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Abstract:

Cosmic voids, the less dense patches of the Universe, are promising laboratories to extract
cosmological information. Thanks to their unique low density character, voids are extremely
sensitive to diffuse components such as neutrinos and dark energy, and represent ideal environ-
ments to study modifications of gravity, where the effects of such modifications are expected
to be more prominent. Robust void-related observables, including for example redshift-space
distortions (RSD) and weak lensing around voids, are a promising way to chase and test new
physics. Cosmological analysis of the large-scale structure of the Universe predominantly re-
lies on the high density regions. Current and upcoming surveys are designed to optimize the
extraction of cosmological information from these zones, but leave voids under-exploited. A
dense, large area spectroscopic survey with imaging capabilities is ideal to exploit the power
of voids fully. Besides helping illuminate the nature of dark energy, modified gravity, and
neutrinos, this survey will give access to a detailed map of under-dense regions, providing an
unprecedented opportunity to observe and study a so far under-explored galaxy population.

lapisani @astro.princeton.edu
2emassara @flatironinstitute.org



1 Introduction

Cosmic voids, the large under-dense regions in the distribution of galaxies [1-5], are a powerful
and not yet fully utilized tool for studying cosmology and galaxy formation. Together with
halos (high density regions which have undergone virialization), filaments, and walls, voids
constitute the large-scale structure of the Universe, known as the cosmic web [6, 7]. Void sizes
span from tens to hundreds of Mpc; they fill most of the volume of the Universe.

The large-scale structure of the Universe, the Cosmic Microwave Background (CMB)
and Supernovae are powerful probes to extract robust cosmological information and have been
widely used to increase our understanding of cosmology [8]. Nevertheless many unknowns
remain. Our Universe is undergoing an accelerated expansion, but the origin of such acceler-
ation is still not understood. The standard model of cosmology invokes the presence of a new
component, dubbed dark energy, that would constitute ~ 70% of our Universe, but the nature
and behaviour of this component remain mysterious. Additionally, while we know that about
26% of the matter-energy content of the Universe is made of dark matter, we can only measure
it through its gravitational effects. To shed light on the nature of dark matter and dark energy it
is important to employ novel and orthogonal methods.

Traditionally, studies of the galaxy distribution at large scales rely on galaxy two-point
statistics and baryonic acoustic oscillations (BAO) [9] imprinted on it. Since the galaxy distri-
bution is non-Gaussian at late times, additional information is contained in higher order statis-
tics. Moreover, in the Gaussian initial conditions the cosmological volume is split between
high and low-density regions, each kind of density region containing part of the cosmological
information. Standard galaxy clustering analysis—even when it considers higher order tools
(e.g. bispectrum, trispectrum)—would only be sensitive to collapsed regions corresponding
to positive density fluctuations. In dense regions virialization erases some memory of initial
conditions, conversely low-density regions remain much more linear and keep such memory.

Cosmic voids provide access to both the high order information [10-12] and the infor-
mation on initial conditions. This makes them particularly sensitive to new physics and hence
optimal laboratories to gain insights into our Universe.

Current surveys (e.g., eBOSS [13]) cover large regions of the sky and extend over large
redshift ranges. They already provide us with a mapping of the under-dense regions, containing
cosmological information at scales between 10 — 100 2~ '!Mpc. We are now able to robustly
identify these under-dense regions with a variety of algorithms [14] using both spectroscopic
[15-19] and photometric data [20, 21], for which the accuracy is constantly improving.

In this paper we describe in Section 2 the potential of voids to provide us with new insights
for cosmology and galaxy formation and in Section 3 the challenges for the coming decade.
Section 4 discusses surveys needs for voids in the framework of the Astro2020 Decadal survey
and emphasizes the opportunities of WFIRST and ground-based assets for void science.

2 Understanding the Universe with cosmic voids

Our knowledge of the Universe is far to be complete. Measurements of the statistical properties
of voids can fill this gap: they are sensitive to structure growth, dark energy, modified gravity,
sum of neutrino masses and galaxy formation.

