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1. Introduction

Observations and acceleration. There is overwhelming observational evidence against
homogeneous and isotropic models of the universe based on standard general relativity
(i.e. the Einstein-Hilbert action in four dimensions) with ordinary matter (i.e. baryons,
dark matter, neutrinos and photons). Observations are usually interpreted keeping to
the linearly perturbed homogeneous and isotropic Friedmann-Robertson-Walker (FRW)
models, in which case it is necessary to modify gravity or introduce matter with negative
pressure. The ACDM model, which involves the simplest modification of gravity, the
cosmological constant, or the equivalent form of matter, vacuum energy, is in agreement
with various observations of cosmological distances. In FRW models, distance has a
simple correspondence with the expansion rate (and spatial curvature).

However, linearly perturbed FRW models do not describe the non-linear structures
present in the real universe. It is also important to recognise that the only evidence for
modified gravity or exotic matter comes from observations of cosmological distances,
interpreted in terms of the expansion rate. For example, deviations from general
relativity have not been observed in the solar system [1]. (The Pioneer anomaly is
a possible exception. However, it does not agree with the predictions of the modified
gravity models which have been developed to explain the cosmological observations.)
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The situation is quite different from that of dark matter, for which there are
several independent lines of evidence, such as the motions of stars in galaxies, the
motions of clusters, the peak structure of the cosmic microwave background (CMB),
the early formation of structures, gravitational lensing, as well as direct measures of the
matter density combined with the baryon density given by Big Bang Nucleosynthesis.
For this reason, constructing alternatives to dark matter requires resort to baroque
models [2], if it is possible at all. In contrast, in order to explain the observations
without modified gravity or exotic matter, it is only necessary to change the distance
scale (or the expansion rate) as a function of redshift.

The measured quantities from which the expansion rate is inferred can be divided
into background quantities and perturbations, though measurements of background
quantities also involve perturbations, apart from the luminosities of Type la supernovae
(SNe Ia). (In realistic models with non-linear structures, there is no simple division
into background and perturbations.) Most of the information on the expansion rate
comes from measures of the background geometry. While the expansion rate has been
measured from different physical systems, such as the CMB [3], large scale structure [4]
and SNe Ia [5], they all probe essentially the same distance measure at different redshifts.
(The luminosity distance and the angular diameter distance are directly related to each
other. In FRW models, they can be expressed in terms of the proper distance and
redshift. For the different distance measures in the context of FRW models, see [6,7].)

The details of the expansion rate (or the distance scale) are not well known except in
specific models. Model independent constraints are relatively weak. The CMB is mostly
sensitive to the angular diameter distance to the last scattering surface, which is related
to the position of the peaks in the angular power spectrum [8,9]. Type Ia supernovae
provide a more direct measure of the expansion rate, but present data is not sufficiently
accurate to give detailed information. Quoted constraints on, for example, the equation
of state are often driven by the assumed parametrisation, which can be responsible for
misleading apparent precision and artificially small confidence level contours. For the
importance of parametrisation, see [7,10-14]; an analysis of the current situation in
terms of a piecewise constant equation of state is given in [15]. Additional systematic
effects, such as metallicity [16], changes in the treatment of dust [17] or the light-
curve fitting method [18] can further degrade the reliability of the SN Ia measurements.
It is noteworthy that the quality of fit of the ACDM model has decreased with the
introduction of each new SN Ia dataset up to and including the ’gold’ sample and the
ESSENCE data [19]. This may hint at inadequacy of the ACDM description, or it can
be indicative of underestimated systematic errors.

Observational constraints from perturbations are much weaker than those from
background quantities. The Integrated Sachs-Wolfe (ISW) effect has been detected
via cross-correlation of the CMB and matter tracers at different redshifts [20]. This
is interpreted as time evolution of the gravitational potential, which may be due to
accelerating expansion or spatial curvature. The amplitude is slightly larger than
expected in the ACDM model, though not significantly so (around 20). Other
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constraints from the evolution of perturbations are rather weak [21]. A measure which
combines background evolution and the evolution of perturbations is the number count
of clusters as a function of redshift: in an accelerating model the number density should
rise sharply with increasing redshift. It has been earlier argued that this is not seen in
the data, and that the observations instead prefer deceleration [22]. However, it seems
that limited understanding of gas physics prevents drawing reliable conclusions from
cluster counts at present [23].

In the context of homogeneous and isotropic models, we can with confidence
say that the expansion has accelerated within the last few billion years (though it is
not necessarily accelerating at present), and determine the overall magnitude of the
acceleration [11-13,18]. In order for a model to agree with the observations, it is not
necessary to reproduce the expansion history of the ACDM model in detail, only to
produce a roughly similar amount of acceleration in the same era.

Structure formation and the coincidence problem. While there is no evidence apart
from the expansion rate for modified gravity or negative pressure matter, we know that
the assumption of linearly perturbed homogeneity and isotropy breaks down in the
universe at late times. One has to evaluate the effect of non-linear structure formation
on the expansion rate (or the distance scale) before concluding that it is necessary to
change either gravity or the matter content.

It was suggested in [24,25] that inhomogeneities related to structure formation could
be responsible for accelerated expansion (the possibility had been earlier touched upon
in [26,27]). This was discussed more concretely in [28,29] where it was demonstrated with
a toy model how the formation of non-linear structures can lead to average acceleration,
even when the expansion locally decelerates (see also [30]). The physical reason is simply
that the fraction of volume in faster expanding regions rises, so the average expansion
rate can rise. The bigger is the difference between the slower and faster expanding
regions, the more rapid is the change as the faster regions take over. It was pointed out
in [28,29] that the growth of non-linear structures involves a growing variance in the
expansion rate, and that structure formation has a preferred time around 10-100 billion
years, near the observed acceleration era. The timescale emerges from the CDM power
spectrum, essentially from the time of matter-radiation equality encoded in the change
of slope of the CDM transfer function. This could solve the coincidence problem of
why the acceleration has started recently in cosmic history, something that the ACDM
model does not explain.

The link between the preferred time in structure formation and the change of the
expansion rate was only conjectured in [28,29]. The toy model with acceleration involved
only two regions instead of a realistic ensemble of structures, and had no link to the
preferred time. In the present work, we remedy both shortcomings. We first discuss
the effect of structures on the propagation of light and the expansion rate in section 2,
and set up the Buchert backreaction formalism in section 3. In section 4 we present
our model for a statistically homogeneous and isotropic universe containing an evolving
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ensemble of non-linear structures. We calculate the average expansion rate and find that
it grows relative to the FRW value around 10-100 billion years, though the change is not
rapid enough to correspond to acceleration. We explain the reason and consider how
improve our treatment. In section 5 we discuss some observational and theoretical issues
related to backreaction, and summarise our results. This work is a follow-up to [29], and
more discussion of these topics can be found there. However, we have repeated some
material to make the presentation self-contained.

2. Clumpy spacetimes

2.1. Light propagation in a clumpy spacetime

The overall geometry. Though the evidence for negative pressure matter or modified
gravity is often phrased in terms of the expansion rate, observations of light just
provide constraints on the distance scale at different redshifts. The conclusion that
the observations imply accelerated expansion has been established only in the context
of linearly perturbed FRW models, where the distance scale is directly related to the
expansion rate (and spatial curvature). The real universe is not locally perturbatively
near homogeneity and isotropy at late times, but contains non-linear structures (we
refer to such a universe as clumpy), so the FRW results for light propagation cannot be
straightforwardly applied.

Since non-linear structures affect the propagation of light, it might be possible
to explain the observations without recourse to accelerated expansion. We will be
interested in the possibility that non-linear structures lead to actual acceleration. But
even in this case, one needs to study light propagation in a clumpy space to be able to
compare the model to observations.

In FRW models, in order to convert between measures of distance and the expansion
rate, one needs to know the spatial curvature. From the volume and spatial curvature
of each hypersurface of proper time, the distances can be reconstructed. In a general
spacetime, this is not true, and the distance scale does not necessarily correspond to the
expansion rate (see e.g. [31]). We can divide the effect of structures on the passage of
light into an overall part, which can be expressed in terms of the average geometry given
by the scale factor (which measures the volume of the spatial hypersurface) and the trace
of the spatial Ricci tensor (which is a measure of the curvature of the hypersurface),
and a part which cannot be expressed in terms of the average geometry.

For example, in perturbed FRW models, the ISW and Rees-Sciama effects are not
expressible in terms of the scale factor and spatial curvature. These effects are small
both because the perturbations are small and because there are cancellations present. In
particular, in the linearly perturbed Einstein-de Sitter universe (the spatially flat FRW
dust model), the ISW effect is zero independent of the magnitude of the gravitational
potential (as long as the second order contribution can be neglected). In models which
include realistic, non-perturbative structures, there is no obvious reason for such effects
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to be small. Nevertheless, it is possible that this is the case in a universe which is
statistically homogeneous and isotropic, and that the passage of light can (up to small
corrections) be described in terms of the overall geometry.

Studies of light propagation. There is currently no derivation of light propagation for
the case of a clumpy universe that contains realistic evolving structures like those that
are actually present. However, several models with realistic elements have been studied.
The effect of inhomogeneities on the passage of light was first discussed by Zel’dovich
in 1964 [32] (early literature on the topic also refers to an unpublished colloquium by
Feynman in the same year). This and the work which followed [33-35] studied the
passage of light in the case when the deviation from the FRW models is in some sense
small (see [36-42] for later studies of perturbed FRW universes).

The effect of non-linear perturbations on the redshift and the luminosity distance
was studied in 1969 in the context of the Swiss cheese model [43], where sections of
FRW universe are cut out and replaced with the Schwarzschild solution of equivalent
density. It was found that corrections to the FRW results could be sizeable.

The approach introduced by Zel’dovich in [32], where light rays encounter only
a fixed fraction of the mass of the universe because of clumping, was used by Dyer
and Roeder in 1972 to calculate corrections to the luminosity distance [44] (and is
now known as the Dyer-Roeder formalism). They too concluded that large effects are
possible. The formalism was generalised to include a mass fraction of clumps which
varies with redshift in [45]. For applications of the Dyer-Roeder formalism and Swiss
cheese models to observations of SNe Ia, see [46,47].

It was argued by Weinberg in 1976 that the effects of clumpiness on the luminosity
distance cancel, and the FRW formula can be used to describe light propagation [48].
The main argument is that the number of photons is conserved and gravitational
deflection conserves photon energy, so the luminosity distance can be determined simply
in terms of the area of a sphere drawn around the emission point. However, it was
pointed out in [49] that this argument assumes that the area is the same as in the FRW
model, which is; in fact, the issue under study. An exact counter-example was provided
in [50], and further arguments that the FRW result may not apply were given in [51].

In addition to purely analytical work [52-55], light propagation has been studied
using ray-tracing methods [38,56-60]. Ray-tracing studies disagree on the magnitude of
the effect on the passage of light, presumably due to different modelling assumptions.
Among the most realistic studies are modified Swiss cheese models where the non-linear
density concentrations reside in the walls around the holes, instead of the center. Studies
of realistically sized structures have found the corrections to be small, at the percent
level [58,59]. In [58] the integrated effect of an ensemble of voids was found to be
proportional to void size divided by the horizon size. A sizeable correction was found
in [60], but this is consistent with the previous results, since the structures studied in [60]
are unrealistically large. However, the amplitude of the effect has not been conclusively
settled, since none of the models have been completely realistic, in particular with regard
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to the time evolution of structures and spatial curvature.

In analytical work, there is also no agreement as to the whether the effect can
be large. It was found in [54] that for an ensemble of uncorrelated, static clumps of
matter in a FRW universe, the corrections are small (see [53,55] for discussion of the
small effects which could be observable). According to [49,51], large effects are possible
due to the formation of caustics; see also [52]. (For studies along related lines, see the
program of observational cosmology [61].)

As summarised in [62] (see also [63]), one important issue is that light propagation
is in general affected both by the Ricci tensor given by the local matter distribution and
the non-locally determined Weyl tensor. In FRW models, the Weyl tensor is zero and the
geometry of spacetime is entirely determined in terms of the local matter distribution.
In contrast, in the real universe, light mostly travels in vacuum where the Ricci tensor
is zero, and the geometry is determined by the Weyl tensor. This difference is related
to the role of shear of the null geodesics, generated by nearby matter. In this sense, the
propagation of light in the real universe is the reverse of the FRW situation. (See [34,64]
for early discussion.)

In contrast to the studies of an ensemble of structures which we know to exist in
the universe, there has recently been revived interest in the idea that we would live near
the centre of a single untypically large spherical void ("Hubble bubble’). Studies of the
passage of light in the spherically symmetric Lemaitre-Tolman-Bondi (LTB) model [65]
(see [66] for a review) show that if the local bubble is sufficiently large, its effect on the
passage of light could explain the observations of SNe Ia (and possibly be consistent
with the location of the CMB peaks). For references on the "Hubble bubble’ and the
passage of light in the LTB model, see [29]; for a review on explaining the observations
with the LTB model, see [67].

The results for the passage of light are not conclusive, and no models have properly
dealt with the kind of nested, evolving structures that are a central feature of hierarchical
structure formation. The effects which have been found for realistic models of randomly
distributed small structures are small. Large effects have been demonstrated only when
the observer occupies a special location, such as near the center of a large spherical
region. It therefore seems plausible that those effects of clumpiness on the passage
of light which have been studied are small if the matter distribution is statistically
homogeneous and isotropic to a sufficient level and the observer does not occupy a special
location. (The small size of structures relative to the observed volume can be considered
part of homogeneity and isotropy.) However, most studies of light propagation have
neglected the influence of structures on the average expansion rate and the spatial
curvature, assuming that they evolve according to the FRW equations. So the results
should not be interpreted as evidence that the effect of structures is small, only that it
is plausible that their effect can be considered in terms of the overall geometry.

Even if that is true, one still needs to derive the proper distance as a function of
redshift in terms of the expansion rate and spatial curvature, which describe the overall
geometry. In general, the average spatial curvature does not evolve like =2, where a is
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the scale factor, and simply inserting spatial curvature with arbitrary time-dependence
into the FRW relations does not make sense [68]. (Light propagation in terms of a
scale factor which takes into account the influence of structures, but with the spatial
curvature evolving like in the FRW case, was discussed in [69].) We will only study the
evolution of the overall geometry as described by the scale factor and average spatial
curvature, and will not consider the propagation of light.

From the practical point of view, treatment of the passage of light in terms of a
scale factor (even without any spatial curvature) has been very successful in accounting
for the observations. If the observed deviation from the Einstein-de Sitter model was
due to effects which cannot be expressed in terms of the average geometry, one would
not expect different observations to agree so well with the simple scale factor treatment.
For example, in the "Hubble bubble’ models, the density gradient which accounts for the
luminosity distances to SNe Ia typically does not explain the angular diameter distance
to the last scattering surface, or the scale of the baryon acoustic oscillations [47,67].

2.2. The expansion rate in a clumpy spacetime

Inadequacy of the FRW description. Assuming that the influence of clumpiness on the
passage of light can be encapsulated in the scale factor and the spatial curvature scalar,
we are left with the question of how non-linear structures affect the expansion rate and
the spatial curvature.

The linearly perturbed FRW equations do not describe the local evolution of the real
universe. Considering the linearly perturbed Einstein-de Sitter metric (and neglecting
the decaying mode), the local expansion rate measured by a comoving observer is
0 = 3H —0H, where H is the background Hubble parameter in terms of the proper time
and 0 o a is the density contrast [25]. When § becomes of order unity, these relations fail
to describe the real behaviour. In the case of underdensities, this is obvious, since the
density contrast cannot decrease below —1. For typical spherical overdense regions, the
difference between the linear and non-linear evolution is well-known from the spherical
collapse model [70] (see [71-73] for reviews).

It has been argued that even if there are large deviations locally, the statistical
homogeneity and isotropy of the universe implies that the average evolution follows
the FRW equations. However, a space which is statistically homogeneous and isotropic
does not in general evolve on average like a space which is exactly homogeneous and
isotropic. Exact homogeneity and isotropy leads to the FRW equations. Statistical
homogeneity and isotropy simply supports the assumption that one can make sense of
the observations in terms of the overall geometry. This does not imply that the scale
factor follows the FRW equations, essentially because the spatial curvature in a clumpy
spacetime in general evolves differently from the FRW case. (A test of whether the
metric has the FRW form was proposed in [74], based on the specific FRW evolution of
spatial curvature.)

The influence of inhomogeneity and/or anisotropy on the expansion rate is known
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as backreaction, and has been discussed in a number of papers [24, 25, 28,29, 75-81];
see [29,62,82] for reviews and more references. (See [83-87] for discussion of backreaction
during inflation.)

