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Abstract The alignments between galaxies, their underlying matter structures, and the cos-
mic web constitute vital ingredients for a comprehensive understanding of gravity, the nature
of matter, and structure formation in the Universe. We provide an overview on the state of
the art in the study of these alignment processes and their observational signatures, aimed at
a non-specialist audience. The development of the field over the past one hundred years is
briefly reviewed. We also discuss the impact of galaxy alignments on measurements of weak
gravitational lensing, and discuss avenues for making theoretical and observational progress
over the coming decade.
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1 Introduction

Galaxies are the most abundant and readily observed objects in the Universe beyond our
own Milky Way. Deep exposures in otherwise empty patches of sky contain large numbers
of faint and small galaxy images at increasingly larger distances from Earth and thus at an
earlier time in the history of the Universe (Ferguson et al. 2000). This makes galaxies prime
candidates for studying the properties and the evolution of the large-scale structure of the
Universe. Analysing their spatial and spectral light distributions in combination with their
dynamical properties, one can infer the physical processes that govern galaxy formation
and attempt to explain the plethora of galaxy types and structures one observes. In addi-
tion, galaxies physically trace the density peaks of the overall matter distribution, and their
light samples the properties of spacetime along the line of sight, which allows for direct
constraints on cosmological models and the non-luminous, more exotic ingredients of the
Universe (e.g. Zwicky 1937; Refsdal 1966).

The fundamental properties of galaxy images that can still be extracted from the faintest,
most distant objects include the position on the sky, the total flux, the apparent size, as well
as the lowest-order deviation from a circular morphology given by a measure of ellipticity
(e.g. the ratio of minor to major axis) and orientation (e.g. the angle of the major axis with
respect to a reference direction). These quantities have been exploited to varying degrees in
studies of cosmology and galaxy evolution, for instance in galaxy clustering (using the dis-
tribution of galaxy positions; e.g. Zehavi et al. 2011; Sanchez et al. 2014) and gravitational
magnification as well as measurements of the inherent size distribution (using size and flux;
e.g. Schmidt et al. 2012; Mosleh et al. 2012).

Of particular interest are the orientations and ellipticities of galaxy images, because one
expects them to be random for a sufficiently large sample of galaxies in a homogeneous and
isotropic universe. Physical processes that locally violate isotropy may be indicated by either
(a) any net preferred orientation, or alignment, with respect to some reference direction in
an ensemble of galaxy images; or, (b) any non-vanishing correlation between galaxy orien-
tations. Such processes have been linked e.g. to tidal gravitational forces acting on galaxies
during formation and at later evolutionary stages. Moreover, the gravitational lensing effect
by the large-scale structure induces a coherent apparent distortion in galaxy images. The
resulting galaxy alignments can thus be used to constrain models of lensing effects, but only
in the absence of (or with a well-defined model for) other sources of coherent alignment,
which constitute a nuisance signal in this case.

Interest in galaxy alignments dates back to the early twentieth century (see Sect. 3.1),
when the extragalactic nature of ‘nebulae’ was not even established. Contradictory results
obtained from the slowly increasing galaxy samples indicated that galaxy alignments are
challenging to measure reliably. Substantial stochasticity in most signals suppresses their
signal-to-noise ratio, as does the fact that three-dimensional alignments are diluted due to
projection on the sky. The low signal-to-noise ratio in samples of a few thousand galaxies,
which were typical for most of the last century, was paired with large spurious ellipticities
and alignments induced e.g. by telescope movement, optics, or photographic plate arte-
facts (e.g. Hu et al. 2006). Furthermore, it is a relatively recent insight that the non-linear
propagation of noise from the pixels to the shape of the image alone causes biases in the
measurement of galaxy orientation and shape (Viola et al. 2014).

However, the past decade has seen a dramatic acceleration of progress in this field, which
can largely be attributed to the following developments:

— With the cosmological concordance model firmly established (Ade et al. 2015a), there is
now a robust framework upon which the more intricate models of galaxy alignments can
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build. This includes the cold dark matter paradigm, in which dark matter with negligible
kinetic energy governs structure formation, as well as the bottom-up scenario of structure
formation starting with small dark matter haloes that coalesce into ever-larger objects
which eventually host galaxies.

— Astrophysics has entered a golden era of large imaging and spectroscopic surveys, the
first and foremost of which was the Sloan Digital Sky Survey (SDSS; York et al. 2000).
These surveys are finally able to provide the galaxy sample sizes and the quality of shape
measurements for significant and robust detections of galaxy alignments.

— Computational power is constantly increasing such that one can nowadays run N-body
simulations in cosmological volumes (Efstathiou et al. 1985), with sufficient mass and
spatial resolutions to obtain precise measurements of galaxy or halo shape and orienta-
tion, which implies that alignment signals can be predicted robustly and at high statistical
significance. This numerical effort is critical to better understand and model the highly
non-linear physics expected in alignment processes. Some recent hydrodynamic simula-
tions have also incorporated the physical processes of gas and stars, thus enabling a more
direct link between theory and observations (e.g. Vogelsberger et al. 2014).

— A number of on-going and planned cosmological galaxy surveys (for details see Sect. 8)
will use weak gravitational lensing by large-scale structure as a key probe of our cos-
mological model. The small but coherent galaxy shape distortions due to gravitational
lensing are partly degenerate with local, physically-induced (and hence dubbed intrin-
sic) galaxy alignments, which could thus constitute a limiting systematic effect. This has
further boosted the interest in a better understanding of galaxy alignments.

The current research into galaxy alignments can roughly be split into two branches ac-
cording to the main drivers of this field: the study of galaxy alignments with the elements
of the cosmic web, such as clusters of galaxies, filaments, and voids, with the purpose of
directly testing models of galaxy formation and evolution, and the measurement of pairwise
alignments in large, broadly-defined galaxy samples with the goal of quantifying and miti-
gating bias in cosmological surveys, using similar datasets, statistics, and analysis method-
ology as in the corresponding measurements of gravitational lensing. One goal of this review
is to take a synoptic viewpoint on these branches and treat them as two approaches to the
same science goal—a deeper understanding of the physics of galaxy alignments and its im-
plications for galaxy evolution and cosmology.

This work provides an overview on the subject and attempts to limit the previous knowl-
edge required to follow its contents to the basics of extragalactic astrophysics and cosmol-
ogy. There is a plethora of ways in which galaxies can align with the multitude of structures
that populate the Universe, and we attempt to categorise and structure the vast amount of
research done over the past century. We will focus on correlations which involve galaxy
ellipticities or position angles, as well as the ellipticities of the underlying dark matter dis-
tribution, including the latter’s observational proxies such as the distribution of satellite
galaxies.

After brief summaries of the basics of galaxy formation and evolution, the relevant grav-
itational lensing effects, and fundamentals of alignment processes in Sect. 2, this overview
highlights the developments of the twentieth century (Sect. 3). We then review recent work,
proceeding from small-scale alignments inside an overdense region such as a galaxy cluster
(Sect. 4), to alignments between clusters and with the cosmic web (Sect. 5), to alignments of
broadly defined galaxy populations (Sect. 6). Section 7 summarises the impact of alignments
on cosmological signals and corresponding mitigation strategies, followed by an outlook on
future developments of the field in Sect. 8. This work is part of a topical volume on galaxy
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alignments consisting of three papers in total. The two companion papers take a more de-
tailed and technical approach, covering theory, modelling, and simulations (Kiessling et al.
2015) as well as observational results and the impact on cosmology (Kirk et al. 2015). Troxel
and Ishak (2014b) also provided a recent review on galaxy alignments, with a focus on as-
pects related to weak gravitational lensing.

2 Fundamentals

In this section we provide background information intended to help the reader follow and
interpret the developments in the field of galaxy alignments. This includes a brief and quali-
tative overview of key concepts in galaxy formation and evolution processes, an introduction
to weak gravitational lensing and associated measurements, as well as a summary of the the-
ory of tidally induced galaxy alignments.

2.1 A Primer on Galaxy Formation and Evolution

We give a brief introduction to the current picture of galaxy formation and evolution, with a
focus on processes that are thought to be relevant for a galaxy’s morphology and alignment
with surrounding structures. Detailed accounts of this topic can be found in Benson (2010)
as well as Longair (2008) and Mo et al. (2010). Technical introductions to the theory of
structure formation are for instance given in Peacock (1999) and Dodelson (2003).

Structure formation takes place on the background of an expanding, homogeneous and
isotropic spacetime described by a Friedman-Lemaitre-Robertson-Walker (FLRW) metric.
The mean total matter density at a given time is determined by the curvature of spacetime
as well as the abundances of radiation (matter with relativistic velocities and thus exerting
radiation pressure), non-relativistic matter (including ordinary matter of which stars, plan-
ets, etc. are composed, and dark matter which makes up a large fraction of cosmological
structures and dominates their dynamics), and dark energy. The latter is usually assumed to
permeate space smoothly and therefore only affects structure formation via its impact on the
background density and the expansion rate. Radiation can easily escape gravitational wells
(free-streaming) and thereby suppresses the build-up of structures.

About four to five times more abundant than ordinary matter, it is dark matter that governs
the formation of structures via gravitational interaction. The absence of elastic collisions be-
tween dark matter particles implies a pressureless and non-viscous fluid. The subdominant
ordinary matter, comprising mostly neutrons, protons, and electrons (summarised henceforth
under the common but somewhat inaccurate term baryons), closely follows the dark matter
after decoupling at recombination on scales above the Jeans length where gravity dominates
over pressure in the baryon fluid. The distribution of initially tiny fluctuations around the
mean matter density is thought to be provided by the process of inflation in the early Uni-
verse, which enlarges quantum fluctuations to macroscopic scales. Inflationary models also
predict that these density fluctuations are well described by a Gaussian random field. The
fluctuation strength is scale-invariant with a power-law exponent close to one, meaning that
there are identical amounts of fluctuation in the density field in each logarithmic wavelength
interval.

Once pressureless matter dominates the expansion history, density fluctuations within
the horizon (i.e. in regions in causal contact, which can physically interact) grow via grav-
itational interaction, initially by processes that are well understood in linear perturbation
theory. Eventually, over-densities (of generally triaxial shape; Bardeen et al. 1986) begin to
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Fig. 1 Left: Sample of simulation particles subsumed into a common halo in an N-body simulation. The
halo was identified by a variant of the friends-of-friends algorithm, identifying arbitrarily shaped regions
with a density above a certain threshold. Increasing this threshold, the halo is decomposed into a number
of sub-haloes indicated by the different symbols. Right: Representation of the halo and its substructure by
ellipsoids which are determined by the eigenvalues and directions of the inertia tensor. The directions of the
angular momenta of the larger sub-haloes as well as of the parent halo are given by the red arrows. Halo
shapes and spins are key ingredients for the study of halo and galaxy alignments. © AAS. Reproduced with
permission from Barnes and Efstathiou (1987)

evolve non-linearly and collapse into a halo, an approximately stable state in which the ran-
dom motions of the constituent particles or objects balance gravity. Structures continue to
grow in a bottom-up scenario, i.e. small haloes form first and then coalesce into ever larger
haloes. The abundance of dark matter haloes for a given mass can be estimated analytically
(Press and Schechter 1974; Bond et al. 1991), while it was found empirically from simu-
lations (Navarro et al. 1997; Gao et al. 2008) that they have a near-universal radial density
distribution. Interpreted as quasi-stable bodies with only little exchange of matter with their
surrounding, haloes can be assigned an angular momentum vector and a shape, often ap-
proximated by an ellipsoid which is determined by the eigenvalues and eigenvectors of the
inertia tensor (see Fig. 1). These quantities, which are believed to be central to alignment
processes, depend (sometimes strongly) on practical implementation choices such as the
definition of a halo and the weights assigned to particles in the computation of the inertia
tensor (Bett et al. 2007).

N-body simulations illustrate in a striking manner how the initially Gaussian density
fluctuations evolve under gravity into the cosmic web, a network of overdense filaments
which intersect at massive haloes. The filaments are in turn embedded into medium-density
walls or sheets which surround large, underdense regions of space called voids. The general
direction of gravitational acceleration will cause matter to flow away from the centres of
voids onto sheets, in the plane of sheets towards filaments, and along filaments into the
massive haloes at the nodes (possibly having collapsed into smaller haloes well before).
Figure 2 displays part of the cosmic web obtained in a simulation that contained collision-
less dark matter particles as well as gas and star particles (Codis et al. 2014).

Baryons follow the dark matter and thus accumulate in the centres of haloes to eventually
form galaxies, via processes that are still poorly understood. When baryons fall into haloes,
pressure becomes important in the form of accretion shocks, which convert the ordered

@ Springer



6 B. Joachimi et al.

Fig. 2 Gas density tracing the cosmic web in a subvolume (6.25 Mpc/ h comoving horizontally, stacked over
25 Mpc/h comoving along the line of sight) of the HORIZON-AGN simulation. The arrows indicate the
direction of the smallest eigenvector of the gravitational tidal tensor (given by the Hessian of the gravitational
potential at that point), which is expected to align with filamentary structures on average (see e.g. the top left
corner). See Sect. 5 for more details about the classification of filaments. Reproduced with permission from
Codis et al. (2014)

infall motion into the random velocities of a virialised gas. Further collapse only takes place
when the gas can cool, i.e. lose kinetic energy via radiation. If the cooling is efficient, as is
expected for low-mass haloes up to Milky Way size (Rees and Ostriker 1977), the baryonic
gas can essentially free-fall into the centre of the halo. Otherwise, the hot gas fills the halo
from where it gradually descends towards the centre, with the more dense central regions
cooling faster.

In any case, the gas reaching the central part of the halo will build up angular momentum,
for instance by free-falling with a certain impact parameter from a preferred direction given
by the adjacent filaments, or by being subjected to the tidal gravitational field of surround-
ing structures which exerts a torque on in-falling material. This leads to the generation of
a rotationally-supported disc of gas and, eventually, of stars. Note that the vast majority of
alignment studies have been conducted in optical passbands in which the brightness distri-
bution of galaxies is determined by the light of the stars. In these scenarios, the orientation
of the angular momentum vector and hence the disc is expected to be linked to the configura-
tion of the surrounding large-scale structure (see e.g. Prieto et al. 2014), which could act as a
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seed for galaxy alignments. However, since only a fraction of the gas in a galaxy is converted
into stars, there must exist feedback processes that limit (or even reverse) the gravitational
collapse of gas, which in turn will also impact on the angular momentum amplitude and
orientation of the stellar distribution.

The complex history of mergers of a dark matter halo with other haloes has a strong im-
pact on the evolution and appearance of the galaxy that it may host. Accreted smaller haloes
can survive for a long time orbiting inside the large halo. The satellite galaxies inside these
subhaloes may be tidally stripped, may have their orientation tidally locked with respect to
the centre of the host halo, and could eventually be tidally disrupted (see e.g. Pereira et al.
2008). A major merger, i.e. the coalescence of two haloes or galaxies with comparable mass,
may disrupt the progenitors completely, erasing any memory of alignments generated during
galaxy formation, and lead to the formation of a dynamically hot, spheroidal system, such
as elliptical galaxies or the central bulges of disc galaxies.'

New alignments may be formed in major mergers by the re-arrangement of stellar orbits,
and thus the light distribution. Elliptical galaxies seem to have similar shapes and orien-
tations as their underlying dark matter haloes, which in turn are well-described by triaxial
ellipsoids (though reality can be more complex, with different effective ellipticity or orien-
tation as a function of radius; see, e.g., Schneider et al. 2012, and substantial misalignment
between galaxy and halo; see Sect. 4.1). The characteristics of these ellipsoids are deter-
mined in a complex way by the surrounding matter distribution and details of the merger
history, such as the provenance of progenitor haloes. These, and possibly other effects, lead
to alignments of halo shapes out to separations of tens of megaparsecs (e.g. Hopkins et al.
2005), which are stronger the more massive the haloes.

The more secular processes of galaxy evolution, such as star formation and subsequent
chemical enrichment of the interstellar medium (McKee and Ostriker 2007), or the balance
of continued accretion of intergalactic gas versus feedback processes by supernovae (Efs-
tathiou 2000) and active galactic nuclei (Silk and Rees 1998), could also play some role in
the evolution of galaxy alignments, for instance via the re-distribution of angular momen-
tum and the modification of the galaxy’s spectral energy distribution, which implies that we
may study the alignments of different components of a galaxy at different times for a given
passband.

Allin all, the processes of galaxy formation and evolution are intimately linked at various
stages to the creation or destruction of galaxy alignments. We can therefore expect alignment
signals to depend on the galaxy’s large-scale environment, its morphological type (‘late’ for
disc galaxies, ‘early’ for elliptical galaxies), its colour (blue for star-forming disc galaxies,
red for ellipticals dominated by old stellar populations), its mass or luminosity, redshift or
age, and more. Both galaxy evolution and alignments depend on highly non-linear physics
acting over a wide range of spatial and mass scales, and involve dark and baryonic matter,
which makes it a challenge to model them accurately.

2.2 A Primer on Weak Gravitational Lensing

Correlations induced by the distortions of the images of distant galaxies due to gravitational
lensing are a sensitive probe of the large-scale matter distribution as well as the geometry
of spacetime. Intrinsic galaxy alignments partly mimic this correlation signal and can thus
bias cosmological constraints inferred from galaxy shape correlations if those correlations

IFor an alternative formation hypothesis of spheroids involving cold gas streams, which is also closely linked
to alignments with the surrounding dark matter and gas distribution, see e.g. Dekel et al. (2009).
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8 B. Joachimi et al.

are presumed to be entirely due to lensing. To facilitate the insight into this link, we sketch
the basic methodology and formalism of weak gravitational lensing in this section. Note
that galaxy alignment observations share many challenges with weak lensing, in particular
the measurement of the ellipticities and orientations of faint galaxy images. A standard
technical introduction to weak lensing is given in Bartelmann and Schneider (2001); see
also Schneider (2006). Bartelmann (2010) provided an overview on the whole theme of
gravitational lensing, while more specialised reviews are presented in Munshi et al. (2008)
and Hoekstra and Jain (2008) on cosmological applications of weak lensing, in Massey et al.
(2010) on the study of dark matter particularly via weak lensing, and in Kilbinger (2014) on
recent progress in weak lensing by the large-scale structure.

