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ABSTRACT

The intrinsic alignment of galaxy shapes (by means of their angular momentum) and their
cross-correlation with the surrounding dark matter tidal field are investigated using the 160 000,
z = 1.2 synthetic galaxies extracted from the high-resolution cosmological hydrodynamical
simulation HORIZON-AGN. One- and two-point statistics of the spin of the stellar component are
measured as a function of mass and colour. For the low-mass galaxies, this spin is locally
aligned with the tidal field ‘filamentary’ direction while, for the high-mass galaxies, it is
perpendicular to both filaments and walls. The bluest galaxies of our synthetic catalogue are
more strongly correlated with the surrounding tidal field than the reddest galaxies, and this
correlation extends up to ∼10 h−1 Mpc comoving distance. We also report a correlation of the
projected ellipticities of blue, intermediate-mass galaxies on a similar scale at a level of 10−4
which could be a concern for cosmic shear measurements. We do not report any measurable
intrinsic alignments of the reddest galaxies of our sample. This work is a first step towards
the use of very realistic catalogue of synthetic galaxies to evaluate the contamination of weak
lensing measurement by the intrinsic galactic alignments.
Key words: gravitational lensing: weak – methods: numerical – cosmology: theory –
large-scale structure of Universe.

1 I N T RO D U C T I O N
For the last two decades, weak gravitational lensing has emerged as
one of the most promising cosmological probes of the dark matter
and dark energy contents of the Universe, culminating in the design
of several large surveys like Dark Energy Survey (DES),1 Euclid
(Laureijs et al. 2011) or Large Synoptic Survey Telescope (LSST).2
As the statistical power of weak lensing surveys is ramping up,
more and more attention has to be paid for the control of systematic effects. Among the critical astrophysical sources of errors is
the problem of the intrinsic alignments (IA) of galaxies. The fundamental assumption upon which galaxies are randomly aligned in
the absence of a shear signal that is coherent on the scales of several
arcminutes is likely to break down for pairs of galaxies observed
at close angular distances (through direct gravitational interactions
or as a result of the same local tidal field they live in). Much ef-
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2 http://www.lsst.org
1

fort has thus been made to control the level of IA of galaxies as a
potential source of systematic errors in weak gravitational lensing
measurements (e.g. Croft & Metzler 2000; Heavens, Refregier &
Heymans 2000; Hirata & Seljak 2004), although some techniques
have been proposed to mitigate their nuisance by making extensive
use of photometric redshifts (e.g. Bridle & King 2007; Joachimi
& Schneider 2008, 2010; Joachimi & Bridle 2010; Kirk, Bridle &
Schneider 2010; Blazek et al. 2012).
Direct measurements of the alignment of the projected light distribution of galaxies in wide field imaging data seem to agree on
a contamination at a level of a few per cent in the shear correlation
functions, although the amplitude of the effect depends on the depth
of observations (stronger for shallower surveys), the amount of redshift information and the population of galaxies considered (in the
sense that red galaxies seem to show a strong intrinsic projected
shape alignment signal whereas observations only place upper limits in the amplitude of the signal for blue galaxies; Bernstein &
Norberg 2002; Brown et al. 2002; Lee & Pen 2002; Heymans et al.
2004; Hirata et al. 2004, 2007; Mandelbaum et al. 2006, 2011;
Joachimi et al. 2011, 2013a). Direct observations of the alignment
between the spin and the tidal tensor eigenvectors have also been
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carried out: the first attempt by Lee & Pen (2002) studied the correlations between the disc orientation of the galaxies from the Tully
catalogue and the shear reconstructed from the Point Source Catalogue Redshift Survey and confidently rejected the hypothesis of
randomness. More recently, Lee et al. (2013) detected some correlations between the spin and the intermediate eigenvector of the
tidal tensor and found that galactic spins were also preferentially
perpendicular to the major principal axis but this signal remains
weak.
Cosmological numerical simulations are a natural way of further
refining our models of IA. The imprint of the large-scale dynamics
on to the shapes and spins of galaxies has been extensively studied
using dark matter (DM) simulations (Aubert, Pichon & Colombi
2004; Bailin & Steinmetz 2005; Aragón-Calvo et al. 2007; Hahn
et al. 2007b; Lee et al. 2008; Paz, Stasyszyn & Padilla 2008; Sousbie
et al. 2008; Codis et al. 2012; Laigle et al. 2015; Forero-Romero,
Contreras & Padilla 2014, among others). One can also mention a
numerical study of the alignment between halo spin and tidal tensor
by Porciani, Dekel & Hoffman (2002), who predicted its orthogonality with the major principal axis but also found that galactic
spins must have lost their initial alignment with the tidal tensor
predicted by tidal-torque theory (TTT), and by Codis et al. (2012).
However, given the complex dependency on the physical properties
of the galaxies seen in the observation, it is probably difficult to rely
on DM-only numerical simulations as the sole resort to predict and
control IA for weak lensing applications despite some success with
the addition of halo model or semi-analytical models (e.g. Schneider
& Bridle 2010; Joachimi et al. 2013b).
The advent of hydrodynamical cosmological simulations is arguably the best way forward to make better predictions on the
complex relation between halo shape and spin and galaxy shape
and spin. Local studies of the relation between DM and baryonic
spins or inertia tensors have been conducted to measure the degree
of alignment between the inertia tensor of the DM halo and the
stellar component (not weighted by luminosity; Hahn, Teyssier &
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Carollo 2010; Tenneti et al. 2014). They find a typical excursion of
the misalignment angle of 30◦ –10◦ for haloes ranging in mass from
1010 to 1014 h−1 M .
More recently, Dubois et al. (2014) measured the alignment
of galaxy spins with the large-scale filamentary network in the
HORIZON-AGN simulation, a state-of-the-art hydrodynamical simulation which produced synthetic galaxies displaying morphological
diversity by redshift z = 1.2. Dubois et al. found that simulated
galaxies have a spin which is either parallel to their neighbouring
filament for low-mass, disc-dominated blue galaxies, or perpendicular to it for high-mass, velocity-dispersion-dominated red galaxies, the rapid reorientation of the latter massive galaxies being due
to mergers. This suggests a scenario in which galaxies form in the
vorticity-rich neighbourhood of filaments, and then migrate towards
the nodes of the cosmic web, converting their orbital momentum
into spin. The inherently anisotropic nature of the large-scale structure (filaments and walls) and its complex imprint on the shape and
spin of galaxies (see also Pichon et al. 2014) may prevent isotropic
approaches from making accurate predictions and suggest that the
imprint of IA might be more severe for higher order statistics of
the cosmic shear signal and definitely not addressable with simple
prescriptions for the relation between the spin or inertia tensor of
haloes and galaxies.
We thus propose here to extend the work of Dubois et al. (2014)
by bringing the findings of the HORIZON-AGN simulation (see Fig. 1)
closer to the framework of weak lensing observables. In particular we will measure the correlations between galactic spins and
their surrounding tidal field (related to the so-called GI term of
Hirata & Seljak 2004) and the correlations between spins themselves (related to the so-called II term of the same reference). We
will also exhibit the variation of this quantity with the mass and
colour of our galaxies, looking for populations where the IA effect
is particularly severe or reduced. Our main finding is an excess
alignment between the bluest galaxies of our synthetic catalogue,
and no detectable alignment for the reddest ones. This conclusion
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Figure 1. The e1 eigenvector (white arrows) of the tidal field within a slice of 25 h−1 Mpc comoving in depth and 12.5 h−1 Mpc comoving horizontally
together with the gas density (from blue to red) within the HORIZON-AGN simulation at z = 1.2. As expected, e1 statistically follows the filaments.
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tion from metals. Following Haardt & Madau (1996), heating from
a uniform ultraviolet (UV) background takes place after redshift
zreion = 10. We model metallicity as a passive variable for the gas
that varies according to the injection of gas ejecta during supernovae explosions and stellar winds. A Schmidt law is used to model
star formation: ρ̇∗ = ∗ ρ/tff , where ρ̇∗ is the star formation rate
density,  ∗ = 0.02 (Kennicutt 1998; Krumholz & Tan 2007) the
constant star formation efficiency and tff the local free-fall time of
the gas. We allow star formation where the gas hydrogen number
density exceeds n0 = 0.1 H cm−3 according to a Poisson random
process (Rasera & Teyssier 2006; Dubois & Teyssier 2008) with a
stellar mass resolution of M∗,res = ρ0 x 3  2 × 106 M .
We model stellar feedback using a Salpeter (1955) initial mass
function with a low-mass (high-mass) cut-off of 0.1 M (100 M ).
In particular, the mechanical energy from Type II supernovae and
stellar winds follows the prescription of STARBURST99 (Leitherer et al.
1999, 2010), and the frequency of Type Ia supernovae explosions
is taken from Greggio & Renzini (1983).
Active galactic nuclei (AGN) feedback is modelled according to
Dubois et al. (2012). A Bondi–Hoyle–Lyttleton accretion rate on
2
ρ̄/(c̄s2 + ū2 )3/2 , where
to black holes is used ṀBH = 4παG2 MBH
MBH is the black hole (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/ρ 0 )2 when ρ > ρ 0 and α = 1 otherwise (Booth & Schaye
2009) in order to account for our inability to capture the colder
and higher density regions of the interstellar medium. The effective
accretion rate on to BHs is capped at the Eddington accretion rate:
ṀEdd = 4πGMBH mp /(r σT c), where σ T is the Thompson crosssection, c is the speed of light, mp is the proton mass and  r is
the radiative efficiency, assumed to be equal to  r = 0.1 for the
Shakura & Sunyaev (1973) accretion on to a Schwarzschild BH.
Two different modes of AGN feedback are accounted for, the radio
mode operating when χ = ṀBH /ṀEdd < 0.01 and the quasar mode
active otherwise. More details are given in Dubois et al. (2014).

