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Additional Galaxy Clustering Probes
with Euclid

Principal author: Adam J. Hawken

Co-authors: Pierros Ntelis, a Marie Aubert,a Stephanie Escoffier,a

Helene Courtois,b William Gillard,a Daniel Guinetb

aAix Marseille Univ, CNRS/IN2P3, CPPM, Marseille
bIP2I, Lyon



1 Introduction

The ΛCDM cosmological paradigm emerged at the end of the last century and has been im-
mensely successful at describing the observed structure and dynamical behaviour of the Universe
[1–3]. The next decade will see a new generation of large cosmological surveys come online. They
will provide vast amounts of data that will enable us to discriminate between the myriad of
explanations that have been offered for the late time acceleration of the Universe.

The Euclid satellite [4, 5], scheduled for launch in June 2022, is a visible to near-infrared
space telescope currently under development by the European Space Agency (ESA) and the
Euclid Consortium. It will survey the full sky excluding the ecliptic and galactic planes
(∼ 15,000deg2) with two instruments: the visible (VIS) instrument will take photometric mea-
surements of 1.5 billion galaxies; the Near Infrared Spectrometer and Photometer (NISP) in-
strument will provide near infrared photometry of all galaxies also observed with VIS and near
infrared low resolution spectra (and thus redshifts) of ∼ 35 million galaxies.

1.1 Conventional galaxy clustering with Euclid

Euclid will map the matter distribution through weak gravitational lensing and galaxy clus-
tering. Conventional galaxy clustering is focused on the analysis of the two point clustering
statistics of galaxies: the galaxy auto-correlation function, and the Fourier space galaxy power
spectrum. The positions of galaxies represent peaks in the density field and thus galaxy cluster-
ing statistics are biased descriptions of the underlying total matter distribution. Euclid will use
galaxies exhibiting emission lines in their spectra as tracers of matter in the Universe. Cosmo-
logical parameters are constrained by analysing two complementary probes: Baryon Acoustic
Oscillations (BAO), and Redshift Space Distortions (RSD). The instrument design and survey
strategy of Euclid have been designed with these two clustering probes in mind. However, there
is a wealth of science that can be done with galaxy clustering data beyond the study of BAO
and RSD.

1.1.1 Baryon Acoustic Oscillations

Galaxy two-point clustering statistics exhibit features produced by acoustic processes in the hot
plasma of the early Universe (BAO). The characteristic scale of these features can be used as a
standard ruler to provide a direct distance-redshift probe to measure the expansion rate of the
Universe. By mapping the expansion rate as a function of cosmic time we can probe the time
evolving dark energy equation of state, often parameterised as, w(z) = w0 +wa[z/(1 + z)].

1.1.2 Redshift Space Distortions

As a result of gravitational interactions, galaxies have peculiar velocities apart from the Hubble
flow. These velocities add an additional component to the measured redshift. As a consequence,
apparent anisotropies emerge in the clustering pattern of galaxies, referred to as Redshift Space
Distortions (RSD). The RSD signal contains important information about the growth rate of
structure, f(z). It is dependent on the matter content of the Universe, Ωm, and serves as an
important test of General Relativity.

1.2 Additional galaxy clustering probes

If the cosmic density field were strictly Gaussian then it would be fully described by two-point
statistics. However, the galaxy distribution in the late Universe represents an evolved density
field which is far from Gaussian. The clustering pattern of galaxies thus contains a wealth of
information beyond that which can be extracted using two-point statistics.

Aside from the conventional analysis of two-point galaxy clustering statistics, a variety of
different cosmological probes are gaining prominence in the literature. These new probes open
new domains not previously accessed by standard techniques. Development of these probes is
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essential for the maximum exploitation of data from Euclid. The dedicated Additional Probes
work package in the Euclid Galaxy Clustering Science Working Group aims to assess the utility
and effectiveness of non-standard galaxy clustering techniques.

The aim of this document is to give a brief overview of the current status of Additional
Probes within Euclid Galaxy Clustering and to outline the challenges faced and expected
progress in the near future. The range of topic under the additional probes umbrella is very
broad and there is not space to cover all of them in this document. The focus here is on projects
in which a number of IN2P3 personnel are actively involved. The most active project is the
study of cosmic voids which we review in Section 2. In Section 3 we look at additional stud-
ies and augmentations of conventional two-point clustering statistics. In Section 4 we review
various techniques to extract cosmological information from reconstructions of the density and
velocity fields. We conclude in Section 5.

