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A factor of 2 In distance

" The early universe is well'described by a model
Which IS homogeneous and Isotropic, contains
only ordinary mafter and evolves according to
general relativity.

" However, such a model underpredicts the
distances measured in the late universe by a
factor of 2.

mThis is interpreted as faster expansion.
" There are three possibilities:
1) There Is matter with negaftive pressure.
2) General relativity. does not hold.
3) The universe IS Not homogeneous and isofropic.
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Backreaciion

" The average evolution'of:an inhomogeneous
and/or anisotropic spacetime is not the same
as the evolution of the corresponding smooth
spacetlime.

B At late times, non-linear structures torm, and
fhe universe Is only statistically homogeneous
and isofropic, on scales above 100 Mpe¢.

" Finding the model that descrilbes the average
evolution of the clumpy universe was termed
the fitling problem by George Ellisin 1983.
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‘ ® Consider a dust u!‘n\/er\g, INne Lif
Gaﬂ = 87szuauﬂ.
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® Here 61s the expansion rate, p iIs the energy density, 6-=0
5 the shear, w?20is the vorticity and GR is the spatial
Jrvarure. We 1axke w<=0. :
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’ = |ne average expansion rare can InCrease, because 1he
TACTION Of Volume occupled DY Tasier regions grows.

" Structure formation involves overdense regions slowing

aown dnd underaense fv-’glor dec erafing less.
Acceleration can be e fly demonstro ted usmg a TOY
model with one ove .ense ond one underdense regiol
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CXPANSION S S down as the overdense region ptecomes
MPOortant, Tnen accelerares as tne vold TaKes
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llowards reality,

B Acceleration due to structures Is possible:
IS IT realised in The universee

B The non-linear evolution Is foo complex to
follow exacitly.

B Because the universe is statistically:
nomMmogeneous and isofropic, a statistical
freatment is sufficient.

" We can evaluate the expansion rate wWith
an evelving ensemble of regions.
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Ihe peak model

" We start rom a FRW background of dust with an
Inifial Gaussian linear density field.

= We identity structures with spherical isolated peaks
of the smoothed density field. (BBKS 1986)

" We keep the smoothing threshold fixed at o(t, R)=1,
which gives the fime evolution R(t).

B Each peak expands like a separate FRW universe.

" The peak number density as a function of fimeis
determined by the primordial power specirumiand
the franster function.

" We take a scale-invariant spectrum with €DM
fransfer function.
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Light propagadiion

" The average expansionrate Is evaluated on
the spatial hypersurface ot proper fime.

B Most cosmological olservations are made
along the past lightcone, and measure the
redshift and the luminosity distfance.

" |n a general spacetime, these quantifies are
not determined only by expansion.

" However, in a statistically homogeneousand
Isotropic dust space, the average expansion
rate does give the redshift and the distance.
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IrTom wnicn we geri 1or tne average
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Due to f mass, <p>oc =N (1+<Z>)
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Apart from the null geodesic shear, the distance
equation in terms of H is the same asin FRW ACDM
The spatial curvature enters only via H, so the CMB'Is
consistent with large spatial curvature.

Unless His the same as in the FRW ACDM mode
elafion petween ine expansion rafe and ine a
different than in the FRW case.
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Conclusion

B Observations of the late universe are inconsistent
With a homogeneous andisoiropic model with
ordinary. matter and gravity.

" FRW models do not include non-linear structures.

" The Buchert equations show that the average
expansion of a clumpy dust space can accelerate.
® The acceleration has been understood physically.

" The expansion rate Hf has been found to rise by the
right order of magnitude around 10°f,..

" The relationship of the average expansion rate o
distance observations has been determined.

" Much work remains fo be done to get detailed
predictions with quantified errors.
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