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Astronomical observations reveal hierarchical structures in the Universe, from galaxies,
groups of galaxies, clusters and superclusters, to filaments and voids. On the largest
scales it seems that some kind of statistical homogeneity can be observed. As a result,
modern cosmological models are based on spatially homogeneous and isotropic solu-
tions of the Einstein equations, and the evolution of the universe is approximated by
the Friedmann equations. In parallel to standard homogeneous cosmology, the field of
inhomogeneous cosmology and backreaction is being developed. This field investigates
whether small scale inhomogeneities via non-linear effects can backreact and alter the
properties of the Universe on its largest scales, leading to a non-Friedmannian evolution.
This paper presents the current status of inhomogeneous cosmology and backreaction. It
also discusses future prospects of the field of inhomogeneous cosmology, which is based
on a survey of 50 academics working in the field of inhomogeneous cosmology.
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1. Introduction

In the last decades, we have witnessed significant progress in the field of cosmol-
ogy. It was fuelled by the increasing amount of observational data on the one
hand and theoretical advancements on the other. The data is now commonly in-
terpreted within the ACDM framework, which assumes that the large-scale ge-
ometry of the Universe is described by the spatially homogeneous and isotropic
Friedmann—-Lemaitre-Robertson-Walker (FLRW) model with small metric pertur-
bations. These perturbations describe the influence of the matter inhomogeneities
and are most commonly treated at the linear level. The dynamics of the FLRW
model is governed by the Friedmann equations with the matter sources assumed to
be mostly in the form of dark energy and cold dark matter. The baryonic component
is very small at the level of 5% of the total energy budget. This set of assumptions
is sufficient to account for most of the cosmological observations, including the
anisotropies of the cosmic microwave background, the redshift-luminosity relation
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for the type la supernovae and various features observed in the distribution of galax-
ies. The overall consistency between the observations and predictions of the ACDM
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model seems to support the use of the FLRW metric. However, there are a number
of reported cases where the ACDM model cannot explain some observational phe-
nomena, or where the constraints on cosmological parameters coming from different
experiments seem to be inconsistent with each other ™2

From the point of view of theoretical physics, using spatially homogeneous
FLRW models to describe the physical Universe raises some concerns. Indeed, our
Universe on most scales appears to be empty with pockets of matter clustered
around various regions and forming the cosmic web. In order to derive a smooth
metric describing the Universe on the large scales we first need to remove the small—
scale inhomogeneities. The removal of fine structures and the corresponding degrees
of freedom from a complex system is known in theoretical physics as coarse—graining.
It is a fairly standard procedure in statistical physics or quantum field theory, but
in the context of general relativity (GR) seems to be poorly researched.

The main reason for this state of affairs is that the Einstein equations, unlike for
example Maxwell’s equations, are nonlinear. In order to obtain a smooth coarse—
grained metric g¢,, which represents the gravitational field without the contribution
from the small-scale inhomogeneities, we first need to average the physical metric
gﬁﬁys. The next step is to average the stress—energy tensor Tlff}ys and obtain T)77.

Assuming that Einstein’s equations hold exactly for gﬁﬁys

Guv [gh7°] = 8TGTE™, (1)

we can then derive the effective Einstein equations holding on the large scales
Guv 98] = 87G (T3 + Buy) (2)

where B,,,, is known as the backreaction® and it arises due to the non-linear structure
of the Einstein equations. In practice we may need more than one application of
the coarse—graining procedure to reach the homogeneity scale of the solution. The
total backreaction in this case will consist of the sum of contributions from all
intermediate scales2 5

The debate on backreaction began in the early 2000’s. The discussion still con-
tinues and includes such issues as the actual amplitude of backreaction effects and
how the backreaction should be estimated. One of the concerns is whether the
backreaction requires a fully nonlinear and relativistic treatment or whether the
perturbative approach is sufficient 10 The debate seems inconclusive so far; one of
the reasons for that is that even if metric perturbations are small their derivatives
(and therefore physical curvaturdl) can be quite large @113

Other problems are of a more practical and observational nature: how should we
pick the background FLRW model? Obviously, it should be the one which best fits
the observational data — but in what sense exactly? This issue was raised by Ellis
in Ref. [I4 and Ellis and Stoeger in Ref.[I5]as early as the mid 1980s. It is connected
with the question on how the metric inhomogeneities present on small scales affect
the cosmological observations. The precise topics include questions such as: is the
homogeneous background fully justified or does this procedure introduce any bias?
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Are the null geodesics in the physical space-time fully mapped into geodesics of
the coarse—grained metric? To what extent should we trust results inferred from
observations analysed within a perturbative framework of the FLRW models? And
should we expect to see any deviations from the cosmological predictions of the
FLRW models?

All these issues are the subject of research of the inhomogeneous cosmology. In
Sec. 2l we provide a short overview of the field. In order to provide a more thor-
ough review of future prospects of this field we decided to approach inhomogeneous
cosmologists and ask for their views on the state of research of the inhomogeneous
cosmology — the results of this survey are presented in Sec.

2. Current status

We have decided to divide the field into five categories and discuss the recent
progress in each of them separately.

2.1. Fundamental problems of coarse-graining

Before we discuss the observational issues connected with the inhomogeneities we
need to address the fundamental problems of the definition of the background FLRW
model and the separation of the metric and the matter content into the background
and the inhomogeneities. This is most easily done by discussing exact, analytic
models in which as many questions as possible may be answered precisely, without
the need for any approximate methods.

The study has been pioneered by Lindquist and Wheeler in 195738 later also
by Wheeler in Ref. [I7. The authors considered time-symmetric initial data corre-
sponding to a regular lattice of black holes on a 3-sphere with no other, continuous
sources of the gravitational field. The constraint equations in these models can be
solved exactly and therefore these models offer the possibility to investigate the
geometry and the properties of universe models with mass concentrated in black
holes in the nonlinear regime, although their time evolution is beyond the analyt-
ical methods. This approach has recently been revived by Clifton and Ferreira in
Ref. 18120l Later the case of all six possible regular configurations of black holes
were discussed thoroughly by Clifton, Rosquist and Tavakol in Ref. 21 while Ko-
rzynski in Ref. 22] considered arbitrary arrangements of black holes, discussing the
backreaction and the continuum limit as the number of BH’s diverges. In the follow-
up Clifton in Ref. 23 used the method of images to construct similar solutions with
BH’s as the only source of the gravitational field and discussed the contribution of
the interaction energy between the BH’s to the energy budget of the cosmological
model.

The first paper discussing the time evolution of the 8BH regular lattice on S3,
Ref. 24, has been written by Bentivegna and Korzyriski. Shorly afterwards Yoo et
al. discussed the regular cubic black hole lattice in Ref. The latter case is more
difficult in the sense that the constraint equations need to be solved numerically.
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A method for solution was proposed in an earlier paper by Yoo, Abe and Nakao28
The results of the simulations are consistent among the papers: the evolution follows
with a reasonable accuracy the evolution of an appropriately fitted FLRW model
with dust. The flat, cubic lattice has been considered again in Ref. 27 by Ben-
tivegna and Korzynski, who investigated in more detail the dynamic and kinematic
effects of backreaction, discovering high frequency oscillating modes superimposed
on the FLRW behaviour, attributed to the tensorial modes contained in the initial
data. Later Yoo and Okawa in Ref. 28| considered cubic BHL’s with a cosmological
constant, once again noting a reasonable agreement with the corresponding FLRW
model.

Later Clifton, Gregoris, Rosquist and Tavakol in Ref. tried a simplified ap-
proach — instead of evolving the whole spacetime they focused on special loci, like
the vertices and edges of the lattice. In these points the geometry exhibits a dis-
crete rotational symmetry, i.e., it is invariant with respect to a finite subgroup of
the full SO(3) group of rotations. The Einstein equations can be simplified in this
case: in the vertices they can be integrated exactly, while along the edges, where the
symmetry group is smaller, they can be solved only as long as the magnetic Weyl
contribution is neglected B3 Nevertheless the authors managed to obtain a rea-
sonable approximate picture of the evolution of these models, valid for a reasonably
long time, at least along certain distinguished curves in the spacetime. The authors
confirmed that the evolution of these models follows an appropriately fitted FLRW
model with a good accuracy, at least as long as the approximation is valid.

2.2. Ezxact inhomogeneous cosmological solutions

Another approach of studying the effects and impact of inhomogeneities, is to in-
vestigate the evolution of exact inhomogeneous solutions of the Einstein equations.
There is only a handful of such solutions that are applicable to cosmology2223 The
most widely used solutions are the spherically symmetric Lemaitre—Tolman mod-
elg?4B7 (also known as Lemaitre-Tolman-Bondi, or in short LT or LTB models),
and the Szekeres models3832 The Lemaitre-Tolman models are spherically sym-
metric. On the other hand the matter distribution in the Szekeres model (on a
surface of constant ¢ and r) has a form of a dipole superimposed on a monopole 20
The Szekeres solution is a generalization of the Lemaitre-Tolman model and in the
limit of vanishing dipole, it reduces to the Lemaitre-Tolman model. Although these
models are subject to some limitations (the magnetic part of the Weyl tensor is
zero, Cotton—York tensor is zero, and they are of Petrov type D) they allow us to
study non-linear effects and structure formations. For example due to presence of
shear (which is a nonlinear quantity) the structure formation proceeds more rapidly
than in the linear regime ™' In addition, the Lemaitre Tolman and Szekeres models
have both the FLRW and the Schwarzschild limits, and therefore, these models are
useful to study the formation of cosmological black holes and their properties either

in the case of a spherical symmetric collapsé®? or anisotropic collapse 3
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However, in the contexts of backreaction these models have limited applications.
The problem is the choice of the background. In a typical application one chooses
a background (for example, some FLRW model) and on the top of this background
one imposes an inhomogeneity. In such a case, the evolution of the model is already
fixed. The junction conditions explicitly require that the evolution of the boundary
of the inhomogeneous model must be the same as of the background. Even if one uses
asymptotic conditions (i.e., for large r the model reduces to FLRW model), still the
overall evolution of such a system is close to the background FLRW evolution (even
if locally inhomogeneities evolve in a nonlinear manner). Although backreaction may
accumulate from scale to scale® within these models the backreaction is still small
by construction. This was shown for the LT model 245 For the Szekeres model with
the central observer, the averaging wipes out the dipole and the result of averaging
leads to the same conclusions as for the Lemaitre Tolman model 20

In order to obtain large backreaction or large observational effects for these
types of models one needs to consider ultra large scales, i.e., of order (or even
larger) of Gpc scales. These models have large backreaction and large deviations
from the FLRW distance-redshift relation 252 however, they are not consistent
with observational constraints and therefore cannot be consider as suitable models
of our Universe 6064

The investigation of the impact of small-scale inhomogeneities on light propa-
gation in exact solutions shows that the impact in these cases is rather small, of
order of a few percent83 Such a few percent change could in principle lead to a few
percent shift in the values of the cosmological parameters 9867 The exact magnitude
of deviation and shift of values of cosmological parameters is still debatable. The
reason for this is the lack of inhomogeneous models that would faithfully represent
our Universe.

