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Abstract
The dark sector of the Universe presents one of the greatest unanswered questions in all of
physics. Although it has been nearly two decades since the surprising discovery of dark
energy, and many decades since the discovery of dark matter, the quest to understand them
both have not yet yielded many significant breakthroughs. The problem of understanding
the dark sector, which dominates the current mass-energy content of our Universe, is as
daunting as ever, and without a solid theoretical framework for it, we are limited in our
understanding of the history, evolution and eventual fate of the cosmos.

Our best characterisation of the dark sector can be found within the Standard Model
of Cosmology: Λ Cold Dark Matter (ΛCDM). Within the model, dark matter is non-
relativistic, non-baryonic, and does not interact via the electromagnetic force. Dark energy
is mathematically described by a positive cosmological constant in the field equations of
General Relativity, and interpreted as a form of energy that produces a negative pressure
on the fabric of the cosmos, driving it to accelerate in its expansion. The success of the
ΛCDM model in predicting various features observed in the large-scale structure has led
to its establishment as the Standard Model of Cosmology. However, despite its success,
ΛCDM still provides a somewhat simple characterisation of the dark sector, which reflects
our lack of insight into its nature. It may be a successful model, but it is by no means a
complete one.

In this thesis, I aim to address this theoretical problem by finding the unique signatures
of two non-standard, alternative cosmological models, in order to provide a means of
observationally probing the dark sector and distinguishing between the different models of
dark energy.

The alternative models of interest in this work are an uncoupled quintessence model
(φCDM) and a coupled dark energy model (CDE). Both these models characterise dark
energy as a dynamic, evolving scalar field, φ, rather than as a cosmological constant. The
CDE model additionally allows interaction between the scalar field and the dark matter
field, resulting in the decay of the scalar field into dark matter. These extensions to the
dark sector alter the expansion history as well as the matter power spectra of the universe,
and thus they might be expected to also affect observable properties of the cosmic web.
Indeed, previous studies have demonstrated that the cosmic web is not just influenced by
gravitational interactions, but also by the properties of the dark sector in these models (for
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example, Carlesi et al., 2014a,b; Elahi et al., 2015).
In this work, I focus on identifying the signatures of the scalar field and dark sector

coupling in the properties and evolution of cosmic voids within the large-scale structure.
Specifically, I compare the voids within the uncoupled quintessence and coupled dark
energy model to those within a ΛCDM universe. To do this, I use N -body adiabatic
hydrodynamical simulations to model the large-scale structure of universes governed by
each of the three cosmologies, and I develop a density-based void-finding method to
identify the voids within these simulations. I then investigate the population size, volume,
ellipticity, prolateness and average density of voids that form in the dark matter distribution
of each of the three models in the redshift range z = 12−0, and compare them to determine
how the underlying cosmology influences void evolution and to identify unique signatures
for use as observational probes of cosmology.

Across this redshift range, I find that the volumes and shapes (defined by ellipticity
and prolateness) mostly do not vary across cosmology to a statistically significant extent,
suggesting that both these characteristics of voids are largely insensitive to the differences
between a scalar field and a cosmological constant, and dark sector interactions. However,
I find that the average densities of voids are systematically lower in the alternative models
than in the standard model, indicating that the scalar field causes voids to form with less
material within them than in the standard model. I propose that the effect of the scalar
field manifests itself in the form of an enhanced void evacuation rate, which also produces
greater void merger rates. I also find that the uncoupled quintessence model produces
emptier voids than the coupled model, demonstrating that the coupling between dark matter
and dark energy tends to reduce the emptying effect of the scalar field, likely due to the
altered effective gravitational force acting on dark matter particles that arises directly from
coupling. These results reveal that void densities are highly sensitive to the presence of
a scalar field and to some extent dark sector coupling, and consequently could form the
basis of observational probes of cosmology in the Universe.

Ultimately, I demonstrate the promising potential of void densities as a powerful probe
of dark sector physics in our Universe, particularly of the scalar field. Thus, I conclude by
proposing a number of methods to observationally tease out the signature, so that in the
near future we may successfully utilise it to determine the nature of dark energy.
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CHAPTER 1
Introduction: Understanding the

Large-Scale Universe

1.1 Cosmology
Cosmology is the study of the origin, nature, evolution and fate of the Universe we live in.
It is as old as humanity itself, emerging when primitive societies attempted to explain the
world around them. The advent of scientific cosmology can be traced back to the early
Greeks, who were the first to construct a cosmological model to explain and predict the
motions of the heavenly bodies without relying on myth. As technology advanced and new
ideas emerged, the early cosmological model underwent various revolutionary changes,
finally arriving at a heliocentric model of the Solar System featuring elliptical orbits that
could be explained by Newtonian mechanics, existing within a sea of stars.

A second set of revolutions to our understanding of the Universe occurred in the 20th

century, driven by the advent of new ideas of gravity and advancements in telescope
technology once again. The discovery that the cosmos contains many more galaxies than
our own, many of which are moving away from us, led to the conclusion that the Universe
began its life in an initial burst and had been expanding ever since. The observation of the
microwave afterglow from the initial burst confirmed that the cosmos had indeed begun
its life in a ‘Big Bang’, and was not eternal and unchanging. Finally, the discoveries of
dark matter, and the acceleration of the expansion of the Universe, mere decades ago have
revealed just how much of the cosmos we are yet to elucidate.

Today, cosmology focuses on the large-scale properties of the Universe as a whole,
including its dynamics and evolution, in order to answer the big questions about how and
why the cosmos is the way it is, and to determine how these properties are influenced
by the fundamental physics of the Universe. Modern cosmology progresses in much the
same way as it did thousands of years ago; through the combination of new ideas and
models and advancements in observational technology. It integrates both the theoretical
and observational aspects of astronomy and particle physics to understand the nature and

1
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evolution of the Universe. Observational astronomy and experimental particle physics
provide us with insight into what the Universe is, while the mathematical frameworks of
theoretical cosmology provide us with the how and why.

Cosmology has so far revealed that the Universe is spatially flat, isotropic and homo-
geneous on large scales. It began its life as a very hot and dense place, evolving into
its present state through a long process of expansion (including a period of very rapid
expansion) and cooling, and is currently expanding at an ever-increasing rate. There is
strong evidence for an invisible dark sector dominating its total mass-energy content, but
little is understood about its nature. As such, one of the primary goals of cosmology today
is to unravel the mystery surrounding the dark sector, and to determine how and whether
it fits into the current standard parameterisation of the Big Bang model: The Standard
Model of Cosmology.

1.2 The Standard Model of Cosmology
One of the greatest achievements of modern cosmology is the establishment of the Standard
Model of Cosmology: Λ Cold Dark Matter (ΛCDM). The model offers a simple and very
successful explanation for the evolution of the Universe and its large-scale characteristics.
Within the model, universal expansion and large-scale gravitational interactions are fully
governed by Einstein’s field equations. The Universe is also spatially flat (it has no spatial
curvature on very large scales, so that Euclidean geometry applies on these scales), and
dominated by an invisible dark sector comprised of dark matter and dark energy, which
together make up approximately 95% of its current mass-energy content. In this section,
we will explain the foundations and key components of the standard model, and outline its
development.

1.2.1 The Cosmological Model
The establishment of ΛCDM began with the the cosmological model, which offers a more
general mathematical description of the Universe. It rests on two fundamental assumptions:
the cosmological principle and the universality of the laws of physics. The cosmological
principle states that our place in the Universe is no more or less special than any other
place in the Universe (Milne, 1933). This implies that the Universe on a large enough scale
is both homogeneous and isotropic – it looks the same from every location (homogeneity)
and in all directions (isotropy). The principle derives from the Copernican Principle – we
are not privileged observers – and has been verified by large galaxy redshift surveys (for
example Ntelis et al., 2017), with homogeneity occurring on scales of greater than 300
Megaparsecs (Mpc; 1 Mpc is equivalent to 3.086×1022 m). This homogeneity and isotropy
of the luminous matter distribution in the Universe is visible in the data from the Third
Sloan Digital Sky Survey (SDSS-III; Eisenstein et al., 2011), shown in Figure 1.1.

The cosmological model assumes that gravity obeys the theory of General Relativity
(GR; Einstein, 1916a), which more accurately predicts the perihelion precession of various
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Figure 1.1: A projected slice of the galaxies detected by the Third Sloan Digital Sky
Survey (SDSS-III), illustrating the large-scale homogeneity and isotropy in the statistical
distribution of galaxies. The white points are galaxies from the BOSS CMASS sample
(Baryon Oscillation Spectroscopic Survey ‘Constant Mass’ sample; Dawson et al., 2013),
the red points are the red luminous galaxies, and the yellow points are from the main
galaxy sample. Credit: Michael Blanton and the SDSS collaboration.

Solar System planets (Le Verrier, 1859; Biswas & Mani, 2008), the bending of light around
the Sun (Dyson, Eddington & Davidson, 1920), gravitational redshift (Greenstein, Oke
& Shipman, 1971) and gravitational waves (Einstein, 1916b, 1918; Abbott et al., 2016,
2017b), than other models of gravity, including Newtonian gravity. In GR, the gravitational
field is the result of curvature in four dimensional spacetime, induced by the presence of
energy and mass. This is fully described by Einstein’s field equations:

Rµν − (
1

2
R− Λ)gµν =

8πG

c4
Tµν , (1.1)

where Rµν is the Ricci curvature tensor, R is the Ricci scalar, gµν is the metric tensor, G is
the gravitational constant and c is the speed of light in a vacuum. The Ricci scalar/tensor
and the metric tensor describe the curvature of spacetime in response to energy sources.
The stress-energy tensor, Tµν , encapsulates the density of energy and momentum flux that
give rise to spacetime curvature, or equivalently, the gravitational field. The diagonal com-
ponents of the stress-energy tensor represent the energy density (in the 00-component) and
the normal stress (called pressure when isotropic) exerted by sources in three orthogonal
directions (11-, 22- and 33-components). The off-diagonal elements of the stress-energy
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tensor represent shear stress (the component of stress that is parallel to a surface), while the
0th components of the off-diagonal elements can also be interpreted as the components of
the linear momentum density crossing a surface. Radiation produces anisotropic stress, and
hence it will result in non-zero shear stress, while collisionless dust (which can be used to
model dark matter) will produce only isotropic stresses, and contribute only to the diagonal
elements. Λ is the cosmological constant, a geometric quantity which naturally arises out
of the action that produces the above equation. It was part of the original equations written
down by Einstein (Einstein, 1917), and was required to ensure a static universe. It was
then subsequently removed to allow for an expanding universe, and was only recently
re-added as a constant of positive value to account for the acceleration in the expansion of
the Universe. Although Λ is usually written on the left-hand side of Equation 1.1, where
it may be interpreted as a description for the behaviour of space-time to accelerate in its
expansion even in the absence of the usual sources of energy (namely, matter and radiation),
it can also be written on the right-hand side so that it is incorporated as part of the sources
in the stress-energy tensor. It would then represent a fluid with constant energy density
and constant, isotropic negative pressure, altering the diagonal elements of the tensor.

One exact solution of Einstein’s field questions that describes a homogeneous, isotropic
spacetime geometry is the Friedmann-Lemaı̂tre-Robertson-Walker (FLRW) metric:

ds2 = −c2dt2 + a2(t)

[
dr2

1− kr2
+ r2(dθ2 + sin2θdφ2)

]
, (1.2)

where ds is the fundamental line element, a(t) is the scale factor at time t after the birth of
the Universe (defined so that its value today is equal to 1), θ and φ are the comoving polar
and azimuthal coordinates, respectively, and r is a geometry-dependent function of the
comoving radial coordinate, χ. The FLRW metric describes three possible homogeneous
and isotropic geometries – closed (positive curvature), flat (no curvature) and open (negative
curvature) – encoded in the value of k:

k =


1, if closed
0, if flat
−1, if open.

(1.3)

In each of these geometries, r takes on the following expressions:

r =


sinχ, if closed
χ, if flat
sinhχ, if open.

(1.4)

Observations favour a flat universe (de Bernardis et al., 2000; Bennett et al., 2013).
The scale factor a(t) in the FLRW metric is a dimensionless quantity that relates

the proper distance between two observers at a given time to their comoving distance,
thus parameterising the expansion or contraction of spacetime. As such, it quantifies the
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expansion of the Universe. Its evolution is dependent on the matter density, radiation
density and dark energy density.

The time evolution of a(t) can be found by solving the Friedmann equations, which
are derived from the Einstein field equations for the FLRW metric:(

ȧ

a

)2

=
8πGρ

3
− kc2

a2
+

Λc2

3
; (1.5)

ä

a
=

4πG

3

(
ρ+

3p

c2

)
+

Λc2

3
; (1.6)

ρ̇ = −3ȧ

a

(
ρ+

p

c2

)
. (1.7)

The quantities ρ and p respectively denote the density of and pressure exerted by
cosmological fluids (e.g. matter, radiation or dark energy) on spacetime, while ȧ and
ρ̇ represent the first derivative of the scale factor and density with respect to time, and
ä represents the second derivative of the scale factor with respect to time. The above
equations can be solved exactly by assuming that the cosmological fluids in question are
perfect fluids (i.e. they can be completely characterised by the mass density in their rest
frame and their isotropic pressure). However, since the equations contain three unknowns
and only two of the equations are independent, we require a third equation to solve them.
This is the relation between the density and pressure, known as the equation of state:

w =
p

ρc2
, (1.8)

where w is a constant. The equation of state governs how the pressure exerted by the
fluid changes with energy density. For example, for w < 0, an increase in the density
of the source fluid results in greater negative pressure exerted by the fluid, expanding or
stretching it. The equation of state determines the specific dependence of the cosmological
fluid on the scale factor, as well as the time-dependence of the scale factor. For example,
for a flat and matter-dominated universe (where w ≈ 0), the Friedmann equations dictate
that ρ ∝ a3 and a ∝ t2/3.

For a given expansion rate, there exists a critical density, ρc, that will asymptotically
slow the expansion to a halt:

ρc(t) =
3H2(t)

8πG
, (1.9)

where H(t) ≡ ȧ(t)/a(t) is the Hubble constant at time t. If we rewrite Equation 1.5
in terms of H(t), then it is clear that when the total density in the Universe exceeds the
critical density, then k > 0, and the Universe will eventually stop expanding and collapse.
Conversely, if the total density is smaller than the critical density, then k < 0, and the
Universe will expand forever. Finally, if the total density is equal to the critical density,
then k = 0, and expansion will continue indefinitely but at an ever decreasing rate. In
this way, the Friedmann equations show that the total density of all energy sources in the
Universe affects the curvature of space and its expansion trajectory.
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1.2.2 The ΛCDM Model
From theoretical considerations, we arrived at a general cosmological model for our
homogeneous and isotropic Universe, consisting of equations governing its evolution.
However, to fully describe our Universe, we require values for Λ, ρ, p, w, k and H0 (the
Hubble constant today). These values were provided by observations made throughout
the 20th century, allowing cosmologists to refine the general cosmological model into a
specific model, ΛCDM, now established as the Standard Model of Cosmology.

The first cosmological model in modern times was courtesy of Einstein, who was the
first to introduce the cosmological constant into his field equations (Einstein, 1917), with
the purpose of producing a static universe. The cosmological constant would provide
the repulsive force to counteract the attractive gravitational force in a matter-dominated
universe. However, when Hubble discovered that the Universe was expanding (Hubble,
1929), Einstein and de Sitter put forth a model where both the spatial curvature and the
cosmological constant were zero (Einstein & de Sitter, 1932). An important feature of this
model is that the matter density was equal to the critical density of the universe, meaning
that there would neither be ever-increasing expansion nor contraction. The Einstein-de
Sitter model became the standard model for the Universe initially, especially in light of the
development of cosmic inflation (see Guth, 1981; Linde, 1984; Steinhardt & Turner, 1984),
which predicted a very low spatial curvature, and the lack of evidence for a cosmological
constant.

As it was the only known form of matter in the Universe, the cosmological model
initially only included ordinary baryonic matter. However, we now understand that the
Universe also contains a large amount of invisible, non-baryonic matter, referred to as dark
matter. This understanding came after multiple measurements of galaxy and cluster motions
and measurements of the cosmic microwave background radiation (CMB), which suggest
that dark matter occurs everywhere in the Universe, in approximately five times the amount
of baryonic matter (Fabian et al., 1986; Fabbiano, 1993; Hinshaw et al., 2009; Bennett
et al., 2013; Planck Collaboration et al., 2014a). Furthermore, the cosmic baryon to photon
ratio as measured from primordial elemental abundances (Dar, 1995), and measurements
of the amount of baryons in various locations including stars, galaxies, galaxy clusters,
galaxy groups, and the interstellar, intergalactic and intracluster medium (Fukugita, Hogan
& Peebles, 1998), provide convincing evidence that most of the matter density in the
Universe is not baryonic. Dark matter is now characterised by ΛCDM as an invisible,
non-relativistic (cold), and non-baryonic form of matter that comprises 27% of the total
present-day mass-energy content, and understood to be a key driver of structure formation.

The addition of dark matter to the cosmological model was a significant alteration, but
it was by no means the last. By the mid-1990s, there were hints for a non-zero Λ again,
in the discrepancies between the ages of globular clusters and the Universe (e.g. Bolte &
Hogan, 1995; Chaboyer et al., 1996), and in the large-scale galaxy clustering (Efstathiou,
Sutherland & Maddox, 1990). Then in the late 1990s, two independent supernova surveys
provided evidence for an accelerating universal expansion (Riess et al., 1998; Perlmutter
et al., 1999). The simplest explanation for these results was a non-zero cosmological
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constant, with the total matter density, Ωm, being approximately equal to 0.3, and the
cosmological constant (dark energy) density, ΩΛ, being approximately equal to 0.7. This
was the first significant evidence in favour of a ΛCDM Universe. CMB measurements
shortly afterwards indicated that the Universe was indeed spatially flat (de Bernardis et al.,
2000; Hanany et al., 2000), requiring that the total mass-energy density be equal to one,
and providing yet another line of evidence for a non-zero Λ. Although the nature of Λ is
not understood, within ΛCDM it represents and characterises dark energy, a repulsive form
of vacuum energy that drives accelerated expansion, and which also comprises 69% of the
current mass-energy content.

Since the establishment of the dark sector within the ΛCDM model, there has been
a great effort to refine it further by measuring the parameters of the standard model
with increasing precision. There are six free parameters that define the standard model,
and constraining their values requires a combination of different and complementary
observations to provide consistency checks, remove parameter degeneracies and improve
precision. For example, constraining w, Ωm and ΩΛ requires not just the CMB matter
power spectrum (which offers the most powerful set of constraints), but also other data
sets such as baryonic acoustic oscillations (BAO) and supernovae luminosity-distance
measurements. The joint constraints for these parameters are presented in Figure 1.2. The
combined results of elemental abundances and Big Bang Nucleosynthesis predictions,
measurements of the CMB matter power spectrum, galaxy cluster measurements, BAO
and gravitational lensing have also constrained the baryon fraction, dark matter fraction
and dark energy fraction to within 1% uncertainty.

Multiple lines of evidence, which will be outlined in later sections, have since provided
further support for the ΛCDM model, firmly establishing it as the Standard Model of
Cosmology.

1.3 The Dark Sector
Despite its dominance of the total matter-energy content in our Universe today (contributing
approximately 95% to the total), the dark sector remains a poorly-characterised component
of the standard model. In this section, we will motivate the establishment of dark matter
and dark energy as components of the standard model, and outline the status of recent
inquiries into their nature.

1.3.1 Dark Matter
Dark matter was first proposed in 1937 by Fritz Zwicky. He compared the luminous/visible
masses (derived from total light output) of Coma cluster galaxies to their virial masses
(derived from their velocities through the cluster), and unexpectedly found that their virial
masses were much larger than their luminous masses. The result implied a significant
amount of non-luminous mass within the cluster (Zwicky, 1937), which Zwicky dubbed
‘dark matter’.
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(a) w − Ωm (b) ΩΛ − Ωm

Figure 1.2: The combined constraints for w, ΩΛ, and Ωm, illustrating the use of multiple
sets of complementary probes to improve the precision of parameter estimation. These
constraints are derived from Union2.1 supernovae Type Ia (SNe Ia) data combined with
BAO and CMB data sets and observations. The contours represent the 68.3%, 95.4% and
99.7% confidence regions, which include systematic and statistical uncertainties. Adapted
from Suzuki et al. (2012).

However, the notion of dark matter did not take off until the 1970s, when Vera Rubin
and Ken Ford published their findings on the rotation curve of the Andromeda galaxy,
M31. They found that the rotational velocity did not decrease with radius as expected
from Kepler’s second law and the amount of visible matter in the galaxy (Rubin & Ford,
1970), which implied the presence of invisible mass in its outskirts. This result was
subsequently found in many more spiral galaxies, with the rotation curves remaining flat
to large radii even in 21 cm radio observations (Freeman, 1970; Rogstad & Shostak, 1972).
The overwhelming conclusion was that spiral galaxies must contain much more mass
located in their outer parts than was visible.

Since then, a vast array of observational evidence has appeared, pointing to the presence
of copious amounts of invisible mass in the Universe. For example, velocity dispersion
estimates for elliptical galaxies differ from the expected values based on the amount of
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Figure 1.3: Optical and X-ray images of the dynamics of the Bullet Cluster, illustrating the
inconsistency between the position of the hot, baryonic gas and the bulk of the matter. Left:
Optical image of the Bullet Cluster from the Magellan Telescope, overlayed with a contour
plot showing the distribution of mass derived from gravitational lensing measurements.
Right: X-ray image from the Chandra X-ray Observatory, overlayed with the same contour
plot, showing the spatial distribution of the hot gas during the merger. Credit: Clowe et al.
(2006).

visible matter in them (Faber & Jackson, 1976), X-ray studies of hot gas in giant elliptical
galaxies show that the amount of matter required to gravitationally bind the hot gas is
5− 6 times greater than the visible mass (Fabricant, Lecar & Gorenstein, 1980; Fabricant
& Gorenstein, 1983; Fabian et al., 1986; Fabbiano, 1993), and gravitational lensing around
clusters reveal masses several times greater than their luminous masses (Limousin et al.,
2007; Hoekstra, 2007).

One of the more well-known pieces of evidence for dark matter comes from the study
of the Bullet Cluster, which is a system composed of two merging galaxy clusters (Clowe
et al., 2006). Most of the luminous matter in this ensemble of galaxies is in the hot X-ray
emitting gas. However, by using the cluster as a gravitational lens, Clowe et al. (2006)
found that the location of most of the cluster’s mass was not within the hot, luminous gas
(see Figure 1.3). This result suggests that there are substantial quantities of non-luminous
mass within the cluster – in other words, dark matter. The offset between the dark matter
distribution and the hot gas also shows that dark matter is not slowed down by ram pressure
the way the hot plasma is during the merger, demonstrating its almost collisionless nature,
and its lack of coupling to the electromagnetic force.

Dark matter is not completely collisionless, though over large scales and at early times
it behaves as a collisionless dust. As such, it may be characterised by its temperature,
or equivalently its average velocity and mass, which has significant consequences for
structure formation in the Universe. If dark matter travels at relativistic speeds and has
a large free-streaming length (so called ‘hot’ dark matter), then it would dampen the
formation of small-scale structures, preventing the bottom-up structure formation favoured
by observations (Davis et al., 1985). Furthermore, simulations have revealed that the
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large-scale structure in a hot dark matter paradigm is inconsistent with Lyman-α forest
observations (White, Frenk & Davis, 1983) and the observed galaxy distribution (Hut &
White, 1984). With cosmological data also severely constraining its abundance in the
Universe (e.g. Smoot et al., 1992), hot dark matter has been ruled out for the bulk of dark
matter in the Universe.

On the other hand, cold dark matter driven structure formation is well-supported by
observations (e.g. Ostriker & Peebles, 1973; Ostriker, Peebles & Yahil, 1974; White &
Rees, 1978; Davis et al., 1985; White et al., 1987; Coc et al., 2004; Libeskind et al., 2013a).
It is slow moving and heavy, with a small free-streaming length, allowing small structures
to form and grow into large ones. The CMB temperature map shows that in the very
early Universe, both the dark matter and baryonic matter distributions were approximately
smooth and homogeneous, each containing only minor density perturbations. The density
perturbations within baryonic matter could not grow because of constant interactions with
photons. However, the lack of interaction between photons and dark matter allowed the
small-scale collapse of density perturbations within dark matter. These small structures
eventually grew and merged into ever-larger structures in bottom-up fashion. The gravi-
tational potential of these dark matter overdensities caused the coagulation of baryonic
matter, which in turn allowed galaxies, clusters and large-scale structures to form in the
Universe.

There exists another type of dark matter with a free-streaming length between that
of cold and hot dark matter, known as warm dark matter, which is an alternative to the
cold dark matter paradigm. Warm dark matter could alleviate some of the small-scale
inconsistencies between cold dark matter predictions and observations (e.g. de Blok, 2010;
Lovell et al., 2014). It is unclear how much, if any, of the dark matter bulk consists of
warm dark matter. Pinpointing the temperatures and mass of dark matter is still an ongoing
task.

The particle identity(-ies) of dark matter remain(s) an area of active research in both
cosmology and particle physics. We know that in addition to being either cold or warm,
dark matter must also be stable, interact through the gravitational force (i.e. have mass),
and must not interact via the electromagnetic force or interact with standard model particles
through the strong force. Although standard model neutrinos meet these criteria and make
up a small portion of dark matter, they qualify as hot dark matter particles due to their small
masses and large free-streaming lengths, and thus cannot make up the bulk of dark matter.
Thus, all standard baryonic particles are ruled out as dark matter candidates. Unfortunately
for the dark matter search, what lies beyond the standard model of particle physics is
largely unchartered and/or unverified territory, although proposals for extensions to the
standard model do exist. In fact, many of the proposed candidates for dark matter naturally
spring from these models.

One of the earliest candidates considered for dark matter were Massive Compact Halo
Objects (MACHOs). These objects consist of completely baryonic massive objects, such
as planets, brown dwarfs, neutron stars and black holes, which are too faint to contribute
much to the visible mass of galaxies and clusters. MACHOs have been ruled out as dark
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matter candidates, due to a lack of detection of microlensing effects they should have on
extragalactic sources (Graff & Freese, 1996; Alcock et al., 2000; Tisserand et al., 2007). In
addition, independent measurements comparing Big Bang Nucleosynthesis predictions of
elemental abundances to measured primordial abundances show that most of the baryons
in the Universe are visible and not dark, implying that most of the missing matter cannot
be baryonic (Copi, Schramm & Turner, 1995; Dar, 1995). The baryon density derived
from these measurements has been further confirmed by CMB measurements (Hinshaw
et al., 2013; Planck Collaboration et al., 2014a).

A favourite set of dark matter candidates among theorists are the Weakly Interacting
Massive Particles (WIMPs), which arise naturally from supersymmetry, a well-established
but unconfirmed extension to the standard model of particle physics which offers a solution
to the electroweak hierarchy problem. WIMPs interact with themselves (can self-annihilate)
and baryonic matter through the weak force. They are expected to make up about five
times more mass than ordinary matter today, which matches up nicely with dark matter
density measurements (known as the ‘WIMP miracle’). However, despite the excellent
motivation for WIMP dark matter and the relic density coincidence, there has not yet
been any experimental evidence for either their existence or the validity of supersymmetry.
Recent studies into gamma ray emission at the centre of our Galaxy show an excess that
could be an indirect signal of certain WIMP candidates, through the particle-antiparticle
annihilation of their decay products (see for example, Ackermann et al., 2015; Daylan
et al., 2016; Winter et al., 2016), however the gamma ray excess could also be explained by
a population of unresolved millisecond pulsars (Lee et al., 2016; Bartels, Krishnamurthy
& Weniger, 2016) or by the stellar population in the Galactic bulge and nuclear stellar
bulge (Macias et al., 2016).

Another popular candidate is the Lightest Supersymmetric Particle (LSP), the least
massive particle in supersymmetry models and also a specific type of WIMP. A highly
favoured LSP/WIMP candidate for dark matter is the neutralino, which has not been ruled
out by cosmological constraints, as other LSPs have. Other candidates include hidden
dark matter, which has no standard model gauge interactions making some forms of it
difficult to detect; sterile neutrinos, which are hypothetical and more massive right-handed
versions of standard model neutrinos that only interact via the gravitational force with
standard model particles, and whose decays ought to produce observable X-rays; and
axions, particles which arise from a promising solution to the strong-CP problem of
Quantum Chromodynamics (the problem of why Charge + Parity symmetry is not violated
in strong interactions; Peccei & Quinn, 1977a,b; Wilczek, 1978; Weinberg, 1978).

Recently, the Strongly Interacting Massive Particles (SIMPs) have emerged as a possi-
ble new paradigm for dark matter. SIMPs interact with themselves via the strong force,
and with ordinary matter via the weak force. The signatures of these interactions are
expected to show up in future collider experiments, electron ionisation signals and gamma
ray flux measurements, and may even address other astrophysical problems including
the inconsistency between simulated and observed small-scale structure (Hochberg et al.,
2014; Tulin & Yu, 2018).
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Almost all of these candidates qualify as cold dark matter, with only sterile neutrinos
and axions also capable of acting as warm dark matter. Almost all of these candidates are
yet to have their existence confirmed, let alone their status as constituents of dark matter.
Neutrinos are the only candidate known to exist.

Although not as prominent in the scientific community, there are models that attribute
the mass inconsistencies found in galaxy and cluster dynamics to an incomplete under-
standing of gravity rather than the existence of an invisible form of matter, for example
Modified Newtonian Dynamics (MOND; Milgrom, 1983, which is a heavily disfavoured
and incomplete model) and Tensor-Vector-Scalar theory (TeVeS; Bekenstein, 2004). The
key modification in MOND is in Newton’s Second Law, while TeVeS is a relativistic
generalisation of MOND. These models and other variations of MOND have not been able
to explain key observations such as the Bullet Cluster observations as successfully and
simply as ΛCDM, though they have not yet been entirely ruled out as alternatives to the
dark matter paradigm.

1.3.2 Dark Energy
Dark energy is a hypothesised form of vacuum energy that permeates through all of
spacetime, driving the late-time acceleration of the expansion of the Universe. Under the
ΛCDM model, dark energy is characterised by the cosmological constant, Λ, which appears
in Einstein’s field equations of General Relativity (Equation 1.1). If we assume that Λ is a
measure of the intrinsic energy density of the vacuum, then we can write Λ = 8πGρvac/c

2,
where ρvac is the energy density of the vacuum, and move it to the right hand side of
Equation 1.1. Thus it can be treated as a source term, representing the mass or energy
density of empty space.

The current best estimate for the value of the cosmological constant is Λ = 1.11×10−52

m−2 or 4.33× 10−66 eV2 in natural units (derived from Planck Collaboration et al. 2014a
parameter values). It has an equation of state given by w = p/ρ = −1, meaning that it
produces a negative, repulsive pressure on the fabric of spacetime. As Λ is a constant, the
dark energy density is uniform across all spacetime and at all times (unlike all other fluids
which dilute as the Universe expands), enabling it to dominate the mass-energy content
of the Universe at late times despite having a very small mass density. Additionally, this
would mean that the dark energy content would continue to increase with time due to
the creation of new spacetime, and the Universe will expand in an accelerated manner
indefinitely.

Evidence for dark energy was first discovered in the late 1990s by two independent
teams of astronomers working on supernova surveys. Specifically, each team was mea-
suring the redshift of supernovae and their apparent magnitudes at further distances than
ever before, taking advantage of the discovery that supernovae Type Ia could be used as
standardisable candles (Phillips, 1993). Both teams found that the apparent magnitudes
of the distant supernovae were approximately 0.25 magnitudes dimmer than expected in
a Universe undergoing decelerating expansion (i.e. the Einstein-de Sitter model), which
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Figure 1.4: Distance modulus versus redshift data from the SNe Ia measurements by the
two independent supernova survey teams (The Supernova Cosmology Project and The
High-z Supernova Team), showing that a universe dominated by the cosmological constant
provides the best fit to the data. Top: The fits to the data, for three different models.
Bottom: The distance modulus residuals relative to an open universe with Ωm = 0.3 and
ΩΛ = 0. The plots are adapted from Perlmutter & Schmidt (2003) and Riess (2000).
Credit: Frieman, Turner & Huterer (2008).

provided direct evidence that the Universe accelerated in its expansion in the last 5 Gyr.
These results were best fit by a flat universe with Λ > 0 and ΩΛ > 0 (Figure 1.4).

