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ABSTRACT

Context. The characterisation of cosmic voids gives unique information about the large-scale distribution of galaxies, their evolution, 
and the cosmological model.
Aims. We identify and characterise cosmic voids in the VIMOS Public Extragalactic Redshift Survey (VIPERS) at redshift 0.55 < 
z < 0.9.
Methods. A new void search method is developed based upon the identification of empty spheres that fit between galaxies. The method 
can be used to characterise the cosmic voids despite the presence of complex survey boundaries and internal gaps. We investigate the 
impact of systematic observational effects and validate the method against mock catalogues. We measure the void size distribution 
and the void-galaxy correlation function.
Results. We construct a catalogue of voids in VIPERS. The distribution of voids is found to agree well with the distribution of voids 
found in mock catalogues. The void-galaxy correlation function shows indications of outflow velocity from the voids.

Key words. galaxies: general -  cosmology: observations -  large-scale structure of Universe
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density: the cosmic voids. This lack of any uniform population 
of “field galaxies” gradually came into focus via the pioneering 
surveys of the 1970s (Chincarini & Rood 1976, 1979; Tifft & 
Gregory 1976; Tarenghi et al. 1978; Gregory & Thompson 1978; 
Chincarini 1978; Joeveer et al. 1978; Tully & Fisher 1978).

Gregory & Thompson (1978) were the first to use the specific 
term “void” to treat low-density regions as specific objects; see 
Rood (1988b) and Rood (1988a) for a comprehensive review and 
historical account of those years. The phenomenology of voids 
became more clearly defined with the more extensive projects of 
the early 1980s, most notably the CfA I (Davis et al. 1982) and 
CfA II surveys (de Lapparent et al. 1986), when these regions 
were described as components of the structure of the universe.

There has been a resurgence of interest in cosmic voids 
over recent years. This has been the result of high quality pho
tometric and spectroscopic data, combined with a strong the
oretical motivation. In particular, void searches in the Sloan 
Digital Sky Survey (SDSS) data release 7 main galaxy and lu
minous red galaxies (LRG) samples have proved fruitful (Sutter 
et al. 2012b), providing a rich resource for numerous studies. 
These voids have been found to have an intricate sub-structure 
(Alpaslan et al. 2014), to exhibit a significant gravitational lens- 
ing signal (Clampitt & Jain 2014), and to produce measurable 
cold spots on the CMB (Ilic et al. 2013).

Properties of voids, such as their internal structure, shape, 
and distribution, are strongly dependent on the cosmological 
scenario. Therefore, the study of voids can provide useful in
formation that can be used to put constraints on global cosmo
logical parameters (Ryden 1995; Betancort-Rijo et al. 2009) and 
evaluate proposed cosmological models (Icke 1984; Regos & 
Geller 1991; Benson et al. 2003; Colberg et al. 2005; Lavaux 
& Wandelt 2010; Biswas et al. 2010; Herndndez-Monteagudo & 
Smith 2013; Ceccarelli et al. 2013).

As the most under-dense regions of the universe, voids are 
vacuum dominated regions. Subsequently, they are excellent 
places within which to test theories of dark energy (Park & 
Lee 2007; Bos et al. 2012). Some theories of modified grav
ity propose that gravitation should work differently over large 
scales and in very low density environments. Because voids are 
not only extremely under-dense, but are also the largest compo
nents of structure in terms of comoving size, they are well suited 
to studies of modified gravity (Martino & Sheth 2009; Spolyar 
et al. 2013; Clampitt et al. 2013). Important information can also 
be obtained from redshift-space distortions connected to galaxy 
outflow from the inside of the voids towards over-dense regions 
surrounding them (Dekel & Rees 1994; Ryden & Melott 1996).

There are different approaches to defining voids in the lit
erature. For example, volumes, from which galaxies brighter or 
more massive than a given threshold are absent, can be used to 
estimate the Void Probability Function (White 1979). In other 
cases, such as ours, voids are defined as volumes that are not 
completely empty but where the density contrast is below some 
threshold.

In this paper, we describe a void-finding algorithm and its 
application to data from VIMOS Public Extragalactic Redshift 
Survey (VIPERS; Guzzo et al. 2014). VIPERS offers a unique 
opportunity to look for cosmic voids at higher redshift thanks to 
its wide angular coverage and efficient sampling rate.

We structure the paper as follows: in Sect. 2 we briefly de
scribe the VIPERS survey and the samples we derived from the 
data; in Sect. 3, we describe the mock galaxy catalogues used 
in this analysis; in Sect. 4, we describe the tests carried out to 
evaluate the impact of observational effects on low-density re
gions detection process; in Sect. 5, we describe the void-search

algorithm and its application to VIPERS; in Sect. 6, we present 
the void-galaxy correlation function; and Sect. 7, gives our dis
cussion of the results and conclusions.

In this paper, we adopt standard cosmological parameters 
matching the MultiDark simulations (Prada et al. 2012) with 
Qm = 0.27, Qa  = 0.73 and H  = 70 km s-1 Mpc-1.