However, studies of light propagation within inhomogeneous models do lead to
interesting results and new discoveries, such as an effect of a position drift — due
to inhomogeneous nature of the Universe, photons sent at different times traverse
along different paths (with different matter distributions along the line of sights),
which results in a stray shift on the position of these object in the sky/©8

From the point of view of backreaction, exact solutions provide a useful testbed
as they can be used to solve null geodesics, matter evolution, and evaluate averages
in an exact manner 87 For example, studies of the deceleration parameter showed
that the value of this parameter inferred from light tracing can differ significantly
from the value obtained via averaging, and only in the FLRW limit these two
quantities converge 73 Unfortunately, due to limitations mentioned above, there
is a great need for less restrictive and more general models (cf. Refs. [T475 Sussman
et al.), which would allow for more extensive investigation and deeper understanding
of the backreaction phenomenon.
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2.3. Metric of the Cosmos and testing the homogeneity of the
Universe

The idea of deriving the metric of our Universe strictly from observations was first
suggested by Kristian and Sachs in Ref. This is in principle a very promising
approach. Once fully developed it would allow for constraining the spacetime geom-
etry directly from the data, rather than fitting the assumed metric to the data. This
program is still in its infancy but it has delivered a few interesting developments,
such as the fluid-ray tetrad formalism™ Most of the work so far has been based
on a framework that assumes spherical symmetry ™8 Still, spherically symmetric
inhomogeneous models do have a homogeneous limit. Therefore, if the observational
data constrain the spacetime to be homogeneous and isotropic that would be an
independent check of the homogeneity of the Universe. In principle this provides
means of testing the homogeneity of the Universe, rather than assuming it. The
works are still being developed with the aim of putting tighter constraints on the
spacetime geometry.

A less ambitious alternative of the program (but nonetheless also very impor-
tant) is rather than constraining the metric of our Universe from the data, to use
the data to directly test fundamental assumptions of the standard cosmological
model, which is based on the spatially homogeneous and isotropic FLRW geome-
try. One way is to study the distribution of galaxies B#85 The other method often
used is based on the evaluation of the fractal dimension 8888 This however, might
be subject to some bias either observational® or theoretical 899 Therefore a more
promising approach seems to focus on observables such as distance-redshift and ex-
pansion raté™3 or just distance and bi-distance®? If the FLRW geometry holds
then these observables are related to each other, and so their intrinsic relations can
be used to test the FLRW geometry. So far the observational data is consistent with
the FLRW predictions but it is expected that just in a few years (with data from
the DES and Euclid surveys) the observations should be precise enough to show

deviations from or to confirm to a higher accuracy the fundamental assumptions of
the FLRW models 2487

2.4. Approximate methods

Most cosmologists agree that the evolution of the Universe around the decoupling in-
stant and shortly afterwards can be described using the linear perturbations around
the FLRW background. However, it is also known that quite quickly the evolution
of structures becomes non-linear. In order to trace the evolution in the nonlinear
regime, cosmologists either employ perturbative methods or use Newtonian N-body
simulations.

As far as the perturbative approach is concerned, most efforts focus on the non-
linear evolution of the matter power spectrum©28100 However, the perturbative
approach may not be accurate if the backreaction is large and affects the evolu-
tion of the background ™ The same concerns N-body simulations that assume a
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uniform Friedmannian cosmological expansion. Therefore, investigation of relativis-
tic affects within N-body simulations is important T2 One of the recent studies
suggests that relativistic effects may lead to Yukawa-type interactions between mat-
ter particles@ which may have repercussions for N-body simulations that assume
instantaneous Newtonian interactions.

Studies of backreaction within the perturbative schemes are also slowly being
developed THI08007 Ty parallel, there are also phenomenological models inspired
by backreaction, which could in principle also be employed within N-body sim-
ulations 1% However, there is a problem with studies of backreaction based on
approximate or phenomenological methods. Some studies suggest large backreac-
tion PRGOS while some suggest otherwise 10 The debate on whether the back-
reaction is zero has already been settled ™ The current debate is on the magnitude
of the backreaction, i.e., whether inhomogeneity effects are in the percent range or
of order of unity. It seems now very likely that this debate will eventually be solved
using numerical relativity rather than phenomenological or perturbative methods.

2.5. Numerical cosmology

Since the number of exactly solvable models in which we may study the time evolu-
tion of inhomogeneous spacetimes is very limited, it is natural to consider numerical
methods of evolving the full Einstein equations in order to study the behaviour of
strongly inhomogeneous models. Recent advancements in the field of numerical rela-
tivity M8 including the possibility to evolve vacuum multi-blackhole configurations,
make this approach particularly tempting. The simplest models of this kind which
were evolved using numerical methods were the black hole lattices mentioned in the
previous section.

The next development in numerical cosmology is to consider inhomogeneous
distribution of dust instead of black holes, which is a more realistic situation than a
black hole lattice, although the numerics involved is much more difficult. Bentivegna
and Bruni in Ref. 117l considered a perturbation of an Einstein-de Sitter model with
the initial density contrast of § ~ 0.03, which developed quickly well beyond the
linear regime, and they noted departures in the evolution from the simplified top-
hat model. Mertens, Giblin and Starkman in Ref. [T18 on the other hand specified a
spectrum of scalar perturbations and compared the lengths of a number of selected
paths with the uniform FLRW expansion. Most recently, Macpherson, Lasky, and
Price, presented their results of numerical cosmology in Ref. Their study was
based on the Cactus code and they were able to trace the evolution inhomogeneities
into the nonlinear regime.

The field of numerical relativistic cosmology is slowly gaining momentum. It is
hoped that in a few years, numerical cosmology will allow to test various assump-
tions of the standard cosmology based on the FLRW models and will deepen our
understanding of backreaction.
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3. Future prospects — survey of the community

The number of people actively working in the field of inhomogeneous cosmology
is of the order of a hundred, which is small compared to at least a few thousands
working in the paradigm of the FLRW models (the Euclid team alone counts more
than a thousand people). In order to get a better understanding of the commu-
nity we designed a short survey. We approached approximately 70 academics, from
which 50 have responded. This gave us a good representation both in terms of de-
mographics (from very senior and highly regarded members of the community to
junior academics) and geography (every continent except for Antarctica).
The survey consisted of the following 3 questions:

(1) What do you think is the most important topic (or range of topics) in cosmology
in general?

(2) Within the domain of inhomogeneous cosmology which topic (or topics) are in
your opinion the most important?

(3) How do you think the field of inhomogeneous cosmology will (or should) develop
over the next 5-10 years?

Below we present a short summary of the answers we received. The responses
were grouped into specific bins. While this approach is not perfect and some of the
bins overlap, it enabled us to report the responses in a rather compact way. Also,
when a particular answer was unique and not shared by any other respondent we
decided not to include such a response in the analysis below.

3.1. Question 1: What do you think is the most important topic
(or range of topics) in cosmology in general?

We first asked about the most important topic in cosmology in general, see Fig. [Il
When compared with answers to Question 2 and Question & this will show how the
inhomogeneous community perceives its place within the broader frame of general
cosmology. The answers we received are as follows:

Dark sector: The most important issue for the majority of respondents was to re-
veal the nature of dark sector and the fundamental physics behind it. Most pointed
out that we need to work in both directions: experimental, with a direct detection
of dark matter and dark energy, and theoretical, with better theories exploiting
the properties of the dark sector. We also need to examine if these phenomena are
related to each other. While most people answered that both dark energy and dark
matter are equally important, some made a clear distinction, claiming that since
dark energy is most likely the cosmological constant, it is not a highly important
research goal and that instead, it is dark matter that should take precedence, as
it leads to synergy between cosmology and particle physics. Others though pointed
out that dark energy being a cosmological constant would require an improbable
amount of fine tuning and is unnatural from the point of view of quantum theory
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Fig. 1. What do you think is the most important topic (or range of topics) in cosmology in
general?

and thus studies of dark energy could open a new window to fundamental physics.
Whether dark energy and dark matter are real phenomena or merely phenomeno-
logical descriptions, we still need better models. Reducing these phenomena to just
two numbers (Q,, and ,) is unacceptable.

Early Universe: More than a third of the respondents mentioned the early Uni-
verse. The majority pointed out weakness of inflation, and that we need other al-
ternative theories describing conditions and problems related to the early Universe.
Areas of research that were mentioned included: initial conditions for the Universe,
inflation, re-heating, baryogenesis and baryon asymmetry. It was also stressed that
the early Universe opens a new window to fundamental physics.

