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ABSTRACT
This is the second part of a thorough investigation of the redshift-space effects that affect void properties and the impact they
have on cosmological tests. Here, we focus on the void-galaxy cross-correlation function, specifically, on the projected versions
that we developed in a previous work. The pillar of the analysis is the one-to-one relationship between real and redshift-space
voids above the shot-noise level identified with a spherical void finder. Under this mapping, void properties are affected by three
effects: (i) a systematic expansion as a consequence of the distortions induced by galaxy dynamics, (ii) the Alcock–Paczynski
volume effect, which manifests as an overall expansion or contraction depending on the fiducial cosmology, and (iii) a systematic
off-centring along the line of sight as a consequence of the distortions induced by void dynamics. We found that correlations
are also affected by an additional source of distortions: the ellipticity of voids. This is the first time that distortions due to the
off-centring and ellipticity effects are detected and quantified. With a simplified test, we verified that the Gaussian streaming
model is still robust provided all these effects are taken into account, laying the foundations for improvements in current models
in order to obtain unbiased cosmological constraints from spectroscopic surveys. Besides this practical importance, this analysis
also encodes key information about the structure and dynamics of the Universe at the largest scales. Furthermore, some of the
effects constitute cosmological probes by themselves, as is the case of the void ellipticity.

Key words: galaxies: distances and redshifts – cosmological parameters – dark energy – distance scale – large-scale structure of
Universe.

1 IN T RO D U C T I O N

Cosmic voids are promising cosmological probes for testing the dark
energy problem and alternative gravity theories. Since they are the
largest observable structures, they encode key information about the
geometry and expansion history of the Universe. The potential of
voids has been increased recently with the development of modern
spectroscopic surveys, such as the Baryon Oscillation Spectroscopic
Survey (BOSS, Dawson et al. 2013), its extension eBOSS (Alam et al.
2021), and the future Dark Energy Spectroscopic Instrument (DESI,
Levi et al. 2019), the Euclid mission (Laureijs et al. 2011), and the
Hobby-Eberly Telescope Dark Energy Experiment (HETDEX, Hill
et al. 2008), which will cover a volume and redshift range without
precedents. In view of this, it will be possible to obtain rich samples
of voids at different redshifts, and in this way, to test the evolution
of the Universe with high precision.

Two of the most important cosmological statistics in void studies
are the void size function, which describes the abundance of voids
(Sheth & van de Weygaert 2004; Furlanetto & Piran 2006; Jennings,
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Li & Hu 2013; Achitouv, Neyrinck & Paranjape 2015; Pisani et al.
2015; Ronconi & Marulli 2017; Contarini et al. 2019; Ronconi
et al. 2019; Verza et al. 2019), and the void-galaxy cross-correlation
function, that characterizes the density and peculiar velocity fields
around them (Paz et al. 2013; Hamaus et al. 2015; Cai et al. 2016;
Hamaus et al. 2016; Achitouv 2017; Achitouv et al. 2017; Chuang
et al. 2017; Hamaus et al. 2017; Hawken et al. 2017; Achitouv
2019; Nadathur & Percival 2019; Nadathur et al. 2019a; Nadathur,
Carter & Percival 2019b; Hamaus et al. 2020; Hawken et al. 2020;
Nadathur et al. 2020; Paillas et al. 2021). Both statistics are affected
by distortions in the observed spatial distribution of the galaxies,
which translate into anisotropic patterns. There are two main sources
of distortions: the redshift-space distortions (hereafter RSD Kaiser
1987) and the Alcock & Paczynski (1979, AP) effect. The former is
a dynamical effect, caused by the impact of the peculiar velocities of
galaxies on the measured redshifts, whereas the latter, a geometrical
effect, caused by the fiducial cosmology used to transform the
angles and redshifts from a survey into distances expressed in a
physical scale. These distortions can be modelled from physical
principles, and therefore, they encode fundamental information about
the cosmological parameters.
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Nevertheless, our standard picture of distortions around voids is
incomplete. Nadathur & Percival (2019) and Nadathur et al. (2019b)
noticed that there are four commonly assumed hypotheses in all
RSD models for voids, which are violated when voids are identified
in redshift space, i.e. from observations. These postulates that, under
the redshift-space mapping:

(i) the number of void-galaxy pairs must be conserved;
(ii) the position of void centres must remain invariant;
(iii) the density field around voids must still be radially directed

(from the point of view of the galaxies in real space); and
(iv) the peculiar velocity field must also be isotropic.

The failure of these hypotheses finds an explanation in the RSD and
AP effects, which besides distorting the spatial distribution of the
galaxies around voids, they also have a direct impact on the void
identification process itself, affecting intrinsic void properties, such
as their number, size and spatial distribution. This is because voids are
searched for and found using galaxy redshifts and angular positions.
This problematic is important when designing cosmological tests,
since these void systematics generate deviations on the observations
that lead to biased cosmological constraints if they are not taken into
account properly. The validity of these hypotheses is also discussed
in Hamaus et al. (2020).

One approach to avoid these systematics is to use a reconstruction
technique (Eisenstein et al. 2007), which has been first applied
to baryonic acoustic oscillations analyses. The method consists of
recovering the real-space position of the galaxies based on the
Zel’dovich approximation. This method has now been applied to the
case of voids (Nadathur et al. 2019a, 2020), showing robustness in
recovering the real-space statistical properties of voids, such as their
density and velocity profiles, and achieving unbiased cosmological
constraints. Given that this procedure depends on the cosmological
parameters, it must be applied iteratively in combination with the void
finding step. Therefore, it also has some disadvantages. For instance,
this results in an increment of the computational cost of model
evaluation. Moreover, it is quite redundant, since it removes the
peculiar velocity affectation of galaxies in order to find the optimal
centres of voids, but to achieve high-precision constraints, then it
must be combined with an RSD analysis of the galaxies around these
realistic voids. Finally, as we shall demonstrate in this work, there
are valuable cosmological and dynamical information contained in
the redshift-space void systematics that are not fully exploited if the
reconstruction technique is employed.

In Correa et al. (2021, hereafter Paper I), we proposed an
alternative approach, namely, to find a physical connection between
the identification of voids in real space (hereafter r-space) and in
redshift space (z-space) using a spherical void finder. The case of
voids is more complex than the case of galaxies. Galaxies, on the
one hand, can be considered as particles, which are totally conserved
under the z-space mapping, only their position changes. Voids, on
the other hand, are extensive regions of space, hence some of them
can be destroyed under this mapping, whereas other artificial ones
can be created. Moreover, the properties of voids are sensitive to
the method employed for their identification. Therefore, it is not
clear a priori if there is a relation between both void populations.
We found three relevant results. First, voids above the shot-noise
level are almost conserved under the z-space mapping; the void loss
decreases as larger voids are considered. In view of this, it is valid
to assume void number conservation when modelling. Second, two
independent effects act on the volume of voids under this mapping.
One is a systematic expansion, a by-product of the RSD induced by
tracer dynamics. The other is an overall expansion or contraction

due to the AP effect, depending on the fiducial cosmology. Third, the
position of the void centres are systematically shifted along the line-
of-sight (LOS) direction, a by-product of a different class of RSD
induced at larger scales by the global dynamics of the whole regions
containing the voids, which can be considered as a void dynamics
(Ceccarelli et al. 2016; Lambas et al. 2016; Lares et al. 2017). We
provided a theoretical framework to describe physically these effects
from dynamical and cosmological considerations.