Other lines of independent evidence have since provided further support for cosmic
acceleration, apart from the CMB measurements which suggest a non-zero cosmological
constant (de Bernardis et al., 2000; Hanany et al., 2000). For example, measurements of
the geometric BAO distance ratios within the WiggleZ Dark Energy Survey data require
an accelerating expansion with w < −1/3 (Blake et al., 2011), the power spectra derived
from the 2dF Galaxy Redshift Survey and CMB anisotropies indicate that a significant
fraction of dark energy is required for a flat Universe, constraining ΩΛ to between 0.65 and
0.85 within the 2σ range (Efstathiou et al., 2002; Percival et al., 2002), and the detection
of the late integrated Sachs-Wolfe (ISW) effect that is expected as a result of accelerated
cosmic expansion (Scranton et al., 2003; Giannantonio et al., 2006).

The nature of dark energy is less understood and explored than that of dark matter.
While it is often assumed to be zero-point radiation energy of empty space, which naturally
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arises out of quantum field theory, the prediction for the value of ΛCDM under this
assumption is approximately 30 orders of magnitude larger (although some sources claim
a discrepancy of 120 orders depending on the choice of mass scale when expressing the
energy density of Λ) than the value derived from observations (Carroll, 2001). Although
there are ways around this discrepancy, for example by invoking an almost equally large
cancelling term (which requires its own explanation, as it has no theoretical motivation),
the mismatch between theory and observations reveals a fundamental ignorance of the
nature of dark energy.

This has motivated a number of alternative characterisations of dark energy. Popular
alternatives to the ΛCDM model of dark energy are those featuring dynamical dark energy,
in which the density of dark energy changes with time, and modified gravity models, which
involve altering the field equations rather than invoking a mysterious form of vacuum
energy.

1.4 The Success of ΛCDM
Since the establishment of the ΛCDM model, multiple lines of evidence have emerged in
support of it, firmly entrenching it as the Standard Model of Cosmology.

Some of the most significant pieces of evidence in support of the ΛCDM model come
from measurements of the CMB, which is the residual radiation left over after matter and
photons decoupled during the recombination era of the Universe (when nuclei and electrons
combined to form neutral atoms). The detailed features, especially in the temperature
fluctuations, contain information on the distribution, and other characteristics, of matter at
the time of decoupling. The temperature anisotropies can be decomposed into an angular
power spectrum, which show acoustic peaks at approximately equal angular spacing. The
height of the third peak is dependent on the dark matter density in the Universe (Ωdm),
and the results from the Planck Collaboration confirm the prediction for these peaks by
ΛCDM. Specifically, Ωdm ≈ 25%, providing convincing evidence for the existence of
dark matter independently of observations of galaxy or cluster dynamics. Furthermore,
Lyman-α forest observations also constrain cosmological parameters (including w, Ωm,
the inflationary spectral index and the Hubble parameter, h) (Phillips et al., 2001; Seljak,
Slosar & McDonald, 2006).

Another convincing piece of evidence comes from measurements of BAOs, which are
regular, periodic fluctuations in the density of baryonic matter across the Universe. They
are expected to arise because of the acoustic oscillations in the baryon-photon fluid in the
early Universe before recombination, and to contain information about the average matter
density and the Hubble constant in the Universe. Evidence for these oscillations were
found in the angular power spectrum, and the average matter density derived from them
confirm the existence of dark matter in the quantities expected. BAOs are also weakly seen
in the large-scale structure, and these measurements add another line of evidence to the
dark matter paradigm of ΛCDM.
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In addition to providing evidence for accelerated cosmic expansion, the Type Ia su-
pernovae measurements also provide an estimate of the total dark matter density, if we
assume that the cosmological constant explanation for accelerated expansion, and the dark
energy density derived from this assumption, is correct. These estimates are consistent
with estimates derived from the CMB.

However, it is important to note that the interpretation of the CMB power spectrum
and the Type Ia supernovae measurements, and hence the derivation of the dark matter and
matter densities, are dependent on the cosmological model assumed. What these results
show is that the ΛCDM cosmological model is consistent with these observations, rather
than that ΛCDM is the correct underlying cosmology of our Universe.

1.5 Beyond the Standard Model
Despite the great success of ΛCDM in accurately predicting large-scale features of the
Universe, the standard model nevertheless contains a number of problems in need of
satisfactory explanation. The existence of these problems have led to the development
of extensions to the model, and entirely alternative models. Here we review some of the
issues within the standard model, followed by alternative cosmological models developed
to address these issues.

One of the concerns over ΛCDM are the discrepancies that exist between its predictions
(from simulations) and observations on galactic scales. For example, ΛCDM does not
naturally predict the planar distribution of the satellite galaxies observed in the Local
Group, for example the Vast Polar Structure (Pawlowski, Pflamm-Altenburg & Kroupa,
2012; Pawlowski, 2018) and the Great Plane of Andromeda (Ibata et al., 2013; Conn et al.,
2013; Ibata et al., 2014a; Pawlowski & Kroupa, 2014), and these distributions cannot
be explained by accounting for baryonic physics (Ahmed, Brooks & Christensen, 2017).
Intriguingly, most of the satellite galaxies around Andromeda also appear to be co-rotating,
and their angular momenta are approximately perpendicular to the position vector from the
Milky Way to Andromeda (Ibata et al., 2013). Strong alignments are also seen non-locally,
within galaxy survey data (Yang et al., 2006; Li et al., 2013; Ibata et al., 2014a), but are
only expected to appear at a very low rate in ΛCDM simulations (see Pawlowski et al.,
2014; Ibata et al., 2014b), suggesting that modifications must be made to galaxy formation
theories, ΛCDM, or both.

Simulations of ΛCDM also predict too many dark matter subhaloes in large galaxies
such as the Milky Way, compared to the number of satellite galaxies observed. Many of
these subhaloes have predicted densities that exceed the estimated densities of the satellite
galaxy haloes. This is the so-called ‘too big to fail problem’, because if the cold dark
matter predictions are correct, then these large subhaloes would be too massive to not host
a stellar population (Boylan-Kolchin, Bullock & Kaplinghat, 2011, 2012). If they exist,
they should be observable. Although properly accounting for baryonic physics improves
the agreement between the cold dark matter prediction and observations (Sawala et al.,
2016), alternatives to the cold dark matter paradigm, such as warm dark matter in the
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form of sterile neutrinos, are capable of even better agreement with observations (Lovell
et al., 2017). Self-interacting dark matter models and mixed dark matter models may
also adequately resolve this problem (Vogelsberger, Zavala & Loeb, 2012; Marsh & Silk,
2014).

A related issue with the standard model is that it overestimates the number of satellite
dwarf galaxies around galaxies the size of the Milky Way (e.g. Klypin et al., 1999; Moore
et al., 1999; Springel et al., 2008). ΛCDM simulations are unable to reproduce observed
numbers, leading to what is known as ‘the missing satellite’ problem. This problem may
partially be due to the difficulty in detecting very faint objects like dwarf galaxies, and
can naturally be eliminated by properly modelling feedback processes and their effects
(i.e. removal of gas from feedback processes in the host galaxy may reduce the number
of visible satellites that can form; see Bullock, Kravtsov & Weinberg, 2000; Benson
et al., 2002; Nickerson et al., 2011, 2012; Brooks et al., 2013; Sawala et al., 2016).
However, the discrepancy could also be addressed by modifications to the standard model’s
characterisation of dark matter and/or gravity. Warm dark matter models may offer a
solution to the missing satellite problem by increasing the free-streaming length of dark
matter particles, which dampens structure formation on small scales, thus reducing the
number of dwarf satellite galaxies (Lovell et al., 2012; Schneider et al., 2012; Power, 2013;
Lovell et al., 2014; Elahi et al., 2014). However, it is worth noting that certain studies also
suggest that warm dark matter is not enough to resolve all inconsistencies on the small
scale (Schneider et al., 2014), though these tensions may be addressed by a mixture of
cold and warm dark matter (e.g. Anderhalden et al., 2013).

ΛCDM N -body simulations containing collisionless dark matter are also unable to
accurately reproduce the dark matter density profiles deduced from observations of low-
mass galaxies (for details, see de Blok, 2010). This is known as the core-cusp problem,
because simulations predict the density of dark matter haloes to rise quickly at small radii
into a cusp-like shape, while rotation curve measurements suggest the haloes flatten out
around the centre (Dubinski & Carlberg, 1991; Navarro, Frenk & White, 1996, 1997). As
with the ‘missing satellites’ problem, multiple solutions have been proposed to solve the
core-cusp problem. Some studies show that including more detailed baryonic feedback
processes, such as Active Galactic Nuclei and supernovae feedback, has the effect of
flattening out the cusp shape, as a result of energy transfers between the gas and the dark
matter particles, pushing them into more energetic orbits further from the centre (Navarro,
Frenk & White, 1996; Pontzen & Governato, 2012; Brooks & Zolotov, 2014; Brooks
et al., 2017). Other studies however, show that changing the nature of dark matter can
also solve this problem. Specifically, warm dark matter models, mixed dark matter models
and self-interacting dark matter models also produce dark matter cores consistent with
observations (Lovell et al., 2012; Anderhalden et al., 2013; Elbert et al., 2015).

A different issue of ΛCDM is the unexplained discrepancy between the values of H0

measured from the CMB spectrum (Planck Collaboration et al., 2016a), and from local
measurements, such as Cepheid data (Riess et al., 2016). Additionally, since σ8 (the
value of the matter fluctuation amplitude on the 8 h−1 Mpc scale) is correlated with H0,
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there is also a discrepancy between the measured values of σ8 at high and low redshifts.
Specifically, the constraints provided for the Ωm-σ8 plane provided by Planck data are
different from the constraints from the thermal Sunyaev-Zel’dovich cluster counts (Planck
Collaboration et al., 2014b, 2016b,d) and weak lensing of galaxies (Heymans et al., 2012),
which are complementary probes of the cosmic matter density. Recent work has shown
that these tensions can be reduced with dark matter-neutrino interactions (e.g. Di Valentino
et al., 2018) and coupled dark energy models featuring the decay of dark energy into dark
matter can resolve the tension entirely (e.g. Murgia, Gariazzo & Fornengo, 2016).

The ΛCDM model is also afflicted by the theoretical problems associated with its
characterisation of dark energy. Although the cosmological constant, representing vacuum
energy, is the mathematically simplest way of explaining the accelerated expansion of the
Universe, dark energy could fundamentally be more complex than this. Indeed, the simple
assumption has led to what is known as ‘the worst theoretical prediction’ in the history of
physics!

Quantum field theories predict very large values for the cosmological constant cor-
responding to the quantum vacuum, with Λ ∼ 6 × 1054 eV2 for a Universe described
by an effective local quantum field theory down to the Planck scale. This prediction is
between ∼ 1030 times and ∼ 10120 times larger than the observationally derived value
of Λ (depending on choice of mass scale). Although supersymmetry (if valid) could
reduce this discrepancy, it still leaves a significant mismatch. The question that arises
from the cosmological constant problem is whether there is another unknown form of
energy that almost exactly cancels out the contributions predicted for the quantum vacuum,
resulting in the very small observed value of Λ. This leads to a fine-tuning problem: if
there are multiple contributions to the effective cosmological constant (e.g. vacuum energy,
zero-point energies of existing fields), then why do they so nearly cancel each other out?
Furthermore, there is no known way to derive this small value for Λ from theory. The
standard characterisation of dark energy is clearly incomplete. ΛCDM is simply the best
characterisation we have.

The cosmological constant characterisation also leads to the cosmic coincidence prob-
lem, which arises because the density of matter in the Universe today is of the same order
of magnitude as the density of dark energy. According to the ΛCDM model, the matter
and dark energy densities evolve quite differently and independently, with ΩΛ staying
constant while Ωm declines with time. Hence, there should only be a small window of
opportunity for the two densities to have similar values, as displayed in Figure 1.5, and
yet coincidentally this is exactly what we observe today. For this intersection of densities
to occur at z ≈ 0.39 is extremely important for the evolution of the Universe. If dark
energy had begun to dominate even slightly earlier, then structure formation could not
have continued and life would never have appeared. On the other hand, if dark energy had
begun at a slightly later epoch, then the Universe would not be expanding at an accelerated
rate today, and we never would have discovered it. For humanity to exist and discover
the accelerating cosmic expansion, the dark energy domination can only have begun at
approximately the current epoch.
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Figure 1.5: A plot showing the evolution of the matter, dark energy and radiation densities
with redshift in the ΛCDM cosmology. The matter and dark energy densities follow
different trajectories through time, and have similar values only at the current epoch. The
teal band represents the dark energy densities corresponding to w = −1 ± 0.2. Credit:
Frieman, Turner & Huterer (2008).

Attempts to explain this cosmic coincidence have invoked the Anthropic Principle and
the existence of a multiverse. However, the Anthropic Principle does not fully explain
the comparability between the dark energy and matter densities, because the conditions
required for observers such as ourselves to arise is not extremely dependent on the specific
value of Λ in our Universe. Star formation rates and structure formation as observed in our
Universe can theoretically be produced by a wide range of values for Λ, meaning that the
specific value of ΩΛ is not particularly special (Salcido et al., 2018; Barnes et al., 2018).
Fortunately, there is an alternative explanation: that the ΛCDM model assumptions are
wrong, and the evolution of the matter and dark energy densities are in fact closely linked.
This idea has led to the development of alternative models, or extensions to ΛCDM, which
will be discussed in the next chapter.

Finally, although ΛCDM has been an extremely successful framework for explaining
the large-scale features of the Universe and their evolution, it is an incomplete model
that fails to provide a deeper understanding of the nature and source of either dark matter
or dark energy. For this reason, interest in cosmological models with alternative dark
sector physics, so-called ‘beyond-ΛCDM models’, has increased in recent times. The
current hope is that these models leave unique and observable imprints, so that we can
observationally distinguish between competing models, and hone in on the properties of
dark matter and dark energy.
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1.6 The Aims and Scope of this Thesis
Currently, the standard model for cosmology does not provide a theoretical understanding
of either dark matter or dark energy. Although there are alternative models that could
offer further insight into their physical nature, the landscape of cosmological models is
vast and varied. The best way to constrain the possibilities for our Universe, and probe
the nature of the dark sector, is to compare the predictions made by these models to the
observed features in the Universe. The aim of this work was to find unique signatures of
alternative cosmological models from cosmological simulations of these models, so that in
the near future, observations made by large-scale surveys can be used to constrain or rule
out various models of dark sector physics.

In this work, I focused on finding the observational signatures of two alternative
cosmological models: an uncoupled or pure quintessence model and a coupled dark energy
model, two relatively simple extensions of ΛCDM that resolve some major issues with
the standard model. To derive these signatures, I made use of hydrodynamical N -body
simulations of universes governed by these two models, as well as a reference simulation
of the ΛCDM model, to identify unique imprints of alternative dark sector physics. I
focused my search for cosmological signatures on the features of the large-scale structure,
specifically the properties of cosmic voids, which are large underdense regions in the
Universe.

This thesis is structured as follows. In Chapter 2, I lay down the landscape for alter-
native cosmological models, and explain the specific alternative models we investigated,
as well as the simulations developed to bring them to life. In Chapter 3, I motivate the
use of voids as observational probes of cosmology, and introduce the Hessian-based void
finder that I developed to identify voids in the simulations. In Chapters 4 and 5, I present
the results of my search for signatures of alternative cosmological models at low and high
redshifts, within the properties of cosmic voids. These results are presented in the form
of two published papers in peer-reviewed journals, followed by extended discussion on
the implications of my results in constraining other cosmological models beyond the ones
studied in this work. I also propose a number of methods to take advantage of imprints of
cosmology in upcoming large-scale surveys. In Chapter 6, I will summarise and conclude
this thesis, and discuss possible avenues for further research arising from the results of my
work.



CHAPTER 2
Beyond ΛCDM: Evolving and

Interacting Dark Sector Universes

2.1 Alternative Cosmological Models
The shortcomings of the ΛCDM model have motivated the development of a multitude
of alternative cosmological models. In this section, we discuss a few of these models,
specifically models with a dynamical dark energy component, modified gravity models,
and models featuring alternatives to cold dark matter.

2.1.1 Dynamical Dark Energy
In place of the cosmological constant, dynamical dark energy models allow the dark energy
field to vary with time. A well-known class of dynamical dark energy models are the
quintessence models. Quintessence models assume the presence of a time-dependent and
spatially homogeneous scalar field, φ, with a potential V (φ), which drives the accelerated
cosmic expansion, akin to the proposed inflationary scalar fields (Ratra & Peebles, 1988).
The equation of state for the scalar field is given by w = pφ/ρφ, where pφ and ρφ denote the
pressure associated with the scalar field and the density of the scalar field, respectively. For
most quintessence models, the equation of state satisfies the condition −1 < w ≤ 0, and
varies with time. The history (and future) of the Universe under a quintessence cosmology
is therefore substantially different from the history (and future) predicted by ΛCDM, where
w = −1 at all times.

Quintessence models are also subject to the fine-tuning problem, as the energy density
of the scalar field must still be equal to the dark energy density today, and this normally
requires both V (φ) and the initial value of φ and its time derivatives to be quite specific, or
in other words, fine-tuned. Fortunately, there exists a class of quintessence models called
‘tracker’ models (Zlatev, Wang & Steinhardt, 1999; Steinhardt, Wang & Zlatev, 1999),
which are completely insensitive to the initial value of the field and its time derivatives,

20
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thereby addressing the fine-tuning problem. Furthermore, these models enable the scalar
field energy density to track the matter density so that they naturally have similar values
today, thereby addressing the cosmic coincidence problem (for further explanation of how
this works, see Steinhardt, 2003).

Quintessence models can be extended to include non-gravitational interactions between
the scalar field and the matter field. These models are called Coupled Dark Energy
models (e.g. Amendola, 2000). In these models, energy and momentum are transferred
between dark energy and the matter field. Couplings usually exist between the scalar
field and the dark matter field, but can also occur between the scalar field and the overall
matter field (including baryons), or the scalar field and the neutrino field (e.g. Takahashi
& Tanimoto, 2006; Mota et al., 2008; Amendola, Baldi & Wetterich, 2008), where the
neutrino mass is φ-dependent. These couplings can take various forms. For example, dark
matter may decay into the scalar field and thus increase the dark energy density, or the
scalar field can decay into dark matter and increase the overall matter density.

The coupling between dark sector components alters the expansion history of the
Universe and the growth of perturbations in the density field compared to ΛCDM. How-
ever, CMB observations, BAO measurements, Type Ia supernovae data, Hubble parameter
measurements and other considerations can still be consistent with these models as long
as their model parameters are appropriately constrained (see Pettorino, 2013; Xia, 2013;
Planck Collaboration et al., 2016c; van de Bruck, Mifsud & Morrice, 2017). With coupling
between dark energy and dark matter, coupled models are also able to resolve the coinci-
dence problem by including a mechanism by which the dark energy density is dependent
on the total matter density. Recent studies have also indicated certain observational data
favour coupled models over either ΛCDM or pure, uncoupled quintessence (e.g. Pourtsidou,
Skordis & Copeland, 2013).

2.1.2 Modified Gravity
Another way to produce accelerated cosmic expansion is to modify the equations describing
gravity themselves (for a review, see Jain & Khoury, 2010). One possible method of
achieving this is to modify the Ricci scalar, R, in the action giving rise to Einstein’s
field equations (Einstein-Hilbert action), to f(R), a function of the Ricci scalar R. This
formalism is referred to as f(R) gravity, and incorporates a family of models each defined
by the specific form of f(R). These models were first introduced by Buchdahl (Buchdahl,
1970), as a generalisation of the Einstein-Hilbert action, and later gained traction after
they were used in the context of inflationary cosmology as a possible driver of inflationary
expansion (Starobinsky, 1980). As it turns out, quantum corrections to GR naturally
produce f(R) models (e.g. Birrell & Davies, 1984; Buchbinder, Odintsov & Shapiro,
1992; Vilkovisky, 1992), whose solution when curvatures are large involves an effective
cosmological constant that drives inflation.

The generalisation to f(R) introduces additional degrees of freedom that also produce
an effective cosmological constant, giving rise to accelerated expansion at late times with-
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out invoking a form of dark energy. Some f(R) models also modify the Poisson equation,
thus altering the relation between the energy density and the associated gravitational poten-
tial to include some dependence on local curvature and offering an alternative explanation
for structure formation without the need for some form of dark matter. However, not all
models are viable cosmological models for our Universe, either because they do not match
observations or they produce theoretical problems. For example, the very first f(R) model
proposed to explain late-time cosmic acceleration (of the form f(R) = R− µ4/R, where
µ ∼ 10−33 eV) was ruled out because it violates tests of GR (Chiba, 2003) and contains
catastrophic instabilities (Dolgov & Kawasaki, 2003). Furthermore, some f(R) models
exhibit curvature singularities (Frolov, 2008), while others offer no physical solutions for
the field equations beyond the special case of GR (Barausse, Sotiriou & Miller, 2008).
Constraining viable models can be difficult due to the large number of possible forms of
f(R), the complexity of finding solutions to the modified field equations, and because
deviations from GR can be made arbitrarily small for some models in order to match
observations.

Other modified gravity theories include Galileons, massive gravity theories and scalar-
tensor theories. Galileons are a class of modified gravity theories that contain a self-
interacting scalar field and whose Lagrangian is invariant under Galileon symmetry, which
removes instability and other problems that plague other modified gravities (Nicolis,
Rattazzi & Trincherini, 2009). Massive gravity and its extensions modify GR at large
scales, by introducing a non-zero mass to the graviton, in order to produce accelerated
cosmic expansion without introducing dark energy (see de Rham, Gabadadze & Tolley,
2011). This also forces gravitational waves to travel at less than the speed of light. Scalar-
tensor theories offer a natural framework in which a massless scalar field is linked to
the gravitational field, while also preserving the coupling of matter and gravity present
in GR (e.g. Brans-Dicke theory; Brans & Dicke, 1961). These models are referred to
as scalar-tensor, because GR is a tensor theory (the metric is a spin-2 tensor), while the
addition of a linked scalar field provides the scalar component. They are of particular
interest because they also arise naturally out of unification theories that include gravity (e.g.
Jordan’s Projective Relativity theory; Jordan, 1955, and string theory; Damour & Vilenkin,
1996). Many of these models also tend to approach GR at the current time, making them
consistent with observations that support it, while some also offer an alternative to dark
matter, instead explaining cluster and rotation dynamics through modified gravitational
interactions.

The additional scalar degrees of freedom introduced as part of these modifications are
expected to couple to matter and thereby produce an observable fifth force. Such a force has
never been observed in local tests of gravity (e.g. tests of the Strong Equivalence Principle
within the Solar System; Williams, Turyshev & Boggs, 2009, 2012), so many modified
gravity theories require a ‘screening mechanism’ in their formalism to achieve consistency
with local observations (for example, the Vainshtein mechanism, which includes non-linear
derivative self-interactions to suppress the fifth force; Vainshtein, 1972, and the chameleon
mechanism, which increases the mass of the scalar field in regions of high density; Khoury
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& Weltman, 2004). The screening allows the fifth force introduced by additional degrees
of freedom (e.g. scalar fields coupling to matter with gravitational strength) to produce
accelerated cosmic expansion on cosmological scales, while suppressing its effects on
small scales. These mechanisms apply to f(R) gravity, Galileons, massive gravity theories,
scalar-tensor theories, and other modified gravity theories.

It is worth noting that the interpretation of the scalar fields in modified gravity theories is
not the same as the interpretation of the scalar field in quintessence models. In quintessence,
the scalar field appears as a source of energy in the stress-energy tensor, rather than as an
alteration to the behaviour of the gravitational force in modified gravity. However, the
distinction can be considered inconsequential, as will be discussed in greater detail in
Chapter 5. It is also worth highlighting that some f(R) models behave like quintessence
models, where the particular alteration to the Einstein-Hilbert action produces an expansion
history and a modified Poisson equation that mimics the effect of a quintessence scalar
field. This similarity in behaviour will also be further explored in Chapter 5.

2.1.3 Dark Matter Models
Apart from modifications to gravity or alternative formulations of dark energy, other
popular beyond-ΛCDM models exist to address different shortcomings of the standard
model or provide tests of dark matter candidates. These include warm dark matter models,
mixed dark matter models, self-interacting dark matter models, and models that modify
gravity without invoking a new form of matter.

Despite the evidence in favour of the cold dark matter paradigm, a number of discrep-
ancies between its predictions and observations have led to interest in warm dark matter
models, which encompass dark matter candidates such as sterile neutrinos and axions.
It has been suggested that warm dark matter, with a free-streaming length between cold
and hot dark matter, could alleviate some of these tensions, for example the excess of
dark matter velocity dispersion in the inner parts of Milky Way satellites (the ‘too big to
fail’ problem Boylan-Kolchin, Bullock & Kaplinghat, 2012), and the cuspiness of galactic
cores (de Blok, 2010). These tensions occur on the small scale, which warm dark matter
may be able to address through its larger average velocity and hence greater free-streaming
length, which would act to suppress structure on Mpc scales and below (e.g. de Vega,
Salucci & Sanchez, 2012; Lovell et al., 2012, 2014). However, constraints from the Lyman-
α flux power spectrum require warm dark matter to be almost indistinguishable from cold
dark matter on the relevant scales, and hence warm dark matter models cannot resolve
the small-scale problems of the cold dark matter paradigm without some modifications,
such as including both cold and warm dark matter components (mixed dark matter models)
or by altering the warm dark matter power spectrum so that it gradually decreases on the
small scale (Viel et al., 2013; Schneider et al., 2014). Mixed dark matter models have
enjoyed some support as an alternative to cold dark matter because they can also solve key
small-scale structure problems, including the problem of cuspiness in galactic cores and
the ‘too big to fail’ problem, while remaining consistent with the Lyman-α constraints (e.g.
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Anderhalden et al., 2012, 2013; Marsh & Silk, 2014; Kamada, Inoue & Takahashi, 2016).
Self-interacting dark matter was originally introduced to address the core-cusp problem

and the ‘missing satellites’ problem (Spergel & Steinhardt, 2000). In this paradigm, cold
dark matter is no longer collisionless. Instead, it has weak interactions with baryons and
strong interactions with itself. Dark matter particles self-interact by scattering elastically
off each other through 2→ 2 interactions, with a small velocity-dependent cross-section
constrained by observations such as those within the Bullet Cluster (Randall et al., 2008).
This addition to the cold dark matter model results in differences in the inner structure of
haloes compared to cold dark matter, while retaining the successes of cold dark matter on
large scales. For example, the presence of collisions between dark matter particles causes
the central density within haloes to flatten out as a result of the redistribution of energy
and angular momentum, which addresses the core-cusp problem (Rocha et al., 2013; Peter
et al., 2013). Self-interacting dark matter models also offer solutions to the ‘too big to
fail’ problem (Vogelsberger, Zavala & Loeb, 2012) and the problem of dark matter deficits
across a range of scales (Kaplinghat, Tulin & Yu, 2016), as well as an explanation for the
diversity of galactic rotation curves (Kamada et al., 2017). One example of self-interacting
dark matter is the Strongly Interacting Massive Particle, though other possibilities include
particles interacting through a Yukawa potential (Loeb & Weiner, 2011).

Although attention is focused mostly on finding dark matter particle candidates, it has
also been proposed that dark matter does not exist at all, and the mass inconsistencies ob-
served in galaxy and cluster dynamics could instead be due to an incomplete understanding
of gravity. These models include MOND (Modified Newtonian Dynamics; Milgrom, 1983),
TeVeS (Tensor-Vector-Scalar theory, a relativistic generalisation of MOND; Bekenstein,
2004) and other generalisations of MOND. Although MOND was originally successful
in explaining galaxy dynamics, explaining dynamics on the scale of clusters was more
difficult (e.g. Bullet Cluster observations), and explaining the peaks in the CMB angular
power spectrum proved to be even more challenging. The model is both incomplete and
ineffective, and as a result is heavily disfavoured as an alternative to dark matter. TeVeS is
able to explain cluster-scale dynamics by invoking other sources of gravitational poten-
tial besides dark matter, and explain the CMB power spectrum peaks through tweaking
additional degrees of freedom. However, both of these explanations are more complicated
than dark matter explanations. TeVeS is also tightly constrained by the recent gravita-
tional wave results from GW170817 (Boran et al., 2018) as well as large-scale structure
measurements (e.g. Reyes et al., 2010), as are other generalisations of MOND (such as
Generalized Einstein-Aether Theory and bimetric MOND), by gravitational wave results
from GW150914 (Chesler & Loeb, 2017). Despite this, interest in variations of MOND has
not completely subsided, and it remains a possibility that some version of MOND/TeVeS
could convincingly explain these observations without invoking a new form of matter.

It is worth noting that the very recent gravitational wave observations from GW170817
(Abbott et al., 2017b) have shown that gravitational waves travel at light speed (Abbott
et al., 2017a), which provides a strong constraint on the number of alternative models
that could describe our Universe. Specifically, quartic and quintic Galileons, generalised
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scalar-tensor theories, and quartic and quintic Horndeski theories, are among the models
predicting non-light speed gravitational waves, and have consequently been ruled out
(see Creminelli & Vernizzi, 2017; Ezquiaga & Zumalacárregui, 2017; Baker et al., 2017).
Aside from TeVes and MOND-like theories, many modified gravity theories which do not
include dark matter are also severely constrained by these results (e.g. Boran et al., 2018).
Quintessence and coupled dark energy models have not been ruled out, and in this thesis,
we will present methods of constraining some of these models through observations.

2.2 Quintessence Models
We investigated two non-standard cosmological models featuring dynamical dark sectors:
an uncoupled quintessence model (φCDM) and a coupled dark energy model (CDE).

These models differ from ΛCDM in their characterisation of dark energy. In both
models, accelerated cosmic expansion is the result of an evolving scalar field, φ, instead of
a cosmological constant in Einstein’s field equations, Λ. The coupled dark energy model
contains an additional differentiating feature, which is that dark matter particles can decay
into the scalar field.

The general Lagrangian for these quintessence models is given by

L =

∫ √
−g
(
−1

2
∂µ∂

µφ+ V (φ) +m(φ)ψmψ̄m

)
d4x, (2.1)

consisting of a kinetic term, −1
2
∂µ∂

µφ, a potential term to describe the scalar field’s
self-interactions, V (φ), and a coupling term that describes the interaction between the
scalar field and the matter field, m(φ)ψmψ̄m. The term ψm represents the total matter field,
which includes the dark matter field, the baryonic matter field and the neutrino field. Since
dark matter, baryons and neutrinos can each couple to the scalar field in a CDE model,
the full expression for the interaction term, m(φ), includes expressions for the individual
interactions between the scalar field and dark matter, baryons and neutrinos. For our CDE
model, only the coupling between dark matter and the scalar field is non-zero. For the
uncoupled quintessence model, m(φ) = 0.

There are a large number of different definitions available for V (φ) that result in
different expansion histories for the universe. For this work, we use a simple inverse power
of the scalar field, known as the Ratra–Peebles potential:

V (φ) = V0φ
−α, (2.2)

for our alternative cosmological models, where V0 and α are constants (with α > 0) that
are determined by fits to observational data.

The Ratra–Peebles potential was originally introduced to describe a near-homogeneous
real scalar field (which also gave rise to inflation at early times) with an energy density that
declines to zero over time, in order to explain why the observed energy density associated
with the cosmological constant is so small at the current epoch (Ratra & Peebles, 1988). If
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α = 0 in Equation 2.2, the scalar field reduces to a cosmological constant. If α > 0, the
inverse power-law potential produces a tracker solution for φ, which allows a large range
of initial scalar field energy densities to arrive at the observed small density today, and for
some solutions also enables the scalar field density to stay close to the background energy
density during the radiation- and matter-dominated epochs (Steinhardt & Caldwell, 1998;
Steinhardt, Wang & Zlatev, 1999), addressing both the quintessence fine-tuning problem
and the cosmic coincidence problem.

