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Abstract. Modern surveys allow us to access to high quality large scale structure measurements.
In this framework, cosmic voids appear as a new potential probe of Cosmology. We discuss the
use of cosmic voids as standard spheres and their capacity to constrain new physics, dark energy
and cosmological models. We introduce the Alcock-Paczyniski test and its use with voids. We
discuss the main difficulties in treating with cosmic voids: redshift-space distortions, the sparsity
of data, and peculiar velocities. We present a method to reconstruct the spherical density profiles
of void stacks in real space, without redshift-space distortions. We show its application to a toy
model and a dark matter simulation; as well as a first application to reconstruct real cosmic
void stacks density profiles in real space from the Sloan Digital Sky Survey.
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1. Introduction

The large scale structure of the Universe is an incredibly powerful tool to constrain
cosmic evolution. At large scales, clusters of galaxies, voids and filaments shape the Uni-
verse — it is the Cosmic Web. Cosmic voids, discovered in 1978 (Gregory & Thompson,
1978; Joeveer et al., 1978), are under-dense regions in the Universe with sizes from ten
to hundreds of Mpcs. Until very recently, due to the difficulty of extracting data from
low density zones, the potential of voids has been under-explored.

With the increasing precision and quality of modern surveys we now have access to
high quality large scale structure measurements: the appeal of cosmic voids becomes thus
considerable. Being devoid of matter, cosmic voids might be mainly composed of dark
energy (Bos et al., 2012) — which strongly justifies their importance for Cosmology, as
dark energy is believed to be ~70% of the Universe and we are still not able to understand
it. The efforts of cosmologists seem to converge to a model (called ACDM) that leaves
many unknowns. The nature — and we could say even more, the existence — of dark
energy remains a mystery; and so does the nature of dark matter. In this framework
cosmic voids appear as a new tool to use in our research of a correct cosmological model.

Cosmic voids have a much simpler evolution compared to high density zones of the
Universe and, as such, constitute a promising laboratory to test dark energy, constrain
cosmic expansion and discriminate between cosmological models such as modified gravity
models (e. g. Spolyar et al., 2013). The difficulties in extracting information from voids
are: the irregular shape of voids, the sparsity of galaxies and the presence of redshift-space
distortions (RSD).

In the first part we discuss the use of voids for cosmology, the second part presents the
key idea to overcome RSD and its test on a toy model. In the third part we illustrate the
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application of the algorithm to a simulation and we present the first ever real-space den-
sity profiles of stacked voids from SDSS DR7 data, reconstructed without any assumption
about RSD. Finally we conclude discussing future applications of the algorithm.

2. Cosmic voids for Cosmology

The shape of cosmic voids is not regular. Cosmic voids are then difficult objects to
study because of their irregular shape and of the sparsity of data: galaxies are mostly
concentrated in filaments or clusters of galaxies. To overcome both the irregularity of
the shape and the small amount of data, Lavaux and Wandelt (2012) suggested a new
approach consisting in the stacking of voids. In a homogeneous and isotropic Universe, the
average real-space shape of cosmic voids — obtained by stacking — is spherical. Because
of its spherical shape, the stacked void can be used to extract cosmological information.
To reach such goal, we use void catalogues to obtain stacked voids at different redshift
and of different sizes. Then, the spherical profiles of stacked voids can be used as standard
spheres, necessary tools for the so-called Alcock-Paczynski test.

The Alcock-Paczyniski test (Alcock and Paczynski, 1979), proposed in 1978 by Charles
Alcock and Bohdan Paczyriski, compares the shape of a standard sphere in real and
redshift space to constrain the expansion of the Universe. When applied to voids (Sutter
et al., 2014d), the test compares the shape of the stacked distorted void in redshift space
and of the stacked spherical void in real space to obtain information about the expansion
of the universe. It uses the void as a standard sphere.

The term standard sphere is an analogy with the idea of standard candle or standard
ruler. A standard candle (ruler) is an object of known luminosity (length) used to mea-
sure the expansion of the universe through the difference between the observed and the
expected luminosity (length). For a standard sphere the known quantity is the diameter
of the sphere, that we measure along and perpendicularly to the line of sight direction.
Unfortunately, although void stacks would be perfect as standard spheres, we cannot
perform a precise Alcock-Paczyriski test without the real space profile of voids (Pisani
et al. (2014a)): observations will always give us the shape in redshift space.

