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as they are insensitive to the generally very complex angular selection function of weak-lensing quality photometric
survey data. Since the shear is a complex quantity, one can obtain three real-valued correlation functions of which
only the two given above contain cosmological information (the third vanishes if parity is conserved). The correlation
functions are given in terms of the tangential ellipticity component ✏+ = �Re(✏ e2i') and the cross component ✏⇥ =
�Im(✏ e2i'), where the polar angle ' is measured against the line connecting the pair of galaxies3. The averages in
Equation (8) are calculated by summing the corresponding products of ellipticity components over all galaxy pairs in
a given angular separation bin centred on ✓.

Other statistical measures with desirable properties can be derived from the shear correlation functions, for instance
the aperture mass dispersion (Schneider et al. 1998), which to a good approximation separates the field of gravitational
shears into a curl-free and a divergence-free part, called E- and B-modes respectively, in analogy to decompositions
of polarisation. Gravitational lensing e↵ects only generate a negligible level of B-modes through higher-order e↵ects,
so estimates of B-mode shear correlations can therefore be employed as a test for systematic e↵ects in the shape
measurement process. Moreover, the source galaxies are often split into redshift slices, which improves cosmological
constraints (Hu 1999), particularly on those parameters that encapsulate evolutionary e↵ects (e.g. the dark energy
equation of state parameters). To perform this tomography, a large number of redshifts for faint galaxies are required,
which is too costly to obtain via spectroscopy. Instead, multi-band photometry, usually in the optical and supplemented
by near-ultraviolet and near-infrared passbands if available, is used to obtain very low-resolution information on the
spectral energy distribution of a galaxy. The precision of these photometric redshifts is limited to a scatter typically
of order 0.05(1 + z). Catastrophic failures can occur e.g. due to the confusion of spectral features like the Balmer
and Lyman breaks, leading to potentially large systematic o↵sets in redshift and hence to groups of outliers in the
line-of-sight distribution of source galaxies that enters Equation (7). The estimation of photometric redshifts and the
characterisation of their quality via calibration samples or clustering measurements is an active field of research (e.g.
Hildebrandt et al. 2010).

Cosmic shear was first detected at the turn of the millennium (Bacon et al. 2000; Kaiser et al. 2000; Van Waerbeke
et al. 2000; Wittman et al. 2000) and is developing into an increasingly mature cosmological probe (e.g. Schrabback
et al. 2010; Heymans et al. 2013; Simpson et al. 2013; Kitching et al. 2014b). The large scatter of intrinsic galaxy
ellipticities limits the signal-to-noise of these measurements, introducing a shot noise-like term in the statistical errors,
so that the e↵orts to measure cosmic shear are driven towards faint galaxy samples in deep surveys with high number
densities. This in turn renders the estimation of gravitational shear from noisy, small and pixelated galaxy images a
challenge, which has spawned large community e↵ort to develop more powerful algorithms (Heymans et al. 2006b;
Massey et al. 2007; Bridle et al. 2010; Kitching et al. 2012; Mandelbaum et al. 2014). In addition to shear estimation
biases and accurate photometric redshift determination, a further key issue for the forthcoming generation of cosmic
shear measurement campaigns are intrinsic galaxy alignments4 which can mimic the correlations expected from cosmic
shear. Using Equation (2) in its weak limit, a generic correlator of two galaxy ellipticities, as is for instance found in
Equation (8), reads
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observed GG II GI

In the following we will adopt a common shorthand notation for the resulting terms: GG for the shear correlation,
which is the desired quantity for cosmological analysis, II for correlations between the intrinsic ellipticities of two
galaxies, and GI for correlations between the gravitational shear acting on one galaxy and the intrinsic shape of another
galaxy. Note that one of the GI terms in Equation (9) is expected to vanish because the shear acting on a galaxy in the

3The minus sign in these definitions ensures that the tangential alignment of shear around an object yields a positive signal. As a caveat, measurements
of galaxy alignments tend to omit the minus sign in related statistics because in this situation the generally expected radial alignment is desired to
yield a positive signal.

4An aside on nomenclature: galaxy alignments often receive the attribute ‘intrinsic’, especially if the physical alignments inherent to the galaxy
population need to be distinguished from the apparent alignments on galaxy images induced by gravitational lensing (occasionally denoted as
‘extrinsic’; see Catelan et al. 2001). The term is also applied in a slightly di↵erent context to distinguish between the physical three-dimensional
shape of a galaxy and its projected shape we observe on the sky (see Sandage et al. 1970 for the earliest occurence that we could trace).
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Fig. 13.— Forecast projected angular power spectra, C(i j)(`), for a tomographic analysis of a wide-field survey based
on the Euclid mission design (Refregier et al. 2010). Upper Right Panels: Gravitational lensing and intrinsic align-
ment terms related to the observed ellipticity auto-correlation (GG, GI, II) and galaxy clustering and cosmic magni-
fication terms related to the number count auto-correlation (gg, gm, mm). Lower Left: Terms related to the cross-
correlation of ellipticity and number counts, including contributions from intrinsic alignment and magnification (gG,
mG, gI, mI). The absolute value of these power spectra are shown but it should be remembered that the GI, gI and
mI contributions are negative in amplitude. See Section 6.4 for more details on these power spectra. The numbers in
the top right corner of each panel denote the tomographic bin pair being considered. There are 10 bins in total, split
so each has roughly the same number density of source galaxies; bin 1 is the lowest redshift bin, while bin 10 is the
highest redshift bin. See Sections 6.1 and 6.4 for detailed descriptions of each term. Reproduced with permission from
Kirk et al. (2012).