Statistical homogeneity and isotropy. The early universe was highly homogeneous and
isotropic, so the FRW equations provide a good approximation of the average evolution,
and inhomogeneities and anisotropies are described by linear perturbations around the
FRW model. Each hypersurface of constant proper time practically corresponds to a
single expansion rate (with tiny variations). As perturbations grow and structures form,
a given moment of time no longer corresponds to a single expansion rate. Instead, the
hypersurface of constant proper time contains regions in different stages of expansion,
some of them collapsing or static. On sufficiently large scales, the spatial distribution
of expansion rates at each moment is statistically homogeneous and isotropic, and we
can meaningfully call the local expansion rate averaged over all regions the expansion
rate at that time.

In order for the average expansion rate at a given time to be a useful quantity for
describing the passage of light through structures, it is important that the expansion
rate changes slowly compared to the time it takes for light to cross typical structures.
Light has to have time to pass through different regions and sample the distribution of
expansion rates before it changes appreciably. Otherwise, it does not make sense to use
an expansion rate averaged over many regions: one would have to describe the passage
of light through the individual regions.

This condition is well satisfied in the real universe. For typical supersymmetric
weakly interacting dark matter, the first structures which form around a redshift of
2 ~ 40 — 60 have sizes of the order 10"8H ! [88], and typical largest structures today
have sizes around 10 h™*Mpc ~ 3 x 1073H ! (where h parametrises the present-day
Hubble rate, Hy = 100h km/s/Mpc). A more important quantity is the homogeneity
scale, by which we mean the scale where averages converge to their asymptotic value.
The fractal dimension of the set of galaxies around us indicates a homogeneity scale
of 70-100 h~'Mpc [89,90], while studies of morphology suggest that it is at least 200
h~'Mpc [91]1. In either case, the homogeneity scale is &~ 1072H !, so light rays pass
through several representative regions of the universe in one Hubble time, which is the
timescale for significant change in the expansion rate.

A related concern about the applicability of the averaged expansion rate is the
question of over which scale the averaging is done. To get a representative sample,
the averaging scale should be at least as large as the homogeneity scale. Because of
statistical homogeneity and isotropy, it should not matter if the averaging scale is larger
than this. In practical terms, most cosmological observations of the expansion rate
probe distances larger than the homogeneity scale, apart from SNe Ia at small redshifts.
1 The fact that there seems to be a significant contribution to our motion due to the Shapley

Supercluster at a distance of 130-180 h~'Mpc [92] suggests that the homogeneity scale is on the
larger side. Alternatively, our location in the universe may be rather untypical.
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For a statistically homogeneous and isotropic distribution of structures, varying the
averaging scale as discussed in [93] should be relevant only for local observations, where
the average scale factor treatment may be anyway problematic. (The observed large
angle anomalies in the CMB might be related to local departures from the scale factor
description; see [29] for discussion.)

The issue of statistical homogeneity and isotropy is related to the choice of the
hypersurface of averaging. The scale factor describes the volume of the hypersurface
of proper time, but why take that hypersurface? Observations are organised on
hypersurfaces of constant redshift, not proper time. However, if we can identify the
redshift with a scale factor in the usual way, 1 + z = a(t)™!, then we have a one-to-
one correspondence between the redshift z and proper time ¢, and the hypersurfaces of
constant proper time and constant redshift agree.

The question of the choice of hypersurface is also present in FRW models, and
the hypersurface of constant proper time is selected because it is the hypersurface of
homogeneity and isotropy. In realistic models, there is no such exact symmetry, but one
still expects the hypersurface of constant proper time to agree with the hypersurface of
statistical homogeneity and isotropy, and the argument for choosing this hypersurface is
the same as in the FRW case. The evolution of structures proceeds according to proper
time, so were one to tilt the hypersurface, different parts would contain structures
which have evolved for different amounts of time, breaking statistical homogeneity and
isotropy.

The notion of statistical homogeneity and isotropy with a given homogeneity scale
is easy to grasp intuitively: the universe consists of statistically identical boxes of a
size given by the homogeneity scale. When evaluating any average physical quantities
inside one box, the result should be independent of the location and orientation of the
box, up to statistical fluctuations. This does not imply that the average quantities must
be those of a model with exact homogeneity and isotropy. In terms of the Buchert
equations discussed below, the backreaction variable Q saturates at the homogeneity
scale, but not necessarily to zero. This view neglects long-range correlations, and in
practice the degree of statistical homogeneity and isotropy increases as the size of the
boxes grows, up to the level 10~ given by the primordial perturbations. The concept
of statistical homogeneity and isotropy in a spacetime with non-linear structures should
be made more rigorous. Studies of the choice of hypersurface in backreaction [86,87,94]
have not touched on this issue.

3. The Buchert formalism

3.1. The local equations

The dust assumption. We assume that the matter content of the universe can be
described as dust, i.e. an ideal fluid with zero pressure. This is not true on small scales
(for example, the matter in the solar system cannot be treated as a pressureless ideal
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fluid), so there is an implicit averaging involved, distinct from the large-scale averaging
we are going to discuss. Essentially, the assumption is that on sufficiently large scales
we can model a complex system of discrete small-scale structures as a continuum of
infinitely fine particles. The validity of this approximation has been studied in the work
on discreteness and the fluid approximation in N-body simulations [95]; indirect support
can be found in the renormalisability’ of Newtonian gravity in [96] (see also [97]).

The Einstein equation. For dust, the Einstein equation reads (taking the cosmological
constant to be zero)

Gag = 87TGNT05
= 81GNp UaUgs (1)

where Gz is the Einstein tensor, Gy is Newton’s constant, 1, is the energy-momentum
tensor, p is the energy density and u® is the velocity of observers comoving with the
dust.

Following the covariant coordinate-independent approach, the Einstein equation (1)
can be decomposed into scalar, vector and tensor parts. This is a local decomposition
with respect to general coordinate transformations, not a global decomposition in terms
of the symmetry of a background, as in perturbed FRW spacetimes. (We are not
assuming any symmetries, or making a division into background and perturbations.)
For reviews of the covariant approach, see [98-101].

We want to discuss averages. Since vector and tensor quantities cannot be
straightforwardly averaged§, we will consider the scalar part of the Einstein equation.
The Einstein equation (1) has two scalar components, and the covariant conservation
law yields a third equation [98,99,104,105] (see e.g. [77] for the full system of equations):

|

0+ 592 = —47Gnp — 207 + 2w? (2)
1 1

592 = 81GNp — 5(3)R + 0? — W? (3)
p+6p =0, (4)

where a dot stands for derivative with respect to proper time t measured by observers
comoving with the dust,  is the expansion rate of the local volume element, 02 =
s0°%0,5 > 0 is the scalar built from the shear tensor oas, w? = fw*w,3 > 0 is the
scalar built from the vorticity tensor w,s, and () R is the Ricci scalar on the tangent space
orthogonal to the fluid flow. The acceleration equation (2) is known as the Raychaudhuri
equation, and (3) is the Hamiltonian constraint. The equations are exact, and valid for
arbitrary large variations in density, expansion rate and other physical quantities.

Vorticity. When the vorticity is zero, the tangent spaces orthogonal to the fluid flow
form spatial hypersurfaces which provide a foliation that fills the spacetime exactly once.

§ Though see the work on the Ricci flow [79] and the 'macroscopic gravity’ formalism [102]. On the
relation of the latter to the averaging scheme used here, see [103].
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These flow-orthogonal hypersurfaces are also hypersurfaces of constant proper time of
comoving observers. If the vorticity is non-zero, no such hypersurfaces exist. (See [105]
for discussion of the Ricci scalar of the tangent spaces in the case of non-zero vorticity.)

The covariant approach deals directly with physical quantities, and there is no need
to introduce coordinates. Nevertheless, it can be shown by explicit construction that if
we wish to choose coordinates, it is always possible to take gog = —1, and simultaneously
obtaining go; = 0 is possible if and only if the vorticity is zero (here 0 stands for time
and ¢ for the spatial directions) [106]. For irrotational dust, the synchronous metric can
be adopted locally without any loss of generality. In the covariant formulation, there
are no artifacts related to the choice of coordinates, since there are no coordinates,
and all variables are physical observables. However, there would be no problem (when
the vorticity is zero) in using the synchronous comoving coordinates. The results for
physical quantities of course do not depend on the coordinate system. (For example, in
perturbative backreaction calculations one obtains the same results in the longitudinal
and comoving synchronous gauges [81].)

We take the vorticity to be zero. For dust, if vorticity is initially zero, it will remain
zero. Furthermore, vorticity in linearly perturbed FRW models corresponds to vector
perturbations, and it decays with expansion (unlike shear). However, the description
of matter as a pressureless ideal fluid will break down on small scales when non-linear
structures form, due to shell-crossing. After any vorticity is generated in gravitational
collapse [107], it will be amplified by the collapse, and will formally diverge at the same
time as the density [108]. A static dust structure, with § = 0, is possible only if large
amounts of vorticity are present, as (2) shows: vorticity has to balance the contribution
of both the energy density and the shear on the right-hand side. For stabilised dust
structures, vorticity is the dominant contribution. (As the approximation of treating
matter as dust breaks down, effects such as velocity dispersion and pressure can be also
important in the stabilisation [109].)

Nevertheless, just as we assume that the small-scale breakdown of the description of
matter as dust is not important, we assume that the vorticity inevitably present at small
scales can be neglected in discussing the overall large-scale evolution. (This assumption
is also involved in the usual perturbed FRW treatment, with rotationless ideal fluids and
a well-defined cosmic time.) Vorticity is probably only relevant in stabilising structures.
Since we do not need to consider the details of stabilisation in our calculation, we do
not expect the assumption of zero vorticity to be important.

3.2. The average equations

Defining the average. We follow the formalism introduced by Buchert in [76, 77, 80].
The spatial average of a quantity is its integral over the hypersurface of constant proper
time ¢, divided by the volume of the hypersurface

=L, )
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where €5, = Napyst® is the volume element on the hypersurface of proper time, 7,44
being the spacetime volume element.

The scale factor is defined simply as the volume of the hypersurface of constant
proper time to power 1/3

alt) = (f—) | ©)

where a has been normalised to unity at time ¢y, which we take to be today. As 6 is the
volume expansion rate, this definition of a is equivalent to 3a/a = (0). We will also use
the notation H = a/a.

The Buchert equations. Let us take the average of the equations (2)—(4). The resulting
Buchert equations are [77]:

i
3a = —4nGn(p) + Q (7)
a? 1, 1
3—5 = 8mGin(p) = §<( 'R) - 59 (8)
a
O(p) +3-(p) =0, (9)
where the backreaction variable Q contains the effect of inhomogeneity and anisotropy:
2
Q= 3 ((92) — (9)2) —2(c?) . (10)

The integrability condition for the average Raychaudhuri equation (7) and the average
Hamiltonian constraint (8) is

9 (¥ R) +zg<<3>R> =—0,0 — 6%@, (11)

The Buchert equations (7)—(9) are exact for the averages when matter consists of
irrotational dust. (The corresponding equations in the Newtonian case were derived
in [76], and the case with non-zero pressure was considered in [80].) The variance
of the expansion rate in Q is a new term compared to the local equations. It has
no counterpart in the local dynamics, and may be called emergent in the sense that
it is purely a property of the averaged system. If the variance is large enough, the
average expansion rate can accelerate, even though the local expansion rate decelerates
everywhere. (In physical terms, the average expansion rate can grow because the volume
occupied by faster expanding regions rises.)

The density parameters. As in the case of FRW models, we can parametrise the
different contributions to the expansion rate with relative densities. Dividing (7) and
(8) by 3H?, we have [77,110]
la 1
= — ——=-0,+20 12
1=0Q,+Qr+Q0, (13)
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where Q. = 87Gn(p)/(BH?), Qr = —(®R)/(6H?) and Qo = —Q/(6H?) are
the density parameters of matter, spatial curvature and the backreaction variable,
respectively. As seen from the definition of Q in (10), the backreaction density parameter
is just minus the relative variance of the expansion rate, plus the contribution of shear:
Qo = —((0%) — (0)%)/(0)* + 3(c%)/(0)*.

The backreaction density 2o can have either sign, and can become arbitrarily
negative. Correspondingly, ¢ can cross the value —1, and the contribution Qg + 2o can
change sign. These features are not captured in the parametrisation of backreaction in
terms of a scalar field, the 'morphon’ [111].

3.3. First integrals of the Buchert equations

First integral in terms of Q. The scalar parts of the Einstein equation (2) and (3)
together with the conservation law (4) do not form a closed system on their own. (In
particular, the propagation equations for the shear and vorticity tensors cannot be
reduced to scalars.) There are four unknowns (6, p, 0> — w?, ® R) and three equations.
The Buchert equations (7)-(9) are similarly underdetermined, with four unknowns
(a, (p), Q, (P R)) and three equations.

If we give as extra input the evolution of one of the variables (or a relation between
the variables), the average system is completely determined. In particular, we can find
the average expansion rate from the average spatial curvature (®) R) or the combination
of variance and shear given in Q. We can make this explicit with the first integral of
the Buchert equations (7)—(9).

Taking into account that the conservation of mass (9) implies (p) x a3, we can
integrate (7) to obtain

K 2 [*dd
3H2:87TGN<p—g>—3—2+—2 —%a,2Q> (14)
a a a a

where K is an integration constant related to the spatial curvature and (pg) is the

average energy density at time ¢5. When backreaction vanishes, we recover the FRW

2

Hubble relation, and the spatial curvature is 6/ Ka™~, as usual. When the spacetime

is clumpy and backreaction is present, Q # 0, the average spatial curvature evolves
non-trivially:

2 [*dd

— d?Q. (15)

1
a? a

2<<3>R> 3t g

a2

First integral in terms of (¥ R). It is also instructive to write the first integral in terms
of the spatial curvature. Expressing things in terms of () R), we have from (7)-(9),

2 _ (po)  C 2 [*dd 5
where C'is an integration constant. The backreaction variable is

Q= —2@—(’; —(®R) + ! / da a*(®R) . (17)

ab a
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2 the C term gives the

When the average spatial curvature evolves like a~
backreaction variable @, which in accordance with the integrability constraint (11) then
evolves like a=% We can make this more explicit by decomposing the average spatial

curvature as (¥ R) = 6Ka=2 + A(® R). The backreaction variable is||

C 4 ["dd 4.
Q=25+ 7a’ A(®R) (18)
and the Hubble equation (16) reads
2 {po) K ¢ 2 [%dd 5.

In general, underdense regions are negatively curved and expand faster than
the average, while overdense regions are positively curved and expand slower. The
evolving distribution of these regions determines the average spatial curvature. At
late times, one would expect the faster expanding regions to dominate the volume,
and the spatial curvature to be negative. The intertwining of the expansion rate and
the spatial curvature is quantified in (19). While Q is non-local, {(¥)R) is simply the
average of a local quantity; they are interchangeable via the integrability condition
(11). Understanding backreaction in terms of an average over the local spatial curvature
will be useful when we discuss the importance of non-Newtonian aspects of gravity in
backreaction in section 5.2.

We need only know the evolution of the variance of the expansion rate minus the
shear in order to reconstruct the complete expansion rate (up to a constant related to
the spatial curvature). There is no need to specify the full metric, only some statistics.
Indeed, it is unfeasible to write down a metric that would be a realistic description of
the structures in the universe. Exact solutions such as the spherically symmetric LTB
model are useful for illuminating specific aspects of backreaction such as the choice of
hypersurface [94] and demonstrating acceleration unambiguously [30,113,114]. However,
exact solutions, even ones with no symmetry such as the Szekeres model [115], are
limited in scope. While more complicated than the LTB model, they are not much
closer to a realistic picture of the universe with its hierarchical layers of individually
complex but statistically homogeneous and isotropic structures. In order to evaluate
the importance of backreaction in the real universe, we need statistical knowledge about
complex configurations of dust, not exact information about simplified models.

|| In [112] it was argued on the basis of a 2+1-dimensional study that the effect of backreaction is small.
However, since the Ricci scalar in two dimensions is a topological invariant, the average two-dimensional
spatial curvature is necessarily proportional to a~2, and the evolution of Q is trivial. Therefore the
situation in 241 dimensions is not representative of the 3+1-dimensional case, where spatial curvature
is dynamical. There were also two other arguments presented in [112], one based on second order
perturbation theory and the other on a solution with parallel walls. The first calculation is incorrect,
because it assumes that the background energy density is the same as the average energy density, which
is not true beyond the linear level. In the second case, variations in the local expansion rate are small,
so it is irrelevant for the real universe.
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4. Backreaction with the peak model

4.1. Setting up the model

The universe divided into regions. We want to have a model of the universe that
does not violate large-scale statistical homogeneity and isotropy, and includes a realistic
ensemble of evolving structures. We will treat each structure as an isolated region, and
take the nested nature of hierarchical structure formation into account in the evolution
of the number density of the regions.