2.1 How do structures grow?

The peculiar velocities of galaxies leave a characteristic pattern in their observed spatial distri-
bution, known as redshift-space distortions (RSDs). RSDs are sensitive to the growth rate of
structures, f(z) = dIn D/dIna, the derivative of the amplitude of linear density fluctuations



with respect to the scale factor [22, 23]. The growth rate depends on the matter content of the
Universe and its measurement allows to test General Relativity [24]. While RSDs have already
been analyzed extensively in the two-point statistics of galaxies, a major challenge is posed by
the complexity of their non-linearity on small scales (below ~ 20h~'Mpc), where perturbative
methods fail and the available cosmological information is fundamentally limited by the pro-
cess of shell crossing and virialization. One way to circumvent this limitation is to focus on
non-virialized regions of the Universe: cosmic voids. Voids are dominated by coherent single-
stream motions [25]. This makes their dynamical description much simpler than any other type
of structure. RSDs reveal this dynamical information via the anisotropy of the void-galaxy
cross-correlation function in redshift space [26, 27]. The latter can be directly linked to the
growth rate f(z), either via the Gaussian streaming model [15, 28, 29], or a multipole decom-
position (e.g. [27, 30]). At the same time, an accurate model for void RSDs ensures unbiased
cosmological constraints from geometric distortions via the Alcock-Paczynski test [15-17, 31]
(see Section 2.2). Up to now the RSD analysis using voids from the SDSS BOSS data provided
the tightest independent constraints from void data alone on €2, (10% accuracy) and on f/b
(12% accuracy, b is the galaxy bias) [15, 30]. The accuracy on f /b from voids is hence already
competitive with state-of-the-art galaxy clustering constraints (cf. [32] and [30]), while the AP
test constraining €2, with voids outperforms the latter by a factor of ~ 4 (cf. [33] and [15],
with 1% accuracy on void shape Alcock-Paczyriski measurement).

2.2 What is dark energy?

The accelerated expansion of the Universe is one of the most puzzling discoveries of the
20th century. Large missions in the 2020s (DESI[34], SPHEREXx[35], Euclid[36],LSST [37],
WFIRSTI[38, 39]), aim to study the nature of dark energy. Many of these experiments have
been optimized to use two-point statistics (weak gravitational lensing or BAO) to probe the
possibility of a time-evolving equation of state for dark energy, often parametrized as w(z) =
wo + wq(z/(z + 1)] [40, 41]. Cosmic voids, devoid of matter by definition, are dark energy-
dominated objects: their study is a novel route to explore dark energy. The evolution of voids
is ruled by the joint action of gravitational attraction, that empties voids by pushing material
towards their boundaries [42—44], and the expansion of the Universe, that also enlarges voids
by diluting the space between galaxies. Throughout cosmic history, the expansion of voids dif-
fers depending on whether dark energy is constant, or evolving with time. This gives rise to a
dependence of void size on dark energy: the void size function (the number of voids as a func-
tion of radius [45]) is highly sensitive to the dark energy equation of state [46, 47]. In addition,
when converting the angles and redshifts of observed celestial objects (RA,Dec,z2) into dis-
tances, we need to assume a fiducial cosmology. In a homogeneous and isotropic universe their
average shape is expected to be spherical [48] (even if voids have highly non-spherical shapes
individually). If we are using the correct model to interpret data, we will observe an average
void shape that is indeed spherical—if not, our cosmological model is wrong. This method to
validate a model, known as the Alcock-Paczynski (AP) test, can be applied to void stacks and is
particularly sensitive to the dark energy equation of state (potentially outperforming traditional
galaxy clustering constraints on wgy and w, [48]—provided that RDSs are modelled).

2.3 Should we modify the laws of gravity?

Extensions of Einstein’s theory of General Relativity (GR) are of intense interest at present,
as potential explanations of cosmic acceleration [49, 50]. Features of these theories include
“screening mechanisms”, that allow to recover GR near astrophysical objects [51]. Conversely,
in low-density void environments, the new gravitational fields introduced by most modified
gravity theories (e.g. the Horndeski scalar field [52]) are fully dynamical. It is in cosmic



voids where these alternative theories deviate most strongly from GR. Observationally, modi-
fied gravity leads to a few consequences. Firstly, it leads to a difference in the matter density
profile compared with GR that can be measured via gravitational lensing around voids [20, 53—
59]. This observable is particularly powerful for models with strong deviation between the
lensing potential and the Newtonian potential, since a significantly enhanced lensing signal
can arise compared to GR, even for the same density profile [58]. Secondly, modified gravity
causes a faster expansion of voids that can be captured by RSDs around voids (see e.g. [15, 26—
30, 60—62] and Section 2.1). Finally, modified gravity results in environmental differences that
can be observed by comparing astrophysical features such as galaxy properties in over-dense
and void regions (e.g. [63—67]).