2 THE SYNTHETIC UNIVERSE
Let us shortly describe the HORIZON-AGN simulation (Section 2.1;
see Dubois et al. 2014 for more details) and explain how galaxy
properties are extracted out of it (Section 2.2).
2.1 The HORIZON-AGN simulation
A standard  cold dark matter (CDM) cosmology compatible
with the 7-year Wilkinson Microwave Anisotropy Probe (WMAP-7)
cosmology (Komatsu et al. 2011) is adopted, with total matter density m = 0.272, dark energy density  = 0.728, amplitude of
the matter power spectrum σ 8 = 0.81, baryon density b = 0.045,
Hubble constant H0 = 70.4 km s−1 Mpc−1 and ns = 0.967. The
3
HORIZON-AGN simulation has been run with 1024 DM particles in
−1
a Lbox = 100 h Mpc box, so as to obtain a DM mass resolution
of MDM,res = 8 × 107 M . The adaptive mesh refinement (AMR)
code RAMSES (Teyssier 2002) has been used to run the simulation
with an initial mesh refinement of up to x = 1 kpc (seven levels
of refinement). The refinement scheme follows a quasi-Lagrangian
criterion: if the number of DM particles in a cell is more than eight,
or if the total baryonic mass in a cell is eight times the initial DM
mass resolution, a new refinement level is triggered.
A Sutherland & Dopita (1993) model is used to allow gas cooling by means of H and He cooling down to 104 K with a contribu-

2.2 Data analysis
2.2.1 Galaxy catalogue
Galaxies are identified with the ADAPTAHOP finder (Aubert et al.
2004), which relies directly on the distribution of star particles
to construct the catalogue of galaxies. 20 neighbours are used to
compute the local density of each particle. A local threshold of
ρ t = 178 times the average total matter density is applied to select
relevant densities. Note that the galaxy population does not depend
sensitively on the exact value chosen for this threshold. Our specific choice reflects the fact that the average density of galaxies
located at the centre of galaxy clusters is comparable to that of
their host. The force softening (minimum size below which substructures are treated as irrelevant) is of ∼10 kpc. Only galactic
structures identified with more than 50 star particles are included
in the mock catalogues. This enables a clear identification of galaxies, including those in the process of merging. A galaxy catalogues
with ∼165 000 objects is produced at z = 1.2 with masses between
1.7 × 108 and 1.4 × 1012 M . The galaxy stellar masses quoted in
this paper should be understood as the sum over all star particles
that belong to a galaxy structure identified by ADAPTAHOP. Note
that most results are derived from a subsample of galaxies with a
mass above 109 M , which corresponds to 300 stellar particles.
MNRAS 448, 3391–3404 (2015)
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is in apparent contradiction with the works cited above, and we will
discuss how this can be explained mainly by selection effects (on
mass range, redshifts of catalogue, etc.).
Throughout this work, we use the stellar spin as a proxy for the
ellipticity of galaxies, without attempting to project galactic ellipticities perpendicular to a given sightline. This choice differs from
other authors who rather considered the inertia tensor of the stellar
mass (see e.g. Tenneti et al. 2014). We believe spin can give a complementary insight on the apparent luminosity-weighted projected
morphology of a generally star-forming galaxy. In addition, as one
gets closer to the resolution limit of the simulation, we believe that
the reliability of the simulated spin will hold longer than the reliability of the overall shape of the stellar component. Although we
mainly focus on 3D quantities that are better suited to quantify the
physical degree of IA in our simulation, we give some guidelines
for inferring projected quantities, in the usual formalism of weak
lensing.
The paper is organized as follows. Section 2 presents the HORIZONAGN simulation and describes our method for measuring spin and
inertia tensor. It also illustrates how much the shape inferred from
spin can be favourably compared to the shape inferred from the
inertia tensor of stars, hence supporting our choice of using the
spin as a proxy for the ellipticity of galaxies. Section 3 defines
how intrinsic alignments are quantified and where they contaminate
the weak lensing observables. In Section 4, we present the crosscorrelation between the principal axes of the tidal tensor and the
spin vector as a function of distance and further show the zerolag one-point probability distribution function (PDF) of this angle.
Section 5 investigates the spin–spin two-point correlation as a function of separation and the projected ellipticity two-point correlation
function. Section 6 checks that grid locking effects do not dominate
the measurements. We finally conclude in Section 7 and discuss
briefly how the statistics depends on the synthetic colours of galaxies. We also sketch how our findings can be cast into predictions on
the contamination of weak lensing by IA. Appendix A studies the
corresponding alignments for DM haloes.
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2.2.2 Spin and shape of galaxies
To assign a spin to the galaxies, we compute the total angular
momentum of the star particles which make up a given galactic
structure relative to the particle of maximum density (centre of the
galaxy). To identify the latter, we use the smoothed stellar density
constructed with the ADAPTAHOP algorithm. We can therefore write
the intrinsic angular momentum vector L or spin of a galaxy as
L=