2. The VIMOS Public Extragalactic Redshift Survey

VIPERS is an ongoing ESO programme with the goal of study
ing the large scale distribution of galaxies at moderate redshift 
(z = 0 .5-1.2; Guzzo et al. 2014; Garilli et al. 2014). VIPERS is 
constraining the cosmological growth of structure as well as the 
properties of galaxies and their environments. Results include 
measurements of the rate of structure formation through redshift- 
space galaxy clustering at z = 0.8 (de la Torre et al. 2013), the 
dependence of galaxy clustering on luminosity and stellar mass 
(Marulli et al. 2013) and the galaxy stellar mass and luminosity 
functions (Davidzon et al. 2013; Fritz et al. 2014). The survey 
targets galaxies within two regions of the W1 and W4 fields of 
the Canada-France-Hawaii Telescope Legacy Wide (CFHTLS- 
Wide Survey; Cuillandre et al. 2012), shown in Fig. 1. By the 
end of the survey, VIPERS will cover a total sky area of 24 deg2, 
so that the survey area, redshift range, and relatively high sam
pling rate translate into similar volumes and number densities 
as local surveys such as 2dFGRS (Colless et al. 2003), SDSS 
(Strauss et al. 2002) and GAMA (Driver et al. 2011) at z = 0.3.

We carried out the observations using the VIMOS (VIsible 
Multi-Object Spectrograph) instrument at European Southern 
Observatory -  Very Large Telescope (ESO-VLT; Le Fevre et al. 
2003). VIMOS is a four-channel spectrograph, with each chan
nel corresponding to a quadrant of 7 by 8 arcmin. The position 
of the four quadrants leaves an unobserved cross-shaped area 
(of ~2 arcmin width) which is seen imprinted in the distribution 
of observed galaxies (see Fig. 1) .

Galaxies have been targeted from the CFHTLS-Wide optical 
photometric catalogue with an apparent magnitude limit set to 
iAB < 22.5. A colour selection has been used to exclude galaxies 
at redshift z < 0.5 (Guzzo et al. 2014). Only a fraction of the 
galaxies selected as potential targets may be observed because 
of instrumental constraints, and of these, not all are guaranteed 
to give a reliable redshift measurement. Nevertheless, the com
bination of target selection and observing strategy provides an 
overall sampling rate of 35%, which is extremely valuable for 
studying the distribution of galaxies on moderate scales.

For each galaxy, the B-band rest-frame magnitude was es
timated following the spectral energy distribution (SED) fitting 
method described in Davidzon et al. (2013) and adopted to de
fine volume limited samples. The choice of B-band rest-frame is 
natural, corresponding to the observed I-band at redshift ~0.8. 
We derived k and colour corrections from the best-fitting SED 
templates using all available photometry including near-UV, op
tical, and near-infrared.

2.1. Galaxy samples

The first public data release of VIPERS was made available in 
October 2013 and included 64% of the final dataset (Garilli et al. 
2014). In this study we use the internal release version 4.0 cat
alogue, which increases the area of the W1 field by 30% and 
represents 75% of the final coverage. The angular size of the 
fields are 7.4 deg2 in W4 and 9.9 deg2 in W1. We select galaxies 
with confident spectroscopic redshifts, corresponding to z f la g
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Fig. 1. RA-Dec distribution of galaxies in the W1 and W4 VIPERS fields for the internal catalogue version 4.0 used in this study (see text). The 
green lines are the survey borders that we consider in this paper.

>1.5, yielding 34965 objects in W1 and 27258 in W4. For a 
detailed description of the meaning of VIPERS flag values see 
Guzzo et al. (2014).

We wish to perform a consistent void search across the red- 
shift range of the survey. Therefore, we extracted two B-band 
rest-frame volume-limited samples from the VIPERS catalogue, 
one for each field (W1 and W4). As a result of galaxy evo
lution, the global galaxy luminosity function varies with time 
(Ilbert et al. 2005; Zucca et al. 2009) and the magnitude cut 
must therefore account for this evolution, as shown in Fig. 2. 
The chosen redshift range is 0.55 <  z <  0.9 giving a com
promise between volume explored and observed galaxy number 
density. The adopted magnitude limit is defined in the B-band 
rest-frame as

Mb , \ i m (z) = Mb ,\ i m (z = 0) -  z, (1)

where Mb ,lim(z) is the magnitude limit at redshift z. In the present 
case, the chosen value for Mb,lim is -19.8 at z = 0 (from now on, 
MB,lim refers to the value of the magnitude cut at z = 0).

By definition the galaxy density is constant within a vol
ume limited sample. However, in reality, this may not be exactly 
the case because of observational biases. Therefore we mea
sure the mean inter-galaxy separation, within the survey mask, 
as a function of redshift. The mean inter-galaxy separation is 
defined as:

(2)

where V is the survey volume, ng is the number of galaxies, and 
dsep/2  is the radius of the volume associated with each galaxy.

Fig.2. Samples obtained form VIPERS data for the W1 and W4 fields.