(Brown et al. 2002; Bridle & King 2007) and is consistent with the lower end of current observational constraints for
early-type galaxies (Joachimi et al. 2011; Heymans et al. 2013), making the bias predictions realistic for current and
future cosmic shear surveys. It is clear that the results are catastrophically biased. The true fiducial cosmology is
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Fig. 14.— Forecast cosmological constraints for a generic Euclid-like survey, making di↵erent assumptions about
intrinsic alignments. 95% confidence ellipses are shown for the dark energy equation of state parameters, w0 and
wa. Constraints shown have been marginalised over ⌦m, h, �8, ⌦b, ns and nuisance parameters where appropriate,
see Section 6.1 for more details. Left Panel: Impact of incorrect model choice. True model assumed is the non-
linear alignment model (Hirata & Seljak 2004; Bridle & King 2007). The yellow contour shows constraints and bias
on w0,wa when intrinsic alignments are ignored. The blue contour assumes the (incorrect) linear alignment model.
The green contour shows the constraints from nulling, see Section 6.2 for more details. Right Panel: Impact of
marginalising over a robust grid of nuisance parameters in redshift and angular scale and self-calibration with galaxy
clustering information. Each contour uses the non-linear alignment model as the “truth”. The blue contour is the same
as in the left-hand panel i.e. it assumes the (incorrect) linear alignment model. The red contour also assumes the
linear alignment model, marginalised over a 3 ⇥ 3 grid of nuisance parameters in redshift and angular scale. The grey
contour shows the same scenario (assume linear alignment, 3⇥3 nuisance grid) with the inclusion of galaxy clustering
information i.e. self-calibration, see Section 6.4 for more details. The black crosses show the fiducial values of w0,wa.

indicated by a black cross and the forecast contours are o↵ by several standard deviations. The contour that assumes
the linear alignment model (blue) is less biased than that which ignores intrinsic alignments completely because the
linear alignment model replicates the non-linear alignment phenomenology at linear scales.

Cosmic shear in tomographic redshift slices is an approximation of a more general formalism called 3D cosmic
shear, the most notable being the Limber approximation, a binning in redshift. 3D cosmic shear uses the one-point
shear transform coe�cients that are calculated using a spherical-Bessel transform of the data (Heavens 2003). The
impact and mitigation of intrinsic alignments in 3D cosmic shear analysis has been studied in Kitching et al. (2008);
Merkel & Schäfer (2013); Kitching et al. (2014b,a). Results and strategies presented below are framed for tomographic
analyses but can in principle also be applied to the 3D cosmic shear methodology.

6.2. Exploiting redshift dependence

Taking a conservative approach, one can assume a complete lack of knowledge about the physics underlying in-
trinsic alignments and thus the form of the II and GI spectra. In that case the only reliable information left to separate
the weak lensing signal from intrinsic alignments is the redshift dependence of the signals, which is governed by the
redshift distribution of the galaxy samples and their lensing weight functions (see Equations (34) to (35)). Here we
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Spin alignment in filaments and sheets 3

The quantity cos ✓ is obtained as a scalar product be-
tween the two unit vectors: cos ✓ = 1 implies that the
galaxy spin is parallel to ei, while cos ✓ = 0 indicates it
is perpendicular.
The probability distribution function should be com-

pared with the null-hypothesis of random mutual orien-
tation of galaxies and vectors. Due to selection e↵ects,
this is not simply a uniform distribution; neither the in-
clination angles of galaxies nor the distribution of fila-
ment axes (with respect to the line-of-sight) have ran-
dom orientations (see Tempel et al. 2013a). A Monte-
Carlo approximation is used to estimate the distribution
of | cos(✓)| for the case where there are no intrinsic corre-
lations, and to find the confidence intervals for this esti-
mate. This approach takes simultaneously into account
the biases in filament detection (redshift-space distor-
tions) and estimation of galaxy spins.
In order to do so, 10000 randomized samples are gen-

erated in which the orientations (inclination and position
angles) of galaxies are kept fixed, but galaxy locations are
randomly changed between filament points. This gives
the true random orientation angle between the galaxy
spin and filament axis. In principle, the randomized dis-
tribution depends how the filament points are chosen:
based on filament axes, location of galaxies etc. How-
ever, for the current dataset it turns out to be insensi-
tive to that. Using randomized samples the median of
the null-hypothesis of a random alignment is calculated
together with its 95% confidence limits.
The galaxy spin vector is not uniquely defined since we

do not know which side of the galaxy is closer to us. In
order to handle this both spin vectors of a given galaxy
are used. Varela et al. (2012) also tested this approach
with several Monte-Carlo simulations and showed that
the procedure recovers correctly the probability distri-
bution function.

4. RESULTS

4.1. Elliptical galaxies

Figure 1 shows the probability distribution P (| cos ✓|)
for the angle ✓ between the short axes of elliptical galax-
ies and the orientation vectors of filaments/sheets. The
probability distribution is calculated for three principal
vectors: e3, the filament axis; e1 the normal to the sheet
where the filament is located and e2 – a vector perpen-
dicular to these two. In each panel of Fig. 1 we also
show the average hcos(✓)i, the average deviation from
uniform distribution h�i (assuming a Gaussian distribu-
tion where 95% confidence limit corresponds to ±2�) and
the Kolmogorov-Smirnov (KS) test probability pKS that
the sample is drawn from a randomized distribution.
The alignment between filament axes and the short

axes of elliptical galaxies is preferentially perpendicular
as found previously (Tempel et al. 2013a). Note however,
that the filament finding algorithm is di↵erent – Tempel
et al. (2013a) used a locally defined morphological fil-
tering, while here the object point process and global
optimization is used. This shows that the result we ob-
tained are rather robust and it does not depend on the
filament finding algorithm (for fixed filament scale).
Moreover, estimating the short axes of elliptical galax-

ies is tricky since early type galaxies are triaxial ellipsoids
seen in projection. Due to the degeneracy between the
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Figure 1. The orientation probability distribution between the
short axes of elliptical galaxies and the filament/sheet axes. Up-

per panel shows the distribution for vectors parallel to filaments;
middle panel shows the distribution for vectors perpendicular to fil-
ament but parallel to the sheet; lower panel shows the distribution
for vectors perpendicular to the sheet where filament is located.
The black line and the grey filled region show the null-hypothesis
together with its 95% confidence limit. The solid red line shows
the measured alignment signal.