As the scalar field is time-dependent, the equation of state and the energy density are
also time-dependent. The density, ρφ, and the pressure, pφ, of the scalar field are given by

ρφ =
1

2
φ̇2 + V (φ) and pφ =

1

2
φ̇2 − V (φ), (2.3)

respectively, where φ̇ is the first derivative of φ with respect to time. These expressions
correspond to the diagonal elements of the stress-energy tensor associated with the scalar
field, for an observer who sees the universe as isotropic, and are true for a scalar field that
has no spatial variation and no anisotropic stress. The equation of state is then given by

wφ =
pφ
ρφ

=
1
2
φ̇2 − V (φ)

1
2
φ̇2 + V (φ)

. (2.4)

Assuming a spatially isotropic, homogeneous universe and minimal coupling, the scalar
field satisfies the following continuity equation:

ρ̇φ + 3H(ρφ + pφ) = 0, (2.5)

where H is the Hubble constant and ρ̇φ is the time derivative of the scalar field density.
Substituting the definitions for ρφ and pφ from Equation 2.3 into Equation 2.5, we

obtain the equation of motion for the scalar field φ:

φ̈+ 3Hφ̇+
dV (φ)

dφ
= 0, (2.6)

where φ̈ is the second derivative of φ with respect to time.
In order to produce accelerated cosmic expansion, the pressure produced by the scalar

field evolution must be negative, which requires that the kinetic energy term in Equation 2.3,
1
2
φ̇2, be less than the potential energy term, V (φ). In other words, the field rolls slowly

down the potential. This requirement is indeed satisfied by the Ratra–Peebles potential.
We can choose appropriate values of V0 so that the equation of state satisfies w < −1/3,
which can be seen by substituting Equation 2.2 into Equation 2.4 and rearranging to give
the requirement that V0 > φ̇2/φ−α. The Ratra–Peebles potential also causes the energy
density of the scalar field to decrease more slowly with time than the matter and radiation
densities, so that the scalar field can dominate at late times (Peebles & Ratra, 2003).
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2.2.1 Uncoupled Quintessence
The Lagrangian for the uncoupled or pure quintessence model contains no coupling term,
with m(φ) = 0. There is no direct non-gravitational interaction between the scalar field
and the matter field. The difference between the standard model and the uncoupled
quintessence model is in the time-dependence of φ, which not only provides an alternate
way of causing accelerated late-time expansion, but also alters the total energy content of
the universe, and hence its expansion history compared to the standard model.

2.2.2 Coupled Dark Energy
The coupled dark energy model is an extension of the pure quintessence model. In addition
to the changes in expansion history and equation of state associated with introducing
the scalar field governed by the Ratra–Peebles potential, the CDE model also features
an interaction between the scalar field and the matter field, which results in an altered
expansion history compared to uncoupled quintessence, and an altered density perturbation
evolution compared to ΛCDM. For our CDE model, we chose the interaction term to be
between the scalar field and dark matter only, and given by

m(φ) = m0exp[β(φ)φ], (2.7)

where m0 is a constant determined by fitting to observational data, and β(φ) is the coupling
term that describes the degree of coupling between the scalar field and matter field. We
chose β(φ) = β0 = 0.05, which is a simple coupling that represents the greatest degree
of coupling allowed by observational constraints (see Pettorino et al., 2012; Xia, 2013).
This form of coupling allows the dark matter field to decay into the scalar field, while also
preserving the tracker feature present in the uncoupled model.

Another important consequence of this interaction term is that dark matter particles
behave differently from normal baryonic particles, due to the momentum exchange between
dark energy and dark matter. While baryons still obey approximately Newtonian dynamics,
dark matter particles are subject to an additional ‘drag’ force that exists only within dark
matter-dark matter interactions. This can be viewed as an altered gravitational interaction,
with an altered gravitational constant:

Geff = G(1 + β2
0). (2.8)

This corresponds to a fifth force, or a modification to gravity for only dark matter
interactions. The interactions between dark matter and baryons remain the same for our
choice of interaction term. This results in an offset between the dark matter and baryonic
particles in the amplitude of their density perturbations, which alters the evolution of the
initial density perturbations, reduces the fraction of baryons in haloes and alters their
density profiles compared to ΛCDM (Baldi et al., 2010). The differences in the non-linear
power spectrum (and the growth factor evolution and expansion history) between the CDE
and ΛCDM models can be seen in Figure 2.1, which also shows the differences between
the φCDM and ΛCDM models.
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Figure 2.1: Plots showing the differences between the models we simulated: (a) the
evolution of the growth factor, f , as a function of scale factor, a (b) the evolution of the
Hubble constant relative to the ΛCDM simulation, H(a)/HΛCDM(a), as a function of a (c)
the non-linear power spectrum relative to the ΛCDM simulation, P (k)/PΛCDM(k), as a
function of the wavenumber, k. To the left of the vertical line is the region where the ratios
have an error of less than 1%. Both the alternative models exhibit an increased expansion
rate relative to ΛCDM except at a = 1, with the expansion rate being the greatest for pure
quintessence at late times, and for the coupled model at early times. The differences in the
non-linear power spectrum reflect the differences in how the initial density perturbations
evolve with time in the alternative models, showing that the pure quintessence model has
less large-scale power than the other two models, and that ΛCDM has less small-scale
power than the alternative models.

The expansion history is also altered as a result of an additional phase in the history
of the universe where the ratio between the dark energy density and the dark matter
density remains constant (Amendola, 2000). This leads to a greater early dark energy
component present during structure formation than in the uncoupled case (Doran, Schwindt
& Wetterich, 2001; Doran & Robbers, 2006), altering the expansion history of the universe
at early times compared to the uncoupled quintessence model. Furthermore, increasing
the degree of coupling tends to increase the value of the Hubble parameter compared to
ΛCDM at high redshifts (Baldi et al., 2010).

As the cold dark matter density evolution is different, the interaction between the dark
sectors affects the scale factor at which matter-radiation equality occurs, and thus affects
the locations and amplitudes of acoustic peaks of the CMB temperature anisotropies, as
well as the turnover scales of the large-scale structure matter power spectrum (Lee, Liu &
Ng, 2006). The late ISW effect will also be affected, because the gravitational potential
wells that the photons from the CMB traverse have a different time evolution as a result
of the altered cold dark matter density evolution, and the specific alteration to the effect
depends on the coupling and the direction of energy flow between the sectors (He, Wang &
Zhang, 2009; Xia, 2009).
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Table 2.1: Parameter values for the Ratra–Peebles potential and coupling in the alternative
cosmological models (Carlesi et al., 2014a). The values of V0 and α are fixed by fitting the
models to observational data.

Model V0 α β0

φCDM 10−7 0.143 0
CDE 10−7 0.143 0.05

2.3 Adiabatic Hydrodynamical Cosmological
Simulations

The purpose of developing these models is to understand the nature of the dark sector,
as well as its effect on the evolution of our Universe. To determine whether any of these
models could explain the large-scale features of the Universe as well as, or better than,
ΛCDM does, we must derive observational tests for these models. One way of doing this is
to run simulations of a universe’s evolution under different models of interest, and compare
the imprints left by these models on the various features of the universe. Any unique
signature of a particular cosmological model that differentiates it from ΛCDM could serve
as the basis of observational tests for the model.

Simulations solve the non-linear equations governing the evolution of particles, which
are extremely difficult or impossible to solve analytically. They produce a ‘mini-universe’
that matches a particular set of cosmological equations for us to explore, measure and
probe. With simulations, we can provide a means of identifying unique features that exist
within a universe governed by the models of interest.

The simulations used in this work are adiabatic hydrodynamical cosmological simula-
tions. Each simulation consists of a three-dimensional box, and contains a number of dark
matter particles and baryonic (gas) particles to represent the types of matter in our own
Universe. The particles each start at specific locations, and their trajectories are calculated
by integrating equations of motion that are determined by Newtonian gravity (with the
appropriate gravitational constants for dark matter and baryons in the CDE model), simple
gas thermodynamics and the cosmology of the model. Heat exchange and magnetic effects
are not included in these simulations, and we neglect star formation, black holes and
feedback physics.

The simulations were run in boxes of length 500 h−1 Mpc from z = 100 to z = 0,
using a modified version of the P-GADGET-2 N -body code called DARK-GADGET. Each
simulation consisted of 2×5123 dark matter and baryonic particles with masses of 6.9×1010

h−1M� and 1.3×1010 h−1M� respectively. For CDE, the overall dark matter mass evolves
with redshift due to dark matter decay into the scalar field, so this mass resolution applies
only at z = 0 where we set Ωm. The defining parameters used for each simulation are
summarised in Tables 2.1 and 2.2, while in Figure 2.2, we show the smoothed dark matter
density field within a 1 h−1 Mpc slice of the ΛCDM simulation, at z = 0.

We used a linear Boltzmann integrator called CMBEASY (Doran, 2005) to determine the
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Table 2.2: The cosmological parameters used in all three simulations, and the simulation
details. Ωb is the total baryon density, mDM and mgas represent the mass resolutions of
dark matter and gas, respectively, and NDM and Ngas represent the number of dark matter
and gas particles in the simulations, respectively.

Parameter Value Parameter Value
h 0.67 Box Length 500 h−1 Mpc

Ωm 0.3175 NDM & Ngas 5123

Ωb 0.049 mDM 6.9× 1010 h−1 M�
σ8 0.83 mgas 1.3× 1010 h−1 M�

initial density perturbations, evolution of cosmological parameters, matter power spectra,
growth factors and expansion history for each of the non-standard models, which are all
affected by the scalar field and the coupling. The integrator calculates the rate of growth
of the initial density perturbations based on cosmological parameters and underlying
cosmology, which can then be used to extrapolate the current power spectrum back in time,
in order to describe the statistical properties of the initial density field. The initial particle
locations are then generated within this density field by perturbing particles placed on a
Cartesian grid, with the first-order Zel’dovich approximation, using a modified version of
the N-GENIC code (Elahi et al., 2015). For the standard cosmology, the growth factor is
computed during the simulation runs.

At each time step, we calculated the gravitational force experienced by the baryons
and dark matter particles due to all other matter. For the CDE model, we evolved the
dark matter particle mass with time to model the decay of dark matter into the scalar field.
Additionally, we accounted for the extra ‘drag’ force acting on dark matter particles due to
other dark matter particles, by including in the force calculations a separate gravity tree
containing this additional force.

We ensured that each simulation was initialised with the same phases in their density
perturbations, so that all underdensities and overdensities initially occurred in approxi-
mately the same locations. This was to reduce differences between the large-scale structures
of each simulation arising as a result of cosmic variance. Our simulations also included a
gravitational softening parameter of 1/33 of the interparticle spacing, to avoid numerical
divergences when particles are very close to each other.

We chose to use z = 0 as our normalisation point, so that σ8, Ωm, Ωb (the baryon
density) and h for the two alternative models matches the values derived for ΛCDM at
z = 0 by Planck Collaboration et al. (2014a), from CMB observations. This causes the
amplitudes of the density perturbations to differ at zCMB (redshift corresponding to the
CMB), and the expansion rates in the past to differ between the non-standard models and
ΛCDM, so that zCMB is also different between the models.

We note that there is some freedom in defining the values of cosmological parameters
such as σ8 and Ωm in the alternative models. Alternative models will have their own set
of parameters, some of which may be shared by ΛCDM. The shared parameters depend
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Figure 2.2: The density field of the smoothed dark matter distribution within a 1 h−1 Mpc
slice of the ΛCDM simulation at z = 0, showing the large-scale structure produced by
the simulation. The densities, ρ, are given in the form of log10(ρ/ρcrit), where ρcrit is the
critical density.

on both the alternative model and on the observational data used to constrain the non-
standard parameters. This is because each set of observational data can only constrain
certain parameters, while keeping other parameters fixed (and matched to ΛCDM values).
Moreover, fitting parameters to observational data can result in values that do not agree with
standard model constraints, because the fitting process may involve cosmology-dependent
assumptions that differ from those used to derive the ΛCDM parameter values. Thus,
there is some freedom in choosing which parameters to constrain by observations (and
which parameters to be shared with ΛCDM fits to data). For example, Baldi (2012) chose
the parameters of their coupled dark energy models so that the amplitudes of the density
perturbations were consistent with ΛCDM amplitudes at zCMB, while Ωb and Ωm matched
ΛCDM values at z = 0, causing σ8 to differ from ΛCDM at low redshift. This is different
from our choice, but due to the flexibility in fixing non-standard parameters, neither of our
approaches are more valid than the other.



CHAPTER 3
Much Ado About Nothing:

Identifying Voids in the Cosmic Web

3.1 The Cosmic Web
The matter distribution in the Universe forms a hierarchical web-like structure on Mega-
parsec scales, known as the cosmic web (see Figure 3.1). The cosmic web emerged as a
natural consequence of anisotropic collapse over billions of years, which amplified the very
small primordial density fluctuations of the initial Gaussian random field. This occurred
because at very early times, the small density fluctuations produced imbalances in the
gravitational force across the matter field, causing them to accumulate matter and grow
over time. As these structures grew, they underwent mergers with each other under the
influence of gravity to produce ever-larger structures.

The gravitational force experienced by particles is anisotropic. As densities increase
and push the growth of structures into non-linear territory, complex patterns begin to
emerge in the density field. The outcome of this is a web-like structure. Over time, the
denser structures get smaller and denser, and the low density structures grow larger and
emptier.

The cosmic web can naturally be divided into 4 types of structure: knots (or blobs),
filaments, sheets and voids. Knots are the highest density regions, usually roughly spherical
in shape due to collapsing in all directions, and contain the largest number of dark matter
haloes, galaxies and gas; filaments are long dense structures that form links between knots,
and are collapsed along two dimensions; sheets are homeomorphic to planar structures,
collapsed along only one dimension, and tend to connect filaments and form void walls;
and voids are very underdense regions containing little matter, which evacuates out of them
in all directions. Under this classification scheme, every particle in the cosmic web may be
grouped into one of these four categories of substructures.

32
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Figure 3.1: Galaxy distribution from the 2dF Galaxy Redshift Survey (Colless, 2004),
showing the web-like structure that the galaxies form on Megaparsec scales. Image Credit:
Matthew Colless, 2003.

3.1.1 Cosmic Voids as a Probe of Cosmology
Although gravity dominates the evolution of the original density perturbations and their
subsequent motions, the growth of the cosmic web is also influenced by the specific cos-
mology of the Universe. For example, the fifth force that arises from certain cosmological
models can affect the net gravitational attraction experienced by massive structures, and
additional scalar fields will change the expansion history of the universe. The properties of
haloes and filaments are also potentially affected by underlying cosmology, for example
from an altered Poisson equation in modified gravity models or an altered initial power
spectrum in coupled dark energy models. As such, many studies into the signatures of
alternative cosmologies focus on using features of the cosmic web as probes, including
halo mass functions (Sutter & Ricker, 2008), gas properties of galaxy clusters (Baldi et al.,
2010; Carlesi et al., 2014b) and the topology (overall interconnectedness of underdense
and overdense regions) of the large-scale structure (Watts et al., 2017).

Many of the earlier studies focused on the properties and statistics of overdensities in
the cosmic web. However, in recent years cosmic voids have become a popular alternative
probe of cosmology. Voids are considered ‘cleaner’ environments in which to search for
cosmological signatures than denser structures, such as dark matter haloes. Their low
densities make them relatively simple, mildly non-linear environments, which are less
affected than denser structures by gravitational interactions, gas physics and complex
feedback physics that could mask any effect that dark sector physics has on their growth
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and their properties. In contrast, the evolution of overdense structures is heavily influenced
by gravitational interactions and gas physics, making subtle imprints difficult to distinguish
from non-cosmological effects. In theory, cosmological signatures within cosmic voids
should be easier to identify than those within overdense structures, making them ideal
cosmological probes. For this reason, the work in this thesis makes use of cosmic voids as
probes of cosmology.

3.2 Structure-Finding Methods
Finding voids and other cosmic web substructures is not necessarily straightforward,
because there is no precise definition for each of these substructures. For this reason,
there exists a large range of different structure-finding methods that produce different
results, depending on the specific definitions used (see The Aspen-Amsterdam void finder
comparison project; Colberg et al., 2008, and Libeskind et al., 2018). In this section,
we will outline a number of different structure-finding methods used to identify voids in
simulations and observations.

Void-finding procedures can be roughly divided into the following broad categories:
geometric/Hessian-based methods, topological methods and phase space methods.

Geometric/Hessian-based methods are defined as those that use changes in either the
tidal, velocity or density field to identify substructures in the cosmic web. These changes
are captured in a matrix or tensor involving the second derivative of the field in question
(i.e. a Hessian matrix or tensor). The tidal force field quantifies the local gravitational
potential in specific regions, and the eigenvalues of the associated Hessian reveal the
expansion/contraction of material, thus providing a classification scheme for clusters,
filaments, sheets and voids (see Hahn et al., 2007 and Forero-Romero et al., 2009 for more
details). The velocity shear tensor encodes the velocity of particles moving within the
cosmic web as it evolves under gravity (velocity shear field), relying on velocity to classify
substructures (e.g. Hoffman et al., 2012; Libeskind et al., 2013b; Carlesi et al., 2016;
Pahwa et al., 2016). The Hessian of the density field uses density gradients (specifically
the concavity of the local density field) to identify and classify substructures (e.g. Aragón-
Calvo et al., 2007; Bond, Strauss & Cen, 2010; Trowland, Lewis & Bland-Hawthorn, 2013;
Cautun et al., 2014; Adermann et al., 2017, 2018).

Phase space methods rely on the fact that if the intrinsic velocity dispersion of particles
in the primordial universe is small, then the evolving spatial mass distribution can be
interpreted as a 3-dimensional sheet folding itself in a 6-dimensional phase space, known
as a phase space sheet. This formalism can trace the streams of mass flow, and thus
the emergence of non-linear structures as the cosmic web evolves, allowing a dynamical
classification of the emerging structures. Examples of void-finding procedures that utilise
phase space methods include the ORIGAMI formalism (Falck, Neyrinck & Szalay, 2012;
Falck & Neyrinck, 2015) and the procedures used by Shandarin (2011) and Abel, Hahn &
Kaehler (2012). In the case of ORIGAMI, no parameters (including smoothing parameters),
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shape or density criteria are imposed on the identification of voids. Voids are simply regions
where no phase-mixing has occurred.

Topological methods involve using the connectivity and topology of the density field
to identify substructures. One popular void-finding procedure that falls in this category
is the watershed transform, which is used in two popular void-finding algorithms: the
Watershed Void Finder (Platen, van de Weygaert & Jones, 2007) and ZOBOV (ZOnes
Bordering on Voidness; Neyrinck, 2008). The watershed transform is a technique normally
used for segmenting images, but can also be used to segment the cosmic web into different
morphological structures. The method works by first identifying local density minima in
the density field (procedures for this vary), then filling up the basins in which those minima
lie with water. When the water level reaches the edge of the basin, it erects a ridge onto
the saddle points that define the edge. Those ridges then define the edges of the voids, and
consist of filaments and sheets. The watershed transform allows the identification of voids
with a minimal number of constraints, allowing it to preserve and trace the substructure of
voids. It also naturally identifies void hierarchies (voids within voids). However, a density
threshold is required to prevent segmentation boundaries with densities lower than a typical
void from being defined as void walls. Although the Watershed Void Finder and ZOBOV

do not impose shape criteria in defining voids, they do require the use of density criteria
to avoid identifying a large number of spurious voids, where these thresholds are defined
somewhat arbitrarily. Other void finders have somewhat more restrictive definitions of
voids, such as defining them as spherical underdensities or as unions of specific shapes
(e.g. Kauffmann & Melott, 1992; Müller et al., 2000; Hoyle & Vogeley, 2002; Colberg
et al., 2005).

In the next sections, we describe the Hessian-based method we used to classify sub-
structures in the cosmic web, using as few parameters as possible.

3.3 The Hessian Void Finder
To identify substructures in the cosmic web of our simulations, I developed a void-finding
algorithm based on the Hessian of the density field. There are four types of substructures
of interest: knots, filaments, sheets and voids.

The Hessian matrix can be used to identify these substructures based on the gradients
in their density fields. The Hessian matrix, Hαβ(x), at a point x, consists of second order
partial derivatives of the local density, ρ(x), that encode these gradients in its eigenvalues
and eigenvectors, and is given by

Hαβ(x) =
∂2ρ(x)

∂xα∂xβ
, (3.1)

where α and β denote various combinations of the three axes x, y and z. As there are
three axes, the Hessian is a three-dimensional matrix with three eigenvalues. The sign of
each eigenvalue reveals the presence of either a local maximum or minimum in the density
field, along the direction of the corresponding eigenvector. In this way, substructures
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can be identified from the number of maxima they exhibit along orthogonal axes. For
example, a knot would consist of density maxima along any three orthogonal directions, a
filament would show density maxima along two (and usually a density minimum along
one direction), a sheet would consist of a density maximum along one (and density minima
long two directions), and a void would exhibit density minima along any three orthogonal
axes. The classification scheme thus works as follows:

Knot/Cluster/Blob: λi, λj , λk < 0
Filament: λi, λj < 0, λk > 0
Sheet: λi < 0, λj , λk > 0
Void: λi, λj , λk > 0

The eigenvalues are sorted so that λk > λj > λi.
Our classification starts with calculating a smoothly-varying density field, ρ(x), from

the particle positions within the simulation. To do this, we first implement a kernel density
estimator (from VELOCIraptor; Elahi, Thacker & Widrow, 2011; Elahi, 2013), which
estimates the local density around each particle using the 64 nearest neighbour particles
and a smoothing kernel. The simulation is divided into a regular grid with cell length
1 h−1 Mpc, approximately equivalent to the interparticle spacing, and the local density
for each particle is assigned to the nearest grid cell. If a grid cell has more than one
particle assigned to it, then the densities are averaged. These gridded densities are then
additionally smoothed with a Gaussian kernel of scale 3 h−1 Mpc, equivalent to three
grid cells in length, to identify smoothly-varying gradients at the appropriate scale for
large-scale structure classification, and also to smooth out discontinuities in the gridded
density field. A scale of 3 h−1 Mpc was chosen so that the results of the classification
procedure matched the results of a visual classification of substructures. The kernel density
estimation is necessary to ensure that important local structures (such as void walls) are
both smooth and well-defined before applying large-scale Gaussian smoothing, which does
not sufficiently smooth the density field at the local level.

The Hessian matrix is calculated at the centre of all the grid cells, before being
diagonalised to find its eigenvalues. Each grid cell is given a classification based on the
sign of these eigenvalues, as illustrated in the classification scheme above. We chose to
associate a zero gradient with lack of minima, to avoid identifying any completely flat
region in the density field as a void, and hence all voids must have positive eigenvalues. The
voids are identified by joining neighbouring cells (including edge and vertex neighbours)
that have been classified as void-like, using a friends-of-friends algorithm. The void
boundaries are identified as the set of sheet-like cells that neighbour at least one void-like
cell. This scheme also allows single void-like cells within the grid to be identified as voids.
However, these are ignored because they are too small to be properly resolved by our grid.
Thus the smallest voids within our population are the ones consisting of two adjoining
void-like cells, which are 2 h−3 Mpc3 in volume. A schematic of the density-based Hessian
void-finding procedure is shown in Figure 3.2.
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Figure 3.2: Schematic illustrating the void-finding process. (a) The raw simulation output
showing the particle distribution in a 0.5 h−1 Mpc slice of a 50 h−1 Mpc simulation. (b)
The density distribution after the kernel density estimation and Gaussian smoothing. (c)
The classification given to each cell in the grid, where blue represents the void classification,
purple represents the sheet classification, green represents the filament classification and
red represents the knot classification. (d) An example of a void identified after linking
together neighbouring void-like cells. For clarity, only the void boundary, defined by the
nearest sheet cells, is shown.

Although we had the option of imposing an eigenvalue threshold (i.e. choose a non-
zero threshold), we chose to use the natural definition of knots, filaments, sheets and voids
as structures exhibiting density maxima or minima along different directions, which sets
the threshold at zero. Our procedure also avoids imposing any shape on the voids. We
instead define void boundaries where the density gradients no longer exhibit minima in
all directions, thus allowing void shapes to be complex. We also do not impose a density
criterion, instead generalising our definition of voids to minima in the density field, and
allowing even shallow troughs to be identified as voids provided they are large enough.
This is to make void-tracking through redshift easier, as voids begin their evolution as
shallow troughs and only get deeper as the cosmic web evolves. Setting a density threshold
could prevent these early voids from being identified.
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Figure 3.3: Examples of voids identified within the cosmic web of the ΛCDM simulation,
at z = 0, revealing the highly irregular nature of many of the voids identified by our
Hessian-based procedure, and the range of shapes they exhibit.

3.3.1 Results
In Figure 3.3, we show examples of voids of various sizes identified in the ΛCDM
simulation at z = 0 by our void finder. Many of the voids we identify have complex
shapes, and are far from spherical, as expected from anisotropic accumulation of material
on to the cosmic web. We also find that the larger the voids, the more irregularity they can
display, while smaller voids seem to exhibit far more regularity in their shapes. Although
this difference could be explained by the resolution of our grid (since smaller voids are
composed of fewer grid cells than larger voids, any irregularities in their shapes are not
easily identified), it could also reflect the more complicated growth histories of larger voids
(for example, involving void mergers).

One of the primary differences between our void populations and those identified from
other methods is in the distribution of volumes. Our void population volumes range from
2 to ∼ 10, 000 h−3 Mpc3, whereas the the voids found by VIDE, for example, in Sutter
et al. (2015) and Pollina et al. (2016), cover volumes between roughly 500 and 3-4 ×105

h−3 Mpc3. The differences in maximum void size are due to differences in the way voids
are identified between our method and VIDE. VIDE identifies hierarchies of voids that
include smaller voids embedded within larger ones, where at least in Pollina et al. (2016),
the smaller voids are cast out of the final sample. These larger voids at the top of the
hierarchy are not identified as single voids by the Hessian matrix, because they contain
local maxima. Instead, the smaller voids at the bottom of the void hierarchies with no
local maxima are the only ones identified as voids, resulting in the discrepancy between
the maximum void sizes in our void populations and those found using VIDE and other
watershed transform methods. Although our method does not provide information on the
hierarchies of voids and subvoids, it reliably keeps the void population clean of any local
overdensities occurring within voids.

A related result is the fact that the total volume occupied by the voids in our population
is approximately 11% of the total simulation volume, with 47% occupied by sheets, 38%



CHAPTER 3. IDENTIFYING VOIDS IN THE COSMIC WEB 39

by filaments and 4% by knots. This is a smaller percentage than usually reported with other
void finders. For example, Libeskind et al. (2018) reports that most void-finding methods
find large void-filling fractions, coverin the approximate range of 40− 70%, far greater
than the fraction we obtain. The much greater void-filling fraction obtained by watershed
transform methods might not be surprising, since they include in their void population the
large voids at the top of the hierarchy. However, these large fractions are also obtained
by the methods that most closely resemble our density gradient-based method, such as
the tidal shear tensor method (Forero-Romero et al., 2009) and NEXUS+ (Cautun, van
de Weygaert & Jones, 2013; Cautun et al., 2014). Another reason for the differences is
that other void finders classify as voids what our void-finder classifies as sheets. This is
because the eigenvalue thresholds are typically set to a small positive number (instead of
0) to match the visual impression of the cosmic web (e.g. Forero-Romero et al., 2009).
It is worth noting that the fraction we find is very close to the fraction of 9.5% found by
Trowland (2013) using the same void definition and method of identification, suggesting
that the discrepancies in void-filling fraction are the result of differences in both void
definition and void-finding method.

Despite the lack of density threshold in our void identification, we find that at z = 0,
none of the voids in any of the simulations were denser than the average simulation density
of log10(ρ/ρcrit) = −0.23. Only 0.014% of voids in ΛCDM, 0.011% of voids in φCDM,
and 0.012% of voids in CDE were denser than the commonly used threshold of 20% of the
average simulation density. The density distribution (expressed as a probability density
function) for ΛCDM at z = 0 is presented in Figure 3.4. The voids with higher average
density than the simulation density could be depressions within high density regions,
known as ‘voids-in-clouds’, which could constitute the initial stages of void formation.
However, because of the low resolution in our simulation, the kernel density estimation
(which uses nearest neighbours to calculate densities), and the large smoothing scale used,
the depressions in the density field identified by our void-finder are very unlikely to reside
within overdense regions. The voids denser than 20% of the average simulation density
are likely to still be voids, that formed later in the simulation’s evolution and are yet to
reach these low densities. It is worth noting that the use of density thresholds in watershed
transform-based methods such as VIDE are necessary to prevent large voids that contain
significantly overdense subvoid walls from being classed as voids. Our method does not
require such thresholds, as it is highly unlikely that it would class any object containing an
overdensity as a void. Filamentary structures are unlikely to be thin enough (< 100 kpc
wide) to be smoothed over by our Gaussian smoothing and classified as an underdensity,
and knots are always connected to other structures through filaments.

Although there are differences between our void population and those produced by
other void-finding methods, for our purposes we only require that the void-finding method
be the same when analysing and comparing simulations and observational data.
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Figure 3.4: The probability density function representing the densities of the voids found
in the ΛCDM simulation at z = 0, showing where the void population identified by our
Hessian-based void-finder sits in relation to two different density thresholds. The vertical
lines show the common density thresholds used in watershed transform void identification:
green represents the average density of the simulation the voids were identified within, and
blue represents 20% of this density. Almost the entire population of voids have densities
below these thresholds.



CHAPTER 4
The Properties of Cosmic Voids in

Evolving Dark Sector Cosmologies
in the Low-Redshift Universe

This chapter presents the following published article:

Cosmic voids in evolving dark sector cosmologies: the low-redshift universe by Adermann
E., Elahi, P. J., Lewis G. F., Power, C., 2017, Monthly Notices of the Royal Astronomical
Society, Volume 468, 3381–3394.

The paper details our study of the properties of cosmic voids in the dark matter distribu-
tion over the redshifts z = 0 − 1, in a pure quintessence model, a coupled dark energy
model and the standard model. We chose to search for voids within dark matter because
dark matter voids are more likely to preserve cosmological signatures than voids within
baryonic matter. Unlike dark matter voids, these voids evolved under the influence of
hydrodynamical forces, which could mask the imprints of cosmology in their properties.
Additionally, since the total matter field is dominated by dark matter, the dark matter field
offers a better insight than the baryonic matter field into the effect of cosmology on the
total matter field.

Using N -body hydrodynamical simulations, we compared three primary void properties
between the cosmological models: volume, shape and density. We found that the volume
distribution at z = 0 in the coupled dark energy model contains a higher proportion of large
voids than either the pure quintessence model or the standard model. Furthermore, we
revealed that the average void density differs between the models. The pure quintessence
model contains the emptiest voids and the standard model contains the densest, except at
z = 0 when the average densities in the quintessence and the coupled model are extremely
similar. These results suggest that the scalar field within the quintessence and coupled
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models causes emptier voids to form, while the coupling causes voids to be denser. This is
a significant result as it could form the basis for an observational probe of the cosmology
governing our Universe.

The main figures demonstrating these results are Figures 4.5, 4.9 and 4.10. Figure 4.5
shows the distribution of ratios between the volume distributions predicted by each model,
notably the statistically significant difference between the coupled model prediction and the
standard model prediction at z = 0. Figure 4.9 shows the form of the average void density
distribution in the three models and that the quintessence model contains the emptiest
voids and the standard model the densest, and Figure 4.10 shows the distribution of ratios
between the density distributions in each model, which demonstrate that the differences
between the models are statistically significant.

Important Notes on the Published Paper:

In our density analysis, we reported the average density of voids instead of the more
commonly used spherical density profiles, due to the high irregularity of many of our
voids, and their elliptical nature. We also note that we measure the average void density
distribution function in our study, and not the local density distribution function.

In Section 4.6.1, we followed Sutter et al. (2015) and suggested that the CDE model
voids might have thinner (less dense) walls than the ΛCDM and φCDM voids, in order
to explain the greater numbers of large voids at z = 0 in CDE than in the other two
models. We suggested that the drag force present in CDE slows down the dark matter
particles as they aggregate onto the higher density void walls, resulting in lower density
walls. However, since our paper was published, we have revised our proposed explanation
for this observation (although we acknowledge that detailed analysis of void walls in the
simulations is necessary to confirm any proposed explanations). Our revised proposition is
that the scalar field causes voids in the CDE and φCDM models to merge more quickly,
producing greater numbers of large voids than in ΛCDM, and that the drag force in CDE
slows down the merger rate. However, these effects are quite subtle, and most likely occur
alongside other effects in the CDE model that show up at particular redshifts, as discussed
in Chapter 5. To explain the greater numbers of large voids at z = 0 in the CDE model, we
suggest that there is an additional contributing factor which increases the void evacuation
rate and merger rate in CDE relative to φCDM (which may not involve the drag force at
all), leading to the excess in large voids observed at z = 0 in this model. A more detailed
explanation is provided in Chapter 5.