We measure dsep for the two fields in six redshift bins with 
edges at z = [0.55,0.65,0.70,0.75,0.80,0.85,0.90] (see Fig. 3). 
We observe that the mean separation is not constant but increases 
significantly in the two highest redshift bins (z = 0.8-0.85 and 
z = 0.85-0.9). The trend can be explained by the survey com
pleteness that was found to decrease at fainter apparent magni
tude, iAB > 20.5, due to the degradation of the redshift mea
surement success rate (Guzzo et al. 2014). This incompleteness 
of galaxies with the faintest apparent magnitudes predominantly
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thin blue lines. The adopted apparent magnitude dependent sam
pling rates are:

Fig. 3. Mean inter-galaxy separation for the W1 and W4 volume-limited 
samples (red and blue lines, combined value in black) and for VIPERS
like mocks (light blue lines, individual values). The green dashed line 
is the fit for the combined mean inter-galaxy separation of W1 and 
W4 fields.

affects the highest redshift bins in a volume-limited sample. We 
account for this effect when constructing the mock catalogues, 
as discussed in Sect. 3.

3. Mock catalogues
To test the effects of observational biases on the detection of 
voids, we have used mock galaxy catalogues created to have the 
same characteristics as the VIPERS data.

The mock catalogues are obtained from the MultiDark dark 
matter N-body simulation, with cosmological parameters Qm =
0.27, Qb = 0.0469, QA = 0.73, H0 = 70 km s-1 Mpc-1, 
ns = 0.95, and <r8 = 0.82 (Prada et al. 2012). The dark matter ha
los have been populated with galaxies using the Halo Occupation 
Distribution calibrated with VIPERS data. The construction of 
the mock catalogues can be found in de la Torre et al. (2013). The 
resulting mock galaxy catalogues include 26 independent reali
sations of the W1 survey field and 31 realisations of the W4 field. 
These catalogues have a redshift range of 0.4 < z < 1.3 and the 
same apparent magnitude limit as VIPERS (iAB < 22.5). We 
replicated the VIPERS target selection procedure on the mock 
catalogues obtaining the following samples:

-  100% mocks: containing all mock galaxies brighter than the 
chosen absolute magnitude limit within the survey border 
(indicated by the green lines in Fig. 1) but without internal 
gaps.

-  100% mocks real space: the same as above but using the real 
space positions of galaxies.

-  VIPERS-like mocks: including the survey mask and accu
rately reproducing the galaxy number density in the VIPERS 
volume limited sample that we considered.

We matched the galaxy number density in the mocks to the 
VIPERS data taking into account the apparent magnitude- 
dependent sampling rate described in Guzzo et al. (2014). The 
mocks well reproduce the trends observed in the real data. This is 
shown in Fig. 3 where the mean inter-galaxy separation measure
ments in the VIPERS-like mocks have been over-plotted with

4. Tests on mock catalogues
In order to ensure that the search for voids is unhampered by 
the peculiar survey geometry of VIPERS, masking effects such 
as the gaps in each VIMOS pointing, and redshift space distor
tions, extensive tests were performed on the mock catalogues 
described in the previous section.

Galaxy counts-in-cells are a popular technique for analysing 
density variations in surveys (Peebles 1980) and they also pro
vide a flexible tool for investigating the impact of complex se
lection effects. Furthermore it is common to use counts-in-cells 
to search for scarcely populated regions that are associated with 
voids (e.g. Hoyle & Vogeley 2002). By comparing the galaxy 
counts-in-cells of mocks without systematic effects to those with 
systematic effects added (VIPERS-like), we can evaluate the im
pact of observational biases (from the mask and missing quad
rants) and redshift space distortions on the observed galaxy spa
tial distribution. We also refer the reader to Cucciati et al. (2014) 
for a detailed study of the impact of observational systematics 
on the density field estimate.

We chose the cell size to match the sizes of voids that may 
be found in VIPERS. As will be discussed in Sec. 5.4, the void 
sizes that can be reliably probed in the VIPERS data range in 
radius from 15 < r < 30 Mpc.

To compute the counts-in-cells, we randomly place a suffi
cient number of spherical cells inside the unmasked and undis
torted mock to massively over-sample the available volume, 
keeping only those for which at least 80% of the volume is inside 
the survey borders (green lines in Fig. 1). The amount of overlap 
allowed between the cells and the survey boundaries is some
what arbitrary, we find that a 20% limit provides us with enough 
cells to calculate robust statistics whilst not being so conserva
tive as to dramatically reduce the effective survey volume. We 
then place cells at the same position in the second (masked or 
distorted) mock so that we can compare counts at the same po
sition in space in the two cases.

We then identify the cells at the extremities of the histogram 
of the probability density function (PDF), below the 15th and 
above the 85th percentile for one of the samples, and then we 
check where these cells are placed in the distribution of the other 
sample. This is done for both distributions, checking where the 
extreme cells of the first sample are placed in the distribution 
of the second sample and where the extreme cells of the second 
sample are placed in the distribution of the first sample.

4.1. Real and redshift space

The redshift measured in a galaxy survey may be considered as 
a recessional velocity and is used as a proxy for distance. The 
measured recessional velocity is, however, the sum of a compo
nent caused by the universe’s expansion (cosmological redshift) 
and a proper motion component caused by gravitational inter
action. This alteration of the observed positions of galaxies can 
thus affect both the shape and size of observed voids.