Dealing with observations: 36% of respondents pointed out that we had entered
an era where a very large number of high precision data became or soon would be-
come available. New types of measurements are also coming online, for example
gravitational waves. Soon we will be able to measure the expansion of the Universe
via the redshift drift, and probe the dark ages and the epoch of reionization with
21cm observations. Together with deep and wide galaxy redshift surveys and lens-
ing surveys all this data will undoubtedly lead to new discoveries and perhaps to a
paradigm shift. This will also bring new challenges. It will require a better under-
standing of various physical processes and knowledge how they impact observables
(it has happened a few times in the past that some “discoveries” were announced
prematurely, and when a more realistic description of astrophysical processes was
included, they went away). We will also need to learn how to deal with such a large
amount of data. The usual approach is to compress the data by projecting it onto
a smaller number of functions or parameters. Care needs to be taken in order to
perform such a reduction in rather model independent way and without introducing
model assumptions into the compressed data and the actual analysis itself. Thus a
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lot of effort should be put towards scrutinising and falsifying various aspects of the
concordance cosmology. With all these new probes and data, care should also be
taken to extract information in a model-independent manner and in addition to be
aware of the predictions of alternative models. Without this, any debate on “precise
versus accurate” cosmology may be inconclusive.

Backreaction and inhomogeneous cosmology: Almost a quarter of responses
pointed out that the main challenge of modern cosmology is to better understand
the effects associated with the inhomogeneous structure of the Universe and back-
reaction.

Cosmological probes of fundamental physics and modified gravity: Almost
a fifth of respondents pointed out that cosmology provides a great opportunity to
explore new connections between cosmology and fundamental physics. It was noted
that cosmological observations can be used to test laws of nature and its fundamen-
tal components: from the nature of dark matter, dark energy, and conditions of the
early Universe to modified gravity.

Cosmic topology: A few people argued that one of the important issues of modern
cosmology is to find out what is the overall topology of the Universe we live in.

3.2. Question 2: Within the domain of inhomogeneous cosmology
which topic (or topics) are in your opinion the most
important?

20
0

backreaction impact on modelling the testing FLRW exact solutions collaboration early universe
observables universe with observers

Fig. 2. Within the domain of inhomogeneous cosmology which topic (or topics) are in your
opinion the most important?

The second question dealt with the current research within the domain of inho-
mogeneous cosmology, see Fig. 2l The answers we received are as follows:
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Backreaction: 40% pointed out that the most important topic of inhomoge-
neous cosmology is backreaction and understanding how nonlinearities and inho-
mogeneities affect the evolution of the Universe and its properties 20122 (cf. 22%
in Question 1). A few pointed out that the backreaction and averaging is not well-
defined and there are many different approaches to averagin

and therefore some kind of unification scheme is needed.

Impact on observables: Slightly more than a third of respondents answered that
the crucial element of inhomogeneous cosmology is to study light propagation ef-

fects in the inhomogeneous Universe and the impact of inhomogeneities on observ-
ables 165128

Modelling the Universe and structure formation: 28% of respondents agreed
that the most important topic is to develop a good model of the Universe and struc-
ture formations. Within the domain of concordance cosmology this topic is studied
using the perturbative approach or Newtonian N-body simulations. Most of the
effort is put towards understanding baryonic feedback and its role in the structure
formation 133834 However, inhomogeneous cosmology could provide an insight into
how nonlinear evolution and backreaction affects the formation of structurest3
Such studies are essential if we want to obtain a model capable of describing the
Universe at all scales with high precision. This will also enable us to answer such
questions as for example how accurate the current precision cosmology is.

Testing the fundamental assumptions of the FLRW cosmology: Inhomoge-
neous cosmology allows testing various assumptions fundamental to the concordance
cosmology, in particular the spatial homogeneity and isotropy of the Universe. The
assumption of homogeneity and isotropy seems to work well. Furthermore such
results as the Ehlers-Geren-Sachs (EGS) theorem®38 and the ‘almost EGS the-
orem’ 37 which make use of the isotropy of the CMB, provide further support
for the large scale spatial homogeneity of the Universe. Also observations of the
Sunyaev-Zel'dovich effect seem to support large-scale homogeneity38 and rule out
the existence of Gpce—scale inhomogeneities 8064 S]] these theories may not be ap-
plicable to the real Universe 132 In addition there are other features of the FLRW
models besides the homogeneity and isotropy that still need to be tested. These are
for example fixed and non-evolving curvature (9; k = 0, where k is the curvature
index and is proportional to Q%88 or uniform expansion rate (9, Hy = 0) 0143
Therefore, slightly more than a fifth of respondents agreed that one of the most im-
portant tasks of inhomogeneous cosmology is to test the assumptions of the FLRW
models and to develop predictions of observational signatures that deviate from the
FLRW'’s behaviour.

Studying the exact inhomogeneous solutions of the Einstein equations:
Most research that uses exact solutions of the Einstein equations is still based
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on the simplest models such as the Lemaitre-Tolman models. Even within the
LT models the ones that are studied are among the simplest ones with a ho-
mogeneous bang time function. Apart from the LT models, other inhomogeneous
models that have been used in cosmological research include the Szekeres mod-
models with plane symmetry 2 Lemaitre mod-
els IBOHIE3 Stephanl models 5455 o d multi-fluid models 58 Tt does not help that
there is only a handful of exact inhomogeneous solutions that are applicable to
cosmology 3233 Therefore, more effort should be put towards exploring the known

solutions and testing the backreaction within these solutions 257161 Another im-
portant issue is to analyse cosmological observations within these models T62163l 4g
well as trying to develop and find new solutions with lesser symmetries 32

Collaboration with the observers: Observational data are not only analysed
within the framework of FLRW model, but often assumptions and equations of the
FLRW models are used to process the raw data and derive the “observables”. The
community of inhomogeneous cosmology should therefore develop a dialogue with
the observational community, firstly — in order to make them aware of the alterna-
tives and help to analyse the data in a less model-dependent way; and secondly —
many relativists are not aware of the wealth of observational data and are not fa-
miliar with the observational constraints coming from the astronomical data. Both
communities would therefore benefit from such a dialogue, and 10% of respondents
pointed out that such a dialogue and collaboration is needed and important.

Early Universe: Almost 10% of answers mentioned that the studies of the early
Universe (cf. 38% in Question 1) should fall within the domain of inhomogeneous
cosmology. Topics explicitly mentioned included: alternative solutions to the horizon
problem and how inhomogeneities affect the onset of inflation X% treating backre-
action in the primordial plasma and evaluating the conditions at the last scattering
in models where the evolutlon is not Friedmannian 89 studies of the spikes and the
BKL-type evolution 166169

3.3. Question 3: How do you think the field of inhomogeneous
cosmology will (or should) develop over the next 5-10 years?

The third question dealt with future avenues of inhomogeneous cosmology and
backreaction, see Fig. Bl We find the answers and opinions to this question highly
valuable as they provide special insight into our field and prospects for its future
development. The answers we received are as follows:

Developing a relativistic model of the Universe and structure formation,
as well as a deeper understanding of backreaction: In Question 2 most
people argued that it is backreaction that is currently the main topic of research. It
was also noted that the results obtained so far have not been very conclusive. There
are many different approaches and results discussed in the literature. As a result
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Fig. 3. How do you think the field of inhomogeneous cosmology will (or should) develop over the
next 5—10 years?

it is still unknown how big exactly the effects of backreaction are. Therefore most
respondents pointed out that it will be the numerical relativity that will provide
a definite answer to the amplitude and the overall effect of backreaction. The nu-
merical simulations could be developed in several ways: (i) studying full numerical
relativity, and solving the Einstein equations for a cosmological set-up;y X049 (i)
developing higher order perturbation theory, especially the relativistic Lagrangian
perturbation theory TIHOGIOZIT0 (iii) applying post-Newtonian corrections to N-
body simulations. 102104

By developing these methods and performing numerical simulations we will gain

a better insight into the backreaction effects.

Light propagation and the effect on observables: A large percentage of people
argued that in the next few years most efforts should be put towards studying the
effects on inhomogeneities on light propagation and observables®
Even if the effects turned out to be small and at the percent 1evel, still these studies
would be vital for the analysis of future observations. One respondent even provided
an analogy with particle physics, where each detector used in the experiment has
well-tested characteristics and response; similarly inhomogeneous community could
develop catalogue of known astronomical structures and their effect on light passing
by.

Better use of the wealth of available observational data: Almost 20% ex-
pressed the opinion that the development of inhomogeneous cosmology in the com-
ing years could greatly benefit from inclusion of the constraints coming from the
observational data (see also answer to Question 2).

Developing new observational probes based on the insight from inhomo-
geneous cosmology and continuing to test the fundamental assumptions
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of the FLRW cosmology: A small but nonnegligible part of the community ar-
gued that we should continue to use inhomogeneous models in the coming years
to develop new relations for observational quantities and predict effects that would
otherwise be not observable in the FLRW models either for the sake of learning more
about our Universe or for the purpose of testing the fundamental assumptions of
the standard cosmological models. Such tests could include for example testing the
large scale homogeneity with the astronomical dataI70 testing the effects of backre-
action P96ITE the evolution of spatial curvature 2398 differential expansion of the
Universe 20142 311 jts redshift dependenceT™ or the environmental dependence of
the BAO peak T80T the anisotropy pattern of cosmic flow #2182 o1 decoupling of
the geometrical spatial curvature from the dynamical spatial curvature 183

Becoming a part of the concordance cosmology: Slightly more than 10% of
respondents expressed an opinion that inhomogeneous cosmology will in the coming
years become part of the standard cosmology with respect to dealing with the effects
of inhomogeneities. If inhomogeneous cosmology is to become a tool of standard cos-
mology, we will need to engage in collaborations with observers. Most observers are
open-minded but often not aware of various predictions of relativistic cosmology
other than those derived from the FLRW models. Thus, it is in the interest of inho-
mogeneous cosmology to collaborate with observational astronomers rather than to
separate from them. This could be achieved by providing either observational predic-
tions or better by providing free-licensed, clearly written, well-documented software
with relativistic calculations for mainstream cosmologists, which could then be used
to analyse the data.