We divide the hypersurface of constant proper time into non-overlapping regions
labelled by 0. The fraction of proper volume occupied by each region is vs(t) = ft €/ ft €,
where ft 5 is the integral over region ¢ at time ¢. This division is completely general. We
now take the regions to be isolated and spherically symmetric. This is an extension of
the two-region toy model studied in [28,29] to cover a realistic distribution of structures.
An ensemble of only spherically symmetric regions cannot fully cover the hypersurface of
proper time (and does not form a connected space), and the model has to be understood
in a statistical sense. (We come back to this point in section 5.2.)

We treat the spherical regions with Newtonian gravity. Their average evolution is
then given by the spherical collapse model (and its underdense equivalent), according
to which they evolve like the corresponding FRW universe [70] (see [71-73] for reviews).
In terms of the Buchert equations, this follows from the result that in Newtonian
gravity, Q vanishes for spherical symmetry, so the Buchert equations reduce to the
FRW equations [26,78]. Expansion of a region with positive density contrast slows down
more as the perturbation grows, until it turns around and collapses, finally stabilising
at a finite size and density. Inside a region with negative density contrast, expansion
decelerates less as the region becomes emptier.

We take the individual regions of the ensemble to represent structures at a definite
state of expansion or collapse. In other words, the label § corresponds to a value of
the average expansion rate in a region. In the spherical collapse model, the expansion
rate is in one-to-one correspondence with the linear density contrast (hence the letter
J), which is the density contrast that the region would have relative to an Einstein-de
Sitter universe if its evolution had continued as in the linear regime.

The average expansion rate is

Loy = H(t) = / " A5 os(t) H(1)

[e.e]

B ffooo do 85f(5, t)H5(t)
- ffooo dd Séf(57 t) ’
The fraction of proper volume in structures with linear density contrast ¢ at time ¢

has been decomposed into two parts, vs(t) = ssf(6,t)/( 2, ddssf(6,t)). (Note that
the linear density contrast can be arbitrarily negative, unlike the real density contrast,

(20)

which is bounded from below by —1.)
The first term ss = as(t)3/agqs(t)® is the volume of a region with linear density
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contrast § relative to the volume of the Einstein-de Sitter universe, where agag o< t/3 (we
will also use the notation Hggs = 2/(3t)). It is due to the difference in the expansion
rate between the different regions: more underdense regions expand faster and have
therefore grown larger. (The scale factor agqs has been introduced out of convenience.
It appears both in the numerator and the denominator and does not depend on ¢, so it
does not affect the average.)

The second term f(6,t) is the fraction of the initial volume in regions with linear
density contrast 6. This is updated to the present volume by the first term. If we
completely ignored interactions between regions, f(d,¢) would be directly given by the
linear spectrum of perturbations. However, we want to take into account the nested
nature of cosmological perturbations, and the merger of structures into larger entities.
As overdense regions collapse and stabilise, they form larger structures which in turn
slow down and collapse, and underdense regions have similar hierarchical evolution. We
will include this feature using the peak model of structure formation.

The premise of the peak model of structure formation is that structures are
identified with maxima of the linear, Gaussian density field, smoothed on some scale
R [116]. In the original application, all peaks above a fixed density threshold were
considered to be stabilised non-linear structures. We will use the peak number density as
a function of density contrast as the number density of isolated regions having that linear
density contrast. (Since the density field is Gaussian, the distribution of underdense
troughs is the same as the distribution of overdense peaks.) The number density can be
converted into the fraction of mass. Since the early universe was very smooth, this is
also the fraction of the initial volume which has ended up in structures of a given linear
density contrast, in other words our f(4,1).

The backreaction variable. Our treatment will give us the average expansion rate
directly, without needing to go via the backreaction variable Q. However, interpreting

the expansion rate in terms of the Buchert equations (7)—(9) and the density parameters
(12) will help to understand its evolution. The backreaction variable for the model is

(%) = (0)%) — 2(0®)

([ o= (o)) -

([ it ([-0))
([ i) - s

o [ (o) )+ [Lane o

where ()s is the average over region . The total backreaction variable Q is not the

0 =

Wl N WIN Wl N
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sum of the regional backreaction variables, due to the non-local variance term. Since
we consider spherical regions using Newtonian gravity, we have Qs = 0 [26, 78], and
the overall backreaction variable can be calculated from the regional average expansion
rates.

The spherical collapse/expansion model. The expansion rates of the regions follow the
spherical collapse model (and its underdense equivalent), which we summarise here
(see [73] for another useful summary).

For overdense regions we have

sin ¢(¢ — sin ¢)

Hyt =

(1 — cos ¢)?
_al. 2(1—cos¢)?
o= alys  9(¢ — sin¢)?
(3) 2 _ (¢ —sin ¢)2
(T HR)set” = 6(1 — cos ¢)?
5 = 66— sin o) (22)

where ¢ is the development angle which runs from 0 to 27 and §* is the linear density
contrast. The structure collapses to a singularity at 27, so we take the expansion rate
to stabilise discontinuously to zero at ¢ = 2w. We set the volume, expansion rate and
spatial curvature of regions with a linear density contrast larger than §*(27) ~ 1.7 to
zero. It would be more realistic to set the volume to a finite constant and the spatial
curvature to some constant proportional to the stabilised energy density, but this makes
little difference for our purposes. In our calculation, each region is weighted by its
relative volume, so the contribution of collapsing regions goes to zero at the collapse, and
the details of stabilisation do not matter. (For example, the results would be unchanged
if we stopped the evolution at § = 37/2 instead of 27, as is sometimes done.) While
the expansion rate is discontinuous at the stabilisation, the volume-weighted expansion
rate sy+ Hyit is continuous. The combinations Hgit, ss+ and () R)s+t? do not depend
explicitly on ¢, they are functions of 0™ alone.
Correspondingly, for underdense regions we have

_sinh H(sinh ¢ — @)
~ (cosh¢ — 1)

ad 2(cosh¢ —1)3

Hs-t

Ssg— = 3 = - = =
Apgs 9(s1nh qf) — ¢)2
<(3)R>57t2 - _GM
(cosh ¢ — 1)?
0 = —%62/3(sinhqz~5 — )*3 (23)

where the development angle d; runs from 0 to oo, corresponding to increasing time and
decreasing density contrast.
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Regions with zero density contrast have Hgqst = 2/3, sso = 1 and zero spatial
curvature.

Peak statistics. For a linear density field with Gaussian, statistically homogeneous and
isotropic perturbations smoothed on scale R, the number density of peaks (troughs) of
height (depth) v = d/0¢(t, R) is [116]

1,0 1
n(v,R) =e WG(VW(R)) , (24)
where the function G(v,v(R)) is
o0 1 —(z—y|v])?
G(v, :/ deF (1) —F——=e 20" | 25
)= [ ) e )

with

NI

N8

N

+ erf

F(z) = xB;Bx {erf [(g) x (g) ]}
N P o e

The functions vy(R) and R.(R) are defined as (note that the explicit time-dependence

in 0}(t, R) cancels out)

o?(t, R

V(R) = —= ! 2)
Voaa(t, R)os3(t, R)

_ [,0itR)
R.(R) = 30%7 7 (27)

where the spectral moments o7 (t, R) are

(1, R) = /0 h d—:mg(k, DT (k)2 (kR)?

4 1 *dk .
4 r /O 1 A2 (k)T (k)W (KR)?

9 (apasHgas)* k
4 oA? © qk .

224 N W(kR)? | 28
S / AT (k)W (k) (28)

where A2 is the primordial power spectrum of density perturbations, Ai is the primordial
power spectrum of metric perturbations, taken to be scale-invariant with amplitude
A% = (3x107°)%, T(k) is the transfer function and W (kR) is the window function, taken
to be Gaussian, W(kR) = e~ 3K R?, (When going from metric perturbations to density
perturbations, we have neglected the long-wavelength modes, as we are interested in
sub-horizon perturbations.) The linear density field is taken to evolve in an Einstein-de
Sitter universe. We are neglecting the "backreaction of backreaction’, the effect of the
change of the average evolution on the perturbations. One would need to take this into
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account to see if there are, for example, oscillations in the expansion rate as suggested
in [28,29]. For work on perturbations in a backreaction context, see [27,29,78,117-119].

To go from the peak number density to the fraction of mass (or initial volume), we
need to specify the mass associated with each peak. We multiply the number density
(24) by the volume under the Gaussian window function, (27)%2R?, and introduce a
constant N to account for the fact that the total mass is not correctly normalised. The
fraction of mass in peaks of height v = §/0¢(t, R) is then

L2 1

f(v,R) = Ne 2 WG(V’ v) - (29)
The total mass defined this way is not constant with R. We fix the normalisation
constant N by demanding that asymptotically all mass resides in peaks or troughs,
2 dvf(v,R) — 1 as R — oo. This gives N ~ 1.97. In this treatment, all peaks
(and troughs) contain the same amount of mass, regardless of their height (or depth).
A normalisation factor which depends on v would probably be more appropriate, but
we want to keep the treatment simple. The fraction of volume which is not in peaks
or troughs is taken to expand like the Einstein-de Sitter universe, Hpqst = 2/3. For
discussion of mass assignment for peaks and troughs, see [73,120,121].

One factor which we have not taken into account is the peak-in-a-peak problem.
The distribution function of peaks (29) does not take into account that lower peaks may
be submerged in higher ones. There is an equivalent trough-in-a-trough problem, and
perhaps most importantly, the trough-in-a-peak problem, as some underdense regions
are extinguished by larger overdense regions. There is no corresponding peak-in-a-trough
problem, and this asymmetry transfers mass from the underdense to the overdense
regions [73]. Our treatment does not include this effect, and we have equal mass in the
underdense and overdense regions, since the density field is Gaussian.

Smoothing and time evolution. We determine the smoothing length R by fixing o2(t, R)
to a given value at all times. We take this value to be unity, o2(¢, R) = 1, so we have
v = 4. Since the linear density contrast evolves in time, o3 (¢, R) o< a%yq, the smoothing
length R(t) will also evolve, growing with time. This in turn translates into evolution of
the distribution function f(d, R(¢)). The smoothing scale R(t) can be regarded as the
typical size of structures which are forming at time ¢.

All time evolution is taken into account in this statistical manner in the distribution
function f(0,t), since the individual regions are by definition fixed at a given state
of expansion or collapse. This averaging of regional values of the expansion rate is
somewhat different from the Buchert formalism, where the basic quantity is the local
volume element. While the density parameters defined in (12) can be used to understand
the state of the universe at each moment, the evolution of the expansion rate is not
completely captured by the Buchert equations, since the indirect treatment of the local
evolution of mergers by smoothing goes outside the dust approximation.

In physical terms, smoothing with a window function involves the assumption that
we need not consider the details of structures at the smoothing scale. It is a simplification
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Figure 1. The BBKS (blue, solid) and BD (red, dashed) transfer functions as a
function of k/keq.

for the merger of structures, both overdense and underdense, into larger entities. In the
present setting, this is part of our assumption of replacing continuous evolving structures
by disjoint spherical regions. In a full description of structures, there would be a well-
defined density contrast and expansion rate at each point. When we model the universe
with regions which are each associated with a regional average density contrast and
expansion rate, smoothing is introduced.

The transfer function. The statistics of structures in the peak model are determined
by the functions v and R, defined in (27). With a fixed primordial power spectrum, the
behaviour of these functions is given by the transfer function.

We will consider two approximations for the CDM transfer function. The BBKS
transfer function [116] is

T In(1 + 2.34¢)

2.34g[1 + 3.89¢ + (16.1¢)2 + (5.46¢)3 + (6.71¢)4]/*
with ¢ = ke /(13.7k,) (assuming three massless neutrino species), where f, =

Qp/Qu is the baryon fraction [122] and k' ~ 13.7w; ' Mpc is the wavelength of
the perturbations that enter the horizon during the matter-radiation equality. Here

(30)

W = Qmoh?. The BBKS transfer function is a fitting formula to numerical results, and
the large k limit has been also analytically derived [122]. We fix the baryon fraction
at f,, = 0.2. The results do not significantly depend on f;, directly, but the BBKS
approximation of the numerical transfer function calculated with CAMB becomes worse
with increasing f; for f;, = 0.2, the error at large k is 20-30%.

For comparison, we will use the simple transfer function introduced in [41] by
Bonvin and Durrer, which we will call the BD transfer function,

1
Tk = —
(k) 1+ B(k/keqg)*
where 8 =3 x 1074

The BD transfer function is a simple approximation to the behaviour of the

(31)

evolution of CDM perturbations captured in more detail by (30). It is not quantitatively
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accurate, but it will help to estimate the dependence of the results on the transfer
function.

Qualitatively, the BD transfer function has the same behaviour as the BBKS
transfer function. Perturbations with wavenumber much larger than k., enter the
horizon deep in the radiation dominated era, so they are damped by k=2, while
perturbations with much smaller wavenumber enter in the matter-dominated era, so
their amplitude is unsuppressed. The evolution in the slope of the BBKS transfer
function is shown in figure 1. Both the BBKS and the BD transfer function are missing
the cut-off at small scales due to free-streaming [88,123]. However, we will see that the
small-scale behaviour is not important for our results.

4.2. Preferred time in structure formation

The size of structures. Before evaluating the average expansion rate using the peak
model, we will briefly discuss the preferred time that is involved in the formation of
CDM structures from a scale-invariant spectrum of primordial perturbations. We would
expect to see this timescale reflected in the evolution of the expansion rate, regardless
of the statistical model used to describe structures.

Because of the change of the slope of the CDM transfer function, the size of
structures relative to the Hubble size saturates around 10-100 billion years [28,29].
This can be seen as follows. Typical structures forming at time ¢ have size R(t) defined
by o2(t, R) = 1. Inverting (28) to solve for R and dividing by the Hubble radius, we get
the relative size R/(aH)™" as a function of time.

The timescale is determined by the time of matter-radiation equality teq ~ 1000w,,>
years. This value assumes three massless neutrino species with abundances determined
by thermal equilibrium, but it is independent of late-time cosmology, as long as the
energy density of matter evolves like a~3 and the energy density of radiation evolves like
a~*. In a clumpy space, the first follows from the conservation of mass (9). There is no
such conserved quantity for radiation, so in general the energy density of radiation does
not necessarily evolve like a=* [80]. However, if the number density of radiation quanta
is conserved and their change in energy (i.e. redshift) is, at least on average, related to
the scale factor by 1+ 2z = a™ !, the radiation energy density will be proportional a=*.
This relates the studies of the passage of light to the study of the Buchert equations in
the case of non-zero pressure [80].

We adopt the value wy, = 0.1 for all plots, giving t., ~ 10° years. This value of wy,
could be reasonably moved up or down by a factor of 2, so the timescale in the plots
could be shifted by a factor of 4 in either direction. Model-independent estimates of
Qo can be summarised as 0.15 2 Q0 2 0.35 [124]. Regarding the Hubble parameter,
the value from SNe Ia observed with the Hubble Space Telescope has been quoted as
h =0.72 4 0.08 [125] or h = 0.62 £ 0.05 [126], depending on the treatment of Cepheids
(see section 5.1). For comparison, the model-dependent value determined from fitting
the ACDM model to the WMAP3 data is wy, = 0.12775505 [3].
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Figure 2. The size of structures R/(aH) ™! relative to the asymptotic size as a function
of time, in billions of years, for (a) the BBKS transfer function and (b) the BD transfer
function.

At early times, the k=2 damping due to radiation domination cancels the
k? enhancement of the density perturbations relative to the scale-invariant metric
perturbations. Therefore the spectrum of density perturbations depends only weakly on
the scale, so structures on different scales collapse nearly at the same time. The initial
structures are small and grow rapidly. Beyond k.q, the amplitude is not suppressed, so
after the wavenumber of collapsing perturbations reaches k., there is no scale in the
system anymore, and the relative size of the structures is constant. The asymptotic size
is roughly vA ~ 5 x 1072,

We show the value of R/(aH)™! relative to its asymptotic value in figure 2 for the
BBKS and BD transfer functions. The timescale of the evolution of the size is sensitive
to the behaviour of the transfer function at small wavenumbers. For the BBKS transfer
function, the relative size enters the saturation regime at some tens of billions of years.
For the BD transfer function, this happens at a few billion years or so. In both cases, the
evolution in the size practically saturates well before the perturbations with wavenumber
keq become non-linear, which happens around 3500 billion years for the BBKS transfer
function and 2000 billion years for the BD transfer function.