There are two types of redshift space distortion that can af
fect the detection of low-density regions. Firstly, linear redshift
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Fig. 4. Counts-in-cells distributions in the mock samples in redshift bin 
0.75 < z < 0.9 for cells of radius r = 15 Mpc. The green line shows the 
distribution of counts in real space while the violet line shows the distri
bution in redshift space (extending slightly to higher counts). Top panel: 
cells are selected in redshift space. Blue and red shaded regions repre
sent the 15% least and most populated cells in the redshift space sample, 
respectively. In real space the distribution of these cells are shown by the 
cyan and orange shaded regions. The vertical dashed line indicates the 
25th and 75th percentiles of the real space distribution. Bottom panel: 
vice versa, cells are selected in real space and viewed in redshift space. 
The vertical dashed line indicates the 25th and 75th percentiles of the 
redshift space distribution.

Fig. 5. Transverse comoving sizes of VIMOS mask cross-shaped gaps 
(2 arcmin) and quadrants (8 arcmin) with redshift. The sizes, in the red
shift range of interest, are smaller than the dimensions of the sphere 
used for counts-in-cells, so we do not expect a large impact on the 
counts.

Table 1. Comoving transverse size of W1 and W4 samples.

z W1 (Mpc) W4 (Mpc)
0.55 308 x 47.1 188 x 54.3
0.75 399 x 61.0 244 x 70.4
0.9 461 x 70.5 282 x 81.4

space distortions (outflow): galaxies in low-density regions are 
subjected to gravitational attraction from higher-density struc
tures, and their observed position is altered such that they ap
pear nearer to the structure than they really are (Kaiser 1986). 
This has the effect of further emptying the low-density regions. 
Secondly, non-linear redshift space distortions (the so-called 
fingers-of-god effect): galaxies in relaxed high-density regions 
(clusters) have a velocity dispersion determined by the grav
itational potential well of the structure. This has the effect of 
stretching over densities in redshift space along the line of sight 
and possibly moving the observed position of some galaxies into 
lower-density regions (Jackson 1972).

To evaluate how redshift space distortions affect the observed 
distribution of galaxies we performed counts-in-cells tests on the 
100% mock sample, in redshift space and real space. Examining 
the rank of cells in the PDF when selected in redshift space and 
viewed in real space (and vice versa) allows us to check if re
gions that we observe as being at high or low density in redshift 
space are truly so in real space.

We expect redshift space distortions to have a bigger impact 
on smaller voids. Therefore, we show histograms for counts-in- 
cells for a cell radius of r = 15 Mpc, Fig. 4, in the redshift in
terval 0.75 < z < 0.9. The histograms show that more than 95% 
of cells that contribute to the 15th percentile tails of the redshift 
space distribution remain in the tails after transforming to real 
space, and, similarly, the tails selected in real space remain in the 
tails in redshift space. Thus, the extremities of the distribution 
are preserved and we can be confident that the true low-density 
regions in real space can be detected in redshift space.

4.2. Observational biases

How does the survey selection function, including the sampling 
rate and mask, affect the detection of large-scale structures? To 
evaluate the impact of observational biases, we compare the dis
tribution of counts-in-cells measured in the VIPERS-like mock 
sample with those measured in the 100% mock sample. We 
do not expect an important contribution from the cross-shaped 
unobserved regions or from the missing quadrants, since their 
dimensions are smaller than the spheres we have used for the 
counts-in-cells (see Fig. 5). Since the comoving size of the gaps 
is highest in the farthest redshift bin, we expect any effect to be 
more relevant to small cells at higher redshift. Figure 6 presents 
histograms for counts-in-cells for cell radius r = 15 Mpc and 
redshift bin 0.75 < z < 0.9, for cells selected from the 100% and 
viewed in the VIPERS-like mock (and vice versa).

As for the previous tests, we see that more than 95% of 
the cells at the extremities of the distributions remain there af
ter transitioning between the two samples. Also, we see that 
the PDF of the 100% mock sample is more skewed than that 
of the VIPERS-like mock, because of the reduced sampling rate. 
The under-sampling of the VIPERS-like mock smooths the den
sity contrast seen in the 100% mock. The sampling rate ef
fects dominate over the redshift-space effects discussed earlier. 
However, we conclude that on the scales we are interested in, 
masking and selection effects do not significantly introduce arti
ficially underdense regions.

4.3. Sampled volume

The dimensions of the survey fields place limits on the scale 
of under densities that may be found. The comoving transverse 
sizes of the W1 and W4 fields at different redshifts are presented 
in Table 1. We note that the minimum dimension of the fields are 
a factor of ~4 times greater than the scale of the voids of interest 
(>15 Mpc), over most of the redshift range.
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Fig. 6. Counts in cells distributions in the mock samples in redshift bin 
0.75 < z < 0.9 for cells of radius r = 15 Mpc. The violet line shows the 
distribution for the 100% samples and the green line for the VIPERS
like samples. Top panel: cells selected from the 100% sample; blue and 
red shaded regions represent the 15% least and most populated cells 
selected in the 100% samples respectively; cyan and orange shaded re
gions show the distribution of cells when viewed in the VIPERS-like 
samples. The vertical dashed line indicates the 25th and 75th percentiles 
of the VIPERS-like sample distribution. Bottom panel: vice versa, cells 
are selectedfrom the VIPERS-like sampleand viewedinthe 100% sam
ple. The vertical dashed line indicates the 25th and 75th percentiles of 
the 100% sample distribution.