4. Conclusions

In 1970 Alan Sandage wrote that cosmology is about two numbers (Q and Hy) 184
Twenty years later galaxy redshift surveys and the observations of CMB revealed
that 2 numbers are not sufficient, and that the minimal number of parameters
needed to fit the observations is 6, i.e. 4 parameters to describe the homogeneous
background and 2 to describe scalar perturbations. Ten years later we now include at
least 2 or 3 more parameters, such as neutrinos, radiation, and tensor perturbations.
More parameters are successively added to the standard cosmological model and
some of these describe inhomogeneities (although at the linear level). In the coming
years we are expecting high precision data from DESI, Euclid, LSST, and other
observational projects. It is envisaged that oversimplified models will no longer be
applicable to analyse the data at the desirable level of precision and accuracy.
Inhomogeneous cosmology aims at testing the effects of the structure formation
and nonlinear evolution on the properties of our Universe. It is anticipated that
in the near future we will be able to definitively answer the question of whether
backreaction effects are significant or instead are small but nevertheless necessary
to analyse the data with high accuracy (such as the recent inclusion of neutrinos is
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important to analyse the CMB data at percent level precision).

However, without the proper methods, relativistic models, and a dialogue with
observers this may not come any time soon. The conclusion therefore is to continue
the work and develop the dialogue with the observational community in order to test
our models and predictions with the wealth of good quality observational data, and
to be sure that no hidden assumptions of the FLRW models go into the processing
of the data.

Acknowledgments

We are extremely gratefully and would like to thank the 50 academics who kindly
agreed to answer our survey. We also thank Thomas Buchert, Alan Coley, David
Wiltshire and Boud Roukema for their comments and suggestions. KB acknowledges
the support from the Australian Research Council through the Future Fellowship
FT140101270.

References

1. T. Buchert, A. A. Coley, H. Kleinert, B. F. Roukema and D. L. Wiltshire, Observa-
tional challenges for the standard FLRW model, Int. J. Mod. Phys. D 25, 1630007
(2016), larXiv:1512.03313l

2. M. Cautun and C. S. Frenk, The tangential velocity excess of the Milky Way satellites,
ArXiv e-prints (2016), larXiv:1612.01529.

3. C. Clarkson, G. Ellis, J. Larena and U. Obinna, Does the growth of structure af-
fect our dynamical models of the universe? the averaging, backreaction, and fitting
problems in cosmology, Rep. Prog. Phys. 74, p. 112901 (2011).

4. G. F.R. Ellis and T. Buchert, The universe seen at different scales [rapid communi-
cation], Physics Letters A 347, 38 (2005), arXiv:gr-qc/0506106!

5. M. Korzynski, Nonlinear effects of general relativity from multiscale structure, Class.
Quant. Grav. 32, p. 215013 (2015), larXiv:1412.3865.

6. D. Baumann, A. Nicolis, L. Senatore and M. Zaldarriaga, Cosmological Non-
Linearities as an Effective Fluid, JCAP 1207, p. 051 (2012), larXiv:1004.2488.

7. A.Ishibashi and R. M. Wald, Can the acceleration of our universe be explained by the
effects of inhomogeneities?, Class. Quant. Grav. 23, 235 (2006), arXiv:gr-qc/0509108.

8. S. R. Green and R. M. Wald, A new framework for analyzing the effects of small scale
inhomogeneities in cosmology, Phys.Rev. D83, p. 084020 (2011), larXiv:1011.4920.

9. S. R. Green and R. M. Wald, How well is our universe described by an FLRW model?,
Class. Quant. Grav. 31, p. 234003 (2014), larXiv:1407.8084.

10. S. R. Green and R. M. Wald, Comments on Backreaction (2015), larXiv:1506.06452.

11. T. Buchert, G. F. R. Ellis and H. van Elst, Geometrical order-of-magnitude estimates
for spatial curvature in realistic models of the Universe, Gen. Rel. Grav. 41, 2017
(2009), larXiv:0906.0134.

12. T. Buchert, M. Carfora, G. F. R. Ellis, E. W. Kolb, M. A. H. MacCallum, J. J. Os-
trowski, S. Résénen, B. F. Roukema, L. Andersson, A. A. Coley and D. L. Wiltshire,
Is there proof that backreaction of inhomogeneities is irrelevant in cosmology?, Class.
Quant. Grav. 32, p. 215021 (2015), larXiv:1505.07800L

13. S. R. Green and R. M. Wald, A Simple, Heuristic Derivation of our ” No Backreaction”
Results (2016), larXiv:1601.06789.


http://arXiv.org/abs/1512.03313
http://arXiv.org/abs/1612.01529
http://arXiv.org/abs/gr-qc/0506106
http://arXiv.org/abs/1412.3865
http://arXiv.org/abs/1004.2488
http://arXiv.org/abs/gr-qc/0509108
http://arXiv.org/abs/1011.4920
http://arXiv.org/abs/1407.8084
http://arXiv.org/abs/1506.06452
http://arXiv.org/abs/0906.0134
http://arXiv.org/abs/1505.07800
http://arXiv.org/abs/1601.06789

May 23, 2017 0:52

16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

G. F. R. Ellis, Relativistic cosmology - Its nature, aims and problems, in General
Relativity and Gravitation, eds. B. Bertotti, F. de Felice and A. Pascolini (Reidel,
Dordrecht, 1984).

G. Ellis and W. Stoeger, The ’fitting problem’ in cosmology, Class. Quantum Grav.
4, 1697 (1987).

R. W. Lindquist and J. A. Wheeler, Dynamics of a lattice universe by the
schwarzschild-cell method, Rev. Mod. Phys. 29, 432 (1957).

J. Wheeler, The geometrostatic lattice cell, Foundations of Physics 13, 161 (1983),
10.1007/BF01889418.

T. Clifton and P. G. Ferreira, Archipelagian cosmology: Dynamics and observables
in a universe with discretized matter content, Phys. Rev. D 80, p. 103503 (2009),
arXiv:0907.4109.

T. Clifton and P. G. Ferreira, Erratum: Archipelagian cosmology: Dynamics and
observables in a universe with discretized matter content [Phys. Rev. D 80, 103503
(2009)], Phys. Rev. D 84, p. 109902 (2011).

T. Clifton, P. G. Ferreira and K. O’Donnell, Improved treatment of optics in the
Lindquist-Wheeler models, Phys. Rev. D 85, p. 023502 (2012), larXiv:1110.3191.

T. Clifton, K. Rosquist and R. Tavakol, An Exact quantification of backreaction in
relativistic cosmology, Phys. Rev. D86, p. 043506 (2012), larXiv:1203.6478l

M. Korzyniski, Backreaction and continuum limit in a closed universe filled with black
holes, Class. Quant. Grav. 31, p. 085002 (2014), larXiv:1312.0494!

T. Clifton, The Method of Images in Cosmology, Class. Quant. Grav. 31, p. 175010
(2014), larXiv:1405.3197.

E. Bentivegna and M. Korzynski, Evolution of a periodic eight-black-hole lattice in
numerical relativity, Class. Quant. Grav. 29, p. 165007 (2012), larXiv:1204.3568.
C.-M. Yoo, H. Okawa and K.-i. Nakao, Black Hole Universe: Time Evolution, Phys.
Rev. Lett. 111, p. 161102 (2013), larXiv:1306.1389.

C.-M. Yoo, H. Abe, K.-i. Nakao and Y. Takamori, Black Hole Universe: Construction
and Analysis of Initial Data, Phys. Rev. D86, p. 044027 (2012), larXiv:1204.2411.
E. Bentivegna and M. Korzynski, Evolution of a family of expanding cubic black-
hole lattices in numerical relativity, Class. Quant. Grav. 30, p. 235008 (2013),
arXiv:1306.4055.

C.-M. Yoo and H. Okawa, Black hole universe with a cosmological constant, Phys.
Rev. D89, p. 123502 (2014), larXiv:1404.1435.

T. Clifton, D. Gregoris, K. Rosquist and R. Tavakol, Exact Evolution of Discrete
Relativistic Cosmological Models, JCAP 1311, p. 010 (2013), larXiv:1309.2876.

M. Korzynski, I. Hinder and E. Bentivegna, On the vacuum Einstein equations along
curves with a discrete local rotation and reflection symmetry, JCAP 1508, p. 025
(2015), larXiv:1505.05760.

T. Clifton, D. Gregoris and K. Rosquist, The Magnetic Part of the Weyl Tensor, and
the Expansion of Discrete Universes (2016), larXiv:1607.00775.

A. Krasinski, Inhomogeneous Cosmological Models (Cambridge University Press,
1997).

K. Bolejko, M.-N. Celerier and A. Krasinski, Inhomogeneous cosmological models:
Exact solutions and their applications, Class. Quant. Grav. 28, p. 164002 (2011),
arXiv:1102.1449.