intrinsic oblateness of the galaxy and the inclination an-
gle, it is nearly impossible to properly estimate a spin
axis. The visible short axis of elliptical galaxies however,
is easily observed, while the inclination angle is largely
undefined. Tempel et al. (2013a) showed that the corre-
lation signal arises mostly from position angle of galaxies
and not from inclination angle. This implies that the true
alignment signal is even stronger than what we are able
to measure.
The middle and lower panel in Fig. 1 show the align-

ment signal between the short axes of elliptical galaxies
and the e2- and e1-vector, respectively. The correlation
is practically the same for these two vectors. It shows
that the short axes of elliptical galaxies are preferentially
perpendicular to filaments and the sheet orientation is
not important.
Assuming that the short axis of an elliptical galaxy is

aligned with both its spin axis and the spin of the par-
ent DM halo (however, there might be o↵set up to 30�,
see e.g. Hahn et al. 2010), our findings allow us to com-
ment on the formation mechanism of elliptical galaxies.
It is known that elliptical galaxies formed predominantly
through major mergers (e.g. Sales et al. 2012; Wilman
et al. 2013). In mergers, the rotation axis of the resulting
galaxy tends to be perpendicular to the merger direction.
Our results are consistent with a picture wherein galax-
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Figure 2. The orientation probability distribution between the
spin axes of spiral galaxies and the filament/sheet orientation vec-
tors. The panels and lines are the same as in Fig. 1.

ies are fed with mergers that occur along the filament
within which they are embedded. A similar mechanism
has been proposed for the formation of high-mass DM
halos (Codis et al. 2012).

4.2. Spiral galaxies

Figure 2 shows the correlation for spiral galaxies. The
lines and designations are the same as in Fig. 1. Figure 2
shows that the spin axes of spiral galaxies tend to align
with filaments (upper panel), which is consistent with
previous results (Tempel et al. 2013a). The middle panel

of Fig. 2, indicates that the spin axes of spirals are pref-
erentially perpendicular to the e2-vector. The amount of
correlation is statistically the same as for the e3-vector.
The lower panel of Fig. 2 shows that there is no statisti-
cally significant correlation between the e1-vector (sheet
normal) and the spin axes of spiral galaxies. This implies
that the formation of spiral galaxies is driven by the plane
of the sheet along which most of the matter/gas falls in
to the filaments.
Figure 3 shows the correlation between the spin of spi-

ral galaxies and e2, e3 as a function of distance to the fila-
ment axis. Correlations are considerably stronger (based
on KS-test probabilities) for galaxies that are slightly fur-
ther away (in the range 0.2–0.5h�1Mpc) than those that
are closer (0–0.2h�1Mpc) to the filament axis, which are
consistent with random. This implies that the correla-
tions seen above are actually driven by those galaxies
slightly further way from the main filament axis. This is
consistent with the idea that the origin of the alignment
of angular momentum is related to the regions outside
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Figure 3. The orientation probability distribution between the
spin axes of spiral galaxies and the filament/sheet axes. Left (right)
column shows the alignment signal for galaxies that are close to
(slightly away from) the filament axis. Upper/lower panels show
the correlation for e3-/e2-vector.

filaments, namely sheets, where most of the gas is falling
in from. Along filament axes more chaotic motions dom-
inate. Codis et al. (2012) also shows that the correlation
between the rotation axes of DM halos and filaments is
stronger in outer parts of filaments, supporting our find-
ings.

5. DISCUSSION AND CONCLUSIONS

We have examined the alignment of spiral/elliptical
galaxies with respect to the large-scale cosmic filamen-
tary network. The correlation signal is calculated only
for bright galaxies that are located in filaments, where
we also estimate the sheet orientation. The alignment
between galaxy spins and the axis of filaments/sheets is
characterized by the shape of the probability distribution
of cos ✓, where ✓ is the angle between the two vectors.
A significant correlation between the short axes of el-

liptical galaxies and filament axes is found (the KS-test
p-value is 7.7 · 10�9); these galaxies tend to be spin-
ning perpendicular to the filament axis. For bright spiral
galaxies on the other hand the opposite is found: they
tend to be aligned with the host filament axis. Both these
results confirm earlier findings which employed di↵erent
filament finding algorithms (Tempel et al. 2013a).
In this study, no alignment between the spin axes of

spiral galaxies in filaments and the e1-vector (sheet nor-
mal) is found.
A basic interpretation of filament formation suggests

that as a matter flows towards filaments, it wraps its up,
thus aligning the filament axis with its angular momen-
tum (as well as the vorticity of the filamentary matter,
see Libeskind et al. 2013b). Spiral galaxies which con-
dense out of filaments should thus preserve the perpen-
dicular alignment between their spin and the direction of
matter infall. If gas infall from sheets to filaments is lam-
inar, it gives the parallel alignment between the spin axes
of spiral galaxies and orientation of filaments. Assuming

Tempel, Libeskind, 2013



Horizon-AGN 
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• Simulation content 
• Run with Ramses (AMR) Teyssier (2002) 
• Lbox=100 Mpc/h 

• 10243 DM particles MDM,res=8x107 Msun 

• Finest cell resolution dx=1 kpc 

• Gas cooling & UV background heating 
• Low efficiency star formation 
• Stellar winds + SNII + SNIa 

• O, Fe, C, N, Si, Mg, H 
• AGN feedback radio/quasar 

• Outputs  

• Standard outputs ~200 Myrs 

• Star particles are backed up every 10-20 Myr 

• Lightcones (1°x1°) performed on-the-fly 
• Dark Matter (position, velocity) 
• Gas (position, density, velocity, pressure, chemistry) 
• Stars (position, mass, velocity, age, chemistry) 
• Black holes (position, mass, velocity, accretion rate) 

• z=0 using 10 Mhours on 4096 cores 

• 150 000 galaxies per snapshot (> 50 part.) 

