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Introduction




Importance of averaging

Toitial yp- Few questions:

e Can smoothing of structure contribute to
an acceleration term (DE)?
Is there an effect from small scales to large
scales 7
= Nice way out of the coincidence
problem? (T. Buchert)

e Consequences on cosmological
parameters? (C. Clarkson, J. Larena)
Negligible for a physical reason?

@ What is the scale of homogeneity in the
Universe? 100Mpc?

o Fitting Problem : What is the best-fit
FLRW model to a given lumpy Universe?

The evolution of an

inhomogeneous spacetime after o How Einstein field equations transform
averaging differs from the after a coarse-graining procedure? How do
evolution of its averaged we average vectors and tensors?
spacetime.
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The necessity to work on the light-cone

Observations are made on the light-cone.

= we need a formulation of a (gauge invariant) averaging procedure in terms
of null hypersurfaces.

Few attempts have been done in the past (up to my knowledge).

We can find, in the literature:

e A. Coley : definition of a Raychaudhuri equation for a null scalar
(0 = 3k%,) , gr-qc/0905.2442 .
e S. Résdnen : relations for the redshift, the expansion rate, and the

angular distance close to statistically isotropic and homogeneous
universes , astro-ph/1107.1176, 0912.3370 .
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Averaging on spatial hypersurfaces
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Averaging on a spatial hypersurface 3(A)

Foliation : A(z) — Ag =0 A=AL
with A a timelike scalar
N, — ___OuA
SN
n,nt = —1
A=A0

Averaged scalars :
_ I(Sa AO)
Wa =11, 20)

I(S, Ag) = /M d4x\/—g(x)\/—(8A)25(A(m) — A0)O(ro — B(x))S(x) .

B a scalar with spacelike gradient

with
We also find
on S =gyt (), ~ S { ),

In ADM coordinates : ds* = —N2dt* + g;;(dz’ + Nidt)v(dxj + Nidt)
N~™'00In(det(gi;)), N* = 0 = Buchert’s relations.

A is homogeneous, © = V,n*
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Effective scale factor:

1oa 1 0I(1,A) :%<[—(a@ >AO

@0Ay ~ 3I(1,Ay) 04, A)?JL/2

Generalized Friedmann’s equations:

((}za(jlo>2 :¥ <[—(3€A)Z]>AD B é <[—(7§i1)2]>A0

-5 |(=mm)., ~ (o),

S a04y? [=(84)?] [—(84)?]

() o),

with € and 7w the ADM energy density and pressure.

*i(F6mm),

@Ay

*3 (),

1 9% :47rG< €+ 3w > _E<V”(n“vunl,)> +1<8MA8“[(8A)2]6
3 L3 a6
2
9

).

M. Gasperini, G. Marozzi, G. Veneziano, 0912.3244 /gr-qc
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Averaging on the light-cone

M. Gasperini, G. Marozzi, F.N., G. Veneziano — JCAP07 (2011) 008 (arXiv:1104.1167)
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(Gauge invariant) Light-cone Averaging
Naively: Should A(x) be upgraded to a null scalar ?
No! 0,A0" A = 0 = undefined !

Correct way: The integration of S(z) over the volume is naturally

I(S;—5 A0, Vo) = [y, d*av/=g O(Vo = V)O(A — Ag)S(x) , 9, V"V =0 .

Ex.: variation of the volume averages along the
flow lines normal to X(A):

d*z/—g (Vo — V)O(A — Ag)V¥n,
My

= 7/ d'z/=gO(Vo — V)S(A — Ag)\/—8, Ad+A
My

b [ day=gove — V)O(A — Ag) 2V I A
Ma V=0, A0°A

we thus define...
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Definitions and illustration

I(1; Ve Ag) = / d oy =g5(Vo — V)O(A — Ag)L2V AL 640
T M V—08,A0"A Voo
Aie) = [ d'ey=g6(h - V)& - 40)y/-0,40°4 - ()1 |
My
I(1; Vo, Aos =) = / d'z/=g 6(Vo — V)3(A — Ao)|0,VI" Al = (S)vy, 40
My

These integrals are gauge invariant, invariant under reparam. A — fl(A) and
V — V(V), invariant under general coordinate transformations (GCT).