2 Cosmic voids

The study of cosmic voids is one of the most promising new approaches to the study of the
large scale structure of the Universe. Cosmic voids are under dense regions ranging in scale
from 10 − 100h−1Mpc. They occupy most of the volume of the Universe and drive its expan-
sion. Conventional galaxy clustering looks at collapsed regions and positive density fluctuations,
where cosmological information is lost in the non-linear regime through shell crossing and viri-
alisation. On the other hand, the underdense interiors of cosmic voids have not undergone shell
crossing and thus still retain a memory of initial conditions, which has not been erased through
virialisation. Voids are sensitive probes of dark energy, structure growth, and therefore modified
gravity. They have also shown to be sensitive to the mass of neutrinos.

2.1 The abundance of cosmic voids

The void size function (the abundance of voids as a function of effective radius) is a fundamental
void statistic. It is highly sensitive to the dark energy equation of state [6]; to the presence
of massive neutrinos [7]; and to modifications of gravity [8]. However, observed cosmic voids
are often quite different from the hypothesised spherical underdensities that appear in models.
Recent progress has been made in commensurating models with results from N-body simulations
[9], though more theoretical work is needed to model voids identified in surveys.

2.2 Voids as a probe of the growth rate of structure

Measurements of the RSD signal in two-point galaxy statistics are complicated by the highly
non-linear nature of the velocity field on small scales ≤ 20h−1Mpc which is not well described
by perturbation theory. Galaxy peculiar velocities around voids are dominated by coherent
single stream outflows, galaxies fall away from void centres onto surrounding overdense struc-
tures. The anisotropy of the void-galaxy cross correlation in redshift space can thus be used
as a complementary measure of the growth rate of structure that is not subject to the same
problematic non-linearities as galaxy two-point statistics. Constraints on the growth rate of
structure have been measured in data by fitting a Gaussian streaming model [10, 11], and by
using a multipole decomposition [12–15]. Results are already competitive with standard RSD
measurements. As the amount of data from galaxy redshift surveys grows, so the statistical
error bars on measurements of the growth rate from voids will shrink. This means that new
techniques must be developed to understand and reduce systematic uncertainties and biases in
our measurements, such as using machine learning algorithms to improve the quality of void
catalogues [16].

2.3 The Alcock-Paczynski test

To convert the angular and redshift positions of galaxies into comoving distances one needs to
assume a fiducial cosmology. Inevitably this assumed cosmology differs from the true cosmology

– 3 –



in some way. This results in geometric distortions, known as the Alcock-Paczynski (AP) effect;
scales on the plane of the sky appear squashed or elongated relative to the line of sight. This
effect is particularly sensitive to dark energy [17]. By parametrising this effect, it is possible to
use it as a direct probe of cosmology. Stacked cosmic voids should, on average, appear spher-
ical (akin to the BAO scale, expected to be statistically the same in all directions). Thus the
ellipticity of stacked voids can be used to probe cosmology through the AP effect [18–20]. RSD
can be degenerate with the AP effect and must thus be modelled accurately. Reconstruction
of the Lagrangian positions of galaxies, smoothing the effect of the RSD, can enable precise
measurements of AP parameters using voids [21]. Figure 1 shows the void-galaxy cross correla-
tion function before and after reconstruction, one can see that reconstruction removes the RSD
pattern observed along the line of sight.
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Figure 1. The void-galaxy cross correlation function in mock galaxy catalogues before reconstruction
(left) and after (right). Contours are at δ = −0.6, −0.3 (dashed) , 0 and 0.2 (solid). The left hand panel
shows the characteristic anisotropic pattern induced by RSD around voids. In the right hand panel these
anisotropies are not clearly visible. Figure by Marie Aubert, see also [22].

2.4 Void lensing

Modified gravity models often include some sort of screening mechanism ensuring that in dense
environments gravity resembles GR, thus satisfying tight observational constraints. It is there-
fore in the underdense interiors of cosmic voids that any deviations from GR are expected to be
most noticeable; changing the dynamics within voids (which can be studied through RSD) and
thus the distribution of dark matter. Weak gravitational lensing of voids in Euclid will allow us
to directly probe the distribution of dark matter within cosmic voids and thus exclude modified
gravity models [23], results from the Dark Energy Survey indicate that these techniques are
highly promising [24]. Further work is needed on the theoretical modelling of void density pro-
files since at the moment no derived analytical model exists, though empirical fitting formulae
have been shown to well describe void density profiles at a number of scales and in different
cosmological scenarios [25].

3 Additional studies of two-point clustering statistics

Standard galaxy clustering in Euclid aims to use the galaxy autocorrelation function and power
spectrum to probe the growth rate of structure and expansion history of the Universe. However,
these statistics can also be used to define other interesting cosmological observables.
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3.1 Marked correlation functions

The information content of two-point galaxy clustering statistics can be augmented by weighting,
or ‘marking’ galaxies according to certain properties [26]. For example, an appropriate weighting
by the local density could be thought of as a generalisation of the void-galaxy cross correlation
function. This is a promising alternative approach to the study of the relationship between
various physical and dynamical properties of galaxies.