• 7.109 leaf cells (more than Illustris or Eagle)Intrinsic alignment of galaxies 3

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.

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 halos.

2 THE SYNTHETIC UNIVERSE

Let us shortly describe the Horizon-AGN simulation (Sec-
tion 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 ΛCDM cosmology compatible with the WMAP-
7 cosmology (Komatsu et al. 2011) is adopted, with to-
tal 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 con-
stant H0 = 70.4 km s−1 Mpc−1, and ns = 0.967. The
Horizon-AGN simulation has been run with 10243 dark
matter (DM) particles in a Lbox = 100 h−1 Mpc box, so as to
obtain a DM mass resolution of MDM,res = 8× 107 M⊙. The
Adaptive Mesh Refinement code ramses (Teyssier 2002) has
been used to run the simulation with an initial mesh refine-
ment of up to ∆x = 1 kpc (7 levels of refinement). The re-
finement scheme follows a quasi-Lagrangian 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.

A Sutherland & Dopita (1993) model is used to allow
gas cooling by means of H and He cooling down to 104 K with
a contribution from metals. Following Haardt & Madau
(1996), heating from a uniform UV background takes place

after redshift zreion = 10. We model metallicity as a pas-
sive variable for the gas that varies according to the injec-
tion of gas ejecta during supernovae explosions and stel-
lar winds. A Schmidt law is used to model star formation:
ρ̇∗ = ϵ∗ρ/tff , where ρ̇∗ is the star formation rate density,
ϵ∗ = 0.02 (Kennicutt 1998; Krumholz & Tan 2007) the con-
stant star formation efficiency, and tff the local free-fall time
of the gas. We allow star formation where the gas Hy-
drogen number density exceeds n0 = 0.1H cm−3 accord-
ing to a Poisson random process (Rasera & Teyssier 2006;
Dubois & Teyssier 2008) with a stellar mass resolution of
M∗,res = ρ0∆x3 ≃ 2× 106 M⊙.

We model stellar feedback using a Salpeter (1955)
initial mass function with a low-mass (high-mass) cut-off
of 0.1M⊙ (100M⊙). In particular, the mechanical energy
from supernovae type II and stellar winds follows the pre-
scription 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 mod-
elled according to Dubois et al. (2012). A Bondi-Hoyle-
Lyttleton accretion rate onto Black Holes is used 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 or-
der to account for our inability to capture the colder and
higher density regions of the inter-stellar medium. The ef-
fective accretion rate onto BHs is capped at the Eddington
accretion rate: ṀEdd = 4πGMBHmp/(ϵrσTc), where σT is
the Thompson cross-section, c is the speed of light, mp is
the proton mass, and ϵr is the radiative efficiency, assumed
to be equal to ϵr = 0.1 for the Shakura & Sunyaev (1973)

http://horizon-simulation.org


Galactic spins within cosmic filaments 5

Figure 2. Stellar emission of a sample of galaxies in the Horizon-AGN simulation at z = 1.3 observed through rest-frame u, g and
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.

2.2 Mock observations of galaxies

We describe how we produce various observables that can
be compared qualitatively with data from modern observa-
tional surveys. In this paper we focus on observables which
are known to correlate with the Hubble type of galaxies,
namely mass, V/σ, colour, morphological parameters like
Gini and M20, and age.

2.2.1 Identifying and segmenting galaxies

Galaxies are identified with the 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. 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 (defined as sets of star particles segmented by
AdaptaHOP), including those in the process of merging.
Catalogues of around ∼ 150 000 galaxies are produced for
each redshift analysed in this paper from z = 3 to 1.2.

2.2.2 Synthetic colours

We compute the absolute AB magnitudes and rest-frame
colours of galaxies using single stellar population models
from Bruzual & Charlot (2003) assuming a Salpeter IMF.
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 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). We also neglect the contribution to the redden-
ing of spectra from internal (interstellar medium) or exter-
nal (intergalactic medium) dust extinction. Once the flux in
each waveband is obtained for a star particle, we build two-
dimensional projected maps from single galaxies (satellites
are excised with the galaxy finder), and we can sum up the
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We also measure the inertia tensor of a galaxy to char-
acterize its three dimensional shape. This tensor is given by

Iij =
1
M∗

N
∑

n=1

m(n)x(n)
i x(n)

j . (2)

and it is then diagonalised 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). Analogously, we will explore the differences
in measuring galaxy shapes using Equation (2) compared to
the reduced inertia tensor, which is defined by

Ĩij =
1
M∗

N
∑

n=1

m(n) x
(n)
i x(n)

j

r2n
, (3)

where r2n is the three dimensional distance for the stellar
particle n to the center of mass of the galaxy. The reduced
inertia tensor is a closer representation of the shape of a
galaxy as measured for weak gravitational lensing measure-
ments, where the inner (and more luminous) region is up-
weighted with respect to the outskirts. For the reduced in-
ertia tensor, Tenneti et al. (2014) found that the iterative
procedure reduces the impact of the spherically symmetric
r−2 weights, yielding shapes that are not as round as for
the non-iterative procedure. We will consider here the sim-
ple and the reduced inertia tensor cases, and we expect that
the results from applying iterative procedures to define the
galaxy shapes (Schneider, Frenk & Cole 2012; Tenneti et al.
2014) will lie between the two cases considered.

Projected shapes are obtained by summing over i, j =
1, 2 in Equations (2) and (3), and the semiminor and semi-
major axes are correspondingly defined by the eigenvec-
tors of the projected inertia tensors. The axis ratio of the
galaxy, q = b/a, is defined from the eigenvalues of the pro-
jected inertia tensor as the ratio of the minor to major axes
(b =

√
λb, a =

√
λa, where λa is the largest eigenvalue and

λb, the smallest). The components of the complex ellipticity,
typically used in weak lensing measurements, are given by

(e+, e×) =
1− q2

1 + q2
[cos(2φ), sin(2φ)] , (4)

where φ is the orientation angle, + indicates the radial com-
ponent of the ellipticity and × is the 45 deg-rotated compo-
nent. Intrinsic alignments typically manifest themselves as
a net average e+ ellipticity around over-densities. The total

ellipticity of a galaxy is thus e =
√

e2+ + e2×. In this work, ra-

dial alignments have negative e+ and tangential alignments
(as expected from weak gravitational lensing) correspond to
positive e+. No net correlation of the × component with the
matter density field is expected, and this statistic is thus
used to test for systematics in the ellipticity measurement
procedures. We discuss other systematics tests of ellipticity
correlations in detail in Appendix A.