The gravitational deflection of light is accurately described in the framework of general
relativity and served as the first successful observational test of the validity of Einstein’s
theory (Dyson et al. 1920). According to Fermat’s principle, light follows paths, called
geodesics, for which the light travel time is stationary, i.e. the derivative of the light travel
time with respect to position is zero. In spatially flat FLRW cosmologies without structures,
this results in a straight path for the light ray, while in a spacetime curved by a large mass
such as a galaxy cluster, light will generally travel along curved geodesics. For background
light sources close in angular position to this massive object (the ‘lens’), several stationary
points in light travel time may exist, corresponding to multiple images of the same object
according to Fermat’s principle. The differential deflection of light from extended sources
distorts the images into arcs tangentially around the centre of the lens, and can also magnify
them. These sometimes spectacular effects visible on individual objects define the regime of
strong gravitational lensing.

At larger angular distances from the lens no multiple images occur, and distortions and
magnification only cause small modifications to the original light profile of the source, usu-
ally also a galaxy (see Fig. 3). Yet, by averaging in an annulus around the lens over the
shapes of source galaxies, one may still be able to recover the net effect induced by gravita-
tional lensing. If the changes to galaxy images are so small that statistical tools need to be
employed to detect a signal, one refers to weak gravitational lensing effects. The changes
to an image are captured to first order in the Jacobian matrix A of the mapping between the
source and the image,

_(l—Kk=n -2 o 1 0) cos2¢  sin2¢
A_< 72 1 —k+p )_(1 K)<0 1 71 sin2¢ —cos2¢ )’
ey

where « is the convergence and y = y; + iy, the gravitational shear. The second equality
provides an illustrative understanding for this mapping. The convergence « yields isotropic
focusing, whereas y quantifies distortions of the image (and anisotropic focusing). Sources
with circular isophotes are mapped into elliptical images, where a combination of x and |y |
determines the length of the major and minor axes, while the polar angle of y, denoted by ¢,
describes the orientation of the ellipse. The factor of 2 in the phase takes into account that the
shear is a polar (i.e. spin-2) quantity which maps onto itself after a rotation by 180 degrees.
The magnification of the image is given by pu = 1/|det J|, and both the flux and the size
are modified by factors of  since lensing does not change the surface brightness. To date,
magnification effects have not been used as extensively as gravitational shear in studies of
galaxies or cosmology because one generally expects lower signal-to-noise than for equiv-
alent shear statistics (for applications see e.g. Scranton et al. 2005 on magnification bias,
Ford et al. 2014 on flux magnification, and Huff and Graves 2014 on size magnification).
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Fig. 3 Sketch of the gravitational lensing signal and its intrinsic alignment contamination. Light travels
from the top of the sketch downwards, from the source plane via the lens plane to the plane at the bottom
containing the images as seen by an observer. The matter structure (green ellipsoid) deflects the light from
the background source galaxies (blue discs) and distorts their images tangentially with respect to the apparent
centre of the lens (as seen in the bottom plane). As a consequence, the galaxy images become aligned (GG
signal). Galaxies which are physically close to the lens structure (red ellipsoids) may be subjected to forces
that cause them to point towards the structure, which results in the alignment of their images (II signal).
Images of galaxies close to the lens are then preferentially anti-aligned with the gravitationally sheared images
of background galaxies (GI signal)

They come in principle with their own intrinsic correlations of galaxy observables, which
we will not discuss further here.

Galaxies as light sources are intrinsically non-circular in general, and the deviation from
a circular image can to first order be described by an intrinsic ellipticity €*. This ellipticity
is intrinsic in the sense that it is a property of the galaxy itself rather than induced by gravi-
tational deflection as the light travels to the observer, after leaving the galaxy. The observed
ellipticity under the gravitational lens mapping is then given by (Seitz and Schneider 1997)

e€+g s . Y
= T% » thg= , 2
€ Teog €+y withg=-— 2

where g is called the reduced shear. Both ellipticities and shear are understood as complex
numbers in this equation (with the complex conjugate denoted by a star), encoding the shape
in the absolute value and the orientation with respect to some reference axis in the phase,
e.g. € = |e| €?¥. The simple summation of shear and ellipticity in the second equality of
Eq. (2) only holds in the limit of very weak lensing effects,? i.e. |y|, k < 1. It is important
to note that the term ‘ellipticity’ is not uniquely defined in general and, even if galaxy images
were simple solid ellipses with semi-minor to semi-major axis ratio b/a, could correspond

2There is a subtlety involved in this approximation: for an individual galaxy, as Eq. (2) has been written, the
expansion produces another term that is first order in the shear and proportional to g*(es)z. However, since
the relation is only considered in practice when averaging over large numbers of galaxies, this term (as well
as all higher-order terms) becomes negligible if the intrinsic galaxy shapes are uncorrelated, or only weakly

correlated, with the shear acting on them.
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10 B. Joachimi et al.

to several quantities which are functions of b/a. The formalism presented in this section
applies to the definition |e| = (a — b)/(a + b).

Under the assumption of randomly oriented galaxies, (€*) = 0 (angular brackets denote
ensemble averages), so that in the weak limit of Eq. (2) the observed ellipticity is an unbiased
estimator of gravitational shear, (¢) = y. Averaged over large areas of sky, the shear is
expected to vanish as well due to the isotropy of the Universe. Hence, to lowest order,
one generally considers two-point statistics to detect weak gravitational lensing effects, i.e.
correlations between pairs of galaxy shapes or alignments of galaxy shapes with reference
positions. Typically, gravitational shear modifies the ellipticity of a galaxy only at the percent
level, so that large samples of source galaxies are required to obtain sufficient signal-to-
noise. Correlations of gravitational shears measured over large patches of sky yield a signal
referred to as cosmic shear which measures the net lensing effect by the intervening large-
scale structure.

Specifically, weak lensing shear provides a measurement of the projected tidal gravita-
tional field through its distorting effect on a galaxy shape and combines geometrical infor-
mation (due to the mapping of spatial derivatives to angular derivatives) with information
about structure growth and gravity (relating tidal shear to the density field). In the most basic
form, the average weak lensing shear is given by a line-of-sight integration,

dy’ SO =0 k(XD
fK(X)

x[ (9 — 07 +2i0,9,) | (x, ., x) , 3)

[vi +iy21(6,, 6y) =/0 dx p(x)/

collecting second derivatives of the gravitational potential @ at the spatial position (x, y, x)
which are, in the small angle limit, related to the angular position through 6, = x/x and
0y = y/x. Here, x is the comoving distance, xy ~ ¢/H is the comoving horizon distance
(Hp is the Hubble constant and c is the speed of light), and fx(x) is the comoving angular
diameter distance, given by

1/«/? sin(vK x) K > 0 (open)
fxkOGO=19qx K =0 (flat) )
1/+/—K sinh(v/—Kx) K <0 (closed),

where 1/4/]K] is interpreted as the curvature radius of the spatial part of spacetime. The
line-of-sight average is taken over the probability distribution of comoving distances for the
source galaxies, p(x).

Analytically, the power spectrum, i.e. the Fourier transform of the correlation function, is
the most convenient two-point statistic to work with. The angular power spectrum, C,,, (£),
of weak gravitational shear is derived from the line of sight expression in Eq. (3) by Limber-
projection (Kaiser 1992),

. XH D0gP (x) 14
c“-”z:/ dy 1 P< : ) 5
 O= 0 X ms P\ G ©)

With increasing x, ever smaller wavenumbers k = £/ fx (x) contribute to the fluctuation on
the multipole ¢, from which one can obtain the angular scale 8 = 7 /£. The shear correlations
are generated by the continuous deflection of light by the matter distribution between the
source galaxies and Earth, hence the line-of-sight integration over the power spectrum Ps;
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of the matter density contrast § = p/p — 1, where p denotes the mean matter density. The
projected and three-dimensional power spectra are formally defined as

FOOFO ()= @m)*ss (L +2) CiD ) ;
o ©)
Buos(K)) = 2r)*8S (k + k') Pss(k),

where the tilde denotes Fourier transforms, and 8]()" ) is the n-dimensional Dirac delta dis-
tribution. Angular frequencies and wavenumber in bold denote vectors in two and three
dimensions, respectively. The integral in Eq. (5) is weighted by the lensing efficiency

(N

2 H r
q(i)(X):?’HOQm GO [* dy’ (i)( /)fK(X X)

2¢2 ax) Jy Sx(x)

which is proportional to the ratio of the distance between source and lens over the distance
between source and observer, weighted by the line-of-sight distribution of source galaxies,
p®(x). Different galaxy samples can be (cross-)correlated, and these are indexed by the
superscripts in parentheses. Note that a = 1/(1 + z) in the equation above refers to the
cosmic scale factor, z denotes redshift, and £2,, is the matter density parameter. In practice,
lensing is most efficient when the lens is approximately midway between us and the source.

While the shear power spectrum can be obtained from a catalogue of shear estimates
directly, most analyses to date are based on its Fourier transforms, the shear correlation
functions

£+(0) = (€4.€4)(0) £ (€x€x)(0), ®

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 func-
tions are given in terms of the tangential ellipticity component €, = —Re(ee?¥) and the
cross component €, = —Im(ee??), where the polar angle ¢ is measured against the line
connecting the pair of galaxies.> The averages in Eq. (8) are calculated by summing the
corresponding products of ellipticity components over all galaxy pairs in a given angular
separation bin centred on 6.

Other statistical measures with desirable properties can be derived from the shear cor-
relation 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 effects only generate a negligible level of B-modes
through higher-order effects, so estimates of B-mode shear correlations can therefore be
employed as a test for a range of systematic effects, e.g. in the shape measurement process.
Moreover, the source galaxies are often split into redshift slices, which improves cosmologi-
cal constraints (Hu 1999), particularly on those parameters that encapsulate evolutionary ef-
fects (e.g. the dark energy equation of state parameters). To perform this tomography, a large

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.
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number of redshifts for faint galaxies are required, which is too costly to obtain via spec-
troscopy.* 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 photo-
metric 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 offsets in redshift and hence to groups of outliers in
the line-of-sight distribution of source galaxies that enters Eq. (7). The estimation of photo-
metric 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 in-
creasingly mature cosmological probe (e.g. Schrabback et al. 2010; Heymans et al. 2013;
Simpson et al. 2013; Kitching et al. 2014a). The large scatter of intrinsic galaxy elliptici-
ties limits the signal-to-noise of these measurements, introducing a shot noise-like term in
the statistical errors, so that the efforts to measure cosmic shear are driven towards faint
galaxy samples in deep surveys with high number densities. This in turn renders the estima-
tion of gravitational shear from noisy, small and pixelated galaxy images a challenge, which
has spawned large community effort 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 fur-
ther key issue for the forthcoming generation of cosmic shear measurement campaigns are
intrinsic galaxy alignments® which can mimic the correlations expected from cosmic shear.
Using Eq. (2) in its weak limit, a generic correlator of two galaxy ellipticities, as is for
instance found in Eq. (8), reads

(€€;) = (v +lee)) + (vies) + (el v;).- ®
—— —— —— \ )
observed GG 11 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 correla-
tions 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 Eq. (9) is expected to vanish because the shear acting on a galaxy in the
foreground cannot be affected by a galaxy behind the source galaxy, unless their positions
along the line of sight are confused because of errors in the redshift measurement. If galaxy
shapes are intrinsically randomly oriented, only GG is non-zero. However, since galaxies
are known to align with other galaxies (generating II) and with the large-scale structure that
in turn contributes to the gravitational deflection of light from background galaxies (gener-
ating GI), cosmic shear measurements may be severely biased if these alignment effects are
not accurately modelled or removed from the signal. An illustration of the generation of II

4Note that even for a non-tomographic cosmic shear analysis the overall redshift distribution of source galax-
ies is needed, although the requirements on accuracy and precision are less stringent in this case.

5 An 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 different 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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and GI correlations is provided in Fig. 3. Their two-point correlations for the tomographic
case can be expressed analogously to Eq. (5) as (e.g. Joachimi and Bridle 2010)

» XH D099 () ¢
Cé‘{)(Z):/ dx 2 g (x PaI( );
0

200 oo * o
N xH GYG) )
i (g :/ 4y P2or?0o ( ’ )
e O= e aey T M oo X

where p¥(x) is the distribution of galaxies in the ith tomographic bin and the resulting
lensing efficiency function is ¢ (x); see Eq. (7). The power spectra, Ps; and Py, quantify
the correlation between the matter distribution and the intrinsic shear, ¥/, and among the
intrinsic shears of different galaxies, respectively. The intrinsic shear can be understood as
the correlated part of the intrinsic ellipticity of a galaxy, which is not an observable quantity
per se. Yet, when considering ensembles of galaxy shapes, it is conceptually useful to split
the intrinsic ellipticity into ¢/, which determines the alignments, and a purely random part,
which only leads to a noise contribution in correlations.

The gravitational lensing effect is correlated across tomographic bins because two bins
share the common light path through the large-scale structure in front of the less distant bin.
In contrast, intrinsic alignments are locally generated processes. This means that intrinsic
ellipticities are only correlated with each other (I) within the same tomographic bin, unless
the galaxy distributions of different bins overlap due to scatter in the photometric redshift
bins. However, the cross-correlation with gravitational shear (GI) extends beyond adjacent
redshift bins and becomes stronger with increasing distance between bins due to the con-
tribution by the lensing efficiency, ¢ (x). The challenge is to obtain a good model for the
underlying power spectra, Ps; and Py. This has prompted an interest in galaxy alignments
from the cosmology community in recent years. The new large and high-quality datasets
for cosmic shear surveys and the advancements in data analysis techniques, especially the
accurate measurement of galaxy shapes in the presence of noise, complex models of the
telescope’s point-spread function (PSF), and image artefacts, have also greatly improved the
power and fidelity of galaxy alignment observations (see Kirk et al. 2015).

Finally, we briefly mention the rich field of weak galaxy lensing (often referred to as
galaxy-galaxy lensing), probing the (dark) matter environment around individual galaxies
(first detected by Brainerd et al. 1996). Since the lensing signal from a single galaxy is
too weak to detect, lens galaxies selected with certain properties (e.g. colour, luminosity,
redshift) are ‘stacked’. Alternatively, one can carry out this process with individual galaxy
clusters or ensembles of galaxy clusters and groups. Stacking is performed statistically by
measuring correlation functions of the form &, (6) = (8y€4)(0), where 6, = Ny /(N); — 1,
denotes the number density contrast of ‘lens’ galaxies, with N, the galaxy number count.
The tangential ellipticity is measured with respect to the line connecting the background
galaxy to the lens. For large separations 6 this correlation probes the large-scale matter dis-
tribution and how it is traced by the lens galaxies, while on megaparsec scales and below it
measures the average tangential matter profile of the lenses. If the same type of statistic is
applied to a source galaxy sample that resides at the same redshifts as the lens galaxies, one
does not expect any gravitational lensing effects but instead obtains a measure of the align-
ment of galaxy shapes towards the positions of physically close neighbours. Measurements
of this kind will be further discussed in Sect. 6.
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2.3 Tidally Induced Alignment Processes

We briefly review the basic concepts of how tidal gravitational fields are thought to gen-
erate alignments between the shapes of galaxies or larger bound structures such as galaxy
clusters, and the large-scale matter distribution or the shapes of other galaxies. We will
distinguish between the tidal processes thought to apply to the two major types of galax-
ies: angular momentum generation for disc galaxies (linked to fidal torque theory), and the
coherent modification of stellar orbits for elliptical galaxies (as described by the tidal align-
ment paradigm). For the plethora of observational signatures that will be discussed in this
work, most—possibly all—analytic models are based on the assumption of tidally gener-
ated alignments. This theory has been quite successful at predicting the general form of
correlations between tidal fields and observables, but is bound to fail at making quantitative
statements about the amplitude of signals as these depend strongly on highly non-linear and
stochastic processes (such as the later stages of gravitational collapse that lead to galaxy for-
mation). For this reason we shall for simplicity limit ourselves to establish proportionalities
in most equations. Note that other alignment theories will be discussed in Sect. 6.

Tidal interaction of galaxies with the surrounding gravitational field can in many cases
be understood as a perturbative process, in particular at early stages of galaxy formation.
Commonly, the interaction is described by Lagrangian perturbation theory, where the basic
quantities are trajectories of dark matter constituent particles. These trajectories are deter-
mined by the strength and direction of gravitational fields, and the perturbation series is
constructed by considering higher-order derivatives of the gravitational potential that lead
successively to more detailed curved trajectories.

At lowest order, however, the Zel’dovich approximation (Zel’dovich 1970) tells us that
all dark matter particles follow straight lines parallel to the gravitational field at their initial
positions, or

Xo(8,a) =8u — D(a)d, ¥ (8), Y

in Cartesian coordinates with o« = 1, 2, 3, where x is the particle’s comoving coordinate and
¢ its coordinate in the Lagrangian frame. The linear growth factor of structure is given by
D(a) and ¥ denotes a displacement potential, which is proportional to the gravitational
potential @.

The dynamics of objects such as protogalaxies are obtained by integrating over the La-
grangian trajectories of all particles that make up the object. The notion of an actual object
allows the definition of a centre of gravity £, relative to which the motion of a test particle
can be expanded in a Taylor-series,

Xo(§,a) X Ly — D(a)[aaw(E) + Z(fﬂ - é:ﬂ)aaaﬂll’(f)}, (12)
B

such that one obtains the peculiar motion o 3, ¥ (Z) of the object as a whole and the dif-
ferential motion of the particles relative to the centre of gravity o d,ds% (¢). The latter
term, proportional to the Hessian of the gravitational potential, plays therefore an important
role in determining the distribution of the relative positions and velocities of the constituent
particles.

Gradients of the gravitational force across the object, as described by the second deriva-
tives of the potential, can lead to a change in the protogalaxy’s shape (‘tidal stretching’)
as well as generate angular momentum (‘tidal torquing’). The strength of both effects de-
pends on the orientation of the protohalo’s inertia tensor, I,g, relative to the quadrupole
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of the gravitational potential, given by the tidal shear tensor T,z x 9,05 S{®@}, where S{}
is a smoothing operator that removes structures below a certain scale, typically that of the
galaxy, and keeps only the large-scale contributions. For a more rigorous argument on the
foundation of tidal theories of galaxy alignment see the review by Schifer (2009).