Table 2. Sampled volume fraction.

r (Mpc)
W1

z = 0.55-0.75 z = 0.75-0.9
15 69.5% 74.6%
20 60.3% 66.8%
25 50.5% 59.3%
30 40.5% 51.5%

W4
r (Mpc) z = 0.55-0.75 z = 0.75-0.9

15 73.6% 78.1%
20 65.4% 71.2%
25 57.4% 65.0%
30 48.7% 57.8%

We consider the volume of the survey fields in which we may 
place a spherical cell such that greater than 80% of the cell vol
ume falls within the survey boundary. We measure this survey 
effective volume by randomly placing spheres of four different 
cell radii, between 15 and 30 Mpc, inside the survey and count
ing the percentage of spheres that meet the volume requirement, 
see Table 2 .

We see that the effective volume decreases for the largest 
sphere sizes. Thus, we expect there to be a non-negligible se
lection effect on the size of the observed spheres as a function 
of redshift. The larger spheres whose centres are not positioned 
within the survey effective volume will be detected as multiple 
smaller spheres, further modifying the size distribution. We will 
discuss the impact of these effects on our measurements in the 
next section.

Table 3. Detection of isolated galaxies inW1 and W4 samples.

Sample Total galaxies Isolated galaxies
W1 16 249 931
W4 12 300 604

5. Void detection in VIPERS
The algorithm presented in this paper is based on the detection 
of empty spheres, and the voids are defined as regions devoid of 
galaxies with absolute magnitude brighter than a specified limit 
(M b = -19 .8  evolving with redshift). The use of spheres is a 
simple approximation that allows us to easily locate regions of 
interest. The main disadvantage is that a single sphere will not 
be sufficient to reconstruct the real shape of the examined empty 
region. Yet using spheres does not restrict our ability to detect 
voids of non-spherical shape. Simply, more than one sphere will 
be found inside the same cosmic void. Furthermore, a simple 
percolation analysis may be used to define a posteriori the vol
umes that correspond to topologically connected spheres satis
fying our density cut-off (see Sect. 5.5).

5.1. Isolated and unisolated galaxies

First, the galaxies in the sample are classified as isolated or 
unisolated galaxies, in a similar fashion to the methods of El-Ad 
& Piran ( 1997) and Hoyle &  Vogeley (2002). The idea is that, 
in the large-scale distribution of matter, the voids are surrounded 
by structures with high galaxy density (walls and filaments). The 
low-density regions, however, are not totally empty. They con
tain both void galaxies and spurious galaxies introduced to the 
void by redshift space distortions. Therefore, it is necessary to 
excise the galaxies that would cause these regions to be split into 
smaller volumes. Care must be taken for galaxies near the sur
vey borders which could appear as isolated because their actual 
neighbouring galaxies are outside the survey limits.

We identify and remove isolated galaxies using an itera
tive procedure. In the algorithm, isolated galaxies are defined as 
galaxies far away from the survey borders with fewer than three 
neighbouring galaxies within a comoving sphere of radius, llim , 
where llim is defined from the galaxy distribution itself.

The steps are as follows.

1. The distribution of the third nearest neighbour distance is 
computed for unisolated galaxies (initially all galaxies are 
classified as unisolated).

2. The limit radius is calculated from this distribution. It is de
fined as:

l lim = l 3NN + 2-5^  3N N  (3)

where /3NN and ^ 3n n  are the mean and the standard deviation 
of the distribution of distances to the third nearest neighbour.

3. Galaxies that do not have three neighbours within the limit 
are classified as isolated unless a sphere of radius 13n n ,  cen
tred on the galaxy, is less than 80% inside the survey borders.

The steps converge quite rapidly and are repeated until no more 
isolated galaxies are found. Isolated galaxies are then removed 
from the sample leaving the cleaned sample. The number of iso
lated galaxies identified in each of the two VIPERS fields is pro
vided in Table 3.
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Fig. 7. Maximal spheres identification process.

Fig. 8. Significant radius limit for maximal spheres as a function of the 
mean inter-galaxy separation for confidence levels 2, 3, and 3.5^.

5.2. Empty spheres

The next step of the algorithm is the search for empty spheres 
in the cleaned sample. A three-dimensional grid of comoving 
step size 1 Mpc is super-imposed on the sample. We compute 
the distance from each grid point to the nearest galaxy. This is 
the radius of the largest empty sphere centred on that point. We 
then calculate the volume fraction inside the survey boundaries 
for each sphere. Spheres with a volume fraction inside the bor
ders lower than 80% are rejected and not included in the further 
analysis.

5.3. Maximal spheres

The spheres are sorted by size. The largest sphere is defined as a 
maximal sphere, we then check to see if the next largest sphere 
overlaps with this one, if it does not then it is also defined as 
being a maximal sphere. We continue down the list of spheres, 
checking for overlap with all maximal spheres already detected, 
until all spheres have been counted (see Fig. 7) .

5.4. Statistical significance

To assess the statistical significance of maximal spheres, we 
compare the occurrence of these spheres to the occurrence 
of maximal spheres in Poisson-distributed catalogues with the 
same number density and mask as VIPERS. The confidence 
level with which we detect a maximal sphere in the galaxy dis
tribution (over the Poisson distribution) is then given by

(4)

where Nrnd(>r) is the number of maximal spheres found in the 
random sample with radius equal to or greater than r, and Nmd,tot 
is the total number of maximal spheres in the random sample. 
The closer P(r) is to 1, the less likely a maximal sphere is ex
pected to occur in a random distribution.