A. G. Lemaitre, L’Univers en expansion, Annales de la Société Scientifique de Brux-
elles 53, p. 51 (1933).

A. G. Lemaitre, The expanding universe, General Relativity and Gravitation 29, 641
(1997),http://dx.doi.org/lO.1023/A:1018855621348.


http://arXiv.org/abs/0907.4109
http://arXiv.org/abs/1110.3191
http://arXiv.org/abs/1203.6478
http://arXiv.org/abs/1312.0494
http://arXiv.org/abs/1405.3197
http://arXiv.org/abs/1204.3568
http://arXiv.org/abs/1306.1389
http://arXiv.org/abs/1204.2411
http://arXiv.org/abs/1306.4055
http://arXiv.org/abs/1404.1435
http://arXiv.org/abs/1309.2876
http://arXiv.org/abs/1505.05760
http://arXiv.org/abs/1607.00775
http://arXiv.org/abs/1102.1449
http://dx.doi.org/10.1023/A:1018855621348

May 23, 2017 0:52

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

17

R. C. Tolman, Proc. Natl. Acad. Sci. U.S.A. 20, p. 169 (1934).

R. C. Tolman, Effect of inhomogeneity on cosmological models, General Relativity
and Gravitation 29, 935 (1997), http://dx.doi.org/10.1023/A%3A1018891418565|
P. Szekeres, A Class of Inhomogeneous Cosmological Models, Commun. Math. Phys.
41, p. 55 (1975).

D. A. Szafron, Inhomogeneous cosmologies: New exact solutions and their evolution,
J. Math. Phys. 18, 1673 (1977).

J. Plebanski and A. Krasinski, An Introduction to General Relativity and Cosmology
(Cambridge University Press, 2006).

K. Bolejko, Evolution of cosmic structures in different environments in
the quasispherical Szekeres model, Phys. Rev. D 75, p. 043508 (2007),
arXiv:astro-ph/0610292,

A. Krasiniski and C. Hellaby, Formation of a galaxy with a central black hole in the
Lemaitre-Tolman model, Phys. Rev. D 69, p. 043502 (2004), arXiv:gr-qc/0309119.
A. Krasiniski and K. Bolejko, Apparent horizons in the quasispherical Szekeres mod-
els, Phys. Rev. D 85, p. 124016 (2012), larXiv:1202.5970.

M. Mattsson and T. Mattsson, On the role of shear in cosmological averaging II:
large voids, non-empty voids and a network of different voids, J. Cosmol. Astropart.
Phys. 5, p. 003 (2011), larXiv:1012.4008l

V. Marra and A. Notari, Observational constraints on inhomogeneous cosmo-
logical models without dark energy, Class. Quant. Grav. 28, p. 164004 (2011),
arXiv:1102.1015.

K. Bolejko, Volume averaging in the quasispherical Szekeres model, Gen. Rel. Grav.
41, 1585 (2009), larXiv:0808.0376.

M.-N. Célérier, Do we really see a cosmological constant in the supernovae data?,
Astron. Astroph. 353, 63 (2000), arXiv:astro-ph/9907206.

H. Alnes and M. Amarzguioui, CMB anisotropies seen by an off-center observer in a
spherically symmetric inhomogeneous universe, Phys. Rev. D 74, p. 103520 (2006),
arXiv:astro-ph/0607334.

K. Enqvist and T. Mattsson, The effect of inhomogeneous expansion on the supernova
observations, J. Cosmol. Astropart. Phys. 2, p. 019 (2007), larXiv:astro-ph/0609120.
H. Alnes and M. Amarzguioui, Supernova Hubble diagram for off-center observers in
a spherically symmetric inhomogeneous universe, Phys. Rev. D 75, p. 023506 (2007),
arXiv:astro-ph/0610331.

K. Bolejko, Supernova la observations in the Lemaitre-Tolman model, PMC Physics
A 2, p. 1(2008), arXiv:astro-ph/0512103.

J. P. Zibin, A. Moss and D. Scott, Can We Avoid Dark Energy?, Phys. Rev. Lett.
101, p. 251303 (2008), larXiv:0809.3761.

J. Garcia-Bellido and T. Haugbglle, Confronting Lemaitre Tolman Bondi mod-
els with observational cosmology, J. Cosmol. Astropart. Phys. 4, p. 003 (2008),
arXiv:0802.1523.

J. Garcia-Bellido and T. Haugbglle, Looking the void in the eyes — the kinematic
Sunyaev Zeldovich effect in Lemaitre Tolman Bondi models, J. Cosmol. Astropart.
Phys. 9, p. 016 (2008), larXiv:0807.1326.

K. Bolejko and J. S. B. Wyithe, Testing the copernican principle via cosmological
observations, J. Cosmol. Astropart. Phys. 2, p. 020 (2009), larXiv:0807.2891.

T. Biswas, A. Notari and W. Valkenburg, Testing the void against cosmological
data: fitting CMB, BAO, SN and Hy, J. Cosmol. Astropart. Phys. 11, p. 030 (2010),
arXiv:1007.3065.

M.-N. Célérier, K. Bolejko and A. Krasiriski, A (giant) void is not mandatory to


http://dx.doi.org/10.1023/A%3A1018891418565
http://arXiv.org/abs/astro-ph/0610292
http://arXiv.org/abs/gr-qc/0309119
http://arXiv.org/abs/1202.5970
http://arXiv.org/abs/1012.4008
http://arXiv.org/abs/1102.1015
http://arXiv.org/abs/0808.0376
http://arXiv.org/abs/astro-ph/9907206
http://arXiv.org/abs/astro-ph/0607334
http://arXiv.org/abs/astro-ph/0609120
http://arXiv.org/abs/astro-ph/0610331
http://arXiv.org/abs/astro-ph/0512103
http://arXiv.org/abs/0809.3761
http://arXiv.org/abs/0802.1523
http://arXiv.org/abs/0807.1326
http://arXiv.org/abs/0807.2891
http://arXiv.org/abs/1007.3065

May 23, 2017 0:52

18

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

4.

75.

76.

7.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

explain away dark energy with a Lemaitre-Tolman model, Astron. Astroph. 518, p.
A21 (2010), [arXiv:0906.0905.

C. Clarkson and M. Regis, The cosmic microwave background in an inhomogeneous
universe, J. Cosmol. Astropart. Phys. 2, p. 013 (2011), larXiv:1007.3443.

S. Nadathur and S. Sarkar, Reconciling the local void with the CMB, Phys. Rev. D
83, p. 063506 (2011), larXiv:1012.3460.

S. Foreman, A. Moss, J. P. Zibin and D. Scott, Spatial and temporal tuning in void
models for acceleration, Phys. Rev. D 82, p. 103532 (2010), arXiv:1009.0273.

A. Moss, J. P. Zibin and D. Scott, Precision cosmology defeats void models for
acceleration, Phys. Rev. D 83, p. 103515 (2011), larXiv:1007.3725.

P. Bull, T. Clifton and P. G. Ferreira, Kinematic Sunyaev-Zel’dovich effect as a test
of general radial inhomogeneity in Lemaitre-Tolman-Bondi cosmology, Phys. Rev. D
85, p. 024002 (2012), larXiv:1108.2222]

M. Zumalacarregui, J. Garcia-Bellido and P. Ruiz-Lapuente, Tension in the void:
cosmic rulers strain inhomogeneous cosmologies, J. Cosmol. Astropart. Phys. 10, p.
009 (2012), larXiv:1201.2790l

M. Redlich, K. Bolejko, S. Meyer, G. F. Lewis and M. Bartelmann, Probing spatial
homogeneity with LTB models: a detailed discussion, Astron. Astroph. 570, p. A63
(2014), larXiv:1408.1872.

K. Bolejko and P. G. Ferreira, Ricci focusing, shearing, and the expansion rate in
an almost homogeneous Universe, J. Cosmol. Astropart. Phys. 5, p. 003 (2012),
arXiv:1204.0909.

K. Bolejko, The effect of inhomogeneities on the distance to the last scattering surface
and the accuracy of the CMB analysis, J. Cosmol. Astropart. Phys. 2, p. 025 (2011),
arXiv:1101.3338.

K. Bolejko, Conceptual problems in detecting the evolution of dark energy when using
distance measurements, Astron. Astroph. 525, p. A49 (2011), larXiv:1006.3348.

A. Krasinski and K. Bolejko, Redshift propagation equations in the Bl #0 Szekeres
models, Phys. Rev. D 83, p. 083503 (2011), larXiv:1007.2083

R. A. Sussman, Back-reaction and effective acceleration in generic LTB dust models,
Class. Quant. Grav. 28, p. 235002 (2011), larXiv:1102.2663.

R. A. Sussman, Invariant characterization of the growing and decaying density modes
in LTB dust models, Class. Quant. Grav. 30, p. 235001 (2013), larXiv:1305.3683.
T. Buchert, C. Nayet and A. Wiegand, Lagrangian theory of structure formation
in relativistic cosmology. II. Average properties of a generic evolution model, Phys.
Rev. D 87, p. 123503 (2013), larXiv:1303.6193l

K. Bolejko and L. Andersson, Apparent and average accelerations of the Universe,
J. Cosmol. Astropart. Phys. 10, p. 003 (2008), larXiv:0807.3577.

A. Krasinski, C. Hellaby, K. Bolejko and M.-N. Célérier, Imitating accelerated ex-
pansion of the Universe by matter inhomogeneities: corrections of some misunder-
standings, Gen. Rel. Grav. 42, 2453 (2010), larXiv:0903.4070.

R. A. Sussman and I. Delgado Gaspar, Multiple nonspherical structures from the
extrema of Szekeres scalars, Phys. Rev. D 92, p. 083533 (2015), larXiv:1508.03127.
R. A. Sussman, I. Delgado Gaspar and J. C. Hidalgo, Coarse-grained description of
cosmic structure from Szekeres models, J. Cosmol. Astropart. Phys. 3, p. 012 (2016),
arXiv:1507.02306.