The protogalaxy is expected to contract fastest in the direction of the strongest positive
curvature of the gravitational potential, so that an initially spherical mass distribution will
evolve into an ellipsoid whose principal axes are collinear with those of the tidal shear tensor.
Using a similar argument, but applying it directly in projection onto the sky, Catelan et al.
(2001) proposed the following model for the intrinsic shear, !,

1 2 2
y, «x (07 —97)S{D};

+ ( X y) (13)
YL «28,8,5{®},

where x and y are Cartesian coordinates in the plane of the sky, and the shear tangential and
cross components are measured with respect to the x-axis. As argued by Hirata and Seljak
(2004), the form in Eq. (13) is also the lowest-order (and hence simplest) combination of
derivatives of the potential that yield the same symmetry as gravitational/intrinsic shear,
i.e. the symmetry of a polar or spin-2 quantity. The constant of proportionality absorbs
the response of the shape of the visible galaxy to the tidal field, as well as any stochastic
misalignments once an ensemble of galaxies is considered. Hirata and Seljak (2004) adopted
this model, related the gravitational potential to the matter density contrast §, and derived a
cross-power spectrum between matter density contrast and the intrinsic shear,

m

Pa(k. 2) o o~ Pk, ). (14)
s cri D (Z) 58 K,

They assumed that the tidal field at the time of galaxy formation determines the alignment,
so that the correlation with the matter field is frozen in since then, whence the growth factor
D(z) is divided out.® The constant p; corresponds to the total matter density today in a
spatially flat universe. This result can be used to predict a GI signal via Eq. (10), and Hirata
and Seljak (2004) also obtained a similar expression for the power spectrum of pairs of
intrinsic shears that leads to an II signal,

m ? lin lin) 2
Pu(k, 2) o ( poii—== | Pln(k, z) + Of (P)*}. (15)
D(z)

Recently, Blazek et al. (2015) extended these calculations to higher-order perturbation the-
ory, including non-linear evolution of the matter density, non-linear galaxy bias, and the
density weighting due to the fact that alignments are only observed at the position of galax-
ies. Hirata and Seljak (2004) also related Eq. (14) to a correlation function between matter
and tangential intrinsic shear, projected along the line of sight,

°° dkk
w5+("p,Z)=—/ 2—J2(k'”p)P51(k,Z), (16)
0 T

6As we will discuss later, this model describes the observed galaxy alignments of bright early-type galaxies
rather well, including its redshift evolution, albeit within large error bars (see also Kirk et al. 2015). This
is somewhat puzzling because these galaxies are thought to have been created only recently (typically at
redshifts below two) by major mergers, disruptive events that one would naively expect to erase all memory
of alignment processes during galaxy formation. Hence, the assumptions underlying Eq. (14) may not be fully
valid, but it could be that any modifications would primarily affect the amplitude of the predicted correlations,
which is unconstrained by the model anyway.
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where J, is a cylindrical Bessel function of the first kind. Using galaxies as tracers for
the distribution of mass, one can in practice obtain the correlation function w,, from data.
This correlation function is measured in bins of transverse separation r, and line-of-sight
separation between pairs of galaxies and then summed over the line of sight to boost signal-
to-noise and wash out effects of redshift space distortions. This statistic can be related to
Eq. (16) if one knows how galaxies trace the matter distribution, e.g. in the case of linear
and deterministic galaxy bias, b, this relation is simply wg4 = byws,.. Correlation functions
of this form are more readily determined than the power spectrum from data with complex
spatial geometry and selection functions, and are therefore the most widely used observables
of large-scale galaxy alignment measurements; see Sect. 6 and Kirk et al. (2015).

A large body of work has considered alignment of orientation angles rather than full
ellipticities. Assuming that the galaxy ellipticity components and the galaxy distribution
follow a multivariate Gaussian, Blazek et al. (2011) derived the relation between w,, and
the average of cos(20) over all galaxy pairs where 6 is the angle between the major axis of
one galaxy and the line connecting the pair. It reads

4
Wei (Fp,2) = ;(cos(29)>(rp, ) [Wee(rp, 2) + 2Ty |

= ‘:T_g {2(cos®0)(rp. 2) — 1} {wee(rp, 2) + 2MTmax ] (17)

where € is the mean absolute value of the ellipticity of the sample, and IT, is the maxi-
mum (positive and negative) line-of-sight separation between galaxy pairs included in the
measurement. The term in square brackets accounts for the fact that the average of cos(26)
is taken over all galaxy pairs whose numbers are modified due to galaxy clustering, as quan-
tified by the clustering correlation function wg,. Note that the definition of mean alignment
introduced by Faltenbacher et al. (2009) is subtly different in that it averages over the clus-
tering correlation function and thus over the number of excess galaxy pairs. We added the
second equality to Eq. (17), which is a useful expression in a slightly different context, using
trigonometric relations. The average of cos?# over all pairs is a popular statistic in galaxy
cluster alignment studies, where in this context € corresponds to the angle between the ma-
jor axis of the satellite distribution and the line to the other cluster in the pair (e.g. Smargon
et al. 2012). All these predictions originate from the ansatz in Eq. (13), which leads to a
linear scaling of the intrinsic shear with matter density contrast and is thus termed the lin-
ear alignment model. 1t is widely considered appropriate for elliptical galaxies, as well as
the distribution of galaxies within clusters, as these are believed to trace the shape of the
underlying dark matter haloes.

For disc galaxies it seems physically reasonable to consider a model that relates galaxy
angular momentum to the tidal field. Using Eq. (11), White (1984) showed that the angular
momentum of a proto-galaxy is given by the expression

Ja (ngctﬁylﬁaTaya (18)

Byo

where g4, is the Levi-Civita symbol. If the inertia and tidal tensors are perfectly aligned,
i.e. if they are diagonal in the same coordinate system, no angular momentum is gener-
ated. However, since Iz, is determined solely by the proto-galaxy’s shape, whereas T,
is dominated by large-scale distribution of matter (especially when the potential has been
smoothed), this is generally not expected. Simulations indicate that significant correlation
between the inertia and shear tensors is present (Porciani et al. 2002b), which will suppress
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the magnitude of the resulting angular momenta and their correlations. To account for this,
Lee and Pen (2000) proposed the following effective one-parameter model for the Gaussian
angular momentum distribution p(J,|7,,) for a given tidal shear, by making an ansatz for
the covariance matrix (J, Jo/) between the angular momentum components,

1
<Jaja’> 380«1 +C|: aa’_ZT(w aa] (]9)

where f"w is the normalised, trace-less tidal shear tensor and §,, is the Kronecker-§.

It can be derived from the gravitational quadrupole by subtraction of the trace, T,y =

Tae' — 8o Tr(T') /3 and subsequent normalisation, YA"W =Ty /+/ Tap Tp(,, where the Einstein
summation convention over repeated indices is implied. For C = 1, Eq. (19) reproduces the
result for angular momentum correlations obtained when assuming completely uncorrelated
inertia and shear tensors (Lee and Pen 2001), which yields the tightest coupling of the an-
gular momentum to the tidal field. A value C < 1 is expected due to non-linear evolution
because of the partial alignment of the inertia and shear tensors, while in the limit C = 0 the
tensors are perfectly aligned and the angular momentum directions are randomised. Assum-
ing a Gaussian distribution of the components of the angular momentum vector, Lee and
Pen (2001) then deduced the correlation of the directions of angular momenta (as opposed
to the correlation of the full angular momentum components in the foregoing equation),

A A 1+ar A oA
(Jaja’> = Taaa’ —dar Z: TaaToa’» (20)

where J is the normalised spin vector. This equation looks deceptively similar to Eq. (19),
but note that ar is now a parameter that runs between 0 (random angular momenta) and 3/5
(maximum alignments).

Assuming that the ellipticity of a galaxy is given by the projection of a circular disc
which is orthogonal to the angular momentum direction of the galaxy, the intrinsic shear
can be computed as (Catelan et al. 2001; Crittenden et al. 2001)

oc(f2 A).

o<2x),

2y

where the coordinate system is defined as above: the z-direction is parallel to the line-of-
sight and the indices run over the x- and y-directions. Crittenden et al. (2001) proceeded to
show that

R0r) < azgss(r) (22)

holds for a correlation function of intrinsic shears, measured as a function of three-
dimensional pair separation r. Here, &5 is the correlation function of the matter density
contrast (the Fourier transform of Pjss). This proves that the parameter ar only modifies the
amplitude of correlations, and is thus degenerate with the impact of finite disc thickness and
a stochastic misalignment between the spins of the stellar and dark matter components of
a galaxy. This quadratic alignment model predicts correlations that scale with the square
of the matter correlation function or power spectrum to lowest order, which suppresses the
alignment signals. Besides, in linear theory there are no correlations between matter and
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quadratically aligned intrinsic shear if both fields are Gaussian, as these would be third-
order in the matter density contrast (Hirata and Seljak 2004). Note however that non-linear
evolution may introduce a linear scaling on large scales, as qualitatively argued by Hui and
Zhang (2002) using higher-order perturbation theory, so that disc galaxy alignments could in
principle feature signals of the form predicted by the linear alignment model. Equation (20)
has also been used to derive distributions of alignment angles between angular momentum
directions and the principal axes of the tidal tensor; e.g. in the case of void surfaces one
obtains for the angle 6 between the angular momentum direction and the surface normal
(Lee and Erdogdu 2007; in the corrected form by Slosar and White 2009)

2(1 — aT)«/Z +ar
(2 4 3arcos?0 — 2ar)3/?’

p(0) =sin6 23)

3 Developments of the Twentieth Century

In this section we provide a rough guide to the study of galaxy shapes, orientations, and
alignments throughout the twentieth century, deferring the discussion of more recent re-
search since about 2000 to the main part of this paper and its companion works. We do not
claim to be comprehensive but rather highlight influential works and key developments.

3.1 The Very First Works: 1914-1926

The first statement regarding the orientations of galaxies that we have been able to trace
was made by Fath (1914), who published a list of 1,031 galaxies observed with the 60-inch
reflector at Mt. Wilson Solar Observatory. It contains position angles for approximately
60 % of the objects and, while there was no detailed study in the text, it was stated in the
summary that “[o]n the assumption that most of the nebulae are approximately disc-shaped
the planes of the discs appear to be oriented at random in space.”

A more explicit analysis of the orientations of galaxies was performed by Reynolds
(1920), using seven galaxies in the southern and 16 in the northern Galactic hemispheres
whose diameters’ exceeded 10'. Reynolds (1920) noted that 16 of the 23 galaxies (70 %)
had inclination angles with respect to the line-of-sight of 30° or less, consistently for both
Galactic hemispheres, and briefly suggested that this could imply some connection between
our own Galaxy and those he observed in the sense that the planes tended to coincide. Soon
after, Reynolds (1922) confirmed his previous result using 263 spirals, including galaxies
up to ~3 times smaller than before. Of these 263 spirals, 172 (65 %) had inclination an-
gles < 30°, consistent with his previous measurement. He found a relation between size
(which he regarded as a measure of distance) and average angle, with galaxies with diame-
ters {3'-5, 5'-10', > 10’} having average inclination angles {26.7°, 24.2°,21.9°}. He used
his findings to construct an argument that supported Shapley’s view that these ‘spirals’ were
not objects similar to the Milky Way.

Subsequently, a lively debate between Reynolds and Opik over the validity of these re-
sults ensued (Opik 1923a; Reynolds 1923a; Opik 1923b; Reynolds 1923b). While the dis-
cussion had no definite conclusion, it marked the first occurrence of a persistent theme in
galaxy alignment observations: the importance of selection effects and systematic trends.

TThese sizes are difficult to relate to modern measurements such as the half-light radius, but it is enough to
consider that these are 23 of the largest galaxies, in apparent size, that there are.
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Remarkably, at least two points were raised in this regard which are still relevant today. Opik
(1923a) argued that Reynolds’ results stem from a selection effect rather than a real align-
ment, in that edge-on spirals with fixed apparent magnitude have a higher surface brightness
than face-on spirals, thus favouring the detection of the former. Reynolds (1923a) replied
that the suggested larger surface brightness would be compensated by an “absorbing medium
along the periphery of the spiral arms,” such that spiral galaxies should appear brightest at
20°-30°. Indeed, selection biases due to orientation and dust can be important in modern
datasets as well and may have impacted on some of the results discussed later on in this
section.

For elliptical galaxies their flattening generally was the only clearly discernible morpho-
logical feature in the images of the time. Therefore ellipticity determined the subdivisions
on Hubble’s early-type branch, En, where n ran from 0 to 7 and was given by the integer part
of 10(1 — b/a), where b/a again denotes the axis ratio of the galaxy image. Hubble (1926)
also presented a de-projection scheme for elliptical galaxies, noting that the distribution of
projected galaxy ellipticities is sensitive to whether galaxies have preferred orientations or
are randomly distributed. Thus Hubble initiated another recurrent theme in galaxy alignment
studies, the relation between three-dimensional correlations and their projection on the sky.

3.2 A Second Wave: 1938-1958

Brown (1938b) revisited Reynolds’s claim of preferred inclinations of disc galaxies using a
sample of 600 galaxies observed at Heidelberg observatory, covering the whole northern sky
down to declination —20°. Among disc galaxies exceeding 2 arcmin in diameter he found a
14 % excess of galaxies with axis ratios below 1/3 and an even more pronounced depletion
of nearly circular objects. He presented evidence for the completeness of his sample, thus
arguing in favour of the physical nature of this effect. This claim was disputed by Knox-
Shaw (1938) who did not find deviations from random orientations of disc galaxies larger
than 2 arcmin in a sample of similar size in the Shapley-Ames catalogue. Brown (1938a)
in turn challenged those results, finding an excess of nearly edge-on objects in the same
catalogue after correcting for incompleteness of strongly elliptical objects due to the limiting
magnitude. He presented additional data that suggested the excess is seen down to galaxy
diameters of 30 arcsec.

Brown was also among the first to investigate the systematic alignment of galaxies in the
plane of the sky. In the Horologium supercluster he found a strong preference in a sample
of 355 galaxies for a narrow range of position angles (e.g. more than twice the number of
galaxies than expected for a random orientation in a 10° range of position angle; Brown
1939). Wyatt and Brown (1955) later made a very similar observation for a region in Ce-
tus, claiming a detection in excess of 40. However, Reaves (1958) noted that a new, more
complete dataset showed no preferred galaxy orientations in the same Horologium area of
sky. It is instructive to read Brown’s review of these works and others of that period in the
introduction of Brown (1964).

As the examples above showcase, many observations of galaxy alignments were—and
arguably are to the present day—tentative, depending strongly on the approach and dataset
used. While it was clear from the earliest efforts that selection effects played a pivotal role
(see e.g. Burstein et al. 1991 for a detailed discussion), it is interesting to note that nei-
ther distortions of shape and spurious alignments caused by telescope tracking, optics, or
the photographic plates nor biases due to the human-led object detection and morphology
measurement were mentioned in these works.
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3.3 A Case Study: Alignments in the Palomar Sky Survey

It is worth taking a closer look at the work of Brown (1964), which was based on a galaxy
sample size (close to 5000) approaching the order of magnitude that is routinely used nowa-
days, and claimed a significant detection of alignments, both among galaxies and between
galaxies and large-scale structure. The analysis was performed on several thousands of
square degrees situated around the vernal equinox, based on observations with the Palo-
mar Observatory Sky Survey (POSS). The actual measurements were done on prints of the
photographic plates which “were clipped to a plywood base of the same size as the print and
covered by a sheet of highly transparent material sold commercially as Polyglaze”, which
in turn was ruled with a grid pattern. Galaxy sizes and position angles were then read off
with a scale and protractor, while the type classification and rejection of dubious images or
artefacts was done by eye, helped by the colour information from the red and blue POSS
plates.

Limiting himself to galaxies with major axis diameters larger than 40 arcsec, Brown
found a strong excess of position angles in a bin 15° wide, concentrated in an area he re-
ferred to as the Pisces Concentration that covers part of the Pisces-Cetus supercluster and
the Pegasus I and II clusters. As can be seen in Fig. 4, the elongation direction of the concen-
tration matches closely the preferred direction of galaxies within. Brown (1968) extended
the analysis to other areas covered by POSS and again found several samples with marked
excesses in position angle. Reinhardt (1971) confirmed the significance of the detections via
simple statistical checks and identified another nearby cluster region in which galaxies align
with themselves and with the main axis of the cluster.

Brown (1968) tested for systematic errors in the position angles by repeating the mea-
surements after rotating the prints by 90°, and by comparing measurements of the same
galaxy on overlapping plates, in both cases finding biases well below the bin width of the dis-
tributions. Reinhardt (1972) discussed in detail possible systematics, including physiological
ones related to the visual analysis, and conducted further significance tests on Brown’s mea-
surements, concluding that the effect must have an astrophysical origin. In contrast to this,
Opik (1970) once again argued that the preferential orientations of position angles could be
explained by selection effects, his key argument being that any preferred orientation of disc
galaxies has to coincide with a preferred axis ratio, i.e. disc inclination. Since this was not
observed, Opik concluded that the effect cannot be physical.

To our knowledge this debate remains without definite conclusion to the present day.
It is challenging to translate the selection criteria and measurements to modern CCD-based
observations and automated galaxy detection and morphology measurements, particularly
for the key parameters, size and axis ratio (see Fouque and Paturel 1985). Current databases
have their own limitations, e.g. a reproduction of Brown’s results with standard products of
the Sloan Digital Sky Survey pipeline is hindered by a spurious pattern in the distribution
of position angles caused by limitations in the fitting procedure of galaxy light profiles
(Varga et al. 2013). Similarly, in an attempt to repeat the analysis using a scanned catalogue
of the Palomar Survey® we found patterns of preferred position angles of 0° and 90° for
large, edge-on galaxies in the area covered by Brown (1964), which may hint at a spurious
alignment with the edges of the photographic plates. This could be caused by systematic
effects in the shape measurement (as image distortions are likely to be largest far from the
optical axis of the telescope) or again due to selection effects (galaxies with orientations
perpendicular to the plate boundary are more likely to have their light profile cut off by the
edge, and thus be discarded, than those which are parallel).