The number density of galaxies in the VIPERS data is not 
constant with redshift (see Fig. 3) . Therefore, the significance 
limit for the radius of empty spheres will also depend on red- 
shift. To calculate this limit we have used random catalogues

with different density values. The density values correspond to 
the mean density values of our VIPERS fields as a function of 
redshift

Figure 8 shows the significance limit for maximal spheres 
with varying mean inter-galaxy separation for different confi
dence levels. As can be seen, the trend is quite linear. The re
lationship between the cut-off radius, corresponding to a 3m sig
nificance for the maximal spheres, and the mean inter-galaxy 
separation can be described with the following fitting formula:

(5)

Using this fit, and the trend of dsep with redshift, we find the trend 
of the cut-off radius with redshift. The trend for dsep is obtained 
by fitting the combined data from the two fields W1 and W4 
where isolated galaxies have been removed (similar to what was 
shown in Fig. 3, where the isolated galaxies have not yet been 
identified), and can be described as:

(6)

Combining the two previous equations, the trend of the cut-off 
radius with redshift yields then the following values:

(7)

Figure 9 shows the size distribution of the maximal spheres de
tected in the VIPERS survey as compared to the VIPERS-like 
mocks. It can be seen that the distributions obtained from the 
mock samples are in good agreement with measurements from 
the data.

Figure 10 shows the position of the maximal spheres in the 
two VIPERS fields projected along the RA-redshift plane. These 
maximal spheres correspond well to the appreciably low-density 
regions, as one can see by eye. We found 229 maximal spheres in 
the W1 field and 159 in W4. Because fields are not so extended 
in declination, large maximal spheres (>25 Mpc) can only be 
observed in a fraction of the volume. Therefore, the number of 
larger spheres found is probably an underestimate.
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Fig. 9. Size distribution for maximal sphere found in W1 and W4 field 
samples and in VIPERS-like samples. The shaded regions correspond 
to the standard deviation of the measurements in the mock catalogues.

5.5. Void percolation

The identified maximal spheres may mark the centres of individ
ual voids or may join together to trace larger irregularly shaped 
voids. To identify voids traced by multiple spheres, we link to
gether the grid centres where spheres with sizes greater than our 
significance limit are centred (irrespective of their being max
imal or not). Groups of spheres are identified using a friends- 
of-friends algorithm with a linking length equal to the grid step 
size. The groups of sphere centres define the void regions that are 
connected, see Fig. 11, thus demonstrating that our method can 
easily be used to also define under-densities of complex shape. 
Void regions defined in this manner are by definition topolog
ically distinct regions with an unisolated galaxy density lower 
than some threshold, ^g < 1/V(rcut-off) -  1, where V(rcut-off) 
is the volume of a sphere of radius rcutoff. However, the set of 
maximal spheres (defined in Sect. 5.3) are sufficient for the sub
sequent analysis presented in this paper.

6. Void catalogue
The catalogue of maximal spheres for both VIPERS fields is 
available at the CDS. The spheres are linked into larger con
nected voids as discussed Sect. 5.5.

The identification number of each maximal sphere is com
posed of: the VIPERS field to which the maximal sphere be
longs (W1 or W4); a void index indicating to which void the sphere 
belongs (VVVV); a sphere index (SSSS) indicating the size rank 
of the sphere relative to other maximal spheres within the same 
void. The complete void ID has the form Wx.VVVV.SSSS.

For each maximal sphere of our catalogue we provide: the 
right ascension, declination, and redshift of the sphere’s centre; 
its comoving radius in Mpc; a p-value giving the detection sig
nificance with respect to a Poisson distribution.

7. Void-galaxy cross-correlation function

The void-galaxy cross-correlation function measures the prob
ability, in excess of random, of finding a galaxy at a certain 
distance from the centre of a void. Cross correlations between

galaxies and other astronomical objects, such as groups, clus
ters, and quasars, have been studied extensively (Padilla et al. 
2001; Padilla & Lambas 2003; Myers et al. 2003; Yang et al. 
2005; Mountrichas et al. 2009; Knobel et al. 2012). However, 
the study of void-galaxy cross correlations is in its infancy.

Nevertheless, the void-galaxy cross-correlation function has 
the potential to be a valuable statistic. It contains information 
that can be used to constrain models of galaxy bias (Hamaus 
et al. 2014). It might also be possible to use the geometrical prop
erties of the void-galaxy cross correlation function as a standard 
ruler (Sutter et al. 2012a).

The void-galaxy cross correlation function contains informa
tion on the mean density profile of the voids and on the dynam
ics of the tracer population (Padilla et al. 2005; Paz et al. 2013). 
This information can be used to discriminate between different 
theories of gravity (Martino & Sheth 2009).