Indeed, surveys measure the position of galaxies in redshift space. Since our universe is
expanding, all galaxies are redshifted due to the expansion of space. To this is added the
redshift caused by the peculiar motion of the galaxy. Only the line of sight component
of velocity affects the galaxy redshift (Hamilton, 1998). In the framework of voids, it
means that the real-space spherical shape of voids is distorted in redshift space: we do
not measure a spherical shape of the stacked void, we measure a distorted void in redshift
space. In the next part we describe the key idea to obtain the shape of voids in real space.

3. Overcoming RSD: real-space density reconstruction

To extract cosmological information from real stacked voids, we need their shape in
real space. It is fundamental to recover the real-space density without any assumption
about RSD, otherwise the cosmological results would not be independent from the model
used for RSD.

The key idea is that RSD only affect the line of sight component of the galaxy positions.
If we were able to reconstruct the shape of the stacked void without using this component
— that is from the projection on the x-y plane — we could obtain the void in real space
(see figure 1, left).

We consider the redshift-space density of the void (number of galaxies per volume
element), we then project it by counting all the galaxies in bins in the x-y plane and
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Figure 1. Left: The key idea to obtain the density profiles of voids in real space. Right: Re-
construction of the toy model density profile, without (first plot) and with (second plot) the
regularisation algorithm for the inversion. Reproduced from Pisani et al. (2014a)

obtain the projected density. To obtain the spherical density profile of the void from the
projection, we use Abel inverse transform (Abel, 1842):

/ ()

/ _ r2
where g(ry) is the spherical density profile of galaxies in real space we aim to reconstruct,
ry = /a2 4+ y? + 22 is the void’s radius, r, = \/2? + 32 is the radius of the projection
onto a plane perpendicular to the line of sight and I(r,) is the projected density.

The problem is that the Abel inverse transform, although well mathematically defined
(see equation 3.1), is strongly ill-conditioned: if there is some noise in the input function
I(ry) (of which I'(rp,) is the derivative with respect to r,), the reconstruction will be
dominated by noise. To overcome the problem of ill-conditioning we have implemented
for the case of voids a polynomial regularization of the inversion (Li et al., 2007), allowing
to obtain the spherical density profiles of voids in real space.

We test the reconstruction with a toy model: we artificially distort a void stack with a
simple model of RSD and we reconstruct the profile in real space. As a pedagogical illus-
tration, we show the reconstruction of the density without any regularization algorithm
for the Abel inverse transform and we compare it with the reconstruction that uses our
algorithm (see figure 1, right; note that the void is a toy model and the density profile
does not reflect the real shape of a void). The ill-conditioning of the reconstruction is well

controlled. The next section presents the results with a dark matter particle simulation
and real data from SDSS.

(3.1)

4. Results: simulation and SDSS data

In this part, we show the result of the reconstruction (figure 2) of a stacked void from
a dark matter simulation. More details can be found in Pisani et al. (2014a). As a first
application of the algorithm to real data, we reconstruct the density profiles of stacked
voids from the void catalogue presented in Sutter et al. (2012). We show in figure 2
a reconstructed profile for a real stacked void. Despite the noise present in real data,
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Figure 2. From left to right: density in redshift space from the simulation; comparison of the
reconstructed density profile with the profile in real space from the simulation; density in redshift
space for a 5-15 h™' M pe stacked void from SDSS and reconstructed density profile in real space.
Reproduced from Pisani et al. (2014a).

the algorithm is capable to obtain the density profile of the void, overcoming the ill-
conditioning of the inverse. To conclude, in the next section we briefly discuss future
applications for the reconstruction of the density profiles.

Conclusion: modelling systematics for the future

We developed an algorithm to reconstruct density profiles of voids in real space with-
out any assumption about RSD. The knowledge of the real space shape of the void is
instrumental to improve the application of the Alcock-Paczyriski test, since the method
for the test is based on the real-space profile of void stacks. Additionally to the real-space
modelling, information about peculiar velocity effects on cosmic voids would also enhance
the understanding of systematics effects in their use for Cosmology and in the study of
void evolution. An analysis of the effects of velocities promises to improve the precision
of cosmological constraints from voids. The comparison of mock catalogues of galaxies
with and without peculiar velocities allows to obtain guidelines to master such effects
(see Pisani et al. (2014Db)).
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The density profiles of stacked voids in real space open the way to better constrain
the value of the Hubble constant, cosmological models and new physics on current and
future data sets.
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