from the inner bulge+thin

disk+bar), one gets ξ1 = 0.06, ξ2 = 0.07 and ξ3 = 0.98.

The limited spatial resolution (1 kpc) of the Horizon-AGN simulation, prevents us from ob-

taining disks as thin as these. We therefore identify disks with our most flattened ellipsoids. More

specifically, I adopt ξ1 < 0.45 and ξ2 < 0.55 as a definition for disks and ξ1 > 0.7 and ξ2〉0.8 to

define spheroids. Other galaxies are simply classified as ellipsoids. Fig. 4.4 displays a visual repre-

sentation of the ellipses that characterize the average member in the disk (panel c) and spheroid

(panel a) samples.Though these cuts may appear a crude approximation, they are actually quite

consistent with 3-D axis ratios reconstructed from observations (Lambas et al. , 1992). Note that

I also define the morphology of our galaxies using star particles enclosed within their half mass

radius sphere. We found that this is more robust than using all the star particles identified by our

halo finder especially for post-merger remnants, as these can exhibit elongated tidal features which

persist for a considerable amount of time.

4.2.2 Gas content of high-z galaxies

The gas content and its properties (density, metallicity, pressure, temperature) of each galaxy

is extracted from the AMR grid, considering all cells within its effective radius.

Since the gas needs to be cold and dense enough to be eligible to form stars, let us define as

“cold” gas (in the sense of star forming gas) the cells with a gas density higher than n > 0.1 H cm−3

and a temperature T ≤ 104 K(after subtracting the temperature from the polytropic equation of

state). We also define the gas fraction fgas of a galaxy as:

fgas = M cold
gas /(M0.5 +M cold

gas ) , (4.12)

with M cold
gas the mass of cold gas and M0.5 the mass of stars, both enclosed within the sphere of

radius r0.5. Fig. 4.5 displays a sketch of the systematic procedure used to extract gas content from

AMR cells for all galaxies in Horizon-AGN .

As can be seen in Fig. 4.6, this quantity decreases with stellar mass and redshift due to star

formation and feedback, older galaxies becoming more massive after they used the gas available to

form stars and/or after it has been blown out of them by AGN/supernova feedback. This evolution

is consistent with previous numerical studies (e.g. Dubois et al. , 2012b; Popping et al. , 2014).

For each galaxy in the sample, one can define the maximum radius rmax as the distance between

the galactic center of mass (COM) and the furthest star particle, the effective radius r0.5 as the

half stellar mass radius and ∆rcell = r0.5/10. AMR cells with a size dcell larger than ∆rcell are
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r0.5
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dcell
dsub-cell

G

Figure 4.5: 2D sketch of the gas cell assignment procedure for one galaxy from
Horizon-AGN (shown as a face-on projected gas density map). The thick red circle represents
the effective radius r0.5 around the galactic center of mass and the white squares the AMR grid
with different levels of refinement. The green tick indicates when a cell or sub-cell is counted as
belonging to the galaxy (see text for detail).
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Figure 4.6: Evolution of the gas fraction fgas in the redshift range 1.8 < z < 4.5 for different mass
bins, where M0.5 is the stellar mass enclosed within the half mass sphere and M⊙ the mass of the
sun. Results are consistent with previous simulations (e.g. Popping et al. , 2014). fgas decreases
with redshift as star formation consumes the available gas and/or feedback blows it out of the
galaxies.

subdivided in 23nc sub-cells with nc such that dsub−cell < ∆rcell. AMR cells counted as belonging

to the galaxy are: 1) AMR cells with a size dcell < ∆rcell and a center within the sphere of radius

r0.5 centred on the COM 2) sub-cells of larger AMR cells with a length dcell < ∆rcell and a center

within the sphere of radius r0.5 centred on the galaxy COM. This procedure is illustrated in Fig. 4.5

which shows a 2D sketch of the cell selection process on a face on projected gas density map for a

galaxy from Horizon-AGN with a post-merger sub-structure at z = 3.

Fig. 4.6 shows the evolution of the average gas fraction across the peak of cosmic star formation

history for galaxies of different masses. Our results are consistent with previous numerical investi-

gations (e.g. Popping et al. , 2014). Hence fgas decreases with redshift as star formation consumes

and feedback expels the available gas.
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4.2.3 Merger rates: from observations to simulation

While it is now well established that mergers have a significant impact on z < 1 early-type

galaxy sizes and kinematics, it is not yet clear whether (i) this extends to the galaxy population

at high redshift and (ii) over which timescale they are of importance, as many galaxies may not

merge at all for long periods of time. Observations of local galaxies not only suggest that early-

type galaxies increased their size by 3–5 from z ∼ 2, but also that, while most massive ones

(Ms > 1.5 × 1011 M⊙) roughly doubled their size from z ∼ 1, smaller ones underwent a more

limited growth between z ∼ 1 and z=0 (by a factor 1.1 to 1.3, Huertas-Company et al. , 2013).

From these results, one can expect a growth by at least a factor 2 − 2.5 between z ∼ 2 − 3 and

z = 1 (Nipoti et al. , 2012). To quantify the relative contribution of mergers and smooth accretion

to the total mass budget of galaxies over the range of redshifts corresponding to the peak of cosmic

star formation history down to z = 1, I therefore compute the rates of galaxies having undergone

at least a merger within our mass fraction bins at these redshifts.

We find that, at z = 1.2, around 35% of galaxies with Ms > 1010 M⊙ have undergone at

least one major merger, 80% a minor merger, and 85% a very minor merger. These results are

consistent with findings by Kaviraj et al. (2014a), (our minor merger rates are slightly inferior

due to a coarser redshift sampling). Fig. 4.7 (left panel) presents the evolution of those rates with

redshift, focusing on the sub-sample of galaxies in this mass range who possess a progenitor at

z = 5.2 (sub-sample of 15 000 galaxies). It displays the evolution of the fraction of this sub-sample

which remains free from mergers of a given type (major, minor and very minor) as a function of

cosmic time. It shows that over this 4 Gyr period, ∼ 50% of the sample undergoes a major merger

and therefore that mergers, especially minor ones, are quite frequent over the whole redshift range.