3.2 Probing primordial non-Gaussianity

Primordial non-Gaussianity is tightly constrained by CMB observations [3]. However, large
classes of inflationary models produce levels of non-Gaussianity that will be detectable in the
next generation of spectroscopic surveys. Thus, we will be able to probe the dynamics and
field content of the very early universe, at much higher energy scales than particle colliders. In
particular, local type non-Gaussianity quantified by the dimensionless fNL parameter is gener-
ically produced by multi-field inflation. Local type non-Gaussianity induces a characteristic
scale dependent galaxy bias [27]. Observations of the galaxy power spectrum on very large
scales will constrain fNL. To ensure an accurate constraint on primordial non-Gaussianity with
Euclid, effort is needed to quantify the impact of systematics, and to develop and improve mit-
igation techniques. For example, large scales are dominated by cosmic variance which can be
reduced by sampling the same cosmological volume with differently biased tracers [28, 29]; red-
shift weighting can account for the redshift evolution of the primordial non-Gaussianity signal
[30]. Another systematic effect is the misidentification of spectral lines, which can be mitigated
by cross-correlation techniques [31].

3.3 Gravitational redshift

The asymmetry of the galaxy auto-correlation function acts as a probe of relativistic effects.
Odd multipoles of the correlation function are usually assumed to vanish. However, this is only
true when considering the Doppler effect in the distant observer limit. The dipole of the galaxy
cross-correlation (with a finite distant observer) is sensitive to the velocity-field at large linear
scales, at non-linear scales the dipole is dominated by the relativistic gravitational redshift
[32], and can thus be used as a probe of GR. Simulations have been produced that include all
relativistic effects in the weak-field approximation, these will prove to be a valuable resource
for developing the gravitational redshift probe in time for Euclid.

3.4 Linear BAO point

Ref. [33] identified a linear point associated with the BAO scale, the position of which is
insensitive to non-linear gravity, RSD, and scale-dependent bias at the sub percent level. It is
also independent of the power spectrum parameters describing primordial density fluctuations.
It has been demonstrated that BAO measurements using this linear point can be up to 50%
more precise than measurements from correlation function model fitting [34].

3.5 Cosmic Homogeneity

A postulate of modern cosmology is that the Universe is homogeneous on large scales. The
scale at which the distribution of matter transitions to homogeneity can be expressed as a
function of the galaxy autocorrelation function, and has been successfully studied in previous
spectroscopic samples [35–37]. It has been demonstrated that the homogeneity scale can be
used as a cosmological probe [38]. Euclid’s unique wide area coverage and depth will provide
photometric and spectroscopic samples that are ideal for studies of cosmic homogeneity. Further
work is needed, however, to refine this probe for the analysis of Euclid data. For example, cosmic
voids may be excellent as tracers of large scale homogeneity because they cover a wide range of
scales.
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4 Studies of the density and velocity fields

There are a number of different complimentary methodologies for studying the underlying den-
sity field traced by the galaxy distribution that will be applied to Euclid data.

• Large deviations theory can be used to model rare and unusual peaks and troughs in the
cosmic density field [39, 40]. The PDF of the galaxy density field can then be measured
using galaxy counts-in-cells thus extracting dark energy and bias parameters.

• Appropriate density transformations can be used to enhance the signal to noise of the
power spectrum thus allowing us to break degeneracies and to extract more information
from two-point statistics and to discriminate between different gravitational scenarios [41].
The log transform is very well understood within the context of ΛCDM. However, further
investigation is needed to see if generalised transforms are more applicable to non-standard
cosmologies.

• Bayesian probabilistic techniques can be used to infer the full three-dimensional matter
field from the galaxy distribution. This can aid in the classification of cosmic web features
[42] and in the extraction of cosmological constraints [43]. By progressively increasing
the complexity of the density model within a bayesian framework, we can prepare for the
joint inference of maps and cosmology from photometric and spectroscopic Euclid data.

• The velocity field is a direct probe of fσ8 and the expansion rate. Reconstruction of
the velocity field from RSD using forward modelling techniques allows us to dynamically
define large scale structures in terms of basins of attraction or basins of repulsion [44].
Thus the cosmic web can be partitioned into coherent components and studied in a novel
way. Furthermore, direct measurement of the growth of structure from the velocity field
can help to beat down cosmic variance.

5 Conclusion

In this white paper we have set out to demonstrate that there are many potential uses of
galaxy clustering data from Euclid beyond the study of BAO and RSD. The resources and
expertise needed to facilitate the development of additional clustering probes are spread among
many institutions. The Euclid Consortium is an excellent forum to facilitate interaction and
collaboration between scientists in France, Europe, and over seas. IN2P3 involvement and
support in the development of additional galaxy clustering probes, chiefly in the form of human
resources, will be crucial to maximise scientific output of Euclid.
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