8htt:p: //aps.umn.edu/.
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Fig. 4 Top: Area of the Palomar
Sky Survey analysed by Brown
(1964). Dots (circles) mark the +18°f © o |° . ° .
positions of galaxies with - . P3N AU B B S
diameters in excess of 40 arcsec *

(60 arcsec), axis ratios of less +6°
than 0.25, and position angles in o . o .4 -
the range 121 to 135 degrees
(East of North, indicated by the -6°fl0% I P
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Rectangular lines correspond to
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bars correspond to galaxies
inside the ‘Pisces Concentration’
(PC, roughly comprises the
overdensity seen in the top
panel), dark grey bars to those
outside the concentration. The
black horizontal line indicates the
expected fraction for a random
distribution of galaxy 0
orientations. Reproduced with
permission from Brown (1964)
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3.4 More Recent Observational Works

For a further discussion of alignments of nearby galaxies with the local large-scale structure
we recommend the review by Hu et al. (2006) who not only covered recent work but also the
historical development of the field. The authors provided a detailed account of the limitations
and systematic effects in the majority of twentieth century datasets, arguing that complex
selection effects, incompleteness and contamination of galaxy samples, as well as an under-
estimation of statistical and systematic errors explains many discrepancies found in early
papers. This applies in particular to the Uppsala General Catalogue, which was derived
from the Palomar Sky Survey and constituted a standard dataset from the mid 1970s into the
1990s. It is likely that the arguments of Hu et al. (2006) also apply to the alignment studies
in the more distant Universe of that period.
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In light of this context, the work of Hawley and Peebles (1975) is remarkable in its rigor-
ous error analysis and more conservative conclusions. The authors did not claim detections
of any significant physical galaxy alignments in a large Palomar Sky Survey sample in ex-
cess of 5500 galaxies, except a tentative alignment of galaxies in the Coma cluster towards
the cluster centre. Using blind analysis techniques, they did however identify various sources
of significant systematic signals including: a decrease in the measured size of galaxies over
the duration of the project, a tendency for galaxies to be aligned vertically on the prints (due
to observer bias or distortions in the print), a preferential selection of diagonally oriented
galaxies if these have small angular size, and a potential bias due to the analyst’s assignment
of measured position angles at histogram bin boundaries.

Helou (1984) detected spin correlations among about 30 close galaxy pairs, using a com-
bination of spectral line measurements, dust obscuration in the disc, and spiral patterns to
assign a sense of rotation in addition to the spin direction. He found evidence for a prefer-
ential anti-alignment of galaxy pairs, and thus against the primeval turbulence model, which
predicted parallel alignment. Lambas et al. (1988b) did not observe a departure from ran-
dom orientations for spiral and lenticular galaxies with respect to the surrounding galaxy
distribution on scales of a few megaparsecs, but found the major axes of ellipticals to
align with the large-scale structures. On similar scales, Muriel and Lambas (1992) claimed
a 2.80 detection of major axis alignment with the position of the nearest neighbour for
spirals, while reporting significant alignments beyond the nearest neighbour for elliptical
galaxies.

Regarding the orientations of galaxies within individual clusters, early results were con-
tradictory, sometimes even on a cluster-by-cluster basis: in the Coma cluster, Rood and
Baum (1967) found no evidence of a preferred orientation but Djorgovski (1983) found sig-
nificant alignments both of satellite galaxies towards the central galaxy and between clusters
(see also Thompson 1976). On a statistical level, however, most studies pointed to random
orientations of these galaxies. The first such statistical analysis was done by Dressler (1978),
who found no evidence for satellite galaxy alignments in 12 clusters.

Given the intricacies of measuring the shapes and orientations of individual galaxies,
astronomers hoped to obtain more robust results from clusters of galaxies, using the dis-
tribution of member galaxies on the sky as a tracer of the projected cluster shape. In an
early effort, Sastry (1968) measured the alignment of the central bright (cD) galaxy with
the shape of its host cluster for nine Abell clusters, each with around 30 securely identi-
fied galaxy members in the Palomar Sky Survey. He found strong alignment within 10° for
five clusters (later confirmed by Carter and Metcalfe 1980) and no alignment for the Coma
cluster; the remaining clusters were too close to circular to define an orientation. Soon after,
Holmberg (1969) found the opposite result for spiral galaxies similar to the Milky Way:
their haloes, as traced by the satellites, tend to be aligned with the galaxies’ minor axis.
Lynden-Bell (1976) pointed out that this effect is also present in the Milky Way whose
satellites and distant globular clusters lie in a tight plane within about 10° from the Galactic
poles.

In a pioneering work, Binggeli (1982) obtained the position angles and ellipticities of
44 regular (i.e. with shapes which are well approximated by an ellipse) Abell clusters and
their brightest cluster galaxies (BCG) in the same survey. The strong alignment of clusters
and BCGs was confirmed; see Fig. 5. Additionally, the author detected alignments between
neighbouring clusters separated by less than about 30 Mpc, and between cluster shape and
the distribution of surrounding clusters out to 100 Mpc, arguing that tidal interactions must
play a critical role in the dynamics of these systems. Struble and Peebles (1985) repeated
the analysis with 237 clusters located in superclusters, finding only weak, if any, detections.
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Fig. 5 Three strongly elongated
Abell clusters analysed by
Binggeli (1982). The 50 brightest
galaxies in a radius of 2 Mpc are
plotted as black dots in each case.

The brightest galaxy (BCG) is Abell 77

indicated by the circle. Position BM class I

angles of the BCG and cluster are

given by the thin black lines.

BM class stands for the

morphological Bautz-Morgan

classification (Bautz and Morgan

1970) of galaxy clusters, where

classes I and II are dominated by

elliptical BCGs. Reproduced with

permission from Binggeli (1982)
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Abell 957
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However, later works supported Binggeli’s findings with increasingly large samples and
varying degrees of significance (Argyres et al. 1986; Lambas et al. 1988a, 1990; Plionis
1994; Fuller et al. 1999).

West (1989) extended this type of analysis to the alignment of galaxy group shapes with
neighbouring group positions and detected alignments out to tens of megaparsecs. Interest-
ingly, he concluded that this result would favour a top-down structure formation scenario and
hence provides evidence against the Cold Dark Matter model. Muriel and Lambas (1989)
did not see alignments of spiral and lenticular galaxies with the surrounding galaxy dis-
tribution, suggesting a galaxy type and/or environment dependence of galaxy alignments
when contrasted with the results for elliptical galaxies in the centres of clusters. Dropping
the assumption that cluster galaxies trace its overall shape, West et al. (1995) studied the
correlation of the X-ray cluster ellipticity or its substructure distribution, as measured by the
Einstein satellite, with the large-scale structure, using 93 clusters with z < 0.2, and claiming
a marked detection of alignments. Chambers et al. (2000, 2002) confirmed a strong align-
ment with the position of nearby clusters using 103 different clusters and data from the
Einstein and ROSAT satellites.
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3.5 Early Tidal Torque Theory

Hoyle (1951) was the first to suggest tidal torques as the origin of galactic rotation.” In this
paradigm the matter falling into a halo to form a galaxy acquires angular momentum through
the interaction of the quadrupole of the matter distribution with the tidal gravitational forces
of the surrounding matter (see Sect. 2.3 for a more detailed account). As Peebles (1969)
noted in his seminal paper, tidal torque theory explains the formation of rotating discs as
a natural consequence of the gravitational instability picture of structure formation, as op-
posed to earlier suggestions by von Weizsicker (1951) and Gamow (1952) who postulated a
‘primeval turbulence’ which would have transferred an ab initio value of angular momentum
to the galaxies.

As argued e.g. by Sandage et al. (1970), the amount of angular momentum of the gas
cloud collapsing at the time of galaxy formation was considered to be critical to determine
the Hubble type of the galaxy, with little impact of the subsequent evolution. Low angular
momentum was linked to rapid fragmentation and thus early star formation which quickly
depletes gas and leads the final stages of the collapse to be governed by stellar rather than
gas dynamics, creating a spheroidal system. Conversely, the systems with high angular mo-
mentum collapse into the gas-rich discs associated with spiral galaxies (see also Jones 1976;
Efstathiou and Silk 1983). Jones (1976) also proposed spin correlations between nearby
galaxies as an observational test to distinguish tidal torque theory from the primeval turbu-
lence model.

Sharp et al. (1979) proceeded to demonstrate that disc galaxies in close pairs can have a
non-random distribution of the angle between their major axes, as a result of spin angular
momentum alignment due to tidal torques. However, they found that the observed distribu-
tion of this angle, using 79 pairs of galaxies, was consistent with the spin of the galaxies
being completely uncorrelated; this was still the case even when a more stringent selection
criterion was used to isolate galaxy pairs. Their attempt at reducing observer bias in manu-
ally measuring the position angles was to employ at least two analysts to measure the angle
of each galaxy pair member, whilst the other galaxy was masked out. Sharp et al. (1979)
suggested that since the data seemed inconsistent with the assumption that the galaxy spin
was frozen in at formation, later interactions might further affect spin.

White (1984) then established the concept and formalism of tidal torque theory as it is
currently used in a succinct work that built on an earlier argument by Doroshkevich (1970).
While Peebles (1969) calculated the build-up of angular momentum in a spherical region,
which takes place at second order in perturbation theory, White showed that galaxies as
generally non-spherical objects acquire angular momentum via the torques induced by the
tidal quadrupole which is misaligned with the moment of inertia, a first-order effect. More-
over, he demonstrated that in Peebles’ picture angular momentum is generated solely via
the transport of matter across the boundary of the sphere. White confirmed the results for
the first-order effect for groups of particles in N-body simulations that were linked with
a friends-of-friends algorithm, so long as the matter density is low enough that first-order
perturbation theory is applicable (this was later confirmed by Barnes and Efstathiou 1987).

9Efstathiou (2003) provides an excellent description of the conference proceedings in which Hoyle first pro-
posed his theory. In fact, as highlighted by Efstathiou (2003), Hoyle makes a remarkably prescient statement
in a later work (Hoyle 1966) that “the properties of the individual stars that make up the galaxies form the
classical study of astrophysics, while the phenomena of galaxy formation touches on cosmology. In fact, the
study of galaxies forms a bridge between conventional astronomy and astrophysics on the one hand, and
cosmology on the other.”
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3.6 More Recent Theoretical and Numerical Progress

Galaxy clusters were also at the focus of theoretical research on the shapes and alignments
of matter structures in the last two decades of the twentieth century, in part to match the
observational progress but also because the resolution of N-body simulations allowed a de-
tailed study of only the largest bound structures. For instance, Dekel et al. (1984) measured
alignments of cluster-size dark matter haloes with each other and the position of neighbour-
ing haloes in N-body simulations, with the aim of verifying the observations by Binggeli
(1982). Significant detections that matched observations were indeed made but only in simu-
lations that featured top-down structure formation scenarios, while no agreement was found
for the signals generated by tidal alignments in Cold Dark Matter models. It should be noted
that the simulation suites used in that work contained a total of 10° to 10* particles, with
massive clusters typically consisting of 10-30 particles, which is at least an order of mag-
nitude below current limits for reliable measurements of halo shapes and angular momenta
(Bett et al. 2007; Joachimi et al. 2013a).

Cluster alignments were thought to be key probes in providing answers to the most im-
portant cosmological questions of the time, such as discriminating between hot and cold
dark matter models, or determining the total matter density parameter §2,,,. Indeed, in their
simulation-based study of alignments of cluster-size haloes with the surrounding matter dis-
tribution, West et al. (1989) argued that alignments (but not shapes) can help discriminate
between different cosmogony scenarios (see also West et al. 1990). Subsequent works used
these alignments to test structure formation scenarios, and probed their sensitivity to cos-
mological parameters, sometimes with contradictory conclusions (e.g. West et al. 1991; van
Haarlem and van de Weygaert 1993; Splinter et al. 1997).

Regarding analytic work, a productive route was the analysis of the peaks in Gaussian
random fields which are expected to be a good representation of the primordial spatial distri-
bution of matter density fluctuations. Depending on the peak threshold or smoothing scale,
these peaks are assumed to describe the matter distribution around galaxies or clusters. Pea-
cock and Heavens (1985) calculated the distribution of shapes of peaks in random fields,
finding that typical peaks (corresponding to massive galaxies) are prolate, nearly indepen-
dent of the form of the matter power spectrum, while the highest peaks (corresponding to
clusters) are closer to spherical (see also the seminal paper by Bardeen et al. (1986) who
also consider the shapes of peaks in the matter distribution). Heavens and Peacock (1988)
extended this work to computing tidal torques and spin parameters of the peaks, conclud-
ing that the low angular momentum of elliptical galaxies compared to spirals cannot be
explained solely by the larger host halo mass of ellipticals because the calculated anti-
correlation between peak mass and spin parameter was weak. Using a similar approach,
Catelan and Theuns (1996) later obtained realistic spin parameter values for spiral galaxies,
reasoning that highly non-linear processes must therefore happen during the evolution of
ellipticals, such as would occur during violent galaxy mergers. Salvador-Sole and Solanes
(1993) analytically estimated cluster properties based on tidal alignments and could explain
the observed distribution of cluster axis ratios and (qualitatively) the alignment signals of
clusters. The authors concluded that tidal effects are important ingredients in the dynamics
of large-scale structure.

Generally, tidal forces emerged as the central driver for all forms of observed alignments
in the large-scale matter distribution. In addition to the well-known link to the angular mo-
menta of bound structures, Dubinski (1992) proposed that the tidal shear directly affects the
shape of a halo. However, in constrained N-body simulations with external tidal shear, he
did not find a clear correlation between the shapes of initial density peaks and those of the re-
sulting haloes. Catelan et al. (2001) built on this work to devise their ‘tidal stretching” model
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for intrinsic alignments (see Sect. 2.3), predicting that the correlations of projected galaxy
shapes should be stronger for elliptical than for spiral galaxies, which current results suggest
is indeed the case (see Sect. 6). Note that, much earlier, Barnes and Efstathiou (1987) had
seen from simulations that the alignments of the major axis of a halo with nearby objects
was stronger than the corresponding alignment of the angular momenta. Hence, while the
repeated usage of tidal effects to explain the origin of the dichotomy between spiral and
elliptical galaxies may not have proven conclusive, they do seem to imply a marked galaxy
type dependence of alignment signals.

The paper by Catelan et al. (2001) was part of a suite of works which were contem-
poraneous with the first detections of cosmic shear (Bacon et al. 2000; Kaiser et al. 2000;
Van Waerbeke et al. 2000; Wittman et al. 2000) and which established a link between the
old field of galaxy alignments and the novel, promising cosmological probe that equally
relies on measurements of correlations between galaxy shapes. Heavens et al. (2000) used
N-body simulations to quantify the expected contamination of weak lensing signals by in-
trinsic galaxy alignments. They considered both an elliptical and spiral model analogous to
Catelan et al. (2001) for the translation of halo shape to galaxy shape and concluded that
deep surveys with a broad redshift distribution should not be affected significantly. Assum-
ing that halo shapes trace the galaxy shapes, Croft and Metzler (2000) found significant
intrinsic shape correlations in N-body simulations out to 20 Mpc/ k, which could account
for 10-20 % of the signal seen in first cosmic shear detections. They anticipated the concern
that this contamination would become more significant once weak lensing source samples
were defined in narrow redshift slices.

4 Intra-halo Alignments

A dark matter halo above a certain minimum mass tends to host one or more galaxies, where
in the latter case one distinguishes between a central galaxy and satellites. Frequently, the
most massive or brightest of the galaxies in a halo is observationally defined as the central
galaxy. It is generally expected to be situated close to the centre of the halo which attracts
most of the baryonic matter, especially if the central is much more massive than any satellite.
In this section we discuss the alignments of the central galaxy with its own halo, in most
cases traced by the spatial distribution of the satellite galaxies,'® as well as the alignments
of the shapes of satellites measured relative to the centre of the halo (or the observable
central galaxy). Since the satellites generally have to be identifiable in surveys beyond the
local Universe, the haloes studied are mostly those of galaxy groups (with typical masses
108 < M/Mg < 10') and clusters (with masses M > 10'* M,,).

While the alignment of central galaxies with their host haloes (measured through the dis-
tribution of satellite galaxies) was established early on, the twentieth century saw a persis-
tent lack of consensus regarding the level—or presence—of alignments of satellite galaxies
within haloes, ranging from field galaxies to massive galaxy clusters. The history of such
results can be understood in terms of the technical challenge in measuring the shapes of
each of the objects: the shapes of central galaxies are relatively easy to measure, especially
in massive galaxy clusters, since these are the largest galaxies in the Universe. In contrast,
satellite galaxies are smaller, and their light is confused by neighbouring galaxies (an effect
which is enhanced as we go from field galaxies to galaxy clusters).

10Constraints on potential misalignments could in principle also be obtained from halo shape measurements
via galaxy-galaxy lensing, stacking galaxies and orienting them with respect to their major axes (Hoekstra
et al. 2004; Mandelbaum et al. 2006b; van Uitert et al. 2012; Adhikari et al. 2015).
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4.1 Alignment of the Central Galaxy with Its Halo

As detailed in Sect. 3.4, Sastry (1968) first detected an alignment between the major axes
of the central galaxy and the satellite distribution in clusters, while Holmberg (1969) es-
tablished an anti-alignment in the case of field galaxies and their satellites. This Holmberg
effect is now well established locally in the Milky Way (Pawlowski et al. 2012) and M31
(Conn et al. 2013). However, the picture is different for objects outside the Local Group.
The inverse Holmberg effect,!! i.e. the tendency of the central galaxy to align with its parent
halo, has been observed from the scales of individual galaxies (e.g. Brainerd 2005) to galaxy
clusters, the latter in support of the pioneering works by Sastry (1968) and Binggeli (1982);
see also Fig. 5. This is also strongly supported by simulations (e.g. Ocean Wang et al. 2014,
and references therein). This correlation appears to extend even beyond the host halo and
may reflect the preferred directions of accretion of satellites, as evidenced by the alignment
of satellite position vectors and local filament directions seen in SDSS as well as simulations
(Tempel et al. 2015). Note that a direct comparison with the results from the Local Universe
is difficult because the work on the satellite distribution of more distant galaxies is limited to
larger separations from the central galaxy and suffers from low numbers, so that alignments
can only be detected statistically rather than on a per-galaxy basis.

Using SDSS galaxy groups, Yang et al. (2006) showed that the Sastry-type major-axis
alignment is stronger for red galaxies and haloes defined by red satellites only, and is indeed
not present in groups with blue central galaxies (see also Wang et al. 2008, and references
therein). Additionally, this effect is more pronounced at low redshifts and for more massive
central galaxies but is independent of cluster richness (Hao et al. 2011). Sales and Lam-
bas (2004, 2009, note the reversal of alignment tendency published in the erratum) showed
that there also exists an inverse Holmberg effect for field galaxies (i.e. galaxies that do not
have other galaxies above a certain brightness threshold in their neighbourhood), which is
more prominent for red, passive central galaxies. Later works confirmed that the dichotomy
between blue galaxies with no significant alignments and red galaxies with clear major-
axis alignment extends down to galaxy-sized haloes, where the latter signals exists out to
radii of 0.5 Mpc/h (Azzaro et al. 2007) and persists for stricter criteria of isolation of the
host (Bailin et al. 2008). Agustsson and Brainerd (2010) confirmed these trends and were
also able to qualitatively reproduce them with a simulation-based model, where blue central
galaxies are assumed to have their spin aligned with the dark matter halo angular momentum
and red galaxies are homologous to their halo. They explained the lack of blue satellite align-
ment with the more recent accretion of blue satellites compared to red ones, and a substantial
number of interlopers in the sample, while the signal for blue central galaxies is diluted by
averaging a major-axis alignment at small separations from the centre of the halo with a
preferential minor-axis alignment (i.e. a Holmberg effect) at larger radii (r, 2 300 kpc).