The sample is affected by mergers at an average rate around 1 − −2 × 10−3 Gyr−1 h3 Mpc−3 and

3 − −5 × 10−4 Gyr−1 h3 Mpc−3 for all mergers and major mergers respectively. Note that these

values are consistent with observations by Lotz et al. (2011) and in good agreement with the

cumulative merger rates per galaxy derived from the Illustris simulation (Rodriguez-Gomez et al. ,

2015) .

The right panel of Fig. 4.7 focuses on galaxies which have had at least a merger between z = 5.2

and z = 1.2. It shows the probability distribution function (PDF) P (n,> δm) for these galaxies

to have undergone a number n of mergers of a given mass ratio, δm, between z = 5.2 and z = 1.2.

This PDF indicates that, while most of these galaxies underwent at most a single major merger,

on average they undergo two to three merger events.

Fig. 4.8 reveals that both mergers and smooth accretion ought to be taken into account to

145



4.2. CHARACTERIZING DIFFERENT TYPES OF MERGERS IN HORIZON-AGN

 0  1  2  3  4

0.2

0.4

0.6

0.8

1.0

P
(n

>
δ
m

 =
 0

)

elapsed time (Gyr)

δm>20%
δm>9%
δm>4.5%

5.2              3                2.1              1.5               1.2                 

Z

 2  4  6  8  10

0.0

0.1

0.2

0.3

0.4

0.5

n (nb of events)

P
(n

,>
δ
m

)

Figure 4.7: Left panel : evolution of a sub-sample of galaxies identified at z = 1.2 with Ms >
1010 M⊙ and which can be tracked to z = 5.2. This panel shows the probability for galaxies not
to undergo a major or minor merger during the redshift interval. Right panel : PDF of the number
nm of galaxy mergers of a given mass ratio, δm, undergone between redshifts 5.2 ≥ z ≥ 1.2. This
PDF is restricted to galaxies with at least one very minor merger. Vertical lines show the average
value for each sample. It illustrates the paucity of major mergers: most galaxies which merged,
have had at most one major merger across this cosmic time interval, while they go through on
average 2 to 3 mergers.
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attempt to understand the morphology distribution of galaxies. This figure shows the evolution

of the smooth accretion and merger contributions to the mass budget of galaxies across the peak

of cosmic star formation history. The first panel presents the evolution of ∆m/Ms averaged for

all galaxies with Ms > 1010 M⊙ at z = 1.2, with ∆m the mass accreted between two successive

time steps (i.e. over a period of ∼ 200 Myr) and Ms the stellar mass. The red and green curves

correspond to the mass fraction accreted via smooth accretion of gas (green curve) and stars (red

curve: gas+stars; i.e. including mergers with Ms < 2 × 108 M⊙ galaxies), and the blue curve

corresponds to the mass fraction accreted through mergers. While at high-redshift (z ∼ 5) young

and small galaxies undergo a rapid relative mass growth through accretion of gas and swift merging

of very small structures close to the detection threshold, this activity settles around z ∼ 3 − 4,

when effects of smooth accretion and mergers on mass growth become comparable, until mergers

slightly take over around z ∼ 1.5. The net result is that at z = 1.2, ∼ 45% of the galactic stellar

mass can be attributed to in situ formation from smooth accretion of gas, as can be seen on Fig. 4.8

(second panel) .

In conclusion, mergers and smooth accretion contribute equivalently to the galactic mass budget

over the peak of cosmic star formation history. It therefore seems that in order to understand the

evolution of galactic sizes and morphologies over this period, one needs to account for the possibility

that these two processes play different roles. This is what I will explore in the next sections.

4.3 Size growth of galaxies

4.3.1 Galactic stellar density

Fig. 4.9 shows the evolution of the stellar density, obtained by adding the masses of all star

particles enclosed within the half mass radius of the galaxy. Since the shape of galaxies can vary

significantly over the cosmic time interval spanned by our study, especially when galaxies merge,

I take anisotropy into account. More specifically, the density ρ is defined as ρ = 3M0.5/(4πabc)

with a > b > c the lengths of the semi-principal axes of the galaxy derived from the eigenvalues

of the inertia tensor and M0.5 is the sum of all the masses of the star particles contained within

its half mass radius. The left panel of the figure shows the PDF of the relative density growth

µ = 2(ρn+1 − ρn)/(ρn + ρn+1), where ρn is the average density of the galaxy within its half mass

radius at time step n, stacked for each time output of the simulation between 1.2 ≤ z ≤ 5.2. Notice

how mergers tend to widen the distribution, populating the high-compactions and high-dilatation

tails of the distribution. Looking at this panel, one might think that smooth accretion and very

minor mergers tend to lower the density of the merger remnant on average, while minor and major

147



4.3. SIZE GROWTH OF GALAXIES

 0  1  2  3  4

0.0

0.1

0.2

0.3

0.4

elapsed time (Gyr)

zstart=5.2

smooth: in situ from gas

mergers

smooth: stellar+in situ from gas

Δ
m

/M
s

5.2               3                 2.1                1.5               1.2
Z

 0  1  2  3  4

0.2

0.4

0.6

0.8

1.0

elapsed time (Gyr)