In Paper I, we analysed the impact that these void systematics
have on the void size function as a cosmological test. The present
work is a continuation of Paper I, focusing now on the void-galaxy
cross-correlation function. To carry out this study, we adopted the
methodology of Correa et al. (2019, hereafter C19) by analysing two
perpendicular projections of the correlation function with respect
to the LOS. Using these projections have some advantages. For
instance, they are affected by RSD and AP distortions in different
proportions. Moreover, they can be measured directly in terms of
void-centric angular distances and redshifts without the need to
assume a fiducial cosmology. These features allow us to break
effectively the degeneracies between the geometrical and dynamical
distortions. Furthermore, our model takes into account a third source
of systematics besides the AP and RSD effects: the mixture of scales
due to the binning scheme. This is what allowed us to work with
full projections. Finally, the associated data covariance matrices are
much smaller than those corresponding to the traditional way of
measuring correlations, and the noise in the likelihood analysis is
reduced, which allows to use a smaller number of mock catalogues
to measure them.

This paper is organized as follows. In Section 2, we describe
the data set, that is, the numerical N-body simulation and the void
catalogues. We also describe the bijective mapping between voids in
real and redshift space, along with the sample selected to measure the
correlation function. In Section 3, we review and adapt our method
based on the projected correlation functions from C19, and present
the results from the simulation. In Section 4, we recapitulate the
description of the z-space effects that affect void properties from
Paper I. Section 5 constitutes the core of this paper, where we
explain in full detail the impact of these z-space effects on the
projected correlations and how to account for them based on the
theoretical framework of the previous section. Finally, we summarize
and discuss our results in Section 6.

2 DATA SET

2.1 Simulation setup

We used the same data set as in C19 and Paper I. Briefly, we used the
Millennium XXL N-body simulation (hereafter MXXL Angulo et al.
2012), which follows the evolution of 67203 dark matter particles
inside a cubic box of length 3000 h−1 Mpc. The particle mass is
8.46 × 109 h−1 M� in a flat-�CDM cosmology with the following
cosmological parameters: �m = 0.25, �� = 0.75, �b= 0.045, �ν =
0.0, h = 0.73,1 ns = 1.0 and σ 8 = 0.9. We used the snapshot belonging
to redshift z = 0.99, assumed as the mean redshift of the sample.

Dark matter haloes were chosen as tracers, which were identified as
groups of more than 60 particles using a friends-of-friends algorithm
with a linking length parameter of 0.2 times the mean inter particle

1The Hubble constant is parametrized as H0 = 100 h km Mpc−1 s−1.
All distances and masses are expressed in units of h−1 Mpc and h−1 M�,
respectively.
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Redshift-space effects in voids – II 1873

separation. We selected a lower mass cut of 5 × 1011 h−1 M�, finding
in this way 136 688 808 haloes.

Positions x = (x1, x2, x3) [h−1 Mpc] and peculiar velocities v =
(v1, v2, v3) [km s−1] of haloes in real space were available to quantify
the effects of distortions. In order to generate RSD, we treated the
x3-axis of the simulation box as the LOS direction, assuming the
distant observer approximation. We applied the following equation
to shift the LOS coordinates of haloes from real to redshift space:

x̃3 = x3 + v3
(1 + z)

H (z)
, (1)

where x̃3 denotes the shifted x3-coordinate, and H(z) is the Hubble
parameter, which for a flat-�CDM cosmology can be expressed in
terms of the cosmological parameters as follows:

H (z) = 100 h
√

�m(1 + z)3 + ��, (2)

where, in turn, �� = 1 − �m.

2.2 Void catalogues

A detailed description of the void catalogues used in this work can
be found in Paper I. Briefly, we applied the spherical void finder
developed by Ruiz et al. (2015), which is a modified version of
the algorithm of Padilla, Ceccarelli & Lambas (2005). Below, we
summarize the main steps.

(i) Voronoi tessellation: A Voronoi tessellation is performed to
obtain an estimation of the density field. We used a parallel version
of the public library VORO++ (Rycroft 2009).

(ii) Selection of candidates: A first selection of underdense regions
is done by selecting all Voronoi cells that satisfy the criterion in local
density contrast of δcell < −0.4. Each underdense cell is considered
the centre of a potential void.

(iii) Growth of spheres: Centred on each candidate, the integrated
density contrast �(r) = δ(< r) is computed in spheres of increasing
radius r until it satisfies a redshift-dependent threshold of �id =
−0.853 for z = 0.99, obtained from the spherical evolution model
(Gunn & Gott 1972; Lilje & Lahav 1991) by fixing a final spherical
perturbation of �id = −0.9 for z = 0.

(iv) Optimization: Once these first void candidates are identified,
step (iii) is repeated iteratively displacing the centre randomly a value
proportional to 0.25 times the previous radius until convergence to a
sphere with maximum radius is achieved. This procedure mimics a
random walk around the original centre in order to obtain the largest
possible sphere in that local minimum of the density field.

(v) Overlap filtering: Finally, the list of void candidates is cleaned
so that each resulting sphere does not overlap with any other. This
cleaning is done by ordering the list of candidates by size and starting
from the largest one. The final result is a catalogue of non-overlapping
spherical voids with a well-defined centre, a radius Rv, and overall
density contrast �(Rv) = �id.

The void finder also provides the position Xv = (Xv1, Xv2, Xv3)
[h−1 Mpc] and peculiar velocity Vv = (Vv1, Vv2, Vv3) [km s−1]
of the void centres. Void velocities were computed summing all
the individual velocities of haloes inside a spherical shell with
dimensions 0.8 ≤ r/Rv ≤ 1.2. This velocity is an unbiased and fair
estimation of the bulk flow velocity of the void, as was demonstrated
in Lambas et al. (2016) (see their fig. 1).

We do not consider AP distortions in this work. In Section 5.2,
we provide a justification. For this reason, we make use of the TC
void catalogues of Paper I, for which the same cosmology of the
MXXL simulation was adopted in order to compute distances and

densities, needed in void definition. In order to study the impact of
the RSD distortions, the identification was performed both in r-space
and z-space. In this context, Rrs

v and Rzs
v will denote void radius in

both spatial configurations, respectively.

2.3 Bijective mapping

In Paper I, we defined a bijective mapping between voids in r-space
and z-space. Specifically, for each z-space centre, we picked the
nearest r-space centre with the condition that it must lay inside
1 Rzs

v , removing all voids for which no partner could be found. This
mapping is a well defined function, since the condition of the nearest
r-space neighbour assigns only one object to each z-space void.
This mapping is also injective, since the non-overlapping condition
implies that each r-space void can only be reached by a single z-
space object. The filtering condition guarantees then a one-to-one
relationship between voids in the two configurations. These voids
constitute what we call the bijective catalogues (TC-rs-b and TC-zs-
b in table 1 from Paper I, the former for the bijective voids in r-space,
the latter for the bijective voids in z-space). By construction, these
catalogues have the same number of elements (318,784), and it is
ensured in this way that a void and its associated counterpart span
the same region of space. The original catalogues will be referred to
as the full catalogues (TC-rs-f and TC-zs-f in table 1 from Paper I)
in order to distinguish them from the bijective ones.

In Fig. 1, the left-hand panel shows the void abundances corre-
sponding to the z-space catalogues, for both the full (grey dashed
line) and bijective (grey solid line) versions. The error bands were
calculated from Poisson errors in the void counting process. In
Paper I, we demonstrated that the void loss in the z-space mapping
decreases as larger voids are considered. Particularly, voids above
the shot noise level are almost bijective. A good indicator of this
level is to take the median of the radius distribution. In this case,
it is 13.26 h−1 Mpc. Visually, this can be appreciated in the figure
by the small differences between the dashed and solid curves. As
a consequence, the full and bijective catalogues are statistically
equivalent at these scales. For this reason, we will not distinguish
between them from now on, unless otherwise stated.