N


m(α) x (α) × v (α) ,

(1)

α=1

where the superscript α denotes the αth stellar particle of mass m(α) ,
position x (α) and velocity v (α) relative to the centre of mass of that
galaxy. Likewise, we also measure the (reduced) inertia tensor of a
galaxy:
N
Iij =

m(α) xi(α) xj(α)
.
N
(α)
α=1 m

α=1

L · ui
.
|L|

(3)

As expected, galaxies tend to have a spin well aligned with the minor
axis (u1 ) of the inertia tensor, with a mean value cos τ 1 = 0.90.
The correlation is slightly less pronounced for the most massive
galaxies, for which the rotation support is weaker compared to
velocity dispersion, but it still shows a strong degree of alignment
( cos τ 1 = 0.85).
Owing to the tight alignment between the spin of galaxies and the
minor axis of the inertia tensor, we expect that an analysis of galactic
spin or inertia tensor orientations will capture the physical mechanisms producing IA equally well. For weak lensing predictions,
however, we shall pay attention to the modulus of the ellipticity and
not only its direction when turning spins into projected ellipticities.
Namely, the projected ellipticity of an axisymmetric discy galaxy
depends on the disc thickness (e.g. Joachimi et al. 2013a,b). If we
note qd , the disc flattening or axis ratio, the apparent axis ratio qp
MNRAS 448, 3391–3404 (2015)

In principle, we could measure the flattening of the simulated
galaxies to infer the projected axis ratios. Unfortunately, the finite
1 h−1 kpc resolution of the HORIZON-AGN simulation overestimates
the thickness of the disc of low-mass galaxies. To alleviate this
problem, we will assume qd = 0 in the remainder of this work, and
thus maximize the moduli of the projected ellipticities. This can be
seen as a conservative approach since we effectively maximize the
implication of spin IA on apparent alignments of projected ellipticities, either for the correlation between spins themselves (II) or
between spins and tidal tensor (GI). We shall come back to the fidelity of our simulations at recovering the eigenvalues of the inertia
tensor and not only its eigendirections in a future work.

(2)

This inertia tensor is then diagonalized to obtain the eigenvalues
λ1 ≤ λ2 ≤ λ3 and the corresponding unit eigenvectors u1 , u2 and u3
(respectively minor, intermediate and major axis of the ellipsoid).
Fig. 2 shows the PDF of the angle τ i between the spin and each
of the principle axes ui of the galaxies:
cos τi =

of a projected galaxy along the line of sight aligned with the z-axis,
reads

L2
|Lz |
+ qd 1 − z2 .
(4)
qp =
|L|
|L|

2.2.3 Rest-frame intrinsic colours
In order to ascertain the sensitivity of our measurements to galaxy
colours, we compute the absolute AB magnitudes and rest-frame
colours of the mock galaxies using single stellar population models
from Bruzual & Charlot (2003) adopting a Salpeter initial mass
function. Each star particle contributes a flux per frequency that
depends on its mass, age and metallicity. The sum of the contribution
of all star particles is passed through u, g, r or i filter bands from
the Sloan Digital Sky Survey (SDSS). Fluxes are expressed as restframe quantities (i.e. that do not take into account the redshifting of
spectra) and, for the sake of simplicity, dust extinction is neglected.
Once all the star particles have been assigned a flux in each of
the colour channels, we build the 2D projected maps for individual
galaxies (satellites are excised with the galaxy finder). Summing
up the contribution of their stars yields the galaxy luminosity in a
given filter band.
Thorough this work, we will investigate the alignment properties
of galaxies filtered by their colours. We separate our catalogue in
three colour bins (in u − r) such that the number of galaxy in each
is identical. Our bluest subset corresponds to u − r < 0.78 while
the reddest one has u − r > 1.1. This choice insures a similar noise
level in all of our measurements.
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Figure 2. Cumulative PDF of the cosine of the angle, cos τ , between the galaxy spin and the minor (green solid), intermediate (red dashed) and major (blue
dot–dashed) axis of the inertia tensor of the galaxy at z = 1.2. Galaxies tend to align their spin with the minor axis. The most massive galaxies, which are more
likely dominated by dispersion rather than rotation, show less correlation.
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3 INTRINSIC ALIGNMENTS IN THE
CONTEXT OF COSMIC SHEAR STUDIES

=

3H02 0
2c2



χs

dχ
0

(χs − χ )χ δ(χ θ, χ )
,
χs
a(χ )

(5)

where χ is the comoving distance, a the expansion factor, δ the
density contrast and  the three-dimensional gravitational potential
are related by the Poisson equation:
 =

3H02 0
δ.
2a

(6)

This can easily be generalized to a population of sources with a
broad redshift distribution (Bartelmann & Schneider 2001).
The relation between  and δ can be cast into a relation between
the lensing potential φ and effective convergence κ, and the effective
shear γ i , which involves the traceless parts of the projected tidal
tensor. All these quantities are defined by