M
s
m

o
o

th
/M

s

stellar+in situ from gas

in situ from gas

5.2                 3                   2.1              1.5               1.2
Z

Figure 4.8: Left panel : evolution of ∆m/Ms over cosmic time for galaxies with Ms > 1010 M⊙

at z = 1.2, where ∆m is the mass increase due to in situ formed stars (green), merger with a
companion (blue), or in situ formed stars combined with the ’diffuse’ accretion of stars (i.e. stars
not identified as belonging to any galaxy, red) between two time steps (∼ 200 Myr), and Ms is
the stellar mass. We plot average values for all selected galaxies at every time output. Note that
mergers and smooth accretion contribute similarly to the mass growth of galaxies from z = 3
onwards. Right panel : evolution of Msmooth/Ms over cosmic time from z = 5.2 to z = 1.2, where
Msmooth is the mass of stars either produced in situ from the gas component, or accreted ’smoothly’
(i.e. star particles not associated with a galaxy above our mass resolution threshold), for galaxies
with Ms > 1010 M⊙ at z = 1.2. At z = 1.2, about half of the stellar mass of these galaxies comes
from such smooth accretion processes.
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Figure 4.9: Left panel: PDF of the density growth ratio µ = 2(ρn+1 − ρn)/(ρn + ρn+1) , where
ρn is the density of the galaxy within its half mass radius at time step n, for different merger
mass ratios. This ratio is calculated for galaxies with Ms > 109.5M⊙ over each time step between
1.2 ≤ z ≤ 5.2, and all these timesteps are then stacked. Each vertical dashed line shows the average
value for the merger mass ratio bin of the corresponding color. Mergers have a tendency to widen
the distribution and increase the stellar density, especially major mergers (vertical dashed line on
the positive side of µ values). However, this behavior is actually different for galaxies which are
disks prior to the merger (for which the stellar density rises: middle panel) and for those which
are originally spheroids (for which the stellar density decreases: right panel).

mergers tend to increase it, but it is actually highly dependent on the initial morphology of the

galaxy. This can be seen on the middle and right panels of Fig. 4.9. Galaxies that are initially disks

show an increased stellar density after mergers, the effect being stronger the higher the mass ratio of

the merger. On the other hand, galaxies which begin as spheroids tend to have their stellar density

decreased by mergers, the effect being statistically stronger for minor mergers. 55% of spheroids

which merge betray a decrease in stellar density after ∼ 200 Myr, and only 40% of the non-merger

galaxies do the same. It is interesting to notice that, in both cases, this increase/decrease in average

density is related to how skewed the distribution becomes and not only to a global drift towards

positive/negative values. As a result, minor and major mergers of spheroids are much more likely

to trigger important decreases in stellar density (by more than a factor 2) than smooth accretion:

16% of cases versus 5% respectively, and even as low as 3% if events where stars are accreted below

our galaxy mass threshold are discarded. Around 8% of major mergers and even fewer minor

mergers trigger dilatations by more than a factor 5.

Similarly, 73% of disk galaxies increase their density after merging (against 63% for non-

mergers). However, and more importantly, 30% of these mergers increase it by at least a factor

2 as compared to only 9% for smooth accretion. Finally, only 10% of the major mergers and the

minor mergers lead to compactions by more than a factor 5.
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These results statistically support the claim that mergers turn disks into denser structures while

they tend to lower the density of spheroids. Moreover, although major mergers are found to be

quite rare, the ability of the more frequent minor mergers to trigger effects of comparable amplitude

points towards an important role of multi-minor mergers in driving the size-mass relationship of

early-type galaxies (Kaviraj, 2014).

4.3.2 Galactic half-mass radius

We further analyze the role of mergers in driving galaxy stellar density evolution by looking at

the relation between growth in stellar mass and growth in stellar half-mass radius.

Evolution of the average radius over cosmic time The bottom panels show the evolution of

the average half-mass radius r0.5 as a function of redshift when splitting the galaxy sample in bins

of "final" mass (i.e. galaxy masses at redshift z = 1.2; bottom left panel) and in bins of constant

stellar mass (i.e. independent of redshift; bottom right panel). Once again, the results shown on

Fig. 4.10 are consistent with the overall evolution of the size-mass relationship from observations

such as Huertas-Company et al. (2013) (though our simulated galaxies are a factor of ∼ 2 larger):

galaxies of a given stellar mass display much larger radii at z = 1.2 than their counterparts of

similar stellar mass at z = 5.2, most of the growth taking place between z = 3 and z = 1.2. More

specifically, at z = 1.2 galaxies with Ms > 1010.5 M⊙ display an average half-mass radius twice to

3 times bigger than their counterparts at z = 3. (see bottom right panel), while one can see on the

bottom left panel that galaxies reaching Ms > 1010.5 M⊙ at z = 1.2 have also seen their half-mass

radius grow by a factor 2 to 3 since z = 3, and by a factor 4 since z = 5.2.

Dynamical analysis: Full Sample To do so, I compute the evolution of the logarithmic deriva-

tive of the half mass radius r0.5 with respect to Ms as a function of the mass ratio δm = ∆m/Ms ∝
∆log10Ms, where ∆m is the stellar mass accreted between two consecutive outputs through merg-

ers (blue curve) or smooth accretion (red and green curves) for all galaxies and all time outputs

between z = 5.2 and z = 1.2. Note that Ms or M0.5 are equivalent for the purpose of this compar-

ison so I use them interchangeably. The result is shown in the top left panel of Fig. 4.10. While

mergers and smooth accretion drive a similar amount of mass growth (see the left panel of Fig. 4.8

in the previous section), mergers are much more efficient drivers of galaxy size growth. Ignoring

the very shallow dependence on δm, smooth accretion processes lead to an average radius-mass

relation r0.5 ∝Mα
s with α = 0.1 ± 0.05. Slightly higher values of α are reached for higher δm (see

left panel of Fig. 4.10), but always remain within a factor 2, i.e. α ≤ 0.2. This dependence on δm
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Figure 4.10: Top left panel : evolution of the logarithmic derivative of the half-mass radius r0.5 with
respect to the mass ratio δm = ∆m/Ms (∆m is the stellar mass gained between two consecutive
outputs) of the merger or smoothly accreted material for all galaxies and all time outputs between
z = 5.2 and z = 1.2. Filled blue symbols indicate mergers, red and light green ones represent
smoothly accreted mass, including a stellar component (red) or gas only (green). Whilst the
evolution is linear in each case, the dependence of radius growth on the mass ratio is found to be
much steeper for mergers. Top right panel : same plot as the top left panel, except we have split
the merger sample according to different pre-merger morphologies: disks (green) and spheroids
(yellow). The steepness of the radius versus δm relation appears mainly caused by minor merger
disruption of the disks. Bottom left panel : evolution of the half-mass radius as a function of redshift
for galaxies split into bins of different mass at redshift z = 1.2. Bottom right panel : same plot as
in the bottom left panel but for galaxies split into redshift independent mass bins.
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can be explained by the fact that higher mass ratio values most often correspond to lower stellar

masses, for which cold flows bring in more specific angular momentum than hot phase accretion in

more massive galaxies (Kimm et al. , 2011). For mergers, I obtain r0.5 ∝Mβ
s with β = 0.85± 0.3.