The rough agreement of the era when structures reach their maximum size with
the time when acceleration has been observed (about 10 billion years) is encouraging
from the point of view of the coincidence problem. A rough way to understand the
preferred time in terms of the time of matter-radiation equality and the amplitude of the
primordial perturbations is as follows. The era when the structures with wavenumber
keq form is determined by the condition o§(t,ky') = 1. Approximating the window
function W (kR) with the step function, the transfer function with unity for & < ke,
and recalling that keq = (a )], we get from (28) the time ¢ = (3/A)*?teq ~ 3000
billion years. The approach to the asymptotic value of the transfer function is slow,
and the saturation regime starts a couple of order of magnitude earlier than this. (It
is apparent in the BD transfer function (31) that the turnover scale is ~ 10k, rather
than keq. Naively using 10k, in the previous argument would bring down the time to
3 billion years, since t o« (apqsHras) >.) Exactly because the size changes slowly, it is
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Figure 3. The expansion rate Ht as a function of r = keq R for (a) the BBKS transfer
function and (b) the BD transfer function.

somewhat arbitrary what one calls the preferred time. Around 10-100 billion years the
relative size of structures changes from growing rapidly to being almost constant, but
one cannot be more precise than that.

We will now get back to our model with the peak statistics, where the expansion
rate is determined as a function of time without ambiguity, and see how it indeed changes
around the saturation era.

4.3. The expansion rate

Increasing Ht. The expansion rate is given by
Ht = / d(SUg(t)Hgt

S0 A0 s f(57, R)Hs-t+ [y d0T ssu f(0F, R)Hyrt + 2(1— [ 6 £(6, R))
B [0 6= s5 (6=, R) + [y d6* ssr f(6+, R) + (1 — [ d6 f(6, R))

where sg+ and Hg+t are given in (22) and (23), and f is given in (29). The expansion rate

, (32)

is completely determined, there are no free parameters to adjust (unless one counts the
baryon fraction in the BBKS transfer function). The average spatial curvature () R)
and the backreaction variable Q given in (21) are calculated the same way.

We first show Ht as a function of the size of structures relative to the equality scale,
7 = keq R, in figure 3. Today o3 (t, R) is unity on the scale of 8 h~*Mpc or slightly below,
SO given l{:e_ql ~ 13.7Tw' Mpc, we have r ~ w,, ~ 0.05-0.2, placing the present time in
the transition region. The transition era in the expansion rate is clear and the change
looks rapid, particularly for the BD transfer function. However, because the growth
of r as a function of time slows down as time goes on, the evolution is less steep as a
function of ¢.

In figure 4 we show Ht as a function of time. The behaviour is qualitatively similar
for the BBKS and BD transfer functions. At early times, Ht is close to the FRW value
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Figure 4. The expansion rate Ht as a function of time for (a) the BBKS transfer
function and (b) the BD transfer function.

2/3, slightly higher because there are structures present. With the onset of saturation
(i.e. the turnover in the transfer function), Ht rises to a value somewhat less than unity.
The physical reason for this evolution is that at early times the volume occupied by
the structures is small, so their impact is small. As the volume occupied by structures
grows (along with the density contrast of typical structures), the expansion rate becomes
dominated by voids, since their volume is large. This picture is in qualitative agreement
with excursion set studies of voids [73,127]. If all volume was in voids that were
completely empty, we would have Ht = 1. Because the voids are not completely
empty, and because there are overdense regions, the expansion rate asymptotes to a
somewhat smaller value. This evolution could be expected on general grounds, as
discussed in [29], but it is not trivial that the timescale comes out correctly, in agreement
with the argument related to the size of structures presented in the previous section.
As the Buchert equations (7)—(9) show, the effect of perturbations on the average
expansion rate does not necessarily become large when they first become non-linear.
The criteria for the breakdown of the perturbed FRW equations as a description of the
local evolution and as a description of the average evolution are different. The latter
breaks down only when non-linear density perturbations occupy a sizeable fraction of

space€[.

No acceleration. In figure 5 we show the deceleration parameter ¢ = —ai/(aH?) as a
function of time. Even though Ht rises, there is no acceleration. The reason is that
only the underdense regions are important, the overdense regions play almost no role.
As a result, Ht does not slow down before rising. It is likely that in order to have
acceleration, the overdense regions should first slow down the expansion rate, so that
the relative difference is larger, as in the toy model discussed in [28,29]. In FRW models,

9 The time when backreaction becomes important was argued in [128] to be around today, by estimating
when the perturbative corrections to the average expansion rate become of order one. However, the
analysis does not take into account that the average decomposes into a product of two-point functions,
and that spatial derivatives have to occur in pairs. The correct order of magnitude for the general term
after eq. (8) in [128] is 107°(a/ag)(62)(*=2)/2. This does not select out the present day.
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Figure 5. The deceleration parameter ¢ as a function of time for (a) the BBKS
transfer function and (b) the BD transfer function.
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Figure 6. The density parameters Oy, (red, solid), Qg (blue, dotted) and Qg (green,
dashed) as a function of time for (a) the BBKS transfer function and (b) the BD
transfer function.

there is a clear qualitative difference between acceleration and deceleration, related to
the dominant energy condition. Here the situation is different: acceleration is just
a quantitative question of the steepness of the Ht curve and the size of the density
parameter (2o, and there is no principle involved.

In figure 6 we plot the density parameters 2, Qg and Qg defined in (12). For
both transfer functions, the backreaction density parameter (1o is small, below 0.04 in
absolute value. (The backreaction contribution peaks in the transition era when Ht rises
rapidly, but the change is too small to appreciate in the plots.) As noted in [78,129], the
system can evolve far from the initial near-FRW behaviour, even though Qg is small at
each moment. The backreaction density parameter (g is a measure of the distance of
the model from the FRW case. The smallness of {2 means that at each moment, the
system is near some FRW model and evolves slowly between different near-FRW models.
(Note that the asymptotic value of Qg is non-zero, so unlike an open FRW universe,
the model does not become emptier without limit: structures are present, even when
the volume is dominated by voids.) In order for the behaviour at some instant to be
very different from a dust FRW model, |2g| has to be large. A backreaction variable
20| Z 0.2 is needed to obtain acceleration of the observed magnitude [29].

While the timescale of the change in the expansion rate comes out roughly in
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agreement with observations, the effect of clumpiness is too small to give acceleration.
Let us now discuss the assumptions involved in the model, and how to improve the
treatment.

4.4. Improving the model

The spherical collapse/expansion model. Our model involves two parts: structures are
treated as an ensemble of regions whose distribution is given by the peak model, and the
evolution of the individual regions is taken to follow the spherical collapse/expansion
model.

Let us discuss the collapse/expansion model first. While the spherical collapse
model works surprisingly well for the statistics of structures, it does not give an
accurate description of the collapsing phase. In particular, there is no treatment
of the stabilisation which ends the collapse. An effective treatment of the terms
responsible for stabilisation was given in [130], and a improved model which covers the
whole evolution from the linear regime to the stabilised phase was presented in [131].
One can also generalise into ellipsoidal collapse, and take shear and tidal effects into
account [107,121,132]. The spherical collapse model in a backreaction context has been
discussed in [119,133].

In general, a given value of the linear density contrast does not correspond to a
fixed value of the expansion rate, unlike in the spherical collapse model. In terms of the
Buchert equations (7)-(9), the backreaction variable Q is non-zero, and the equations
do not have a unique solution. However, one could generalise the present treatment to
cover more realistic structures by adding one layer of ensemble. One could integrate
over a distribution of initial conditions to obtain the mean expansion rate corresponding
to structures of a given density contrast, using the Buchert equations, as presented
in [78,133]. While the approximation that the expansion rate depends only on the
density contrast (used in [130,131]) is probably not valid for a single structure, it is true
by construction for the expansion rate averaged over different structures.

There is no stabilisation problem with the underdense equivalent of the spherical
collapse model, and the evolution smoothly approaches the empty case Hs-t = 1.
However, the model breaks down if shells from inner regions of the void (which have a
smaller density and therefore expand faster) catch up with outer shells, even though this
is not apparent in the average description. When this happens depends on the initial
density profile. For a top-hat density profile, shell-crossing occurs at linear density
contrast §~ ~ —2.8, corresponding to Hs-t = 8/9 [73]. In real structures, the shell-
crossing singularity corresponds to the formation of a dense wall surrounding the void.
After wall formation, it might be more realistic to take the expansion rate to be that of
an outward-moving shell, Hs-t ~ 0.8 [134,135]. Like in the case of overdense regions,
the assumption of spherical symmetry may be questionable. While isolated voids grow
more spherical [135,136], the shapes of real voids are affected by surrounding structures.
Voids in simulations have complicated shapes [137,138], though the overall structure
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resembles a foam of spherical voids [73]. The shapes of underdense structures could
be taken statistically into account with an ensemble of initial conditions, as with the
overdense regions.

However, refinements to the collapse/expansion model are secondary to the issue
of distribution of the overdense and underdense regions. For example, redoing the
calculation above with the improved collapse model presented in [131] makes practically
no difference to the results. The reason is that the volume in the overdense regions
is so small that their impact is negligible. In order to have slowdown, and after that
acceleration, the fraction of the initial mass (or, equivalently, initial volume) which goes
into the overdense structures should be larger.

The peak model of structures. We have already mentioned that the distribution
function (29) does not take into account the peak-in-a-peak problem, trough-in-a-trough
problem or trough-in-a-peak problem. In particular, the last mentioned involves the
extinction of voids by collapsing structures, which leads to the transfer of mass from
underdense to overdense regions, increasing the volume fraction of the latter. In the
excursion set formalism, the extinction of voids by overdense structures is crucial for
getting a single void size to dominate at each epoch [73,127], as observed [139].

The peak model is based on an isolated view of structure formation, in which
matter concentrations remain stationary, with mass accreting onto (or flowing away
from) the fixed extremal points of the initial density field. Shear and tides are neglected.
However, such effects can be important, and the sites of structure formation do not
necessarily coincide with the initial density peaks (even underdense regions can collapse)
(121,132,133, 138).

The mass assignment of the peaks and troughs is likely to be important, and one
should consider a realistic mass function instead of having all peaks and troughs contain
the same amount of mass. Certainly, the treatment of merging and assignment of mass
with the simple Gaussian smoothing is somewhat arbitrary, and the mass assignment
should reflect the dynamics of structure formation. A realistic treatment would be
expected to break the symmetry in mass between peaks and troughs.

We have said that our model does not have new free parameters, and this is true
in the sense that we have not adjusted anything to get a certain result. However, the
smoothing threshold, which we set at oo(t, R) = 1, could have been chosen to have some
other value. The peak distribution (29) depends on §/0¢(t, R), and increasing oy (t, R)
enhances the effect of structure. However, changing oy (¢, R) around unity does not make
much difference. Setting oo(t, R) = 2 increases Ht by less than 10%, and the choice
oo(t, R) = 0.5 brings Ht down by around 10%. The rate of change, i.e. the steepness of
the Ht curve, increases with og(¢, R), and the deceleration parameter g changes by tens
of percent when setting o (¢, R) to 2 or 0.5. The time when the expansion rate changes
significantly remains about the same, and the qualitative behaviour is unchanged.

Finally, the results depend strongly on the transfer function, and the BBKS
approximation may not be sufficient near the important bend in the spectrum; this
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is easy to correct in a numerical treatment. The results are not sensitive to the transfer
function and power spectrum at small scales, where they are poorly known. The reason
is that at early times when small structures form, their effect on the expansion rate is
small. On the other hand, rapid changes in the power spectrum at large scales could
have a large impact. Changing the primordial spectrum from scale-invariant to a power-
law with a spectral index of n = 0.8 or n = 1.2 (with a pivot scale of 0.002 Mpc™!)
changes Ht by only a few percent. More drastic changes in the power spectrum, such
as a sudden transition, would be needed for a significant effect.

A more realistic treatment of the effects discussed above will make it possible
to say with more confidence whether overdense regions are prominent enough to give
acceleration. If structures indeed lead to to accelerated expansion, the Buchert equations
(7)—(9) dictate certain overall features that the universe must have, independent of the
details of the structures. It is worth considering the compatibility of these general
features with observations, as they might in principle rule out backreaction as an
explanation for the observations. (See [29] for further comparison to observations.)

5. Discussion

5.1. Observational issues

The age of the universe. QObservationally, the age of the universe is not known with
precision in a model-independent manner. There is an important constraint from the
ages of globular clusters, which give the lower limit ¢, > 11.2 Gyr at 95% C.L. and
a best-fit age of ¢y = 13.4 Gyr [140]. These results do not depend on the details of
late-time cosmology, and should be valid as long as the expansion at redshifts z > 6 is
close to the Einstein-de Sitter case. For the Hubble parameter, the most accurate
model-independent determination is from SNe Ia observed with the Hubble Space
Telescope [141]. The usually quoted value is A = 0.72 + 0.08 [125] (in close agreement
with h = 0.73 £ 0.06 found in [142]), while recent work with a different treatment of
Cepheid metallicity gives h = 0.62 £ 0.05 [126] (all 1o limits). These estimates give a
mean value of Hytg ~ 0.99 or Hyty ~ 0.85, respectively, using ty = 13.4 Gyr. Using the
lower limit for ¢y and the mean value for h gives Hyty 2 0.83 or Hyty 2 0.71, respectively.
The treatment of Cepheids does not appear to be settled [141,143], but in any case, Hytg
values in the lower range are not ruled out. In principle, Hyty can provide an important
constraint on backreaction models. In particular, a definitive measurement of Ht > 1
would imply that exotic matter is needed, because in a dust universe Ht < 1, regardless
of the structures present (assuming that vorticity can be neglected) [129].

The values of Ht today in figure 4 are rather low for the BBKS transfer function,
while the BD transfer function gives results more in agreement with the observations.
The difference is mainly due to the fact that the change in the fraction of mass which is
in structures is slower in the BBKS case. For the BBKS transfer function, only 30% of
the mass is in structures at 15 Gyr, compared with 54% for the BD transfer function.
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In both cases, initially (i.e. in the limit ¢ — 0) the fraction is 10%.

The CMB peaks. As the exact expression (15) shows and figure 6 demonstrates,
the average spatial curvature is generically large in a dust universe with significant
clumpiness. This raises the question of compatibility of the backreaction explanation
for the acceleration with CMB observations. However, the fact that the CMB data is in
good agreement with FRW models that have no spatial curvature does not imply that
the CMB rules out models with spatial curvature. Conclusions drawn about spatial
curvature from the CMB are model- and prior-dependent.

In physical terms, the CMB peak structure is mostly determined by the primordial
spectrum of perturbations, by Q,,h? and Q,h%, and by the shift parameter, which is a
measure of the distance to the last scattering surface [8,9]. The CMB anisotropies will
be the mostly the same in models with identical values of these parameters, apart from
the low multipoles (though see [144,145]).

Even in the ACDM model with primordial perturbations given by a power law, the
CMB alone does not constrain spatial curvature to be small [3], though combining the
CMB with a measurement of Hubble parameter does provide a strong constraint. In a
FRW model with a time-varying equation of state, at least {2 & 0.2 is compatible with
the correct CMB shift parameter (and fitting the SN Ia data and the A-parameter from
baryon acoustic oscillations) [146].

In a backreaction model, there is no simple argument for obtaining the position of
the CMB peaks. Both positively and negatively curved regions are present, and there
may be more cancellation in the effect on the passage of light than would be expected
based on a FRW model with the equivalent amount of spatial curvature. One has to redo
the CMB analysis, considering the passage of light in a universe with realistic structures,
as discussed in section 2.1. It might even be that the change in the passage of light
together with the increase in Ht could explain the observations without acceleration, as
discussed in [47].

In any case, the contribution of spatial curvature is regionally not negligible in the
real universe. (The following discussion neglects effects due to breakdown of the dust
approximation.) For example, consider an overdense dust structure. For a shell that is
turning around from expansion to collapse, the left-hand side of (3) is zero. Neglecting
vorticity (in the spherically symmetric case, it would be zero), the spatial curvature
must be positive, and equal to the sum of the contributions of the energy density and
shear, ® R = 167Gxp + 202. For a stabilised structure, we have § = = 0, so solving
from (2) and (3) we obtain ® R = 127Gxp and w? = 27Gyp + 0. Just as vorticity is
needed to balance against the energy density and shear to have zero acceleration, zero
expansion requires the spatial hypersurfaces to be positively curved. The energy density
of stabilised structures can be much larger than the average energy density, so the same is
true of their spatial curvature. (The growth in the relative spatial curvature is balanced
by the fact that the volume occupied by stabilised regions shrinks by the same factor
that their energy density increases, so the contribution to the average Hubble rate (8)
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remains constant.)

Inside voids, the energy density is much smaller than the background value, while
the expansion rate is larger, so the contribution of the spatial curvature is again larger
than that of energy density. For example, consider a void on an Einstein-de Sitter
background. Neglecting shear and vorticity, we have |®) R 4| > 167Gx|0|(p), where
J is the real (not linear) density contrast of the void (typically 6 ~ —0.9 for observed
voids [139]).

In principle, observations of structures correlated with the CMB at different
redshifts could lead to useful constraints on the evolution of the spatial curvature with
redshift, as with the ISW effect [20], once the effect of non-linear structures on the
passage of light is properly understood.