J. Kristian and R. K. Sachs, Observations in Cosmology, Astroph. J. 143, p. 379
(1966).

W. R. Stoeger, S. D. Nel, R. Maartens and G. F. R. Ellis, The fluid-ray tetrad
formulation of Einstein’s field equations, Class. Quant. Grav. 9, 493 (1992).


http://arXiv.org/abs/0906.0905
http://arXiv.org/abs/1007.3443
http://arXiv.org/abs/1012.3460
http://arXiv.org/abs/1009.0273
http://arXiv.org/abs/1007.3725
http://arXiv.org/abs/1108.2222
http://arXiv.org/abs/1201.2790
http://arXiv.org/abs/1408.1872
http://arXiv.org/abs/1204.0909
http://arXiv.org/abs/1101.3338
http://arXiv.org/abs/1006.3348
http://arXiv.org/abs/1007.2083
http://arXiv.org/abs/1102.2663
http://arXiv.org/abs/1305.3683
http://arXiv.org/abs/1303.6193
http://arXiv.org/abs/0807.3577
http://arXiv.org/abs/0903.4070
http://arXiv.org/abs/1508.03127
http://arXiv.org/abs/1507.02306

May 23, 2017 0:52

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

19

T. Hui-Ching Lu and C. Hellaby, Obtaining the spacetime metric from cosmological
observations, Class. Quant. Grav. 24, 4107 (2007), larXiv:0705.1060.

M. L. McClure and C. Hellaby, Determining the metric of the Cosmos: Stability,
accuracy, and consistency, Phys. Rev. D 78, p. 044005 (2008), larXiv:0709.0875!

C. Hellaby and A. H. A. Alfedeel, Solving the observer metric, Phys. Rev. D 79, p.
043501 (2009), larXiv:0811.1676.

K. Bolejko, C. Hellaby and A. H. A. Alfedeel, The metric of the cosmos from lumi-
nosity and age data, J. Cosmol. Astropart. Phys. 9, p. 011 (2011), larXiv:1102.3370.
H. L. Bester, J. Larena, P. J. van der Walt and N. T. Bishop, What’s Inside the
Cone? Numerically reconstructing the metric from observations, JCAP 1402, p. 009
(2014), larXiv:1312.1081.

H. L. Bester, J. Larena, and N. T. Bishop, Towards the geometry of the universe
from data, MNRAS 453, 2364 (2015), larXiv:1506.01591L

F. Sylos Labini, Inhomogeneities in the universe, Class. Quant. Grav. 28, p. 164003
(2011).

C.-G. Park, H. Hyun, H. Noh and J.-c. Hwang, The cosmological principle is not in
the sky, ArXiv e-prints (2016), larXiv:1611.02139!

M. B. Ribeiro, Relativistic Fractal Cosmologies, ArXiv e-prints (2009),
arXiv:0910.4877.

M. 1. Scrimgeour, T. Davis, C. Blake, J. B. James, G. B. Poole, L. Staveley-Smith,
S. Brough, M. Colless, C. Contreras, W. Couch, S. Croom, D. Croton, M. J. Drinkwa-
ter, K. Forster, D. Gilbank, M. Gladders, K. Glazebrook, B. Jelliffe, R. J. Jurek,
I.-h. Li, B. Madore, D. C. Martin, K. Pimbblet, M. Pracy, R. Sharp, E. Wisnioski,
D. Woods, T. K. Wyder and H. K. C. Yee, The WiggleZ Dark Energy Survey: the
transition to large-scale cosmic homogeneity, Mon. Not. R. Astron. Soc. 425, 116
(2012), larXiv:1205.6812.

G. Conde-Saavedra, A. Iribarrem and M. B. Ribeiro, Fractal analysis of the galaxy
distribution in the redshift range 0.45  z | 5.0, Physica A Statistical Mechanics and
its Applications 417, 332 (2015), larXiv:1409.5409.

M. B. Ribeiro, Cosmological distances and fractal statistics of galaxy distribution,
Astron. Astroph. 429, 65 (2005), arXiv:astro-ph/0408316.

L. J. Rangel Lemos and M. B. Ribeiro, Spatial and observational homogeneities of
the galaxy distribution in standard cosmologies, Astron. Astroph. 488, 55 (2008),
arXiv:0805.3336.

V. Sahni, A. Shafieloo and A. A. Starobinsky, Two new diagnostics of dark energy,
Phys. Rev. D 78, p. 103502 (2008), larXiv:0807.3548.

C. Zunckel and C. Clarkson, Consistency Tests for the Cosmological Constant, Phys.
Rev. Lett. 101, p. 181301 (2008), larXiv:0807.4304.

C. Clarkson, B. Bassett and T. H.-C. Lu, A General Test of the Copernican Principle,
Phys. Rev. Lett. 101, p. 011301 (2008), larXiv:0712.3457.

S. Résénen, K. Bolejko and A. Finoguenov, New Test of the Friedmann-Lemaitre-
Robertson-Walker Metric Using the Distance Sum Rule, Phys. Rev. Lett. 115, p.
101301 (2015), larXiv:1412.4976.

J. Larena, J.-M. Alimi, T. Buchert, M. Kunz and P.-S. Corasaniti, Testing backreac-
tion effects with observations, Phys. Rev. D 79, p. 083011 (2009), larXiv:0808.1161.
D. L. Wiltshire, Average observational quantities in the timescape cosmology, Phys.
Rev. D 80, p. 123512 (2009), larXiv:0909.0749.

D. Sapone, E. Majerotto and S. Nesseris, Curvature versus distances: Testing the
flrw cosmology, Phys. Rew. D 90, p- 023012 (2014),
http://link.aps.org/doi/10.1103/PhysRevD.90.023012.


http://arXiv.org/abs/0705.1060
http://arXiv.org/abs/0709.0875
http://arXiv.org/abs/0811.1676
http://arXiv.org/abs/1102.3370
http://arXiv.org/abs/1312.1081
http://arXiv.org/abs/1506.01591
http://arXiv.org/abs/1611.02139
http://arXiv.org/abs/0910.4877
http://arXiv.org/abs/1205.6812
http://arXiv.org/abs/1409.5409
http://arXiv.org/abs/astro-ph/0408316
http://arXiv.org/abs/0805.3336
http://arXiv.org/abs/0807.3548
http://arXiv.org/abs/0807.4304
http://arXiv.org/abs/0712.3457
http://arXiv.org/abs/1412.4976
http://arXiv.org/abs/0808.1161
http://arXiv.org/abs/0909.0749
http://link.aps.org/doi/10.1103/PhysRevD.90.023012

May 23, 2017 0:52

20

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

T. Baldauf, L. Mercolli, M. Mirbabayi and E. Pajer, The bispectrum in the Effective
Field Theory of Large Scale Structure, J. Cosmol. Astropart. Phys. 5, p. 007 (2015),
arXiv:1406.4135.

T. Baldauf, L. Mercolli and M. Zaldarriaga, Effective field theory of large scale struc-
ture at two loops: The apparent scale dependence of the speed of sound, Phys. Rev.
D 92, p. 123007 (2015), larXiv:1507.02256.

D. Blas, M. Garny, M. M. Ivanov and S. Sibiryakov, Time-Sliced Perturbation
Theory for Large Scale Structure I: General Formalism, ArXiv e-prints (2015),
arXiv:1512.05807.

C. Clarkson, K. Ananda and J. Larena, Influence of structure formation on the cosmic
expansion, Phys. Rev. D 80, p. 083525 (2009), arXiv:0907.3377.

J. Adamek, D. Daverio, R. Durrer and M. Kunz, General relativistic N-body simu-
lations in the weak field limit, Phys. Rev. D 88, p. 103527 (2013), larXiv:1308.6524.
J. Adamek, R. Durrer and M. Kunz, N-body methods for relativistic cosmology,
Class. Quant. Grav. 31, p. 234006 (2014), larXiv:1408.3352.

J. Adamek, D. Daverio, R. Durrer and M. Kunz, gevolution: a cosmological N-body
code based on General Relativity, J. Cosmol. Astropart. Phys. 7, p. 053 (2016),
arXiv:1604.06065.

M. Eingorn, First-order Cosmological Perturbations Engendered by Point-like
Masses, Astroph. J. 825, p. 84 (2016), larXiv:1509.03835.

T. Buchert and M. Ostermann, Lagrangian theory of structure formation in relativis-
tic cosmology: Lagrangian framework and definition of a nonperturbative approxi-
mation, Phys. Rev. D 86, p. 023520 (2012), larXiv:1203.6263.

A. Alles, T. Buchert, F. Al Roumi and A. Wiegand, Lagrangian theory of structure
formation in relativistic cosmology. III. Gravitoelectric perturbation and solution
schemes at any order, Phys. Rev. D 92, p. 023512 (2015), larXiv:1503.02566.

G. Récz, L. Dobos, R. Beck, 1. Szapudi and I. Csabai, Concordance cosmology with-
out dark energy, ArXiv e-prints (2016), larXiv:1607.08797.

S. Résénen, Accelerated expansion from structure formation, J. Cosmol. Astropart.
Phys. 11, p. 003 (2006), arXiv:astro-ph/0607626.

S. Résénen, Evaluating backreaction with the peak model of structure formation, J.
Cosmol. Astropart. Phys. 4, p. 026 (2008), larXiv:0801.2692.

D. L. Wiltshire, Cosmic clocks, cosmic variance and cosmic averages, New Journal
of Physics 9, p. 377 (2007), arXiv:gr-qc/0702082!

A. Wiegand and T. Buchert, Multiscale cosmology and structure-emerging dark en-
ergy: A plausibility analysis, Phys. Rev. D 82, p. 023523 (2010), larXiv:1002.3912.
D. L. Wiltshire, What is dust? Physical foundations of the averaging problem in
cosmology, Class. Quant. Grav. 28, p. 164006 (2011), larXiv:1106.1693.

B. F. Roukema, J. J. Ostrowski and T. Buchert, Virialisation-induced curvature as a
physical explanation for dark energy, J. Cosmol. Astropart. Phys. 10, p. 043 (2013),
arXiv:1303.4444.