β also increases with δm up to values ∼ 1.2. These values are consistent with observations (e.g.

Newman et al. , 2012; Cimatti et al. , 2012; Huertas-Company et al. , 2013; van der Wel et al. ,

2014, who found a value of β around ∼ 0.6 − 0.8 for early-type galaxies), and together with

the smaller values of α, support the idea that the size growth of galaxies is mostly driven by

mergers (Boylan-Kolchin et al. , 2006; Nipoti et al. , 2009; Feldmann et al. , 2010; Dubois et al. ,

2013a).

4.3.3 Impact of initial gas fraction and morphology

However, Fig. 4.10 does not distinguish gas-rich and gas-poor mergers. This could be poten-

tially important as gas-poor mergers are known to trigger intense size growth of local early type

galaxies (e.g. Naab et al. , 2007; Feldmann et al. , 2010), whereas accretion of gas (by gas-rich

mergers or smooth accretion) is thought not to be able to since their gas shocks radiatively and

loses angular momentum, therefore piling up in the central region of the galaxy where it rapidly

turns into stars and causes size contraction. The right panel of Fig. 4.11, lends statistical support

to this claim. It shows the average value of the merger mass ratio δm which leads to a given relative

variation of the half mass radius ∆r0.5/r0.5, for mergers with fgas > 0.6 (blue data points) and

fgas < 0.6 (yellow data points). From this data, one can see that radius contraction (negative values

of ∆r0.5/r0.5) is confined to gas rich minor mergers (blue data points with 0.09 < δm < 0.2). The

corresponding yellow data points for gas poor mergers are below – or very close to – the smooth

accretion threshold (lower horizontal dashed line), indicating that smooth accretion of gas is in

fact the leading advection process in those cases. Interestingly enough, major mergers δm > 0.2

statistically never lead to a compactification of galaxies, regardless of whether they are gas rich

or not: the violent disruption that they occasion does not translate into a funelling of material to

the central region as it does for minor mergers, but as an extended redistribution of it. Note that

the threshold of fgas = 0.6 is chosen high compared to the values traditionally used to define wet

and dry mergers at low redshift because galaxies are more gas rich on average in the redshift range

of this study. One can get an idea of how much smaller the sample gets when this threshold is

lowered to fgas = 0.2 by looking at the left panel of Fig. 4.11.

This panel presents the dependence of the logarithmic derivative of the half mass radius r0.5 on

the mass ratio δm for our sample of galaxies split into different pre-merger gas fraction bins. One

can see that star rich mergers with fgas < 0.6 (in yellow), especially minor ones (0.09 < δm < 0.2)
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Figure 4.11: Left panel : evolution of the relative variation of the half-mass radius as a function of
the merger mass ratio for all galaxies which undergo a merger between z = 5.2 and z = 1.2 and
for different pre-merger gas fractions: fgas < 0.2 (pink symbols), fgas < 0.6 (yellow symbols) and
fgas > 0.6 (blue symbols). The error bars plotted correspond to 1σ errors. Horizontal dashed lines
represent r0.5 ∝Mγ

s , with γ = 1 and γ = 2 which are predicted size-mass relations for (dry) major
and minor mergers using the virial theorem (Hilz et al. , 2012; Dubois et al. , 2013a) . Note how the
presence of gas limits the radius growth. Right panel : average mass ratio versus relative variation
of the half-mass radius ∆r0.5/r0.5 for mergers with gas fraction fgas < 0.6 (yellow) and fgas > 0.6
(blue). Horizontal dashed lines show major/minor/smooth accretion separation thresholds in δm.
The vertical dashed line indicates the border between expansion (positive values) and contraction
(negative values). Note how radius contraction is confined to wet minor mergers.
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induce a more efficient radius growth than their gas dominated counterparts of similar mass ratio

(in blue). Gas deprived mergers with fgas < 0.2 (pink curve), whether major or minor, lead to a

rapid growth of the effective radius compatible with r0.5 ∝Mγ
s where γ = 2 ± 0.5. This power law

index is in excellent agreement with predictions from Hilz et al. (2012), and consistent with previ-

ous numerical studies (Boylan-Kolchin et al. , 2006; Nipoti et al. , 2009; Feldmann et al. , 2010),

although slightly higher, which therefore lends extra support to the scenario involving multiple dry

mergers to explain the loss of compacity of massive early-type galaxies at low redshifts.

Going back to the top right panel of Fig. 4.10, one can see that the dependence of the size-

mass relationship on merger mass ratio can be interpreted as a morphological effect: galaxies

that are spheroids prior to the merger (yellow data points) systematically grow in size almost

indistinctively with mass ratio (except for the most extreme major mergers), whilst disks (green

data points) exhibit a size growth proportional to the accreted mass ratio over the same range in

δm. Note that van der Wel et al. (2014) find a different size-mass evolution for early-type and

late-type galaxies with β ≃ 0.75 and β ≃ 0.22 respectively with negligible evolution with redshift.

In our simulation, we find that spheroids (i.e. early-type galaxies) have β = 1.2 on average and

disks (i.e. late-type galaxies) have β ≃ −0.5 for low values of δm and β ≃ 0.5 for large values of δm,

which shows a similar discrepancy of the size-mass evolution between different galaxy morphologies

to that observed in van der Wel et al. (2014). This stresses the need to study the morphology of

our galaxies in further detail, so let us now turn to this issue.