A comparison of the strength of large-scale alignments in observations and simulations
led Heymans et al. (2004) to suggest that galaxies and their dark matter haloes have typical
misalignments of ~ 30°, later constrained by Okumura and Jing (2009) and Okumura et al.
(2009) to 35 £2°. Wang et al. (2008) found similar results through a detailed study of SDSS
galaxy groups, inferring an average projected misalignment of 23°, which was stronger
for blue galaxies and more massive haloes, reaching ~ 65° for blue centrals in haloes of
10" < M/M, < 10", This can be compared to the recent analysis of a hydrodynamic sim-
ulation by Tenneti et al. (2014, 2015), who determined that the (three-dimensional) mean

U hindsight this nomenclature is unfortunate, since Sastry’s observation took place before that of Holm-
berg.
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misalignment between the dark matter and the stellar distribution decreases from order 30°
to around 10° for group and cluster haloes, and that the degree of alignment does not depend
on redshift but is slightly higher for red galaxies compared to blue ones of similar mass. In-
terestingly, the misalignment of the minor axes of blue central galaxies and their haloes of
~ 40° coincides roughly with the typical misalignment between a halo’s angular momentum
and its minor axis (e.g. Kang et al. 2007).

This suggests that the level of alignment between galaxy and halo angular momenta is the
key quantity applicable to disc galaxies. The typical misalignment between the angular mo-
mentum directions of the gaseous and dark matter components in simulations is ~ 30° (e.g.
van den Bosch et al. 2002; Bett et al. 2010), in broad agreement with the aforementioned
observations, where the degree of misalignment grows as a function of halo radius (Bailin
et al. 2005; Deason et al. 2011). Gas appears to be the main agent driving the misalignment
of star-forming stellar discs, while the stronger alignment of gas-poor discs with their host
halo is helped by minor merger events, which perturb the spin direction towards the most
stable configuration parallel to the halo minor axis (Debattista et al. 2015).

We caution at this point that, while hydrodynamic simulations are crucial to gain insight
into the highly non-linear processes of small-scale alignment generation or destruction, they
can currently only serve as exploratory tools as they still fail to reproduce fundamental
galaxy properties such as colour, size, or stellar mass function, owing to the uncertainty in
modelling small-scale physics below the resolution of the simulations (see e.g. the discus-
sion in Schaye et al. 2015; Crain et al. 2015). For instance, Velliscig et al. (2015) found
typical variations of about 10° (and up to 20°) in the alignment angles of galaxies with
their host haloes for scenarios based on different feedback processes occurring in galaxy
formation in the EAGLE simulations (Schaye et al. 2015).

4.2 Alignment of Satellite Galaxy Shapes

The alignment of satellite shapes, on the other hand, has a more complicated history (see
Sect. 3.4), primarily because of the difficulty of measuring the shapes of small satellite
galaxies which are additionally more significantly contaminated by light from neighbour-
ing galaxies, particularly in the dense environments of groups and clusters. Early SDSS
studies (which had orders of magnitude more galaxies, and much better data quality, than
previous measurements) suggested that satellites in clusters aligned radially towards their
central galaxies (Pereira and Kuhn 2005; Faltenbacher et al. 2007), but Hao et al. (2011)
demonstrated that this was due to systematic effects arising from the contamination of shape
measurements by light from neighbouring galaxies. Note that shape measurement methods
differ in their sensitivity to the outskirts of the light profile of a galaxy, and therefore in their
susceptibility to this contamination (Schneider et al. 2013), but note that there could also be
physical differences in alignment strength between the inner and outer parts of a galaxy (see
also the discussion in Kirk et al. 2015).

Subsequently, the majority of studies have found that satellite galaxies in groups and
clusters are consistent with being randomly oriented (Hung and Ebeling 2012; Schneider
et al. 2013; Chisari et al. 2014; Sifén et al. 2015). An exception is Singh et al. (2014)
who detected a non-zero density-shape correlation function, as given in Eq. (17), for small
r, when restricting the sample with shape measurement to galaxies classified as satellites.
Note, however, that their underlying sample consisted of bright early-type galaxies, so that
these satellites are likely to be similarly bright as the central galaxy and only very sparsely
populate haloes. This signal could indicate a galaxy type dependence of satellite alignments
or an increase of alignment strength with the luminosity of the satellite.
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Fig. 6 Sketch of galaxy alignments in galaxy groups and clusters. Satellite galaxies (small red ellipsoids)
are depicted as preferentially pointing their major axes towards the centre of the cluster whose shape and
orientation is indicated using a green ellipsoid. The large red ellipsoid represents the central galaxy of the
cluster, which generally does not have the same ellipticity and orientation as its host halo

N-body simulations typically use sub-haloes as a proxy for satellite galaxies. There is
agreement in these simulations that there is a strong preferential radial alignment of satellites
towards the centre of mass of the host halo (e.g. Kuhlen et al. 2007; Faltenbacher et al.
2008; Knebe et al. 2008b,a; Pereira et al. 2008). Faltenbacher et al. (2008) investigated this
trend over a wide range of scales and found that this alignment is strongest within the virial
radius of the host halo and drops off rapidly with increasing radius. Intriguingly, the strength
of this alignment is inconsistent with the null signals seen in observations, and a possible
explanation is the tidal torque origin of this alignment (see e.g. Knebe et al. 2008a): since
the sub-haloes are subject to strong tidal torquing, the loosely bound outer particles will be
more highly distorted than the inner particles. Consequently, the shape of the outer sub-halo
would be more distorted than the inner region and the centre of the sub-halo (where the
luminous satellite would reside) may have a weaker alignment with the centre of mass of
the host (see also Pereira and Bryan 2010). Therefore it is desirable to use hydrodynamic
simulations (see e.g. Knebe et al. 2010) to account for such an effect, as well as the impact of
baryons, and thus make predictions for quantities that are as close as possible to the observed
ones. Tenneti et al. (2015) employed such a hydrodynamic simulation in a cosmological
volume to measure the correlation functions of the position angles and projected shapes of
the star particles in simulated galaxies. As these statistics are sensitive to satellite alignments
on small scales, the authors could confirm a preferentially radial alignment whose strength
increases with redshift and the mass of the host halo. Similar trends were previously seen
for the same type of measurement in pure N-body simulations (Lee et al. 2008).

A tool that has proven successful in describing the clustering of galaxies and that has re-
cently been extended to also model galaxy alignment statistics (Schneider and Bridle 2010)
is the halo model. A sketch of the halo model view of the intra-halo galaxy alignment is
shown in Fig. 6. Small red ellipsoids represent satellite galaxies whereas the large green el-
lipsoid represents the shape of the dark matter halo whose extension encompasses the whole
figure. Note that satellites are depicted as being preferentially radially oriented, where the
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Table 1 Large-scale structure

categories defined by the Structure A ) A3
gravitational tidal field tensor,

using the eigenvalues Clusters/knots + + +
A1 < A2 < A3. Plus (minus) signs Filaments _ + +
correspond to positive (negative)

cigenvalues Sheets/walls — - +

Voids - — -

strength of this orientation can potentially depend on halo mass and galaxy position within
the halo. The halo model postulates that each galaxy resides in a dark matter halo (usually
assumed to be spherical, at least effectively after averaging over a large number of haloes)
whose mass is the main physical driver behind observable galaxy properties. Exploiting the
fact that properties of haloes can be read directly from numerical simulations and that they
can be presented in compact form via analytical fitting functions, the halo model allows for
the computation of alignment statistics by assuming simple analytical parametric functions
for the number of galaxies residing in a halo and for the dependence of their position and
shape on the host halo mass.

Schneider and Bridle (2010) proposed a single new parameter for the intra-halo align-
ment term which governs the strength of an assumed radial alignment of satellite galaxies,
encoding a combination of average satellite ellipticity and stochastic misalignment. The sim-
plicity of this model has led various observational studies to phrase their findings in terms
of the same parameters (Schneider et al. 2013; Sifén et al. 2015; Singh et al. 2014). Ar-
guably, the greatest advantage of using the halo model is the simplicity of the computation
together with the fact that, if needed, most of its assumptions can be refined in view of new
results, both observational and theoretical, which make it the current framework of choice
for modelling the small-scale, highly non-linear parts of alignment signals. However, a halo
model of alignments is likely to fail on mildly non-linear scales outside the largest haloes
(see Kiessling et al. 2015) where alignment processes unrelated to haloes, e.g. with the fil-
amentary structure of the cosmic web, are relevant. These effects will be discussed in the
following section.

5 Inter-halo and Large-Scale Structure Alignments

While the previous section dealt with alignments of the objects within haloes hosting galax-
ies, groups or clusters, we now proceed to discuss alignments between clusters as a whole,
as well as alignments of galaxies with the defining elements of the cosmic web, such as fila-
ments and the surfaces of voids. The gravitational tidal field tensor is widely used to classify
the large-scale matter distribution according to its environmental characteristics. It deter-
mines the local deformation of a group of test particles in the gravitational field generated
by the matter distribution as can be shown by Taylor-expanding the equation of motion of the
test particles; see Eq. (12). The form of the tidal tensor at any given point in space describes
in which directions gravitational forces contract (positive eigenvalues) or expand (negative
eigenvalues) a distribution of objects. For eigenvalues A; < A, < A3, one can thus define the
four categories (e.g. Hahn et al. 2007b) given in Table 1. For filaments, the eigenvector cor-
responding to A; specifies the direction of expansion, i.e. it points along the direction of the
filament (see also Fig. 2). For sheet-like structures, the eigenvector corresponding to Aj is
the local normal vector to the plane of the sheet. Clusters, or knots of the cosmic web, can be
assigned an ellipsoid via the eigenvalues and eigendirections of the tidal tensors, and these
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Fig.7 Slice of thickness ~ 1 Mpc/ h from the Bolshoi simulation. Left: Dark matter density, with brightness
increasing from low to high density. Contours separate regions above and below the mean density. Cen-
tre: Cosmic web classification including clusters (black), filaments (dark grey), walls (light grey), and voids
(white). Massive haloes are shown in red. Contour lines are the same as in the left panel. Right: Zoom into
the region marked in the centre panel. Clusters are marked as red ellipses which indicate the eigendirection
and -values of the inertia tensor. Note that the sizes of the ellipses are not representative of the halo sizes.
Reproduced with permission from Libeskind et al. (2013)

ellipsoids tend to be prolate (e.g. Bett et al. 2007), while voids are expected to be closer to
spherical (see the argument in Sheth and van de Weygaert 2004). Figure 7 shows an example
classification of the cosmic web in an N-body simulation.

Observationally, these structures are difficult to identify. Candidates for galaxy clusters
can be obtained from apparent overdensities in the galaxy distribution and then be con-
firmed if redshift information is available to place the cluster member galaxies at the same
distance, or if the candidates cluster in a region of a colour-magnitude diagram known as
the red sequence, where the typically early-type cluster member galaxies are expected to
lie (e.g. Rykoff et al. 2014). Evans and Bridle (2009) provided observational evidence, us-
ing the stacked weak lensing signal of galaxy clusters compiled from SDSS data, that the
distribution of cluster members is indeed a good tracer of both ellipticity and orientation of
the underlying dark matter halo. Besides, the hot intra-cluster gas leaves clear signatures in
X-ray maps and in observations of the cosmic microwave background whose photons are
inverse Compton-scattered by the gas (the Sunyaev-Zeldovich effect; see Ade et al. 2015b).
While such observations are valuable for cluster detection, they have not been used widely
for studies of cluster shapes and alignments (see e.g. Chambers et al. 2000, 2002). Filaments
and, to a lesser degree, sheets are traced by the galaxy distribution and can thus be identified
from spectroscopic galaxy surveys, which have a dense sample of galaxies with accurate red-
shifts and cover a large volume (e.g. Alpaslan et al. 2014). Using the same datasets, voids
have often been approximated as the largest spherical regions devoid of galaxies above a
certain brightness threshold (e.g. Trujillo et al. 2006). More sophisticated methods for void
identification and characterisation now exist (e.g. Sutter et al. 2014), but have not been used
in the context of galaxy alignment studies yet.

5.1 Alignments Between Galaxy Clusters

The relative ease with which massive galaxy clusters could be identified has led to a com-
paratively early advent of observational data on cluster alignments; see Sect. 3.4. Since
then there has been general consensus that the shapes of galaxy clusters are aligned with
each other, and even more strongly with the large-scale matter distribution as e.g. traced
by neighbouring clusters. Hopkins et al. (2005) used N-body simulations with a box size
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of 1.5 Gpc/h to study the alignments between the position angles of pairs of haloes, and
between the position angle of one halo and the line connecting to another halo, with haloes
of mass 2 x 10'3 M/ h and above. They established that these alignments are stronger and
extend to larger pair separations if the haloes have higher mass, and if they are at higher
redshift. By also considering the alignment signals shortly after the formation of haloes,
Hopkins et al. (2005) deduced the following picture: haloes are endowed with alignments at
the time of their formation, with little dependence on formation time and initial mass. They
grow via hierarchical structure formation, where major merger events lead to a period of
rapid decrease in coherent long-range alignment over a redshift range suggested to be 0.5
to 1. Outside these periods the alignment strengths decrease only slightly. Since low-mass
haloes tend to undergo this process earlier, they reached a level of weak alignments in the
past, whereas rich galaxy clusters have acquired their mass only recently and thus still have
stronger alignments. Kasun and Evrard (2005) obtained very similar results with another
large N-body simulation and using the same statistics, while Lee et al. (2008) confirmed
the scalings with redshift and mass also for correlations that involve the full halo ellipticity
(as opposed to just orientation), using weak lensing-like statistics.

Ragone-Figueroa and Plionis (2007) additionally considered in their simulations the de-
pendence of the alignment signal on the amount of substructure within haloes, which they
interpreted as a sign of recent merging activity. Haloes without substructure displayed sig-
nificantly stronger alignments than those with substructure, which may support the scenario
drawn up by Hopkins et al. (2005) that structure growth tends to destroy alignments. How-
ever, since subhaloes preferentially fall into the cluster along the filaments, they are expected
to introduce a memory of the surrounding large-scale matter distribution into the halo, so
the loss of alignment could be a transient state shortly after a merger (Ragone-Figueroa and
Plionis 2007). However, this picture seems to contradict observational results from large
low-redshift samples of clusters, which show stronger alignments with neighbouring cluster
positions and orientations if they have got more substructure (Plionis and Basilakos 2002).
An important caveat is that the mass resolution of the simulation, the exact definition of a
halo and the particles that are assigned to it, as well as the radius out to which particles are
included (as the inner and outer part of haloes can be misaligned) all have a strong impact
on the strength of alignment correlations (Bett et al. 2007; Schneider et al. 2012).

Recent observations, all using SDSS data but different compilations of galaxy clusters
and groups, also found significant detections of alignments, in good qualitative agreement
with the theory, as did the earlier works by West (1989) and Plionis (1994) albeit with
large error bars; see Fig. 8. Alignments between clusters and surrounding cluster and galaxy
positions were seen out to 20 Mpc/ h by Paz et al. (2011) and out to 100 Mpc/ h by Smargon
et al. (2012), while the latter work also made a tentative detection of pairwise correlations
between cluster orientations. Wang et al. (2009) measured various alignment statistics down
to group scales with masses as low as 10''> M/ h, including an alignment of the shape of
the distribution of cluster members with nearest neighbour direction. They, and Paz et al.
(2011), confirmed that the alignment signal increases with object mass, while none of the
studies had a sufficient redshift baseline to test for a redshift dependence.

Paz et al. (2011) even obtained excellent quantitative agreement with their own simu-
lations that contained the angular and radial selection functions of the data and were pro-
cessed in the same way as the observations. Smargon et al. (2012), in contrast, found that
the simulations by Hopkins et al. (2005) over-predict their signals, even when incorporat-
ing observational complications, for instance due to photometric redshift errors and scatter
due to the fact that they could typically use only 5-6 galaxies per cluster for estimating the
position angle. Figure 8 may also point in that direction since the typical halo mass in the
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Fig. 8 Mean of cos2 6, where 6 is the angle between the major axis of a galaxy cluster in projection onto
the sky and the line connecting it to another cluster, as a function of the three-dimensional galaxy cluster
pair separation r3p. We show the excess signal beyond the expectation of 0.5 for random orientations. Data
from West (1989) (groups/poor clusters) and Plionis (1994) (rich clusters) are shown as grey triangles and
black squares, respectively (note the rightmost grey point is negative), while the simulation results from
Hopkins et al. (2005) are given by the red solid line. The blue dashed and green dotted curves correspond to
tidal alignment predictions at z ~ 0.25 (mean redshift of the simulation signal) based on Eq. (17), assuming
a mean ellipticity of 0.22 (after conversion to the definition of ellipticity used in this work) read off from
Fig. 3 of Hopkins et al. (2005) and a linear cluster bias from the halo model prediction (Sheth and Tormen
1999; Mana et al. 2013). We have extrapolated the luminosity scaling of the alignment amplitude using the
best-fit model of Joachimi et al. (2011) and the relation between cluster masses and integrated luminosities
from Wen et al. (2012). The blue dashed line results for a cluster of 1015 Mg/ h, adequate for the Plionis
sample, while the green dotted line corresponds to a group/cluster of 5 x 1013 Mg/ h, the typical mass of
the haloes considered in the simulation. The analytical predictions cannot be trusted below ~ 5 Mpc/ & as the
assumption of linear biasing breaks down. Adapted from Hopkins et al. (2005)

simulation sample was about an order of magnitude lower than the clusters in the Plionis
sample, and yet a similar alignment amplitude was found. The figure also indicates that the
prediction by the linear alignment model for this statistic can in principle reproduce the
correct order of magnitude of observations and simulations, although the model prefers a
strong scaling with mass/luminosity. It will be interesting to reconsider cluster alignments
and analytic models thereof in order to test whether the haloes of clusters are subject to the
same alignment mechanism as elliptical galaxies and their lower-mass haloes for which we
know the models to work well.