 χs
(χs − χ )χ
1 ∂2 φ
∂2 φ
2
dχ
, κ =
+
,
(7)
φ= 2
2
c 0
χs
2 ∂θ1
∂θ22
1
γ1 =
2



∂2 φ
∂2 φ
−
2
∂θ1
∂θ22

,

γ2 =

∂2 φ
.
∂θ1 ∂θ2

(8)

It is generally suitable to treat the shear in complex notations
γ = γ 1 + iγ 2 . This quantity is most easily accessible as it captures
the amount of anisotropic distortion a light bundle experiences on
its way from a distant source to the observer. Therefore, the observed ellipticity of such a source, in the weak lensing regime of
small distortions, is directly related to the shear. Indeed, by also
defining a complex ellipticity e = e1 + ie2 = |e|e2iψ , such that
|e| = (1 − q)/(1 + q) and q = b/a is the major (a) to minor (b) axis
ratio, we have
e = es + γ ,

(9)

where e is the apparent ellipticity and es the intrinsic source ellipticity (the one we would have observed without lensing).
An important statistics of this cosmic shear distortion field is the
two-point correlation of projected ellipticities that can formally be
split into the following components:
e(ϑ)e(ϑ + θ)

ϑ

= es es + 2 es γ

+ γγ

,

(10)

where, for compactness, the prime means at an angular distance
θ from the first location. The cosmological weak lensing signal

3

Simplified to a flat Universe case.

is commonly decomposed into the ξ + and ξ − shear correlation
functions. Following Schneider et al. (2002), ξ ± is given by
 ∞
1
d Pκ ()J0/4 (θ ),
ξ± (θ ) = γ+ γ+ ± γ× γ× =
2π 0
where J0 and J4 are the 0th- and 4th-order Bessel functions for ξ +
and ξ − , respectively. In this expression, γ + (respectively γ × ) is
the component of the complex shear orientated 0/90o (respectively
±45o ) with respect to the line connecting two galaxies separated by
a projected distance θ .
The fundamental assumption of weak lensing, which allows to
infer shear properties from observed ellipticities, is that, on average, the intrinsic orientation of sources is completely random. The
breakdown of this hypothesis yields additional terms to γ γ on
the right-hand side of equation (10) that have to be carefully accounted for in observations. The weak lensing signal is therefore
contaminated by the two kinds of IA.
(i) The so-called ‘II’ term es es induced by the intrinsic correlation of the shape of galaxies in the source plane (Croft & Metzler
2000; Heavens et al. 2000; Catelan, Kamionkowski & Blandford
2001). This mostly concerns pairs of galaxies that are at similar
redshifts.
(ii) The so-called ‘GI’ term es γ coming from correlation between the intrinsic ellipticity of a galaxy and the induced ellipticity
(or shear) of a source at higher redshift (Hirata & Seljak 2004;
Heymans et al. 2006; Joachimi et al. 2011). This non-trivial term is
indirectly explained if the shape of galaxies is correlated with the
local gravitational tidal field, which also contributes to the shear
signal experienced by the far source in a given pair of observed
ellipticities.
In this work we propose to measure these two effects in the
simulation, Section 4 being devoted to the ‘GI’ term
(essentially captured by spin–tidal field correlations) and Section 5
to the ‘II’ term (essentially captured by spin–spin correlations).
Before presenting those results, we also give here some guidelines
on the way projected correlation functions are worked out in the
simulation. In Section 2.2.2, we presented our method for relating
three-dimensional galaxy spins L to projected ellipticities in the
plane of the sky. It is based on the ansatz that the axis ratio of our
galaxies is well approximated by q = |Lz |/|L|, where z is the line
of sight direction. The orientation of the major axis of the projected
ellipse is ψ = π/2 − arctan(Ly /Lx ). The projected ellipticities can
easily be mapped from Cartesian (1,2) coordinates to the ( +, ×)
frame attached to the separation of a given galaxy pair according to
the geometric transformation:
HORIZON-AGN

e+ = −e1 cos(2β) − e2 sin(2β),

(11)

e× =

(12)

e1 sin(2β) − e2 cos(2β),

where β is the angle between the separation and the first Cartesian
coordinate.
With those prescriptions, we can estimate the projected correlation functions for a given projected separation θ. For the II component (dropping the subscript s), this reads
ξ+II (θ ) = e+ e+ + e× e× .

(13)

Beyond this 2D measurement, and to limit the dilution of the IA
signal with projected angular distances, we will also measure the
correlation as a function of the 3D comoving galaxy separation
whilst still considering 2D ellipticities as the result of the projection
MNRAS 448, 3391–3404 (2015)
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Weak lensing uses the apparent deformation of the shapes of galaxies on the sky to map the gravitational potential or measure its
statistical properties like its power spectrum. The projected surface
mass density, integrated along the line of sight to distant sources, is
often preferred over the potential although they are trivially related
by the Poisson equation. The effective convergence κ, which is
nothing but the dimensionless projected density, is statistically described by its power spectrum Pκ () as a function of wavenumber .
For a source at comoving distance χ s , we can write the convergence
at an angular position θ (Bartelmann & Schneider 2001):3


 χs
1
(χs − χ )χ ∂2
∂2
κ(θ, χs ) = 2
dχ
+ 2 ,
c 0
χs
∂x 2
∂y

3395
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along a specific line of sight. We call this correlation function η(r)
following the notations of Heymans et al. (2006) and Joachimi et al.
(2013b):
η(r) = e+ (x)e+ (x + r) + e× (x)e× (x + r) x ,

(14)

where r is the 3D galaxy pair separation.
4 S P I N – T I DA L T E N S O R C O R R E L AT I O N S

1
(15)
Tij = ∂ij  −  δij ,
3
where  is the gravitational potential and δ ij the Kronecker δ function. The minor, intermediate and major eigendirections of the tidal
tensor Tij are called e1 , e2 and e3 corresponding to the ordered
eigenvalues λ1 ≤ λ2 ≤ λ3 of the Hessian of the gravitational potential, ∂ij  (with which the tidal tensor shares the eigendirections).
In the filamentary regions, e1 gives the direction of the filament (see
Fig. 1), while the walls are collapsing along e3 and extend, locally,
in the plane spanned by e1 and e2 (Pogosyan, Bond & Kofman
1998).
The tidal shear tensor smoothed on scale Rs , Tij = ∂ij Rs −
Rs δij /3, is computed via fast Fourier transform of the density
field (including DM, stars, gas and BHs) sampled on a 5123 Cartesian grid and convolved with a Gaussian filter of comoving scale
Rs = 200 h−1 kpc:

3H02 0
ki kj
∂ij Rs (x) =
d3 k δ(k) 2 WG (kRs ) exp (i k· x) ,
2a
k
where δ(k) is the Fourier transform of the sampled density field and
WG a Gaussian filter.
4.1 One-point cross-correlations
We begin with a measurement of the correlations between the spin
and the eigendirections of the tidal tensor at the same spatial position. In practice, we compute the cosine of the angle between
the spin of the galaxies and the three eigendirections of the local
tidal tensor cos θ = L · ei /|L|. The resulting histogram is shown in
Fig. 3. The spin is preferentially aligned with the minor eigendirection (i.e. the filaments) in agreement with the spin–filament correlations detected by Dubois et al. (2014) at redshift z ∼ 1.83. To
a lower extent, some alignment is found with the direction of the
intermediate axis.
When galaxies are binned in mass (see Fig. 4), it appears that the
most massive galaxies tend to have a spin lying in the plane (e2 , e3 )
perpendicular to the filaments, while the less massive galaxies have
their spin aligned with e1 . The transition occurs at stellar masses
MNRAS 448, 3391–3404 (2015)

Figure 3. Excess probability of alignment between the spin of galaxies
and the minor, intermediate or major axis (respectively cyan, purple and
magenta) of the tidal tensor in the HORIZON-AGN simulation. The error bars
represent the Poisson noise. The spin of galaxies tends to align with the
minor eigendirection. Figs 4 and 5 investigate how this alignment changes
with, respectively, galactic mass and colour.

about 4 × 1010 M . We conclude that the spins of galaxies are definitely influenced by their surrounding environment differentially
with their mass.
Those findings follow very closely what can be found for DM
haloes, as detailed in Appendix A where a similar analysis for the
alignment of the spin of the DM haloes with the local tidal tensor is
carried out. Fig. A1 clearly exhibits the same qualitative correlation
as galaxies, namely a transition at a halo mass ∼5 × 1011 M from
spins aligned with e1 , at low mass, to spins oriented in the plane
(e2 , e3 ) at high mass. This is consistent with previous works based on
pure DM simulations (Aragón-Calvo et al. 2007; Hahn et al. 2007a;
Paz et al. 2008; Zhang et al. 2009; Codis et al. 2012; Aragón-Calvo
2013; Libeskind et al. 2013, see in particular fig. 3 in Codis et al.
2012).
The colour of galaxies is a quantity more readily accessible to
observations. It is therefore of interest to see how different galaxy
colours implies different IA as it would provide means on how
to leverage this effect. Fig. 5 displays the correlations between
galactic spins, and the tidal field for different colours as labelled (see
Section 2.2.3 for details about the extraction of galactic colours).
The width of the colour bins has been chosen such that there is the
same number of objects in each subset of galaxies. On average, the
bluest galaxies (defined here by u − r < 0.78) are more correlated
with the tidal eigendirections than the red galaxies (u − r > 1.1
here). This can be easily understood from the fact that red galaxies
are typically massive, while blue galaxies are often small-mass
galaxies. At that redshift (z ∼ 1.2), this implies that red galaxies
correspond to objects around the transition mass, whereas blue
galaxies are mostly aligned with e1 . At lower redshift, we expect
the population of massive galaxies perpendicular to e1 to increase,
so that red galaxies become more correlated. Obviously, we should
also keep in mind that applying additional selection cuts on the
galaxy samples (mass, luminosity, etc.) would change the level of
correlation. For instance, red galaxies above 4 × 1010 M are more
correlated than the whole population of red galaxies.
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In the context of weak lensing surveys, IA can occur through correlations between the shear induced by the gravitational potential in
the lens plane, and the intrinsic ellipticity of galaxies in the source
plane. Here, we aim to assess the extent to which the tidal tensor and
the galactic spins correlate in the HORIZON-AGN simulation described
in Section 2. For this purpose, we first measure in Section 4.1 the
one-point correlation between the spins and the tidal tensor. Then,
Section 4.2 is devoted to the measurements of the two-point correlations between the spins and the tidal tensor as a function of the
separation.
To study the correlations between the spin direction and the surrounding gravitational tidal field of the galaxies resolved in the
HORIZON-AGN simulation, we measure the components of the 3D
(traceless) tidal shear tensor defined as
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Figure 5. Same as Fig. 4 but for different galaxy colours as labelled, meaning that the left-hand, middle and right-hand panels, respectively, show the PDF of
the angle between the e1 , e2 and e3 directions of the tidal tensor and the galactic spins. The bluer the galaxy, the larger the correlations with the surrounding
tidal field. Hence red galaxies are less sensitive to IA.

4.2 Two-point cross-correlations
While the aforementioned measurements have been performed at
the same spatial location, it is also of interest in the context of
weak lensing studies to quantify how this signal pervades when the
separation between galaxies increases. Because the tidal field in the
vicinity of a galaxy contributes also to the lensing signal carried
by more distant galaxies, it is clear that the spin—-tidal tensor
cross-correlation is closely related to the so-called GI term in the
weak lensing terminology. To address that question, we measure
the correlations between the spins and the eigendirections of the
tidal tensor at comoving distance r. In practice, we compute for
each pair of galaxies–grid cell (the tidal field being sampled on a
5123 Cartesian grid) their relative separation and the angle between
the spin of the galaxy and the three eigendirections of the tidal
tensor in the corresponding grid cell. We finally do a histogram of
these quantities. The results are shown in Fig. 6, which displays the
PDF of the cosine of the angle between the spins and e1 , e2 , e3 as a
function of the separation, and Fig. 7, which shows on the same plot
the mean angle with e1 (cyan), e2 (purple) and e3 (magenta). As
expected, the spin and the tidal eigendirections de-correlate with
increasing separation. However, whereas the signal vanishes on
scales r > 3 h−1 Mpc for the spin to intermediate tidal eigendirection

correlation, it persists on distances as large as ∼10 h−1 Mpc for the
minor and major eigendirections of the tidal tensor.
5 S P I N – S P I N AU T O C O R R E L AT I O N S
In the previous section, we focused on the correlations between
the spins and the tidal tensor eigendirections as it is related to the
‘GI term’ which is induced by correlations between the ellipticities
and the cosmic shear. We will now investigate the second source
of IA that comes from the autocorrelations of the intrinsic ellipticities of galaxies. For that purpose, we study first the spin–spin
two-point correlation as a function of the galaxy pair separation
(Section 5.1), before turning to the projected ellipticity two-point
correlation function (Section 5.2).
5.1 3D spin–spin autocorrelations
We begin with the autocorrelation of the direction of the spins as
a function of the galaxy pair separation (in other words, the mean
angle between the spin of two galaxies separated by a distance r). We
select galaxies of different stellar masses: 2 × 108 < Ms < 3 × 109 ,
3 × 109 < Ms < 4 × 1010 and Ms > 4 × 1010 M and different
MNRAS 448, 3391–3404 (2015)
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Figure 4. PDF of the cosine of the angle between the spin of galaxies and the minor/intermediate/major axis (from left to right) of the tidal tensor in the
8
9
HORIZON-AGN simulation when the sample is separated into three different mass bins (solid lines for stellar mass between 2 × 10 and 3 × 10 M , dashed
lines for stellar mass between 3 × 109 and 4 × 1010 M and dotted lines for stellar mass between 4 × 1010 and 6 × 1011 M ). The error bars represent the
Poisson noise and are only shown for e1 (left-hand panel) since they are the same for e2 (middle panel) and e3 (right-hand panel). The spin of galaxies tends
to align with the minor eigendirection at small mass and becomes perpendicular to it at larger mass.
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5.2 2D ellipticity–ellipticity correlations