Variance. A variance |Q2g| 2 0.2 is required to explain the observed acceleration [29].
The directional variation of the expansion rate was studied in [147] using SNe Ia
(following the treatment of [125] rather than [126]). Typical variation was found at
the 10-20% level, the maximum difference in the expansion rates being over 50%. Of
course, angular variation is different from volume variance, and the systematics of SNe
[a are perhaps not completely understood, as discussed in section 1. For directional
analysis of SNe Ia, see also [148, 149].

In [150], the directional variation of the expansion rate inferred from SNe Ia in [125]
was interpreted as evidence for backreaction. However, the estimate of the variance
in [150] is unreliable (even apart from the applicability of linear perturbation theory).
The magnitude of the the relevant term B = (9;(0;0V?p)) — (9;(0;98;0;)) — 2(V?¢)?
was estimated by replacing spatial derivatives with the inverse of the averaging scale,
and replacing the two powers of ¢ by the primordial amplitude of the power spectrum.
However, spatial gradients are determined by the scale over which the perturbations
vary significantly (as determined by the power spectrum and the transfer function), not
by the averaging scale. For example, (0%) o (V2pV?p) is divergent for a scale-invariant
spectrum (with no free-streaming cut-off), regardless of how large the averaging scale
is, because there are perturbations on arbitrarily small scales. Conversely, with a free-
streaming cut-off, the quantity is finite no matter how small the averaging scale is.

Note that the variance in the expansion rate evaluated from Newtonian simulations
[151] is large enough to provide acceleration, were it not balanced by shear, as noted
in [29]. As we discuss in section 5.2 below, such a cancellation is not in present in general
relativity. If the variance in simulations were negligible, it would be less plausible that
it is large in the real relativistic case. However, the Newtonian variance is large, so in
order to have acceleration, the shear simply has to be smaller than in the Newtonian
case.

It is sometimes argued that the dust shear would be of the order ¢ < 10719H?
from the isotropy of the CMB [152] (see also [153]). Any real non-linear dust structure
violates this bound, so it is clear that the bound does not apply to the real universe.
(The calculation also gives a limit of [Vp/p| < 107°H for the spatial scale of density
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variation, which is even more obviously violated.) However, if the shear really was
negligible, then this would indicate that backreaction is important, as observations and
simulations suggest a significant variance of the expansion rate [29].

Coldness of the Hubble flow. We have noted that there is no evidence for a
matter component with negative pressure apart from the cosmological observations of
accelerated expansion. In contrast to this, it has been claimed that the influence of
vacuum energy can be seen in the local dynamics within the local 10 Mpc or so from
the ’coldness’ of the local Hubble flow.

The coldness refers to two distinct phenomena™. First, the velocity dispersion in the
local volume has been claimed to be anomalously low. Some authors find the dispersion
within the nearest few Mpc to be ~ 40 km/s [154], while others find a value of 88 km/s
+ 20 km/s [155], or over 100 km/s [156]. The second aspect is that the expansion rate
measured within the nearest 10 Mpc is said to agree quite well with the global Hubble
rate. Given that the matter distribution is locally quite clumpy, and does not become
homogeneous until around 100 h~*Mpc, this seems somewhat surprising. It has been
suggested that both observations are explained by vacuum energy. It can 'cool’ the local
expansion rate, and if vacuum energy dominates also the global dynamics, it is natural
that the local and global expansion rates agree.

The velocity dispersion argument was presented as evidence against a high density
matter-dominated FRW model before the SN Ia observations supported accelerating
expansion [157]. It has been argued that the observed low value of the velocity dispersion
could be due to the known peculiarity of the local structures instead [158], or even that
such a small dispersion is typical [159]. However, it seems that the typical velocity
dispersion in simulations of the EdS model is indeed considerably higher, 300-700
km/s [160], while ACDM simulations can reproduce the small velocity dispersion [161].
In simulations constrained to reproduce the large scale structure of the local universe,
the velocity dispersion around regions similar to the Local Group of galaxies has been
found to be as cold in the open CDM model as in the ACDM model, given the same
matter density [162]. This still leaves the question of how common such regions are.
However, the lower range of the values 150-300 km /s found in unconstrained simulations
of the open CDM model [160] is not very dissonant with an observational value of over
100 km/s. It does not seem unreasonable that the effect of spatial curvature would be
even stronger in a clumpy model, where the density parameter of spatial curvature can
be larger.

Unlike for the velocity dispersion, the probability of being located in a region where
the local expansion rate agrees with the global value has not been studied quantitatively.
At any rate, as long as the measurement of the global and local Hubble parameters is
uncertain, it seems difficult to draw strong conclusions. The notably different values
h = 0.62 and h = 0.72 have both been used as evidence for the vacuum energy origin of

T The linearity of the nearby mean flow with distance is sometimes mentioned as a third aspect.
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the local expansion rate [126,163, 164].

It has also been argued that the influence of vacuum energy has been directly
measured in the motions of nearby galaxies [163,164]. The idea is that for a spherically
symmetric system with a large central mass, the repulsive gravity of vacuum energy
dominates beyond a certain radius, estimated as 1-2 Mpc for the Local Group. However,
the assumption of a spherically symmetric field generated by a point mass used in
the analysis does not hold very well, and the observations are also consistent with
domination by negative curvature [162].

5.2. Non-Newtonian effects

Spatial curvature and Newtonian gravity. It is not clear how much the overdense regions
slow down the expansion rate, but from the model we have discussed, it seems difficult
to avoid the conclusion that underdense regions cause Ht to increase significantly. The
physical interpretation seems straightforward: the fraction of space in faster expanding
regions grows. However, there is a subtlety involved. The evolution we took for the
individual regions is purely Newtonian, and the peak statistics do not involve general
relativity. Had we formulated the problem in Newtonian gravity instead of general
relativity, the answer would have been the same. However, in Newtonian gravity, the
backreaction variable Q is a boundary term [76], so backreaction vanishes for periodic
boundary conditions. (In particular, this is true for Newtonian simulations.)

While the universe presumably does not have periodic boundary conditions at the
visual horizon, the result implies that backreaction in Newtonian gravity also vanishes
for a statistically homogeneous and isotropic system. This can be seen in two ways.
First, consider a volume which has periodic boundary conditions on a scale much larger
than the homogeneity scale. By statistical homogeneity and isotropy, the value of Q
evaluated within each homogeneity scale sized box in the volume is the same as the
overall value, which is zero due to the boundary conditions. Because the local physics
is independent of the boundary conditions on very large scales, this result should hold
even if the boundary conditions are not periodic*. A perhaps more physical argument,
explained in [128], is that a boundary term can be viewed as a flux going from one
region to another, and in a statistically homogeneous and isotropic region, there should
be an equal flux in and out.

In Newtonian gravity, the average evolution of a statistically homogeneous and
isotropic dust space does always follow the FRW equations (i.e. the Buchert equations
with @ = 0). However, this is not true in general relativity. The Newtonian theory
constraint that variance and shear in Q in (10) cancel up to a boundary term is not
present in general relativity [77]. Viewed equivalently in terms of the spatial curvature
via the integrability condition (11), this difference is a reflection of the absence of spatial
curvature in Newtonian gravity.

In Newtonian space and time, the geometry of the spatial hypersurfaces is fixed,

* T am grateful to Christof Wetterich for this argument.
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so the spatial curvature tensor and its trace, the spatial curvature scalar ¥R, do not
exist [99]. Therefore the Newtonian equations of motion do not include an equation
for the expansion rate such as the Hamiltonian constraint (3) independent of the
Raychaudhuri equation. The analogue of the relativistic Hubble equation (3) emerges
only as the first integral of the Raychaudhuri equation.

In Newtonian gravity, the backreaction variable Q is given by a boundary term
which is in general non-zero. However, for an isolated system or one that is statistically
homogeneous and isotropic, we have Q@ = 0. Then the the first integral of the Newtonian
equivalent of the average Raychaudhuri equation (7) gives an equation like the average
Hamiltonian constraint (8), but with a term proportional to a~? in place of (¥ R), as
(14) shows. The a2 term multiplied by a? can be interpreted as the conserved energy
of the Newtonian system.

There is no such conserved quantity in the relativistic case. The average spatial
curvature can evolve non-trivially, unlike the total energy of an isolated Newtonian
system. The average spatial curvature is constrained by the integrability condition
(11) for the average Hamiltonian constraint and the average Raychaudhuri equation,
instead of being proportional to a=2. (In the FRW case, the relativistic spatial curvature
term and the Newtonian energy term are mathematically identical, only the physical
interpretation is different.)

In our model, the evolution of overdense and underdense regions is uncorrelated. We
do not have a Newtonian constraint on their behaviour, and the overall average spatial
curvature can evolve non-trivially, as in the general relativistic case. A Newtonian
calculation for a statistically homogeneous and isotropic system would have to include
the global constraint that the underdense and overdense regions add up in such a manner
that the energy term (corresponding to the spatial curvature) is proportional to a=2.
(In a consistent treatment with a continuous distribution of matter, instead of isolated
regions, this would follow automatically.)

There is a similar situation in the case of spherical symmetry. As noted in
section 4.1, the backreaction variable Q vanishes for spherical symmetry in Newtonian
gravity [26,78], resulting in the spherical collapse/expansion model. In general relativity,
spherical symmetry does not imply perfect cancellation between variance and shear,
and the average expansion of a spherically symmetric dust solution can even accelerate
(30,113, 114].

The Newtonian limit of general relativity. In order for backreaction to be able to
account for the observed acceleration, non-Newtonian aspects of gravity should be
important already at the homogeneity scale of around 100 A~ 'Mpc. It is sometimes
argued that general relativistic effects in the present-day universe can only be important
on super-Hubble scales or near neutron stars and black holes. However, this conclusion is
based on linearly perturbed FRW or Minkowski universes or the Schwarzschild solution,
and the general situation is not that simple. (The subtleties of the Newtonian limit of
near-FRW cosmological models have been discussed in [165,166]; see also [167] regarding
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the magnetic part of the Weyl tensor.)

The Einstein equation has ten components, with four constraints, whereas in
Newtonian gravity there is only one equation, the Poisson equation. There are two
aspects to the additional equations. Some of them correspond to degrees of freedom
which do not exist in Newtonian gravity (such as gravity waves and spatial curvature),
while others provide new constraints on the existing degrees of freedom. The low-
velocity, weak-field limit of general relativity is not Newtonian gravity, but Newtonian
gravity with extra degrees of freedom and additional constraints.

General relativity reduces to Newtonian gravity in the limit of infinite speed of
light. However, this limit is not smooth. Taking the speed of light to infinity removes
some equations completely and makes Newtonian gravity qualitatively different from
general relativity, where the speed of light is finite. Relativistic effects do not require
velocities near the speed of light, only a finite speed of light.

For example, there exist solutions of Newtonian gravity which are not the limit
of any general relativity solution, due to additional constraints in the relativistic case.
There are Newtonian expanding dust solutions which have zero shear but non-zero
vorticity. However, in general relativity, non-zero vorticity implies non-zero shear for
expanding dust [99,106]. This does not require large velocities or strong gravitational
fields; see [168] for a clear comparison of the general relativistic and Newtonian cases.

In the case of backreaction, it is the presence of new degrees of freedom, namely
spatial curvature, rather than extra constraints which is important. In perturbation
theory around FRW universes, the leading terms in the backreaction variable Q are
Newtonian, so they are total derivatives and do not contribute in a statistically
homogeneous and isotropic system [25,81,128]. The non-Newtonian terms do not appear
earlier than fourth order in perturbation theory. Their numerical coefficients have not
been evaluated (it may be possible to do so using third order perturbation theory, instead
of having to calculate to fourth order [169]), but their form is known, and velocities near
the speed of light are not required for them to be important.

Stmulations and backreaction. If non-Newtonian aspects are important already at the
homogeneity scale, one would expect them to show up also in quantities other than
the expansion rate. We can ask whether there is any room for such effects, given the
comparison of simulations of structure formation (which are completely Newtonian)
with observations. In fact, while simulations reproduce many features of observations,
there are some notable differences.

In [170] it was found that the homogeneity scale evaluated from simulations was
only of the order 10 Ah~'Mpc, an order of magnitude smaller than the observed 70-100
h~'Mpc [89,90]. (The box size of the simulations studied in [170] was 141 h~'Mpc,
so the correct homogeneity scale could not have been reliably recovered. However, the
homogeneity scale that was found is much smaller than the box size, so it is not likely
to be a finite size artifact.)

According to [171], the number of largest structures in the Millennium Simulation
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is underproduced compared to observations, by a factor of 10 for the most luminous
superclusters. As for large underdense structures, the voids produced in simulations are
not as empty as those observed. This ‘void phenomenon’ has even been called a crisis
of the ACDM model [172]. (It has recently been argued that simulations coupled with
semianalytical galaxy formation in fact agree with the void observations [173].)

These discrepancies may have resolutions which have nothing to do with non-
Newtonian physics or backreaction. The statistics for the largest structures are probing
the tail of the distribution, which may be affected by non-linear corrections to the
evolution of the power spectrum [97] or transients from initial conditions [174]. The
magnitude of such effects has been found at the 10-30% level, and the discrepancy is an
order of magnitude, but one should not be confident that there are no unaccounted for
effects in simulations, for example related to discretisation [95]. The apparent emptiness
of voids, in turn, might be due to bias or subtleties in galaxy formation and the definition
of voids, rather than spatial curvature [175,176].

Nevertheless, the point is that we do not have confirmation that Newtonian gravity
works well near the homogeneity scale, since the Newtonian results differ in some
important respects from the observations.

5.3. Conclusion

Summary. We have studied the effect of structure formation on the expansion rate
in a statistically homogeneous and isotropic space. We first reviewed studies of the
propagation of light in a space with non-linear structures, and discussed some qualitative
issues related to the average expansion rate. We then calculated the average expansion
rate in a model where the number density of structures is given by the peak model of
structure formation with cold dark matter, and the individual structures are described
with the spherical collapse model and its underdense equivalent. In the calculation, there
are no adjustable free parameters in addition to those related to structure formation in
a spatially flat matter-dominated FRW universe.

We find that the expansion rate increases relative to the FRW value at a time of
tens of billions years, about the observed acceleration era, possibly offering a solution
to the coincidence problem. The timescale has its origin in the change of slope of the
CDM transfer function around the matter-radiation equality scale key. This leads to a
preferred time around 10°t., ~ 10'° years, when the volume occupied by structures and
their size relative to the visual horizon saturate, and the impact of structures on the
expansion rate becomes large.

However, while Ht increases in the model, it does not rise sufficiently rapidly to
correspond to acceleration. The expansion rate increases because the relative volume
of the faster expanding regions rises, as quantified by the Buchert equations. In order
to have acceleration, it is likely that the average expansion rate would first have to be
damped by slower expanding overdense regions before it is increased by shedding their
contribution when voids become dominant. In the present model, this does not happen,
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because the volume occupied by the overdense regions is rather small. This is partly due
to the fact that we have equal amounts of mass in overdense and underdense regions.
Taking into account mass flow to the overdense regions would increase their impact.

Improving the treatment of the statistics of the peaks and the model used for
individual structures would lead to a more realistic estimate of the expansion rate. The
propagation of light in a universe with realistic, evolving structures also has to be further
studied to see how the average expansion rate is related to observations.

If a realistic backreaction model does turn out to provide acceleration in agreement
with the observations, one could say that it unifies three historically popular FRW
models. There is only matter present and the initial value of the spatial curvature at
the background level is zero as in the standard CDM model, the universe has negative
curvature as in the open CDM model, and the expansion accelerates as in the ACDM
model. Acceleration due to structure formation would probably be a transient phase on
the way to negative curvature voids dominating the expansion of the universe, though the
behaviour at very late times depends on how the universe is structured on scales which
are currently far beyond the horizon, of which we have no theoretical or observational
understanding.

Acknowledgments

[ thank Thomas Buchert and Ruth Durrer for discussions and comments on the
manuscript, Henk van Elst, Troels Haugbhglle, Julien Lesgourgues, David Mota, Misao
Sasaki, Douglas Shaw, Martin Sloth and Christof Wetterich for helpful discussions and
correspondence, and the Department of Physics and Astronomy at the University of
Arhus for hospitality. This work was partly done at the CERN Theory Unit.