5.2 Alignments with Filaments

The growing body of literature using N-body simulations to study the alignments of dark
matter halo shapes and spins with the filamentary structures of the cosmic web points to-
wards an at least qualitatively consistent picture, which is sketched in Fig. 9, assuming that
disc galaxy alignments are driven by spin, and that elliptical galaxy alignments are well de-
scribed in terms of the major axis orientation. Galaxy-size haloes tend to have their angular
momenta aligned parallel to filaments (e.g. Hahn et al. 2007a; Zhang et al. 2009; Libe-
skind et al. 2013). As we move to larger halo masses, an inversion occurs in the alignment
signal with respect to filaments, whereby the halo angular momentum preferentially aligns
perpendicular to the filament direction; see e.g. Libeskind et al. (2013). These authors also
noted that the mass at which the angular momentum alignment flip happens with respect
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Fig. 9 Sketch of galaxy alignments with a filament (shown in green). Elliptical galaxies (red ellipsoids) tend
to align their major axes with the filament direction, while disc galaxies (blue discs) tend to align their spin
perpendicular to the filament direction. Note that the latter alignment trend only holds for massive objects;
see Sect. 5.2 for details

to filaments is dependent on the halo environment, suggesting that the origin of this transi-
tion is linked to the interaction of haloes with the cosmic web (see also Aragon-Calvo and
Yang 2014; Codis et al. 2015), while earlier works claimed a connection to the qualitatively
different merger histories of the haloes above and below the transition mass (Codis et al.
2012).

There appears to be less consensus in observations, however. Lee and Pen (2002) studied
alignments in the IRAS Point Source Catalogue Redshift survey (PSCz), and found that the
galaxy spin typically aligned perpendicular to filaments. On the other hand, Tempel et al.
(2013) observed a parallel alignment between the spins of bright spiral galaxies and fila-
ments, while early-type (mostly lenticular) galaxies had their spins aligned perpendicular
to the filament direction. Tempel and Libeskind (2013) supported the findings of Tempel
et al. (2013) in relation to spiral galaxies, whereas Zhang et al. (2015) found a perpendicu-
lar alignment between the spin axes of spiral galaxies and the filament direction. All recent
works used SDSS data but differed in the selection of the galaxy samples and in the defi-
nition and reconstruction of filaments. While this is a likely explanation for the apparently
discrepant results, physical effects related to the differences in the alignments of low- and
high-mass haloes and the dependence of the mass scale of the spin alignment transition on
environment may also have an impact. In particular, the findings of Tempel et al. (2013) of
a different alignment signal in spiral galaxies compared to early-type galaxies could reflect
the fact that the latter tend to be more massive than their spiral counterparts. And while
Zhang et al. (2015) find a perpendicular alignment signal with spiral galaxies, they note that
this signal is stronger in cluster environments, perhaps pointing to a lower mass threshold
for the spin alignment flip in higher density environments. However, such a scenario would
be in conflict with the results of Libeskind et al. (2013), who found that the spin flip mass
threshold was higher in clusters compared with voids.

Considering the shapes of dark matter haloes in N-body simulations, the halo major axis
preferentially lies along the direction of filaments on all mass scales (Bailin and Steinmetz
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Fig. 10 Probability density of the angle, 6, between the galaxy spin vector and the vector connecting the
void centre with the position of the galaxy. For random galaxy orientations one expects a sin(f) dependence,
as marked by the black dotted line (which almost completely overlaps with the blue line). Note that all
distributions integrate to unity over the angular range shown in the figure. Signals and 1o constraints are
shown for the case of void radii larger than 10 Mpc/ k, and a shell width at the surface of 4 Mpc/ h thickness,
from the observations by Trujillo et al. (2000) (green squares), Slosar and White (2009) (red diamonds), and
Varela et al. (2012) (blue line and error band), and the simulations by Heymans et al. (2006a) (black circles)
and Cuesta et al. (2008) (yellow line and error band). The grey dashed line corresponds to the prediction by
tidal torque theory (TTT) with at = 0.6

2005; Altay et al. 2006; Lee et al. 2008; Zhang et al. 2009; Libeskind et al. 2013). Using
observations, Zhang et al. (2013) confirmed the prediction from simulations, finding a strong
alignment signal for red galaxies and a weaker signal for blue galaxies. This could reflect
the mass dependence of the strength of the alignment signal seen in N-body simulations, as
red galaxies tend to be older and more massive than blue galaxies.

5.3 Alignments with Sheets and Void Surfaces

As voids by definition lack sufficiently bright galaxies suitable for shape measurement, ob-
servational analyses deal with the alignments of galaxies in loosely defined regions at the
surfaces of voids. These environments should in principle be equivalent to the ‘sheet’ cate-
gory defined above, but the practical algorithms to identify them are substantially different.
There have been three recent works (Trujillo et al. 2006; Slosar and White 2009; Varela
et al. 2012) in this area which all employed the same void finder (by Patiri et al. 2006),
searching for the largest non-overlapping spheres within the survey volume that is devoid of
galaxies above a certain brightness threshold. They all worked with SDSS data (from data
releases 3, 6, and 7, respectively; Trujillo et al. (2006) additionally considered data from
the 2dF Galaxy Redshift Survey) and defined similar rest-frame magnitude thresholds just
below M, = —20. Substantial differences prevailed in the selection of the galaxy samples
used for the estimation of the spin direction, and the measurement process for the latter,
with Trujillo et al. (2006) limiting themselves to edge-on and face-on disc galaxies only,
while Varela et al. (2012) fitted a thick-disc model to all galaxies classified as spirals by
GalaxyZoo (Lintott et al. 2008).

Results for the distribution of the angle between the galaxy spin vector and the vector
connecting the void centre with the position of the galaxy from these three papers are com-
pared in Fig. 10 for the choice of minimum void radius of 10 Mpc/ A and a shell 4 Mpc/h
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thick at the void boundary in which the alignments are measured. The data were fitted to
Eq. (23) with the free parameter ar which encodes a combination of the effects of the pri-
mordial coupling between tidal shear tensor and inertia tensor of the forming galaxy, as
well as the degree of non-linear and stochastic effects acting on the galaxy spin after galaxy
formation. A value of ar = 0.6 is expected for the tidal torque theory prediction with inde-
pendent tidal and inertia tensors, while ar = 0 corresponds to random spin vectors, and the
distribution reduces to be proportional to sin8. Trujillo et al. (2006) claimed a strong detec-
tion conformal with tidal torque theory, but the significance was reduced to less than 20 in a
re-analysis by Varela et al. (2012) as the original measurements were selected a posteriori to
yield a maximum signal-to-noise. With a more homogeneous dataset and a somewhat more
sophisticated analysis, Slosar and White (2009) and Varela et al. (2012) agreed on a null
detection.

However, Varela et al. (2012) considered a range of void radii and found a significant
signal for minimum void radii around 15 Mpc/h which corresponds to negative values of
ar ~ —0.5. This result is in disagreement with the standard picture of tidal torque theory
(Lee and Pen 2000, 2001; Lee and Erdogdu 2007) which posits a preferential alignment
of the spin vector with the intermediate principal axis of the tidal shear tensor which lies
tangentially to the void surface, whereas Varela et al. (2012) found an alignment of the
spin with the radius vector. Simulations which explicitly attempted to reproduce the void
alignment signals found either no signal or a very small signal (Fig. 10). While Heymans
et al. (2006a) employed a thick-disc galaxy model oriented with some random misalignment
around the halo angular momentum vector, Brunino et al. (2007) and Cuesta et al. (2008)
did not use any galaxy model but studied angular momentum alignments directly, so that the
link to observations is less clear in these cases. In this respect it is interesting to note that the
significant detection by Cuesta et al. (2008) was lost when limiting the angular momentum
measurement to the central part of a halo.

The observational picture for the case of alignments of galaxy spins with sheets as defined
in Table 1 remains unclear. Lee and Pen (2002) and Lee and Erdogdu (2007) concluded
from observations still based on photographic plate data that galaxy spin axes tend to lie
within the sheets, while with SDSS, Tempel and Libeskind (2013) and Zhang et al. (2015)
found galaxy angular momenta to point perpendicular to the plane of the sheet on average,
although in both cases the alignment signal was weak. The latter measurement appears to
be consistent with the void result of Varela et al. (2012), whereas simulations generally
agree that angular momenta are preferentially parallel to planar structures (e.g. Libeskind
et al. 2013), i.e. (ar > 0), and this tendency becomes stronger for more massive haloes (e.g.
Forero-Romero et al. 2014).

We lack observations for the alignments of halo shapes (as opposed to spins) with void
structures because the objects we consider as faithful tracers of halo shape, elliptical galax-
ies and galaxy groups or clusters, are rare in the under-dense regions close to voids. Zhang
et al. (2013) found that galaxy major axes tend to lie within the sheets. This is in agreement
with N-body simulations for which there is clear consensus that the major axes of haloes
lie parallel to the sheet or the surface of the void, with a clear trend towards stronger align-
ments for more massive haloes (Brunino et al. 2007; Zhang et al. 2009; Cuesta et al. 2008;
Forero-Romero et al. 2014, see also references in the latter work). All in all, while observa-
tional evidence is inconclusive and possibly still affected by selection effects and systematic
measurement errors, at least numerical studies agree on a general picture for alignment ten-
dencies of halo spins and shapes with respect to planar structures of the cosmic web that
is illustrated in Fig. 11, neglecting any misalignments between the observable galaxies and
their dark matter counterparts.
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Fig. 11 Sketch of galaxy alignments at the surface of a void (shown in green). Elliptical galaxies (red ellip-
soids) tend to align their major axes perpendicular to the radius vector from the centre of the void, while disc
galaxies (blue discs) tend to align their spin along this direction

6 Galaxy Alignments with the Matter Density Field

Rather than studying galaxy alignments in particular environments, as done in the previous
sections, one can alternatively analyse spatial correlations involving galaxy ellipticities or
position angles in more generally selected, usually large, galaxy samples, and the matter
density contrast as traced by (the same or different) galaxies. While the interpretation of
the resulting signals in terms of galaxy evolution processes may be more involved in this
case, these measurements are closely linked to the intrinsic alignment contamination of
weak lensing statistics and benefit from the rigorous measurement and analysis techniques
developed for galaxy clustering and cosmic shear.

In the standard picture of galaxy formation, the large-scale structure interacts with the
forming galaxy through accretion and by exerting tidal torques (Sect. 2.3) and therefore
determines the boundary conditions for the luminous components inside the dark matter
host halo. Primarily, there are six models for explaining galaxy alignments, which differ
substantially in their physical picture (see Table 2 for a summary):

— The simplest model of alignment is the alignment of the stellar component with the dark
matter host halo structure due to identical dynamical properties, for example identical
velocity tensors of both components due to equilibration. These halo shape models are
thought likely to apply to elliptical galaxies, and the correlation in shape between neigh-
bouring galaxies would be set by the correlation in host halo shapes in the initial condi-
tions of structure formation.

— Tidal alignment models, dubbed linear alignments, assume that elliptical galaxies are
embedded in the gravitational tidal field generated by the ambient cosmic large-scale
structure (at least over some period in the galaxy’s history) and that the galaxy halo ellip-
soid is tidally distorted. The stellar distribution then follows this distortion (see Sect. 2.3)
and reflects the orientation and strength of the tidal field, which can in principle be com-
puted from initial conditions.
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Table 2 Comparison of the six major alignment mechanisms, categorised in terms of the aligning field, the
alignment mechanism and galaxy type

Model Field Mechanism Galaxy type
Halo shape Halo inertia Identical velocity tensor of baryons & DM Ellipticals
Linear align. Tidal shear Tidal field acts on stellar component Ellipticals
Quadratic align. Angular momentum Stellar disc reflects angular momentum Spirals
Vorticity Vorticity direction Halo alignment due to non-linear dynamics Unknown
Accretion Accretion pattern Accretion pattern determines ellipticity Unknown
Merging Angular momentum Conversion of orbital momentum to spin Spirals

— In angular momentum alignments, the host halo builds up angular momentum by the tidal
shearing mechanism and one assumes that the galactic disc’s symmetry axis is aligned
with the angular momentum of the host halo. Due to the fact that angular momentum
generation is a perturbative effect, these particular alignments are already present in the
initial conditions of structure formation. Dubbed quadratic alignment models because
of their dependence on the gravitational potential, these angular momentum alignments
are thought to govern the shape alignment of spiral galaxies (see Sect. 2.3).

— Vorticity alignments have recently attracted much interest, as strong alignments between
dark matter haloes and the large-scale vorticity field were found in simulations. In contrast
to the models discussed above, vorticity generation (and possibly alignment as well) is a
purely non-linear effect.

— Accretion models stipulate that the shape and orientation of the stellar component is
related to the pattern of accretion of matter onto the galaxy. Like vorticity alignments,
accretion alignments would require an understanding of non-linear structure formation
for predicting the accretion pattern e.g. in terms of its multipolarity.

— Closely related to the preceding case are merging models which consider the infall of
galaxies rather than of ‘raw’ gas and dark matter. Assuming that angular momentum de-
fines the orientation of the system, as applicable to spiral galaxies, the angular momentum
of the system results from the conversion of the orbital angular momenta of progenitor
galaxies or haloes in merging processes. Both the accretion and merging model can effec-
tively show a linear dependence on the surrounding tidal field, but their description might
require higher than second order derivatives of the gravitational potential.

While the alignments listed above illustrate the variety of physical process, much of
their phenomenology may be captured by effective alignment models, which in the case
of weak alignments, are generally linear. This argument would apply to the halo shape,
accretion, merging and of course the tidal alignment model, because despite the difference
in their physical picture, an effective linear and local relation between observed shape and
surrounding tidal field could be established.

A common feature of these models, further discussed in Sect. 6.4, is the notion that
galaxy alignment is a local process, i.e. alignments of the stellar component with any sur-
rounding field are determined by the interaction of the galaxy with that field. Any neighbour-
ing galaxy contributes to e.g. the gravitational tidal shear experienced by a given galaxy, but
commonly one excludes any direct tidal interaction on short scales just involving the gravi-
tational interaction between pairs of galaxies, leading to tidal streams. Instead, one considers
coherent alignments of galaxies due to their interaction with the same large-scale gravita-
tional field.
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Our discussion below is divided into descriptions of generally large-scale alignments for
different galaxy types for which there are different physical mechanisms that are believed
to cause the alignments. Observations of such alignments are critical for understanding the
amplitude of, and mechanism behind, intrinsic alignments on the scales that will be used for
cosmological weak lensing measurements. At the same time, these are challenging measure-
ments to carry out because they require a large contiguous area (to find many galaxy pairs
with large separations) that has high enough imaging quality that galaxy shapes or spins can
be robustly estimated, as well as either spectroscopic redshifts or high-quality photometric
redshifts. While a large contiguous area is necessary, the sampling rate (number density of
usable galaxies) also cannot be too low, since that will also increase the noise. Unlike the
types of observations described in Sect. 3, the necessary datasets for this type of observation
did not exist with sufficient quality until the start of this century.

6.1 General Observational Studies

First we describe some general observational studies that sought to observe intrinsic align-
ments without making a distinction between galaxy types that might have different underly-
ing alignment mechanics.

The first study of intrinsic alignments that had many galaxy pairs on the scales used for
cosmological weak lensing analysis was that of Brown et al. (2002). They used digitized
photographic data (which is subject to a number of technical difficulties in shape measure-
ment, see Sect. 1) from the SuperCOSMOS Sky Survey (Hambly et al. 2001). This study
took advantage of the fact that at low redshift, cosmic shear is extremely small, and hence
non-zero galaxy shape correlations should be due to intrinsic alignments. Unlike later ap-
proaches to measuring large-scale intrinsic alignments, they used all galaxy shapes with-
out any redshift information, except the general knowledge that the overall galaxy redshift
distribution was at quite low redshift around z = 0.1. Using 2 x 10° galaxies, they found
galaxy shape correlations (corresponding to II correlations; see Sect. 2.3) out to separations
of 100 arcmin, the maximum scale for which measurements were made. This measurement
is still commonly used to normalise the amplitude of alignment signals (Bridle and King
2007).

After this finding, Heymans et al. (2004) carried out a re-analysis of the COMBO-17
survey (Wolf et al. 2001) weak lensing results (Brown et al. 2003), allowing for the possi-
bility of some II-type intrinsic alignments contaminating the results for galaxy pairs that are
nearby in redshift, taking advantage of the good photometric redshifts from COMBO-17 to
reliably create samples of galaxy pairs that are close and distant along the line-of-sight. The
intrinsic alignments were found to lead to at most a few percent-level effects. Some later
papers used the cross-correlation between spectroscopic samples and those with potentially
much poorer photometric redshifts to constrain large-scale intrinsic alignments of fainter
galaxy samples (Blazek et al. 2012; Chisari et al. 2014), thus far producing only upper lim-
its due to their focus on faint samples. For Chisari et al. the galaxy samples were mixed in
type, whereas Blazek et al. considered both a mixed sample, red, and blue separately, finding
only upper limits in each case.

6.2 Early-Type Galaxies
Early-type galaxies are thought to align themselves with the large-scale structure through the

linear alignment model (Hirata and Seljak 2004); see Sect. 2.3. If there is dynamical equi-
libration between the dark matter and the stellar components, one can expect that the shape
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of the luminous component reflects the shape of the dark matter halo. If the halo is now
embedded into the large-scale structure, gravitational tidal fields will distort the potential of
the halo and the luminous component rearranges itself while maintaining virial equilibrium
as long as the gravitational shear is not strong enough to disrupt the halo (Camelio and Lom-
bardi 2015). For sufficiently small tidal shears one can expect a linear relationship between
the observed (projected) shape and the strength of the tidal fields. In addition, this linear
relationship is the simplest one allowed by symmetry as the tensor of second moments of
the stellar brightness distribution is a symmetric tensor of rank two, just like the tidal shear
tensor. Typically, there is a single parameter involved which characterises the proportional-
ity between ellipticity and tidal shear. Alignments of this type are correlated on scales on
which the tidal shear is correlated, which is identical to the correlation length of the density
field. This straightforward picture of alignments for elliptical galaxies would be challenged
if the stellar component contains a (velocity) structure on its own or if this could not be di-
rectly related to the host halo properties, for instance due to a strong anisotropy of the stellar
velocity dispersion. Likewise, incomplete virialisation or remnants from previous merging
processes would add further complication.