In our discussions about normalisation Sections 4.6.1 and 4.6.3, we focused primarily on
the effect of choosing σ8 at z = 0 to be the same in all cosmological models on our results.
It is worth noting that we have also chosen other cosmological parameters to be the same at
z = 0 (i.e. Ωm, Ωb and h), and that varying this choice could also impact our results. The
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effect of varying the redshift for the normalisation of all these cosmological parameters
should also be investigated.

In Section 4.6.2, we stated that ‘Our results also indicate that the common assumption
of sphericity for voids is problematic.’ To clarify, this statement refers to the common
assumption of sphericity after stacking voids. We acknowledge that it is generally known
that individual voids are not spherical, and that our results only suggest that the assumption
of sphericity after stacking a large number of voids could present problems, due to their
elliptical nature.
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ABSTRACT
We present a comparison of void properties between the standard model of cosmology,
Λ cold dark matter (ΛCDM) and two alternative cosmological models with evolv-
ing and interacting dark sectors: a quintessence model (φCDM) and a coupled dark
matter–dark energy (CDE) model. Using N-body simulations of these models, we de-
rive several measures of void statistics and properties, including distributions of void
volume, ellipticity, prolateness and average density. We find that the volume distribu-
tion derived from the CDE simulation deviates from the volume distribution derived
from the ΛCDM simulation in the present-day universe, suggesting that the presence
of a coupled dark sector could be observable through this statistic. We also find that
the distributions of void ellipticity and prolateness are practically indistinguishable
among the three models over the redshift range z = 0.0 − 1.0, indicating that simple
void shape statistics are insensitive to small changes in dark sector physics. Interest-
ingly, we find that the distributions of average void density measured in each of the
three simulations are distinct from each other. In particular, voids on average tend to
be emptiest under a quintessence model, and densest under the ΛCDM model. Our
results suggest that it is the scalar field present in both alternative models that causes
emptier voids to form, while the coupling of the dark sector mitigates this effect by
slowing down the evacuation of matter from voids.

Key words: dark energy – dark matter – cosmology: large-scale structure of the
Universe

1 INTRODUCTION

Cosmic voids have recently gained popularity as cosmologi-
cal probes (e.g. Sutter et al. 2014b; Cai et al. 2015; Pollina
et al. 2016), primarily because these large, underdense re-
gions of the universe are only mildly non-linear, experienc-
ing little gravitational evolution compared to other, denser
structures that make up the cosmic web. The statistics of
these denser structures, namely sheets, filaments and knots
(which house dark matter haloes), are frequently used as
probes of cosmology, for example in the use of the halo mass
function (Sutter & Ricker 2008) and the properties of galaxy
cluster gas (Baldi et al. 2010; Carlesi et al. 2014b). The dif-
ficulty with this approach is that the properties and evolu-
tion of overdense regions are typically governed by more than
just an underlying cosmology. Complex baryonic physics and
coupling due to non-linear evolution also play a significant
role in governing these structures, which at best complicates

? E-mail: eromanga.adermann@sydney.edu.au (EA)

the process of distinguishing between baryonic physics and
effects due to cosmology, and at worst may mask the cos-
mological signature we are searching for. In contrast, bary-
onic physics leaves a much smaller imprint on the growth
of cosmic voids. For this reason, voids are seen as relatively
pristine environments ideal for studying cosmology.

Voids have been used in a variety of cosmological
studies, due to the low-density environment within them,
which makes them particularly sensitive probes of cosmol-
ogy. These include studies of the integrated Sachs–Wolfe ef-
fect (e.g. Granett et al. 2008; Cai et al. 2014; Granett et al.
2015) and weak gravitational lensing studies (e.g. Clampitt
& Jain 2015). Voids have also been established as useful
probes of dark energy (e.g. Bos et al. 2012; Pisani et al.
2015), modified gravity theories (e.g. Clampitt et al. 2013;
Barreira et al. 2015; Cai et al. 2015; Lam et al. 2015; Zivick
et al. 2015; Achitouv 2016) and alternative cosmological
models (e.g. Massara et al. 2015; Sutter et al. 2015; Yang
et al. 2015; Pollina et al. 2016), the last of which will be the
focus of this paper.

© 2017 The Authors
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The Λ cold dark matter (ΛCDM) model of cosmology is
the standard model for the universe. Within this cosmology,
the universe is spatially flat, and dominated by an invisible
dark sector composed of dark matter and dark energy. Dark
matter plays a significant role in the clustering of baryonic
matter and the formation of structure in the universe, while
a cosmological constant Λ, or dark energy, drives the late-
time accelerated expansion of the universe (Riess et al. 1998;
Perlmutter et al. 1999).

The ΛCDM cosmology is well-supported by observa-
tional results. For example, the anisotropies in the cos-
mic microwave background (CMB; e.g. Bennett et al. 2013;
Planck Collaboration et al. 2014b; Planck Collaboration
et al. 2016b), features in the large-scale structure (e.g.
Abazajian et al. 2009; Beutler et al. 2012), baryonic acoustic
oscillations (Beutler et al. 2011; Blake et al. 2011; Anderson
et al. 2014), weak lensing (e.g. Kilbinger et al. 2013; Hey-
mans et al. 2013), cluster abundances (e.g.Vikhlinin et al.
2009; Rozo et al. 2010), galaxy clustering (e.g. Tegmark et al.
2004; Reid et al. 2010) and the luminosity–distance relation
from Type Ia supernovae (e.g. Kowalski et al. 2008; Con-
ley et al. 2011; Suzuki et al. 2012) are all consistent with
ΛCDM.

Although ΛCDM offers a framework for dark matter
and dark energy, it does very little to explain or predict
their existence, properties and behaviour. Instead, we must
rely heavily on observations to pinpoint the properties of
the dark sector. Such observations have supported ‘cold’
dark matter (which has well-motivated candidates from the-
oretical particle physics; see Bertone et al. 2005; Petraki &
Volkas 2013) over more energetic dark matter (such as hot
dark matter that is relativistic at decoupling; e.g. Ma &
Bertschinger 1994; Pogosyan & Starobinsky 1993). There is
strong evidence for (a) non-baryonic elementary dark mat-
ter particle(s), though the exact properties of such (a) par-
ticle(s) are poorly constrained by observations. Dark energy
appears to be well-characterised by a cosmological constant,
Λ, driving the late time accelerated expansion and with a
measured equation of state given by w = ρ/p ≈ −1 (Suzuki
et al. 2012; Chuang et al. 2016). However, its origin and
nature are not well characterised. Without a more in-depth
framework for the dark sector whose predictions match ob-
servations as well as the standard model, the nature of the
dark sector remains an unsolved problem.

In spite of the excellent consistency between the predic-
tions of ΛCDM and observations of the large-scale structure,
the standard model does not appear to be in agreement with
observations on galaxy scales. For example, ΛCDM predicts
many more satellite galaxies than are observed for galaxies
like the Milky Way (Klypin et al. 1999; Moore et al. 1999).
While this may be the result of feedback processes removing
gas from low-mass subhaloes and leaving almost completely
dark subhaloes (e.g. Bullock et al. 2000; Benson et al. 2002;
Nickerson et al. 2011, 2012; Hopkins et al. 2014; Sawala et al.
2016), the missing satellites may also indicate the need for
more energetic dark matter candidates, or warm dark matter
(e.g. Power 2013; Elahi et al. 2014). Another inconsistency
is the unexplained alignment of satellite galaxies around the
Milky Way (known as the vast polar structure; Pawlowski
et al. 2012) and Andromeda (known as the Plane of Satel-
lites; Ibata et al. 2013; Conn et al. 2013). Such alignments
have also been seen beyond the Local Group (e.g. Yang

et al. 2006; Li et al. 2013). Furthermore, the velocities of
these satellite galaxies are significantly more correlated than
ΛCDM predicts (e.g. Ibata et al. 2014; Gillet et al. 2015),
though there is some evidence that these alignments are not
too improbable in ΛCDM (Cautun et al. 2015; Sawala et al.
2016).

Within the ΛCDM framework, the densities of dark
matter and dark energy evolve independently, as different
functions of cosmic time. Dark matter dominated at early
times, allowing structure to form, while dark energy domi-
nates the current epoch, driving the accelerated expansion
of the universe. However, in spite of their independence,
the two densities coincidentally have similar values today.
This is dubbed the coincidence problem, and its existence
suggests that there may be some inter-dependence between
dark matter and dark energy, which is currently absent
from ΛCDM (e.g. Wetterich 1995; Amendola 2000). This
has led to the proposal of alternative models, including mod-
els with modifications to general relativity (e.g. Hu & Saw-
icki 2007; Starobinsky 1980; see de Felice & Tsujikawa 2010
for a review), and models with dynamical scalar fields, or
quintessence models (e.g. Ratra & Peebles 1988; Wetterich
1988; Armendariz-Picon et al. 2001; see Tsujikawa 2013 for
a review).

In dynamical scalar field models, dark energy is assumed
to couple to dark matter (regardless of whether the dark
matter is cold or warm). Dark matter decaying into the
scalar dark energy field results in the late-time accelerated
expansion of the Universe. The coupled dark sector gives
rise to dark matter particles that change with time, and the
strength of gravitational interactions between dark matter
particles differs from the corresponding strength of baryon-
baryon and dark matter-baryon interactions. Former studies
into structure formation in coupled versus uncoupled models
have revealed significant differences in the growth functions,
and thus the matter power spectrum, between the models
(Li & Barrow 2011). Differences have also been found in
the weak lensing signature of coupled models (Giocoli et al.
2015, Pace et al. 2015). Pollina et al. (2016) found that cou-
pled dark energy models have a greater number of large voids
in the CDM distribution than ΛCDM, which they suggest is
the result of a higher normalisation of linear perturbations
at low redshifts in the coupled models. Sutter et al. (2015)
found similar differences in the number of very large voids
between a strongly coupled model (ruled out by observa-
tions; Pettorino et al. 2012) and ΛCDM, and additionally
found differences in the void density profiles between these
cosmologies. However, Carlesi et al. (2014a,b) found no sig-
nificant changes in the cosmic web and halo mass function
in coupled models, although they did discover small differ-
ences in the concentration and spin parameter of small field
haloes.

The goal of our study is to further probe the signatures
of alternative cosmological models. We examine void proper-
ties in the low-redshift Universe, determine how they differ
among cosmological models and propose explanations for
the signatures found. Further investigations into void prop-
erties and their evolution in a high-redshift universe will be
published in later papers. In Sections 2 and 3, we present
the simulations of the standard and alternative cosmologi-
cal models, as well as the methods we used to identify voids
in the large-scale structure. Our main results are presented
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in Section 4, followed by a discussion and explanation of the
results in Section 5.

2 EVOLVING DARK SECTOR MODELS

We focus on two non-standard cosmological models, both
of which feature dynamic dark sectors: an uncoupled
quintessence model (φCDM) and a coupled dark energy-dark
matter model, which will be referred to as Coupled Dark En-
ergy (CDE) throughout this paper. Both these models differ
from ΛCDM in that dark energy arises due to the evolution
of a time-dependent scalar field, φ, rather than being charac-
terised as a cosmological constant. Additionally, the scalar
field may be coupled to dark matter, in general, evolving
dark sector models. The general form of the Lagrangian for
the scalar field of such models (including the two models of
interest) is given by

L =
∫ √−g

(
−1

2
∂µ∂

µφ + V (φ) + m(φ)ψmψ̄m

)
d4x, (1)

consisting of a kinetic term, a potential term V (φ), which, if
chosen appropriately, gives rise to the late-time accelerated
expansion, and a coupling term that describes the interac-
tion between the scalar field and dark matter field (ψm). For
our models, we choose a Ratra–Peebles potential (Ratra &
Peebles 1988)

V (φ) = V0φ
−α, (2)

where V0 and α are constants, determined through fits to
observational data, and φ is in Planck units.

2.1 Uncoupled Quintessence (φCDM)

The Lagrangian for the scalar field of the uncoupled
quintessence model contains no coupling term (m(φ) = 0),
and hence there is no direct interaction between the scalar
field φ and the dark matter field ψm. However, unlike ΛCDM,
the dark energy density evolves with time as a result of the
inclusion of the scalar field, which, in turn, alters the expan-
sion history of the universe compared to ΛCDM.

2.2 Coupled Dark Energy (CDE)

The coupling mechanism between the scalar field and the
dark matter field is enabled by choosing a non-zero form
of m(φ), also known as the interaction term. For our CDE
model, we choose

m(φ) = m0exp[−β(φ)φ], (3)

for the interaction term, a form that alleviates the coin-
cidence problem. To simplify things, we choose a constant
coupling term, β(φ) = β0 = 0.05. This coupling enables dark
matter particles to decay into the scalar field. It also re-
sults in an additional frictional force experienced by dark
matter particles (but not baryons), leading to a difference
in the evolution of the amplitude of their density perturba-
tions. This coupling has been found to significantly affect
the fraction of baryons in cluster-sized haloes (Baldi et al.
2010). Our CDE model differs from ΛCDM in both the ex-
pansion history, due to the scalar field, and the evolution of
the density perturbation amplitudes, due to the coupling.

3 SIMULATIONS

For our study, we produced simulations of the following three
cosmologies: a reference ΛCDM, an uncoupled quintessence
model and a coupled dark energy-dark matter model with
a coupling parameter β0. Following Elahi et al. (2015), we
choose (h,Ωm,Ωb, σ8) = (0.67, 0.3175, 0.049, 0.83), ensuring
all cosmologies have parameters consistent with z = 0 ΛCDM
Planck data (Planck Collaboration et al. 2014a, 2016a). The
coupling parameter, β0 = 0.05, in our simulation is chosen
to test the boundaries of allowed coupling (see Pettorino
et al. 2012; Xia 2013) in order to maximise any observa-
tional differences that may exist between this cosmology and
the standard ΛCDM model. The linear power spectrum and
growth factor f ≡ d ln D(a)/d ln a are calculated using first-
order Newtonian perturbation equations and the publicly
available Boltzmann code cmbeasy (Doran 2005). We note
that although these simulations have neglected star forma-
tion and feedback physics, baryons do not appear to signifi-
cantly change the void population. Large underdense regions
remain underdense, regardless of whether the simulation in-
cludes dark matter only, or accounts for hydrodynamic or
full baryonic physics (Paillas et al. 2017).

Initial conditions are generated by perturbing particles
placed on a Cartesian grid with the first-order Zel’dovich
approximation using a modified version of the publicly avail-
able n-genic code. The modified code uses the growth fac-
tors calculated by cmbeasy to correctly calculate the parti-
cle displacements in the non-standard cosmologies. All the
simulations are started at z = 100 with the same phases in
the density perturbations. Choosing the same initial phases
results in underdense regions forming in the same locations
in all simulations. Each underdense region in a given simu-
lation has a corresponding underdense region in other sim-
ulations (perhaps with different properties such as density
or size, depending on cosmology). This is the case despite
potentially different exact profiles of density perturbations
between cosmologies with different power spectra, such as
ΛCDM and CDE.

We use dark-gadget, a modified version of the p-
gadget-2 N-body code (for more details, see Carlesi et al.
2014a). The key modifications are the inclusion of a separate
gravity tree to account for the additional long-range forces
arising from the scalar field, and an evolving dark matter
N-body particle mass that models the decay of the dark
matter density. The code requires the full evolution of the
scalar field, φ, the mass of the dark matter N-body particle
and the expansion history.

Our simulations are 500 h−1Mpc boxes containing 2 ×
5123 particles (dark matter and gas) giving a mass reso-
lution of mdm(mgas) = 6.9(1.3) × 1010 h−1M�1. Though the
mass resolution is poor for identifying haloes, this resolution
is more than enough to identify voids. All runs use a gravi-
tational softening length of 1/33 of the interparticle spacing.
The set of simulations run is summarised in Table 1. Fig. 1
shows the growth factor evolution, the evolution of the Hub-
ble constant and the non-linear power spectrum in the three
simulations.

1 The exact masses in the coupled cosmology naturally depend
on redshift, but this is the mass resolution at z = 0, as we fix Ωm

at this time.
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Figure 1. (a) The evolution of the growth factor, f , as a function of the scale factor, a, for the ΛCDM (solid blue), φCDM (dashed
green) and CDE (dot–dashed magenta) simulations. (b) The ratio of the Hubble constant in the φCDM (thick teal) and CDE (thin blue)

simulations, H (a), to the Hubble constant in the ΛCDM simulation, HΛCDM (a), expressed as a function of the scale factor a. (c) The

ratio of the non-linear power spectrum in the φCDM (thick teal) and CDE (thin blue) simulations, P(k), to the power spectrum in the
ΛCDM simulation, PΛCDM (k), expressed as a function of the wavenumber k. To the left-hand side of the vertical line is the region where

the ratios have an error of less than 1 per cent.

Table 1. Simulations

Cosmology Comments

ΛCDM DM/gas run along with five pure DM runs
(mDM = 8.1 × 1010 h−1M� ), each with different

random seeds to study cosmic variance.

φCDM DM/gas run along with two pure DM runs, each
with different random seeds to study cosmic

variance.
CDE DM/gas run only, with β0 = 0.05.

4 VOID FINDING

Our study focuses on voids in the CDM particle distribu-
tions of our simulations. The method we used to define and
identify these voids is based on the Hessian matrix of second
derivatives at each point, a method that has also been used
to identify other large-scale structures, such as sheets, fila-
ments and knots (e.g. Aragón-Calvo et al. 2007; Hahn et al.
2007; Zhang et al. 2009; Trowland et al. 2013). The Hessian
matrix is given by

Hαβ (x) =
∂2ρ(x)
∂xα∂xβ

, (4)

which characterises the curvature of a density field, ρ(x ),
as a function of position, x . The eigenvalues of this matrix
reveal whether the local density field around the point x
is a local maximum or minimum, along three orthogonal
directions (given by its eigenvectors). If all three eigenvalues
are negative, the local density field is a local maximum, or
is knot-like. If only two eigenvalues are negative, the density
field has a local maximum along two orthogonal axes and
a local minimum along the third axis, or is filament-like. If
one eigenvalue is negative, then the density field has a local
maximum along only one of its axes, or is sheet-like. Finally,
if all three eigenvalues are positive, the density field exhibits
a local minimum in all directions, or is void-like.

To find the void regions in the dark matter density

field, we divided the simulation up into a regular grid of
500 × 500 × 500 cells, so that each cell was 1 h−1 Mpc in
length. The densities of particles were estimated using a
smooth particle hydrodynamics kernel. These densities were
then assigned to the nearest grid cell, so that an average den-
sity for each cell could be calculated. Finally, these density
values were convolved with a Gaussian kernel, with a scale of
3 h−1 Mpc, to smooth out small-scale fluctuations. Both the
cell length and smoothing scale were chosen to match the
visual classification of structure based on particle positions
only. We calculated the eigenvalues of the Hessian matrix
for each cell, and gave each of them a classification using the
scheme described above. We then utilised a friends-of-friends
algorithm to group neighbouring void-like cells together, re-
quiring that neighbouring cells be linked together only if
both are void-like cells, or the second is a sheet-like cell.
This results in a single layer of sheet-like cells surrounding
and bounding each group of linked void-like cells, naturally
defining a physical surface with a thickness of 1 h−1 Mpc for
our voids. We also imposed the requirement that each void
consists of at least two void-like cells linked together, with
a corresponding volume of 2 h−3 Mpc3. Smaller groups were
excluded as voids, as they were not sufficiently resolved with
our chosen cell size.

It is worth noting that our Hessian-based method of
void finding is different from other void finding methods in
that it does not assume any particular shape, nor apply any
density criterion, when identifying voids. There have been
numerous methods used to define and identify voids. Some
are based on the velocity field (e.g. VWeb; Hoffman et al.
2012), but most methods use the density field. ZOnes Bor-
dering On Voidness (zobov, Neyrinck 2008) and The Void
IDentification and Examination toolkit (vide, Sutter et al.
2014a) use a watershed algorithm to define voids and re-
quires that voids satisfy a minimum density criterion. Other
density-based algorithms demand that voids be spherical un-
derdensities (e.g. Padilla et al. 2005). In contrast to these
and several other commonly used methods, we do not en-
force density thresholds when indentifying voids nor do we
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require voids to have any particular shape. As we do not
apply any density constraints, we can identify voids that
would be ignored by zobov/vide. More importantly, not
constraining the shape of voids enables us to find voids that
are irregular in shape. We show an example of such a void
in Fig. 2, identified in the ΛCDM simulation at z = 0.0.

We find that the smallest voids (of a few h−3 Mpc3

large) tend to be more regular (but not necessarily more
spheroidal) in shape than larger voids. Since irregular shapes
require more than a few cells to define, irregularity becomes
more probable as voids get larger. The most likely explana-
tion for this is void merging, with the largest voids forming
as a result of the merger of multiple smaller and more regu-
lar voids. Fig. 2 shows an example of two voids found in the
ΛCDM simulation using the method described above: one
large, irregular void and one small, regular void.

5 RESULTS

The three cosmologies were found to contain a very similar
number of voids at z = 0.0; a total of 35221 voids were found
in the ΛCDM simulation, compared to 35701 voids in the
φCDM simulation and 34646 voids in the CDE simulation.
The similarity in numbers is not entirely surprising, since
the initial conditions for each simulation contained the same
initial density perturbation phases, and therefore the same
initial underdensities. The differences in cosmology, which
govern the initial amplitudes and the evolution of these un-
derdensities, have resulted in a difference of only a few hun-
dred voids.

In this section, we will discuss the differences in the vol-
ume distribution, shape distribution and average density dis-
tribution of voids occurring in the three simulations across
the low redshift universe, spanning z = 0.0, 0.6 and 1.0. We
will also discuss whether any of these differences could be
used to observationally distinguish among the cosmologies,
and hence differing dark sector physics.

5.1 Volume Distribution

A probability density function (PDF) to quantify the proba-
bility of finding a void of a specific volume was calculated for
each simulation at multiple redshifts. We define the PDF so
that the probability of finding a void of a given volume is the
value of the PDF at that volume. We chose to use a PDF to
quantify the void size distribution because it is independent
of the total number of voids we found, and hence the size of
the simulation box. The number of voids of a given volume
within a region of space can be calculated by multiplying
the PDF by the total number of voids we find (or expect to
find) in that region of space, and reading off the value of the
function at the given volume.

We defined the volume of a void to be the number of
1 h−3 Mpc3 void-like cells that comprise it, excluding the
sheet-like cells that make up the boundary layer. To find the
appropriate PDF, we plotted the number of voids found at
each integer volume. The shape of this distribution showed
a power-law dependence on volume for small voids, before
falling more drastically with volume for larger voids, indi-
cating that the underlying PDF has the same dependence.
We do not attempt to follow the full excursion set formalism

(e.g. Sheth & van de Weygaert 2004), but instead appeal to
it for the rough functional form of our PDF, given by

f (V ) =
1

V0Γ(1 − α)
(V/V0)−αexp(−V/V0), (5)

where V (h−3 Mpc3) is the void volume, α is the power-
law slope, V0 is the characteristic volume that defines the
position of the turnover and Γ(1 − α) is simply the gamma
function evaluated at 1 − α:

Γ(1 − α) =
∫ ∞

0
x−αe−xdx. (6)

Using a Metropolis–Hastings based Markov chain
Monte Carlo (MCMC) algorithm via the open source em-
cee package (Foreman-Mackey et al. 2013), we obtained the
best-fitting values and their uncertainties for the parameters
α and V0. These values were obtained for the volume PDFs
at z = 0.0, 0.6 and 1.0, for each of the three cosmological
models, and are shown in Table 2. The corresponding distri-
butions are shown in Fig. 4, while an example of a triangle
plot obtained for the fit of the ΛCDM volume PDF at z = 0.0
is presented in Fig. 3.

In each of the redshift snapshots, the PDFs for the
three cosmologies show remarkable similarity over the vol-
ume range. The 1σ uncertainties on their fit parameters re-
veal that the curves are consistent with each other over a
large range of volumes. However, as Fig. 3 shows, these fits
are partially correlated, meaning that the best-fitting values
and uncertainties obtained may not reflect the true param-
eter distribution. To determine if the PDFs are truly indis-
tinguishable from each other, we performed a bootstrapping
analysis on the distribution of values that were sampled dur-
ing the fitting process. This involved taking a subsample of
parameter values from the values that were sampled dur-
ing the fitting, determining the corresponding PDFs from
these subsamples, then calculating the ratios between PDFs
of different models, thus producing a distribution of PDF
ratios for each pair of models. We used 5000 subsamples to
produce the PDF ratio distributions for each pair of mod-
els, which our convergence analysis showed would sufficiently
represent the full ratio distributions. These distributions are
represented in Fig. 5, which shows both the medians and the
ranges covered by the 16th–84th percentiles of the ratio dis-
tributions. The median ratios are shown by the solid lines,
while the interquartile ranges are represented by the shaded
regions. As the ratio distributions are not Gaussian, we avoid
using the 1σ uncertainty, and instead use the 16th–84th per-
centile range (which covers the same percentile range as 1σ)
to represent the uncertainty in the median ratios. The in-
crease in the spread of this range that we see towards high
volumes may be attributed to small number counts for large
voids, which means the shape of the PDF in this region is
less constrained.

The PDF ratios at z = 0.6 and 1.0 all tend to be con-
sistent with a ratio of 1. The highest median ratio is ≈ 1.1
(between φCDM and ΛCDM), the lowest median ratio is
≈ 0.93 (between CDE and φCDM), and the corresponding
interquartile ranges all safely overlap with a ratio of unity.
The ratio distributions between the CDE and the ΛCDM
PDFs are the most consistent with 1; hence, we would ex-
pect to see very little difference in void abundance across
all volumes between these cosmological models. Though the
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Figure 2. An example of a void of volume 1899 h−3 Mpc3 (left-hand panel) and a void of volume 59 h−3 Mpc3 (right-hand panel) found

in the ΛCDM simulation at z = 0.0, using the Hessian-based method. Both voids are depicted using the 1 h−1 Mpc thick boundary sheet

layer; hence, they appear slightly larger than their volumes (which are calculated using void-like cells only) suggest. For clarity, only the
x- and y-axes are shown. The z-axis points out of the page.

medians do show a greater deviation from unity at higher
volumes between φCDM and ΛCDM, suggesting that, on
average, we should expect to see more voids with volumes of
the order of ∼ 103 h−3 Mpc3 in a φCDM than in a ΛCDM
cosmology at these redshifts; the differences are unlikely to
be distinguishable, especially given the considerable overlap
with a ratio of unity in these distributions. The void abun-
dance PDFs at these redshifts are therefore unlikely to be
useful as probes of cosmology.

However, there is a large range of volumes at z = 0.0
where the CDE PDF deviates from the other two PDFs.
The deviation from ΛCDM and φCDM starts at V ≈ 700
and ≈ 880 h−3 Mpc3, respectively, and increases with vol-
ume. More than half of the ratios in the CDE:ΛCDM and
the CDE:φCDM ratio distributions are greater than 1. At
volumes greater than V ≈ 7 × 103 h−3 Mpc3, more than half
the ratios are greater than 1.1. Additionally, we can reason-
ably expect to see at least 10% more voids with volumes of
≈ 4 × 103 h−3 Mpc3 in a CDE universe than a ΛCDM or a
φCDM universe, and this excess increases with volume. On
the other hand, the distribution of ratios between the φCDM
and ΛCDM PDFs clearly shows that the void abundance in
these cosmologies would be practically indistinguishable.

Finally, the PDFs all evolve slowly with redshift. We
note that V0 increases with redshift for all cosmologies (with
a significance of many σ), corresponding to an increase in
the volume at which the turnover occurs. This is not entirely
surprising, as we expect smaller voids to expand or merge
to form larger voids, which would push the turnover out
to larger volumes. The power-law index, α, also slightly in-
creases with redshift, which corresponds to a slight increase
in the steepness of the power law. However, as both parame-
ters are correlated (Fig. 3), the change we observe in α may
simply reflect the change in V0 from z = 1.0 to 0.0. The sim-
ilarity in power-law slope across redshifts is consistent with
excursion set-based void abundance predictions that do not

Figure 3. Triangle plot showing the sampled parameter distri-

bution for the ΛCDM volume PDF at z = 0.0.

show a large power-law dependence on redshift (Jennings
et al. 2013).

5.2 Shapes

Voids are often assumed to be roughly spherical, for ex-
ample, during the void-finding process (as in Padilla et al.
2005), and in the construction of density profiles as a func-
tion of radius from the void centre (Hamaus et al. 2014).
However, our simulations suggest that voids can be quite
irregular in shape (see e.g. Fig. 2), and are better ap-
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Table 2. The best-fitting values (including 1σ errors) for the volume PDF parameters, α and V0. The values for three redshifts are

shown for each cosmology.

Cosmology Parameters z = 0.0 z = 0.6 z = 1.0

ΛCDM α 0.474 ± 0.003 0.442 ± 0.003 0.423 ± 0.003

V0 717.1+6.8
−6.9 598.3+5.4

−5.3 540.0+4.7
−4.7

φCDM α 0.476 ± 0.003 0.445 ± 0.003 0.427 ± 0.003

V0 716.2+6.9
−6.9 602.8+5.5

−5.4 543.2+4.8
−4.7

CDE α 0.477 ± 0.003 0.441 ± 0.003 0.424 ± 0.003

V0 731.7+7.1
−7.1 599.0+5.5

−5.3 540.6+4.7
−4.6

Figure 4. The void volume PDFs at multiple redshifts for the ΛCDM (black solid), the φCDM (cyan dashed) and the CDE (magenta

dot–dashed) simulations.

proximated by ellipsoids than spheroids, especially for the
smaller, unmerged voids. We define the ellipticity of a void
(or deviation from a perfect sphere), e, to be

e =
1
4

c2 − a2

a2 + b2 + c2 , (7)

where a, b and c are the three axes that define the ellip-
soid, with c being the longest and a being the shortest. This
definition is identical to the definition given by Nadathur
(2016), except that we express e in terms of the three el-
lipsoid axes, rather than eigenvalues of the inertia tensor.
With this definition, a perfect sphere has an ellipticity of
zero. The greater the value of e, the greater the deviation
from a perfect sphere.

Ellipsoids can be either prolate (more elongated along
one axis) or oblate (more elongated along two axes). To
quantify this variation in shape, we define the prolateness,
p, to be

p =
1
4

(b2 − a2) + (b2 − c2)
a2 + b2 + c2 . (8)

Again, this definition is identical to that given by Nadathur
(2016). A negative value of p indicates elongation along one

axis relative to the other two (prolate), whereas a positive
value of p indicates relative elongation along two axes com-
pared to the third axis (oblate). A prolateness of zero in-
dicates that the ratio between the shortest axes and the
longest axes is comparable, meaning that the shape is nei-
ther prolate nor oblate.

We calculated the ellipticities and prolateness of the
voids in each of the three simulations, by calculating the
eigenvalues of the moment tensor for each void, given by

Mab =
∑

i

(xai − Xa)(xbi − Xb ), (9)

where i denotes the sheet-like cells that comprise the bound-
ary layer of the void, xa

i
and xb

i
denote the a-coordinate and

b-coordinate of the ith boundary layer cell, respectively, and
Xa and Xb are the a-coordinate and b-coordinate of the
barycentre of the void, respectively, with both a and b rep-
resenting the x-, y- and z-axes. The eigenvalues of this tensor
(e1, e2, e3) correspond to a third of the square of the axes of
the ellipsoid that best approximates the shape of the void:

e1 =
a2

3
, e2 =

b2

3
, e3 =

c2

3
. (10)
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Figure 5. The median ratios of the volume PDFs: φCDM/ΛCDM (solid line), CDE/ΛCDM (dashed line) and CDE/φCDM (dot–dashed
line). The shaded regions show the range covered by the 16th–84th percentiles of the ratio distributions, with the φCDM/ΛCDM region

indicated by diagonal lines, the CDE/ΛCDM region indicated by horizontal lines and the CDE/φCDM region indicated by dots. The

black dotted horizontal line indicates a ratio of 1.