There is an on-going debate in the literature on the univer
sality of void density profiles (Hamaus et al. 2014; Ricciardelli 
et al. 2014; Nadathur & Hotchkiss 2014; Nadathur et al. 2014). 
It is generally agreed that void density profiles can be di
vided broadly into two categories: compensated and uncom
pensated voids. Compensated voids are surrounded by an over- 
dense shell and may indeed be embedded in over-dense regions 
that are eventually going to collapse, destroying these voids. 
Uncompensated voids are not surrounded by an over-dense shell 
and represent under-dense regions that will continue to exist in 
the future (Sheth & van de Weygaert 2004). Our decision to in
clude only the most significantly empty spheres in our catalogue 
means that our voids are relatively large. Generally they should 
correspond to uncompensated voids and so we should not expect 
to see a strong ridge in the correlation function.

The centres of the maximal spheres do not represent the cen
tres of spherical under densities. However, in principal, there 
should be no preferred direction to the asymmetry of the voids in 
our catalogue. Therefore, stacking the maximal spheres should 
produce an axially symmetric density profile.

Here we search for evidence of anisotropy in the void-galaxy 
cross-correlation function. As previously mentioned, galaxies 
within voids are expected to flow towards the edge of the void 
under the influence of gravity. Since the redshift of a galaxy, a 
measure of its recessional velocity, is used as a proxy for dis
tance, these linear outflows are expected to produce an enhance
ment of the void-galaxy cross-correlation function in the line of 
sight direction relative to the tangential direction. There should 
also be an apparent stretching of voids along the line of sight. 
However, uncertainty in defining the void centres will smooth 
out this effect.

We measured the cross-correlation function using the Davis 
& Peebles (1983) estimator,

(8)

where DD(n, a ) and DR(n, a ) are the number of void-galaxy and 
void-random pair counts as a function of void-galaxy separation. 
Nr  and Ng are the number of random points and the number 
of galaxies, respectively. The coordinates n and a  are the void- 
galaxy radial separation (normalised to the radius of the void), 
n = r/R v, and the angle between the line of sight and the line 
connecting the void centre with the galaxy.

The random catalogue has the same volume and angular se
lection function as the real data. In order to have the correct ra
dial selection function, redshift values were randomly assigned 
from the redshift values of galaxies in the VIPERS-like mocks.
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Fig. 10. Maximal spheres in the W1 (left) and W4 (right) samples; grey points are galaxies detected as isolated and galaxies outside the sample 
redshift range. The scales show comoving distance in Mpc and the corresponding redshift.

Fig. 11. Illustration of the region surrounding the largest maximal sphere in our catalogue (W1.0075.000), which has radius of 31 Mpc. The left- 
hand panel shows this sphere and the other six maximal spheres detected in this void region. The right-hand panel shows, in red, the centres of 
the overlapping significant spheres that make up the void, other void regions within this area of the survey are shown in orange. The black points 
in both panels are the unisolated galaxies, while the grey points are the isolated galaxies.
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Fig-12. Void-galaxy cross-correlation function, as measured in the mock catalogues (left panel) and in the VIPERS data (right panel). 
Measurements were made in ten radial bins and in six angular bins. The axes plotted correspond to the tangential, 9, and line of sight, n, directions. 
The enhancement in the line of sight direction, visible in both the mock catalogues and in the data, is evidence of redshift space distortions caused 
by linear outflows.

Other estimators, such as the Landy-Szalay estimator, are 
less biased than the estimator we are using, however, they re
quire random catalogues for both sets of objects being cross
correlated. Since we cannot estimate the selection function of 
the voids in advance, constructing a corresponding random cat
alogue is not possible. Therefore, we will use the Davis and 
Peebles estimator.

We first measured the cross-correlation function in the mock 
catalogues. To maximise the total number of void-galaxy pairs 
we reintroduced the isolated galaxies (see Sect. 5.1) and used all 
the maximal spheres, including spheres close to the survey bor
ders. This ensures that we are including all available information 
about the density profile of the voids.

The mean void-galaxy cross-correlation from the mock cat
alogues is plotted in the right-hand panel of Fig. 12. One can 
see that close to the origin the cross-correlation function is close
to £ -----1, rising to zero far away from the void centre. There
is also a clear anisotropy visible. The correlation function is en
hanced in the line of sight direction, peaking strongly between 
one and two times the radius of the maximal spheres. This is the 
result of linear redshift space distortions.

We then proceeded to measure the void-galaxy cross
correlation function in the VIPERS data, illustrated in the left- 
hand panel of Fig. 12. Similarly to the mocks, there is a clear 
enhancement of the correlation function in the line of sight 
direction.

Using the variance of the measurements of the mock cata
logues we are able to calculate th e X  between our measurement 
of £vg(n, a ) in the VIPERS data and in the mocks. The value 
quantifies the agreement between the data and mock catalogues. 
The computation of the X  requires knowing the inverse of the 
covariance matrix of data points. In our case, we cannot esti
mate it with sufficient accuracy with the mock catalogues and 
so we use only the variance neglecting the covariance terms. We 
find that the reduced X  = 0.49 (per degree of freedom, for the 
60 p-a  bins in Fig. 12), which is a very good fit. This value 
may be lower than expected since we have neglected the cor
relations between data points. This supports the validity of the

concordance cosmology and the halo model used to generate the 
mock catalogues.