2.4 Void sample

In order to measure the correlation function, we selected a sample of
z-space voids with sizes between 20 ≤ Rzs

v /h−1 Mpc ≤ 25. This
cut is shown in Fig. 1 (left-hand panel) by the red vertical lines that
delimit the sample. We have verified that the general results do not
depend on this cut, as long as it is carried out in the bijective range.

The right-hand panel of the figure shows the corresponding void
abundances of the r-space catalogues. In particular, the blue curve
describes how the r-space counterparts of the voids in the sample
are distributed in radius. Note that, unlike the z-space voids, the r-
space counterparts are not confined to a defined band, but they have a
more complex distribution in r-space covering an extended range of
scales, although notice that the y-axis is expressed in a logarithmic
scale. This is a central aspect in the analysis of this work, so we will
come back to this figure later to explain the remaining features (see
Section 5).

3 TH E P RO J E C T E D C O R R E L AT I O N
F U N C T I O N S

We follow the methodology of C19 in order to measure correlations.
It is important to highlight that the original method relies on
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1874 C. M. Correa et al.

Figure 1. Left-hand panel: void abundances in redshift space corresponding to the full (grey dashed line) and bijective (grey solid line) catalogues. The void
sample used to analyse the correlation function throughout the work is delimited by the red vertical lines. Right-hand panel: the same abundances, but in real
space. The blue solid curve describes how the real-space counterparts of the voids in the sample are distributed in radius. The green vertical lines represent
the expansion effect correction of the sample by means of equation (8), a robust prediction of where the bulk of these voids must be found in real space. The
subsamples built from these distributions, namely, N1, N2, N3, OE, C, and UE, serve to understand the void ellipticity effect (see Section 5.4).

measuring correlations directly in terms of void-centric angles and
redshifts between void-tracer pairs. The cosmological dependence
of these quantities with a physical distance scale is contained in the
model, thus allowing us to test different cosmologies without the
need to assume a fiducial one. In this way, the AP effect is taken into
account naturally. However, as we are not considering AP distortions
in this work, we treat correlations in the comoving coordinate
system defined by the simulation and concentrate purely on RSD
distortions.

Let us recall the basics here, in the context of these considerations.
ξ (σ ,π) denotes the void-galaxy cross-correlation function in redshift
space, where σ represents the comoving void-centric distance in the
plane of the sky (hereafter POS), and π the analogue distance along
the LOS. Projecting ξ (σ ,π) towards the POS in a givenπ-range, PRπ ,
we get the POS correlation function, ξ pos(σ ), which is a function only
of σ . Conversely, projecting ξ (σ , π) towards the LOS in a given σ -
range, PRσ , we get the LOS correlation function, ξ los(π), a function
only of π.

3.1 Binning scheme

The measurement of the z-space correlation function is based on a
cylindrical binning scheme. In this geometry, a bin is a cylindrical
shell oriented along the LOS, with internal radius σ int, external
radius σ ext, a lower height πlow, and an upper height πup. For this
study, in which the simulation box is taken as a simple mock survey,
which is periodic, complete in volume and without any complicated
selection functions, there is no need to employ estimators involving a
random comparison sample (see for instance Landy & Szalay 1993).
Therefore, the estimate of the correlation function can be considered
analogous to that given by the natural estimator. Given a bin labelled
by (i, j), and represented by the coordinates of its geometrical centre,

(σ i, πj), the estimator for the correlation function can be written as

ξ̂ij (σi,πj ) = DDij

RRij

− 1, (3)

where DDij represents the number of void-halo pairs counted inside
the bin, and RRij, the expected number of pairs in a homogeneous
distribution, which in turn can be calculated analytically as the
product of the density of haloes, the volume of the bin and the
total number of voids.

The projected correlation functions can be considered as a special
case in this binning scheme. The POS projection is measured from
a set of nested cylindrical shells distributed across the POS, whereas
the LOS projection is measured from a string of filled cylinders
oriented along the LOS. More specifically, the scheme for the POS
projection involves bins with dimensions σ int, σ ext, πlow = 0 and πup

= PRπ , where δσ = σ ext − σ int is the POS binning step. Conversely,
the scheme for the LOS projection involves bins with dimensions σ int

= 0, σ ext = PRσ , πlow and πup, where δπ = πup − πlow is the LOS
binning step. For the analysis of this work, we took equal projection
ranges in both directions: PRσ = PRπ = 40h−1 Mpc. For simplicity,
we refer to both quantities with the common notation PR. We also
took equal binning steps: δσ = δπ = 1h−1 Mpc.

3.2 Configurations

We measured correlations in different configurations of the spatial
distribution of haloes and voids. Measurements made with z-space
voids and z-space haloes are referred to as the z × z-space config-
uration. Similarly, measurements made with r-space voids and z-
space haloes are referred to as the hybrid r × z-space configuration.
Finally, measurements made with r-space voids and r-space haloes
are referred to as the r × r-space configuration. This notation also
applies for measurements of the velocity field.

MNRAS 509, 1871–1884 (2022)
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Redshift-space effects in voids – II 1875

Figure 2. Projections of the correlation function towards the plane of the sky (left-hand panel) and towards the line of sight (right-hand panel). The red
solid curves represent the measurements made in the z × z-space configuration using the z-space sample defined in Section 2.4 and shown in Fig. 1. They
represent a possible observational measurement. The blue dashed curves represent the measurements made in the hybrid r × z-space configuration using the
r-space counterpart of the sample. The black curves are two model predictions: without performing the expansion effect correction (naive, dashed lines) and
after performing this correction (solid lines). The green dot-dashed curves represent the r × z-space correlations using the sample N2, which allows us to test
the performance of the tracer-RSD correction. In all cases, a projection range of 40 h−1 Mpc was used. The lower panels show the corresponding fractional
differences, taking the r × z-space configuration as reference.

Fig. 2 shows the projected correlation functions corresponding to
the void sample defined in Section 2.4. The left-hand panel shows the
POS projection, whereas the right-hand panel, the LOS projection.
Following C19, we are interested in scales greater than the minimum
radius of the sample, in this case 20 h−1 Mpc. The measurements
made in the z × z-space configuration are represented with a red solid
line, i.e. these correlations are obtained from the spatial distribution
of voids and haloes both in z-space, and hence, mimic a possible
observational measurement. The measurements made in the hybrid
r × z-space configuration, on the other hand, are represented with
a blue dashed line, i.e. these correlations are obtained by taking the
associated voids in r-space but keeping the haloes in z-space. This
is important because current models for RSD are defined to work in
this hybrid configuration (Nadathur & Percival 2019; Nadathur et al.
2019b), and the aim of this paper is to compare model predictions
with observations. We will explain the meaning of the remaining
curves in Section 5.

It is more useful to compare correlations in different configurations
by quantifying their fractional differences: �ξ /(ξ + 1) := (ξ tar

− ξ ref)/(ξ ref + 1), where ξ tar is the target correlation we want to
compare, and ξ ref is the one used as reference. They are shown in the
lower panels of the figure, where the hybrid r × z-space configuration
has been chosen as the reference one (blue dashed lines).

3.3 Model

In C19, we developed a physical model for the correlation function
that takes into account the coupled distortions generated by the
RSD and AP effects, along with the mixture of scales due to
the geometry of the binning scheme. We summarize its main

aspects in this subsection. For the following analysis, we assume
an arbitrary cylindrical binning scheme. In this way, the model
remains general and the projected correlation functions can be
treated as a special case. A central aspect to keep in mind is
that this model is defined to work in the hybrid r × z-space
configuration.