From these eigenvalues, we calculated the length of the el-
lipsoid axes, and thus the ellipiticities and the prolateness
of each void. We note that we included only voids of size
greater than or equal to 10 cells (equivalent to 10 h−3 Mpc3

in volume) in this analysis, since voids smaller than this do
not have resolved shapes. Fig. 6 shows the resulting distribu-
tions of prolateness versus ellipticity, for the voids in ΛCDM,
φCDM and CDE at z = 0.0, 0.6 and 1.0. The distributions
are all peaked at (e, p) = (0.10, –0.05), with 25th and 75th

percentiles occurring at (e, p) = (0.08, –0.09) and (e, p)
= (0.13, –0.02), respectively, consistent with the results de-
rived in Nadathur (2016) for voids in the SDSS-III BOSS
Data Release 11 (Alam et al. 2015). There is no significant
difference among the cosmologies in the distribution of el-
lipticities or prolateness, with the most common void shape
across all three cosmologies being slightly prolate.

As mentioned in Section 4, the largest voids can be
very irregular due to their formation through the merger
of smaller voids. Interestingly, the irregularity of large voids
does not automatically translate to a noticeable deviation
from an approximate spheroid, which is clear from the dis-
tribution of void size versus ellipticity in Fig. 7. In fact,
the smaller voids tend to exhibit a greater spread in ellip-
ticity than the larger voids. This result is consistent with
previous studies into the spherical evolution of voids, which
found that the largest voids are better approximated by a
spherical model than the smallest voids (e.g. Achitouv et al.
2015; Demchenko et al. 2016). A likely reason for this is that
there are many more ways to merge smaller voids to form a
lower ellipticity void than a high-ellipticity void, and hence
a greater number of approximately spheroidal large voids
form than approximately ellipsoidal large voids.

5.3 Densities

For each simulation and at multiple redshifts, we calculated
a PDF to quantify the probability of finding a void of a

specific average density. The average density for each void
was calculated by taking the average of the smoothed den-
sities of each cell in a void (excluding the boundary layer of
sheet-like cells), which we calculated during the cell classi-
fication process. We found that the best fitting function for
the underlying PDF governing the distribution of average
void densities was a skewed Gaussian distribution, defined
as a function of the base 10 logarithm of the void density,
given by

p(t) =
1√
2π

e−t
2/2

[
1 + erf

(
αt√

2

)]
, (11)

where α is the skewness parameter and t ≡ (x − µ)/σ, with
µ and σ, respectively, denoting the mean and the standard
deviation of the corresponding Gaussian. Again, we used a
Metropolis–Hastings based MCMC-fitting algorithm to ob-
tain the best-fitting values for these parameters, which are
summarised in Table 3. The triangle plot obtained for the fit
of the ΛCDM density PDF at z = 0.0 is presented in Fig. 8.
Fig. 9 shows the shapes of the PDFs with these parameter
values, highlighting the differences in the average void den-
sity distribution among the three cosmological simulations
at z = 0.0, 0.6 and 1.0. The spherical threshold, which de-
notes the maximum density defined for voids predicted by
excursion set theory, is given by ∆v = −0.8 for ΛCDM, or
equivalently log10(ρ/ρcrit) = −1.27 in the units chosen for
Fig. 9. It is clear from the figures that the vast majority
of our voids in all three simulations have average densities
below this threshold.

To show the differences among the simulations more
rigorously, we once again subsampled the parameter distri-
butions from the fitting process, and used the subsamples
to calculate corresponding distributions of PDF ratios. As
before, our convergence analysis showed that 5000 subsam-
ples sufficiently represent the full ratio distributions. Fig. 10
shows the median of these PDF ratios, along with the 16th

and 84th percentiles, for z = 0.0, 0.6 and 1.0.
It is clear from Figs 9 and 10 that the PDFs are almost
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Figure 6. Distribution of void ellipticity versus prolateness in ΛCDM (top row), φCDM (middle row) and CDE (bottom row), for z = 0.0,
0.6 and 1.0. The horizontal black dashed line represents a prolateness of zero. The p = e line represents the limiting case where the two

shortest sides are equal in length (i.e. a = b), while the p = −e line denotes the limiting case where the two longest sides are equal in
length (i.e. b = c).

Figure 7. Relationship between void size and ellipticity for

ΛCDM at z = 0. The distribution shows that the smallest voids
tend to have a larger spread of ellipticities than the larger voids.

all distinct from one another for all three redshifts. At z = 0.6
and 1.0, the ΛCDM PDF has the highest density peak, while
the φCDM PDF has the lowest. This indicates that on av-
erage, the voids in both φCDM and CDE cosmologies are
slightly emptier than the voids in a ΛCDM cosmology. This
is also seen at z = 0.0, where the φCDM and CDE PDFs
appear to have converged, while ΛCDM remains distinct.
The PDF peaks (characterised by µ) also shift towards lower
densities as the simulations evolve from z = 1.0 to 0.0, while
their spread (given by σ) and skewness towards the lower
density region (given by α) generally increases. This sug-
gests that voids, on average, become emptier with time, as
expected, since matter continuously evacuates out of voids
as it accumulates on to higher density structures. The devi-
ations from a ratio of 1 at low densities is due to the ratios
of small numbers, since the corresponding PDF values drop
off to zero at slightly different rates. The exact shape of
drop-off is unlikely to be well-characterised though, due to
small number statistics in this region. For this reason, the
deviations at the lowest densities are unlikely to be useful in
distinguishing among cosmological models.
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Table 3. The best-fitting values (including 1σ errors) for the skewed Gaussian parameters, µ, σ and α. The values for three redshifts

are shown for each cosmology.

Cosmology Parameters z = 0.0 z = 0.6 z = 1.0

ΛCDM µ −2.208 ± 0.001 −2.071 ± 0.001 −1.991 ± 0.001

σ 0.260 ± 0.001 0.226 ± 0.001 0.205 ± 0.001

α 2.600+0.044
−0.001 2.415+0.039

−0.001 2.256+0.036
−0.001

φCDM µ −2.251 ± 0.001 −2.113 ± 0.001 −2.033 ± 0.001

σ 0.272 ± 0.001 0.237 ± 0.001 0.217 ± 0.001

α 2.715+0.046
−0.001 2.493+0.041

−0.001 2.368+0.037
−0.001

CDE µ −2.246 ± 0.001 −2.092 ± 0.001 −2.010 ± 0.001

σ 0.270 ± 0.001 0.232 ± 0.001 0.210 ± 0.001

α 2.700+0.047
−0.001 2.474+0.041

−0.001 2.295+0.036
−0.001

Figure 8. Triangle plot showing the sampled parameter distri-

bution for the ΛCDM density PDF at z = 0.0.

6 DISCUSSION

Our simulations show that changes in expansion history and
the presence of coupling in the dark sector alter the void size
distribution at z = 0.0, as well as the average density of voids
across z = 0.0−−1.0. However, these differences in dark sec-
tor physics do not alter the void ellipticity or prolateness
distribution at any redshift, nor do they affect the void size
distribution at z = 0.6−−1.0. Given that our simulations dif-
fer from each other primarily in the effects of the underlying
cosmology, the differences we see among void properties are
significant and can be confidently attributed to differences
in the underlying model (and hence dark sector physics).
We may view these differences as imprints or signatures of

dark sector physics on the cosmic web, and use them to
observationally constrain the properties of the dark sector.
The most promising signature we have found is the poten-
tial for the average void density distributions to distinguish
between the standard cosmological model and the evolving
dark sector models.

6.1 Volume Distribution

The median ratio between φCDM and ΛCDM is much more
consistent with unity at z = 0.0 than at the higher redshifts,
potentially signalling greater discrepancies with increasing
redshift. At z = 0.6 − 1.0, the ratio reaches ≈ 1.05 at vol-
umes of around ≈ 5 × 103 h−3 Mpc3, and continues to rise
with volume. Though these ratios only show a small devia-
tion from unity at low redshifts, they hint at the existence
of greater discrepancies between φCDM and ΛCDM at red-
shifts greater than z = 1.0. However, to determine whether
this is the case, the same analysis must be conducted on sim-
ulation snapshots at a range of redshifts greater than z = 1.0,
which will be covered in a follow-up study (Adermann et al.,
in preparation).

The lack of significant differences between the void vol-
ume distributions of φCDM and ΛCDM suggests that for
our particular form of φCDM, the scalar field does not leave
a strong imprint on the abundance of voids in the universe at
late times. The specific form of φCDM we chose exhibits only
small changes in the expansion history compared to ΛCDM,
with the greatest deviation corresponding to a Hubble pa-
rameter approximately 1.02 times greater than in the ΛCDM
model, occurring at late times (see Fig. 1). This deviation
may have been too small to affect the volume distribution
significantly, or the change may have occurred too late in
the formation of each void for their sizes to be significantly
influenced. This is especially important to consider if final
void sizes are most heavily influenced by conditions early in
the process of void formation. For our φCDM model, the fi-
nal void sizes appear to be dominated by the initial density
perturbations and gravity, and only minimally influenced by
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Figure 9. Probability distribution functions for the base 10 logarithm of the average void density in the ΛCDM (solid blue), φCDM

(dashed green) and CDE (orange dot–dashed) cosmological simulations at z = 0.0, 0.6 and 1.0, in units of the critical density. The ΛCDM
spherical threshold corresponds to a vertical line at log10(ρ/ρcrit) = −1.27.

Figure 10. The median ratios of the density PDFs: φCDM/ΛCDM (solid line), CDE/ΛCDM (dashed line) and CDE/φCDM (dot–

dashed line). The shaded regions show the range covered by the 16th–84th percentiles of the ratio distributions, with φCDM/ΛCDM in
dark blue (or dark grey in black-and-white print), CDE/ΛCDM in green (or medium grey) and CDE/φCDM in yellow (or light grey). A

ratio of unity is shown by the black dotted horizontal line.

expansion history, or, equivalently, the scalar field. As there
are multiple realisations of a φCDM universe, these results
do not rule out more visible signatures on void abundance
under φCDM models with different forms of the potential
V (φ).

Our results also show that the CDE model leaves an im-
print on the void size distribution at z = 0.0, while φCDM is
indistinguishable from ΛCDM at the same redshift. There-
fore, it is the coupling between the scalar field and dark
matter that affects most the abundance of voids in the uni-
verse today, rather than the presence of the scalar field in
place of a cosmological constant. For our specific models,
the coupling results in an increase in the abundance of voids
with V ∼ 103 h−3 Mpc3. Interestingly, the effect of the cou-

pling is apparent only at z = 0.0. At higher redshifts, its
effect is much less noticeable.

These results are partially consistent with the results
obtained by Sutter et al. (2015), who found an increased
number of large voids in their coupled dark sector model
compared to ΛCDM, at z = 0. However, the excess they
show in void abundance occurs at larger volumes than indi-
cated by our results. While our results show a greater void
abundance for voids of the order of ∼ 103 h−3 Mpc3, their
results show a consistency in the abundance of voids of this
size between ΛCDM and CDE, with the excess starting at
effective radii of > 25 − −30 h−1 Mpc, corresponding to vol-
umes of ∼ 104 h−3 Mpc3. It is worth noting that the coupled
model used in this study is governed by the same Lagrangian
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as ours, apart from the use of a greater coupling constant
(cDE with β = 0.099; for model specifics, see Sutter et al.
2015).

Sutter et al. (2015) suggest that the reason for the ex-
cess is the thinning of void walls when moving from the
standard to the coupled dark sector models. Smaller voids
in the ΛCDM cosmology may then be identified as a single
larger, merged void in the coupled dark sector cosmology.
In our early analyses of the differences in voids between our
ΛCDM and φCDM models (at z = 0.0) in 50 h−1 Mpc and
2×1283 particle simulations, we discovered that some of the
largest voids in the φCDM model correspond to two or three
smaller voids in the ΛCDM model that had been merged
in the φCDM model, consistent with Sutter et al.’s (2015)
suggestion. This suggests that thinning of void walls may be
linked to the scalar field, which is present in both the φCDM
and CDE models, in addition to its coupling to dark matter.

However, this effect is not significant in our current re-
sults, when we applied the same analyses to the larger 500
h−1 Mpc and 2 × 10243 particle simulations. Despite the ev-
idence for wall thinning and merging in the smaller simula-
tions, the larger φCDM simulation does not predict a signif-
icant excess in large voids compared to ΛCDM at z = 0.0,
which suggests that though it may occur, wall thinning may
not be drastic enough to cause most neighbouring voids to
merge. On the other hand, the relative excess in larger voids
between CDE and ΛCDM is consistent with more significant
wall thinning occurring between voids, as found by Sutter
et al. (2015). This suggests that the coupling to dark mat-
ter by the scalar field has a much more noticeable effect on
wall thinning than the scalar field on its own. This might
be expected as the additional effective drag acting between
baryonic matter and dark matter due to the coupling would
potentially slow down the evacuating matter, leaving less
material to accumulate on to the void walls.

Despite the similarities in cosmological models used by
Sutter et al. (2015), there is an interesting difference between
their results and ours, namely the volume range at which
CDE produces an excess of voids relative to ΛCDM. We find
the excess to be statistically significant but not especially
large (up to ≈ 1.3 times as many as ΛCDM), whereas Sutter
et al. (2015) find several times as many voids in their CDE
model than in their ΛCDM model. There are a number of
reasons for this. First, Sutter et al. (2015) use a stronger cou-
pling strength (β = 0.099 compared to our value of β = 0.05).
It seems likely that the excess (both amplitude and range)
depends on the coupling, though we cannot say for certain
without a larger parameter space studied. Increasing cou-
pling leads to an increased drag force, which, in turn, results
in thinner void walls. Thinner walls increase void merger
rates and artificial merging of voids by void finders, thereby
creating a greater discrepancy between CDE and ΛCDM.
Without detailed tracking of void evolution, as was done in
Sutter et al. (2014b), this explanation remains untested. In
future studies, we will follow the methodology of Sutter et al.
(2014b) and produce void merger trees akin to halo merger
trees.

There are also a few potential reasons for the differ-
ences between their results and ours that do not imply a
physical origin: the simulation volumes differ (theirs was
eighth the volume of ours, with higher mass resolution), and
they used a watershed-based algorithm (VIDE) to identify

voids in their simulations (biases in void-finding techniques
remain to be thoroughly catalogued). Although differences
in mass resolution result in differences in the density field,
at large scales, the low-density regions that correspond to
voids are generally well converged and independent of reso-
lution. Small scales, and hence small voids, are more affected
by resolution, but they are unlikely to be a major cause of
the differences because we are neglecting the smallest, unre-
solved voids from our analyses. Differences could also arise
due to the use of other criteria in their void finding that we
did not impose, such as a density and size criterion, as well
as the use of different smoothing scales to calculate densi-
ties. However, these should not alter the void-finding results
significantly because imposing other criteria should only af-
fect a small population of the densest and smallest voids,
while using different smoothing scales will affect only voids
that are in the process of merging. Thus, we believe that
the physical origin, namely the coupling strengths, remains
the most reasonable explanation and primary reason for the
difference.

Our results are generally consistent with the results ob-
tained by Pollina et al. (2016), who also found an excess of
large cosmic voids in their coupled dark sector model com-
pared to ΛCDM, over the redshift range z = 0.00 − −1.00
(for more details on their coupled model, see Pollina et al.
2016). As with our results, this excess increases with void
size. However, the excess was found to steadily increase with
decreasing redshift, whereas our results show a more sudden
increase at z = 0.0. Furthermore, the distributions they de-
rive do not decrease with increasing size, but rather peak at
effective radii of roughly 20−−30 h−1 Mpc. The range of void
sizes they find includes voids with effective radii up to ≈ 40
h−1 Mpc in size, while the largest voids in our simulations
were only ≈ 104 h−3 Mpc3.

The use of different CDE models may account for the
discrepancies we observe; Pollina et al. (2016) apply an ex-
ponential form for the potential governing the scalar field
(V (φ) = Aexp(−αφ)), as well as a much greater coupling
strength (β = 0.15). Greater coupling, in addition to a dif-
ferent expansion history, may lead to a stronger signature
at higher redshifts than z = 0.0, accounting for the differ-
ences in when the signature starts showing up. The inconsis-
tency in void sizes is likely to be the result of using different
void-finding methods. Pollina et al. (2016) use the same void
finder as Sutter et al. (2015), who also find voids with much
larger sizes than we find. The watershed-based algorithm ap-
pears to identify much larger voids than our density-based
method. In addition, Pollina et al. (2016) apply additional
cuts based on density contrast, which we do not apply. It is
possible that many of their smallest voids were eliminated
in this way, which was not the case in either Sutter et al.’s
(2015) void catalogue or ours.

The normalisation of the amplitudes of the density per-
turbations used in their simulations also differs from ours
(and that of Sutter et al. 2015). While the density pertur-
bations in the models we use are normalised to have the
same σ8 at z = 0.0, those used in Pollina et al. (2016) are
normalised to have the same amplitude of perturbations at
z = zCMB, and, consequently, the amplitudes in their models
differ most at z = 0 (for an in-depth discussion on normal-
isation method, see Elahi et al. 2015). As we expect the
amplitudes of density perturbations to affect the growth of
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voids, it is reasonable to expect that some of the deviations
between CDE and ΛCDM seen in Pollina et al. (2016), in-
cluding the fact that the deviation increases with decreasing
redshift, could be due to the way the simulations were nor-
malised. The best way to test this would be to derive the
void volume distribution from models that have been nor-
malised differently.

6.2 Shapes

The remarkable similarity in the e versus p distributions
across simulations indicates that changes in expansion his-
tory and dark matter physics do not drastically alter the
shape of the initial underdensities, which are the same across
all simulations. This result suggests that the overall shape
of voids is barely affected by small changes to expansion
history due to a scalar field or additional drag terms due to
coupling within the dark sector but rather dominated by the
effect of gravity and the initial phases of the density pertur-
bations. However, we note that higher order shape statistics
may carry more noticeable imprints, which are not captured
in our shape statistics.

Our results also indicate that the common assumption
of sphericity for voids is problematic. In each of the shape
distributions, there is a spread of ≈ 0.2 in the range of ellip-
ticity and prolateness values, with a peak in the distributions
at e ≈ 0.10 and p ≈ −0.05. This demonstrates that voids,
when approximated by a regular ellipsoid, match an ellipsoid
shape more commonly than a spheroid shape (e = 0, p = 0).
Though the general deviation from a spheroid is not huge,
the commonly used spheroid assumption for stacked voids
still results in a loss of information, which may have implica-
tions for experiments involving the Sachs–Wolfe effect or the
Alcock–Paczynski test. In particular, the spheroid assump-
tion would be problematic if the overall ellipsoid shapes are
not randomly oriented along different lines of sight, such that
the deviations average out. We suggest that a more accurate
method of stacking should assume that voids are ellipsoidal
rather than spheroidal, drawn from a distribution in e and
p.

The ellipsoid average has implications for defining and
analysing void profiles. Void profiles are conventionally de-
termined using an effective void radius, which implicitly as-
sumes that the void can be approximated by a sphere. If
most voids are ellipsoidal, then it may be more informative
to define effective ellipsoid axes in which to calculate void
density profiles, rather than use an effective radius where
density variation information is invariably lost. However, it
should be noted that a void density profile will still be a
somewhat crude measure of how density varies within highly
irregular voids (which many of our voids are), even if the pro-
files are calculated with respect to effective ellipsoid axes.
Profiles for such voids would ideally take the shape of the
void into account.

6.3 Densities

Out of the three void properties we have explored thus far,
the average void density distribution shows the most poten-
tial for use as a probe of cosmology. Except for the similarity
between φCDM and CDE at z = 0.0, these distributions are

all distinct from one another across redshifts z = 0.0 − 1.0.
In particular, at all three redshifts, ΛCDM produces denser
voids than the other cosmologies.

A possible cause of the distinct difference in average
void densities is the way dark energy is characterised in both
φCDM and CDE compared to ΛCDM. In both the alterna-
tive models, the accelerated expansion of the universe arises
due to the presence of a scalar field, whereas in the stan-
dard model, the cause is attributed to the presence of dark
energy that produces an outwards pressure on the universe.
The inclusion of an additional scalar field affects the expan-
sion history of the universe, which, in turn, may affect the
speed at which matter evacuates out of voids. Under the
Ratra–Peebles potential used in our quintessence and cou-
pled models, matter appears to evacuate out of voids more
quickly.

The differences present in the average void densities can
also be understood in terms of the non-linear power spectra
in Fig. 1. Both φCDM and CDE have more power at scales
where the vast majority of our voids are found (0.1 . k . 1)
than ΛCDM. This is consistent with denser void walls and
thus emptier voids, found in both the alternative models
compared to the standard model.

The φCDM and CDE PDFs are distinct from each other
at z = 0.6 and 1.0, indicating that the presence of coupling
does affect the speed of evacuation at some time during void
evolution. Specifically, as the peak of the CDE PDF occurs
at a higher density than the peak of the φCDM PDF at
z = 0.6 and 1.0, the presence of coupling between the scalar
field and dark matter appears to cause voids to evacuate
more slowly and contain more matter. This is consistent
with the additional drag force between particles, which may
be expected to slow down the evacuation of matter from
voids. However, despite the additional drag force, the CDE
PDF still peaks at a lower density than the ΛCDM PDF,
indicating that voids in a CDE cosmology are still on av-
erage emptier than the voids in a ΛCDM cosmology. One
possible explanation for this is that the effect of the scalar
field (which is also present in our CDE model) in emptying
out voids is greater than the effect of coupling in slowing
down void evacuation. The lower density peak is offset by
the effect of coupling, but not enough to produce voids as
dense as those in ΛCDM, on average.

Interestingly, the difference in the distributions reduces
to insignificance at z = 0.0, as the two PDFs converge. There
are two possible explanations for this. The first is that the
effect of coupling naturally reduces with time, perhaps as the
evacuation speed in the CDE cosmology speeds up as fewer
particles are left in voids, causing the average void densities
in these two models to converge, and ultimately leaving no
evidence of coupling on the average emptiness of voids in the
present-day universe. If true, this would be a remarkable
coincidence. The second explanation is that the evolution
of the void densities is influenced by the normalisation of
the density field perturbation amplitudes (our simulations
are all normalised so that the mass variance, σ8, at z =
0.0, is the same for all of them). Indeed, this would not be
surprising, given that the normalisation affects the evolution
of the initial density field perturbations (i.e. if we chose a
different redshift for the normalisation, then the evolution
of those amplitudes would look different). If this effect is
as significant as the effect of coupling between dark matter
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and the scalar field, then it is possible that the differences we
see between the φCDM and CDE PDFs (and between the
ΛCDM and CDE PDFs) across all three of these redshifts are
affected by this normalisation. Determining the significance
of the time of normalisation would require extracting the
average void density PDFs from simulations normalised at
different epochs, and checking for differences in the evolution
of the PDFs.

Fortunately, the differences between the ΛCDM PDF
and the φCDM PDF are unlikely to be affected by our nor-
malisation, since the presence of the scalar field alters only
the expansion history, and not the evolution of the initial
density perturbations. We can therefore conclude that the
scalar field, or the nature of dark energy, imprints itself on
to the average density of voids. In our specific models, it
produces emptier voids in the universe.

It is worth noting that the specific differences we see in
the density PDFs may be very model-dependent. For exam-
ple, using a different potential for the Lagrangians underpin-
ning the φCDM and the CDE models may result in different
PDF profiles, compared to ΛCDM. Furthermore, the choice
of parameter values such as coupling strength may affect the
size of the differences between the PDFs. For this reason, it
is possible for certain realisations of alternative models to
produce density PDFs that are very similar to that of the
standard ΛCDM. Conversely, any difference found between
the predicted ΛCDM PDF and the PDF derived from ac-
tual observations will not necessarily inform us of the specific
cosmology of the universe. In order for strong constraints on
the cosmology to be made, more studies into the particular
dependence of the void densities on the specific model and
its parameter values must be done.

Once we have predictions from a wide range of models,
the advantage of using the average void density PDF as a
probe of cosmology is clear. Unlike the volume distributions,
the differences between models in the average void density
distributions occur across the redshift range z = 0−1, which
corresponds to a significantly larger observational volume in
which to search for signatures of cosmology.

7 CONCLUSIONS

We studied the properties of voids in three different cosmo-
logical models: the standard ΛCDM model, a quintessence
model with a time-varying scalar field and a CDE model
featuring coupling between a time-varying scalar field and
dark matter. We have made comparisons of void properties
between these models in the redshift range z = 0.0 − 1.0,
with the goal of identifying the signatures left on voids by
the underlying dark sector physics within these models.

We ran numerical N-body simulations of each of the
three cosmological models in boxes of length 500 h−1 Mpc,
consisting of 5123 dark matter and baryonic particles each.
Each simulation was initialised to have the same den-
sity perturbation phases, enabling voids between simula-
tions/models to be matched and compared. The primary
difference between the simulations lay in the governing cos-
mological model, which allowed direct comparisons of vari-
ous void properties to be made among the models and any
differences found to be attributed to differences in under-
lying cosmology. Using a Hessian-based void-finding algo-

rithm without applying shape or density requirements, we
were able to find a variety of voids in the CDM distributions
of these simulations, many of which are highly irregular and
would not have been found via other methods. We conducted
analyses on the sizes, shapes and average densities of these
voids. For each of the three cosmological models, we derived
a PDF describing the void size distribution, a void elliptic-
ity and prolateness distribution, and a probability density
function describing the average void density distribution.

We found that the CDE model is distinct from both
ΛCDM and φCDM in the distribution of void sizes at z = 0.0.
The void volume PDF predicted by the CDE model devi-
ates from the standard model (and the φCDM) prediction
by ∼ 10% for large voids, a deviation that increases with void
size. This deviation is not nearly as significant at the higher
redshifts, nor is it seen between the φCDM and ΛCDM dis-
tributions across the three redshifts. This suggests that it is
the coupling between the scalar field and dark matter that
leaves a potentially observable imprint in the void abun-
dance, particularly of large voids and at very late times,
while the presence of the scalar field leaves only a minimal
imprint. We propose that this signature may be attributed
to the coupling, which introduces an additional drag force
between baryons and dark matter, and causes thinning of
void walls as matter evacuates more slowly from voids, en-
abling a greater number of larger voids to form through the
merger of smaller voids (building on the original suggestion
by Sutter et al. 2015).

Additionally, we found that the distributions of void el-
lipticity and prolateness were extremely similar across all
three models in the redshift range z = 0.0 − 1.0. Our cosmo-
logical models leave no imprint on general void shape statis-
tics, though it is possible that higher order shape statistics
carry significant imprints. This indicates that the general
void shape is dominated by gravity and the initial phases of
the density perturbations, and is insensitive to small changes
in dark sector physics. General void shape statistics are
therefore unlikely to be useful probes of cosmology, and more
complex shape statistics that quantify irregularity may be
necessary. Furthermore, we found that the distributions of
ellipticity and prolateness, calculated through the fitting of
ellipsoids to the true void shape, suggest that the most com-
mon ellipsoid that best fits the shape of each void has an
ellipticity of ≈ 0.10 and a prolateness of ≈ −0.05. Our results
show that most voids are not, in fact, best represented by
spheroids, but rather, they are best represented by slightly
prolate ellipsoids. Furthermore, we find that the voids iden-
tified by our Hessian-based method can be very irregular
in shape. Irregularity is most common amongst large voids,
as they are likely to have become so through the merger
of smaller voids. These results have important implications
for common practices where the spherical void assumption
is made (e.g. experiments involving void stacking, defining
density profiles for voids). The inherent flaw in the assump-
tion may significantly affect the results obtained through
such practices.

The differences in the distribution of average void den-
sities among the cosmologies may be the most promising
signature of the underlying cosmology found in this study.
With the exception of a great similarity between the aver-
age density PDFs in the φCDM and CDE models at z = 0.0,
all of the models predict distinctly different distributions for
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average void density, across all three redshifts. These results
may be attributed to both the presence of the scalar field
and its coupling to dark matter. CDE is seen to produce
denser voids than φCDM, which suggests that the coupling
alone affects the rate of matter evacuation from the void.
This may be attributed to the additional drag term expe-
rienced by baryons and dark matter, which would slow the
movement of material out of the void. The fact that ΛCDM
still produces the densest voids, on average, despite the ef-
fect of coupling in CDE suggests that the effect of the scalar
field in emptying voids is great enough to offset the effect
of coupling. It is possible that the normalisation used in our
simulations affected the position of the peaks derived from
the φCDM and CDE simulations, and contributed to the
strong similarity between those PDFs at z = 0.0. Further
studies involving the use of different normalisations need to
be conducted to shed light on to this result.

It is worth noting that the results presented in this
study are true for specific realisations of quintessence and
CDE cosmologies. It is not enough to simply determine that
alternative cosmological models give rise to different void
properties. As we have seen, different void properties may
arise depending on the specific parameter values. Properly
probing the nature of the dark sector requires quantifying
how the strength of the coupling, or the specific changes in
expansion history, affects the properties of voids. How strong
must the coupling be to produce a deviation from the pre-
diction of the standard model? Is there a dependence of the
size of the deviation on the coupling strength? How different
from ΛCDM predictions must the Hubble parameter be for
any imprint to be observable? What form must the poten-
tial, V (φ), take in order to leave an imprint? These questions
are especially important for constraining the vast range of
possible models that are consistent with our universe.
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A., eds, Astronomical Society of the Pacific Conference Series
Vol. 453, Advances in Computational Astrophysics: Methods,

Tools, and Outcome. p. 305

Pace F., Baldi M., Moscardini L., Bacon D., Crittenden R., 2015,
MNRAS, 447, 858

Padilla N. D., Ceccarelli L., Lambas D. G., 2005, MNRAS, 363,

977

Paillas E., Lagos C. D. P., Padilla N., Tissera P., Helly J., Schaller

M., 2017, MNRAS, 470, 4434

Pawlowski M. S., Pflamm-Altenburg J., Kroupa P., 2012, MN-

RAS, 423, 1109

Perlmutter S., et al., 1999, ApJ, 517, 565

Petraki K., Volkas R. R., 2013, International Journal of Modern

Physics A, 28, 1330028

Pettorino V., Amendola L., Baccigalupi C., Quercellini C., 2012,

Phys. Rev. D, 86, 103507

Pisani A., Sutter P. M., Hamaus N., Alizadeh E., Biswas R., Wan-
delt B. D., Hirata C. M., 2015, Phys. Rev. D, 92, 083531

Planck Collaboration et al., 2014a, A&A, 571, A16

Planck Collaboration et al., 2014b, A&A, 571, A23

Planck Collaboration et al., 2016a, A&A, 594, A13

Planck Collaboration et al., 2016b, A&A, 594, A16

Pogosyan D. Y., Starobinsky A. A., 1993, MNRAS, 265, 507

Pollina G., Baldi M., Marulli F., Moscardini L., 2016, MNRAS,
455, 3075

Power C., 2013, Publ. Astron. Soc. Australia, 30, e053

Ratra B., Peebles P. J. E., 1988, Phys. Rev. D, 37, 3406

Reid B. A., et al., 2010, MNRAS, 404, 60

Riess A. G., et al., 1998, AJ, 116, 1009

Rozo E., et al., 2010, ApJ, 708, 645

Sawala T., et al., 2016, MNRAS, 457, 1931

Sheth R. K., van de Weygaert R., 2004, MNRAS, 350, 517

Starobinsky A. A., 1980, Physics Letters B, 91, 99

Sutter P. M., Ricker P. M., 2008, ApJ, 687, 7

Sutter P. M., et al., 2014a, VIDE: The Void IDentification

and Examination toolkit, Astrophysics Source Code Library
(ascl:1407.014)

Sutter P. M., Elahi P., Falck B., Onions J., Hamaus N., Knebe
A., Srisawat C., Schneider A., 2014b, MNRAS, 445, 1235

Sutter P. M., Carlesi E., Wandelt B. D., Knebe A., 2015, MNRAS,
446, L1

Suzuki N., et al., 2012, ApJ, 746, 85

Tegmark M., et al., 2004, Phys. Rev. D, 69, 103501

Trowland H. E., Lewis G. F., Bland-Hawthorn J., 2013, ApJ, 762,
72

Tsujikawa S., 2013, Classical and Quantum Gravity, 30, 214003

Vikhlinin A., et al., 2009, ApJ, 692, 1060

Wetterich C., 1988, Nuclear Physics B, 302, 668

Wetterich C., 1995, A&A, 301, 321

Xia J.-Q., 2013, J. Cosmology Astropart. Phys., 11, 022
Yang X., van den Bosch F. C., Mo H. J., Mao S., Kang X., Wein-

mann S. M., Guo Y., Jing Y. P., 2006, MNRAS, 369, 1293

Yang L. F., Neyrinck M. C., Aragón-Calvo M. A., Falck B., Silk
J., 2015, MNRAS, 451, 3606

Zhang Y., Yang X., Faltenbacher A., Springel V., Lin W., Wang

H., 2009, ApJ, 706, 747
Zivick P., Sutter P. M., Wandelt B. D., Li B., Lam T. Y., 2015,

MNRAS, 451, 4215

de Felice A., Tsujikawa S., 2010, Living Reviews in Relativity, 13

This paper has been typeset from a TEX/LATEX file prepared by

the author.