Figure 7. Mean angle between the spin and the tidal eigendirections as a
function of the separation. Error bars represent the 1σ error on the mean
when cutting the statistics into 32 subsets. The spins are aligned with the
minor direction (cyan) and to some extent with the intermediate eigendirection (purple) at small distance and decorrelate on different scales. The
alignment with e1 and e3 pervade on scales of about 10 h−1 Mpc but is
reduced to ∼3 h−1 Mpc for the intermediate direction.

colours. For each pair of such galaxies separated by a comoving
distance r, we measure the angle between their respective spin, and
compute the square of the cosine of this angle, cos 2 α (as the polarity
is of no interest for weak lensing), in Fig. 8. Error bars represent
cos4 θ − cos2 θ 2 /N .
the error on the mean
We do not detect any significant spin correlation either among red
galaxies or between red and blue galaxies. Conversely we measure
a significant spin correlation for blue galaxies out to at least a
comoving distance of 10 h−1 Mpc. We also see that the correlation
amplitude is strong for low- and intermediate-mass galaxies. The
signal for the most massive galaxies or red galaxies is compatible
with zero correlation at any distance. The importance of grid locking
on these correlation is estimated in Section 6 where it is shown that
it is not significant.
MNRAS 448, 3391–3404 (2015)

The two quantities ξ+II and η(r) defined in Section 3 are measured
on our synthetic data and shown in Fig. 9. The panels in the top row
show our findings for η(r) for three populations of galaxies where
we choose a direction [here (0.34, 0.06, 0.94) in Cartesian coordinates] in the box different from the grid as the line of sight. Like the
previous 3D analysis, there is a striking difference of behaviour between red and blue galaxies, the latter showing a strong correlation
signal for the statistics of η with a typical amplitude of ∼3 × 10−3
between 1 and 5 h−1 Mpc. On the other hand, the correlation for red
galaxies is compatible with zero. We can therefore anticipate that
blue galaxies at redshift ∼1.2 should be affected by IA, leaving the
possibility of a substantial contamination of the weak lensing signal.
The bottom panels of Fig. 9 show the amplitude of the correlation
function ξ+II (θ ) as a function of the angular galaxy pairs separation.4
It is significant and comparable to the cosmic shear amplitude all
the way to ∼13 arcmin.
Let us now compare our findings to the recent study of Joachimi
et al. (2013b), which is based on a semi-analytical model of galaxy
formation. At first glance, we draw opposite conclusions, as we
measure a strong level of IA for blue galaxies and no noticeable
signal for red galaxies, whereas Joachimi et al. predict a strong
alignment of red galaxies (η ∼ 10−2 at z = 1.5 and r = 1 h−1 Mpc)
and a low level of alignment of blue galaxies ( 3 × 10−4 at r =
1 h−1 Mpc, compatible with zero correlation). Yet, several important
differences should be emphasized.
(i) All our galaxies are assumed to be thin discs with a value
qd = 0 in equation (4) whereas Joachimi et al. explore two values
qd = 0.1 and 0.25 for late-type galaxies. Recall that our choice of
qd = 0 will tend to maximize the amplitude of projected ellipticities.
We repeated the measurement of ξ+II assuming a value of qd = 0.25
which assumes quite a strong thickening of the disc. The net result
shown in Fig. 10 is to decrease the normalization of ξ+II for blue
galaxies by a factor of ∼3, to a typical amplitude of ξ+II  2 × 10−4
4 Note that a 1 h−1 Mpc comoving transverse distance corresponds to an
angular size of 1.3 arcmin at this redshift.
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Figure 6. PDF of the cosine of the angle between the spin of galaxies and the tidal tensor (smoothed on 0.4 h−1 Mpc) eigendirections e1 (left-hand panel),
e2 (middle panel) and e3 (right-hand panel) at two locations separated by r < 10 h−1 Mpc (comoving), the separation being colour coded from red to blue. For
the sake of readability, the 1σ error on the mean estimating from 32 random resamples is displayed only on the left-hand panel. The spins are more likely to be
aligned with e1 and to a lesser extent with e2 at short distance in agreement with the one-point PDF shown in Fig. 3; this signal decreases when the separation
increases as expected. This de-correlation is faster for e2 than for the other two eigendirections, going from a few to 10 h−1 Mpc.

Intrinsic alignment of galaxies

3399

between 1 and 5 h−1 Mpc at z ∼ 1.2 (but for intermediate-mass
galaxies, the amplitude of the correlation remains qualitatively the
same).
(ii) Our distinction of red and blue galaxies may not correspond
exactly to their early- and late-type classification. For instance, our
red galaxies sample is dominated by low-mass red satellite instead
of massive red central galaxies. But this effect cannot fully explain
the difference.
(iii) To assign a spin to their late-type galaxies (somehow equivalent to our blue sample), Joachimi et al. used the results of Bett
(2012) for the alignment between the DM halo spin orientation and
the galaxy spin at redshift zero. These were obtained with several
hydrodynamical zoom simulations in a ∼12.5 or ∼20 h−1 Mpc size
volume. As shown in Fig. A2, we find at redshift z ∼ 1.2 a somewhat
weaker alignment between galaxy and halo spins than Bett (2012).
Naively, this fact should produce weaker two-point galaxy spin–
spin correlation than the Joachimi et al. results. However, Dubois
et al. (2014) showed that the spin of galaxies are in fact as correlated with the large-scale filaments as their DM host halo. This
is a consequence of cold flows that advect efficiently the cosmic
angular momentum all the way to galaxies at the centre of dark
haloes (Kimm et al. 2011; Pichon et al. 2011; Danovich et al. 2012;
Stewart et al. 2013). Therefore semi-analytic models, which chain
the de-correlation between the large-scale structure and the halo,