The first step is to model the mixture of scales. The correlation
value corresponding to the bin (i, j) can be predicted by expressing
equation (3) in differential form and then integrating over the volume
of the bin:

ξij (σi,πj ) = 2

∫ πup

πlow
dπ

∫ σext

σint
σ [1 + ξ (σ,π)]dσ(

σ 2
ext − σ 2

int

)
(πup − πlow)

− 1. (4)

This equation was adapted from equation (10) of C19 for the case
of our simplified mock consisting of the simulation box and our
hypothesis of working in a comoving coordinate system without
AP distortions (instead of angles and redshifts as in the original
method).

The next step is to provide a model for the correlation function
taking into account the RSD effect. Following Peebles (1979) and
Paz et al. (2013), ξ (σ , π) can be computed as the convolution of
the r × r-space correlation function, ξ (r), and a pairwise velocity
distribution of void-tracer pairs. Note that ξ (r) is a one-dimensional
profile in view of the intrinsic spherical symmetry in r-space, with r
the distance to the centre of the voids. This profile characterizes the
density contrast field around voids. The pairwise velocity distribution
can be assumed as a Gaussian distribution centered on the r × r-space
velocity profile describing the velocity field around voids, v(r), with
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1876 C. M. Correa et al.

Figure 3. Void-centric density contrast (left-hand panel) and peculiar velocity (right-hand panel) profiles in r × r-space. The blue dots correspond to the r-space
counterpart of the original sample, whereas the green diamonds, to subsample N2. They are almost identical, which shows the potential of the tracer-RSD
correction. The solid curves in the velocity analysis show the predictions of equation (6), which works remarkably well at all scales.

a constant velocity dispersion, σ v . We get the following expression:2

1 + ξ (σ,π) =
∫ ∞

−∞
[1 + ξ (r)]

1√
2π̂σv

exp

[
− (v‖ − v(r) r‖

r
)2

2σ 2
v

]
dv‖.

(5)

This is the so-called Gaussian streaming model (hereafter GS model).
Here, r⊥ and r� are the r × r-space analogues of the r × z-space
quantities σ and π. Moreover, v� denotes the LOS component of the
void-centric peculiar velocity of tracers. To complete the model, we
need prescriptions for the r × r-space velocity and density contrast
profiles.

The velocity profile can be derived following linear theory via
mass conservation up to linear order in density (Peebles 1976; Paz
et al. 2013; Hamaus et al. 2015; Cai et al. 2016; Nadathur & Percival
2019):

v(r) = −1

3

H (z)

(1 + z)
β(z)r�(r), (6)

where �(r) is the integrated density contrast (introduced in Sec-
tion 2.2), and β(z) = f(z)/b is the so-called RSD parameter, i.e. the
ratio between the logarithmic growth rate of density perturbations,
f(z), and the linear bias parameter, b, that relates the matter and halo
density fields. For the snapshot z = 0.99 of the MXXL simulation
that we are considering, β = 0.65, obtained from the analysis carried
out in C19. In turn, �(r) can be explicitly related to ξ (r) by the
following expression:

�(r) = 3

r3

∫ r

0
ξ (r ′)r ′2dr ′. (7)

Unlike v(r), there is not a successful model for the density profile
derived from first principles, but it is a common practice to use

2π̂ refers to the irrational number pi: 3.14159..., to avoid confusion with the
π coordinate.

parametric and empirical approaches (see for instance Paz et al.
2013; Hamaus, Sutter & Wandelt 2014; Nadathur et al. 2016). In
particular, we provided one in C19 (see equation 15). Nevertheless,
we do not use any of them in this work. Instead, we use the r ×
r-space profile of the sample directly measured from the simulation
as input in the model. This allows us to understand with precision all
the z-space systematics that affect the correlation function, the aim
of this paper, since we are not introducing additional effects due to
the performance of the density models. This profile is shown at the
left-hand panel of Fig. 3 with blue dots. The right-hand panel shows
the corresponding velocity profile, also with blue dots. The blue
solid line is the prediction of equation (6), which works remarkably
well at all scales. We will explain the meaning of the remaining
profiles displayed in the figure (represented with green diamonds) in
Section 5.2.

4 R EDSHIFT-SPAC E EFFECTS IN VOIDS

In Paper I, we carried out a thorough investigation of the z-space
effects that affect void properties, namely, their number, size and
spatial distribution. Particularly, we focused on the impact that these
effects have on the void size function taken as a cosmological test. We
continue the analysis in this paper, focusing now on the void-galaxy
cross-correlation function. Before that, in this section, we review
the main aspects of the physical description of these effects with
the aim to provide the framework to analyse the anisotropic patterns
observed on the correlation measurements, and in this way, to figure
out all the sources that cause them. This analysis is fundamental to
obtain unbiased cosmological constraints. But besides this practical
importance, it will also shed light on important features of the nature
of cosmic voids regarding their structure and dynamics.

The pillar of the analysis resides in the one-to-one relationship
between z-space and r-space voids above the shot-noise level.
Incidentally, this means that the conservation of void-tracer pairs
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Redshift-space effects in voids – II 1877

is a good assumption when modelling RSD around voids. In view of
this, any systematic difference in the statistical properties between
both void populations can only be attributed to some physical
transformation that voids suffer when they are mapped from r-space
into z-space, and hence, such transformation must be associated to
the distortions in the observed spatial distribution of the galaxies.
Consequently, a physical description of the phenomenon must
find its bases on the large-scale dynamics and from cosmological
considerations.

4.1 Expansion effect

In Paper I, we showed that z-space voids are systematically bigger
than their r-space counterparts. The reason is that voids expand when
they are mapped from r-space into z-space. This is the expansion
effect, a consequence of the RSD induced by tracer dynamics at
scales around the void radius. We refer to this effect, particularly to
the type of distortions that it generates, with the acronym tracer-RSD
(or simply t-RSD).

A description of this effect is possible from the basis of equa-
tion (6), from which a linear relation is found between both radii, Rrs

v

and Rzs
v :

Rzs
v = qRSDRrs

v , qRSD = 1 − 1

3
δRvβ(z)�id. (8)

Here, δRv is a parameter that quantifies variation in radius, and �id is
the threshold value for void identification introduced in Section 2.2.
In Paper I, we showed that voids above the shot noise level favour
the value δRv = 0.5. Then, the explicit value of the proportionality
factor corresponding to the MXXL simulation is qRSD = 1.092. Note
that qRSD > 1, hence Rzs

v > Rrs
v , in agreement with our assumption

that voids expand in z-space.

4.2 Off-centring effect

In Paper I, we showed that z-space void centres are systematically
shifted along the LOS. This is the off-centring effect, a consequence
of a different class of RSD induced by large-scale flows in the matter
distribution. Interpreting voids as whole entities that move in space
with a net velocity (Ceccarelli et al. 2016; Lambas et al. 2016; Lares
et al. 2017), this effect can be considered as a by-product of the RSD
induced by void dynamics. We refer to this effect, particularly to the
type of distortions that it generates, with the acronym void-RSD (or
simply v-RSD).

An analytical prediction of this effect can be obtained from an
expression equivalent to equation (1) for the case of voids:

X̃v3 = Xv3 + Vv3
(1 + z)

H (z)
, (9)

where X̃v3 denotes the shifted Xv3-coordinate. In Paper I, we also
showed that, although the tracer-RSD and void-RSD effects manifest
together in observations, they can be considered independent with
each other.

4.3 Alcock–Paczynski volume effect

The AP effect introduces additional distortion patterns in the spatial
distribution of the galaxies surrounding voids. As a consequence, the
volume of voids is also altered by this effect. This is because the
discrepancies between the fiducial and true cosmologies generate
deviations between the POS and LOS dimensions of voids, which

must be spherical in r-space. This is the Alcock–Paczynski volume
effect.