B. F. Roukema, P. Mourier, T. Buchert and J. J. Ostrowski, The background Fried-
mannian Hubble constant in relativistic inhomogeneous cosmology and the age of
the Universe, Astron. Astroph. 598, p. A111 (February 2017), larXiv:1608.06004.

V. Cardoso, L. Gualtieri, C. Herdeiro and U. Sperhake, Exploring New Physics
Frontiers Through Numerical Relativity, Living Rev. Relativity 18, p. 1 (2015),
arXiv:1409.0014.

E. Bentivegna and M. Bruni, Effects of nonlinear inhomogeneity on the cos-
mic expansion with numerical relativity, Phys. Rev. Lett. 116, p. 251302 (2016),
arXiv:1511.05124!


http://arXiv.org/abs/1406.4135
http://arXiv.org/abs/1507.02256
http://arXiv.org/abs/1512.05807
http://arXiv.org/abs/0907.3377
http://arXiv.org/abs/1308.6524
http://arXiv.org/abs/1408.3352
http://arXiv.org/abs/1604.06065
http://arXiv.org/abs/1509.03835
http://arXiv.org/abs/1203.6263
http://arXiv.org/abs/1503.02566
http://arXiv.org/abs/1607.08797
http://arXiv.org/abs/astro-ph/0607626
http://arXiv.org/abs/0801.2692
http://arXiv.org/abs/gr-qc/0702082
http://arXiv.org/abs/1002.3912
http://arXiv.org/abs/1106.1693
http://arXiv.org/abs/1303.4444
http://arXiv.org/abs/1608.06004
http://arXiv.org/abs/1409.0014
http://arXiv.org/abs/1511.05124

May 23, 2017 0:52

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

21

J. B. Mertens, J. T. Giblin and G. D. Starkman, Integration of inhomogeneous cos-
mological spacetimes in the BSSN formalism, Phys. Rev. D93, p. 124059 (2016),
arXiv:1511.01106k

H. J. Macpherson, P. D. Lasky and D. J. Price, Inhomogeneous Cosmology with
Numerical Relativity, ArXiv e-prints (2016), arXiv:1611.05447.

T. Buchert, Dark Energy from structure: a status report, Gen. Rel. Grav. 40, 467
(2008), larXiv:0707.2153.

T. Buchert, Toward physical cosmology: focus on inhomogeneous geometry and its
non-perturbative effects, Class. Quant. Grav. 28, p. 164007 (2011), larXiv:1103.2016.
G. F. R. Ellis, Inhomogeneity effects in cosmology, Class. Quant. Grav. 28, p. 164001
(2011), larXiv:1103.2335.

T. Buchert, On average properties of inhomogeneous fluids in general relativity. 1.
Dust cosmologies, Gen. Rel. Grav. 32, 105 (2000), arXiv:gr-qc/9906015.

M. Gasperini, G. Marozzi, F. Nugier and G. Veneziano, Light-cone averaging in
cosmology: formalism and applications, J. Cosmol. Astropart. Phys. 7, p. 008 (2011),
arXiv:1104.1167.

G. Marozzi, The cosmological backreaction: gauge (in)dependence, observers and
scalars, J. Cosmol. Astropart. Phys. 1, p. 012 (2011), larXiv:1011.4921.

A. A. Coley, N. Pelavas and R. M. Zalaletdinov, Cosmological Solutions in
Macroscopic Gravity, Physical Review Letters 95, p. 151102 (October 2005),
arXiv:gr-qc/0504115.

A. A. Coley and N. Pelavas, Averaging in spherically symmetric cosmology, Phys.
Rev. D 75, p. 043506 (February 2007), jarXiv:gr-qc/0607079.

N. Meures and M. Bruni, Redshift and distances in a ACDM cosmology with non-
linear inhomogeneities, Mon. Not. R. Astron. Soc. 419, 1937 (2012), larXiv:1107.4433l
A. E. Romano, A. A. Starobinsky and M. Sasaki, Effects of inhomogeneities on
apparent cosmological observables: ”fake” evolving dark energy, Eur. Phys. J. C' 72,
p. 2242 (2012), larXiv:1006.4735.

M. Lavinto, S. Résénen and S. J. Szybka, Average expansion rate and light propa-
gation in a cosmological Tardis spacetime, J. Cosmol. Astropart. Phys. 12, p. 051
(2013), larXiv:1308.6731.

M. A. Troxel, M. Ishak and A. Peel, The effects of structure anisotropy on lensing
observables in an exact general relativistic setting for precision cosmology, J. Cosmol.
Astropart. Phys. 3, p. 040 (2014), larXiv:1311.5936.

J. Adamek, E. Di Dio, R. Durrer and M. Kunz, Distance-redshift relation in plane
symmetric universes, Phys. Rev. D 89, p. 063543 (2014), larXiv:1401.3634.

M. Vogelsberger, S. Genel, V. Springel, P. Torrey, D. Sijacki, D. Xu, G. Snyder,
D. Nelson and L. Hernquist, Introducing the Ilustris Project: simulating the coevo-
lution of dark and visible matter in the Universe, Mon. Not. R. Astron. Soc. 444,
1518 (2014), larXiv:1405.2921.

M. Schaller, C. S. Frenk, R. G. Bower, T. Theuns, A. Jenkins, J. Schaye, R. A. Crain,
M. Furlong, C. Dalla Vecchia and I. G. McCarthy, Baryon effects on the internal
structure of ACDM haloes in the EAGLE simulations, Mon. Not. R. Astron. Soc.
451, 1247 (2015), larXiv:1409.8617.

K. Bolejko, A. Krasinski, C. Hellaby and M.-N. Célérier, Structures in the Universe
by Ezact Methods: Formation, Evolution, Interactions (Cambridge University Press,
2009).

J. Ehlers, P. Geren and R. K. Sachs, Isotropic solutions of the Einstein-Liouville
equations., Journal of Mathematical Physics 9, 1344 (1968).

W. R. Stoeger, R. Maartens and G. F. R. Ellis, Proving almost-homogeneity of the


http://arXiv.org/abs/1511.01106
http://arXiv.org/abs/1611.05447
http://arXiv.org/abs/0707.2153
http://arXiv.org/abs/1103.2016
http://arXiv.org/abs/1103.2335
http://arXiv.org/abs/gr-qc/9906015
http://arXiv.org/abs/1104.1167
http://arXiv.org/abs/1011.4921
http://arXiv.org/abs/gr-qc/0504115
http://arXiv.org/abs/gr-qc/0607079
http://arXiv.org/abs/1107.4433
http://arXiv.org/abs/1006.4735
http://arXiv.org/abs/1308.6731
http://arXiv.org/abs/1311.5936
http://arXiv.org/abs/1401.3634
http://arXiv.org/abs/1405.2921
http://arXiv.org/abs/1409.8617

May 23, 2017 0:52

22

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

universe: an almost Ehlers-Geren-Sachs theorem, Astroph. J. 443, 1 (1995).

T. Clifton, C. Clarkson and P. Bull, Isotropic Blackbody Cosmic Microwave Back-
ground Radiation as Evidence for a Homogeneous Universe, Phys. Rev. Lett. 109, p.
051303 (2012), larXiv:1111.3794L

S. Résénen, Relation between the isotropy of the CMB and the geometry of the
universe, Phys. Rev. D 79, p. 123522 (2009), larXiv:0903.3013.

A. E. Romano and S. A. Vallejo, Directional dependence of the local estimation of
Hjy and the nonperturbative effects of primordial curvature perturbations, Europhys.
Lett. 109, p. 39002 (2015), larXiv:1403.2034.

I. Ben-Dayan, R. Durrer, G. Marozzi and D. J. Schwarz, Value of Hg in the Inhomo-
geneous Universe, Phys. Rev. Lett. 112, p. 221301 (2014), larXiv:1401.7973.

K. Bolejko, M. A. Nazer and D. L. Wiltshire, Differential cosmic expansion
and the Hubble flow anisotropy, J. Cosmol. Astropart. Phys. 6, p. 035 (2016),
arXiv:1512.07364

A. Enea Romano, Hubble trouble or Hubble bubble?, ArXiv e-prints (2016),
arXiv:1609.04081.

K. Bolejko, Structure formation in the quasispherical Szekeres model, Phys. Rev. D
73, p. 123508 (2006), larXiv:astro-ph/0604490.

K. Bolejko and M.-N. Célérier, Szekeres Swiss-cheese model and supernova observa-
tions, Phys. Rev. D 82, p. 103510 (2010), larXiv:1005.2584.

K. Bolejko and R. A. Sussman, Cosmic spherical void via coarse-graining and aver-
aging non-spherical structures, Physics Letters B 697, 265 (2011), larXiv:1008.3420.
A. Nwankwo, M. Ishak and J. Thompson, Luminosity distance and redshift in the
Szekeres inhomogeneous cosmological models, J. Cosmol. Astropart. Phys. 5, p. 028
(2011), larXiv:1005.2989.

R. G. Buckley and E. M. Schlegel, CMB dipoles and other low-order multipoles in
the quasispherical Szekeres model, Phys. Rev. D 87, p. 023524 (2013).

A. Peel, M. A. Troxel and M. Ishak, Effect of inhomogeneities on high preci-
sion measurements of cosmological distances, Phys. Rev. D 90, p. 123536 (2014),
arXiv:1408.4390.

K. Bolejko, Radiation in the process of the formation of voids, Mon. Not. R. Astron.
Soc. 370, 924 (2006), jarXiv:astro-ph/0503356.

K. Bolejko and P. D. Lasky, Pressure gradients, shell-crossing singularities and acous-
tic oscillations - application to inhomogeneous cosmological models, Mon. Not. R.
Astron. Soc. 391, L59 (2008), larXiv:0809.0334!