References

[1] Reynaud S and Jaeckel M-T, Tests of general relativity in the solar system [0801.3407 [gr-qc]]
[2] Bekenstein J D, Relativistic gravitation theory for the MOND paradigm, 2004 Phys. Rev. D70
083509 (Erratum 2005 Phys. Rev. D71 069901) [astro-ph/0403694]
Skordis C, Mota D F, Ferreira P G and Boehm C, Large scale structure in Bekenstein’s theory of
relativistic MOND, 2006 Phys. Rev. Lett. 96 011301 [astro-ph/0505519]
[3] Spergel D N et al , Wilkinson Microwave Anisotropy Probe (WMAP) three year results:
Implications for cosmology, 2007 Astrophys. J. Suppl. 170 377 [astro-ph/0603449]
[4] Eisenstein D J et al , Detection of the Baryon Acoustic Peak in the Large-Scale Correlation
Function of SDSS Luminous Red Galazies, 2005 Astrophys. J. 633 560 [astro-ph/0501171]
Cole S et al (The 2dFGRS Team), The 2dF Galaxy Redshift Survey: Power-spectrum analysis
of the final dataset and cosmological implications, 2005 Mon. Not. Roy. Astron. Soc. 362 505
[astro-ph/0501174]
[5] Riess A G et al [Supernova Search Team Collaboration|, Type Ia Supernova Discoveries at z > 1
From the Hubble Space Telescope: FEvidence for Past Deceleration and Constraints on Dark
Energy Evolution, 2004 Astrophys. J. 607 665 [astro-ph/0402512]



FEvaluating backreaction with the peak model of structure formation 37

e

Astier P et al [The SNLS Collaboration|, The Supernova Legacy Survey: Measurement of Qpr,
Qp and w from the First Year Data Set, 2006 Astron. & Astrophys. 447 31 [astro-ph/0510447]

Wood-Vasey W M et al [ESSENCE Collaboration], Observational Constraints on the Nature
of the Dark Energy: First Cosmological Results from the ESSENCE Supernova Survey, 2007
Astrophys. J. 666 694 [astro-ph/0701041]

Hogg D W, Distance measures in cosmology [astro-ph/9905116]

Cattoén C and Visser M, Cosmography: Extracting the Hubble series from the supernova data
[gr-qc/0703122]

Cattoén C and Visser M, The Hubble series: Convergence properties and redshift variables, 2007
Class. Quant. Grav. 24 5985 [0710.1887 [gr-qc]]

Efstathiou G and Bond J R, Cosmic Confusion: Degeneracies among Cosmological Parameters
Derived from Measurements of Microwave Background Anisotropies, 1999 Mon. Not. Roy.
Astron. Soc. 304 75 [astro-ph/9807103]

Mukhanov V F, CMB-slow, or How to Estimate Cosmological Parameters by Hand, 2004 Int. J.
Theor. Phys. 43 623 [astro-ph/0303072]

Bassett B A, Kunz M, Silk J and Ungarelli C, A late-time transition in the cosmic dark energy?,
2002 Mon. Not. Roy. Astron. Soc. 336 1217 [astro-ph/0203383]

Alam U, Sahni V and Starobinsky A A, Is there Supernova FEvidence for Dark Energy
Metamorphosis?, 2004 Mon. Not. Roy. Astron. Soc. 354 275 [astro-ph/0311364]

Alam U, Sahni V and Starobinsky A A, The case for dynamical dark energy revisited
JCAPO06(2004)008 [astro-ph/0403687)

Jonsson J, Goobar A, Amanullah R and Bergstrom L, No evidence for Dark FEnergy
Metamorphosis? JCAP09(2004)007 [astro-ph/0404468]

Corasaniti P S, Kunz M, Parkinson D, Copeland E J and Bassett B A, The foundations of
observing dark energy dynamics with the Wilkinson Microwave Anisotropy Probe, 2004 Phys.
Rev. D70 083006 [astro-ph/0406608]

Alam U, Sahni V and Starobinsky A A, Rejoinder to No Evidence of Dark Energy Metamorphosis,
[astro-ph/0406672]

Hannestad S and Moértsell E, Cosmological constraints on the dark energy equation of state and
its evolution JCAP09(2004)001 [astro-ph/0407259]

Bassett B A, Corasaniti P S and Kunz M, The essence of quintessence and the cost of compression,
2004 Astrophys. J. 617 L1 [astro-ph/0407364]

Stephan-Otto C, Optimized supernova constraints on dark energy evolution, 2006 Phys. Rev. D74
023507 [astro-ph/0605403]

Shapiro C and Turner M S, What Do We Really Know About Cosmic Acceleration?, 2006
Astrophys. J. 649 563 [astro-ph/0512586]

Gong Y and Wang A, Observational constraints on the acceleration of the Universe, 2006 Phys.
Rev. D73 083506 [astro-ph/0601453]

Elgargy 0 and Multaméki T, Bayesian analysis of Friedmannless cosmologies, JCAP09(2006)002
[astro-ph/0603053]

Linder E V, The Mirage of w = —1 [0708.0024 [astro-ph]]

Zunckel C and Trotta R, Reconstructing the history of dark energy using mazimum entropy, 2007
Mon. Not. Roy. Astron. Soc. 380 865 [astro-ph/0702695]

Podsiadlowski P, Mazzali P A, Lesaffre P, Wolf C and Forster F, Cosmological Implications of the
Second Parameter of Type Ia Supernovae [astro-ph/0608324]

Conley A et al , Is there Fuvidence for a Hubble bubble? The Nature of SN Ia Colors and Dust in
External Galaxies, 2007 Astrophys. J. 664 L13 [0705.0367 [astro-ph]]

Seikel M and Schwarz D J, How strong is the evidence for accelerated expansion? [0711.3180
[astro-ph]]

Vishwakarma R G, Recent supernovae Ia observations tend to rule out all the cosmologies! 2007
Int. J. Mod. Phys. D16 1641 [astro-ph/0511628]



FEvaluating backreaction with the peak model of structure formation 38

[20]

[21]

22]

Ho S, Hirata C M, Padmanabhan N, Seljak U and Bahcall N, Correlation of CMB with large-scale
structure: I. ISW Tomography and Cosmological Implications [0801.0642 [astro-ph]]

Di Porto C and Amendola L, Observational constraints on the linear fluctuation growth rate
[0707.2686 [astro-ph]]

Nesseris S and Perivolaropoulos L, Testing LCDM with the Growth Function §(a): Current
Constraints [0710.1092 [astro-ph]]

Vauclair S C et al , The XMM-NEWTON Omega Project: II. Cosmological implications from
the high redshift L-T relation of X-ray clusters, 2003 Astron. & Astrophys. 412 L37 [astro-
ph/0311381]

Blanchard A, Cosmological Interpretation from High Redshift Clusters Observed Within the XMM-
Newton §2-Project [astro-ph/0502220)

Sadat R et al , X MM — Newton Q project: III. Gas mass fraction shape in high redshift clusters,
2005 Astron. & Astrophys. 437 31 [astro-ph/0503426]

Ferramacho L and Blanchard A, Gas mass fraction from XMM-Newton and Chandra high
redshift clusters and its use as a cosmological test, 2007 Astron. & Astrophys. 463 423 [astro-
ph/0609822]

Schwarz D J, Accelerated expansion without dark energy [astro-ph/0209584]

Balakin A B, Pavon D, Schwarz D J and Zimdahl W, Curvature force and dark energy, 2003 New
J. Phys. 5 085 [astro-ph/0302150]

Résénen S, Dark energy from backreaction, 2004 JCAP02(2004)003 [astro-ph/0311257]

Résénen S, Backreaction of linear perturbations and dark energy [astro-ph/0407317)

Buchert T, On average properties of inhomogeneous cosmologies, 2000 Proc. 9th JGRG conference
306 Hiroshima 1999, ed Eriguchi Y et al [gr-qc/0001056]

Tatekawa T, Suda M, Maeda K-i and Kubotani H, Inhomogeneities in Newtonian Cosmology and
its Backreaction to the Fvolution of the Universe [astro-ph/0109501]

Réséanen S, Cosmological acceleration from structure formation, 2006 Int. J. Mod. Phys. D15
2141 [astro-ph/0605632]

Résénen S, Accelerated expansion from structure formation, 2006 JCAP11(2006)003 [astro-
ph/0607626]

Kai T, Kozaki H, Nakao K-i, Nambu Y and Yoo C M, Can inhomogeneities accelerate the cosmic
volume expansion?, 2007 Prog. Theor. Phys. 117 229 [gr-qc/0605120]

Enqgvist K and Mattsson T, The effect of inhomogeneous expansion on the supernova observations,
2007 JCAP02(2007)019 [astro-ph/0609120]

Zeldovich Y B, Observations in a universe homogeneous in the mean, 1964 Soviet Astronomy -
AJ 8 13

Dashevskii V- M and Zeldovich Y B, The propagation of light in a nonhomogeneous nonflat
universe. 11., 1965 Soviet Astronomy - AJ 8 854

Dashevskii V M and Slysh V I, On the propagation of light in a nonhomogeneous universe, 1966
Soviet Astronomy - AJ9 671

Bertotti B, The luminosity of distant galaxies, 1966 Proc. R. Soc. Lond., A 294 195

Gunn J E; On the Propagation of Light in Inhomogeneous Cosmologies. 1. Mean Effects, 1967
Astrophys. J. 150 737

Sasaki M, The Magnitude - Redshift relation in a perturbed Friedmann universe, 1987 Mon. Not.
Roy. Astron. Soc. 228 653

Futamase T and Sasaki M, Light Propagation And The Distance Redshift Relation In A Realistic
Inhomogeneous Universe, 1989 Phys. Rev. D40 2502

Kasai M, Futamase T and Takahara F, Angular diameter distance in a clumpy universe, 1990
Phys. Lett. A147 97

Claudel CM, Cumulative gravitational lensing in Newtonian perturbations of Friedman-Robertson-
Walker cosmologies, 2000 Proc. Roy. Soc. Lond. A456 1455 [gr-qc/0005097]

Barausse E, Matarrese S and Riotto A, The Effect of Inhomogeneities on the Luminosity Distance-



FEvaluating backreaction with the peak model of structure formation 39

Redshift Relation: is Dark Energy Necessary in a Perturbed Universe?, 2005 Phys. Rev. D71
063537 [astro-ph/0501152]

[41] Bonvin C, Durrer R and Gasparini M A, Fluctuations of the luminosity distance, 2006 Phys. Rev.
D73 023523 [astro-ph/0511183]

Bonvin C, Durrer R and Kunz M, The dipole of the luminosity distance: a direct measure of H(z),
2006 Phys. Rev. Lett. 96 191302 [astro-ph/0603240]

[42] Vanderveld R A, Flanagan E E and Wasserman I, Systematic corrections to the measured
cosmological constant as a result of local inhomogeneity, 2007 Phys. Rev. D76 083504 [0706.1931
[astro-ph]]

[43] Kantowski R, Corrections in the Luminosity-Redshift Relations of the Homogeneous Friedmann
Models, 1969 Astrophys. J. 155 89

[44] Dyer C C and Roeder R C, Distance-Redshift Relations for Universes with No Intergalactic
Medium, 1972 Astrophys. J. 174 1115

Dyer C C and Roeder R C, Distance-Redshift Relations for Universes with Some Intergalactic
Medium, 1973 Astrophys. J. 180 L31

Dyer C C and Roeder R C, Observations in Locally Inhomogeneous Cosmological Models, 1974
Astrophys. J. 189 167

Roeder R C, Apparent magnitudes, redshifts, and inhomogeneities in the universe, 1975 Astrophys.
J. 196 671

[45] Linder E V, Light propagation in generalized Friedmann universes, 1988 Astron. €& Astrophys.

206 190

Linder E V, Isotropy of the microwave background by gravitational lensing, 1988 Astron. €
Astrophys. 206 199

Linder E V, Transition from Clumpy to Smooth Angular Diameter Distances, 1998 Astrophys. J.
497 28 [astro-ph/9707349]

[46] Kantowski R, Vaughan T and Branch D, The Effects of Inhomogeneities on Fuvaluating the
Deceleration Parameter qq, 1995 Astrophys. J. 447 35 [astro-ph/9511108]

Kantowski R, The Effects of Inhomogeneities on Evaluating the mass parameter €, and the
cosmological constant A, 1998 Astrophys. J. 507 483 [astro-ph/9802208]

Holz D E, Lensing and high-z supernova surveys, 1998 Astrophys. J. 506 L1 [astro-ph/9806124]

Kantowski R and Thomas R C, Distance-Redshift in Inhomogeneous g = 1 Friedmann-Lemaitre-
Robertson-Walker Cosmology, 2001 Astrophys. J. 561 491 [astro-ph/0011176]

Demianski M, de Ritis R, Marino A A and Piedipalumbo E, Approximate angular diameter
distance in a locally inhomogeneous universe with nonzero cosmological constant, 2003 Astron.
& Astrophys. 411 33 [astro-ph/0310830]

Kantowski R, The Lamé Equation for Distance-Redshift in Partially Filled Beam Friedmann-
Lemaitre-Robertson- Walker Cosmology, 2003 Phys. Rev. D68 123516 [astro-ph/0308419]

Holz D E and Linder E'V, Safety in numbers: Gravitational Lensing Degradation of the Luminosity
Distance-Redshift Relation, 2005 Astrophys. J. 631 678 [astro-ph/0412173]

Biswas T and Notari A, Swiss-Cheese Inhomogeneous Cosmology and the Dark Energy Problem
[astro-ph/0702555]

Santos R C, Cunha J V and Lima J A’ S, Constraining the dark energy and smoothness-parameter
with supernovae [0709.3679 [astro-ph]]

[47] Mattsson T, Dark energy as a mirage [0711.4264 [astro-ph]]

[48] Weinberg S, Apparent Luminosities In A Locally Inhomogeneous Universe, 1976 Astrophys. J.
208 L1

[49] Ellis G F R, Bassett B A and Dunsby P K S, Lensing and caustic effects on cosmological distances,
1998 Class. Quant. Grav. 15 2345 [gr-qc/9801092)

[50] Mustapha N, Bassett B A, Hellaby C and Ellis G F R, Shrinking II — The Distortion of the Area
Distance-Redshift Relation in Inhomogeneous Isotropic Universes, 1998 Class. Quant. Grav. 15
2363 [gr-qc/9708043]



FEvaluating backreaction with the peak model of structure formation 40

[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]

[59]

[60]

[61]

Ellis G F R and Solomons D M, Caustics of compensated spherical lens models, 1998 Class.
Quant. Grav. 15 2381 [gr-qc/9802005]

Linder E V, Aweraging Inhomogeneous Universes: Volume, Angle, Line of Sight [astro-
ph/9801122]
Lieu R and Mittaz J P D, Are the WMAP angular magnification measurements consistent with
an inhomogeneous critical density Universe?, 2005 Astrophys. J. 623 L1 [astro-ph/0409048]
Kibble T W B and Lieu R, Awverage magnification effect of clumping of matter, 2005 Astrophys.
J. 632 718 [astro-ph/0412275]

Lieu R and Mittaz J P D, On the absence of gravitational lensing of the cosmic microwave
background, 2005 Astrophys. J. 628 583 [astro-ph/0412276]

Watanabe K and Tomita K, Cosmological observations in an inhomogeneous universe: distance
redshift relation, 1990 Astrophys. J. 355 1

Holz D E and Wald R M, A New method for determining cumulative gravitational lensing effects
in inhomogeneous universes, 1998 Phys. Rev. D58 063501 [astro-ph/9708036]

Sugiura N, Nakao K-i, Ida D, Sakai N and Ishihara H, How do monlinear voids affect light
propagation?, 2000 Prog. Theor. Phys. 103 73 [astro-ph/9912414]

Brouzakis N, Tetradis N and Tzavara E, The Effect of Large-Scale Inhomogeneities on the
Luminosity Distance JCAP02(2007)013 [astro-ph/0612179]

Brouzakis N, Tetradis N and Tzavara E, Light Propagation and Large-Scale Inhomogeneities
[astro-ph/0703586]

Marra V, Kolb E W, Matarrese S and Riotto A, On cosmological observables in a swiss-cheese
universe, 2007 Phys. Rev. D76 123004 [0708.3622 [astro-ph]]

Ellis G F R, Nel S D, Maartens R, Stoeger W R and Whitman A P, Ideal observational cosmology,
1985 Phys. Rept. 124 315

Stoeger W R, Ellis G F R and Nel S D, Observational cosmology. III. Exact spherically symmetric
dust solutions, 1992 Class. Quant. Grav. 9 509

Stoeger W R, Stanley S J, Nel D and Ellis G F R, Observational cosmology. IV. Perturbed
spherically symmetric dust solutions, 1992 Class. Quant. Grav. 9 1711

Stoeger W R, Stanley S J, Nel D and Ellis G F R, Observational cosmology. V. Solution of the
first-order general perturbation equations, 1992 Class. Quant. Grav. 9 1725

Stoeger W R, Ellis G F R and Xu C, Observational cosmology. VI. The microwave background
and the Sachs- Wolfe effect, 1994 Phys. Rev. D49 1845

Maartens R and Matravers D R, Isotropic and semi-isotropic observations in cosmology, 1994
Class. Quant. Grav. 11 2693