Following a similar approach to that used for the expansion effect,
it is possible to relate the true and fiducial radii, Rrs

v , and Rfid
v :

Rfid
v = qAPR

rs
v , qAP = 3

√
(q⊥

AP)2q
‖
AP, (10)

where

q⊥
AP = Dfid

M (z)

Dtrue
M (z)

, q
‖
AP = Htrue(z)

Hfid(z)
. (11)

Here, DM denotes the comoving angular diameter distance. The in-
dices ‘fid’ and ‘true’ refer to fiducial and true quantities, respectively.
Unlike the expansion effect, the net result of the AP volume effect
is not necessarily an expansion, it can also be a contraction. This is
because qAP can be less or greater than one, depending on the fiducial
cosmological parameters chosen.

Note that the RSD and AP factors are simply two constants of
proportionality, independent of the scale, and strongly dependent on
the cosmological parameters. Furthermore, there is an interesting
difference between them. On the one hand, qAP depends only on the
background cosmological parameters, such as �m and H0, hence it is
related to the expansion history and geometry of the Universe. On the
other hand, qRSD depends only on β, so it is a dynamical parameter
related to the growth rate of cosmic structures.

Actually, the volume of voids is affected by the combined contri-
bution of the tracer-RSD and AP effects. In Paper I, we showed that
both of them can be considered as independent effects, hence, void
radii can be related by combining equations (8) and (10), resulting
in the following two-step correction:

Rzs
v = qAP qRSD Rrs

v . (12)

This is all it takes to correct an observational void size function.

5 IM PAC T O N TH E C O R R E L AT I O N FU N C T I O N

The goal of this section is to understand all the factors that contribute
to the final anisotropic shape of the projected correlation functions
measured in the z × z-space configuration, the red solid curves of
Fig. 2, which represent a possible observational measurement from
a survey. This analysis is based on the framework developed on
the previous section. Although we analyse the projected version
of the correlation function, the main conclusions we reach are
general. Moreover, we have checked that the following results are
qualitatively independent of the projection range. Here, we show the
case PR = 40 h−1 Mpc, as this constitutes a realistic case applicable
to data (see C19 for more details).

5.1 Impact of the impurity of a sample

In Section 2.3, we mentioned that the full and bijective void cata-
logues are statistically equivalent at the scales of interest, hence we
were not going to distinguish between them. We make an exception
here to reinforce this concept concerning the correlation function.

In Section 2.4, we selected the void sample to use through-
out the work. It is composed of z-space voids in the range
20 ≤ Rzs

v /h−1 Mpc ≤ 25. Technically, this cut was applied
to the bijective catalogue. We repeated the analysis applying the
same cut, but this time to the full catalogue. Fig. 4 shows the
fractional differences between the correlations measured with these
two samples. The upper panel corresponds to the differences between
the POS projections, whereas the lower panel, to the LOS projections.
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1878 C. M. Correa et al.

Figure 4. Impact of the impurity of a sample regarding non-bijective voids
quantified by means of the fractional differences of correlation between the
measurements made with the original sample, obtained from the bijective
catalogue, and with an analogous sample taken from the full catalogue. The
differences are very small, less than 0.2 per cent, allowing us to treat both
samples as statistically equivalent.

Note that the scale was augmented with respect to the scale shown
in Fig. 2 in order to highlight the magnitude of the differences. They
are very small, less than 0.2 per cent at all scales. In view of this,
the impurity of a sample regarding non-bijective voids produces a
negligible impact on correlation measurements.

5.2 Impact of the expansion effect

We can now make a first model prediction. As was explained in
Section 3.3, the model needs the r × r-space density profile, ξ (r), as
input. As a first and naive ansatz, one could imagine that the correct
profile is that corresponding to the r-space voids with radii in the
same range as the z-space sample: 20 ≤ Rrs

v /h−1 Mpc ≤ 25. The
model prediction using this profile is shown in Fig. 2 with a black
dashed line. It is clear that it completely fails to reproduce the z ×
z-space correlations: compare the black dashed curves with the red
solid ones. This failure of the model was expected, since it is defined
to operate in the hybrid r × z-space configuration, as it does not
take into account the global dynamics of voids. However, it also fails
to reproduce the measurements in this configuration too, as evident
in the figure comparing now the black dashed curves with the blue
dashed ones. The relative differences can be as high as 8 per cent,
specially near the void walls.

The inefficiency of the model highlights the importance of relating
to the correct r × r-space statistical properties of the sample. The
mistake is to assume that the r-space counterparts of the z-space
voids in the sample fall in the same range of the radius distribution.
The right-hand panel of Fig. 1 shows that the corresponding r-space
distribution is more complex, covering an extended range of scales.
In view of this, we repeated the analysis using exactly all the r-space
counterparts of the z-space voids in the sample to measure the r × r-
space density profile. This is the profile that we have shown in Fig. 3

(left-hand panel) with blue dots. The corresponding model prediction
for the projected correlations is shown in Fig. 2 with a black solid
line. Note that the deviations have been noticeably reduced, although
not completely: compare the black solid curves with the blue dashed
ones. There is a remaining deviation of order 2 per cent at scales near
the void walls.

The immediate question that arises now is how to describe this
complex r-space sample. The answer lies in equation (8), namely,
in the expansion effect. According to this effect, the r-space sample
should fall in the range 20/qRSD ≤ Rrs

v /h−1 Mpc ≤ 25/qRSD. This
is shown at the right-hand panel of Fig. 1 with green vertical lines.
Note that the range thus delimited captures the bulk of the voids that
constitute the sample. Let us call all the r-space voids inside this band
with the name N2, for reasons that will be clarified in Section 5.4.
The sample N2 approximates the true r-space sample with respect to
its statistical properties. This is evident in Fig. 3, where we show the
density and velocity profiles of the sample N2 with green diamonds.
Note that it is almost identical to the profiles corresponding to the
true r-space sample (blue dots). This demonstrates the ability of the
tracer-RSD correction to recover the r × r-space statistical properties
of voids identified from observational data.

Up to here, we can assert that the most important source of
distortion patterns on the correlation function is the tracer-RSD
expansion effect, which can be accounted for by the GS model
combined with equation (8). The remaining deviations between the
observations (red solid curves) and the model prediction (black solid
curves) can be separated into two components. The hybrid r × z-
space configuration (blue dashed curves) will serve as a mediator
between both of them. We explore this in the following subsections.

Before moving on, a brief comment about the impact of the
AP volume effect on the correlation function. Although we are
not considering this effect in this work, it is completely analo-
gous to the expansion effect. Concretely, the radius distribution
behaves similarly to Fig. 1. The only difference is that the bulk
of r-space voids are found now using equation (12) instead of
equation (8), which combines the contribution of both the tracer-
RSD and AP effects. More specifically, they are found in the range
20/(qAP qRSD) ≤ Rrs

v /h−1 Mpc ≤ 25/(qAP qRSD).

5.3 Impact of the off-centring effect

The first component of the remaining deviations is related to the
differences between the correlations in the z × z- and r × z-space
configurations (red solid and blue dashed curves in Fig. 2). In the
context of the bijective mapping between voids, these differences
can only be attributed to the displacements of centres when they
are mapped from r-space into z-space, i.e. to the off-centring effect.
We highlight the fact that this effect is responsible for an additional
distortion pattern that is different from the classic RSD due to tracer
dynamics (tracer-RSD), but it is due to void dynamics (void-RSD). It
is also true that these deviations are smaller than those corresponding
to the expansion effect, being at most of the order 3 per cent at scales
near the void walls.