4.4 Impact on morphologies

4.4.1 Smooth accretion

Focussing on more accurate morphological parameters, Fig. 4.12 displays the time evolution

– for galaxies which do not merge – of the cumulative PDFs of the principal semi-axis ratios

ξ1 = c/a, ξ2 = c/b and ξ3 = b/a with a > b > c of the inner half-mass stellar component,

derived by calculating the inertia tensor of the galaxy. One can see from this figure that, while ξ3

tends to remain constant over cosmic time, with a value strongly peaked at 1 (large axis equals to

intermediate axis), both average values of ξ1 and ξ2 decrease at an average rate of almost 10% per

Gyr, from 0.64 and 0.74 down to 0.54 and 0.64 respectively in the 4 Gyr which separate z = 5.2

and z = 1.2. For reference, note that an infinitely thin and homogeneous disk has ξ1 = ξ2 = 0 and

ξ3 = 1 while a perfect sphere has ξ1 = ξ2 = ξ3 = 1. Our result indicates that smooth accretion and

consecutive in situ star formation tend to flatten galaxies over time along the minor axis, which

coincides with the spin axis. However, this accretion has no significant effect on the circularity of
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Figure 4.12: Cumulative PDFs of the principal semi-axis ratios ξi for all galaxies with Ms >
109.5M⊙ which do not merge. Colors represent evolution with cosmic time from z = 5.2 (dark red)
to z = 1.2 (light orange) with an average time step of ∼ 200 Myr. The 1σ poissonian error bars
are overplotted for all bins that have a non-zero probability. Smooth accretion tends to flatten
galaxies over time.

galaxy disks.

This morphological transformation strongly depends on the mass and morphology of galaxies.

As explained before, I define spheroids as galaxies with ξ1 > 0.7 and ξ2rangle0.8 and disks as

galaxies with ξ1 < 0.45 and ξ2 < 0.55. Fig. 4.13 displays the evolution of the principal semi-axis

ratio PDFs for galaxies classified as spheroids (blue curves and symbols) and disks (red curves and

symbols) pre-merger (galaxies are excluded from the sample when they merge), and for two different

mass bins. The upper panels focus on galaxies with a stellar mass comprised between 109.5M⊙ and

1010.5M⊙, the lower panel on more massive galaxies with Ms > 1010.5 M⊙. This mass threshold

corresponds to the transition mass above which galaxies embedded in filaments decouple from their

vorticity quadrant and display a spin perpendicular to their closest filament (see Dubois et al. ,

2014), and also to the transition in gas accreted onto the galaxy between cold and hot mode (e.g.

Dekel & Birnboim, 2006; Ocvirk et al. , 2008). The figure reveals that the decrease rate in ξ1 and

ξ2 is much faster, around 20% per Gyr for spheroids with masses below the transition mass (or

from average values of ξ1 = 0.7 and ξ2 = 0.8 to 0.56 and 0.66 respectively). On the other hand,

disks tend to thicken slightly on average (going from ξ1 = 0.46 and ξ2 = 0.56 to 0.5 and 0.64

respectively). This behaviour for the disks at least partially arises from the limited maximum

spatial resolution of the simulation (1 kpc). By definition disks with scale heights below this value

are artificially ’puffed up’ to 1 kpc and any accretion of new material, no matter how dynamically

cold, can only result in increasing this minimal numerical scale height. This especially alters the

shape of small galaxies, for which the scale length is also poorly resolved. For galaxies with masses

above the transition mass (bottom panels of Fig 4.13), I do not observe any significant impact of
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Figure 4.13: Cumulative PDFs of the principal semi-axis ratios ξi for galaxies which do not merge.
Colors evolve with cosmic time from dark red (z = 5.2) to light orange (z = 1.2) for disks and navy
blue (z = 5.2) to light blue (z = 1.2) for spheroids, with an average time step of ∼ 200 Myr. The
1σ poissonian error bars are overplotted for all bins that have a non-zero probability. Top panel :
galaxies with 9.5 < log(Ms/M⊙) < 10.5. Bottom panel : galaxies with log(Ms/M⊙) > 10.5 (spin
flip and cold/hot mode for accretion transition mass: see text for detail). Smooth accretion has
little impact on the morphology of galaxies above the transition mass but clearly flattens galaxies
below it.

smooth processes on the morphology indicators which remain constant on average.

Interpreting our results in the light of the scenario described by Codis et al. (2012) and Laigle et al.

(2015), whereby small galaxies acquire their spin through angular momentum transfer from the

vorticity quadrant they are embedded in, this "flattening" effect can be understood as the (re)-

formation of disks in high vorticity regions at the heart of cosmic web filaments. In other words,

smooth accretion tends to (re)-align galaxies with their nearest filament (Tillson et al. , 2012;

Welker et al. , 2014; Danovich et al. , 2015; Pichon et al. , 2014) where the dominant component

in this process, for galaxies below the transition mass, is coherent gas feeding from cold flows.

At the opposite end of the mass spectrum, galaxies above the transition mass accrete material

from multiple quadrants and/or smaller amounts of material along a unique filament. The angular
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momentum streamed to the core of these massive galaxies from multiple directions is more likely

to cancel out, which results in little to no effect of smooth accretion on the morphology of the

galaxy. These results reinforce earlier findings that the underlying cosmic web plays a major role

in shaping galaxy properties.

4.4.2 Mergers

As can be seen on Fig. 4.14 (and 4.16), mergers trigger very different evolutions for disk galaxies

(respectively spheroids). This figure showcases a qualitative difference: contrary to smooth accre-

tion, both minor and major mergers strongly change the galaxy morphology, leading to much more

spheroidal/elliptical structures. However, this only occurs for disks: as can be seen in Fig. 4.16,

for galaxies initially identified as spheroids, minor mergers behave more like smooth accretion,

flattening the galaxy whereas major mergers preserve, by and large, their morphology. Looking

at Fig. 4.14, there are quantitative differences between minor and major mergers. Whilst major

mergers clearly destroy disks (the average value of the PDF of ξ1 = c/a shifts from 0.45 to 0.62,

red and dark blue curves respectively), minor mergers have a more limited effect (ξ1 PDF average

value shifted from 0.45 to 0.52 only). Finally, the effect of very minor mergers (light orange curve)

is closer to a thickening of the disks than an actual destruction of them and an alteration of the

galaxy morphology. It is important to notice that all mergers also trigger an increase in the scatter

of the distribution of galactic disks morphology indicators ξi, as the slope of the PDFs becomes

shallower for mergers than smooth accretion. This effect is stronger for higher merger mass ratios.