3.1 Convergence tests

Poorly resolved galaxies in the simulation are subject to un-
certainties in their shapes and orientations. We identify two
sources of uncertainties. First, there is the inherent variance
in the shapes that arises from the choice of particles used
in the shape computation. We call this measurement noise,

Figure 1. V/σ as a function of mass for the galaxies used in this
work. The gray circles represent the median and the variance in
10 logarithmic bins of stellar mass. Dwarf and massive galaxies
are pressure-supported, while intermediate-mass have a mixture
of rotation and pressure support. The vertical red dashed lines
represent the cuts corresponding to the different mass bins as in
Codis et al. (2015). The horizontal red dashed lines represent our
cuts in V/σ, chosen such that there is approximately the same
number of galaxies in each V/σ bin.

σmeas, in analogy to the shape measurement from galaxy im-
ages for weak lensing. Second, there is a bias in the ellipticity
and orientation measurement associated to the resolution of
a galaxy, σres. To define the minimum number of particles
needed to obtain the shape of a galaxy, we compare these
two uncertainties to the shape noise that arises from the
dispersion in the intrinsic distribution of the shapes, σe.

The resolution bias is determined by randomly subsam-
pling stellar particles in each galaxy with > 1000 particles.
We compare the ellipticity measured from random subsam-
ples of 50, 100, 300 and 1000 stellar particles for those galax-
ies. The results are shown in Figure 2 and they suggest that
a minimum number of 300 particles in each galaxy has to
be required in order to guarantee that the bias in the el-
lipticity is an order of magnitude below the shape noise:
σ2
res " 0.1 σ2

e . The distributions of galaxy ellipticities are
shown in Figure 3.

We determine σmeas by bootstrap resampling (100
times) the stellar particles used for defining the inertia ten-
sor from the overall population of stellar particles that make
up each galaxy. We compute this uncertainty for galaxies
with > 50, > 100, > 300 and > 1000 particles. Figure 4
shows the distribution of uncertainty in the shape measure-
ment (compared to the rms ellipticity of the galaxy sample
with 1000 particles) for each minimum number of particles
considered. The solid lines correspond to the shape mea-
sured using the simple inertia tensor and the dashed lines,
to those measured using the reduced inertia tensor. The un-
certainties are typically below the 10−3 level and they are
smaller in the case of the reduced inertia tensor. Resampling
has a larger impact on the simple inertia tensor, since there
are few particles in the outskirts of each galaxy, and these
contribute equally to the shape measurement as those par-
ticles in the central part. Nevertheless, σmeas is very small
compared to the shape noise and to the resolution bias, and
hence can be neglected. Notice that in our modelling we do
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from Figure 2). Tenneti et al. (2015) used a similar approach
with a comparable subsampling fraction. The measurement
of wδ+ and wδ× is advantageous in that it allows us to avoid
modelling galaxy bias, or to make any assumption about its
scale dependence. Also, we do not need to model peculiar
velocities, as the DM and galaxy positions in the box are
perfectly known.

We measure the wδ+ correlation function following
Equation (8) for all galaxies with > 300 stellar particles in
the simulation box and replacing the density tracers by the
subsample of DM particles. Grid locking (see Appendix A)
is not expected to contaminate the measurement by spher-
ical symmetry. As a consequence, the S+R term is not ex-
pected to contribute to this correlation and we neglect it in
this section. Section A2 provides confirmation of these as-
sumptions. We show the projected correlation functions of
the density field and the + component of the shape from
the simple inertia tensor and the reduced inertia tensor in
the left panel of Figure 11. As expected from our results
in Section 5.1, we find an anti-correlation between the +
component of the shape and the density field that is sig-
nificant at > 99.99% C.L. level for the simple inertia ten-
sor. The negative sign indicates that the projected shapes of
galaxies are elongated pointing towards other galaxies, i.e.,
that alignments are radial. We find a decreased tendency for
alignments (47% C.L.) when using the reduced inertia ten-
sor, consistently with rounder shapes and with the results
presented in Section 5.1. The right panel of Figure 11 shows
that the δ× correlation is consistent with null (at the ≃ 65%
C.L.).

In Figure 12, we split the sample of galaxies with shapes
into 5 bins of mass (left panel), V/σ (middle panel) and
u− r colour (right panel). All bins have approximately the
same number of galaxies and the legend in each panel indi-
cates the mean of the property considered for the galaxies in
each bin. We find that galaxies in the lowest (highest) V/σ
(u− r colour) bin carry the strongest alignment signal. We
find very similar results when splitting the galaxies by their
g − r colour. In comparison, the split by mass results in a
less clear identification of which galaxies are responsible for
projected shape alignments. Figure 13 shows that there is a
significant correlation between colour and V/σ for galaxies
with redder colours. On the contrary, V/σ and mass are not
monotonically correlated, as shown earlier in Figure 1.