MNRAS 000, 1–16 (2017)

CHAPTER 4. LOW-Z VOIDS IN EVOLVING DARK SECTOR MODELS 59



CHAPTER 5
The Properties of Cosmic Voids in

Evolving Dark Sector Cosmologies
in the High-Redshift Universe

This chapter presents the following published article:

Cosmic voids in evolving dark sector cosmologies: the high-redshift universe by Ader-
mann E., Elahi, P. J., Lewis G. F., Power, C., 2018, Monthly Notices of the Royal
Astronomical Society, Volume 479, 4861–4877.

The study presented in the paper extends the work detailed in Chapter 4 to the high-redshift
universe, and is the first published study of void properties in quintessence and coupled
dark energy models at high redshift. The paper covers the properties of cosmic voids
over the redshift range z = 1.5 − 12, in the same three cosmological models that were
analysed in the last chapter: the pure quintessence model (φCDM), the coupled dark energy
model (CDE) and the standard model (ΛCDM). Using hydrodynamical simulations of
these cosmological models, we compared the population sizes, void volumes, shapes and
densities of voids in each of the three models.

We found that voids continue to be the emptiest in the pure quintessence model, and densest
in the standard model, in agreement with our previous work on low-redshift voids reported
in Adermann et al., 2017, Chapter 4. We also found that at late times, despite having a
smaller population of voids than ΛCDM, both φCDM and CDE contain a greater total void
volume than ΛCDM. From these results, we concluded that the scalar field within both
φCDM and CDE causes not only emptier voids in these cosmologies, but also a greater rate
of void mergers, potentially due to an increased evacuation rate from within voids. These
results further demonstrate the potential of void density as an observational probe of dark
energy in our Universe, as the differences in the density of voids between the quintessence
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cosmologies and ΛCDM extend to a very large redshift range.

The key figures that show these results are Figures 5.9 and 5.10, and Figures 5.1 and 5.5.
Figure 5.9 reveals the differences between the models in the average void density distri-
bution from z = 12 to z = 0, specifically that φCDM consistently produces the emptiest
voids and ΛCDM the densest, while Figure 5.10 demonstrates the multiple-σ significance
of these differences. The combination of Figure 5.1, which displays the lower abundance
of voids at late times in the two alternative models compared to ΛCDM, and Figure 5.5,
which reveals that both the alternative models contain a greater total void volume than
the standard model, indicate that φCDM and CDE exhibit greater void merger rates than
ΛCDM.

We end this chapter with further discussion of our results not presented in the published
article, starting from Section 5.8.

Important Notes on the Published Paper:

In Section 5.4, we offered an explanation for why other non-Hessian methods of void
finding tend to identify much larger underdense regions than Hessian-based methods. To
clarify our statement, we are suggesting that void-finding methods that rely on density
changes in space are better able to detect the ridges between subvoids within large un-
derdensities than other methods. The consequence is that subvoids (rather than the larger
underdensities in which they reside) are more likely to be identified as individual voids by
these methods.

We note a minor error in the published paper in Section 5.4, where we reported that 0.3% of
voids in the ΛCDM simulation at z = 0 have a density greater than the average simulation
density, when in fact there are no voids whose density exceeds the average simulation
density, as reported in Chapter 3. The correction does not significantly alter the statement
made in the paper. The conclusion that our void-finding method does not present problems
with possible ‘voids-in-clouds’ is still valid.

In Section 5.5.4, we wrote, ‘Although the relative differences reach > 25σ0 in significance
at most redshifts, the PDF shapes do not wildly differ from each other, as seen in Fig. 9.’
We mean to convey that the PDF shapes associated with each model are fairly similar, as
shown by Fig. 9. However, they are still distinctly different from each other, as relative
differences between the PDFs reach > 25σ0 in significance at most redshifts. Only at
z = 0 are the CDE and φCDM PDF shapes not distinct from each other.

In Section 5.6.1, we proposed that a higher void evacuation rate leads to higher merger
rates in the alternative models compared to the standard model, as a result of void walls
evacuating more quickly, causing neighbouring voids to merge into a single void. We
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acknowledge that void mergers can also involve two void walls joining together to become
more dense and contracted (as discussed in Sutter et al., 2014). If the wall is thin enough
and not too overdense, our Hessian void finder would identify the two voids as a single
void, which we consider merged. However, a study into void mergers is necessary to
confirm the physical details of the process.

We have moved a small body of text in Section 5.6.4, ‘Although we have not calculated
density profiles...in which greatest discrepancy from the standard model was found in
the centre.’, to a new position two paragraphs below its original position in the published
paper. The correction does not alter the discussion, except to minimise confusion in its
interpretation.

In Section 5.6.4, we wrote, ‘Although we have not calculated density profiles (as the
majority of our voids are not spherical)...’, by which we mean that the combination of
ellipticity and irregularity in many of our voids complicates the process of calculating
density profiles, and that because of this, a density average was better suited for identifying
density differences.

In Section 5.7, we mention ‘cosmological effects’, which refers to deviations from General
Relativity due to the presence of the scalar field and coupling.

Contributions and Acknowledgements:

The analyses in this paper are all my own work, apart from the contributions detailed below:

The simulations were provided by Dr. Pascal Elahi and Prof. Chris Power.

The fitting code I wrote to find the best-fitting parameter values for the volume and density
distributions was based on code originally written by Dr. Joseph Callingham.

The text in this paper was checked and edited by Dr. Pascal Elahi and Prof. Geraint Lewis.
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ABSTRACT
We compare the evolution of voids formed under the standard cosmological model
and two alternative cosmological models. The two models are a quintessence model
(φCDM) and a Coupled Dark Matter-Dark Energy (CDE) model, both of which have
evolving and interacting dark sectors. From N-body adiabatic hydrodynamical simu-
lations of these models, we measure the statistics and quantify the properties of voids
over the redshift range z = 1.5 − 12: these include their population size, volumes,
shapes, and average densities. We find that the latter property has potential as a
probe of cosmology, particularly dark energy, as significant differences in average void
densities exist between the alternative models and the standard model. We postulate
that this signature arises from an increased evacuation rate of particles out of voids, or
an earlier start to void evacuation, in the alternative models as a direct consequence of
the dynamical scalar field, which also leads to greater void merger rates. Additionally,
differences between the two alternative models are likely due to the drag force arising
from dark sector coupling, acting on dark matter particles in our coupled model.

Key words: dark energy – dark matter – large-scale structure of the Universe –
cosmology: observations – cosmology: theory

1 INTRODUCTION

The Standard Model of Cosmology, Λ Cold Dark Matter
(ΛCDM), is the simplest and most successful cosmological
model of the Universe. It asserts that the universe is spa-
tially flat and dominated by a dark sector, comprised of non-
baryonic dark matter and a dominant component of dark
energy.

The presence of dark matter is seen through obser-
vations of galaxy rotation dynamics and cluster dynam-
ics (Clowe et al. 2006). It is commonly assumed to be
a non-relativistic (or ‘cold’), non-baryonic form of matter
that interacts primarily via the gravitational force, and very
likely played an important role in the formation of struc-
ture by driving the small-scale clustering of baryonic matter
(see Frenk & White 2012). The exact properties, such as
mass, of the dark matter particle(s) are unknown, although
there are a number of theoretically motivated candidates
from high-energy physics whose properties are consistent
with observations, for example, the lightest supersymmet-
ric particle (LSP), the Weakly Interacting Massive Parti-
cle (WIMP), and the Strongly Interacting Massive Particle

? E-mail: eromanga.adermann@sydney.edu.au (EA)

(SIMP, Hochberg et al. 2015). Dark energy was discovered
through measurements of the redshift-luminosity distance
relationship in Type Ia supernovae (Riess et al. 1998; Perl-
mutter et al. 1999), which revealed the late-time acceleration
of cosmic expansion. It is considered a form of negative pres-
sure vacuum energy driving the acceleration, and is charac-
terised by the cosmological constant Λ and the equation of
state w = −1.

The ΛCDM model has had enormous success in explain-
ing large-scale observations, such as the Cosmic Microwave
Background (CMB) anisotropies (Bahcall et al. 1999; Ben-
nett et al. 2013; Planck Collaboration et al. 2014, 2016b),
Baryonic Acoustic Oscillations (Blake et al. 2011; Beutler
et al. 2012; Anderson et al. 2014), features in the large-scale
structure (Beutler et al. 2012), weak gravitational lensing by
the large-scale structure (Kilbinger et al. 2013) and galaxy
clustering (Alam et al. 2017). As such, it has become the
standard model for comprehending the Universe on large
scales.

Although ΛCDM is well supported by observations, ten-
sions still exist between some observations and its predic-
tions. For example, ΛCDM overestimates the number of
satellite galaxies around galaxies similar to the Milky Way
(Klypin et al. 1999; Moore et al. 1999). While this tension

© 2018 The Authors
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could be due to insufficient modelling of feedback processes
and their effects (e.g. small subhaloes may not be able to
host satellite galaxies due to removal of gas from feedback
processes, as suggested by Bullock et al. 2000; Benson et al.
2002; Nickerson et al. 2011, 2012; Sawala et al. 2016), it
could also indicate the need for modifications to ΛCDM,
perhaps in the form of warm dark matter (for details, see
Schneider et al. 2012; Power 2013; Elahi et al. 2014; Lovell
et al. 2014), although some studies have shown that warm
dark matter does not eliminate small-scale inconsistencies
(Schneider et al. 2014). ΛCDM also cannot explain or pre-
dict the strong alignment of satellite galaxies observed in the
Local Group (e.g. the Vast Polar Structure; Pawlowski et al.
2012; Pawlowski 2018 and the Plane of Satellites; Conn et al.
2013; Ibata et al. 2013 or beyond (e.g. alignments in SDSS
data; Yang et al. 2006; Li et al. 2013; Ibata et al. 2014),
indicating a further need for extensions or alterations to the
model.

The ΛCDM model also has some theoretical shortcom-
ings. One such example is the so-called cosmological con-
stant problem, where the prediction for the value of Λ from
quantum field theory (assuming that dark energy arises from
the zero-point energy of a fundamental quantum field) is
stunningly inconsistent with the value of Λ derived from ob-
servations and general relativity, which could be a sign of a
fundamental misrepresentation of dark energy by the stan-
dard model (for a review, see Weinberg 1989; Martin 2012).
Another issue is that the density of dark energy is similar
in value to the density of matter today, despite their inde-
pendent evolution through cosmic time and the very small
period in which they should be comparable (for a review, see
Sahni 2002). This unlikely coincidence may point to some in-
terdependence within the dark sector that is not accounted
for in ΛCDM. Perhaps most frustrating is the lack of the-
oretical underpinning for dark energy and dark matter –
though we can characterise the dark sector with cosmologi-
cal parameters, its nature remains a mystery.

To address the shortcomings of the standard model, a
number of alternative cosmological models have been pro-
posed. For example, the coincidence problem has led to the
proposal of models with a time-dependent dark energy den-
sity and equation of state. These include quintessence mod-
els that feature a dynamical scalar field that drives the ac-
celerated universal expansion instead of a cosmological con-
stant (see Ford 1987; Wetterich 1988; Ratra & Peebles 1988;
Tsujikawa 2013). For specific types of potentials, the scalar
field density remains close to the matter density through-
out most of its evolution, which alleviates the cosmic coin-
cidence problem. Another example of a class of dynamical
dark energy models are the f (R) gravity models (for a re-
view, see Tsujikawa 2010), which were proposed to explain
dark energy through modifications to gravity on large scales
(Capozziello & Fang 2002; Carroll et al. 2004). It is worth
mentioning that these models have not been ruled out by the
recent confirmation that gravitational waves travel at light
speed, while others, such as Galileons, quartic, and quin-
tic Horndeski theories, and some beyond-Horndeski mod-
els have (see, for example, Baker et al. 2017; Creminelli &
Vernizzi 2017; Ezquiaga & Zumalacárregui 2017).

To constrain the possible models that could explain ob-
servations of our Universe, cosmologists have utilised the
properties and statistics of the large-scale structure, in par-

ticular the overdense substructures (e.g. the halo mass func-
tion, Sutter & Ricker 2008) and galaxy cluster gas properties
(Baldi et al. 2010; Carlesi et al. 2014b). However, in recent
times, cosmic voids (underdense regions occurring within the
large-scale structure) have gained momentum as a probe of
cosmology, as they are only mildly non-linear structures (due
to their low density), which makes them potentially more
sensitive probes than overdense structures like haloes and
filaments. The properties and growth of overdense structures
are heavily influenced by complex baryonic physics and grav-
itational interactions, meaning that cosmological signatures
may be difficult to distinguish from, or even be masked by,
non-cosmological effects. In contrast, cosmic voids are rel-
atively simple environments that are much less affected by
baryonic physics, meaning that any cosmological signatures
in their properties are easier to identify. As such, they have
been established as useful probes of dark energy (Bos et al.
2012; Pisani et al. 2015), modified gravity (Voivodic et al.
2017) and alternative cosmological models (Massara et al.
2015; Sutter et al. 2015; Pollina et al. 2016; Achitouv 2017;
Adermann et al. 2017; Watts et al. 2017). Voids have also
been used in studies and measurements of the integrated
Sachs–Wolfe effect signal (Cai et al. 2014; Granett et al.
2015; Kovács 2017), baryonic acoustic oscillations (in void
clustering; Kitaura et al. 2016; Liang et al. 2016), and weak
lensing studies (Gruen et al. 2016; Sánchez et al. 2017).

This paper will use voids as probes of cosmology, ex-
tending the results presented in Adermann et al. (2017) to
the high-redshift universe, in order to identify discrepancies
between cosmologies at all times, including in the dark mat-
ter dominated era. Expanding to high redshift allows us to
potentially differentiate between the effects of normalisation
(those which are always present and continuously evolving,
and those which only appear in the dark energy dominated
era) and cosmology. We focus on the properties of voids and
their evolution from z = 1.5−12, a redshift range seldom ex-
plored in studies of voids. In Sections 2, 3, and 4, we present
a summary of the models examined in this paper, details of
the simulations of these models, and our approach to finding
voids in the simulations. In Section 5, we present our results,
followed by our interpretation and discussion in Section 6.
In Section 7, we summarise the findings and implications of
the results in this paper.

2 EVOLVING DARK SECTOR MODELS

We compare predictions from the standard model to predic-
tions from two non-standard, evolving dark sector models:
an uncoupled quintessence model (φCDM) and a coupled
dark energy-dark matter model, which we shall refer to as
Coupled Dark Energy (CDE) throughout this paper. The
key difference between the non-standard models and ΛCDM
is the nature of dark energy. Within the non-standard mod-
els, a time-dependent scalar field, φ, is responsible for dark
energy, rather than the cosmological constant, Λ. The CDE
model is further distinguished from both φCDM and ΛCDM,
in that its scalar field is coupled to the dark matter field.

We choose a Ratra–Peebles potential (Ratra & Peebles
1988) for both our non-standard models, given by:

V (φ) = V0φ
−α (1)
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where V0 and α are constants.
The consequence of including the scalar field in φCDM

and CDE is that the dark energy density evolves with time,
which affects the expansion history of the universe. How-
ever, the Lagrangian for the scalar field of the CDE model
contains a coupling term, which allows dark matter particles
to decay into the scalar field. An additional consequence of
the coupling is the presence of a ‘frictional’ force acting on
dark matter particles, which affects the evolution of density
perturbation amplitudes. For a more detailed discussion of
these models, see Elahi et al. (2015) and Adermann et al.
(2017).

3 SIMULATIONS

We produced N-body simulations of the two models of in-
terest, φCDM and CDE, and a reference ΛCDM simulation
to compare to the alternative models. We choose the cou-
pling parameter, β0, in the CDE simulation to be 0.05. The
choice allows us to maximise any differences between the
model and the reference ΛCDM model, while still remain-
ing within the range of allowed coupling (see Pettorino et al.
2012; Xia 2013).

Our simulations were run using dark-gadget, a modi-
fied version of p-gadget-2, which is itself a modified version
of gadget-2 (for more details, see Springel 2005; Carlesi
et al. 2014a). Our implementation follows that of Carlesi
et al. (2014a). We include a separate gravity tree to account
for the long range forces arising from the scalar field, and
an evolving dark matter N-body particle mass for CDE,
arising from the decay of the dark matter density. Each
of the simulations had a mass resolution of mdm(mgas ) =
6.9(13)×1010h−1M� at z = 0, high enough for void identifica-
tion. Each simulation was contained in a box of size 500 h−1

Mpc in length and consisted of 2×5123 particles (dark matter
and gas). The linear power spectrum and the growth factor
were calculated using the publicly available Boltzmann code
cmbeasy (Doran 2005) and first-order Newtonian perturba-
tion equations. For plots of the growth factor evolution, the
Hubble constant evolution and the non-linear power spec-
trum in each of the simulations, please refer to Section 3 of
Adermann et al. (2017).

The initial conditions for the simulations were produced
using a modified version of the publicly available n-genic,
by perturbing particles in a Cartesian grid with the first-
order Zel’dovich approximation. The modified n-genic code
uses the growth factors f = d ln D(a)/d ln a (which were
calculated by cmbeasy) to determine the particle displace-
ments in the alternative cosmologies. We chose to match the
cosmological parameters h, Ωm, Ωb and σ8 among the sim-
ulations at z = 0, rather than z = zCMB (redshift of the
CMB). The values were chosen to be consistent with the
z = 0 ΛCDM Planck data (Planck Collaboration et al. 2014,
2016a), with (h, Ωm, Ωb, σ8) = (0.67, 0.3175, 0.049, 0.83)
for all three simulations. Matching the parameters at z = 0
results in the alternative models having a different expan-
sion history in the early universe compared to ΛCDM. Each
simulation begins at z = 100, with the same initial density
perturbation phases, resulting in underdense regions form-
ing in the same approximate locations in each simulation.
This leaves any differences among the models to manifest in

the density profiles of the underdense regions (according to
their individual power spectra), and minimises differences
arising from cosmic variance.

Although the simulations do not take into account star
formation or feedback physics, recent studies have shown
that this should not significantly affect the void popula-
tion. Paillas et al. (2017) demonstrated that large under-
densities remain underdense, regardless of whether full bary-
onic/hydrodynamic physics is accounted for.

4 VOID FINDING

Following Adermann et al. (2017), we identified voids in the
cold dark matter particle distribution in the simulations by
calculating the Hessian matrix across the density field, which
is given by:

Hαβ (x) =
∂2ρ(x)
∂xα∂xβ

. (2)

The Hessian matrix can be used to characterise the cur-
vature of the density field, ρ(x) at position x. If all three
eigenvalues are negative, the local density field exhibits a
minimum along all directions, and is thus void-like. Various
combinations of positive and negative eigenvalues charac-
terise sheet-like, filament-like and knot-like regions within
the density field.

To calculate the Hessian matrix and its eigenvalues
across an entire simulation box, we first divided it up into a
grid of 500× 500× 500 cubic cells, each 1 h−1 Mpc in length.
Particle densities were calculated using a smooth particle
hydrodynamics kernel, and then were assigned to the near-
est grid cell, and used to determine an average density for
each cell. The densities were then convolved with a Gaussian
kernel, with σ = 3 h−1 Mpc, in order to remove small-scale
noise in the density field. We then calculated the Hessian
matrix for each cell, and used its eigenvalues to identify the
cells that were void-like. We grouped the neighbouring void-
like cells together with a friends-of-friends algorithm, with
the requirement that neighbouring cells could only be linked
if both are void-like cells, or the second is a sheet-like cell.
Each void group thus included a boundary layer of sheet-like
cells of thickness 1 h−1 Mpc. Void groups were only classified
as voids if their total volume consisted of at least two void-
like cells linked together (with a corresponding volume of 2
h−3 Mpc3), as smaller groups consisting of one void-like cell
may be spurious voids, and the resolution of our grid does
not allow us to distinguish between these voids and genuine
voids with volume 1 h−3 Mpc3.

Recent structure finder comparison projects (Libeskind
et al. 2018) have revealed that there is a good agreement
between most void-finding methods, especially in the shape
of the void density profiles. We note that the Hessian-based
methods were associated with smaller volume-filling frac-
tions than other methods, which is consistent with our re-
sults. However, the void-filling fraction within our simula-
tions is still smaller than what was calculated using other
Hessian-based methods, potentially because of the difference
in the eigenvalue thresholds used. While other methods set
their threshold based on visual comparisons, we set ours
based on a physical definition of voids as density minima.

We also suggest that other, non-Hessian methods tend
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to identify much larger underdense regions than Hessian-
based methods, because Hessian methods rely on density
changes in space, allowing the identification of individual
density minima within these larger underdensities. Although
a small fraction of density minima identified in this way
could be ‘voids-in-clouds’ (approximately 0.3 per cent of
voids we identified have an average density greater than the
average simulation density at z = 0), we argue that this
should not be problematic, as long as there is consistency in
the methods used to define and identify voids when compar-
ing predictions to observations. More information on how
our void-finding method compares to other methods can be
found in Adermann et al. (2017) and Libeskind et al. (2018).

5 RESULTS

We present the population size, volume distribution, shape
distribution, and average density distribution of voids occur-
ring across the high-redshift universe. Our analysis spans the
redshift range from z = 1.5 to z = 12.

5.1 Population Size

The evolution of the void population size for ΛCDM is shown
in Fig. 1, along with the ratios of the φCDM and CDE pop-
ulation size to the ΛCDM population size. The number of
voids decline with time for all models, and is generally very
similar between the models at all redshifts, with all ratios
staying close to unity. However, there are small differences
between the models worth noting.

Specifically, the φCDM and the CDE models have
greater void populations than the ΛCDM model at high red-
shift (z ≈ 4−12), with φCDM having the largest population.
At z ≈ 4, the ΛCDM void population begins to overtake both
φCDM and CDE, and continues to be most populated until
z = 0. In the range z ≈ 0.3 − 0.6, the population size ratios
between the alternative models and ΛCDM increase slightly,
before decreasing again towards z = 0. At z ≈ 0.3, the pop-
ulation of CDE suddenly declines and the model becomes
less populated than φCDM.

5.2 Volumes

Following Adermann et al. (2017), we use a probability den-
sity function (PDF) to quantify the shape of the void volume
distribution across the high-redshift universe. The PDF is
defined so that the probability of finding a void with a spe-
cific volume V is given by the integral from V to V + dV of
the PDF. The number of voids of a given volume that can be
expected to exist in a given region can be determined from
the PDF by multiplying the probability of finding a void
with that volume by the number of voids inside the region.
The PDF is given by:

f (V ) =
1

V0Γ(1 − α)
(V/V0)−αexp(−V/V0), (3)

where V is the void volume in h−1 Mpc, defined as the num-
ber of 1 h−1 Mpc void-like cells comprising the void (ex-
cluding sheet-like cells). The parameter α is the slope of the
power law, V0 is the characteristic volume that determines
the position of the turnover, and Γ(1 − α) is the gamma

Figure 1. Left-hand panels: The evolution of the total number of
voids found in the ΛCDM model across the redshift range z = 0−12
(top panel), and the ratio of the population size in the φCDM

(dashed magenta) and CDE (dot–dashed green) models to the
ΛCDM model (bottom panel). A ratio of one is indicated by the

black dotted line. Right-hand panels: The evolution of the total

number of voids in each model as a function of the age of the
universe, calculated using the same cosmological parameters used

in our simulations.

function evaluated at 1 − α. The best-fitting values for the
parameters α and V0 were determined by fitting Equation 3
to the set of void volumes at each redshift in all simulations,
and are shown in Table 1. The fitting was performed using
a Markov chain Monte Carlo (MCMC) algorithm with the
Python emcee library (Foreman-Mackey et al. 2013).

The PDF distributions in the ΛCDM simulation at a
select number of redshifts is presented in Fig. 2. It is clear
from the figure that the lower the redshift, the greater the
probability of finding large voids (V & 103 h−3 Mpc3). This
trend is exhibited across the entire set of snapshots we anal-
ysed. However, in the volume range V ≈ 4− 300 h−3 Mpc3, a
different trend emerges; the lower the redshift, the lower the
probability of finding these voids. The PDF distributions
for different z intersect with each other at V ≈ 300 − 310
h−3 Mpc3, because the higher redshift curves experience a
faster drop off than the lower redshift curves (due to a com-
bination of the slightly shallower power-law slope and the
exponential drop off at lower volumes for higher redshift
curves). At the lowest volumes (2 h−3 Mpc3 ≤ V . 4 h−3

Mpc3) the PDFs show the same trend as at high volumes;
the smallest voids occur more frequently at low redshift than
at high redshift. Although the rate of growth and coalescence
of these smallest voids may not be numerically converged,
the trends observed are likely physical, and supported by
the large number of small voids. The power-laws at lower
redshifts are shallower than at higher redshifts, resulting in
another intersection between the PDF distributions at ap-
proximately 4−5 h−3 Mpc3. However, it must be noted that
the exact locations of these intersection points are not well
constrained, as it occurs at low volumes very close to the
noise limit.

The PDF distributions across multiple redshifts for
φCDM and CDE show similar trends. The intersection
points between the PDF distributions for different z also
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Figure 2. The volume PDF distributions for ΛCDM, φCDM and CDE at multiple redshifts.

occurs at V ≈ 300 − 310 h−3 Mpc3 and V ≈ 4h−3 Mpc3

for φCDM and CDE. However, the range included between
these crossover points is slightly smaller for ΛCDM than
for the alternative models. Interestingly, the intersection be-
tween the z = 9 and z = 12 distributions in CDE appears
to occur at less than 2 h−3 Mpc3, outside the range probed
by our void-finding method. Thus, in the CDE simulation,
there are a slightly greater number of the smallest voids at
z = 9 than at z = 12, which is not the case for the other two
models.

Comparisons of the volume PDF between the models
for z = 1.5 − 12 are presented in Fig. 3 (along with the
z = 0 − 1 comparisons for reference), where we show the
ratio between each pair of cosmologies. To obtain these ra-
tios, we performed a bootstrapping analysis on the distri-
bution of parameter values that were sampled during the
MCMC fitting process. We took a subsample of 5000 values
for each of the two parameters, α and V0, and calculated
the ratios between the corresponding volume PDFs they de-
fined. We were thus able to produce a distribution of ratios
for each pair of models. We show the median ratios between
each pair of cosmologies in Fig. 31, along with the 16th and
84th percentile ratios, which represent the 1σ uncertainty on
the ratios obtained, as the distributions are not necessarily
Gaussian. These ratio plots show that across all redshifts
studied, the ratios between the PDFs for each pair of cos-
mologies are consistent with a ratio of unity to within 1σ
uncertainty (1σ uncertainty range overlaps with a ratio of
one). We observe the same increasing spread in the ratio
distributions with volume for the high-redshift universe, as
we saw in the low-redshift universe, because the shape of
the PDFs at high volume are not as well constrained as at
low volume due to lower numbers of large voids. The median
ratios also tend to increase with volume, indicating that the
disparity between cosmologies is greater in the large void
population than the small void population.

1 We show the ratios of the bin-independent fits, rather than

ratios of the raw volume data which would be bin dependent.

At very early times, the ΛCDM PDF is closer to φCDM
than CDE. Specifically, CDE predicts more large voids V >

1000 h−3 Mpc3 than the other two models. In the range
z = 9.0 − 5.3, CDE converges towards ΛCDM. At the same
time, φCDM shows greater discrepancy from the standard
model, suggesting faster production of large voids within
φCDM. By z = 4.0, φCDM contains the largest number of
voids with V > 1000 h−3 Mpc3, and ΛCDM the least. The
disparity between φCDM and ΛCDM decreases in the range
z = 3.0−2.2, before increasing again by z = 1.5. Despite these
changes, it continues to have the largest number of voids in
the range z = 3.0−1.5. The CDE PDF gradually approaches
the ΛCDM PDF in the range z = 12−1.5, until their median
ratio is nearly unity at z = 1.5. However, we note that these
systematic differences are affected by the absence of large-
scale power. Hence, the evolution described here may not
accurately represent the large void populations, although
each simulation should be affected in the same way.

Although not shown, the results for smaller voids (V <

1000 h−3 Mpc3) also show no significant deviation from each
other by more than 1σ, but there are small discrepancies
among the cosmologies. There is no clear trend for the small-
est voids, with each model containing the greatest number
of these voids at different redshifts. However, small voids are
close to our noise limit, which may hide differences among
the models. Across the redshift range z = 1.5 − 12, ΛCDM
contains the greatest number of mid-range voids (V ≈ 100
h−3 Mpc3; specific volume range varies with redshift).

In Fig. 4, we present the evolution of the volume PDF
parameters α and V0. The ratios of the parameters in the
φCDM and CDE models to the ΛCDM parameters are also
presented. The uncertainties displayed were calculated by
adding the parameter uncertainties in quadrature, while ac-
counting for variation in the upper and lower uncertainties.
It is clear from Fig. 4 that α and V0 increase with decreas-
ing redshift across all models, indicating that the power-law
steepness and the exponential cut-off point increases with
decreasing redshift. Additionally, the rate of increase for V0
increases as the models evolve (i.e. d2V0/dt2 > 0). Although
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Figure 3. Bootstrapped ratios for the volume PDFs between each pair of the three models, in the range z = 12− 0. We show the median

ratio, along with the 16th and 84th percentile ratios, at each redshift. The median ratios are represented by the thickest lines, while the

16th and 84th percentile ratios are indicated by the thinner lines. The ratios between the φCDM PDF and the ΛCDM PDF are indicated
by the solid magenta lines, while the dashed green lines and the dot–dashed orange lines represent the ratios between the CDE and

ΛCDM PDFs and between the CDE and φCDM PDFs, respectively.

this rate of increase is generally quite similar across the mod-
els, there is one difference; in the range z = 0 − 0.3, the pa-
rameter V0 in the CDE model increases much more quickly
than in either of the other models. The parameter values are
otherwise consistent among the models to within a 1σ un-
certainty across all redshifts (uncertainty regions overlap a
ratio of one). These trends are also clear from Table 1, which
lists the best-fitting values of α and V0 along with their 1σ
uncertainties. 2

Fig. 5 shows the evolution of the total volume occupied
in voids in each cosmological model. We do not show uncer-
tainties arising from cosmic variance, as this would require
multiple simulations. Although the discrepancies may not
be statistically significant for our sample size, they are still
noteworthy due to our effort to minimise the effects of cosmic
variance, so that discrepancies may be attributed to differ-
ences in cosmology. We find that the φCDM model contains
the greatest total volume within voids at early times, while
ΛCDM contains the least. At z ≈ 3, the curves intersect and
ΛCDM experiences faster growth in total void volume than
the other two cosmologies. At late times, φCDM contains
the lowest total volume within voids.

2 For reference, the best-fitting values in the range z = 0 − 1 are

also presented, which covers a total of ∼ 8 Gyr in time.

5.3 Shapes

Following Adermann et al. (2017), we fit the voids with el-
lipsoids and calculated their ellipticity and prolateness. To
determine the axis lengths of the best-fitting ellipsoids, we
calculated the moment tensor for each void using the sheet-
like cells in the boundary layer:

Mab =
∑

i

(xai − Xa)(xbi − Xb ), (4)

where i represents the sheet-like cells defining the bound-
ary layer of each void, xa

i
and xb

i
are the a-coordinate and

the b-coordinate of the ith cell, respectively (where a and
b denote x, y, or z), and Xa and Xb are the a-coordinate
and b-coordinate of the void barycentre, respectively. The
void barycentres were calculated by taking the unweighted
average of the boundary cell positions. The eigenvalues e1,
e2, and e3 of the moment tensor relate simply to the axis
lengths a, b, and c of the best-fitting ellipsoid:

e1 =
a2

3
, e2 =

b2

3
, e3 =

c2

3
, (5)

where c is the longest axis and a is the shortest axis.
We define ellipticity of the best-fitting ellipsoid to be

e =
1
4

c2 − a2

a2 + b2 + c2 . (6)

The consequence of our definition is that spheres have an el-
lipticity of zero, and the value of e increases as the deviation
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Figure 4. The evolution of the parameters α and V0 with redshift for the three models. The parameters characterising the void volume

PDF in the ΛCDM model are displayed in the first row, with 1σ uncertainties indicated by the dashed lines. The ratio of α and V0 in
the φCDM and CDE models to the corresponding α and V0 in the ΛCDM model are shown in the second and third rows, respectively.