These findings corroborate the view that major and multiple minor mergers can lead to galaxies

with similar morphologies, destroying disks and turning them into spheroids (e.g. Bournaud et al. ,

2007a). This allows to overcome the tension occasioned by the paucity of major mergers: minor

mergers are much more frequent events, allowing for the formation of a much larger spheroid

population. An illustration of this phenomenon is given in Fig. 4.17 which depicts rest-frame

false color images of a sample of disk galaxies in the Horizon-AGN simulation before and after

major/minor merging observed through the u, g and i filters.

Impact of initial morphology Fig. 4.15 shows the cumulative probability distributions of

the morphologic ratio ξ1 = c/a over one time step, with all timesteps between z = 5.2 and

z = 1.2 stacked, for different merger mass ratios. This is plotted for all galaxies regardless of their

morphology. Fig. 4.16 displays the same quantity for galaxies identified as spheroids, i.e. with

morphologic ratios ξ1 > 0.7 and ξ2〉0.8, before they merge.
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Figure 4.14: Cumulative PDFs of the morphology indicators ξi for different merger mass ratios
and for galaxies with Ms > 1010 M⊙ identified as pre-merger disks. The poissonian 1σ error bars
are indicated for all bins with more than 10 galaxies. The results are stacked for each time output
between z = 5.2 to z = 1.2. Mergers broaden the morphology distribution and quantitatively
destroy disks. This effect strengthens with increasing merger mass ratios.
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Figure 4.15: Cumulative PDF of ξ1 = c/a over one time step, with all timesteps between z = 5.2
and z = 1.2 stacked, for different merger mass ratios and for galaxies with Ms > 1010M⊙.
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Figure 4.16: Same as Fig. 4.15 but for galaxies which are classified as spheroids before they merge
(see text for detail).
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4.5 Conclusion

Galaxy growth in the cosmic web involves a wide range of processes from anisotropic accretion

to supernovae and AGN feedback whose effect can either add up or cancel one another, resulting

in the observed diversity in morphologies, kinematics and colors of galaxies. While the interplay

between these phenomena is undoubtedly complex, the approach I implemented in this work which

consists in focussing on a couple of well defined processes (smooth accretion against mergers) and

identify their impact – whether re-enforcing or competing – on specific galactic properties (size,

morphology) still yields some interesting results:

• Mergers and smooth accretion augment galaxy masses across the peak of cosmic star forma-

tion history, in amounts that are statistically comparable. As a result, at z = 1.2, galaxies

with Ms > 1010 M⊙ have acquired 55% of their stellar mass via smooth accretion and 45%

via mergers. However, while smooth accretion is a steady process with regular impact on

stellar mass over cosmic history, mergers are violent processes which occur on average twice

in the history of a galaxy over this epoch.

• Mergers and smooth accretion augment galaxy sizes across the peak of cosmic star formation

history, especially major mergers, but this growth strongly depends on redshift and gas

fraction. We also found that while mass is accreted, the mean density also rises for galaxies

which are pre-merger disks, suggesting a gravitational contraction during the merger phase,

while the inverse is true for pre-merger spheroids which on average expand after merging.

• For mergers of mass ratio δm, the relative increase in radius is found to evolve as a power law

of the stellar mass r0.5 = M0.65+δm
s while smoothly accreted material of comparable mass

ratio proves to be much less efficient in growing galaxy radii r0.5 = M0.3δm
s . Moreover, while

the growth of spheroid sizes shows little dependence on δm (r0.5 ∝ Ms), – even for smallest

minor mergers which is consistent with the idea that material is then smoothly accreted

within the galactic plane –, disks show a stronger dependence on δm, even contracting trend

when subjected to minor mergers. We interpret this result as the destruction of disks and

redistribution of their stellar component in a more tightly packed spheroidal volume, which

causes the effective half mass radius to decrease even though the amount of mass accreted

actually increases.

• Gas fraction also plays an important part in determining the size growth consecutive to

mass accretion. As expected, gas dominated mergers induce a much more limited growth in

size than star dominated ones. In such gas rich mergers, the remnant appears to be more
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compact. We interpret this as the result of gas shocking, losing angular momentum and being

transported to the central parts of the galaxy where it forms stars, seemingly triggering a

gravitational contraction of the galaxy. On the opposite, gas-poor mergers (with fgas < 0.2)

induce an increased growth in radius with no significant dependence on merger mass fraction,

but the steepest dependence on stellar mass that was measured (r0.5 = M2
s ).

• These accretion processes are found to have a strong impact on galaxy morphologies. Smooth

accretion tends to flatten small galaxies along their spin axis, consistent with the idea that

those galaxies are embedded in a vorticity quadrant of cosmic filament which feeds them

angular momentum coherently along the filament direction. This effect is even clearer for

the sub-sample of spheroids fed by this smooth accretion which evolve to resemble the disk

population in just over 2 Gyr. In contrast, mergers tend to destroy disks and form spheroids

(see Fig. 4.17), except for very minor mergers – which only thicken them –, in agreement with

the idea that in this case the satellite is slowly stripped from its gas and stars in the galactic

plane of the main progenitor. But our main result is that minor mergers are responsible

for a comparable amount of disk destruction than major mergers, coupled with a strong

contraction effect when the minor merger happens to a gas-dominated (fgas > 0.6) galaxy.

• These results altogether statistically favor a scenario whereby galaxies grow their stellar

mass by smooth accretion of gas, in situ formation and mergers in comparable amounts, but

grow in size mostly through merging: disk (gas-dominated) galaxies merge to become more

compact spheroids while spheroids lose their compactness through these same minor mergers.