Interestingly, the high V/σ galaxies do not show any sig-
nificant alignment in Figure 12. This is puzzling given the
results presented in Figure 9. To elucidate this discrepancy,
we compute the wg+ statistic using the same selection cuts
as for Figure 9 and show the results in Figure 14. We find
that, while the alignment of spheroids in the direction of the
clustering of discs is still significant in projection, the disc
alignment signal is diluted and consistent with null at the
27% C.L. using the simple inertia tensor, but less so (89%
C.L.) using the reduced inertia tensor. In the latter case, the
signal was more significant from the orientation-separation
correlation of Section 5.1. In projection, a tangential align-
ment is only marginally present. (We remind the reader that
gravitational lensing has the same positive sign for correla-
tions measured between pairs of galaxies with large separa-
tions along the line of sight). Notice that, as discussed in
Section 5.1, a lower level of correlation is expected for the
simple inertia tensor given that this is not a good tracer of

Figure 13. Galaxies in the V/σ vs u− r plane. There is a strong
correlation between V/σ and u − r colour at the red end of the
colour distribution. Galaxies in Horizon-AGN have a bimodal
distribution of colours and V/σ. The red horizontal line represent
our fiducial cuts in V/σ used in Section 5.1.

spin alignment. Moreover, there are several reasons why the
disc orientation correlation observed in Figure 9 can be di-
luted in projection. One factor is the weighting by galaxy
ellipticity in Equation (7). Face-on discs would carry no sig-
nal in this statistic. The second reason for dilution is the fact
that Equation (8) weights the signal in each Π bin equally,
while the alignment signal is expected to lose correlation
as Π increases. In comparison, Figure 9 showed the level
of alignment as a function of three dimensional separation:
pairs with large Π have large r in that figure and lower cor-
relation.

Finally, we also study the cross correlation of galaxy po-
sitions and galaxy shapes, considering all galaxies in the sim-
ulation box. This correlation will include the effect of galaxy
bias, compared to the DM-shape correlation. We show a
comparison of cross correlation of + shapes and DM, and
of + shapes and galaxy positions in the left panel of Fig-
ure 11. We find that the galaxy-shape correlation traces the
DM-shape correlation well within the error bars. There is a
discrepancy in amplitude of the correlation in the first bin
in the case of the simple inertia tensor. The excess power
in the galaxy-shape correlation could arise from tidal debris
on small scales or from the increased clustering compared to
the DM, but we cannot draw firm conclusions from this com-
parison. In general, the similarity between the galaxy-shape
correlation and the DM density-shape correlation suggests
that the bias parameter bg is not very different from unity
for the sample of galaxies considered, and that it does not
have any significant scale dependence.

5.3 Modelling of alignment signal

Early-type galaxy alignments are thought to arise due to
the action of the tidal field. In this model, the tidal field
contributes a small component to the projected ellipticity
of a galaxy, given by (Catelan, Kamionkowski & Blandford
2001)
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Figure 7. Correlations between the minor axis (ηe, left for simple inertia tensor and middle panel for reduced inertia tensor) or spin
(ηs, right panel) and separation vector as a function of comoving separation. The sample of galaxies is divided into three bins by their
dynamical classification: V/σ < 0.55, 0.55 < V/σ < 0.79 and V/σ > 0.79. Galaxies with low V/σ show a significant shape-separation
correlation. In the left panel, the dotted lines show the alignment signal for those galaxies split by the mean mass of that population:
logM∗ < 9.5 (black) and logM∗ > 9.5 (gray). Both low and high mass populations have a contribution, and higher mass galaxies have
stronger alignments.

Figure 8. Correlation between the direction of the the minor axis (ηe) obtained from the simple inertia tensor (left panel) and from
the reduced inertia tensor (middle panel) or spin of a galaxy (ηs, right panel) with the separation vector to a galaxy within the same
mass-selected sample as a function of comoving separation. High mass galaxies show a clear radial alignment trend towards other high
mass galaxies.

that the reduced inertia tensor yields rounder shapes for
these galaxies. For low mass galaxies, the results are similar
but with lower significance. For intermediate mass galaxies,
we find a small negative correlation between the minor axis
and the separation vector for the simple inertia tensor, and
a small positive correlation when the reduced inertia ten-
sor is used. This suggests that the reduced inertia tensor
minor axis is correlated with the direction of the spin for
this disc-like population, while this is not the case for the
simple inertia tensor. We interpret this as a decreasing ten-
dency of stellar particles to settle on a disc as a function of
distance to the center of mass of the galaxy, possibly trac-
ing merging structures. Indeed, satellite mergers within the
Horizon-AGN simulation tend to redistribute their angular
momentum significantly within the host (Welker et al., in
prep.).

The overall physical picture that we get from these re-
sults is the following.

• Spin and shape alignments depend on galaxy dynamics,
and these trends also translate into a mass dependence.

• Spheroidal galaxies show a significant trend of radial
alignments with respect to each other that is preserved to
large separations and is more prominent for high mass galax-
ies. The signal decreases in amplitude when the reduced iner-

tia shapes are adopted, as the galaxy shapes become rounder
and less sensitive to tidal debris in the outskirts.

• Spin alignment trends are tangential around other
galaxies and marginal, and seem to be better correlated with
the reduced inertia tensor than with the simple inertia tensor
shapes for intermediate and high V/σ galaxies (correspond-
ingly, also intermediate mass galaxies).

The results presented so far only consider correlations
between galaxies with similar properties. We also explore
whether cross-correlations between subsets exist. Figure 9
shows the cross-correlation of positions of spheroidal trac-
ers (V/σ < 0.55) with the direction of the minor axis (red
circles) and the spins (red triangles) of disc-like tracers
(V/σ > 0.55). Discs show a tendency to align their spins
parallel to the separation vector to spheroidal galaxies (red
dashed curve), as well as their minor axis (red solid curve).
Notice that the direction of the spin and the minor axis of
a disc galaxy (from the reduced inertia tensor) are very well
correlated, and hence the red dashed and solid curves al-
most lie almost on top of each other. Figure 9 also shows
the cross-correlation of the positions of discs with the orien-
tations of the minor axis (black circles) and the spin (black
triangles) of spheroidal galaxies. These galaxies show a pref-
erential elongation of their shapes towards the positions
of discs, while they do not show significant alignment of
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Figure 9. Cross-correlations of galaxy positions and shapes (ηe)
or spins (ηs) for the galaxy population divided in two V/σ bins.
δ indicates tracers of the galaxy density field and s (m) indicates
the sample for which the orientation is measured from the spin
(minor axis). The black solid line shows the correlation between
the positions of disc-like tracers of the density field (V/σ > 0.55)
and the direction of the minor axis of the reduced inertia tensor
of spheroidal galaxies (V/σ < 0.55). The red solid line shows the
correlation between the positions of spheroidal galaxies and the
direction of the minor axis of disc-like galaxies. The red dotted
line shows the correlation between the position of discs and the
spin of spheroidals, and the red line shows the correlation between
the positions of spheroidals and the direction of the spin axis of
discs. (Notice that the red lines almost overlap, showing that the
spin and the minor axis of a disc point along the same direction.)
These results suggest that the discs are preferentially clustered in
the direction of the elongation of spheroidals, while they also tend
to have their spins aligned in the direction of nearby spheroidals.