and that between the halo and the disc galaxies, will most certainly
underestimate the correlation of these galaxies with the large-scale
structure.
(iv) Conversely, the most likely explanation for the discrepancy
of the red population is twofold. First, the red galaxies here are
objects around the transition mass. Hence, part of them have their
spin aligned with the surrounding filament (below the transition
mass), while the others have their spin perpendicular to it (above
the transition mass). Therefore, on average no correlation is detected
among that sample. Nevertheless, for larger mass and lower redshift,
this population is expected to become more strongly perpendicular
to the filaments and thus more correlated. Again, one should bear
in mind that any selection (mass, colour, luminosity, etc.) may bias
significantly the two-point ellipticity correlations. Second, spins
alone may not fully capture the shape of non-rotating, mostly triaxial
early-type galaxies. We defer for future work a thorough analysis of
ellipticity alignments with the inertia tensor of galaxies as a proxy
for ellipticity.
Note finally that the coherence of the large-scale structure
is expected to be higher with increasing redshift. We may
therefore speculate that, at later times, the intrinsic correlation of spins will decrease (see also Lee et al. 2008; Joachimi
et al. 2013b).

MNRAS 448, 3391–3404 (2015)
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Figure 8. 3D spin–spin two-point correlation function of galaxy as a function of the comoving separation for a range of stellar masses: 2 × 108 < Ms <
3 × 109 M (top left-hand panel), 3 × 109 < Ms < 4 × 1010 M (top centre panel) and Ms > 4 × 1010 M (top right-hand panel), or colours: blue galaxies,
i.e. u − r < 0.78 (bottom left-hand panel), red galaxies, i.e. u − r > 1.1 (bottom right-hand panel) and the cross-correlations between blue and red galaxies
(bottom centre panel). Note that for blue and red galaxies we also apply a mass cut below 109 M (i.e. 300 star particles). Error bars represent the error on
the mean. Here we choose to display the mean square cosine between two spins (separated by the comoving distance r) as the polarity is not relevant to weak
lensing studies. For a uniform random distribution, the expectation is 1/3 (dashed line). Blue galaxies and small-to-middle mass galaxies are indeed correlated
on the scale of the typical size of filaments, 10 h−1 Mpc, whereas red and high-mass galaxies do not show a significant correlation.
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Figure 10. Same as bottom panels of Fig. 9 for thicker discs qd = 0.25.

6 GRID LOCKING EFFECT ON SPIN
ALIGNMENTS
Grid locking effects are a concern for spin–spin correlation functions when using grid-based codes such as AMR (see also Dubois
et al. 2014 for details about how spins are correlated with the Cartesian grid). The alignments of the spins with the grid are shown in
Fig 11. To investigate this effect on the two-point statistics studied

MNRAS 448, 3391–3404 (2015)

in this work, we compute the same statistics (spin–spin correlation
functions and its 2D counterpart, ξ+II ) after a random permutation of
the spins in the box. This allows us to keep the same one-point distribution of spins on the sphere, including the corresponding level
of grid locking, but to remove the physical two-point correlations
(the box size being much larger than the typical correlation length).
Thus any signal in the data, relative to the random permutation of
spins, should be physical and not induced by grid locking. Fig. 12
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Figure 9. Correlation functions of the projected ellipticity η(r) for the ∼58 000 middle-mass (left-hand panels), ∼25 000 blue (middle panels) and ∼25 000
red (right-hand panels) galaxies as a function of the comoving 3D separation r, in the top row, and as a function of the (projected) angular separation θ in the
bottom row; this latter quantity being closer to observations, we call it ξ+II . Note the change in scale from one row to the other and the additional mass cut below
109 M (i.e. 300 star particles).
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Let us also assume that the spin contributions coming from grid
locking do not depend on spatial location. Then ss (x)sgl (x + r)
and sgl (x)sgl (x + r) do not depend on r, i.e. those terms are
constant. Therefore one can write
s(x)s(x + r) = ss (x)ss (x + r) + C.

If one permutes all the spins in the box the physical two-point correlation of spins ss (x)ss (x + r) goes to zero if the box is large
enough and C remains C as it does not depend on the spatial coordinates. We therefore measured this term in the simulation and
found that |C|  10−4 , which is below the statistical uncertainties
currently plaguing our physical measurements. If grid locking does
not depend on spatial location, we can conclude that the measured
spin–spin correlation function is not significantly biased.
Another test that one can perform is to restrict the analysis to the
galaxies that are less grid locked. We therefore measured the spin–
spin correlation function for the most massive galaxies (that were
shown to be the least sensitive to grid locking in Fig. 11). The result
is displayed in Fig. 13. As the signal remains qualitatively the same
(the amplitude is even larger), we conclude that grid locking cannot
be the main source of spin correlations measured in the simulation.
Note that this test does not make any assumption on the physical
origin of grid locking.
The only way to go beyond the tests proposed in this section
would be to compare our results with similar cosmological hydrodynamics simulations performed using a technique which does not
suffer from grid locking, but this is clearly beyond the scope of this
paper.
7 S U M M A RY A N D C O N C L U S I O N

Figure 12. ξ+II , the two-point projected ellipticity correlation function for
intermediate-mass, blue and red galaxies when spins are randomly swapped
in the box. The three panels are statistically compatible with non-correlation,
meaning that grid locking does not introduce significant ellipticity correlations. This allows us to assume that the correlations detected in Fig. 9 are
physical and not due to grid locking effects.

shows the result for different populations of galaxies (blue, red and
intermediate mass). It appears that all those correlations are consistent with ξ+II = 0, implying that the results presented in the main
text (e.g. Fig. 9) are not significantly biased by grid locking. The
same conclusion holds for spin–spin correlations and η(r).
To be more precise, let us assume that the spin of a galaxy in
the simulation is the superposition of the ‘real’ spin plus a numerical contribution coming from grid locking s = ss + sgl where
we neglect normalizations (all spins are of norm 1 here). Then the
two-point function of the measured spin of galaxies reads
s(x)s(x + r) = ss (x)ss (x + r) + 2 ss (x)sgl (x + r)
+ sgl (x)sgl (x + r) .