The 1σ spread on the ratios are indicated by the coloured regions. A ratio of unity is indicated by the black dashed lines.

Table 1. The best-fitting values (with 1σ uncertainties) for the parameters α and V0. The values for the z = 0.0 − 1.0 are also included

for the sake of comparison.

ΛCDM φCDM CDE

z α V0 α V0 α V0

12 0.283 ± 0.004 275.0 ± 2.0 0.283 ± 0.004 275.3 ± 2.0 0.285 ± 0.004 276.6 ± 2.0
9.0 0.294 ± 0.004 290.9 ± 2.1 0.294 ± 0.004 291.7 ± 2.1 0.295 ± 0.004 292.1 ± 2.1
6.9 0.309 ± 0.004 311.2 ± 2.3 0.310 ± 0.004 312.7 ± 2.3 0.311 ± 0.004 313.0 ± 2.3
5.3 0.324 ± 0.004 334.9 ± 2.5 0.325 ± 0.004 336.3 ± 2.5 0.325 ± 0.004 336.1 ± 2.5
4.0 0.343+0.003

−0.004 363.8 ± 2.8 0.347 ± 0.003 367.2 ± 2.8 0.346 ± 0.003 366.0 ± 2.8
3.0 0.363 ± 0.003 399.0+3.2

−3.1 0.365 ± 0.003 401.8+3.2
−3.1 0.366 ± 0.003 401.5+3.2

−3.1
2.2 0.385 ± 0.003 440.0+3.6

−3.5 0.387 ± 0.003 442.7 ± 3.6 0.386 ± 0.003 441.2+3.6
−3.5

1.5 0.405 ± 0.003 487.6+4.1
−4.0 0.411 ± 0.003 492.6+4.2

−4.1 0.406 ± 0.003 488.5+4.1
−4.0

1.0 0.423 ± 0.003 540.0 ± 4.7 0.427 ± 0.003 543.2+4.8
−4.7 0.424 ± 0.003 540.6+4.7

−4.6
0.6 0.442 ± 0.003 598.3+5.4

−5.3 0.445 ± 0.003 602.8+5.5
−5.4 0.441 ± 0.003 599.0+5.5

−5.3
0.3 0.459 ± 0.003 660.1+6.2

−6.1 0.465 ± 0.003 664.5+6.3
−6.2 0.462 ± 0.003 661.7+6.2

−6.1
0.0 0.474 ± 0.003 717.1+6.8

−6.9 0.476 ± 0.003 716.2 ± 6.9 0.477 ± 0.003 731.7 ± 7.1
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Figure 5. The evolution of the total void volume in each model.

from a sphere increases. Prolateness is defined as

p =
1
4

(b2 − a2) + (b2 − c2)
a2 + b2 + c2 , (7)

and characterises the elongation of the axes relative to each
other. A negative value of p indicates that one axis is elon-
gated relative to the other two (prolate), while a positive
value of p indicates that two axes are elongated relative to
the third (oblate).

Fig. 6 shows the distribution of ellipticities and prolate-
ness for voids in each model for selected redshifts. As the
smallest voids do not have sufficiently resolved shapes, we
included in our subsequent analyses only voids consisting
of more than 10 cells. The majority of voids have p < 0,
and e ≈ 0.1, for z = 12 − 1.5 and for all models. However,
each model starts out at z = 12 with more voids of (rel-
atively) high prolateness or oblateness (i.e. magnitude of
p ≈ 0.1 − 0.2). As the models evolve, the void populations
tend towards more average values of p and e (p ≈ −0.1 − 0
and e ≈ 0.05 − 0.15).

This trend can also be seen in how the median e and p
values change with redshift. At z = 12 the medians in ΛCDM
occur at (e, p) = (0.09 ± 0.03,−0.04+0.03

−0.04)3. The median e
increases slowly with redshift, while the median p decreases
slowly with redshift. At z = 1.5, the median e and p occur
at (e, p) = (0.10 ± 0.03,−0.05+0.03

−0.04), before settling at (e, p)
= (0.11 ± 0.03, −0.05 ± 0.04) when z = 0.

The alternative models show very similar trends overall;
differences in the median values and scatter are only slight.
The only differences are that the median prolateness of voids
in φCDM is slightly lower than in ΛCDM, and at z = 1.5,
the scatter in the ellipticity values in CDE is slightly nar-
rower than in the other models. The rate of change in the
distributions are also extremely similar among the models.

Plots of the variation in prolateness and ellipticity with
volume in Fig. 7 show that the oblate voids, and the voids
with the highest ellipticity and lowest ellipticity in ΛCDM
decline in number with decreasing redshift. Although this

3 The upper and lower limits reported here are the 25th and 75th

percentiles

could be affected by small number statistics, the figure also
shows that larger voids have a noticeably smaller spread in
both prolateness and ellipticity than smaller voids. There is a
general trend of decreasing scatter in these shape parameters
with increasing volume. This is also reflected in the other
two cosmological models. Additionally, there are occasional
large voids tending away from the average, with positive p
instead of negative. However, the large void population is
too small to draw any conclusion about the existence of a
significant subset of large, oblate voids.

5.4 Average Densities

For each model, we fit a PDF to the distribution of aver-
age void density at different redshifts. The average density
for each void was calculated by taking the mean of the cell
densities comprising the void, excluding the densities of the
sheet-like boundary cells. For each snapshot, the average
void density formed a distribution which was best fit with a
skewed Gaussian,

p(t) =
1√
2π

e−t
2/2

[
1 + erf

(
αt√

2

)]
, (8)

where t = (log10ρ − µ)/σ, α is the skewness parameter, µ
is the mean, and σ is the standard deviation of the associ-
ated Gaussian. The best-fitting values for µ, σ and α for all
available snapshots are listed in Table 2.

The PDFs showing the average void density distribu-
tion in the range z = 12 − 0 for each cosmological model are
displayed in Fig 8. The peak of the PDFs decrease with time,
showing that voids become more underdense with time. The
spread of the PDFs also increases with decreasing redshift,
suggesting that the range of densities starts off quite narrow
at early times and increases as voids evolve (expand, evac-
uate, and merge). The evolution of the density PDFs in all
three models is very similar.

Fig. 9 shows the comparison between the density PDFs
at specific redshifts. The density PDFs in the range z = 0−1,
which were presented in Adermann et al. (2017), are also dis-
played in this figure for completeness. At z = 12, the three
models show the most similarity in their density distribu-
tions, but remain distinct. The ΛCDM density PDF peaks
at a slightly higher average void density than the other two
models. As the models evolve, the ΛCDM PDF becomes
more distinct from, and continues to peak at a higher av-
erage density than, the other two PDFs. At z = 5.3, the
φCDM PDF starts to become more distinct from the CDE
PDF, shifting further to the left and showing a wider spread
in densities. This indicates that the φCDM density PDF
starts spreading out to include lower average void densities
a sooner than the PDFs of CDE and ΛCDM. From z = 4.0
to z = 1.0, the three models are quite distinct from each
other, with φCDM peaked at the lowest void density and
with the widest spread, and ΛCDM peaked at the highest
and with the narrowest spread. The ΛCDM and CDE PDFs
finally attain a similar spread to the φCDM PDF by z = 0.6,
and as observed in Adermann et al. (2017), the CDE PDF
approaches the φCDM PDF until they converge at z = 0.0.

To compare the density PDFs among the models, we
performed a bootstrapping analysis on the distribution of
parameter values that were sampled during the MCMC fit-
ting process. As with the volume PDF comparisons, we took
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Figure 6. The distribution of ellipticities versus prolateness for the voids in a number of simulation snapshots. We show the distributions

for each cosmology for the redshifts z = 0.0, 1.5, 3.0, 5.3, 6.9, 9.0, and 12 (we display the z = 0.0 distributions from Adermann et al. 2017
for reference). The horizontal black dashed line denotes a prolateness of zero. The p = ±e lines represent the limiting cases where the

two shortest axes are equal in length (p = +e), and the two longest axes are equal in length (p = −e).

a subsample of 5000 values for each of the three parameters,
µ, σ, and α, and calculated the ratios between the corre-
sponding volume PDFs they defined, thus producing a dis-
tribution of ratios between each pair of models. From these
ratios, we calculated the relative difference between each pair
of cosmologies, which we define as (Model1/Model2 − 1)/σ0,
where Model1/Model2 is the median ratio and σ0 is equiva-
lent to half the range between the 16th and 84th percentile
ratios. The relative differences are presented in Fig. 10, high-
lighting the statistically significant differences between the
PDF fit parameters and shapes.

We note that representing the relative differences in
terms of a σ0 defined in this way does not account for the
asymmetry in the upper and lower uncertainties associated
with the relative difference (or ratio) values. However, since
the differences between the density PDFs are very signif-
icant, these asymmetries do not have much effect on the

accuracy of our representation, while clearly showing the
extent of the deviations between the models. 4

It is clear from the figure that across all redshifts (except
at z = 0) the alternative models’ average void density dis-
tributions are inconsistent with that of the standard model,
with much more than a 1σ0 difference between their distri-
butions. The only crossings with a relative difference of zero
occur where the PDFs intersect each other. We note that at
z = 0, the relative differences between the CDE and φCDM
PDF appear to be greater than 1σ0 for some densities in
Fig. 10, but this is only an artefact of our choice to define
σ0 as half the range between the 16th and 84th percentiles,
not accounting for asymmetry in the ratio distribution and
thus slightly underestimating the size of the upper or lower

4 We did not use relative difference to represent deviations be-

tween volume PDFs in Fig. 3. This is because the asymmetries

about the median in the 16th to 84th percentile range were crit-
ical for the accurate representation of the differences and their

statistical significance.
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Figure 7. Plots showing how ellipticity and prolateness relate to void volume in the ΛCDM model at z = 12, 2.2, and 0.0. The top row

shows prolateness against void volume while the bottom row shows ellipticity against void volume.

Figure 8. Evolution of the average density PDFs from z = 12 to z = 0.0.
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Figure 9. Comparison of the density PDFs among the three models at multiple redshifts.

uncertainty in the median ratio at certain densities. The
differences between the CDE and φCDM PDFs are not sta-
tistically significant, as reported in Adermann et al. (2017).
Although the relative differences reach > 25σ0 in significance
at most redshifts, the PDF shapes do not wildly differ from
each other, as seen in Fig. 9. We also note that the rela-
tive differences between models at z = 5.3 exhibit a different
shape than those at other redshifts, because each density
PDF undergoes a transition from negative to positive skew-
ness at approximately this redshift, but not at exactly the
same time.

In Fig. 11, we show the evolution of the best-fitting
density PDF parameters, µ, σ, and α, across all models
and all available redshifts (for completeness, we also dis-
play the best-fitting values in the range z = 1 − 0). As with
the volume parameter ratios, the uncertainties were calcu-
lated by adding the parameter uncertainties in quadrature,
accounting for asymmetry in the upper and lower uncertain-
ties. All three models show a decrease in µ, and increases in
σ and α, with time, indicating greater underdensities and

larger spreads in densities with time. The CDE and ΛCDM
best-fitting values show the greatest similarity, while φCDM
shows the greatest deviation from the other two models, par-
ticularly in µ and α and from z = 7 to z = 4.

The φCDM PDF changes shape earlier than the other
two PDFs. Specifically, the skewness changes from negative
to positive (α changes sign) earlier, and the PDF experiences
an earlier and faster decline in the peak density in the range
z ≈ 7 − 5 before slowing down again. The ΛCDM and CDE
PDFs experience the faster decline in the range z ≈ 5 − 4.
As can be seen in the second and third rows of Fig. 11, the
φCDM and CDE parameters are largely distinct from those
of ΛCDM.

6 DISCUSSION

A key element in the interpretations of our results is the fact
that our simulations begin with matching density perturba-
tion phases, allowing for initial over- and underdensities to
seed in the same location independent of cosmology. This
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Figure 10. The relative differences in the density PDFs between each pair of the three models, φCDM and ΛCDM (solid magenta line),

CDE and ΛCDM (dashed green line), and CDE and φCDM (dot–dashed orange line), in the range z = 12− 0 (later redshifts included for

reference). The relative differences were calculated using the median ratios and are expressed in units of half the range between the 16th

and 84th percentiles. A relative difference of zero is indicated by the dotted black line.

means that differences among the simulations are due to the
differences in expansion history and the growth of the den-
sity perturbation amplitudes, hence underlying cosmology,
rather than cosmic variance. The differences we focus on in
this section are at least 1σ deviations. However, due to the
phase matching and enforcing the same σ8 at z = 0, any sys-
tematic differences that are within a 1σ consistency are still
informative, especially if they do not decrease with redshift.

6.1 Population Size

The fact that the void population size is similar across the
models for all redshifts shows that the primary determinant
of void formation and growth is gravitational interactions
(present in all models). However, given that these simula-
tions start with the same initial density perturbation phases
(which allow the same voids to appear in each simulation
at the beginning), the small discrepancies we observe in the
population sizes are notable, and likely to be directly linked
to differences in dark sector physics.

The decline in population size with time for all three
models is due to the merger of smaller voids (initially mildly
non-linear) into larger voids. The general decline in the
φCDM and CDE void population sizes compared to the stan-
dard model could be due to differences in void merger rates
between the models. In particular, the alternative models
appear to have a greater void merger rate than the standard
model, resulting in these models containing fewer voids than

the standard model at late times. This increased void merger
rate may be due to a higher particle evacuation rate from
voids in the alternative models associated with the dynami-
cal scalar field (proposed in Adermann et al. 2017). The wall
of particles between two nearby voids would evacuate more
quickly, enabling the two voids to merge earlier than they
would under the standard model. A greater void evacuation
rate could also reasonably lead to faster void formation and
thus more voids at higher redshifts compared to ΛCDM, as
seen in Fig. 1.

At z ≈ 0.3 − 0.6, we observe a sudden increase in the
population ratios. This could be the result of a change in the
relative merger rates between the alternative models and the
standard model somewhere in this redshift range, either due
to changes in the ΛCDM merger rate or changes associated
with the scalar field. More in-depth investigation into merger
rates is needed to pinpoint the exact cause of the increase.

The drag force on baryons due to dark sector coupling
is the likely reason for the less pronounced deviation be-
tween the CDE and ΛCDM void populations, as the addi-
tional drag force would slow down void evacuation rates and
thus merger rates compared to φCDM. However, the sudden
decline in the CDE void population compared to φCDM
at very late times, suggests an additional effect is at play.
This decline occurs when the average density distribution of
CDE voids approaches that of φCDM voids, and when its
large void population (V > 1000 h−3 Mpc3) becomes signif-
icantly greater than the other two models (see Adermann
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Figure 11. Evolution of density fit parameters and their ratios with 1σ uncertainties, in the range z = 12 − 0. The evolution of the

best-fitting values in each of the models is displayed in the first row. The ratio between the ΛCDM best-fitting values and those of the

φCDM and the CDE models are displayed in the second and third row, respectively. A ratio of unity is represented by the black dashed
line.

et al. 2017). One likely explanation is a sudden increase at
very late times in the evacuation rate of the CDE voids
compared to φCDM, which would reduce the average void
densities and increase the merger rate in the CDE model,
explaining both the greater number of large voids and the
drop in void population. However, it is unclear how coupling
might increase the evacuation rate at very late times. Fur-
ther study into void merger rates and how they vary with
redshift and model is required to explain these changes in
the CDE model (Adermann et al., in preparation).

6.2 Volume Distributions

The volume distributions seen in Fig. 3 are very similar in
shape to each other and to the PDFs presented in Adermann
et al. (2017). We observe that the PDFs turn over at larger
volumes as redshift decreases, consistent with a progressive
increase in steepness of the power law α and the character-
istic volume V0. The curves show that at higher redshifts
for all three models, the probability of smaller voids in any

given volume is higher than at lower redshifts, while the
probability of larger voids is lower than at lower redshifts.
These trends are consistent with what we expect of voids as
they merge and expand, which would increase the number of
large voids with time while decreasing the number of small
voids. However, the trends also show that the rate at which
the mid-range voids are replenished is not as great as the
rate at which large voids are created. The smallest of voids
(2 h−3 Mpc3 ≤ V ≤ 4 h−3 Mpc3) tend to become more nu-
merous with decreasing redshift, suggesting that the rate at
which they are growing/merging into mid-range voids is less
than the rate at which they are forming. Their existence at
low redshift shows that small voids appear throughout the
evolution of the universe, regardless of model.

The comparisons between the volume PDF parameter
values in Fig. 4 and Table 1 show that α and V0 are al-
most all consistent with one another between models, and
follow the same trend with time. It is clear from the rate
of increase in V0 that the birth rate of larger voids increases
with time, meaning that the total void expansion and merger
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rate increases with time for all three models. The question
of which of the two methods for growing voids largely deter-
mines the rate of large void formation will be investigated
in later publications, although since mergers are a faster
method of growing voids than void wall expansion, we be-
lieve that it is dominated by the merger rate. However, the
discrepancy (> 1σ) at z = 0 between the CDE value of V0
and the ΛCDM value reveals that large voids have a faster
growth rate at very late times under a CDE cosmology. This
is consistent with the population size results, from which we
concluded that CDE must have a greater merger rate at
very late times in order to have the smallest population size
by z = 0. Thus, we propose that the increased growth rate
of large voids in CDE at late times is the result of an in-
creased merger rate, which in turn is due to an increased
particle evacuation rate from voids at late times. This could
in fact be the primary cause of the deviation we observed in
the CDE volume PDF at z = 0 in Adermann et al. (2017),
where the CDE model predicted a greater number of voids
at high volumes compared to the other two models.

From the lack of statistically significant deviation be-
tween the alternative and standard model volume PDFs for
large voids (V > 1000 h−3 Mpc3), across z = 1.5 − 12, we
can conclude that the growth of voids and their eventual
sizes are primarily governed by gravitational effects. How-
ever, although not statistically significant, the differences in
the median void volumes between the alternative and stan-
dard models suggests some small dependence of void vol-
ume/growth on cosmology. For example, CDE contains the
most large voids at the highest redshifts, until z ≈ 5.3, when
φCDM then contains the most (see Fig. 3). This can also
be explained by a greater void merger rate in the alterna-
tive models compared to the standard model, as void merger
rate is positively correlated with the formation rate of large
voids. However, this does not explain why CDE starts at
z = 12 with more large voids than φCDM. It is possible that
the coupled dark sector leads to greater numbers of large
voids at early times, perhaps due to a higher merger rate
and/or a higher void wall expansion rate at early times, but
the drag force associated with coupling slows down their
growth rate so that at later times, φCDM contains more
large voids.

The fact that the ΛCDM model contains the largest
number of mid-sized voids (those with 100 . V . 1000 h−3

Mpc3) in the range z = 1.5 − 12 can also be explained by
the lower merger rate in ΛCDM. A lower merger rate would
slow down the creation of large voids more than the creation
of mid-sized voids, which can also be formed through void
wall expansion. Interestingly, there is no clear trend for the
smallest voids (V . 100 h−3 Mpc3), with different models
containing the greatest number of these voids at different
redshifts. This suggests that the growth and depletion of
the smallest voids occurs at different rates in each model at
different times.

Although the differences we see in the volume distribu-
tions suggest differences in void growth rates, stemming from
differences in underlying cosmology, we require confirmation
of this explanation with further studies of how void merger
and void expansion rates differ among the three models,
which will be presented in future publications (Adermann
et al., in preparation).

In Adermann et al. (2017), we suggested that there

could be greater discrepancies in the volume PDF between
φCDM and ΛCDM at higher redshifts (because the trend
in the range z = 1 − 0 showed a decline in the discrepancy
towards z = 0), however we observe that there is no such
continuing trend into the higher redshifts. Instead, the ra-
tio between the φCDM and ΛCDM volume PDFs rises and
falls with time. Without further data, we cannot determine
the cause of this. Furthermore, these fluctuations are well
within the 1σ uncertainty range, and may well be statisti-
cal (for example, from the lack of large-scale power in the
simulations) rather than meaningful fluctuations.

Finally, we note that φCDM starts out with the great-
est total volume and ΛCDM the least total volume at early
times, and then this crosses over at z ≈ 2 − 3 and the oppo-
site order appears (see Fig. 5). At early times, the φCDM
model has the highest void population (see Section 5.1), and
unsurprisingly, the greatest total volume contained in voids.
Despite having fewer large voids than the other two mod-
els, ΛCDM has the highest void population and the greatest
total void volume at late times, which is likely due to hav-
ing more mid-sized voids than the alternative models. At
z = 0, CDE has the smallest void population and yet it has
a greater total void volume than φCDM. This is consistent
with the result from Adermann et al. (2017), showing that
CDE has more large voids than the other two models, which
very likely were the result of increased merger rates, and po-
tentially even an increased void wall expansion rate. These
large voids would contribute to the total void volume with-
out adding to the population.

6.3 Shape Distributions

In the range z = 12−1.5, void growth/merger dynamics result
in only small and slow changes to the void ellipticity and pro-
lateness distributions. Nevertheless, some of these changes
may offer insight into the evolution of voids. Firstly, we ob-
served that for all three models, there is a general decrease in
the numbers of high-ellipticity and low-ellipticity voids with
time5 (Fig. 6). Secondly, larger voids tend to stay approxi-
mately centred around the median values while the scatter
in their prolatenesses and ellipticities reduces. Despite the
small number statistics and lack of large-scale modes, the ex-
istence of these trends in all three models suggests that it is
not merely a statistical fluke. However, we acknowledge that
since our data does not confirm these trends in simulations
with different initial density perturbations, it is possible that
these results are not robust under cosmic variance.

While many small voids start out with high elliptici-
ties, when they merge they are much more likely to produce
a shape with less extreme values of e and p. This trend is
a consequence of the greater number of ways to combine
voids into less elliptical shapes, as high-ellipticity voids re-
quire more specific and less likely alignments of voids be-
fore merging. The tendency towards shapes with (e, p) ≈
(0.1,−0.05), even at the highest redshifts, is not as straight-
forward. Our results suggest that voids tend to evacuate

5 We define high-ellipticity voids as those with e ≈ 0.2, which is
high compared to the vast majority of the population (but not

compared to the full range of ellipticities). Low ellipticity refers
to e ≈ 0.
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faster along one direction (producing prolate voids) rather
than two or three directions (which would produce oblate
or non-elliptical voids), which is consistent with ‘Zel’dovich
pancake’ collapse (see Cautun et al. 2014). Voids do not
tend to evacuate at the same rate in all three orthogonal di-
rections in our simulations, which is perhaps not surprising
because the cosmic web is not anisotropic along all direc-
tions for an observer within a void. However, this does not
fully explain why the preferred prolateness is around −0.05,
although it could be due to mergers pushing voids towards
lower magnitudes of p. It is beyond the scope of our paper
to elicit how mergers and void growth affect void shapes.
To answer this question, we require the shape distributions
for multiple simulation volumes with differing initial density
perturbations, as well as void tracking to identify the inter-
play between mergers and evacuation in void growth and
evolution.

The trends discussed so far do not vary with model.
Thus, we conclude that the average shape distributions and
the processes that produce them are generally insensitive to
underlying cosmology, and are largely determined by grav-
ity. This may not be surprising considering that void shape
is defined by the boundary of the void, which is classified
as sheet material, and is thus somewhat non-linear in its
growth. Despite this, there do exist distinct differences in
the shapes of the largest voids between the cosmological
models. These are differences in the growth and evolution
of individual voids, which are noteworthy because the simu-
lations start out with the same initial density perturbation
phases. Any alterations in their growth and evolution is due
to differences in cosmology, and so it would be useful to
isolate these differences for further investigation in void-by-
void comparison studies. There may be further individual
differences amongst the smaller voids that are not visible in
the shape distributions due to the sheer number of similarly
sized and shaped voids, but would be observable individu-
ally, which could offer further insight into the effect of dark
sector physics on the growth and evolution of voids.

6.4 Average Density Distributions

The density evolution observed in Fig. 8 and Fig. 11 is con-
sistent with our understanding of how voids evolve under
gravity. At high redshift, voids have a much narrower range
of average densities. They generally become less dense due to
their increasing size (from expansion and mergers) and con-
tinual evacuation of matter as they accumulate on to denser
structures. Since the rate of emptying depends on the spe-
cific local structure around each void, and thus varies across
the population, the spread of average densities increases over
time. This gravity-dominated evolution is evident in all three
models.

However, dark sector physics does leave a potentially
observable imprint on the evolution of void densities, which
is clear from Figures 9 and 10. The three models predict dis-
tinct density PDFs at all redshifts except for z = 0 (the z = 0
case was discussed in Adermann et al. 2017). In particular,
the φCDM density distributions consistently peak at lower
densities than the other models, while ΛCDM consistently
peaks at higher densities. It is clear that on average, the
φCDM cosmology produces the emptiest voids and ΛCDM
produces the densest, while CDE is somewhere in between.

This phenomenon occurs throughout the entire evolution,
from at least z = 12 to z = 0.

Since the observed deviation does not shrink with time,
we conclude that it is not the result of normalisation, and
that the scalar field is leaving this imprint on the average
density of voids. Average density is affected by both the size
and evacuation rate of voids. However, the lack of signifi-
cant differences in the void volume distribution among the
models suggests that this is not the primary cause of lower
density voids in φCDM. Instead, we propose that the scalar
field affects their evacuation rate. Additionally, as dark en-
ergy in CDE and φCDM arise from the same mechanism
(dynamical scalar field) and differ in the degree to which
dark matter and the scalar field are coupled, we can con-
clude that the coupling and its associated effects cause the
voids in the CDE model to be more dense than those in the
φCDM model, while the scalar field forces voids to be less
dense than those in the ΛCDM model. The coupling leads
to a drag effect on the dark matter particles, which slows
down their evacuation from voids.

The differences between φCDM and the other two mod-
els is also apparent in Fig. 11. In particular, the shape of the
φCDM PDF evolves more quickly than in the other two mod-
els, with the change of skewness sign and the drop in peak
density occuring at earlier times, due to faster evolution and
evacuation of voids. Interestingly, the shape of the param-
eter evolution curves for CDE and ΛCDM are remarkably
similar, despite the parameter values being different. The de-
cline in peak density happens at very similar rates, as well as
the rise in the overall spread of the PDFs, and the change in
skewness. The effect of coupling seems to override the effect
of the scalar field when it comes to the overall parameter
evolution, and thus shape evolution, bringing it much closer
to a ΛCDM cosmology than a φCDM cosmology, despite the
shifted density PDFs.

Although we have not calculated density profiles (as the
majority of our voids are not spherical) and determined the
exact effect of the scalar field on their shapes, we expect the
increased evacuation rate in our quintessence models to re-
sult in statistically significant lowered densities across most
of the void, with greatest discrepancy from ΛCDM occurring
at the void centre. This is consistent with the density profile
results presented in Pollina et al. (2016) for their coupled
dark energy model at low redshift, in which greatest dis-
crepancy from the standard model was found in the centre.

Although the dynamical scalar field characterised by the
Ratra–Peebles potential leaves a statistically significant and
potentially observable imprint on the average void densities,
the differences we see may be fairly model dependent. An-
other potential could produce a different imprint (including
no imprint), on void density. However, most simple scalar
field models are required to reproduce the approximate ex-
pansion history of ΛCDM. Hence the scalar field density,
Ωφ, must exhibit late-time growth. This typically results in
a faster rate of growth for Ωφ than ΩΛ, so if this is a major
component of the scalar field’s influence over the density of
voids, then the imprint we observe could be considered a
generic feature of any scalar field cosmology consistent with
observations. If this is the case, the observed imprint in the
average void density PDFs across a large range of redshifts
would be a very promising probe of a dynamical scalar field.
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7 CONCLUSIONS

We calculated and compared the void properties over the
redshift range z = 1.5 − 12 between the ΛCDM model of
cosmology and two alternative models, φCDM and CDE.
Specifically, we compared the size of the void population,
the total population volume, the volume distribution, the
shape distributions, and the average density distributions.

These properties were derived from three adiabatic hy-
drodynamical simulations (one for each cosmological model),
each of which contained 5123 dark matter and baryonic par-
ticles, in a box of length 500 h−1 Mpc. The simulations ini-
tially had the same density perturbation phases, so popula-
tion differences from cosmic variance are not present. Any
differences seen thus arise from differences in underlying cos-
mology.

We used a Hessian-based void finder to identify voids
in the cold dark matter distribution of these simulations.
We examined the size of the void population and the total
volume occupied by voids, their volumes, shapes, and den-
sities across cosmic time, in several cosmologies to identify
how cosmology, specifically dark sector physics, affects void
evolution and growth.

Firstly, we found that the void population size and its
evolution were fairly similar among the three models, which
serves as evidence that gravitational effects have the greatest
influence on void formation and growth. However, although
not statistically significant, there exist a number of small
discrepancies between the standard and alternative models,
which likely arise from differences in cosmology. The alterna-
tive models contained void populations which were greater
than that of ΛCDM at early times, and smaller at late times.
From this, we concluded that the void merger rate within
φCDM and CDE is greater than in ΛCDM. We propose that
this is due to the increased evacuation rate from voids due
to the scalar field, giving rise to more depleted voids in the
alternative models than ΛCDM. Furthermore, we propose
that the CDE cosmology experiences a sudden increase in
its void evacuation rate at very late times, leading to the
sudden decline in its void population, the sudden increase
in the number of large voids with V > 1000 h−3 Mpc3, and
the sudden consistency between its average void density dis-
tribution and that of φCDM we have observed at z = 0.

Secondly, we found that the void volume distribution
cannot distinguish between the models at the 1σ level. The
presence of the scalar field or dark sector coupling does not
leave a distinct imprint on the volume distribution of voids.
Although not statistically significant, slight variations exist
between the models. In particular, CDE and φCDM both
contain more large voids (in the range V > 1000 h−3 Mpc3)
than ΛCDM. Furthermore, the number of large voids in the
CDE model relative to ΛCDM and φCDM declines with
time, and is surpassed by φCDM so that by z = 1.5, φCDM
contains the highest population of large voids. We suggested
that the coupling present in the CDE model has the effect
of increasing the number of large voids at very early times.
The very late time increase in the number of large voids in
the CDE model could be the result of a sudden increase in
the evacuation rate of particles from voids and hence merger
rates, leading to the sudden lowering of average void density
at z = 0. We also discovered that the ΛCDM model contains
the greatest number of mid-sized voids with volumes of ∼ 100

h−3 Mpc3 in the entire redshift range, which suggests that
ΛCDM has a higher growth rate for mid-sized voids than
larger voids, consistent with a lower merger rate than the
other two models.

Thirdly, we found that the preference for slightly ellip-
tical voids over spherical ones at low redshifts is also present
at higher redshifts. Smaller voids which are less likely to have
undergone many mergers tend to exhibit more extreme el-
lipticities, pointing to the anisotropic, asymmetric nature of
void growth (expansion of void walls). Larger voids tend to
be closer to the average shape, though not entirely spherical.
We proposed that this was due to the averaging out of more
extreme shapes by merging. We also suggested that the com-
monality of slightly elliptical and prolate voids, no matter
their volume, is due to anisotropic matter evacuation. These
observations are the same across all three models. The el-
lipticity and prolateness distributions are indistinguishable
between the models, and show no obvious traces of the un-
derlying cosmological model. From this, we concluded that
the shape of a void, and its evolution with redshift, is dom-
inated by gravitational effects rather than cosmological ef-
fects, and hence shape distributions would not serve as a
good probe of a dynamical scalar field or coupling.

Finally, we discovered that the form of dark energy, be
it a scalar field or the cosmological constant, and dark sector
coupling, leaves an imprint on the average void density dis-
tributions. We found that the φCDM model produces emp-
tier voids on average than CDE or ΛCDM across z = 1.5−12,
extending the results found in Adermann et al. (2017) for
z = 0 − 1. Our results support the proposal made by Ader-
mann et al. (2017), that the dynamical scalar field acts to
evacuate voids faster than they otherwise would, and the
coupling between dark matter and dark energy delays or
slows this down due to the drag force acting on baryonic
particles moving out of voids. Since this effect is predicted
over a large range of redshifts (z = 0 − 12), this signature is
very promising as an observational probe of the dark sector,
particularly as a probe of dynamical scalar fields. Addition-
ally, as there is a good agreement between other void finders
and Hessian-based void finders, especially in the void density
profiles, we expect this signature to be detectable through
other popular void finders that have already been applied to
observational data (e.g. zobov, vide).