their spins. When the simple inertia tensor shapes are used,
the spins and shapes of discs become decorrelated and the
significance of the shape alignment trend of discs around
spheroidals is lost. From these results, we conclude that the
discs are preferentially clustered in the direction of the elon-
gation of spheroidals, while they also tend to have their spins
aligned in the direction of nearby spheroidals (also traced
by their reduced inertia tensor shapes). This picture is in
agreement with disc galaxies living predominantly in a fila-
mentary structure that follows the elongation of spheroidal
galaxies at its knots. Furthermore, disc galaxies tend to have
their spins aligned parallel to the direction of these fila-
ments, and perpendicular to the elongation of the central
spheroidal. Figure 10 shows a cartoon picture of alignments
where the effect is exaggerated for visual purposes.

We perform a series of tests to determine the signifi-
cance of the measured signal of disc alignments with respect
to spheroidal tracers. In particular, in this case we adopt a
jackknife procedure (similar to that adopted for projected
correlations) to estimate the uncertainty in the disc align-
ment signal. The significance of the measurement is obtained
from a χ2 test using only the diagonals of the jackknife co-
variance matrix and without modelling the noise in this ma-
trix. We find that the null hypothesis can be rejected at
> 99.99% confidence level (C.L.) level for the alignment of
disc spins around spheroidals (red dashed in Figure 9), and
similarly for the alignment of the minor axes of discs around
spheroidals (red solid line in Figure 9). This level of signif-

Figure 10. A cartoon picture of alignments, as interpreted from
the results of Section 5.1. Discs live in filaments connecting el-
lipticals and they tend to align their spin(s)/minor axes in the
direction of the filament. Ellipticals tend to have their shapes (m
represents the minor axis) aligned towards each other and to-
wards the direction of the filaments. The effect of alignments is
exaggerated for visual purposes by showing all galaxies perfectly
aligned following the measured trends in the simulation.

icance decreases to 92% when the simple inertia tensor is
adopted to measure the shapes. On the contrary, the direc-
tion of the spin of spheroidals is not correlated with the po-
sition of discs (72% C.L. for null hypothesis rejection of the
blue curves), but the minor axis direction of a spheroidal
is anti-correlated with the position of discs with high sig-
nificance (> 99.99% C.L. for both the reduced ans simple
inertia tensor). Finally, we consider whether alignment sig-
nals are still present when the orientation is defined by the
direction of the major axis. We find that the disc alignment
measurement in this case is more sensitive to the choice of
reduced/simple inertia tensor. This result confirms that the
simple inertia tensor is a worse tracer of the spin compared
to the reduced inertia tensor, as the alignment signal loses
significance in that case. On the other hand, the use of the
simple or reduced inertia tensor does not change the sig-
nificance of the alignment of spheroidals in the direction of
discs.

We conclude that:

• discs show a significant tendency for tangential align-
ment around over-densities traced by spheroidal galaxies,

• spheroidals are preferentially elongated towards discs
and other spheroidals,

• and that spin is a good tracer of reduced inertia shapes
for discs, but not for spheroidals.

In the next section, we mimic observations by exploring
projected ellipticity alignments.

5.2 Projected correlations

The intrinsic alignment signal is typically measured in the
literature using the projected correlation function of galaxy
positions and shapes (Equation 8). This quantity is read-
ily accessible using shear measurements from survey galaxy
catalogs. In this work, we also obtain the projected correla-
tion functions of the density field and projected shapes, wδ+

and wδ×, where the density field is obtained from a random
subsampling of 0.007% of the DM particles in the box. This
subsampling guarantees a 10% convergence level in the DM
power spectrum, which is similar to the expected level of
convergence in determining galaxy shape (as we discussed
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Figure 11. wδ+ projected correlation function for all galaxies with > 300 stellar particles (left panel). This cut corresponds to a cut in
mass of log(M∗/M⊙) > 9. The same panel also presents a comparison between the wδ+ correlation and the correlation between galaxy
positions and + component of the shapes wg+. The right panel shows the projected δ× correlation as a test for systematics. In both
panels, results obtained with the simple inertia tensor are indicated with the blue line; while the red line corresponds to shapes obtained
from the reduced inertia tensor. The measured points for wg+ are arbitrarily displaced to larger radii by 5% for visual clarity in the left
panel, and similarly for the reduced inertia tensor in the right panel.

Figure 12. wδ+ projected correlation functions for 5 bins of mass (left panel) and V/σ (middle panel) and u− r colour (right panel).
The legend indicates the mean of the considered property in each bin, and the 5 bins are approximately equally populated. For simplicity,
we only show the correlations that correspond to shape measurements using the simple inertia tensor. The impact of using the reduced
inertia tensor is shown in Figure 11.