We can quantify physically the void-RSD distortions using
equation (9). Fig. 5 shows what happens if the z-space centre
positions are corrected with this equation (purple solid lines). The
deviations diminish notably, with differences well bellow 1 per cent,
thus recovering the correlation function in the hybrid r × z-space
configuration remarkably well at all scales of interest. This is the
first time that this type of distortions on the correlation function is
detected and quantified.
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Figure 5. Impact of the off-centring effect quantified by means of the
fractional differences of correlation between the measurements made in the z

× z-space (red solid lines) and r × z-space (blue dashed lines) configurations.
In the context of the bijective mapping, these differences can only be attributed
to the displacements of void centres under this mapping. They represent an
additional distortion pattern not previously taken into account, which is due
to the global dynamics of the regions containing the voids (void-RSD). Note
that these deviations diminish notably after correcting the position of the
z-space centres with equation (9) (purple solid lines).

The correction performed here was possible because we are
working with a simulation. The void finder can compute the velocity
of voids from the individual velocity of tracers, hence equation (9)
can be applied to correct the centres. Nevertheless, this is not possible
in practice. One feasible solution is to incorporate a void velocity
distribution (see Fig. 6 of Paper I and its description) into the GS
model. We leave this topic for a future investigation.

5.4 Impact of void ellipticity

The second component of the remaining deviations is related to
the differences between the measurements in the r × z-space
configuration and the model prediction (blue dashed and black solid
curves in Fig. 2), which are of order 2 per cent at scales near the void
walls, as was noted in Section 5.2.

Given the fact that the sample N2 (obtained with the tracer-
RSD correction) approximates well the true r-space sample, it is
reasonable to expect that the correlation functions measured with
both of them (in the r × z-space configuration) will be almost
identical. However, this does not happen. In Fig. 2, the projected
correlations corresponding to the sample N2 are shown with a green
dot-dashed line. A comparison with the blue dashed curves shows
that there are appreciable deviations, specially in the LOS projection.
This is a completely unexpected result, since both samples have
almost identical r × r-space density and velocity profiles, as we
showed in the analysis of Fig. 3. Evidently, the tails of the r-space
sample distribution have an appreciable effect on correlations. Note,
however, that the model predicts remarkably well the N2 correlations,
finding negligible differences between them: compare the black

solid curves with the green dot-dashed ones. This result ratifies the
methodology developed in C19.

To find an explanation, we need to go back to the right-hand panel
of Fig. 1 and define some subsamples of voids. We have already
defined one of them: the subsample N2, with all voids inside the
band delimited by the tracer-RSD correction with the factor qRSD

(green vertical lines). Analogously, the subset of voids that also fall
inside this band, but under the distribution of the overall r-space
sample (blue solid curve), will constitute the subsample C. Note
that these two subsamples are very similar in view of the tracer-
RSD correction. Now, the voids from the left tail will constitute the
subsample OE, whereas the voids from the right tail, the subsample
UE. In the same manner, all voids that fall at the left of the band, but
in the same range as subsample OE, will constitute the subsample
N1. Similarly, all voids at the right of the band, but in the same range
as subsample UE, will constitute the subsample N3. Note that the
subsamples N1, N2 and N3 contain the subsamples OE, C and UE,
respectively.

Fig. 6 shows the two-dimensional r × r-space density field, ξ (r⊥,
r�), for each of the subsamples defined above. On each map, the blue
areas describe the emptiest regions. All maps were colour-coded
using the same scale. The first relevant feature to be outlined is that
the subsamples N1, N2 and N3 (upper panels) behave as expected:
they exhibit circular contours with no signs of anisotropies. The
only difference among them is in the size of the empty regions, in
agreement with the fact that, from N1 to N3, they are composed
of voids of increasing radii. For this reason, these subsamples have
been labelled with the letter N, accounting for normal. Note that
the subsample C (lower middle panel) also behaves normally, and
in particular, very similarly to subsample N2. Note, however, that
the subsamples OE and UE (lower left and lower right-hand panels)
behave unexpectedly. They exhibit prominent anisotropic patterns.
This is an interesting result, since we are analysing the density field in
r × r-space, and hence, expecting spherical symmetry. Furthermore,
the anisotropies are opposite: OE voids are elongated along the POS
axis, whereas UE voids are elongated along the LOS axis.

Fig. 7 shows the associated r × r-space velocity field, v(r⊥, r�), for
each of the subsamples. As in the case of the density, each map was
colour-coded using the same scale. The same results are found: the
subsamples N1, N2, and N3 exhibit circular contours, the subsample
C behaves similarly to subsample N2, whereas the subsamples OE
and UE exhibit prominent and opposite anisotropic patterns.

We interpret these results in the following way. Individual voids
are typically ellipsoidal, but oriented randomly in space. Therefore,
this ellipticity has no significant impact on the statistical properties
of a stacking of a complete sample of voids. This is the case of the
subsamples N1, N2 and N3. This is also the case of the subsample C,
since it is very similar to subsample N2. This is a feature of the tracer-
RSD correction: it predicts a completeness region in the void radius
distribution. For this reason, this subsample has been labelled with
the letter C, accounting for complete. Voids from the subsamples OE
and UE, however, are not complete, but constitute a special selection
of voids. They do not follow the velocity and expansion predictions
of equations (6) and (8), respectively. On the one hand, OE voids are
over-expanding voids, since they fall in the selection range when they
are identified in z-space, but their radii are greater than the prediction
given by the factor qRSD. Conversely, UE voids are under-expanding
voids, since they also fall in the selection range, but their radii are
lower than the corresponding prediction.

Fig. 8 shows the r × r-space density (left-hand panel) and velocity
(right-hand panel) fields corresponding to the overall r-space sample.
Note that the anisotropies are still present, the opposite behaviour of

MNRAS 509, 1871–1884 (2022)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/2/1871/6409144 by guest on 10 April 2024



1880 C. M. Correa et al.

Figure 6. Density contrast maps in r × r-space corresponding to the subsamples defined in Fig. 1. The normal subsamples (upper panels) exhibit circular
contours with no signs of anisotropies, as expected. The only difference between them is in the size of the empty regions, in agreement with the fact that, from
N1 to N3, they are composed of voids of increasing radii. Subsample C (lower middle panel), in addition, behaves similarly to subsample N2. This highlights
the power of the tracer-RSD correction. The remaining subsamples, OE and UE, by contrast, exhibit prominent and opposite anisotropic patterns. This is a
manifestation of the ellipsoidal nature of voids.

the tails does not cancel. Particularly, the behaviour of the left tail
prevails over the right tail. This is because the former contains many
more voids than the latter. Therefore, although the spherical averaged
statistics erase the ellipsoidal nature of voids when estimating the
density and velocity profiles, as Fig. 3 shows, it manifests when
we calculate correlations. This is the reason why the model cannot
reproduce correctly the correlation measurements. We arrive at an
important conclusion here: Besides the tracer-RSD and void-RSD
effects, the intrinsic ellipticity of voids is another source of distortions
in the correlation function. We refer to this effect, particularly to the
type of distortions that it generates, with the acronym ellipticity-RSD
(or simply e-RSD). Interestingly, analogous effects have been found
in the case of dark matter haloes (see for instance Obuljen, Dalal &
Percival 2019).

5.5 Towards an improved model

In order to match appropriately the observations, current models
for the void-galaxy cross-correlation function must be improved by
taking into account the z-space effects studied in this work. By far,
the most important aspect is the tracer-RSD+AP correction, i.e. the
use of equation (12) to relate to the correct r × r-space statistical
properties of the sample, namely, the density and velocity fields.

The remaining deviations are smaller and are attributed to two
sources of distortions: void-RSD and ellipticity-RSD. For the former,

the peculiar velocity of voids must be statistically taken into account
in the models, as we mentioned in Section 5.3. For the latter, a
possible solution is to rewrite the GS model by taking into account
the elliptical symmetry that the r × r-space density and velocity
fields impose, and the connection between them with a generalization
of equation (6). Incidentally, there are previous works about the
ellipticity of voids and its cosmological importance in the literature
(Park & Lee 2007; Bos et al. 2012). We leave these topics for a future
investigation.