Maartens R, Humphreys N P, Matravers D R and Stoeger W R, Inhomogeneous universes in
observational coordinates, 1996 Class. Quant. Grav. 13 253 (Erratum 1996 Class. Quant.
Grav. 13 1689) [gr-qc/9511045]

Ellis G F R and Buchert T, The universe seen at different scales, 2005 Phys. Lett. A347 38
[gr-qc/0506106]

Ellis G F R, 83 years of general relativity and cosmology: progress and problems, 1999 Class.
Quant. Grav. 16 A37

Dyer C C and Roeder R C, On the Transition from Weyl to Ricci Focusing, 1981 Gen. Rel. Grav.
13 1157

Lemaitre A G, The Ezpanding Universe, 1933 Ann. Soc. Sci Bruzelles A53 51 (in French)
Reprinted in 1997 Gen. Rel. Grav. 29 641

Tolman R C, Effect of Inhomogeneity on Cosmological Models, 1934 Proc. Nat. Acad. Sci. USA
20 169 Reprinted in 1997 Gen. Rel. Grav. 29 935

Bondi H, Spherically symmetrical models in general relativity, 1947 Mon. Not. Roy. Astron. Soc.
107 410

Krasinski A, Inhomogeneous Cosmological Models, 1997 Cambridge University Press, Cambridge

Enqvist K, Lemaitre-Tolman-Bondi model and accelerating expansion, 2008 Gen. Rel. Grav. 40



Evaluating backreaction with the peak model of structure formation 41

451 [0709.2044] [astro-ph]

Rasanen S, Comment on “Nontrivial Geometries: Bounds on the Curvature of the Universe”
[0705.2992 [astro-ph]]

Paranjape A and Singh T P, Ezplicit Cosmological Coarse Graining via Spatial Averaging [astro-
ph/0609481]

Gunn J E and Gott J R I, On the infall of matter into cluster of galazies and some effects on
their evolution, 1972 Astrophys. J. 176 1

Padmanabhan T, Structure formation in the universe, 1993 Cambridge University Press,
Cambridge p 273

Liddle A R and Lyth D H, Cosmological Inflation and Large-Scale Structure, 2000 Cambridge
University Press, Cambridge p 277

Sheth R K and van de Weygaert R, A hierarchy of voids: Much ado about nothing, 2004 Mon.
Not. Roy. Astron. Soc. 350 517 [astro-ph/0311260)]

van de Weygaert R, Sheth R and Platen E, A Hierarchy of Voids [astro-ph/0404397]

Clarkson C, Bassett B A and Lu T C, A general test of the Copernican Principle [0712.3457
[astro-ph]]

Ellis G F R, Relativistic cosmology: its nature, aims and problems, 1984 The invited papers of
the 10th international conference on general relativity and gravitation p 215

Ellis G F R and Stoeger W, The ’fitting problem’ in cosmology, 1987 Class. Quant. Grav. 4 1697

Buchert T and Ehlers J, Aweraging inhomogeneous Newtonian cosmologies, 1997 Astron. €
Astrophys. 320 1 [astro-ph/9510056]

Buchert T, On average properties of inhomogeneous fluids in general relativity I: dust cosmologies,
2000 Gen. Rel. Grav. 32 105 [gr-qc/9906015]

Sicka C, Buchert T and Kerscher M, Backreaction in cosmological models [astro-ph/9907137]

Buchert T, Kerscher M and Sicka C, Backreaction of inhomogeneities on the expansion: the
evolution of cosmological parameters, 2000 Phys. Rev. D62 043525 [astro-ph/9912347]

Buchert T and Carfora M, Matter seen at many scales and the geometry of averaging in relativistic
cosmology, 2002 General Relativity, Cosmology, and Gravitational Lensing, Napoli Series on
Physics and Astrophysics, ed Marmo G et al Naples, Bibliopolis p 29 [gr-qc/0101070]

Buchert T and Carfora M, Regional averaging and scaling in relativistic cosmology, 2002 Class.
Quant. Grav. 19 6109 [gr-qc/0210037]

Buchert T and Carfora M, Cosmological parameters are dressed, 2003 Phys. Rev. Lett. 90 031101
[gr-qc/0210045]

Carfora M and Buchert T, Ricci flow deformation of cosmological initial data sets [0801.0553
[math-ph]]

Buchert T, On average properties of inhomogeneous fluids in general relativity II: perfect fluid
cosmologies, 2001 Gen. Rel. Grav. 33 1381 [gr-qc/0102049]

Kolb E W, Matarrese S, Notari A and Riotto A, The effect of inhomogeneities on the expansion
rate of the universe, 2005 Phys. Rev. D71 023524 [hep-ph/0409038]

Buchert T, Dark Energy from Structure - A Status Report, 2008 Gen. Rel. Grav. 40 467 [0707.2153
lgr-ac]]

Tsamis N C and Woodard R P, Quantum Gravity Slows Inflation, 1996 Nucl. Phys. B474 235
[hep-ph/9602315)

Tsamis N C and Woodard R P, The Quantum Gravitational Back-Reaction on Inflation, 1997
Annals Phys. 2563 1 [hep-ph/9602316]

Abramo L R, Tsamis N C and Woodard R P, Cosmological Density Perturbations From A
Quantum Gravitational Model Of Inflation, 1999 Fortsch. Phys. 47 389 [astro-ph/9803172]
Woodard R P, Effective Field Equations of the Quantum Gravitational Back-Reaction on Inflation

[astro-ph/0111462]
Woodard R P, A leading logarithm approximation for inflationary quantum field theory, 2005
Nucl. Phys. B Proc. Suppl. 148 108 [astro-ph/0502556]



Evaluating backreaction with the peak model of structure formation 42

[84]

[91]

Miao S P and Woodard R P, Leading log solution for inflationary Yukawa, 2006 Phys. Rev. D74
044019 [gr-qc/0602110]

Unruh W, Cosmological long wavelength perturbations [astro-ph/9802323]

Losic B and Unruh W G, Long-wavelength metric backreactions in slow-roll inflation, 2005 Phys.
Rev. D72 123510 [gr-qc/0510078]

Losic B and Unruh W G, On leading order gravitational backreactions in de Sitter spacetime, 2006
Phys. Rev. D74 023511 [gr-qc/0604122]

Brandenberger R H, Back Reaction of Cosmological Perturbations and the Cosmological Constant
Problem [hep-th/0210165]

Geshnizjani G and Brandenberger R, Back Reaction And Local Cosmological Ezpansion Rate,
2002 Phys. Rev. D66 123507 [gr-qc/0204074]

Geshnizjani G and Brandenberger R, Back Reaction Of Perturbations In Two Scalar Field
Inflationary Models JCAP04(2005)006 [hep-th/0310265]

Hofmann S, Schwarz D J and Stoecker H, Formation of small-scale structure in SUSY CDM
[astro-ph/0211325]

Green A M, Hofmann S and Schwarz D J, The power spectrum of SUSY-CDM on sub-galactic
scales, 2004 Mon. Not. Roy. Astron. Soc. 353 1.23 [astro-ph/0309621]

Green A M, Hofmann S and Schwarz D J, The first WIMPy halos, 2005 JCAP08(2005)003
[astro-ph /0503387

Green A M, Hofmann S and Schwarz D J, Small scale WIMP physics, 2006 AIP Conf. Proc. 805
431 [astro-ph/0508553]

Hogg D W et al , Cosmic homogeneily demonstrated with luminous red galazies, 2005 Astrophys.
J. 642 54 [astro-ph/0411197]

Pietronero L and Sylos Labini F, Statistical physics for complex cosmic structures, 2006 AIP
Conf. Proc. 822 294 [astro-ph/0406202]

Joyce M, Sylos Labini F, Gabrielli A, Montuori M and Pietronero L, Basic properties of galaxy
clustering in the light of recent results from the Sloan Digital Sky Survey, 2005 Astron. &
Astrophys. 443 11 [astro-ph/0501583]

Kerscher M, Schmalzing J, Buchert T and Wagner H, Fluctuations in the IRAS 1.2 Jy catalogue,
1998 Astron. € Astrophys. 333 1 [astro-ph/9704028]

Kerscher M, Mecke K, Schmalzing J, Beisbart C, Buchert T and Wagner H, Morphological
fluctuations of large-scale structure: The PSCz survey, 2001 Astron. & Astrophys. 373 1 [astro-
ph/0101238]

Hikage C et al (SDSS collaboration), Minkowski Functionals of SDSS galazies I : Analysis of
Ezcursion Sets, 2003 Publ. Astron. Soc. Jap. 55 911 [astro-ph/0304455]

Kocevski D D, Mullis C R and Ebeling H, The Dipole Anisotropy of the First All-Sky X-ray
Cluster Sample, 2004 Astrophys. J. 608 721 [astro-ph/0403275]

Hudson M J, Smith R J , Lucey J R and Branchini E, Streaming motions of galaxy clusters
within 12000 km/s - V. The peculiar velocity field, 2004 Mon. Not. Roy. Astron. Soc. 352 61
[astro-ph/0404386]

Lucey J, Radburn-Smith D and Hudson M, Beta, Local SNIa data and the Great Attractor [astro-
ph/0412329]

Kocevski D D and Ebeling H, On The Origin of the Local Group’s Peculiar Velocity, 2006
Astrophys. J. 645 1043

Mattsson T and Ronkainen M, Exploiting scale dependence in cosmological averaging [0708.3673
[astro-ph]]

Résanen S, Backreaction in the Lemaitre- Tolman-Bondi model JCAP11(2004)010 [gr-qc/0408097)

Joyce M and Marcos B, Quantification of discreteness effects in cosmological N-body simulations:
L Initial Conditions, 2007 Phys. Rev. D75 063516 [astro-ph/0410451]

Joyce M, Marcos B, Gabrielli A, Baertschiger T and Sylos Labini F, Gravitational evolution of a
perturbed lattice and its fluid limit, 2005 Phys. Rev. Lett. 95 011304 [astro-ph/0504213]



FEvaluating backreaction with the peak model of structure formation 43

Marcos B, Baertschiger T, Joyce M, Gabrielli A and Sylos Labini F, Linear perturbative theory
of the discrete cosmological N-body problem, 2006 Phys. Rev. D73 103507 [astro-ph/0601479]

Baertschiger T, Joyce M, Gabrielli A and Sylos Labini F, Gravitational dynamics of an infinite
shuffled lattice of particles, 2007 Phys. Rev. E75 021113 [cond-mat/0607396]

Baertschiger T, Joyce M, Gabrielli A and Sylos Labini F, Gravitational dynamics of an infinite
shuffled lattice: Particle coarse-graining, nonlinear clustering, and the continuum limit, 2007
Phys. Rev. E76 011116 [cond-mat/0612594]

Joyce M and Marcos B, Quantification of discreteness effects in cosmological N-body simulations:
II. Ewvolution up to shell crossing, 2007 Phys. Rev. D76 103505 [0704.3697 [astro-ph]]

Gabrielli A and Joyce M, Two-point correlation properties of stochastic “cloud processes”
[0711.0270 [cond-mat.stat-mech]]

[96] Padmanabhan T,  Statistical mechanics of gravitating systems in static and cosmological
backgrounds, 2002 in Dynamics and Thermodynamics of Systems with Long Range Interactions,
ed Ruffo S, Arimondo E and Wilkens M [astro-ph/0206131]

Padmanabhan T, A possible approach to understand nonlinear gravitational clustering in
expanding background [astro-ph/0511536]

[97] Crocce M and Scoccimarro R, Nonlinear Evolution of Baryon Acoustic Oscillations [0704.2783
[astro-ph]]

[98] Ehlers J, Contributions to the relativistic mechanics of continuous media, 1961 Abh. Akad. Wiss.
Lit. Mainz. Nat. KI. 11 792 (in German) Reprinted in 1993 Gen. Rel. Grav. 25 1225

[99] Ellis G F R, Relatiistic Cosmology, 1971 General Relativity and Cosmology, ed Sachs R K
Academic Press Inc., London p 104

[100] Ellis G F R and van Elst H, Cosmological models (Cargése lectures 1998), 1999 Theoretical and
Observational Cosmology, ed Marc Lachiéze-Rey Kluwer, Dordrecht p 1 [gr-qc/9812046]

[101] Tsagas C G, Challinor A and Maartens R, Relativistic cosmology and large-scale structure
[0705.4397 [astro-ph]]

[102] Zalaletdinov R M, Awveraging out the Einstein equations, 1992 Gen. Rel. Grav. 24 1015

Mars M and Zalaletdinov R M, Space-time averages in macroscopic gravity and volume-preserving
coordinates, 1997 J. Math. Phys. 38 4741 [dg-ga/9703002]

Zalaletdinov R M,  Aweraging problem in general relativity, macroscopic gravity and using
Einstein’s equations in cosmology, 1997 Bull. Astron. Soc. India 25 401 [gr-qc/9703016]

Zalaletdinov R, Space-time averages of classical physical fields [gr-qc/0411004]

Coley A A, Pelavas N and Zalaletdinov R M, Cosmological solutions in macroscopic gravity, 2005
Phys. Rev. Lett. 95 151102 [gr-qc/0504115]

Zalaletdinov R, The Averaging Problem in Cosmology and Macroscopic Gravity [0801.3256 [gr-qc]]

[103] Paranjape A and Singh T P, The Spatial Averaging Limit of Covariant Macroscopic Gravity -
Scalar Corrections to the Cosmological Equations, 2007 Phys. Rev. D76 044006 [gr-qc/0703106]

Paranjape A, A Covariant Road to Spatial Averaging in Cosmology : Scalar Corrections to the
Cosmological Equations [0705.2380 [gr-qc]]

[104] Raychaudhuri A, Relativistic Cosmology. I, 1955 Phys. Rev. 98 1123

[105] Ellis G F R, Bruni M and Hwang J, Density-gradient-vorticity relation in perfect-fluid Robertson-
Walker perturbations, 1990 Phys. Rev. D42 1035

[106] Ellis G F R, Dynamics of pressure-free matter in general relativity, 1967 J. Math. Phys. 8 1171

[107] Del Popolo A, Ercan E N and Xia Z, FEllipsoidal collapse and previrialization, 2001  Astron. J.
122 487 [astro-ph/0108080]

[108] Buchert T, Lagrangian theory of gravitational instability of Friedman-Lemaitre cosmologies and
the 'Zel’dovich approzimation’; 1992 Mon. Not. Roy. Astron. Soc. 254 729

[109] Buchert T and Dominguez A, Adhesive Gravitational Clustering, 2005 Astron. € Astrophys.
438 443 [astro-ph/0502318]

[110] Buchert T and Carfora M, The Cosmic Quartet - Cosmological Parameters of a Smoothed
Inhomogeneous Spacetime, 2002 Proc. 12th JGRG conference 157 Tokyo, ed Shibata M et



Evaluating backreaction with the peak model of structure formation 44

al [astro-ph/0312621]
[111] Buchert T, Larena J and Alimi J M, Correspondence between kinematical backreaction and scalar
field cosmologies - the ‘morphon field’, 2006 Class. Quant. Grav. 23 6379 [gr-qc/0606020]
Larena J and Buchert T,  Reinterpreting quintessential dark energy through averaged
inhomogeneous cosmologies [astro-ph/0609315]
Larena J, Buchert T and Alimi J M, Reinterpreting dark energy through backreaction: The
minimally coupled morphon field [astro-ph/0612774]

[112] Gruzinov A, Kleban M, Porrati M and Redi M, Gravitational Backreaction of Maiter
Inhomogeneities JCAP0612(2006)001 [astro-ph/0609553]

[113] Chuang C H, Gu J A and Hwang W Y, Inhomogeneity-Induced Cosmic Acceleration in a Dust
Universe [astro-ph/0512651]

[114] Paranjape A and Singh T P, The Possibility of Cosmic Acceleration via Spatial Averaging in
Lemaitre-Tolman-Bondi Models, 2006 Class. Quant. Grav. 23 6955 [astro-ph/0605195]

[115] Bolejko K, Structure formation in quasispherical Szekeres model, 2006 Phys. Rev. D73 123508
[astro-ph/0604490]

Bolejko K, Cosmological applications of the Szekeres model [astro-ph/0607130]
Ishak M, Richardson J, Whittington D and Garred D, Dark Energy or Apparent Acceleration Due
to a Relativistic Cosmological Model More Complex than FLRW? [0708.2943 [astro-ph]]

[116] Bardeen J M, Bond J R, Kaiser N and Szalay A S, The statistics of peaks of Gaussian random
fields, 1986  Astrophys. J. 304 15

[117] Ehlers J and Buchert T, Newtonian cosmology in Lagrangian formulation: Foundations and
perturbation theory, 1997 Gen. Rel. Grav. 29 733 [astro-ph/9609036]

[118] Takada M and Futamase T, How is the local-scale gravitational instability influenced by the
surrounding large-scale structure formation?, 1999 Gen. Rel. Grav. 31 461 [astro-ph/9901079]