γI
(+,×) =

C1

4πG
(∂2

x − ∂2
y , ∂x∂y)S [φp], (9)

where C1 is a proportionality constant that parametrizes
the response of the shape of a galaxy to the tidal field, φp

is the Newtonian gravitational potential at the redshift of
formation of a galaxy and S is a smoothing filter that acts
to smooth the potential over the typical scale of the galactic
halo (∼ 1 Mpc)3. As a consequence, there is a correlation
between galaxy positions and their intrinsic shapes, given
by

Pg+(k, z) = − bgC1ρcritΩm

D(z)

k2
x − k2

y

k2
Pδ(k, z) , (10)

3 Notice that we adopt a different sign convention than
Singh, Mandelbaum & More (2015) and Tenneti et al. (2015),
whereby alignments are negative if they are radial, and positive
if tangential.

where bg is the galaxy bias, ρcrit is the critical density of
the Universe today, D(z) is the growth function (normalized
to unity at z = 0) and Pδ is the matter power spectrum.
While these expressions are not strictly valid in the non-
linear regime, it is customary to approximate the nonlinear
scale alignments by replacing the linear power spectrum in
Equation (10) (Bridle & King 2007) by its nonlinear ana-
logue. Recent observational works are beginning to test this
assumption (Singh, Mandelbaum & More 2015), but most
constraints on the amplitude of alignments are still typically
given in terms of the nonlinear alignment (‘NLA’) approx-
imation of Bridle & King (2007). The g× power spectrum
is not presented because it is expected to average to null in
projection.

Equation (10) can be transformed to redshift space to
give a prediction for the on-the-sky wg+ projected correla-
tion,
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Figure 15. Alignment model fits for wδ+ and wg+ for all galaxies with > 300 stellar particles. Results obtained with the simple inertia
tensor are indicated with the red lines; while the blue line corresponds to shapes obtained from the reduced inertia tensor for wδ+ only.
We show fits from the NLA model to wδ+ (gray solid for simple inertia tensor; black dotted for reduced inertia tensor) and to wg+ (black
solid for the simple inertia tensor). The measured points for wδ+ and simple inertia tensor shapes are arbitrarily displaced to larger
radii by 5% for visual clarity. The NLA model significantly underestimates the power in alignments at small separations (< 1 Mpc/h) in
qualitative agreement with observations by Singh, Mandelbaum & More (2015).

luminosity of the galaxy sample using iterative reduced
inertia tensor for the galaxy shapes. We find that their
fits reproduce the alignment signal of luminous galaxies
(Mr < −22.6) presented in this work. We show this agree-
ment in Figure 16. The gray curves show their power-law fits
on small scales, and their NLA model fits across all scales
(see their Table 1). Given that Tenneti et al. (2015) match
the observed alignments of LRGs with their simulation
data, it is expected that Horizon-AGN will equally match
observations if the redshift dependence of the signal is
similar to that found in that work. However, we find that
their fits significantly overestimate the alignment amplitude
of the whole galaxy sample presented in Figure 15, and
this could indicate a steeper luminosity dependence of
alignments in Horizon-AGN. Joachimi et al. (2011) indeed
found a steeper luminosity dependence of observed LRG
alignments compared to Tenneti et al. (2015). However,
such a steep luminosity dependence is not sufficient to
reproduce the alignment amplitude of Figure 15. It is
possible that blue galaxy alignments are suppressing our
results in that figure as well.

Codis et al. (2014) found no alignments for red galax-
ies using Horizon-AGN at z = 1.2. In that work, spin was
used as a proxy for galaxy shape. Our results are consistent
with theirs. We have shown that for red galaxies, the spin
alignment signal is very different from the shape alignment
signal, as these galaxies do not carry significant angular mo-
mentum.

Velliscig et al. (2015) studied the galaxy-halo misalign-
ment comparing the shapes of stars and hot gas to that of the

Figure 16. Measurement of wδ+ from Horizon-AGN for the
most luminous galaxies, with absolute r-band magnitudes Mr <
−22.6 (∼ 800 galaxies). The blue curve corresponds to shapes
measured using the reduced inertia tensor and the red curve, us-
ing the simple inertia tensor. We also show alignment model fits
from Tenneti et al. (2015) (gray), which are in good agreement
with our results. Tenneti et al. (2015) fit a power-law on small
scales (0.1−1 Mpc/h, shown here in the range 0.1−2 Mpc/h) and
the NLA model on large scales (6− 25 Mpc/h, extrapolated here
over all scales shown). While the agreement is good at high lumi-
nosity, we find that the fits by Tenneti et al. (2015) significantly
overpredict the alignment signal for the whole sample shown in
Figure 15.
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Figure 7. Comparison of the ED correlation of the orientation of disk galaxies with the location of ellipticals in MBII, Illustris, and
Horizon-AGN simulations (Chisari et al. 2015). In the right panel, the ED correlation in MBII is compared using various definitions of
the disk galaxy sample.

Figure 8. Normalized histogram of the axis ratios (left: q, right: s) of 3D shapes of elliptical and disk galaxies in MBII and Illustris in
the stellar mass bin 109–1010.5h�1M�.

Table 4. Mean misalignment angles in 3D, h✓i (degrees), of disks and elliptical galaxies in Illustris and MBII.

M⇤ (h�1M�) Illustris MBII

Disks Ellipticals Disks Ellipticals

109 � 1010.5 44.61± 0.40� 45.13± 0.18� 41.42± 0.68� 31.01± 0.11�

1010.5 � 1012 46.46± 0.74� 36.68± 0.75� 36.85± 2.07� 25.85± 0.47�

MNRAS 000, 000–000 (0000)

Tenneti et al, 2015
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Conclusions & perspectives
• Les elliptiques pointent entre elles. Les disques sont tangents aux 

elliptiques. Cela correspond à notre compréhension théorique. 

• La contamination IA est fonction de la masse, couleur et dynamique 
des galaxies. Elle est dominée par les elliptiques rouges massives. Mais 
l’alignement des elliptiques vers les disques pourrait être un problème… 

• Attention cependant à la dépendance des résultats aux détails 
de la physique sous-grille… 
• Conclusion identique sur l’alignement des elliptiques entre elles et sur l’effet dominant de celles-

ci sur l’IA, mais désaccord sur les propriétés 3D d’alignement des disques/elliptiques. 

• Prochaines étapes 

• Dépendance en redshift, prédictions sur la contamination, 
modélisation 

• Amélioration/comparaison des modèles de feedback