In the meantime, and as a first approach, we tested our model
again by incorporating the two-dimensional information of the r
× r-space density and velocity fields from Fig. 8. We measured
again the r × z-space projected correlations, but using a thinner
projection range: PR = 10 h−1 Mpc, which allows us to capture
more effectively the behaviour along both directions. This is shown
in Fig. 9 with blue dots. Incidentally, the binning step used here
is δσ = δπ = 2 h−1 Mpc. Instead of using a single r × r-space
density profile as input in the model, we used two profiles: one
suitable for the POS correlation, ξ pos(r⊥), and one suitable for the
LOS correlation, ξ los(r�). Both of them were obtained projecting
ξ (r⊥, r�) towards the POS and LOS using the same PR, respectively.
In the figure, the model prediction is represented with a blue solid
line. Note that it matches the observed data points very well at all
scales.

For completeness, we also performed this analysis applied to the
subsamples defined at the beginning: OE (green up-triangles + dot-
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Figure 7. Velocity maps in r × r-space as a complementary information of Fig. 6. The same behaviour is observed. Voids from subsample OE are over-expanding
voids, since their z-space radii are greater than the prediction of equation (8), whereas those from subsample UE are under-expanding voids, since their radii are
smaller.

Figure 8. Density contrast (left-hand panel) and velocity (right-hand panel) maps in r × r-space corresponding to the overall r-space sample. The opposite
behaviour observed in Figs 6 and 7 does not cancel because OE voids are many more than UE voids. The tails of the sample distribution in Fig. 1 are the
responsible for an additional distortion pattern observed on correlations not previously taken into account, which is due to the intrinsic ellipticity of voids
(ellipticity-RSD).

dashed lines), C (light-blue diamonds + long-dashed lines) and UE
(purple down-triangles + dashed lines). This is also shown in Fig. 9.
As before, the model recovers the data points remarkably well at all
scales. These results demonstrate that the GS model is still robust in
this case.

6 C O N C L U S I O N S

Our standard picture of dynamical and geometrical distortions around
voids is incomplete. Traditionally, we have focused only on the
spatial distribution of galaxies. The truth is that the RSD and AP
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Figure 9. Testing the validity of the model by incorporating the elliptical information of the density and velocity maps in r × r-space from Figs 6–8 as inputs.
The r × z-space projected correlations were measured again using a thinner projection range of 10 h−1 Mpc. The measurements are represented with data points,
whereas the model predictions with lines. Specifically, the samples involved are the following: overall r-space sample (blue dots + solid lines), subsample OE
(green up-triangles + dot-dashed lines), subsample C (light-blue diamonds + long-dashed lines) and subsample UE (purple down-triangles + dashed lines).

effects also have an impact on the void identification process itself,
affecting intrinsic void properties, such as their number, size and
spatial distribution. This problematic is important when designing
cosmological tests, since these void systematics generate additional
deviations on the observations leading to biased cosmological con-
straints if they are not taken into account properly. This is particularly
important in view of the extraordinary precision achievable with
modern spectroscopic surveys, such as BOSS, eBOSS and the future
DESI, Euclid and HETDEX, which will cover a volume and redshift
range without precedents.

One approach is to use a reconstruction technique. While this
method has proved to be robust in recovering the real-space statistical
properties of voids, such as their density and velocity profiles,
and achieving unbiased cosmological constraints, it also has some
disadvantages. For instance, it is computationally expensive, quite
redundant and the valuable cosmological and dynamical information
contained in the z-space void systematics is not fully exploited. In
Paper I, we proposed an alternative approach, namely, to find a
physical connection between the identification of voids in real and
redshift space using a spherical void finder. A fundamental aspect
is that voids above the shot-noise level are almost conserved under
the z-space mapping, therefore, it is valid to assume void number
conservation. In this context, the differences between the statistical
properties between both void populations can be explained by means
of three independent effects: the tracer-RSD expansion effect, the AP
volume effect, and the void-RSD off-centring effect. We provided
a theoretical framework to describe physically these effects from
dynamical and cosmological considerations, and the impact they
have on the void size function as a cosmological test.

This work is the continuation of the analyses presented in Paper I.
Here, we focus on the void-galaxy cross-correlation function. We
adopted the methodology of C19 by analysing two perpendicular
projections of the correlation function with respect to the line-of-sight
direction. Therefore, the main conclusions of this paper supplement

those of C19 and Paper I, and can be summarized in the following
statements.

(1) Impurity of the sample: The impurity of a sample regarding
non-bijective voids has a negligible impact on correlation measure-
ments. This reinforces the fact that void number conservation is a
valid assumption.

(2) Configurations: We measured correlations in different configu-
rations of the spatial distribution of haloes and voids. Measurements
made with z-space voids and z-space haloes constitute the z × z-
space configuration, which represent possible observational mea-
surements. Similarly, measurements made with r-space voids and z-
space haloes constitute the hybrid r × z-space configuration, where
current RSD models are defined to work. Finally, measurements
made with r-space voids and r-space haloes constitute the r × r-
space configuration, free of RSD and AP distortions.

(3) Expansion and AP volume effects: It is fundamental to
provide models with the correct r × r-space statistics of a void
sample, namely, the density and velocity fields. This can be largely
achieved by means of a tracer-RSD+AP correction of void radii
with equation (12). The remaining deviations between observations
and the model prediction are smaller and caused by the following
two sources.

(4) Off-centring effect: This effect is responsible for an additional
distortion pattern due to void dynamics (void-RSD), which can be
largely reduced by correcting the centre positions with equation (9).
This is the first time that this type of distortions is detected and
quantified.

(5) Void ellipticity: Voids are typically ellipsoidal, but oriented
randomly in space. Therefore, this ellipticity has no significant
impact on the statistical properties of a stacking of a complete sample
of voids. However, when a sample is selected in z-space, the r-space
radius of their counterparts distribute in a complex way, covering
an extended range of scales. The tracer-RSD correction predicts
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the region of completeness, where the ellipticity is not important.
Nevertheless, the tails of the distribution have an appreciable effect
on correlations. They are composed of special voids: over-expanding
voids elongated along the POS direction, and under-expanding voids
elongated along the LOS direction, responsible for an additional
distortion pattern not previously taken into account (ellipticity-RSD).

(6) Towards an improved model: The tracer-RSD+AP correction
is the most important modification needed in models. Although the
remaining deviations are smaller, they have a significant impact. The
void-RSD effect can be corrected for by incorporating information
about the void velocity distribution. This is the connection needed
between the r × z- and z × z-space configurations. Regarding the
ellipticity-RSD effect, a possible solution is to rewrite the Gaussian
streaming model by taking into account the elliptical symmetry that
the r × r-space density and velocity fields impose, and deepening our
understanding about the connection between them. We leave these
topics for a future investigation. With a simplified test, we showed
that the GS model can still be robust even in this case.

(7) Comparing the void size function and the void-galaxy cross-
correlation function: From C19, Paper I and this work, we can
conclude that the void size function is affected by two types of
distortions: tracer-RSD and AP, whereas the correlation function, on
the other hand, by five types of distortions: tracer-RSD, AP, mixture
of scales, void-RSD and ellipticity-RSD.

(8) Potential of the spherical void finder: The simplicity of the
spherical void finder allows us to explain naturally the redshift-space
effects in voids. This is because the method finds the largest non-
overlapping sphere in each void region, leading to a well defined
centre and radius that describe the scale size at a given underdensity
threshold.