[119] Taruya A and Soda J, Spherical infall model in a cosmological background density field, 2000
Mon. Not. Roy. Astron. Soc. 317 873 [astro-ph/9911116)

[120] Bond J R, Cole S, Efstathiou G and Kaiser N, FEzcursion set mass functions for hierarchical
Gaussian fluctuations, 1991 Astrophys. J. 379 440

[121] Bond J R and Myers S T, The Hierarchical peak patch picture of cosmic catalogs. 1. Algorithms,
1996 Astrophys. J. Suppl. 103 1

[122] Weinberg S, Cosmological Fluctuations of Short Wavelength, 2002 Astrophys. J. 581 810 [astro-
ph/0207375]

[123] Boehm C, Fayet P and Schaeffer R, Constraining dark matter candidates from structure
formation, 2001 Phys. Lett. B518 8 [astro-ph/0012504]

Boehm C, Fayet P and Schaeffer R, Constraining the strength of dark matter interactions from
structure formation [astro-ph/0205406]

Boehm C and Schaeffer R, Constraints on dark matter interactions from structure formation:
Damping lengths, 2005 Astron. €& Astrophys. 438 419 [astro-ph/0410591]

[124] Peebles P J E, Probing General Relativity on the Scales of Cosmology [astro-ph/0410284]

[125] Freedman W L et al , Final Results from the Hubble Space Telescope Key Project to Measure the
Hubble Constant, 2001 Astrophys. J. 553 47 [astro-ph/0012376]

[126] Sandage A et al , The Hubble Constant: A Summary of the HST Program for the Luminosity
Calibration of Type Ia Supernovae by Means of Cepheids, 2006 Astrophys. J. 653 843 [astro-
ph/0603647]

[127] van de Weygaert R, Voronoi Tessellations and the Cosmic Web: Spatial Patterns and Clustering
across the Universe [0707.2877 [astro-ph]]

[128] Notari A, Late time failure of Friedmann equation, 2006 Mod. Phys. Lett. A21 2997 [astro-
ph/0503715]

[129] Résédnen S, Backreaction and spatial curvature in dust universes, 2006 Class. Quant. Grav. 23
1823 [astro-ph/0504005]

[130] Engineer S, Kanekar N and Padmanabhan T, Nonlinear density evolution from an improved



FEvaluating backreaction with the peak model of structure formation 45

spherical collapse model, 2000 Mon. Not. Roy. Astron. Soc. 314 279 [astro-ph/9812452]

[131] Shaw D J and Mota D F, An Improved Semi-Analytical Spherical Collapse Model for Non-linear
Density Evolution [0708.0868 [astro-ph]]

[132] Hoffman Y, The dynamics of superclusters - The effect of shear, 1986 Astrophys. J. 308 493

[133] Kerscher M, Buchert T and Futamase T, On the abundance of collapsed objects, 2001 Astrophys.
J. 558 L79 [astro-ph/0007284]

[134] Sato H and Maeda K-i, The Expansion Law of the Void in the Fxpanding Universe, 1983 Prog.
Theor. Phys. 70 119

Maeda K-i and Sato H, FEzpansion of a Thin Shell around a Void in Expanding Universe, 1983
Prog. Theor. Phys. 70 772

Maeda K-i and Sato H, FExpansion of a Thin Shell around a Void in Expanding Universe. II, 1983
Prog. Theor. Phys. 70 1276

Suto Y, Sato K and Sato H, FEzpansion of Voids in a Matter-Dominated Universe, 1984 Prog.
Theor. Phys. 71 938

[135] Bertschinger E, The Self-Similar Evolution Of Holes In An Einstein-De Sitter Universe, 1985
Astrophys. J. Suppl. 58 1

[136] Icke V, Voids and filaments, 1984 Mon. Not. Roy. Astron. Soc. 206 1

[137] Shandarin S F, Sheth J V and Sahni V, Morphology of the supercluster-void network in ACDM
cosmology, 2004 Mon. Not. Roy. Astron. Soc. 353 162 [astro-ph/0312110)]

Shandarin S F, Morphological Statistics of the Cosmic Web [astro-ph/0405303]

Shandarin, Feldman H A, Heitmann K and Habib S, Shapes and Sizes of Voids in the ACDM
Universe: FExcursion Set Approach, 2006 Mon. Not. Roy. Astron. Soc. 367 1629 [astro-
ph/0509858]

[138] Platen E, van de Weygaert R and Jones B J T, Alignments of Voids in the Cosmic Web [0711.2480
[astro-ph]]

[139] ElI-Ad H, Piran T and da Costa L N, Automated Detection of Voids in Redshift Surveys, 1996
Astrophys. J. 462 L13 [astro-ph/9512070)]

El-Ad H, Piran T and da Costa L N, A catalogue of the voids in the IRAS 1.2-Jy survey, 1997
Mon. Not. Roy. Astron. Soc. 287 790 [astro-ph/9608022]

El-Ad H and Piran T, Voids in the Large-Scale Structure, 1997 Astrophys. J. 491 421 [astro-
ph/9702135]

El-Ad H and Piran T, A case devoid of bias: Optical Redshift Survey voids vs. IRAS voids, 2000
Mon. Not. Roy. Astron. Soc. 313 553 [astro-ph/9908004]

Hoyle F and Vogeley M S, Voids in the Point Source Catalogue Survey and the Updated Zwicky
Catalog, 2002 Astrophys. J. 566 641 [astro-ph/0109357]

Hoyle F and Vogeley M' S, Voids in the Two-Degree Field Galaxy Redshift Survey, 2004 Astrophys.
J. 607 751 [astro-ph/0312533]

[140] L M Krauss and Chaboyer B, Age Estimates of Globular Clusters in the Milky Way: Constraints
on Cosmology, 2003 Science 299 65

[141] Jackson N, The Hubble Constant, Living Reviews in Relativity 10(2007)4 [0709.3924 [astro-ph]]

[142] Riess A G et al , Cepheid Calibrations from the Hubble Space Telescope of the Luminosity of Two
Recent Type Ia Supernovae and a Re-determination of the Hubble Constant, 2005 Astrophys. J.
627 579 [astro-ph/0503159]

[143] Benedict G F et al , Hubble Space Telescope Fine Guidance Sensor Parallazes of Galactic Cepheid
Variable Stars: Period-Luminosity Relations, 2007 Astron. J. 133 1810 (Erratum Astron. J.
133 2908) [astro-ph/0612465]

van Leeuwen F, Feast M W, Whitelock P A and Laney C D, Cepheid parallaxes and the Hubble
constant, 2007 Mon. Not. Roy. Astron. Soc. 379 723 [0705.1592 [astro-ph]]

[144] Elgarpy @ and Multaméki T, On using the CMB shift parameter in tests of models of dark
energy, 2007 Astron. €& Astrophys. 471 65 [astro-ph/0702343]
[145] Corasaniti P S and Melchiorri A, Testing Cosmology with Cosmic Sound Waves [0711.4119



FEvaluating backreaction with the peak model of structure formation 46

[astro-ph]]

[146] Ichikawa K, Kawasaki M, Sekiguchi T and Takahashi T, Implication of dark energy
parametrizations on the determination of the curvature of the universe JCAP12(2006)005 [astro-
ph/0605481]

Ichikawa K and Takahashi T, Dark energy parametrizations and the curvature of the universe
JCAP02(2007)001 [astro-ph/0612739]

[147] McClure M L and Dyer C C, Anisotropy in the Hubble constant as observed in the HST
Eztragalactic Distance Scale Key Project results, 2007 New Astron. 12 533 [astro-ph/0703556]

[148] Haugbolle T et al , The Velocity Field of the Local Universe from Measurements of Type Ia
Supernovae, 2007 Astrophys. J. 661 650 [astro-ph/0612137]

[149] Schwarz D J and Weinhorst B, (An)isotropy of the Hubble diagram: comparing hemispheres,
2007 Astron. & Astrophys. 474 717 [0706.0165 [astro-ph]]

[150] Li N and Schwarz D J, Signatures of cosmological backreaction [0710.5073 [astro-ph]]

[151] Rauch M et al , Exzpansion and Collapse in the Cosmic Web, 2005 Astrophys. J. 632 58 [astro-
ph/0509262]

[152] Stoeger W R, Maartens R and Ellis G F R, Proving almost homogeneity of the universe: An
Almost Ehlers-Geren-Sachs theorem, 1995 Astrophys. J. 443 1

Maartens R, Ellis G F R and Stoeger W R, Limits on anisotropy and inhomogeneity from the
cosmic background radiation, 1995 Phys. Rev. D51 1525 [astro-ph/9501016]

Maartens R, Ellis G F R and Stoeger W R, Improved limits on anisotropy and inhomogeneity
from the cosmic background radiation, 1995 Phys. Rev. D51 5942

Maartens R, Ellis G F R and Stoeger W R, Anisotropy and inhomogeneity of the universe from
AT/T, 1996 A309 L7 [astro-ph/9510126]

Stoeger W R, Araujo M and Gebbie T, The Limits on Cosmological Anisotropies and
Inhomogeneities from COBE Data, 1997 Astrophys. J. 476 435 [astro-ph/9904346]

[153] Wainwright J, Hancock M J and Uggla C, Asymptotic self-similarity breaking at late times in
cosmology, 1999 Class. Quant. Grav. 16 2577 [gr-qc/9812010]

Nilsson U S, Uggla C, Wainwright J and Lim W C, An almost isotropic cosmic microwave
temperature does not imply an almost isotropic universe, 1999 Astrophys. J. 522 L1 [astro-
ph/9904252]

Lim W C, Nilsson U S and Wainwright J, Anisotropic universes with isotropic cosmic microwave
background radiation, 2001 Class. Quant. Grav. 18 5583 [gr-qc/9912001]

Clarkson C A and Barrett R K, Does the Isotropy of the CMB Imply a Homogeneous Universe?
Some Generalised EGS Theorems, 1999 Class. Quant. Grav. 16 3781 [gr-qc/9906097]

Barrett R K and Clarkson C A, Undermining the Cosmological Principle: Almost Isotropic
Observations in Inhomogeneous Cosmologies, 2000 Class. Quant. Grav. 17 5047 [astro-
ph/9911235]

Clarkson C A, Coley A A, O’Neill E S D, Sussman R A and Barrett R K, Inhomogeneous
cosmologies, the Copernican principle and the cosmic microwave background: More on the EGS
theorem, 2003 Gen. Rel. Grav. 35 969 [gr-qc/0302068]

[154] Ekholm T, Baryshev Y, Teerikorpi P, Hanski M O and Paturel G, On the quiescence of the Hubble
flow in the vicinity of the Local Group, 2001 Astron. € Astrophys. 368 L17 [astro-ph/0103090)]

Karachentsev I D et al , Local galazy flows within 5 Mpc, 2003 Astron. € Astrophys. 398 479
[astro-ph/0211011]

[155] Maccio A, Governato F and Horellou C, The signature of dark energy on the local Hubble flow,
2005 Mon. Not. Roy. Astron. Soc. 359 941 [astro-ph/0412583]

[156] Whiting A B, The kinematic state of the local volume, 2003 Astrophys. J. 587 186 [astro-
ph/0212538]

[157] Ostriker J P and Suto Y, The Mach number of the cosmic flow: A critical test for current
theories, 1990 Astrophys. J. 348 378

Suto Y, Cen R and Ostriker J P, Statistics of the cosmic Mach number from numerical simulations



FEvaluating backreaction with the peak model of structure formation 47

of a cold dark matter universe, 1992 Astrophys. J. 395 1

[158] van de Weygaert R and Hoffman Y, Cold Flows and Large Scale Tides, 1999 Proceedings of
the MPA-ESO cosmology conference, Garching, Germany, 2-7 August 1998, p 178 [astro-
ph/9811410]

van de Weygaert R and Hoffman Y, The Structure of the Local Universe and the Coldness of the
Cosmic Flow, 2000 Cosmic Flows 1999: Towards an Understanding of Large-Scale Structure
ASP Conference Series, 201, Courteau S et al (eds.) p 169 [astro-ph/9909103]

[159] Leong B and Saslaw W,  Gravitational Binding, Virialization and the Peculiar Velocity
Distribution of the Galaxies, 2004 Astrophys. J. 608 636 [astro-ph/0308415]

[160] Governato F et al , The Local Group as a test of cosmological models, 1996 New Astron. 2 91
[astro-ph/9612007]

[161] Klypin A, Hoffman Y, Kravtsov A and Gottloeber S, Constrained Simulations of the Real
Universe: the Local Supercluster, 2003  Astrophys. J. 596 19 [astro-ph/0107104]

[162] Hoffman Y, Martinez-Vaquero L A, Yepes G and Gottlober S, The Local Hubble Flow: Is it a
Manifestation of Dark Energy? [0711.4989 [astro-ph]]

[163] Baryshev Y V, Chernin A D and Teerikorpi P, The local Hubble flow as a signature of dark
energy, 2001 Astron. € Astrophys. 378 729 [astro-ph/0011528]

Chernin A, Teerikorpi P and Baryshev Y, Why is the Hubble flow so quiet? [astro-ph/0012021]

Teerikorpi P, Chernin A D and Baryshev Y V, The quiescent hubble flow, local dark energy tests,
and pairwise velocity dispersion in a = 1 universe, 2005 Astron. € Astrophys. 440 791
[astro-ph/0506683]

Chernin A D, Teerikorpi P and Baryshev Y V, Non-Friedmann cosmology for the Local Universe,
significance of the universal Hubble constant and short-distance indicators of dark energy, 2006
Astron. € Astrophys. 456 13 [astro-ph/0603226)

[164] Chernin A D et al , Local dark energy: HST evidence from the expansion flow around Cen A/M83
galaxy group [0704.2753 [astro-ph]]

Chernin A D et al , Detection of dark energy near the Local Group with the Hubble Space Telescope
[0706.4068 [astro-ph]]

Chernin A D et al , Local dark energy: HST evidence from the vicinity of the M 81/M 82 galaxy
group, 2007 Astrophysics 50 405 [0706.4171 [astro-ph]]

[165] Ellis G F R and Dunsby P K S, Newtonian evolution of the Weyl tensor, 1997 Astrophys. J.
479 97 [astro-ph/9410001]

[166] van Elst H and Ellis G F R, Quasi-Newtonian dust cosmologies, 1998 Class. Quant. Grav. 15
3545 [gr-qc/9805087]

[167] Kofman L and Pogosyan D, Dynamics of gravitational instability is nonlocal, 1995 Astrophys.
J. 442 30

[168] Senovilla J M M, Sopuerta C F and Szekeres P, Theorems on shear-free perfect fluids with their
Newtonian analogues, 1998 Gen. Rel. Grav. 30 389 [gr-qc/9702035]

[169] Li N and Schwarz D J, On the onset of cosmological backreaction, 2007 Phys. Rev. D76 083011
[gr-qc/0702043]

[170] Sylos Labini F, Vasilyev N L and Baryshev Y V, Power law correlations in galazy distribution
and finite volume effects from the Sloan Digital Sky Survey Data Release Four, 2007 Astron. &
Astrophys. 465 23 [astro-ph/0610938]

[171] Einasto J et al , Superclusters of galazies from the 2dF redshift survey. I. The catalogue, 2007
Astron. € Astrophys. 462 811 [astro-ph/0603764]

Einasto J et al , Superclusters of galazies from the 2dF redshift survey. II. Comparison with
simulations, 2007 Astron. € Astrophys. 462 397 [astro-ph/0604539)

Einasto J et al , Luminous superclusters: remnants from inflation, 2006 Astron. € Astrophys.
459 1 [astro-ph/0605393]

Einasto J, Formation of the Supercluster-Void Network [astro-ph/0609686]

[172] Peebles P J E, The Void Phenomenon, 2001 Astrophys. J. 557 495 [astro-ph/0101127]



FEvaluating backreaction with the peak model of structure formation 48

Peebles P J E, Galazies as a cosmological test [0712.2757 [astro-ph]]

[173] von Benda-Beckmann A M and Mueller V, Void Statistics and Void Galaxies in the 2dFGRS
[0710.2783 [astro-ph]]

[174] Crocce M, Pueblas S and Scoccimarro R, Transients from Initial Conditions in Cosmological
Simulations, 2006 Mon. Not. Roy. Astron. Soc. 373 369 [astro-ph/0606505]

[175] Ostriker J P, Nagamine K, Cen R and Fukugita M, The Probability Distribution Function of
Light in the Universe: Results from Hydrodynamic Simulations, 2003 Astrophys. J. 597 1
[astro-ph/0305203]

[176] Furlanetto S and Piran T, The evidence of absence: galazy voids in the excursion set formalism,

2006 Mon. Not. Roy. Astron. Soc. 366 467 [astro-ph/0509148]