2.4 What is the mass of neutrinos?

Neutrinos remain one of the most elusive components of the standard model. The discovery
of neutrino oscillations proved that neutrinos must have mass [68—70], whereas the standard
model of particle physics assumes they are massless. Cosmology places some of the strongest
upper bounds on the sum of neutrino masses (e.g. Xm, < 0.12eV at 95% CL for Planck
TT,TE,EE + low E + lensing + BAO [8]). Such constraints approach the sensitivity needed to
determine the neutrino mass hierarchy, since we expect Xm, > 0.1 eV for the inverted mass
hierarchy [8]. Neutrinos cluster like cold dark matter (CDM) and contribute to structure forma-
tion on scales larger than their free-streaming length, which depends on the neutrino species’
mass. For smaller scales, neutrinos suppress structure formation and this effect increases with
their mass [71]. Typical sizes of voids span the range of neutrino free-streaming scales. Ad-
ditionally, cosmic voids, being devoid of matter, are particularly sensitive to neutrinos (and
all diffuse components) since the mass fraction of neutrinos with respect to CDM is higher in
voids than in high density regions. For these reasons, voids are becoming a topic of increas-
ing interest for studying neutrinos [72-76]. Void-related observables, such as number, size,
shape, distribution and clustering of cosmic voids, are powerful probes of neutrino properties.
Recent results show that the galaxy bias plays an important role in the effect of neutrinos on
void observables [75], by changing how neutrino masses impact void clustering. A theoretical
model for void properties in neutrino cosmology is necessary to exploit the constraining power
of future surveys.

2.5 How do galaxies evolve?

Galaxy evolution is the complex result of nature and nurture, i.e. of internal processes and
external effects, such as large-scale environment (e.g. stripping and harassment, particularly
effective in dense regions) and galaxy mergers. While disentangling these contributions in
high-density environments is very challenging, galaxies in cosmic voids represent a unique
laboratory containing isolated systems whose evolution has been driven almost completely
by in-situ processes. In the hierarchical model of structure formation, which assumes that
small galaxies progressively merge to form larger galaxies with time, galaxies embedded in
cosmic voids would represent less evolved systems. Void galaxies (e.g. observed in SDSS)
have properties significantly different from similar objects in denser environments; they tend
to have stellar disks with smaller radii [77], to be star-forming blue galaxies [78, 79], with
later-type morphological types [77, 80, 81], i.e. more spiral and less elliptical galaxies at a
given stellar mass or absolute magnitude. Most void galaxies are still on the main galaxy
star-forming sequence (i.e. forming stars efficiently), which seems to favor either a slow or
a late galaxy evolution model. Current observational studies of void galaxies do not always
reach a consensus (mainly due to small statistics). This will be improved by upcoming surveys
(e.g. PFS [82], WFIRST, Euclid) and the advent of large volume state-of-the-art cosmological



hydrodynamical simulations. It will allow us to make self-consistent comparisons between
simulated and observed void galaxies in order to better understand the role of galaxy mergers
and environment on galaxy evolution.

3 Challenges for the coming decade

Section 2 presented the main current unknowns in our cosmological panorama, and argued that
cosmic voids are an ideal laboratory to provide answers to these unknowns. In this Section we
discuss the challenges to face in order to optimally exploit voids.

3.1 Simulation challenges

When measuring cosmological parameters with void-related observables we need to understand
their degeneracies. For example, the void size function is affected by both properties of dark en-
ergy and neutrinos. RSDs are sensitive to modifications of gravity and neutrinos. Furthermore,
the anisotropies measured by the AP test can be due to both dark energy and modifications of
gravity. These degeneracies add up with other well-known degeneracies in cosmology (such as
Q,,—0g). One possibility to reduce degeneracies between cosmological parameters is to com-
bine void-related observables with other probes (e.g. CMB, clusters, galaxy power spectrum
[83—85]). To fully exploit the potential of voids it is necessary to understand these degeneracies
with simulations dedicated to the study of cosmic voids. Since voids are the largest elements
of the cosmic web, they are the biased tracers of the underlying matter density field that have
the lowest number density. For this reason, large cosmological volumes are needed to get suf-
ficient statistics that mitigate sample/cosmic variance. On the other hand, both the large size
of voids and the fact that they are pristine environments make them less sensitive to baryonic
effects such as galaxy feedback [86]. Hence, the properties of cosmic voids can be studied with
N-body dark matter simulations instead of full hydrodynamical simulations.