To highlight the enhancement along the line of sight we have 
plotted in Fig. 13 the VIPERS void-galaxy cross-correlation 
function as a function of radial separation for two angular bins, 
one close to the line of sight, a  < 30°, and one close to the plane 
of the sky, a  > 60°. One can see that, particularly in the range 
1-2.5 void radii, the line of sight cross-correlation function is 
greater than the parallel. Furthermore, for both the a  < 30° and 
a  > 60° cases, the cross-correlation lies within the range of val
ues measured in the mocks. This further demonstrates the good 
agreement between the data and the mock catalogues.

8. Discussion and conclusions
VIMOS Public Extragalactic Redshift Survey (VIPERS; Guzzo 
et al. 2014) is mapping the large-scale distribution of galaxies at 
redshift 0.5 < z < 1.2 and provides a unique volume in which 
to study the distribution of voids in the galaxy distribution at 
moderate redshift.

The identification of voids in the galaxy distribution is chal
lenging and it is made more difficult by observational sys- 
tematics. These effects are particularly important for VIPERS, 
which has a complex geometry including internal gaps. The two 
VIPERS fields, W1 and W4, have transverse comoving dimen
sions of ~70 x 350 Mpc (see Table 1) and the narrow dimension 
further limits the volume in which we may identify large under
densities. The sampling rate is 35% to an apparent flux limit of 
iAB = 22.5 (Guzzo et al. 2014). In addition, the survey strategy 
leaves gaps in the sky coverage (see Fig. 1). Using counts-in-cell 
measurements on mock catalogues we investigated how observa
tional systematics and redshift-space distortions modify the true 
density field. We find that on scales of r  > 15 Mpc the tails of 
the counts-in-cells PDF are well preserved such that we can truly 
identify the emptiest regions of the survey.

Void search methods, such as those using Voronoi tessella
tion (Platen et al. 2007; Neyrinck 2008; Sutter et al. 2012b), 
are unsuitable for this particular survey because of careful
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Fig. 13. Angle-average void-galaxy correlation function as a function 
of radial distance normalised to the void radius. To demonstrate the 
anisotropy we average over two angular wedges, along the line of sight 
(a < 30°, black line) and transverse to the line of sight (a > 60°, red 
line). The shaded regions represent the spread of values measured in 
the mocks. The enhancement along the line-of-sight is an indication of 
the redshift-space distortion produced by the outflow of galaxies from 
voids.

corrections required for borders and gaps. Other considerations, 
such as the lack of breadth in declination coverage and the limi
tations of the VIPERS survey strategy, make it difficult to apply 
void detection methods such as the water-shed method that re
quire contiguous volumes.

In this paper, we have presented a general void-search al
gorithm capable of finding empty regions in a galaxy redshift 
survey such as VIPERS with irregular borders and internal gaps. 
The method is based on the identification of spheres that fit be
tween galaxies. We show that the voids may be well charac
terised by keeping only the significant spheres, those that are 
unlikely to be found in a uniform Poisson distribution with the 
same number density. The significance limit for VIPERS gives 
voids with radii greater than ~15 Mpc. These spheres trace 
empty regions of arbitrary shape, as shown in Fig. 11.

The set of largest spheres that do not overlap are termed max
imal spheres and we find 411 maximal spheres in the VIPERS 
survey with radii r  > 15 Mpc between 0.55 < z < 0.90. The 
properties of this special subset may be used to characterise the 
void distribution.

We present a catalogue of maximal spheres identified in 
VIPERS. The spheres have been associated with larger under
densities using the percolation method, thus we associate each 
sphere with a void ID indicating larger empty regions.

We note that the identification of the maximal spheres is af
fected by the survey geometry. We see that the effective volume 
decreases for the largest sphere sizes (Table 2). Thus, we ex
pect there to be a noticeable selection effect. The larger spheres 
whose centres are not positioned within the effective volume will 
be detected as multiple smaller spheres, since the effective vol
ume is larger for smaller spheres. This will affect our ability to 
compute some void statistics, such as the volume filling factor 
as a function of redshift, since the splitting of large spheres that 
are not found has a different impact at different redshifts. The 
smaller spheres could also fall below the significance limit (see 
Sect. 5.4), which means a loss of detected volume.

Our selection biases prevent us from drawing conclusions 
from the actual void size distribution, but we can directly com
pare the void size distribution as observed in the VIPERS data 
with that observed in the mocks, as both are affected by the same 
selection biases.

Using our catalogue of maximal spheres, we compute the 
void-galaxy cross-correlation function. We find an enhancement 
in the correlation function along the line of sight. This anisotropy 
is a clear signature of the velocity flows induced by the voids and 
matches well the signal measured in mock catalogues.

In the next phase of this work, we will fit the mean density 
profile of the voids and model the void-galaxy cross-correlation 
function (Hawken et al. in prep.). With constraints on the galaxy 
bias, this analysis will provide a measurement of the distor
tion, which may be related directly to the linear growth rate of 
structure, dlog £ /d log  a. We may further characterise the distri
bution of voids through topological analyses. For example, the 
Minkowski functionals may be measured directly on the spheres 
complementing works on the topology of the galaxy distribu
tion (Schimd et al., in prep.). Additionally, the isolated galaxies 
identified in this work can be used to study galaxy formation in 
low-density environments. With the detection of cosmic voids in 
VIPERS, we open the door to new cosmological constraints and 
detailed topological measurements of the distant universe.
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