A. H. A. Alfedeel and C. Hellaby, The Lemaitre model and the generalisation of the
cosmic mass, Gen. Rel. Grav. 42, 1935 (2010), [arXiv:0906.2343.

P. D. Lasky and K. Bolejko, The effect of pressure gradients on luminosity distance-
redshift relations, Class. Quant. Grav. 27, p. 035011 (2010), larXiv:1001.1159L

M. P. Dabrowski, T. Denkiewicz and M. A. Hendry, How far is it to a sudden future
singularity of pressure?, Phys. Rev. D 75, p. 123524 (2007), larXiv:0704.1383.

A. Balcerzak, M. P. Dabrowski, T. Denkiewicz, D. Polarski and D. Puy, Critical
assessment of some inhomogeneous pressure Stephani models, Phys. Rev. D 91, p.
083506 (2015), larXiv:1409.1523.

V. Marra and M. Paakkonen, Exact spherically-symmetric inhomogeneous model
with n perfect fluids, J. Cosmol. Astropart. Phys. 1, p. 025 (2012), larXiv:1105.6099.
C. Charach and S. Malin, Cosmo-
logical model with gravitational and scalar waves, Phys. Rev. D 19, 1058 (1979),
http://link.aps.org/doi/10.1103/PhysRevD.19.1058.

J. Podolsky and O. Svitek, Some High-Frequency Gravitational Waves Related to


http://arXiv.org/abs/1111.3794
http://arXiv.org/abs/0903.3013
http://arXiv.org/abs/1403.2034
http://arXiv.org/abs/1401.7973
http://arXiv.org/abs/1512.07364
http://arXiv.org/abs/1609.04081
http://arXiv.org/abs/astro-ph/0604490
http://arXiv.org/abs/1005.2584
http://arXiv.org/abs/1008.3420
http://arXiv.org/abs/1005.2989
http://arXiv.org/abs/1408.4390
http://arXiv.org/abs/astro-ph/0503356
http://arXiv.org/abs/0809.0334
http://arXiv.org/abs/0906.2343
http://arXiv.org/abs/1001.1159
http://arXiv.org/abs/0704.1383
http://arXiv.org/abs/1409.1523
http://arXiv.org/abs/1105.6099
http://link.aps.org/doi/10.1103/PhysRevD.19.1058

May 23, 2017 0:52

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

23

Exact Radiative Spacetimes, Gen. Rel. Grav. 36, 387 (2004), arXiv:gr-qc/0310084.
P. Bull and T. Clifton, Local and nonlocal measures of acceleration in cosmology,
Phys. Rev. D 85, p. 103512 (2012), larXiv:1203.4479.

S. J. Szybka, K. Gléd, M. J. Wyrebowski and A. Konieczny, Inhomogeneity ef-
fect in wainwright-marshman space-times, Phys. Rev. D 89, p. 044033 (2014),
http://link.aps.org/doi/10.1103/PhysRevD.89.044033.

S. J. Szybka and M. J. Wyrebowski, Backreaction for einstein-rosen waves
coupled to a massless scalar field, Phys. Rev. D 94, p. 024059 (2016),
http://link.aps.org/doi/10.1103/PhysRevD.94.024059.

A. Iribarrem, P. Andreani, C. Gruppioni, S. February, M. B. Ribeiro, S. Berta,
E. Le Floc’h, B. Magnelli, R. Nordon, P. Popesso, F. Pozzi and L. Riguccini,
Cosmological model dependence of the galaxy luminosity function: far-infrared re-
sults in the Lemaitre-Tolman-Bondi model, Astron. Astroph. 558, p. A15 (2013),
arXiv:1308.2199.

A. Iribarrem, P. Andreani, S. February, C. Gruppioni, A. R. Lopes, M. B. Ribeiro and
W. R. Stoeger, Relativistic cosmology number densities in void-Lemaitre-Tolman-
Bondi models, Astron. Astroph. 563, p. A20 (2014), larXiv:1401.6572.

K. Bolejko and W. R. Stoeger, Intermediate homogenization of the Universe and the
problem of gravitational entropy, Phys. Rev. D 88, p. 063529 (2013), larXiv:1309.5695.
M. A. Nazer and D. L. Wiltshire, Cosmic microwave background anisotropies in the
timescape cosmology, Phys. Rev. D 91, p. 063519 (2015), larXiv:1410.3470.

L. Andersson, H. van Elst, W. C. Lim and C. Uggla, Asymptotic Silence
of Generic Cosmological Singularities, Phys. Rev. Lett. 94, p. 051101 (2005),
arXiv:gr-qc/0402051.

W. C. Lim, New explicit spike solutions—non-local component of the generalized
Mixmaster attractor, Class. Quant. Grav. 25, p. 045014 (2008), larXiv:0710.0628.
A. A. Coley and W. C. Lim, Generating Matter Inhomogeneities in General Relativ-
ity, Physical Review Letters 108, p. 191101 (May 2012), larXiv:1205.2142!

W. C. Lim and A. A. Coley, General relativistic density perturbations, Classical and
Quantum Gravity 31, p. 015020 (January 2014), larXiv:1311.1857.

E. Villa and C. Rampf, Relativistic perturbations in ACDM: Eulerian & Lagrangian
approaches, J. Cosmol. Astropart. Phys. 1, p. 030 (2016), larXiv:1505.04782

K. Kainulainen and V. Marra, New stochastic approach to cumulative weak lensing,
Phys. Rev. D 80, p. 123020 (2009), larXiv:0909.0822.

L. Amendola, K. Kainulainen, V. Marra and M. Quartin, Large-Scale Inhomo-
geneities May Improve the Cosmic Concordance of Supernovae, Phys. Rev. Lett.
105, p. 121302 (2010), larXiv:1002.1232.

I. Ben-Dayan, M. Gasperini, G. Marozzi, F. Nugier and G. Veneziano, Backreac-
tion on the luminosity-redshift relation from gauge invariant light-cone averaging, J.
Cosmol. Astropart. Phys. 4, p. 036 (2012), arXiv:1202.1247.

P. Fleury, H. Dupuy and J.-P. Uzan, Interpretation of the Hubble diagram in a
nonhomogeneous universe, Phys. Rev. D 87, p. 123526 (2013), larXiv:1302.5308.

I. Ben-Dayan, M. Gasperini, G. Marozzi, F'. Nugier and G. Veneziano, Average and
dispersion of the luminosity-redshift relation in the concordance model, J. Cosmol.
Astropart. Phys. 6, p. 002 (2013), larXiv:1302.0740.

I. Ben-Dayan, M. Gasperini, G. Marozzi, F. Nugier and G. Veneziano, Do Stochastic
Inhomogeneities Affect Dark-Energy Precision Measurements?, Phys. Rev. Lett. 110,
p. 021301 (2013), larXiv:1207.1286.

A. Wiegand, T. Buchert and M. Ostermann, Direct Minkowski Functional analysis
of large redshift surveys: a new high-speed code tested on the luminous red galaxy


http://arXiv.org/abs/gr-qc/0310084
http://arXiv.org/abs/1203.4479
http://link.aps.org/doi/10.1103/PhysRevD.89.044033
http://link.aps.org/doi/10.1103/PhysRevD.94.024059
http://arXiv.org/abs/1308.2199
http://arXiv.org/abs/1401.6572
http://arXiv.org/abs/1309.5695
http://arXiv.org/abs/1410.3470
http://arXiv.org/abs/gr-qc/0402051
http://arXiv.org/abs/0710.0628
http://arXiv.org/abs/1205.2142
http://arXiv.org/abs/1311.1857
http://arXiv.org/abs/1505.04782
http://arXiv.org/abs/0909.0822
http://arXiv.org/abs/1002.1232
http://arXiv.org/abs/1202.1247
http://arXiv.org/abs/1302.5308
http://arXiv.org/abs/1302.0740
http://arXiv.org/abs/1207.1286

May 23, 2017 0:52

24

178.

179.

180.

181.

182.

183.

184.

WSPC - Proceedings Trim Size: 9.75in x 6.5in  kbmk-arxiv3

Sloan Digital Sky Survey-DR7 catalogue, Mon. Not. R. Astron. Soc. 443, 241 (2014),
arXiv:1311.3661.

A. Kurek, K. Bolejko and M. Szydlowski, Bayesian analysis of the backreaction mod-
els, Phys. Rev. D 81, p. 063515 (2010), larXiv:0811.4487.

A. Shafieloo and C. Clarkson, Model independent tests of the standard cosmological
model, Phys. Rev. D 81, p. 083537 (2010), larXiv:0911.4858.

B. F. Roukema, T. Buchert, J. J. Ostrowski and M. J. France, Evidence for an
environment-dependent shift in the baryon acoustic oscillation peak, Mon. Not. R.
Astron. Soc. 448, 1660 (2015), larXiv:1410.1687.

B. F. Roukema, T. Buchert, H. Fujii and J. J. Ostrowski, Is the baryon acoustic
oscillation peak a cosmological standard ruler?, Mon. Not. R. Astron. Soc. 456, 1.45
(2016), larXiv:1506.05478.

G. Marozzi and J.-P. Uzan, Late time anisotropy as an imprint of cosmological back-
reaction, Phys. Rev. D 86, p. 063528 (2012), larXiv:1206.4887.

C. Clarkson, T. Clifton, A. Coley and R. Sung, Observational constraints on the
averaged universe, Phys. Rev. D 85, p. 043506 (2012), larXiv:1111.2214.

A. R. Sandage, Cosmology: a search for two numbers., Physics Today 23, 34 (1970).


http://arXiv.org/abs/1311.3661
http://arXiv.org/abs/0811.4487
http://arXiv.org/abs/0911.4858
http://arXiv.org/abs/1410.1687
http://arXiv.org/abs/1506.05478
http://arXiv.org/abs/1206.4887
http://arXiv.org/abs/1111.2214