(16)

Using the HORIZON-AGN simulation, we have shown that low-mass
galaxies tend to have their spin aligned with the local tidal field minor eigendirection (the filamentary direction), whereas more massive galaxies (Ms > 4 × 1010 M at redshift one) have their spin
mostly aligned with the major tidal eigendirection (i.e. perpendicular to walls and filaments). The corresponding two-point correlation decreases with the comoving separation out to scales as
large as ∼10 h−1 Mpc, with a faster de-correlation for the spin-tothe-intermediate-axis direction (∼3 h−1 Mpc), a result consistent
with Lagrangian theory in this context (Codis et al., in preparation). Those results depend on the properties of galaxies, in particular on their mass and intrinsic colour. For instance, it was
clearly found that at z  1.2 in the HORIZON-AGN simulation, blue
galaxies and intermediate-mass galaxies are significantly correlated with the gravitational tidal field whereas red and massive
galaxies do not show any correlations. We reach identical conclusions when studying the alignment of galaxy spins with one
another, namely that the spins of galaxies are also correlated on
similar scales (∼10 h−1 Mpc) and are similarly colour and mass
dependent.
We have also investigated how spin–spin correlations project
into weak lensing observables like the shear correlation function
ξ + , these correlations being cast into the so-called II contributions
to IA. As in 3D, a ξ+II correlation at a level of a few 10−4 is found for
blue and intermediate-mass galaxies out to separations of  10 arcmin for sources at redshift ∼1.2. The results for blue galaxies
are in broad agreement with the recent work of Joachimi et al.
(2013b), who combine observational results on IA from the Cosmic
Evolution Survey (COSMOS) and predictions from semi-analytical
models applied to DM-only simulations. The effect of grid locking
on the two-point functions was shown to be subdominant. However,
MNRAS 448, 3391–3404 (2015)
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Figure 11. Excess probability of alignment, ξ , between the spins and the
grid axes for different bins of mass. The most massive galaxies (blue solid
line) are the least prone to grid locking. Note that the displayed plot is the
mean on the PDF obtained for the x, y and z axes.

(17)
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to go beyond this qualitative statement and accurately quantify the
effect of grid locking, one would need to perform a similar simulation using a numerical technique insensitive to this specific systematic error, such as smoothed particle hydrodynamics (SPH) or
unstructured mesh.
Presently, the ‘spin-gives-ellipticity’ prescription allows one to
quantify the new insights that large volume hydrodynamical cosmological simulations bring to the issue of IA. For instance, the
large-scale coherence of gas motions advected all the way to the
centre of galaxies through cold flows regardless of the DM behaviour can uniquely be captured by such simulations (Kimm et al.
2011). Large-scale dynamics imprint their coherence and morphology (filaments, walls, voids) on to the spin of galaxies. This complex
topology is likely to have an even more prominent impact on higher
order statistics beyond the shear two-point correlation function.
Attempts to capture such effects with simple halo occupancy distribution prescriptions may therefore fail at high redshift (z  0.8),
which is the place where galaxies carry more cosmological lensing signal and is also, to large extent, the population of sources
targeted by future surveys like Euclid or LSST. The challenge for
simulations is to cover large cosmological volumes while preserving a sufficient resolution so that baryonic physics (star formation,
feedback processes, etc.) is correctly treated.
When the HORIZON-AGN simulation reaches redshift zero, we will
be in a good position to compare our findings with existing observations. In order to get a good match for massive red galaxies,
we will certainly adopt a different ansatz for our recipe – currently
based on a thin disc approximation – and use directly the resolved
shape of massive galaxies as a proxy for the projected ellipticities. However, this concerns only a small fraction of the galaxies
that made up the typical weak lensing catalogues of background
sources. Once the HORIZON-AGN light-cone is completed, we will
estimate more realistic galactic shapes, taking full account of the
spectral energy distribution of young and old stars (giving a nontrivial weight to the relative contribution of the disc and the bulge)
into a well chosen rest-frame filter (e.g. using the broad Euclid VIS
band), and more precisely mimicking observational selection effects (i.e. a flux-limited sample of background sources will capture
specific populations of sources at a given redshift). This will allow
MNRAS 448, 3391–3404 (2015)

us to quantify the amount of contamination from IA expected in real
surveys, and possibly mitigate their nuisance by selecting galaxies
that are less prone to IA based on colour.
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Fig. A1 displays the PDF of the cosine of the angle between the
tidal eigendirections and the spin of DM haloes of different masses.
The same qualitative behaviour as for galaxies is detected: the less
massive haloes have a spin preferentially aligned with e1 (somehow

Figure A1. Same as Fig. 3 for DM haloes in the HORIZON-AGN simulation. The three different axes of the tidal tensor are colour coded from cyan (e1 ) to
magenta (e3 ) through purple (e2 ). Different mass bins are coded from solid (1010 –1011 M ) to dotted (1012 –1013 M ) through dashed lines (1011 –1012 M ).
A transition is detected: the spin of high-mass haloes tends to be aligned with the intermediate (centre purple panel) and with less probability major (right-hand
magenta panel) principal axis, whereas the spin of low-mass haloes is more likely to point along the minor axis (left-hand cyan panel). Those findings are
consistent with previous studies of DM-only simulations.
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the filaments) while higher masses have their spin perpendicular
to it (in agreement with what previous studies found in DM-only
simulations).
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Figure A2. PDF of the cosine of the angle between the spin of the DM halo
and that of the galaxy in our simulation at z = 1.2 (solid) and from Hahn
et al. (2010) at z = 1 (red diamonds), from Bett et al. (2010) (pink stars)
and from Deason et al. (2011) (blue triangles) both at z = 0. The dotted
line refers to a uniform isotropic distribution. Error bars are the 1σ standard
deviation for Poisson statistics.

Fig. A2 shows the PDF of the cosine of the angle between the spin
of the DM halo and the spin of the galaxy for ∼32 000 pairs at z = 1.2
for haloes with virial mass Mh > 1011 M . We compare our result
to that of Hahn et al. (2010) (z = 1, Mh > 1011 M , 89 pairs), Bett
et al. (2010) (z = 0, Mh > 5 × 109 M , 99 pairs) and Deason et al.
(2011) (z = 0, 5 × 1011 < Mh < 5 × 1012 M , 431 pairs). It shows
that galaxies are slightly less aligned with their host DM halo in
our HORIZON-AGN simulation than what is found by other works, and
used in the semi-analytic model of Joachimi et al. (2013b) (based
on Bett et al. 2010; Deason et al. 2011), even though all results
are compatible within 2σ error bars. This slight difference might
originate from AMR (HORIZON-AGN; Hahn et al. 2010) versus SPH
(Bett et al. 2010; Deason et al. 2011), the persistence of cold flows
(Nelson et al. 2013), disc versus elliptical galaxies (Scannapieco
et al. 2012), representativity of their resimulations, etc. Note that
both AMR runs (HORIZON-AGN and that of Hahn et al. 2010 performed
with the RAMSES code as well) at the same redshift are in better
agreement.