Occasionally, dramatic growth in size through rare major mergers and multiple, gas-deprived

minor mergers happens. Non-merging spheroids with masses up to a transition mass around

1010.5 M⊙ then rebuild disks from coherent smooth accretion. Above this mass the coherence

of streams is lost and morphology is preserved.

Though this study supports – in a full cosmological context using the Horizon-AGN simulation

– the consistent galaxy growth model that has emerged from previous numerical studies of different

types of mergers, further investigation is required to extend these results down to z = 0 and to

specify in detail the role played by galactic physics – more specifically supernovae and AGN feedback

– in shaping these results. Analyzing more specific merger parameters such as the impact parameter

and the orbital-to-intrinsic angular momentum transfer rate will also be necessary to understand

the scattering of the morphology and size distributions induced by mergers and understand their

overall impact on observed galaxies in the local Universe. Finally, the internal kinematics of the

galaxy population also need to be examined more closely.
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Figure 4.17: Rest-frame color images (u, g and i filters) of a sample of Horizon-AGN disk galaxies
caught during their pre-merger phase at z = 2.2 (two leftmost columns) and their post-merger
phase at z = 1.9 (two rightmost columns). The first and third columns are edge-on views, and the
second and fourth columns are face-on views. Extinction by dust is not taken into account. Each
frame is 100 kpc on a side. Ms is the stellar mass of the main progenitor in M⊙ units and δm is
the mass ratio of the merger (see text for exact definition). This figure illustrates the ability of
mergers (major but also minor) to turn disk-like galaxies into spheroids.
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Conclusion

Despite recent observational studies on the morphology of galaxies and its dependence on

environment - conducted for galaxies up to redshift two and beyond (Lee et al. , 2013) -, the

interplay between galaxies and their cosmic environment remains a puzzle. Galaxies are open

dynamical systems and ever-changing products of a nature versus nurture confrontation. In this

context, cosmological simulations are crucial to improve our understanding of their formation

and evolution over a wide range of redshifts. My PhD focused on analyzing such simulations in

order to gain some insight in probing these processes.This work was performed post-processing

Horizon-AGN .

First, I focussed on the acquisition of the angular momentum of galaxies from redshift 5 down

to redshift 1, as a key ingredient to explain their morphologies and physical properties as well as

a vector quantity easy to relate to the underlying geometry.

Then, I characterized the distribution of satellites galaxies around their host and, building on

these results on galactic orientations, I studied the competitive effects of smooth accretion and

mergers as drivers of galactic properties such as their size and morphology.

I further performed the statistical analysis of the galactic gas content and inflows and their

impact on galactic physical properties.

The common scope of those projects was to understand how - and to what extent - large-scale

structure dynamics and kinematics cascade down to galactic scales, and how we can develop pseudo-

observables to test those scenarios on real observations. The most significant results presented in

this thesis are summarized in the next section, after which I detail prospects for future works.

4.6 Main results

Numerous simulations have established a clear orientation trend for the spin of dark haloes in

the cosmic web: small mass haloes tend to display a spin aligned to their closest filament, while more

massive haloes are more likely to maintain a perpendicular orientation of their spin. Codis et al.
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(2012) confirmed this with high degree of significance and was able to estimate a transition mass

around 1012 solar masses. My first goal was to understand if I could recover similar trends for

galaxies using merger trees with a consistent stellar transition mass, and to define what physical

properties could be used as tracers for this signal.

I recovered the alignment-perpendicular trends in the Horizon-AGN simulation down to z =

1.2, and found various galactic tracers of this signal such as colour, age, specific stellar formation

rate or metallicity. In a nutshell, low-mass, young, centrifugally supported, metal-poor, bluer spiral

galaxies tend to have their spin aligned to the closest filament, while massive, high velocity disper-

sion, red, metal-rich, old ellipticals are more likely to have a spin perpendicular to it (Dubois et al. ,

2014). The mass-transition, confidently bracketed between log(Ms/M⊙) = 10.25− 10.75, was also

found to be consistent with the one for dark haloes. A first observational evidence was found in

Tempel & Libeskind (2013), which identified a similar trend in the SDSS. As part of a collaboration

with observers from the state-of-the-art z ≃ 1 VIPERS survey 1 from CFHTLS 2, I expect more

significant observational imprints in a near future.

Codis et al. (2012) interpreted the orientation trend for dark haloes in terms of large-scale

cosmic flows. Anisotropic tidal torque theory provides a natural lagrangian framework to account

for the early acquisition of spin for dark haloes and recover this orientation trend. However similar

correlations proved challenging to predict for galaxies, evolving on small non-linear scales and

subject to a wide range of complex processes from gas dynamics and star formation to feedback from

supernovae and AGN. To investigate this interplay, I relied on the Eulerian picture provided by the

Horizon-AGN simulation. I argued that most small mass galaxies acquire their angular momentum

from coherent accretion from vorticity-rich regions at the vicinity of filaments (Laigle et al. , 2015),

leading to their parallel orientation. Massive galaxies (noticeably ellipticals) are more likely to

be the product of mergers - occurring along the cosmic filament- and are therefore displaying a

perpendicular orientation as a result of orbital-to-intrinsic angular momentum conversion.

Computing merger trees for all galaxies and haloes for 22 outputs from Horizon-AGN between

z = 5.2 and z = 1.2 (average time-step of 250 Myr) and then computing merger rates and statis-

tically analyzing correlations between the spin swings, I found strong evidence that mergers are

responsible for spin swings - with distinctive features for minor and major mergers - and that they

tend to swing the remnant s spin orthogonal to its surrounding filaments - along with increasing

its overall angular momentum - while smooth accretion (re)-aligns small galaxies over cosmic time,

building up their spin parallel to it (Welker et al. , 2014).