C19, Paper I and the present paper are intended to be complemen-
tary and part of a global and consistent analysis. For this reason,
we have used the same data set obtained from the Millennium
XXL simulation. However, this data set represents a high-density
population of tracers that allows for the selection of relatively small
voids (20 − 25 h−1 Mpc). Current and forthcoming surveys around z

= 1 will have significantly sparser tracer densities. Hawken et al.
(2020) show that sparse surveys can be dominated by spurious
voids, which could place difficulties when it comes to measure the
correlation function and constrain the cosmological parameters. A
more realistic sample would be required to make feasibility studies
for these surveys. With this in mind, we have recently started a similar
study based on BOSS data (Correa et al., in preparation), finding
promising results. The POS and LOS correlation functions can be
measured with high accuracy as required by current cosmological
experiments. In particular, there is a high signal-to-noise ratio to
detect and examine all the effects explained in this work.

As a final reflection, we want to highlight that, in addition to
the cosmological importance of considering the void systematics to
obtain unbiased constrains, they are also important for large-scale
structure studies per se, since they encode valuable information
about the nature of cosmic voids regarding their structure and
dynamics, and more generally, of the Universe at the largest scales.
Furthermore, some of these effects can constitute cosmological
probes by themselves. For instance, Park & Lee (2007) show that
the ellipticity distribution of voids constitutes a cosmological test.
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Córdoba (CCAD, http://ccad.unc.edu.ar). Plots were made with the
ggplot2 package (Wickham 2016) of the R software (R Core Team
2013) and post-processed with Inkscape (https://inkscape.org). CMC
would like to specially thank Daniela Taborda for her unconditional
support.

DATA AVAI LABI LI TY

The data underlying this article will be shared on reasonable request
to the corresponding author.

REFERENCES

Achitouv I., 2017, Phys. Rev. D, 96, 083506
Achitouv I., 2019, Phys. Rev. D, 100, 123513
Achitouv I., Neyrinck M., Paranjape A., 2015, MNRAS, 451, 3964
Achitouv I., Blake C., Carter P., Koda J., Beutler F., 2017, Phys. Rev. D, 95,

083502
Alam S. et al., 2021, Phys. Rev. D, 103, 083533
Alcock C., Paczynski B., 1979, Nature, 281, 358
Angulo R. E., Springel V., White S. D. M., Jenkins A., Baugh C. M., Frenk

C. S., 2012, MNRAS, 426, 2046
Bos E. G. P., van de Weygaert R., Dolag K., Pettorino V., 2012, MNRAS,

426, 440
Cai Y.-C., Taylor A., Peacock J. A., Padilla N., 2016, MNRAS, 462, 2465
Ceccarelli L., Ruiz A. N., Lares M., Paz D. J., Maldonado V. E., Luparello

H. E., Garcia Lambas D., 2016, MNRAS, 461, 4013
Chuang C.-H., Kitaura F.-S., Liang Y., Font-Ribera A., Zhao C., McDonald

P., Tao C., 2017, Phys. Rev. D, 95, 063528
Contarini S., Ronconi T., Marulli F., Moscardini L., Veropalumbo A., Baldi

M., 2019, MNRAS, 488, 3526
Correa C. M., Paz D. J., Padilla N. D., Ruiz A. N., Angulo R. E., Sánchez A.

G., 2019, MNRAS, 485, 5761 (C19)
Correa C. M., Paz D. J., Sánchez A. G., Ruiz A. N., Padilla N. D., Angulo R.

E., 2021, MNRAS, 500, 911 (Paper I)
Dawson K. S. et al., 2013, AJ, 145, 10
Eisenstein D. J., Seo H.-J., Sirko E., Spergel D. N., 2007, ApJ, 664, 675
Furlanetto S. R., Piran T., 2006, MNRAS, 366, 467
Gunn J. E., Gott III J. R., 1972, ApJ, 176, 1
Hamaus N., Sutter P. M., Wandelt B. D., 2014, Phys. Rev. Lett., 112, 251302
Hamaus N., Sutter P. M., Lavaux G., Wandelt B. D., 2015, J. Cosmol.

Astropart. Phys., 11, 036
Hamaus N., Pisani A., Sutter P. M., Lavaux G., Escoffier S., Wandelt B. D.,

Weller J., 2016, Phys. Rev. Lett., 117, 091302
Hamaus N., Cousinou M.-C., Pisani A., Aubert M., Escoffier S., Weller J.,

2017, J. Cosmol. Astropart. Phys., 7, 014

MNRAS 509, 1871–1884 (2022)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/2/1871/6409144 by guest on 10 April 2024

http://ccad.unc.edu.ar
http://dx.doi.org/10.1103/PhysRevD.96.083506
http://dx.doi.org/10.1103/PhysRevD.100.123513 
http://dx.doi.org/10.1093/mnras/stv1228
http://dx.doi.org/10.1103/PhysRevD.95.083502 
http://dx.doi.org/10.1103/PhysRevD.103.083533
http://dx.doi.org/10.1038/281358a0
http://dx.doi.org/10.1111/j.1365-2966.2012.21830.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21478.x
http://dx.doi.org/10.1093/mnras/stw1809
http://dx.doi.org/10.1093/mnras/stw1524
http://dx.doi.org/10.1103/PhysRevD.95.063528
http://dx.doi.org/10.1093/mnras/stz1989
http://dx.doi.org/10.1093/mnras/stz821
http://dx.doi.org/10.1093/mnras/staa3252
http://dx.doi.org/10.1088/0004-6256/145/1/10
http://dx.doi.org/10.1086/518712
http://dx.doi.org/10.1111/j.1365-2966.2005.09862.x
http://dx.doi.org/10.1086/151605
http://dx.doi.org/10.1103/PhysRevLett.112.251302
http://dx.doi.org/10.1088/1475-7516/2015/11/036
http://dx.doi.org/10.1103/PhysRevLett.117.091302
http://dx.doi.org/10.1088/1475-7516/2017/07/014


1884 C. M. Correa et al.

Hamaus N., Pisani A., Choi J.-A., Lavaux G., Wandelt B. D., Weller J., 2020,
J. Cosmol. Astropart. Phys., 2020, 023

Hawken A. J. et al., 2017, A&A, 607, A54
Hawken A. J., Aubert M., Pisani A., Cousinou M.-C., Escoffier S., Nadathur

S., Rossi G., Schneider D. P., 2020, J. Cosmol. Astropart. Phys., 2020,
012

Hill G. J. et al., 2008, in Kodama T., Yamada T., Aoki K., eds, ASP Conf. Ser.,
Vol. 399, Panoramic Views of Galaxy Formation and Evolution. Astron.
Soc. Pac., San Francisco. p. 115

Jennings E., Li Y., Hu W., 2013, MNRAS, 434, 2167
Kaiser N., 1987, MNRAS, 227, 1
Lambas D. G., Lares M., Ceccarelli L., Ruiz A. N., Paz D. J., Maldonado V.

E., Luparello H. E., 2016, MNRAS, 455, L99
Landy S. D., Szalay A. S., 1993, ApJ, 412, 64
Lares M., Ruiz A. N., Luparello H. E., Ceccarelli L., Garcia Lambas D., Paz

D. J., 2017, MNRAS, 468, 4822
Laureijs R. et al., 2011, preprint (arXiv:1110.3193)
Levi M. et al., 2019, Bull. Am. Astron. Soc., 51, 57
Lilje P. B., Lahav O., 1991, ApJ, 374, 29
Nadathur S., Percival W. J., 2019, MNRAS, 483, 3472
Nadathur S., Hotchkiss S., Diego J. M., Iliev I. T., Gottlöber S., Watson W. A.,
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