Observational constraints on intrinsic alignments of red galaxies come from studies start-
ing in 2006 or later. These studies focused on samples with both redshifts and shear estimates
for each galaxy, and used the galaxy density-shape correlation function w,,, which is re-
lated to the matter density correlation function of Eq. (16) by assuming a linear galaxy
bias, we; = by ws, (see Blazek et al. 2015 for modelling attempts that go beyond the linear
galaxy bias assumption). The density-shape correlation function can be measured at higher
signal-to-noise for typical intrinsic alignment models than shape-shape correlations (and are
a more important contaminant to cosmic shear via the GI term, as well; see Sect. 7). The
SDSS has emerged as the leading survey for these studies, with highly significant measure-
ments of density-shape alignments out as far as 100 Mpc/h for red galaxy samples, and
upper limits for blue galaxy types. The analyses have been carried out by several groups
(Mandelbaum et al. 2006a; Hirata et al. 2007; Paz et al. 2008; Okumura and Jing 2009;
Joachimi et al. 2011; Lee 2011; Li et al. 2013; Singh et al. 2014), including in Joachimi
et al. (2011) the development of a formalism to use high-quality photometric redshifts, and
model out the contamination from galaxy-galaxy lensing due to incorrectly identified galaxy
pairs (see also Blazek et al. 2012). The highest redshift measurements with SDSS for red
galaxies extend to z ~ 0.6, by Joachimi et al. (2011) and Li et al. (2013). These works em-
ployed two different statistical measures of the alignments, the former using shapes and the
latter using position angles alone, and they both had a clear detection to tens of megaparsec
scales.

An illustration of the measurements that led to the aforementioned conclusions about
large-scale intrinsic alignments of early-type galaxies is shown in the top panel of Fig. 12.
For early-type galaxies, the amplitude of the intrinsic alignment signal has been found to
scale roughly linearly with the galaxy luminosity (Joachimi et al. 2011; Singh et al. 2014),
although Blazek et al. (2015) argued that this may largely be explained by the luminosity
dependence of galaxy bias not accounted for in linear perturbation theory. The bottom panel
of Fig. 12 shows that both hydrodynamic simulations (Tenneti et al. 2015) and analytic
models, based on Eq. (16), are able to describe the scaling of red galaxy intrinsic alignments
with transverse separation. The curve from hydrodynamic simulations is a prediction, while
the curve from an analytic non-linear extension of the linear alignment model (for details
see Kiessling et al. 2015) is a fit to a functional form with a free amplitude.
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Fig. 12 Top: Examples of some large-scale intrinsic alignments measurements in the literature, employing
a galaxy density-shape correlation function, wg+, as a function of comoving transverse separation between
galaxies, rp. The samples called “Main” refer to the SDSS main (flux-limited) spectroscopic sample, divided
into two subsamples, both at intermediate (Milky Way-type) luminosities. The red sample results use the
sample from Hirata et al. (2007), but were re-measured by Joachimi et al. (2011) using a different colour cut
that is more consistent with ones used by later works. The WiggleZ results come from Mandelbaum et al.
(2011), and the LOWZ (a low-redshift sample from the SDSS BOSS survey) results come from Singh et al.
(2014). Bottom: A comparison of the observed density-shape correlation for LRGs in SDSS, a prediction
from the MassiveBlack-1I (MB-II) hydrodynamic simulation, and the non-linear alignment model. As shown,
both hydrodynamic simulations and this simple analytic model are well able to reproduce the scaling of
the observed density-shape correlations with separation. The data and predictions have been normalised by
the linear galaxy bias, here referred to as bjjp, relating the galaxy and matter overdensities, 8g = bjjpd. The
analytic model labelled ‘NLA’ corresponds to a slightly modified version of Eq. (16); see also Bridle and
King (2007). Bottom figure based on data from Tenneti et al. (2015), with credit to Sukhdeep Singh

6.3 Late-Type Galaxies

The alignment of late-type galaxies follows an equally persuasive physical picture, but there
are two competing mechanisms as possible explanations. Late-type spiral galaxies have
formed a galactic disc which, depending on the angle of inclination, is perceived to have
a certain ellipticity. The inclination of the disc must be determined by its angular momen-
tum, but how the angular momentum is ultimately linked to the surrounding large-scale
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structure is not as clear. It is worth emphasising that the ellipticity in these models, being an
orientation effect, depends only on the angular momentum direction.

A widely employed picture of angular momentum generation is tidal torquing (Sect. 2.3),
where the gravitational field of the large-scale structure exerts a torquing moment on the pro-
tohalo prior to collapse. When, at a later stage, a galactic disc is formed through the cooling
of the baryonic component followed by star formation, the galactic disc can be expected to
follow the host halo angular momentum imprinted by tidal torquing (Crittenden et al. 2001,
2002). Employing this picture for predicting intrinsic alignments requires a model for the
dynamics of dark matter in tidal shearing and the possibly strong assumption that there are
no misalignments between the disc symmetry axis and the host halo angular momentum.
An environment dependence would be introduced by the typical tidal field strength and the
typical orientation of the tidal shear tensor. Based on tidal torquing one can expect rela-
tively short-ranged correlations of not much more than 1 Mpc (Schifer and Merkel 2012).
Although tidal torquing has been tested as a source of angular momentum of dark matter
haloes (Porciani et al. 2002a,b), there are alternatives such as the conversion of orbital angu-
lar momentum to spin, as suggested by Codis et al. (2012), Dubois et al. (2014), which would
yield similar correlation functions, but with a strong environmental dependence. Recently,
Codis et al. (2015) analytically investigated the alignment of tidal shear and inertia tensors
in the vicinity of filaments and walls and calculated the resulting alignment of galaxy spins
with these structures, finding good qualitative agreement with observational and simulation
results.

Clearly, tidal torquing would be challenged if merging of subhaloes is important, as each
merging process adds new angular momentum to the halo. In this model, the angular mo-
mentum direction and ultimately the disc orientation would fluctuate strongly between merg-
ing events in contrast to the steady orientation in the tidal torquing picture. There might be
scenarios, however, where the merging takes place along preferred directions, which would
stabilise the angular momentum direction. These effects can be important in sheets and fila-
ments. Whereas in the first case there would be little correlation between haloes, the second
case would suggest relatively long-ranged correlations, typically of the size of filaments.
Tidal torquing must have a straightforward parameterisation describing the orientation of
angular momentum as a function of tidal shear. As merging of subhaloes can be expected
to take place along directions defined by the orientation of the tidal shear tensor, there is in
fact a similar parameterisation applicable to these cases.

For rotationally-supported galaxies there are clearly two direction vectors of interest,
one defined by the angular momentum and the other defined by the projected galaxy shape.
Observational studies have considered alignments of both of these vectors. Lee and Pen
(2002), Lee and Erdogdu (2007), and Lee (2011) approached this question observationally
using the direction of the disc angular momentum for nearby galaxies. Lee and Pen (2002)
correlated the spin direction of disc galaxies (determined based on axis ratios and position
angles, assuming disc galaxies are infinitely thin with spin axis perpendicular to the disc)
with the local tidal shear field reconstructed from the IRAS PSCz survey. They detected a
correlation at more than 30 confidence using the model of Eq. (20). Lee and Erdogdu (2007)
later carried out a similar analysis, but using the 2MASS Redshift Survey to reconstruct the
tidal field and ~ 12k galaxies from the Tully Galaxy Catalog. They again found a highly
significant (60) detection of correlation between the spin direction and the intermediate
principal axis of the tidal field, which was found to be stronger in high-density regions than
in low-density regions. Finally, Lee (2011) used data from SDSS to measure the spatial
correlation function of the 3D spin directions of pairs of nearby (z < 0.02) disc galaxies,
finding a ~ 30 detection around separations of 1 Mpc/h and no detection for scales above
3 Mpc/ h.
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On the other hand, attempts to measure large-scale intrinsic alignments of the projected
shapes of late-type galaxies in Hirata et al. (2007) led only to upper limits on the effect
for the SDSS Main galaxy sample at z ~ 0.1. The later emergence of additional spectro-
scopic surveys that targeted somewhat deeper or differently-selected galaxy samples in the
SDSS region also proved useful, as it allowed for additional measurements beyond those
enabled by SDSS spectroscopy alone. Examples of such surveys include the WiggleZ sur-
vey (Drinkwater et al. 2010), which was used by Mandelbaum et al. (2011) to constrain
the intrinsic alignments of a very blue starburst galaxy population at intermediate redshifts,
z ~ 0.6. Again, only upper limits were placed in this case (see Fig. 12). It is worth com-
menting on the possible explanations for the detections of spin correlations for < 1 Mpc/ h
scales for nearby disc galaxies by Lee (2011), versus non-detections of shape correlations
by Hirata et al. (2007) and Mandelbaum et al. (2011). First, it is important to bear in mind
that the large-scale studies of shape correlations have little statistical power on < 1 Mpc/ h
scales, making it hard to compare them with the results for spin alignments on those scales.
Second, projection along the line-of-sight separations out to tens of Mpc to make 2D cor-
relation functions can wash out 3D correlations that are present at scales of < 1 Mpc/ h,
making them entirely undetectable. Finally, it has been shown (e.g., Heymans et al. 2006a)
that putting in models for disc angular momentum with the local density field can result in
quite small projected shape correlations. Given these three caveats, it is not clear that there
is any discrepancy at all between the measurements using spin and shape alignments.

6.4 Alternative Alignment Mechanisms

In contrast to the specific alignment models for early- and late-type galaxies discussed
above, there are a number of alternative hypotheses on how dark matter haloes, irrespec-
tive of the type of the galaxy they contain, can be aligned with the large-scale structure. It is
important to emphasise that these are conceptually new, and use a different aligning large-
scale field other than the tidal shear as is the case for the linear and quadratic alignment
models.

One such model posits that the stellar component of a galaxy would simply follow the
halo shape, as would be expected from virial equilibrium, very much like in the case of el-
liptical galaxies. The individual galaxies would appear correlated through correlations in the
dark matter halo shapes and orientations, which are already present in the initial conditions
of structure formation and can in principle be determined as an extension to the random
process that seeds haloes into the large-scale structure as peaks in the density field (Bardeen
et al. 1986; Bond et al. 1996; Schneider et al. 2012; Rossi 2012; Angrick 2014). In this pic-
ture, halo shapes are related to the curvature of the density field, which would imply short
ranged correlations.

Secondly, alignments of dark matter haloes with the local vorticity field have been ob-
served in numerical simulations (Libeskind et al. 2012, 2013). The actual mechanism is, in
contrast to tidal torquing, difficult to grasp via perturbation theory or other analytic means
because vorticity generation only occurs in non-linear structure formation. If the stellar com-
ponent follows the orientation of the dark matter halo, one would observe a shape correlation
which would be induced by correlations in the vorticity field, which is expected to show cor-
relations only on small scales.

Thirdly, accretion of matter can determine shape and orientation of the stellar component.
Numerical simulations of individual (spiral) galaxies have shown the presence of cold gas
accretion streams (Dekel et al. 2009; Keres et al. 2009; Sales et al. 2012), which have a sig-
nificant impact on the orientation of the disc and are able to tilt the orientation away from the
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initial one (Kimm et al. 2011; Danovich et al. 2012, 2014), up to the point where the angular
momentum direction shows a random walk behaviour at successive merging events (Dubois
et al. 2014). It is difficult to make a statement about shape correlations which would arise in
such a model, but it seems reasonable to assume that such correlations would strongly de-
pend on the topology of the region of large-scale structure the corresponding galaxies reside
in (Prieto et al. 2014). Strong correlations between the flow patterns of accreted matter and
the strength and orientation of the local tidal field could serve to explain why tidal alignment
and tidal torque models describe alignment signals well in certain regimes (Shi et al. 2015).

7 Impact on Cosmology

The most widely employed method that uses weak lensing data to infer information on cos-
mological parameters is to calculate the two-point statistics of the observed ellipticity field.
As shown in Sect. 2.2, the intrinsic alignment of galaxies leads to additional terms being
present in the observed correlation function, or power spectrum. In this section we discuss
the impact of intrinsic galaxy alignments on cosmological inference and ways to mitigate it.
When calculating the likelihood of cosmological parameters given a statistic, a model is
required and a loss function is typically constructed that involves the observed data D and
the model of that data M (;r) which is dependent on some parameters of interest 7, such as
a set of cosmological parameters. In the case that the data is Gaussian distributed this loss
function is simply

—2InL(m)=) [D—M(m)] C'[D-Mm)]. (24)

where the sum is over the data points, and C is the observed covariance matrix of the data.
This is the case in which the parameter dependence is in the mean of the data vector. If the
model that is used to describe the data is complete, in the sense that all physical effects that
can occur in the data are captured in the model, then the maximum likelihood of the inferred
parameters will be unbiased. We do not have a complete model for galaxy alignments, and
in this case the maximum likelihood values of the inferred cosmological parameters can be
biased. In addition, any extra set of parameters ¢ that extend the set of inferred parameters
to {m, ¢} will increase the parameter-space volume and thereby increase the error bars on
the parameters of interest, with respect to the case where no additional parameters were
required. Such additional parameters are referred to as ‘nuisance parameters’. We show this
diagrammatically in Fig. 13.

If a model is complete, then there is no need to re-label an effect; indeed if the extra
effect also depends on the parameters of interest then the error bars on those parameters
can even be reduced with correct modelling. However, because it has been established that
the intrinsic alignment model is uncertain, the phenomenon is referred to as a systematic
effect in weak lensing. The impact of intrinsic alignments on cosmology is therefore two-
fold: the error bars on cosmological parameters are likely to be increased, and the maximum
likelihood of the cosmological parameters may be biased.

It was first shown, within the context of predicting cosmological parameter performance,
that incorrect modelling can bias cosmological parameter inference in Kim et al. (2004) who
showed that cosmological inference using Type Ia supernovae can be biased when system-
atic effects are poorly modelled. This was re-derived and applied to the case of measure-
ment of the matter power spectrum in Huterer and Takada (2005), and applied to the case of
weak lensing systematics in Huterer et al. (2006) and Taylor et al. (2007); the approach was
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Fig. 13 Diagram illustrating the influence of systematic effects on cosmological parameter inference. The
various ellipses represent the confidence regions for two cosmological parameters A and B, marginalised
over some large multi-parameter space. In the case that no systematic effects were present, the parameters
could be measured in an unbiased way (black ellipse). If there is a systematic effect and it is either ignored
or incorrectly modelled, the constraints are biased by an amount and direction that depends on how incorrect
the modelling is (blue ellipse). In the case that the modelling of the systematic effect is correct, the parameter
errors are increased because of the larger parameter space but the result is unbiased (green ellipse); this would
also be the case if nulling was applied, or a non-parametric marginalisation. If the extra systematic effects are
also dependent on the parameters of interest, a strong prior on the additional parameters can even cause the
original error bars to be reduced (red ellipse)

subsequently re-derived in Amara and Réfrégier (2008). The fact that intrinsic alignment
modelling can bias the maximum likelihood in cosmological parameter estimation was first
measured and inferred empirically in Hirata et al. (2007), and first shown analytically and in
a predictive sense in Kitching et al. (2008), who used a simple two-parameter model from
Heymans and Heavens (2003) to show that, in the case that intrinsic alignments were not
modelled (and that the Heymans and Heavens (2003) model was correct), parameters could
be biased by several percent. However such a bias was implicit in the conclusions of sev-
eral earlier papers such as Heavens et al. (2000) and Hirata and Seljak (2004), who found
that intrinsic alignments could suppress the power spectrum by large amounts. There have
been several elaborations that have used increasingly sophisticated and realistic models, for
example Joachimi and Bridle (2010), Kirk et al. (2010), and Kirk et al. (2012).

Figure 14 shows the ranges of possible biases on key cosmological parameters for a
tomographic weak lensing survey design similar to Euclid (Laureijs et al. 2011), which
are derived from a three-parameter intrinsic alignment model (representing the overall am-
plitude of the correlations, as well as the indices of two power-laws encoding a redshift
and luminosity dependence) constrained by a collection of recent observations of early-type
galaxy samples in SDSS (see Joachimi et al. 2011). The extent of the regime of possible
biases beyond the credible regions of the weak lensing constraints demonstrates that ig-
noring intrinsic alignments would lead to significant misestimates of dark matter and dark
energy parameters, while the size of the regions of possible biases, which is substantially
larger than the corresponding credible regions, indicates that marginalising over this intrin-
sic alignment model would significantly weaken the cosmological parameter constraints.
Note that we have optimistically assumed that blue galaxies do not have intrinsic alignment
and, more importantly, that there is zero uncertainty on this statement. In reality, quite the
opposite holds true: constraints on the intrinsic alignment signal of disc galaxies at typical

@ Springer



46 B. Joachimi et al.

I ] SDSS LRG ——
-1r 1 + MegaZ-LRG
L ] + SDSS main
12t i BOSS LOWZ s
o + MegaZ-LRG
£ - E + SDSS main
14+ A Forecast Stage [V s
weak lensing
-1.6 B
0.88 T g
0.86 + g
» 0.84 | T+ g
©
0.82 + g
0.8 \ + _
0.78 + g
018 02 022 024 026 1.6 -14 -12 -1
Qn wo

Fig. 14 Bias on cosmological parameters due to unmitigated intrinsic galaxy alignments for a next-genera-
tion (‘Stage IV’, Euclid-like) weak lensing survey. A six-parameter flat ACDM cosmology was considered,
with marginal constraints on the matter density parameter, £, the normalisation of density fluctuations, og,
and the dark energy equation of state parameter, wq. Contour lines encompass the regions in which 99 % of
the possible biases on these parameters are located when we sample from the 1o credible region (thick lines)
and the 20 credible region (thin lines) of the three parameters in the intrinsic alignment model constrained in
Joachimi et al. (2011). The set of red contours is obtained for the posterior of the combined samples (6 SDSS
LRG samples, 2 MegaZ-LRG samples, and 2 SDSS main survey samples) analysed in Joachimi et al. (2011),
while for the blue set the SDSS LRG samples have been replaced by four subsamples of the BOSS LOWZ
measurements presented in Singh et al. (2014), split according to luminosity. The grey regions correspond to
Fisher matrix forecasts of 1o and 20 constraints from a tomographic cosmic shear analysis. For details of the
modelling see Joachimi et al. (2011). Note in particular that it was optimistically assumed that blue galaxies
have zero intrinsic alignments, and that this is known with zero uncertainty

redshifts and luminosities for weak lensing surveys are very poor; see Sect. 6.3. It is likewise
optimistic to assume that early-type intrinsic alignments will be exhaustively described by
just these three parameters for all relevant redshifts, luminosities, and spatial scales.