1http://vipers.inaf.it/
2http://www.cfht.hawaii.edu/Science/CFHTLS/
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This led me to study the impact of both processes on the size and morphology of galaxies, no-

ticeably by deriving axis ratios from the inertia tensor of all galaxies in the sample, systematically

sorting out those galaxies in typical morphologies and following their evolution in different merger

contexts. Consistently, my results suggest that smooth accretion flattens small non-merging galax-

ies along the spin axis while major and multiple minor mergers turn disk galaxies into spheroids. I

also investigated the comparative effect on galactic size and shape of gas-rich and gas-poor merg-

ers for both minor and major mergers, and the correlations between gas content, star formation

and star migration in Horizon-AGN , which provided good statistics to conduct such an analysis.

My results are consistent with a build-up of large massive spheroids observed at z < 1 from ma-

jor mergers and gas-poor minor mergers, while smooth accretion is found to have a much fainter

impact on galactic size growth.

Prior to galaxy mergers, small galaxies in sub-haloes that have been accreted by a more massive

host form a collection of satellites orbiting around a massive central galaxy. I therefore investigated

the statistical distribution of satellites around their host in Horizon-AGN at observed redshifts

0.3 < z < 0.8 comparing the distribution of the angles between the separation vector of a satellite

and the minor axis of its central galaxy on the one hand, the direction of the central′s closest

filament on the other hand. I found it to be the result of an interplay between a tendency to be

aligned in the filament they flowed from in the first place and a tendency to align in the galactic

plane of their central galaxy. This trends can either add up (when filamentary ridge line lies in

the galactic plane) or compete (when the central galactic plane is orthogonal to the filament), in

which case the first trend dominates in the outskirt of the halo while the second takes over in the

inner parts.

4.7 Prospects

4.7.1 Sorting out the merger zoo

Future studies will need to clarify the mergers distribution in cosmological simulations, espe-

cially identify specific types and their frequencies with respect to mass ratio (minor or major merg-

ers), galactic types of the progenitors (disks, ellipticals, gas-rich, gas-poor), number of progenitors

involved, impact parameter of the merger and the possible misalignments of the pair motion with its

cosmic filament as well as variations with redshift. The impact parameter and orbital momentum

of the pair are of particular interest and need to be analyzed conjointly with the gas fraction as it

is expected to have a strong impact on the ability of low-z mergers to rebuild disks similar to those

we observe in the Local Universe (Robertson et al. , 2006; Hammer & IMAGES Team, 2014). It
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will be also necessary to investigate in greater details the variations of the velocity dispersion in

galaxies undergoing mergers so as to confirm the role of specific types in building low-compacity

spheroids or massive low-z disks, and produce robust pseudo-observables for observations.

Indeed, in observations mergers are only traced considering close pairs of interacting galaxies

(Lotz et al. , 2008b). Precise information on the outcomes we can expect from a definite type of

merger, along with its frequency at different redshifts could be tested directly on real catalogs and

greatly improve our ability to test the relevance of this method, along with our understanding

of spiral and elliptical abundances in observations. In order to produce a comprehensive set of

predictions, analysis in morphology and size of the outcomes of mergers similar to the one presented

here will need to be reproduced in similar simulations at lower redshifts and in simulations with

different amounts of stellar and AGN feedback at all redshifts.

Close analysis of star migration processes and gas and baryons fluxes triggered by mergers

will also be necessary to understand what signatures of such events have been imprinted on the

Inter-Galactic Medium (IGM) and what percentage of intergalactic gas is left from those violent

processes, and allows for comparison with observations.

4.7.2 Gas inflows: feeding galaxies into diverse morphologies ?

Another active field of research is the way gas inflows at high-redshift can feed galaxies with

coherent streams, therefore transferring mass and angular momentum towards the core of the

galaxy and connecting its morphology to the underlying cosmic web.

This is a highly debated topic as such colds flows are difficult to detect and strong feedback from

AGN is thought to blow them away (Dubois et al. , 2013b; Nelson et al. , 2015), while supernovae

feedback effect seems to be restricted to a partial fragmentation of the streams (Powell et al. ,

2011). Recent numerical studies (Danovich et al. , 2015) have been conducted on small samples

of well-resolved (down to 10 pc) galaxies to evaluate the geometry of the accretion of gas from

filaments as well as the resulting tidal torques and pressure gradients. Although our resolution is

limited to 1 kpc, cosmological simulations with and without AGN allow for a statistical analysis

of the number of connected filaments - which is believed to have an impact on the strength of

violent disk instabilities and on the internal features of disk galaxies (Cen, 2014) - , of their impact

parameter, and eventually their corresponding advected mass and angular momentum on halo

scales (0.3-0.5 virial radius).

Similar analysis on statistically relevant samples - such as those provided in hydrodynamical

cosmological simulations - will be required to unravel the complex interactions between galaxies
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and the surrounding IGM, its dependence on feedback from various types of supernovae and AGN

- the contribution of which needs to be analyzed separately. It will provide statistical predictions

to be tested in upcoming spectroscopic surveys at low and high redshift. Moreover, this would

allow for the selection of typical haloes for further analysis in high-resolution, high-detail zooms

of high-z haloes that would pave the way for next-generation observations of galactic inflows and

outflows using z ∼ 5 − 7 quasars. These quasars are primary targets for ALMA 3, which will

measure the host’s gas reservoir, star formation rate and kinematics. This would therefore enable

the calculation of molecular gas masses, star formation rates and gas kinematics for comparison

with the observations.

4.7.3 Distribution of satellites: tracing the distribution of dark matter
in massive haloes ?

Eventually, results presented in Chapter 3 on the tendency of satellites to change their orien-

tation dynamically in their host halo questions our ability to efficiently infer the triaxiality of a

massive cluster from the mere distribution of its satellites. This will require further investigations

in cosmological hydrodynamical simulations. Noticeably, we need to determine how well satellites

follow the dark matter component of their host in specific ranges of host mass and color, satel-

lite mass and color, central galaxy morphology, host-satellite separation and most importantly for

haloes in different environments characterized by the number of filaments connected to the host

structure, its distance to the ridge line defining the leading filament and its distance to closest

nodes.

3 http://www.almaobservatory.org/
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