In summary, we have found a number of differences
in void population properties between the three models.
Specifically, our results suggest that the primary cause of
all the discrepancies discovered is an increased evacuation
rate from voids in the models containing a dynamical scalar
field, which results in a greater merger rate for these mod-
els. While some of the imprints we have isolated in this
study are not observable unless the void population stud-
ied is very large, and contains a sufficient number of large
voids, we have found one very promising probe of the dynam-
ical scalar field form of dark energy in the average density
distribution of voids, across a wide range of redshifts. It is
worth noting that although our proposed explanations are
consistent with all of our results, without deeper analyses
it is unclear if there are other effects at play we have not
been able to isolate in this study (e.g. void wall expansion
rate). In future studies, we will attempt to elucidate this sit-
uation by calculating void growth rate, wall expansion rate,
merger rate, and particle evacuation rate from voids for each
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model. While this signature is easily observable in a well-
characterised cold dark matter density field, tracer bias may
affect its visibility in an observational context, particularly
at high redshift. For this reason, we will also consider the
impact of using the galaxy distribution to derive the density
field, and observational selection for galaxies in the range
z ≈ 0 − 6 and for 21 cm maps of the cosmic web at higher
redshifts, on these signatures. Additionally, we will be inves-
tigating the usage of related and more robust observables to
amplify the signal we found, in order to minimise the effect
of observational limitations.

With a more in-depth understanding of how alternative
dark sector physics affects different processes of void evolu-
tion, and how observational biases affect signatures, we can
develop promising probes of the cosmology of our Universe,
and inform the way future large surveys are conducted so
that we can effectively constrain the properties and the na-
ture of the dark sector.
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A., eds, Astronomical Society of the Pacific Conference Series
Vol. 453, Advances in Computational Astrophysics: Methods,

Tools, and Outcome. p. 305

Paillas E., Lagos C. D. P., Padilla N., Tissera P., Helly J., Schaller

M., 2017, MNRAS, 470, 4434

Pawlowski M. S., 2018, preprint, (arXiv:1802.02579)

Pawlowski M. S., Pflamm-Altenburg J., Kroupa P., 2012, MN-

RAS, 423, 1109

MNRAS 000, 1–19 (2018)

CHAPTER 5. HIGH-Z VOIDS IN EVOLVING DARK SECTOR MODELS 80



Voids in Evolving Dark Sector Cosmologies 19

Perlmutter S., et al., 1999, ApJ, 517, 565

Pettorino V., Amendola L., Baccigalupi C., Quercellini C., 2012,

Phys. Rev. D, 86, 103507
Pisani A., Sutter P. M., Hamaus N., Alizadeh E., Biswas R., Wan-

delt B. D., Hirata C. M., 2015, Phys. Rev. D, 92, 083531

Planck Collaboration et al., 2014, A&A, 571, A16
Planck Collaboration et al., 2016a, A&A, 594, A13

Planck Collaboration et al., 2016b, A&A, 594, A16
Pollina G., Baldi M., Marulli F., Moscardini L., 2016, MNRAS,

455, 3075

Power C., 2013, Publ. Astron. Soc. Australia, 30, e053
Ratra B., Peebles P. J. E., 1988, Phys. Rev. D, 37, 3406

Riess A. G., et al., 1998, AJ, 116, 1009

Sahni V., 2002, Classical and Quantum Gravity, 19, 3435
Sánchez C., et al., 2017, MNRAS, 465, 746

Sawala T., et al., 2016, MNRAS, 457, 1931

Schneider A., Smith R. E., Macciò A. V., Moore B., 2012, MN-
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5.8 Wider Implications
The papers presented in this and the last chapter explored how the physical properties of
voids are related to the physics of the dark sector. We showed that void volumes and shapes
are not significantly different between the standard model and two models containing an
evolving dark sector, but that void density is. We concluded that the presence of the scalar
field that also drives accelerated universal expansion causes voids to form with less matter
within them. We postulated that the mechanism for producing emptier voids is through an
increased evacuation rate, which also manifests itself in the form of a greater void merger
rate, as evidenced by the subtle differences in the evolution of void population size and the
void volume distribution for very large voids.

The increased evacuation rate can be explained as the result of the scalar field providing
its own separate force that acts on the matter within voids, in addition to the usual gravi-
tational force from other particles in the density field. As the scalar field is an additional
source of energy in the stress-energy tensor, it exerts its own force on particles within
voids, leading to the higher evacuation rate.

We also found differences in the void densities between the two models containing
the scalar field. The coupled dark energy model produces emptier voids than the standard
model, but denser voids than the uncoupled quintessence model. We concluded that the
coupling between the scalar field and the dark matter field has the opposite effect on void
density, which is most likely explained by the gravitational drag force that arises from the
coupling, which slows down the evacuation of matter from voids.

Similar effects on void density have been found in other alternative models. In particu-
lar, other studies conducted on coupled dark energy models have results consistent with
ours. Pollina et al. (2016) investigated a coupled dark energy model very similar to our
coupled model, featuring a scalar field with a potential given by V (φ) = Ae−αφ, which
differs from ours but exhibits the same behaviour of rapid decline with increasing φ, and a
coupling strength of β = 0.15, which is three times as large as ours.

Interestingly, Pollina et al. (2016) found that the voids within their coupled model
also display a lower density than the voids within the ΛCDM model, especially near their
centres, as evidenced by the comparison between the stacked spherically-averaged radial
density void profiles of both cosmological models at z = 0 and z = 1 (see Figure 5.12).
Their comparison shows a distinct, but not statistically significant, difference between the
two models. Although the authors did not explain this difference in this way, the scalar
field has likely lowered the density of their voids just as it has ours, especially given the
similar behaviour exhibited by our potentials. Additionally, their coupled model would
have included the drag force that acts on dark matter particles, which limits the disparity in
density between the coupled and standard models. As their coupling strength was three
times that of ours, the drag force would have been stronger in their model than ours (as it
increases with the square of the coupling strength; see Equation 2.8), which may explain
the relatively small and statistically insignificant disparity they find compared to ours. The
fact that Pollina et al. (2016) found the same signature as we did in their CDE model offers
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Figure 5.12: The stacked density profiles of cosmic voids within the cold dark matter
distribution and the relative differences between them, in four size categories and at z = 0
and z = 1, showing that the coupled model voids (labelled EXP003; blue dashed lines)
have a lower density in their central regions than the ΛCDM voids (black solid lines). The
coupled dark energy model has a potential given by V (φ) = Ae−αφ and a coupling strength
of 0.15. The density value for each radial bin was calculated by averaging values from
100 randomly selected voids, and the error bars represent the sample standard deviation of
these voids in each bin. The sub-panels show the relative difference between the profiles in
units of the standard deviation of the averaged profile. ρmean refers to the mean density of
the Universe. Credit: Pollina et al. (2016).

additional proof that it is the scalar field giving rise to emptier voids, and shows that it
extends more generally to other quintessence models with different potentials.

Even more intriguingly, a number of studies of modified gravity models have yielded
similar results to ours. In particular, lowered void density appears in multiple modified
gravity models in which a fifth force (from a scalar field) enhances the gravitational force
experienced by matter. Cai, Padilla & Li (2015), Barreira et al. (2015) and Falck et al.
(2018) found that several f(R) models, a cubic Galileon and a normal Dvali-Gabadadze-
Porrati (nDGP) braneworld model, respectively, contain emptier voids than the standard
model.

The nDGP model is a stable branch of a modified gravity model where four-dimensional
Newtonian gravity is generated from the embedding of a static three-dimensional brane
in a five-dimensional Minkowski space (Dvali, Gabadadze & Porrati, 2000). The nDGP
braneworld model contains an additional scalar field to produce the acceleration of the
expansion of the Universe without introducing a new source of energy. The scalar field
makes the gravitational force stronger than in ordinary GR (and Newtonian gravity, in
simulations). The consequence of this is an additional ‘fifth force’ which needs to be
screened on small scales to be consistent with GR on these scales, which in the case of



CHAPTER 5. HIGH-Z VOIDS IN EVOLVING DARK SECTOR MODELS 84

the nDGP model, occurs via the Vainshtein mechanism (Vainshtein, 1972). The f(R)
models studied in Cai, Padilla & Li (2015) are similar to the nDGP braneworld model
studied in Falck et al. (2018), incorporating an additional scalar field that enhances the
gravitational force compared to GR, and requiring a screening mechanism (the chameleon
mechanism for the f(R) models). The cubic Galileon presented in Barreira et al. (2015)
also contains a gravity-enhancing fifth force, and includes Vainshtein screening.

The f(R) models studied in Cai, Padilla & Li (2015), the nDGP braneworld model
studied in Falck et al. (2018) and the full cubic Galileon model studied in Barreira et al.
(2015) all exhibit a deeper void density profile, especially in the inner regions, than ΛCDM.
They additionally contain a greater abundance of the largest voids than models with
standard GR, including ΛCDM. These differences are remarkably similar to those we
found between our quintessence models and the standard model.

The one feature that all of these models have in common is an enhanced gravitational
force compared to ΛCDM (from the additional fifth force), which is not entirely screened
within voids, and indeed the authors of the above studies suggest that the increased
emptiness of voids in these models is the result of an increased gravitational force acting
on the particles evacuating out of voids. The fifth force within voids can be seen as an
additional repulsive force in these models, giving rise to faster wall expansion and particle
evacuation. The effect of the quintessence scalar field on void evacuation can be viewed
in this way: the scalar field provides an additional force on the particles within voids that
drives particles to evacuate out of them at an increased rate. In this regime, the additional
force is the result of an additional source of energy in the stress-energy tensor, rather than
a modification to the way spacetime responds to energy sources, as it is in modified gravity
models. The gravitational force acting on these particles does not differ from ΛCDM (GR);
the particles are merely subject to an additional force mediated by the time-varying scalar
field.

One could argue that within voids (where screening is irrelevant), this distinction
between how the force acting on void matter is enhanced is meaningless, as one could
provide a scalar field that has the same effect on void matter as the modification to gravity.
Modified gravity models may be seen as equivalent to quintessence models, in that one
set of models modifies the left-hand side of Einstein’s field equations while the other set
of models modifies the right-hand side of Einstein’s field equations, but because it does
not matter where we write the additional terms, the solution to these equations is the same.
Both result in the same alternative physics.

This interchangeability is evident even in the ΛCDM version of Einstein’s field equa-
tions. Equation 1.1 can be written with the term Λgµν on the right-hand side, as a constant
scalar field giving rise to the acceleration of expansion – an extra form of energy, more
compatible with its usual interpretation as dark energy. Writing Λ on the left-hand side can
be interpreted as a modification to gravity (of a Universe with steadily decreasing expan-
sion) because it alters the gravitational equations even in the absence of energy sources
(when Tµν = 0). Similarly, adding a time-dependent scalar field to the stress-energy tensor
is equivalent to modifying the equations of gravity on the left-hand side of Einstein’s
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field equations, and results in the same physics. In fact, even modified gravity models
featuring derivatives of the metric gµν can be rewritten as dynamical dark energy models
with multiple scalar fields (Wetterich, 2015). This is ultimately because of field relativity.
Observables are dependent on the dynamical degrees of freedom rather than the choice of
fields to represent them. Modified gravity models that are consistent with the evolution
of the Universe are usually equivalent to some dynamical dark energy model, particularly
coupled models, and it is possible to map classes of modified gravity models to dynamical
dark energy models through non-linear field transformations1.

The specific modified gravity models mentioned above are not exactly equivalent to
the specific quintessence models studied in this thesis, and yet they produce the same
alternative physics as our quintessence models (at least within voids). This is significant
because it indicates the existence of multiple other quintessence models (for example, with
differing potentials or multiple scalar fields) that would exhibit the same signature, perhaps
to varying degrees. The density of voids is therefore a powerful differentiator between the
standard model and a wide range of different alternative models. Distinguishing between
modified gravity models and dynamical dark energy models is not as straightforward with
voids, which can be understood in terms of the equivalence between modified gravity
models and quintessence models. However, given that the models discussed are not exactly
equivalent models, differences between them may exist elsewhere in these cosmologies,
perhaps in higher density structures where the fifth force is screened but the dynamical
scalar field is not.

5.9 Observational Probes
The existence of emptier voids occurring in non-standard cosmologies beyond the pure
quintessence and coupled dark energy model we investigated has significant implications.
The commonality of emptier voids in both quintessence and modified gravity models, as
well as the existence of emptier voids in different CDE models than our own (with similarly
behaving scalar field potentials), suggests that void emptiness may be used to distinguish
between the standard model and multiple quintessence models (including multiple coupled
dark energy models) and between the standard model and various equivalent modified
gravity models. The void density signature can thus be used to distinguish between the
standard model and multiple alternative cosmological models, making it a very powerful
probe of a wide range of cosmological models. The challenge before us is to turn this
signature into robust observational probes of the Universe.

The two primary problems we face are that galaxy distribution data provide only a
very sparse representation of the actual galaxy distribution that gets worse with increasing

1Although differences in growth factors have been found between modified gravity models and
quintessence models, this only applies to pure quintessence without coupling. Coupling alters the growth
factor compared to pure quintessence, so the issue of differentiating between modified gravity models and
pure quintessence models reduces to the problem of differentiating between coupled and pure quintessence
models.
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redshift, and that the galaxy distribution itself is an inherently biased way of representing
the true matter distribution, even if it is well sampled. Without a well estimated density
field, the signature in the average void density distribution is not likely to be visible. It
is unlikely that even the upcoming next generation telescopes (e.g. the Large Synoptic
Survey Telescope (LSST) and Euclid) will be capable of measuring the density field with
sufficient accuracy for a direct comparison of the true average void density distribution to
our theoretical predictions to yield meaningful results.

One way of overcoming this hurdle is to use weak gravitational lensing data from
LSST and Euclid surveys to map the underlying dark matter distribution. However, this
method requires us to make assumptions about the galaxy biasing, which is not precisely
understood. As such, we must find other, less direct approaches of observing our signature.
In this section, we suggest a number of possible methods to distinguish between a scalar
field model and the standard model, that stems directly from the differences in average
void density.

5.9.1 Void Density Profiles
Although we did not directly measure density profiles, it is likely that if we had we would
have found greatest deviation around the inner regions of voids, consistent with other
studies. As such, we expect our void density signal to be visible in averaged stacked void
density profiles as well as in the void density distribution.

One way to measure void density profiles is through weak gravitational lensing, as the
lensing signal generated by voids is related to their underlying matter distribution. The
density or mass profiles may be deduced from the galaxy distribution in and around the
voids, and then the stacked profile (to reduce the effect of noise) can be fit to the predicted
profiles for each cosmological model. Next-generation surveys such as the LSST and
Euclid are expected to have the capabilities to enable such measurements.

Previous studies (e.g. Falck et al., 2018) have shown that an averaged stacked void
density profile can be an effective and alternative method of differentiating between
cosmological models using void densities. In particular, the differences in void density
profile remain even when using halos to trace the density field, instead of the full dark
matter distribution, so the use of density profiles could be effective in probing cosmology
from observational data. However, since haloes are traced by galaxies, the halo distribution
will likely contain some bias that may hide the signal we are looking for.

5.9.2 Velocity Field
Measuring the velocity field in and around voids may offer another related method of
probing for signs of alternative cosmology. Linear theory dictates a link between density
profiles and velocity profiles within voids, where the velocity of particles at a particular
radius is proportional to the density contrast at that radius (Peebles, 1993). If density
profiles show discrepancies, void velocity profiles should as well. The tangential velocity
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profiles within voids may magnify the discrepancy better than radial velocity profiles,
simply because tangential velocities tend to be a lot larger than the radial component (Falck
et al., 2018). However, it is much easier to measure radial velocities than tangential
velocities of galaxies around line-of-sight voids, so the discrepancy in the radial component
may offer the best chance of detecting the signal, although many more galaxies would
need to be sampled in order to detect the small signal.

5.9.3 Differences in Sheet, Filament and Knot Densities and
Velocities

If voids have less matter in them in scalar field cosmologies, then this absent matter should
be found elsewhere outside of the voids. It is possible that the missing matter gathers in
just the boundary of the voids, in the sheets, rather than higher density structures. If this is
the case, then sheets should have a significantly higher density in scalar field cosmologies
than in the standard model cosmology. It is also a possibility that it is not merely the void
evacuation rate that is increased, but the general accumulation rate onto higher density
structures. If this is the case, then we should find that the knots are significantly denser in
scalar field cosmologies. The sheets and filaments may also show differences, depending
on the balance between the rates of evacuation and accumulation of matter for these
structures.

As the density of large-scale substructures is correlated with the velocity of matter
within and surrounding it, in the scenarios outlined above, we should expect an increased
flow of matter on to higher density structures, either sheets or knots. Differences in velocity
streams may be more accurately measured than differences in average void density because
the average velocity field can still be well estimated with a subset of the true matter
distribution, unlike the density field (provided that observational biases are appropriately
accounted for, such as the possibility that the subset is not random).



CHAPTER 6
Conclusions and Future Work

The goal of this thesis was to find the observational signatures of alternative cosmological
models on the large-scale matter distribution, in order to provide a means of distinguishing
between alternative models and the standard model of cosmology with future generations
of telescopic surveys. My work is strongly motivated by the lack of scientific under-
standing of the dark sector in our Universe. By providing a way to rule out or constrain
possible alternative cosmological models through observations, I provide a path toward
understanding the nature of the dark sector, in particular dark energy, in our Universe.

I focused on identifying the unique signatures of two models from the quintessence (or
dynamical dark energy) class of models: an uncoupled quintessence model (φCDM) and a
coupled dark energy model (CDE). Both these models contain a dynamical scalar field, φ,
characterised by the Ratra–Peebles potential, in place of a cosmological constant. Unlike
ΛCDM, the dark energy density in these models is constantly evolving. The coupled model
additionally includes interaction between the scalar field and the dark matter field, in which
dark matter decays into dark energy, giving rise to an effective gravitational drag only
experienced by dark matter.

In this thesis, I searched for imprints of these cosmological models on the properties
and evolution of cosmic voids. I performed a comprehensive study into the properties
of cosmic voids and their evolution, conducting the first ever model-comparison study
of voids in the high and low redshift universe, spanning a redshift range of z = 12 − 0.
I used adiabatic hydrodynamical simulations of each of the two alternative models and
ΛCDM to study the large-scale matter distribution. Each simulation was 500 h−1 Mpc in
length, cubic, and contained 2× 5123 dark matter particles and baryonic (gas) particles.
The simulations were all normalised so that they had the same σ8 (mass variance), Ωm,
Ωb and h at z = 0, and each simulation began with the same density perturbation phases
(not amplitudes) to ensure that any differences manifesting in their respective large-scale
structures could be attributed to differences in the governing cosmology rather than cosmic
variance.

I developed a void-finding pipeline based on the Hessian of the density field to find
voids within the dark matter distribution of the simulations. The void finder classifies

88
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regions of the density field into one of four categories – void-like, sheet-like, filament-like
and knot-like – based on the sign of the Hessian matrix eigenvalues, and is extremely
versatile. It can also be used to find sheets, filaments and knots, and can be applied to any
distribution of matter, including observational data.

I investigated a number of key void population properties, and compared them between
cosmological models with the goal of finding discrepancies that can be used to observation-
ally distinguish between the models. The properties I studied were the population size and
its evolution with redshift, the distribution and evolution of void volumes, void ellipticities
and void prolateness, and the distribution and evolution of the average density of voids.
Whilst other studies have looked into similar properties in other alternative cosmological
models (e.g. Sutter et al., 2015; Pollina et al., 2016; Falck et al., 2018), none have yet
performed a wide-ranging study of void properties and their evolution across the redshift
range z = 12 − 0. The study presented in this thesis is the first wide-ranging redshift
study of voids within any alternative cosmological model, where I provide insight into the
evolution of voids within these models, as well as reveal the extent that alternative dark
sector physics has on the evolution and properties of voids.

My most important result is that the voids in the quintessence models are, on average,
less dense than the voids in the standard model. I found that in the range z = 12− 0, the
average density distribution in the φCDM model peaks at a lower density than that of the
CDE or ΛCDM, and the ΛCDM model peaks at the highest density. These discrepancies
are statistically significant at all redshifts studied, meaning that the density of voids could
be the key to distinguishing between the three models. The imprint on void density left by
the scalar field is likely the result of an increased evacuation rate, including perhaps an
earlier start to evacuation. The imprint exists in both φCDM and CDE, though the coupling
within the dark sector mitigates the effect and reduces the imprint, due to the associated
gravitational drag experienced by dark matter (which in turn affects the motion of baryonic
matter).

The enhanced evacuation rate from voids also increases the likelihood of void mergers,
as walls of matter between voids are more quickly evacuated than otherwise. Thus, both
quintessence models should have more void mergers than the standard model at most
redshifts. Indeed, my population size results suggests that this is the case, with both models
showing a greater void abundance than ΛCDM at early times, followed by a lower void
abundance at late times. The φCDM model contains fewer voids than the CDE model
at every late redshift except for z = 0, consistent with the model having a greater void
evacuation rate.

I also found that small, though not statistically significant, differences exist between the
volume distributions predicted by each model, that are also consistent with our finding that
voids in quintessence models exhibit higher void evacuation rates than voids in ΛCDM. In
particular, I found that both the quintessence models generally contain a greater abundance
of large voids (voids with V > 1000 h−3 Mpc3) than the standard model, due to a higher
void merger rate, while the ΛCDM model contains the greatest number of mid-sized
voids (100 . V . 1000 h−3 Mpc3). The difference in large voids is noticeable except
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at later redshifts when the CDE volume distribution becomes very similar to the ΛCDM
distribution (except at z = 0), and at z = 0 when φCDM produces slightly fewer large
voids than ΛCDM does. Although the trends for large voids are not certain due to small
number statistics, and as such they ought to be treated with caution, they are likely to be
more significant than our statistical analyses suggest, since each simulation was initialised
with the same density perturbation phases, thus minimising the effect of cosmic variance. It
appears that for many of the redshifts, the enhanced void merger rates, arising from greater
particle evacuation rates, are producing greater numbers of large voids in the quintessence
models.

My results show that at z = 0, an interesting phenomenon occurs. Although at all
other redshifts, the difference between the average void densities in φCDM and CDE are
distinct, at z = 0 they are not completely distinct from each other. The CDE model appears
to undergo a sudden relative increase in its overall evacuation rate compared to φCDM,
pushing it towards consistency with the uncoupled quintessence prediction. This is likely
the result of the decaying dark matter field into the scalar field, steadily increasing its
density and influence so that the net evacuation rate surpasses that of φCDM. Furthermore,
at very late times, the CDE model moves from having more voids than φCDM to having
fewer voids, and it suddenly exhibits a greater large void abundance than the other two
models (a statistically significant discrepancy), suggesting a suddenly increased merger
rate consistent with a suddenly enhanced evacuation rate.

Despite these subtle discrepancies, the overall void volume distributions are very
similar between the models, indicating that neither the presence of the scalar field nor
the coupling within the dark sector leave a significant imprint on void volumes at most
redshifts.

I also found that void shapes, in particular ellipticity and prolateness, are extremely
similar for all models, and no statistically significant differences between the ellipticity
and prolateness distributions of each model exist, across all redshifts studied. The shape
distributions for voids of different sizes are also indistinguishable between the models.
These results suggest that to first order, the shape of voids do not carry imprints of
dynamical dark energy or dark sector coupling, and like void volumes they are most
likely determined by gravitational interactions and the specific initial density perturbations,
whose influence dominates any imprint left by a scalar field.

My results demonstrate that in all three models, voids are rarely spheroidal. Instead
they are slightly elliptical and prolate, consistent with the anisotropic and asymmetric
nature of void growth. Additionally, many of the voids I identified with my Hessian-
based void-finder are very irregular in shape, especially if large. These are important
considerations wherever the spherical void assumption is made, such as in void stacking
analyses and in the calculation of radial profiles.

Overall, my results show that the growth of voids, their volumes and their shapes are
largely governed by gravitational effects rather than underlying cosmology. Although hints
of differences exist in these properties between models, they are generally not statistically
significant, and show only a small dependence on cosmology and dark sector physics. As
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such, void volumes and shapes are not likely to make effective observational probes of
cosmology.

My most promising result is that the density of voids is heavily influenced by whether
dark energy arises from a dynamical scalar field governed by the Ratra–Peebles potential
or a cosmological constant, and whether there is interaction between the scalar field and the
dark matter field. If other simple scalar field models with different potentials display the
same feature (which may indeed be the case if they produce a similar expansion history),
then this is a signature that has high potential to differentiate between an entire class of
simple dynamical scalar field models and the standard model in our Universe, as well as
between uncoupled quintessence and coupled dark energy models, across a wide range of
redshifts.

My results add to those from other studies into the differences between a CDE model
and the standard model (e.g. Sutter et al., 2015; Pollina et al., 2016). These studies
show only small discrepancies between CDE and the standard model in void densities,
which were not statistically significant. My results are the first to show such a significant
discrepancy in void densities between a CDE cosmology and the standard cosmology, most
likely due to the smaller degree of coupling within our model compared to the models
used in prior studies. Presumably, the increased drag force present in models with a higher
degree of coupling reduces the effect of the scalar field on void evacuation rate to the point
where only a small deviation from the standard model remains.

Intriguingly, studies into modified gravity models exhibit a very similar signature to the
one I discovered in the quintessence models (e.g. Cai, Padilla & Li, 2015; Barreira et al.,
2015; Falck et al., 2018). This is because some modified gravity models are equivalent
to dynamical dark energy models, and so they have would the same effect on the density
of voids as a dynamical scalar field does. Apart from the interesting question of how to
interpret these models, the fact that voids are emptier in certain modified gravity models
(those that feature enhanced gravitational interactions), as well as in dynamical dark
energy models, indicate how promising my signature is. It could be an extremely effective
differentiator between the standard model and a wide range of alternative models that are
similar in nature. This provides additional motivation to determine how best to make use
of the signature to probe the nature of dark energy in our Universe.

The most fruitful path following on from this work is to develop methods of magnifying
the signal contained in the emptiness of voids. Stacking voids is a popular method of
reducing noise in void properties, and it has been shown that a stacked void density profile
may very well be observable even when the density field is not well characterised (for
example, if it was traced with halos). However, fully determining the likelihood of finding
this signature in real observational data (if it exists), requires us to run mock observations,
calculate the density field from such observations, employ the void-finding pipeline on
the density field, and calculate the average void density distributions or the stacked void
density profiles. Additionally, we must look for other observables that the evacuation rate
of voids would leave imprints on, so that they can be used as independent signatures of
the scalar field, to support the void density results. One such observable could be the void
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velocity profiles, which may be less prone to observational biases and noise effects than
quantities derived from the density field. Another possibility would be the densities and
the velocity fields of other structures such as sheets and knots, which could exhibit higher
densities and in-falling velocities in quintessence models than the standard model.

Another interesting avenue to explore would be the void merger rates and void evac-
uation rates in each of the simulations, along with their evolution in time. I have found
evidence for an enhanced void merger rate in the two quintessence models compared to
ΛCDM, in the volume distributions and in the evolution of the void population size, but
these differences have not yet been quantified. Tracking the motion of particles out of
voids to quantify the rate of void evacuation and how it evolves with time in each model
would also serve to confirm the effect the scalar field has on voids. The study could be
extended to determine the rate of particle accumulation on to higher density structures as
well, to determine if the increased particle velocities also exist in these structures.

My work could also be extended by conducting the same study with a different choice
of normalisation redshift for σ8 and other cosmological parameters, to determine if the
choice of z = 0 as normalisation redshift significantly impacts our results. Running
the simulations in a larger box would also be useful for removing the issue of small
number statistics when analysing the population of large voids, allowing better analysis
and quantification of the effect of the scalar field and dark sector interactions on the
large void population. A box of length 1000− 2000 h−1 Mpc would provide hundreds to
thousands of very large voids for study.

A more theoretical question that arises from the work in this thesis is how the scalar
field influences void evacuation rate. What type of dynamical scalar field, and what type of
potential, gives rise to emptier voids? What aspect of these models cause voids to evacuate
more quickly? It is also important to confirm that there are indeed various different scalar
field models that produce the same signature, perhaps to varying degrees.

Ultimately, the goal of this work was to find significant differences between the
Standard Model of Cosmology and alternative cosmological models. I have successfully
found real differences in the average density of voids in the uncoupled quintessence and
coupled dark energy models compared to ΛCDM, which I propose are the result of an
enhanced particle evacuation rate from voids driven by the scalar field in these models.
I have also found that the coupling between the scalar field and dark matter field leaves
an imprint on void densities. These are significant results because they provide a means
of distinguishing between the standard model and quintessence models, and between
uncoupled quintessence and coupled dark energy models. The signature may be versatile
enough to differentiate between the standard model and numerous other alternative models.
If my results are properly utilised, in the near future it will be possible to observationally
probe the dark sector of our Universe, and to finally illuminate its true nature.
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Forero-Romero J. E., Hoffman Y., Gottlöber S., Klypin A., Yepes G., 2009, MNRAS, 396,
1815

Freeman K. C., 1970, ApJ, 160, 811

Frieman J. A., Turner M. S., Huterer D., 2008, ARA&A, 46, 385

Frolov A. V., 2008, Physical Review Letters, 101, 061103

Fukugita M., Hogan C. J., Peebles P. J. E., 1998, ApJ, 503, 518

Giannantonio T. et al., 2006, Phys. Rev. D, 74, 063520

Graff D. S., Freese K., 1996, ApJ, 456, L49

Greenstein J. L., Oke J. B., Shipman H. L., 1971, ApJ, 169, 563

Guth A. H., 1981, Phys. Rev. D, 23, 347

Hahn O., Carollo C. M., Porciani C., Dekel A., 2007, MNRAS, 381, 41

Hanany S. et al., 2000, ApJ, 545, L5

He J.-H., Wang B., Zhang P., 2009, Phys. Rev. D, 80, 063530

Heymans C. et al., 2012, MNRAS, 427, 146

Hinshaw G. et al., 2013, ApJS, 208, 19

Hinshaw G. et al., 2009, ApJS, 180, 225

Hochberg Y., Kuflik E., Volansky T., Wacker J. G., 2014, Phys. Rev. Lett., 113, 171301

Hoekstra H., 2007, MNRAS, 379, 317
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Klypin A., 2013b, MNRAS, 428, 2489

Libeskind N. I. et al., 2018, MNRAS, 473, 1195

Limousin M. et al., 2007, ApJ, 668, 643

Linde A. D., 1984, Reports on Progress in Physics, 47, 925



BIBLIOGRAPHY 99

Loeb A., Weiner N., 2011, Physical Review Letters, 106, 171302

Lovell M. R. et al., 2012, MNRAS, 420, 2318

Lovell M. R., Frenk C. S., Eke V. R., Jenkins A., Gao L., Theuns T., 2014, MNRAS, 439,
300

Lovell M. R., Gonzalez-Perez V., Bose S., Boyarsky A., Cole S., Frenk C. S., Ruchayskiy
O., 2017, MNRAS, 468, 2836

Macias O., Gordon C., Crocker R. M., Coleman B., Paterson D., Horiuchi S., Pohl M.,
2016, ArXiv e-prints

Marsh D. J. E., Silk J., 2014, MNRAS, 437, 2652

Milgrom M., 1983, ApJ, 270, 365

Milne E. A., 1933, ZAp, 6, 1

Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stadel J., Tozzi P., 1999, ApJ, 524,
L19

Mota D. F., Pettorino V., Robbers G., Wetterich C., 2008, Physics Letters B, 663, 160

Müller V., Arbabi-Bidgoli S., Einasto J., Tucker D., 2000, MNRAS, 318, 280

Murgia R., Gariazzo S., Fornengo N., 2016, JCAP, 4, 014

Navarro J. F., Frenk C. S., White S. D. M., 1996, ApJ, 462, 563

Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493

Neyrinck M. C., 2008, MNRAS, 386, 2101

Nickerson S., Stinson G., Couchman H. M. P., Baili J., Wadsley J., 2012, in Astronomical
Society of the Pacific Conference Series, Vol. 453, Advances in Computational Astro-
physics: Methods, Tools, and Outcome, Capuzzo-Dolcetta R., Limongi M., Tornambè
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