It is clear that adding additional parameters to model intrinsic alignments can increase
the error bars on cosmological parameters. This was first shown empirically by Hirata et al.
(2007), and in a predictive capacity by Bridle and King (2007) who demonstrated that the
dark energy figure of merit (Albrecht et al. 2006) could be affected by several tens of per-
cent. Subsequent papers cited in the previous paragraph showed similar potential increases
cosmological parameter error bars, however the exact predictions of each depend on the
details of modelling assumed.

The majority of the bias in cosmological parameter inference is expected to be caused by
incorrect modelling of the GI correlation. The II signal is generated by galaxy pairs which
have physically interacted with the same matter structures. Therefore the II correlation is ex-
pected to quickly decrease in amplitude once galaxies are separated by several megaparsecs,
which is readily achieved by cross-correlating galaxy samples with disjoint redshift distri-
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Fig. 15 Redshift scaling of the lensing and intrinsic alignment power spectra. Shown is the amplitude of the
tomographic GG, II, and the negative of the GI power spectra at £ = 1000 as a function of the mean redshift
of the background bin. The amplitude is normalised to the autocorrelation in a bin centred on z = 0.15. The
photometric redshift scatter was assumed to be Gaussian with a width of 0.05(1 4 z), without bias or outliers
due to catastrophic failures. Note the very similar scalings of the GG and GI signals

butions (King and Schneider 2003). Well-separated galaxy samples will still yield a GG
signal as they share the gravitational shear exerted by the matter between the observer and
the foreground sample. From a more formal perspective, consider the kernels in the line-of-
sight projections of the GG, GI, and II signals, Eq. (5) and Eq. (10). Lensing efficiencies, as
given by Eq. (7), are smooth functions of redshift, non-zero between z = 0 and the source
redshifts, whereas the intrinsic alignment signals are local effects with the redshift distribu-
tion as a kernel, which can be quite compact if adequate redshift information is available.
This is illustrated in Fig. 15 which shows the redshift scaling of tomographic lensing and
intrinsic alignment power spectra, keeping the foreground redshift bin fixed. The GG sig-
nal displays a slow increase with redshift while the II signal quickly drops with increasing
separation of the redshift distributions of the galaxy samples correlated. It is also clear from
the figure that removing the GI term is more challenging: this term contains one lensing
efficiency in its kernel and thus has a redshift scaling that is slightly steeper but otherwise
very similar to the lensing signal.

Instead of modelling the intrinsic alignment signal, the data vector itself can be changed
to remove any contaminating signal. In reference to Eq. (24) this is the act of modifying D,
as opposed to M. This technique is known as ‘nulling’, and takes combinations of data
points that have small or zero contamination from the intrinsic alignment signal; in practice
this amounts to taking linear combinations of the data points in an analogous way to princi-
pal component analysis. This approach was first suggested for weak lensing, in the context
of removing small-scale information, by Huterer and White (2005). For intrinsic alignments
this was revived by Joachimi and Schneider (2008) and Joachimi and Schneider (2009),
relying on accurate and moderately precise redshift estimates to separate the cosmic shear
and intrinsic alignment signals via the different scaling with redshift as shown in Fig. 15.
When nulling the intrinsic alignment signal from the data vector, information is necessarily
removed (in the principal component analysis this is equivalent to ignoring, or removing,
these contaminated modes) and as a result the constraints on the parameters of interest again
have larger error bars, although the maximum likelihood should be unbiased if the remain-
ing part of the data vector can be modelled well; see Fig. 13. An analogous null test can be
constructed from decomposing the shear field into a divergence-free (B-mode) and a curl-
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free (E-mode) part. To very good approximation, lensing only generates E-modes (Hilbert
et al. 2009), so that a B-mode correlation signal would indicate the presence of systematic
effects. Some intrinsic alignment models predict significant B-modes (Giahi-Saravani and
Schifer 2014) although measurements from mock catalogues suggest these are also negligi-
ble (Joachimi et al. 2013b) while the E-mode contribution may be significant.

The final approach that can be taken, in reference to Eq. (24), is to modify the covariance
matrix C, effectively increasing the error bars to account for a marginalisation over non-
parameter functional behaviour that cannot be modelled. This ‘path integral” approach was
derived by Kitching and Taylor (2011) (and a similar non-parametric approach taken in
Kitching et al. 2009) and applied to intrinsic alignments. The authors found that the scale
and redshift dependence of the functional form of the intrinsic alignment signal needs to be
known to better than 10 % for the cosmological error bars to be unaffected.

It is possible to include additional data in the likelihood analysis, which, due to a differ-
ent sensitivity to weak lensing and intrinsic alignment signals, calibrates the nuisance signal
internally. Weak lensing catalogues also contain galaxy positions, so that clustering sig-
nals and cross-correlations between galaxy position and galaxy ellipticity (which on small
scales corresponds to galaxy-galaxy lensing) can be added to D without the need for ex-
tra data. This was first proposed by Bernstein (2009) and shown by Joachimi and Bridle
(2010) to self-calibrate flexible models of intrinsic alignments with minimal assumptions
such that cosmological parameter constraints are not degraded by more than factors of a
few compared to pure weak lensing analysis without intrinsic alignments or extra data (see
also Zhang 2010). Sub-dividing the data into tomographic redshift bins is crucial for this
purpose, and the self-calibration performance may be further improved by a split between
blue and red galaxies which are known to have largely different intrinsic alignment signals
(see Sect. 6). The combination of weak lensing using galaxies as light sources with lensing
statistics derived from the cosmic microwave background (CMB), which are not affected by
intrinsic alignment effects (note that a cross-correlation between galaxy samples and CMB
lensing would be affected by a GI term; Hall and Taylor 2014; Troxel and Ishak 2014a),
also seems a promising route (Kitching et al. 2014b). See Kirk et al. (2015) for a more
quantitative comparison of some intrinsic alignment mitigation techniques.

In principle there is also cosmological parameter information in the intrinsic alignment
signals, e.g. in the distance ratios that govern the redshift scaling of the signals (Kitching
and Taylor 2011; Schmidt and Jeong 2012; Chisari and Dvorkin 2013). However, it is cur-
rently unclear if the sensitivity to cosmology will ever outweigh the statistical errors and
the uncertainty in the models. Intrinsic alignments also effect the three-point statistics of the
ellipticity field, analogously to their impact on two-point statistics. Semboloni et al. (2008)
found stronger contamination for three-point statistics in simulated data than at the two-
point level, which could be exploited to self-calibrate intrinsic alignments by combining
these statistics. However the modelling is commensurately more difficult at the three-point
level. Maps of weak lensing convergence have been proposed as a starting point to extract
more advanced statistics of the shear pattern on the sky. The impact of intrinsic alignments
on the map-making process and the derived statistics clearly warrants further investigation
(see Fan 2007 for an early investigation into the impact of intrinsic alignments on peak
counts in such maps). Moreover, if one attempts to measure lensing using galaxies in the
background, but has imperfect redshift information and thus contamination from galaxies at
the same redshift as the lens, then intrinsic alignments can also contaminate galaxy-galaxy
lensing (Blazek et al. 2012) and need to be mitigated, perhaps using forward modelling
approaches analogous to those used for cosmic shear.

Because the intrinsic alignment of galaxies with matter densities is a local effect, photo-
metric surveys that infer the distance information of galaxies using broad-band colours do
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not provide a sufficiently precise measurement, and as a result the intrinsic alignment and
lensing signals are mixed up in the ellipticity measurements. Hence, to provide calibration
information that yields priors on parameters of an intrinsic alignment model at the likelihood
stage, data with precise redshift information is required. In the following section we will re-
turn to the question of what kind of survey will be able to provide this critically important
extra information for the galaxy samples observed with forthcoming weak lensing surveys.

8 Quo Vadis?

What are the challenges and opportunities for galaxy alignment studies in the nascent era of
precision cosmology with deep and large galaxy surveys? Increasingly large datasets with
high-quality imaging superior to what the SDSS provided will be produced by on-going
surveys,'? and by the even larger projects of the 2020s."> Not only will these surveys al-
low for galaxy alignment measurements with improved precision and accuracy, they will
also feature weak lensing as a key cosmological probe and thus raise the bar for the perfor-
mance of intrinsic alignment mitigation. They will be complemented by new spectroscopic
redshift surveys,'* which will enable alignment studies (which usually require precise three-
dimensional positions of galaxies) for the samples of early-type and emission-line galaxies
that are targeted. The advancements on the observational side will be matched by a contin-
ued development of algorithms for simulations of structure formation, paired with the rapid
evolution of available computational power.

Based on this framework, it is reasonable to expect that the currently good understanding
of early-type alignments is going to be consolidated using fainter galaxy samples at higher
redshift. Galaxy groups and clusters can be viewed as a high-mass extension to the range
of objects for which the tidal stretching paradigm should constitute an accurate description
of alignment processes. Also for these comparatively rare objects we anticipate better con-
straints as data and simulations provide denser sampling of large cosmological volumes,
which allows us to test models over a continuous mass range of about three decades from
Milky Way-size haloes to massive clusters.

While the linear alignment model works remarkably well on large scales, its extensions
to non-linear scales will require further scrutiny. A halo model of alignments as proposed
by Schneider and Bridle (2010) is a promising framework, but it is yet to be tested if the as-
sumption that all matter is bound in haloes breaks down on intermediate scales (van Daalen
and Schaye 2015), where filamentary structure may play a decisive role. Once a success-
ful model for describing intrinsic alignments down to megaparsec scales exists, it will be
desirable to measure higher-order alignment statistics, such as three-point functions. They
have to be self-consistently predicted by the model and may in addition help to disentangle
intrinsic alignment from weak lensing signals (Semboloni et al. 2008). The current and fu-
ture high signal-to-noise alignment detections for early-type galaxies, groups, and clusters

12Including the Kilo Degree Survey, http://kids.strw.leidenuniv.nl; the Dark Energy
Survey, http://www.darkenergysurvey.org; and the Hyper Suprime-Cam Survey, http://
www.naoj.org/Projects/HSC.

13Including the Large Synoptic Survey Telescope (Abell et al. 2009), http://www.1lsst.org/lsst;
the ESA Euclid satellite (Laureijs et al. 2011), http://sci.esa.int/euclid and http://
www.euclid-ec.org; and the NASA Wide-Field Infrared Survey Telescope (WFIRST, Spergel et al.
2013), http://wfirst.gsfc.nasa.gov.

14For instance with the Dark Energy Spectroscopic Instrument, http://desi.1lbl.gov/cdr; the Sub-
aru Prime Focus Spectrograph http://sumire.ipmu. jp/pfs;as well as Euclid and WFIRST.
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could in principle be interesting probes of the properties of dark matter and gravity (e.g.
Chisari and Dvorkin 2013). However, signals of interest would have to manifest themselves
in the redshift dependence or the scale dependence on moderately large scales, whereas the
non-linear regime and the overall amplitude of the alignment signals is likely to always be
dominated by the effects of highly non-linear physics, baryons, and stochastic processes.

Only in the last few years have hydrodynamic simulations begun to cover cosmological
volumes with high enough resolution to allow for measurements of shapes and their align-
ments (see Kiessling et al. 2015 for details). They will be key to unravelling the link between
the alignments of dark matter structures and the visible distribution of stars, as well as eluci-
dating correlations with other observables, such as colour, size, and dynamical state. A work
plan for the near future has to include tests of the sensitivity of simulated galaxy shapes and
alignments to the choice of simulation code, and to what is referred to as ‘sub-grid physics’,
i.e. effective descriptions of small-scale processes below the simulation resolution like the
impact of supernova explosions and active galactic nuclei on the temperature, distribution,
and chemical composition of gas within the galaxy. The implementation of the physics be-
hind these processes will have to mature to a degree that hydrodynamic simulations can
simultaneously predict galaxy alignments and basic observables such as the number den-
sity of galaxies as a function of their luminosity and the mass-size relation (perhaps via
calibration techniques; see e.g. Schaye et al. 2015; Crain et al. 2015). Recent results have
highlighted the sensitivity of alignment signals to implementation details of the simulations
(Velliscig et al. 2015), but have also yielded promising results in that they show quantita-
tive agreement between observations and simulations (Tenneti et al. 2015). By being able
to predict the correct amplitude of alignments, one can begin to answer key issues, such as
if alignments are frozen in at the time of galaxy formation, or generated or reset in major
merger events, and how these alignments are transferred from the dark matter to the stellar
distribution.

For the foreseeable future hydrodynamic simulations will be too computationally expen-
sive to be run in boxes that cover full surveys, and with many realisations. Hence we antici-
pate that a substantial effort will go into developing statistical or analytic prescriptions (Hey-
mans et al. 2006a; Joachimi et al. 2013a,b) for galaxy alignments in order to paste galaxy
properties into pure dark mater simulations, informed by results from smaller hydrodynamic
simulations. This is analogous to what is routinely done to include photometric properties
of galaxies in mock catalogues based on N-body simulations (Baugh 2006). Since galaxy
morphology and colours are strongly correlated, one should expect that incorporating galaxy
shapes into the formalism will improve the overall model, which can additionally be tested
against observed galaxy shape distributions and alignments. See Kiessling et al. (2015) for
a detailed discussion of requirements on future simulations in relation to galaxy alignment
studies.

While the observational prospects for elliptical galaxies are good, the situation for spiral
galaxies is much more uncertain. To date, there are few (if any) convincing, highly sig-
nificant detections for any kind of alignment involving the shape of disc galaxies or their
spin. Simulations do see signatures of tidal torque theory, or intriguing alternative models
(e.g. Libeskind et al. 2013), but these are largely eradicated in observational data by a com-
bination of projection effects and stochastic misalignments between dark matter and stars
(Heymans et al. 2006a). Nor is it entirely clear whether elements of large-scale structure
like voids can be identified from future high-redshift spectroscopic galaxy samples in a suf-
ficiently clean manner to yield constraints on spin alignments that are readily interpretable.

Since the typical galaxy samples used for cosmic shear surveys are dominated by late-
type galaxies, the lack of evidence for intrinsic alignments among them may suggest that

@ Springer



Galaxy Alignments: An Overview 51

a straightforward cosmological analysis is possible without invoking complicated mitiga-
tion schemes. However, the decisive quantity in this case is not the signal amplitude, but
the level of uncertainty on this signal which, for blue disc galaxies above z ~ 0.25, is very
large. There is currently no clear avenue to change this situation as the forthcoming spectro-
scopic surveys will target other galaxy types which have more obvious spectral features that
facilitate the determination of a redshift. These datasets will only fill in the current gaps for
red galaxies, above z ~ 0.6 and for low luminosities down to Milky Way brightness. This
will be different for future observational campaigns required to calibrate photometric red-
shifts. They will generate spectroscopic samples that are more representative of those found
in weak lensing surveys, but are optimised to cover small areas in different parts of the sky
to beat down sample variance, which prohibits the measurement of spatial correlations on
the scales used for cosmological weak lensing measurements.

Although the data obtained from a weak lensing survey offers the ability to self-calibrate
intrinsic alignments (Joachimi and Bridle 2010), it is still highly desirable to have a direct
measurement for blue galaxies over relevant redshift and luminosity ranges to either put
priors on the intrinsic alignment contamination in the self-calibration analysis or verify that
model choices when marginalising over nuisance parameters related to intrinsic alignments
are justified. The redshift survey required for this purpose would have to go to similar depths
as the weak lensing data, cover a sufficiently large contiguous area to sample galaxy pair
separations of tens of megaparsecs with small errors, and obtain an average galaxy number
density of the same order as the weak lensing survey to avoid being limited by shot noise
on small scales. Realistically, such datasets could only be obtained in the near future by
low-resolution spectroscopic surveys or narrow-band photometric surveys.'> These produce
redshift estimates with a low catastrophic failure rate and scatter that is an order of magni-
tude or more smaller than for broad-band photometric surveys, which preserves most of the
large-scale alignment signals and avoids confusion with the lensing signal. Figure 16 illus-
trates how the key survey parameters—area, galaxy number density, and redshift scatter—
influence the signal-to-noise achievable for intrinsic alignment correlation functions of the
form given in Eq. (16).

The Square Kilometre Array (SKA)'® will extend galaxy survey astrophysics to radio
wavelengths and mark a transition into a new era for large-scale structure cosmology, in-
cluding the study of galaxy alignments. Galaxy shapes will be determined by the distribu-
tion of neutral gas rather than stellar light. The former extends to much larger radii and
may therefore not be perfectly correlated with the optical shape, and be subject to a differ-
ent alignment strength. Both effects can be exploited to separate the lensing and alignment
signals in a joint analysis. Moreover, the SKA will produce maps of polarisation and radial
velocities across a galaxy which may be used as independent tracers of the gravitational
lensing effect (see Kirk et al. 2015 for details). Finally, the full SKA will deliver precise
redshift estimates for up to 10 galaxies/arcmin® over the whole extragalactic sky and will
thereby provide exquisite data for alignment measurements among the star-forming disc
galaxies to which it is most sensitive.

In any case, the subtle observational signatures of galaxy alignments will remain chal-
lenging to measure, and the underlying highly non-linear, baryonic physics-dependent pro-
cesses challenging to model. However, being at the interface between galaxy formation and

158uch as PRIMUS, http://primus.ucsd.edu; PAU, http://www.ieec.cat/project/
pau-physics-of-the-accelerating-universe;J-PAS, http://j-pas.org; and (limited to
bright galaxies) the proposed SPHEREX mission, http: //spherex.caltech.edu, which employs fil-
ters with spatially varying response.

1(’https 1/ /www.skatelescope.org.
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Fig. 16 Relation between survey parameters and signal-to-noise of a galaxy alignment correlation function
as in Eq. (16). A simple analytic estimate neglecting sample variance was employed. While the absolute value
of signal-to-noise determined by this method is not very realistic, the relative values used in this graph are
expected to be a good approximation on small and intermediate scales. Lines indicate the survey area required
to attain the same signal-to-noise as from a spectroscopic galaxy sample akin to BOSS CMASS (in a redshift
range of [0.45; 0.65]; position in plot marked by the grey semi-circle) over 1000 degz. This is shown as a
function of the statistical uncertainty in the redshift determination, given by a Gaussian of width opp (1 + 2),
and of the angular number density, ng, of galaxies with shape measurements of sufficient quantity in the
corresponding redshift range. Note the steep rise of the curves above opp & 0.003, which is due to the rapid
dilution of information in the alignment statistic because of the increased scatter in redshifts

evolution on the one side and fundamental cosmology on the other, with potentially consid-
erable impact on both, galaxy alignments are expected to feature prominently in this new
era of precision cosmology.
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