While it is useful to study voids in the dark matter distribution to allow comparisons with
theoretical models, voids identified in the halo distribution are more directly connected to ob-
servations. The required mass resolution of the N-body simulations will depend on the tracer
used to identify voids: a low-resolution to find voids in the matter field, and a high-resolution
to search for voids in low-mass halo density field. The ultimate goal being to study voids iden-
tified in data, that is in the galaxy distribution, the optimal choice is to mimic the galaxy density
field. The fastest method to do so is to populate halos with galaxies with the Halo Occupation
Distribution (HOD) [87] framework. Although the use of HOD is generally accepted, we must
remember that it is built to reproduce the number density and the two-point correlation function
of an observed galaxy population, but higher order statistics might be inaccurate. Further stud-
ies will be necessary in upcoming years to test if voids identified in HOD-constructed galaxy
fields can provide reliable catalogs. Finally, an important ingredient in traditional Bayesian
analysis is the need for a covariance matrix. To compute it accurately, hundreds to thousands of
simulations are necessary. Algorithms to approximate N-body simulations, such as COLA [88]
or FastPM [89], can be used to build these simulations.

3.2 Theoretical challenges

Together with simulations, a major challenge for void science is to further develop the theoreti-
cal framework that describes cosmic voids. In particular, it is important to be able to model the
type of voids we identify in simulations and in the real data from galaxy surveys. We need to
improve the predictions for the void size function [47, 90-94], the density and velocity profiles
around voids [44, 95-97], and the two-point statistics of voids [27, 98, 99]. While voids in the
matter distribution offer the most direct link to theoretical models, observationally we mainly



detect voids in the distribution of galaxies (aside from the recent possibility to detect voids
with weak lensing maps [59]). Therefore, we need to develop models (and mock catalogs, see
Section 3.1) that fully account for the galaxy bias and its impact on void properties [100, 101].
Moreover observations are in redshift space, so we will need to further develop tools to take
this into account when identifying voids and describing their structure in redshift space. Also,
the sub-structure inside voids bears relevant cosmological information, but we currently lack
of a model describing it. Furthermore, a robust understanding of the void-in-cloud process—
affecting the small under-densities embedded in over-dense regions—is necessary. Finally,
these models will need to be extended to the case of non-standard cosmological models.

4 Optimizing surveys for void science

When building a survey a compromise is necessary between how deep and how wide it should
be—Ileading to a trade-off between a high tracer density, to resolve the cosmic web in great
detail, and a large volume, to access large scales and improve statistics.

Void science needs both volume and high tracer density, which is one of the reasons why
void observations have not reached their full potential as of today. Indeed a higher density of
galaxies will provide access to a detailed mapping of sub-structure in the under-dense regions—
as well as unlock the power of different science cases, see Astro2020 Science White Paper by
Wang et al. (2019) [102]. For void science, a large volume is also necessary to guarantee small
error bars, since voids are much sparser than galaxies or even clusters. Voids have so far been
studied on surveys optimized for extracting the BAO signal (100 »~*Mpc scale) and measuring
RSDs from the galaxy correlation function.

Fortunately, upcoming surveys will improve the landscape for void science, by observing
a larger volume. These surveys include: DESI (2019; 14,000 sq. deg.), SPHEREx (2023;
41,000 sq. deg.); and Euclid (2022; 15,000 sq. deg.). By 2025 completed observations or first
data releases from these programs will be available, providing large statistics for voids.

At this stage, the next natural step to reach exciting gains for void science can be obtained
by increasing the galaxy number density and maintaining a large observational volume: the op-
timal strategy would likely be a wide and dense survey. WFIRST, a large mission designed to
observe a high tracer density (2026; nominally 2,200 sq. deg.) will follow the aforementioned
surveys and has the capability to adjust its survey strategy in response to earlier results. In this
framework the optimal strategy would be to consider extensions of the WFIRST high redshift
spectroscopic program to be optimized for voids. For this purpose, more of its observing time
would need to be devoted to spectroscopy. This will allow to exploit the power of WFIRST’s
large collecting area and to carry out a survey that is both wide (up to 10,000 sq. deg.) and
deep. These observations could be complemented by DESI, PFS, SPHEREX or another survey
designed to go to high number density at lower redshift (2 < 1). Furthermore, the imaging ca-
pabilities coupled with high density of the WFIRST program will be a strong asset, allowing to
perform lensing measurements around voids. Also, the combination with CMB measurements
will allow the study of the integrated Sachs-Wolfe effect on voids’ locations [103-108].

The next decade will be a golden age for voids by fully realizing the potential of our void
science program.

5 Conclusion

In this paper we presented the case for void science, arguing that cosmic voids are a novel probe
to constrain modified gravity, dark energy, the sum of neutrino masses and galaxy evolution.
Voids will answer some of the most relevant questions in cosmology and astrophysics over the
next decade. We identified theoretical and simulation advances necessary to reach this goal.
The large and dense survey we consider will be ideal to exploit void science at its best.
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