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e Define Riemannian averaging operator on arbitrary domain D

vp = (V)p = le /Dw(t,xi)JdSLU

/

Riemannian volume element

to specify average |

J = \/det(hw)

spatial average implies wrt
some foliation of spacetime

| energy density need
{ full solution of the |
__Tield equations |
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Canonical Cosmology

e compute everything as power series in small parameter ¢

g,uv — g,ul/ -+ 65(1),9”,/ —+ 625(2)9MV + ...

AVIAN

‘real’ tim irat-
eal spacetime first-order  gecond-order

perturbation correction
‘background’ spacetime

FLRW

|

fit to ‘background’ observables - SNla etc

fit in?

? how do these
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Aren’t the corrections just ~10°7?

e No. [Buchert, Kolb etal]
e \Well, maybe. [Rasanen, Li etal, Clarkson etal]
e Yes. Absolutely. [Ishibashi & Wald, Baumann etal, Behrend etal,]

e Corrections from averaging enter Friedmann and Raychaudhuri equations

® is this degenerate with ‘dark energy’?
e can we separate the effects [if there are any]?

e or ... is it dark energy? neat solution to the coincidence problem



Perturbation theory

e metric to second-order

ds®* = — [1 + 20 + &) dt* — aVidz'dt + a® [(1 — 2® — UP)y,; + hy;| dz*da?

e first-order potential: ®+4HD + AD =0

e second-order potentials:

&2~ 02~ (98) V,~ DI;P hij ~ ®9;0;

e pbackreaction is concerned with the homogeneous, average contributions
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scaling behaviour Lo &
at first-order

Hubble radius
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amplitude of second-order contributions
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I 2 large equality scale suppresses
AR ( €q> ~ 2.40° h*  backreaction - but overcomes

ku factors of Delta




backreaction

e second-order modes give non-trivial backreaction
e Hubble rate depends on
H2) ~ [ ]®2 [ 1(0D)2 4+ |- .]cp(?)
e UV divergent terms don’t contribute on average
e well defined and well behaved backreaction
e this is only well behaved because of the long radiation era

e what would we do if the equality scale were smaller?



backreaction

e other quantities are much stranger

¢ time derivative of the Hubble rate represented in the deceleration parameter

(@ ~ B2 [ (0D) + [P
4ot [...](82@)2

e same types of things appear in g defined via distance-redshift relation

e UV divergent terms do not cancel out
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divergent terms

020 02 ~ A%(

O(1) prefactor

Keq
KH

kuv should be < O(pc)

from end of inflation
which makes this huge



wif?

ignore them - probably gauge or unphysical ?

where else could they appear?



Hubble rate at fourth-order
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Hubble rate at fourth-order

O POFDPI? DI’ P ~ 9, PO P J?PO? D

koo \ © ki
~ A4 ( eq) % In? .
K kH keq

/

overcomes 3 factors of A

with kyy ~ 1pC_1 this ~ 1/A72

fourth-order contribution could give
change to background value



GConclusions Confusions

e \Why are second-order perturbations so large?

I 2
» why is Ax <keq> ~ 17
H

e yet another coincidence problem?

e tells us that perturbation theory must be relativistic, not Newtonian

e role of UV divergence must be understood to decide whether backreaction is
small - higher order or resummation methods needed? must include tensors!

e do we need relativistic N-body replacement?