(S)3° , (S : (S)vi. 0
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Buchert-Ehlers commutation rules

We define &, = 0,V (null vector) and make use of identities like

, K 9,0(A — A : 9" A0,50(V — Vi
K 0,0(V—Vo) =0, &'(A—Ao) = % » O (V=Vo) = W '
Thus we find
TAO<S>V0,A0 = <M4>VOYAO + <k-3AS>VO7AO - <k'aA>v0,Ao <S>V0,Ao )
Kl _ /9A-8S _ (04)°
AV, Moo = < k-9A >VO,A0 <k aS(k'aA)z Vo, Ao

I < {DA -V (k“ ,i?gi)] k"SaA>V0,Ao
b

_<{DA—VN (k:“ ,E?gi)] k'aA>vo,Ao (S)vo.40 >
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a%)w)é‘? B <k gfx> +<V-I<: ; 8(((?/1)) k%A>AO
<[ k_%k“a(a(gf = klaA>: (S,
8i%<5>€(? <];4 85> <k 85(1?2112)2 >A0
+<DA " Ady 1n(<aA)2)]1£4>:
([e e b (285)) )
< (B4 = 0" A49,1n ((04))] klaA> (50
([ et ben (o
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What are the applications?
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Applications — General considerations

We introduce an adapted system of coordinates : geodesic light-cone (GLC)
coordinates (~ gauge fixing of observational coordinates), defined by :

ds* = Y2dw?® — 2Ydwdr + 4 (d* — U%dw)(d8® — Ubdw) ; a,b=1,2

(6 arbitrary functions : Y, U%, v4)
Notice that:

e w is a null coordinate : 9, w O*w =0
e 0,7 defines a geodesic flow : (0¥7)V, (9,7) =0 ,

@ an observer defined by constant 7 spacelike hyp. is in geodesic motion.
FLRW case:

w=n+r,r=t, T=a(t), U=0, v,4d0*d0® = a?(t)r?(d? + sin® 0d¢p?)
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I — Simplified Buchert-Ehlers rules

In these new coordinates, the velocity of a generic observer n* satisfies:

1 0.4
T S S N g

T /=047

Geodesic observer =A = A(7) and we can always set A =71 = k,nt ="T"1

1
The covariant divergence of k#* takes the form: V k" = _TaT <ln 2V |7|) .

Buchert-Ehlers rules on the light-cone are then (simplified to)

Br (S) = (0:8)  + <S@T In m> - <aT In m> (s) .
By (S) = (00S + U"0.S) + [<Saw In W> + <s [(%Ua £ U9, In m] >]
- [<aw In m> + <8aU“ +U%,In WD (s) .

where (...) can be replaced either by (...) or (...)!° in each formula.

wWo,To wo
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IT — Redshift drift (RSD)

Definition

The RSD is the rate of change of the redshift of a given source with respect to

the observer’s proper time.

Assuming S and O are in geodesic
motion with negligible peculiar
velocities, the RSD in a FLRW
Universe during proper time At is
Az d() — éLs
—=(1 Hy— H, =
Aty ( + Z) 0 s s »

with Hg and H, the respective Hubble
rates.

Remark: Do not use standard candles.
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T indep. of 0§ = A(l+2z) = B(H'Z)A o + 8(1+Z) AT + 8(1+Z) Aty + 232 Aga

003
For a geodesic observer: n, = —0,7 and &* ~ n* = (1/7,1,U*/T)
= AT =TAw, A§* =UAw = Awy=Ar/To= A7,/
So using Hy = %O%l we get
Az ~ 1 0 0 Ug
—=(1 Ho+ ———(1 In(1 S 1 .
e I e o P R e S O AL

Averaging RSD over the 2-sphere embedded in the LC (w = wq,7 = 75) gives

<Az>w0175
AT()

Q-(2) = - <ln(1+z)8.,. In \/m>w0,78
Qu(2) Tio{—<(1+z)aw1n\m> —<(1+z) [aaU“JrU“aaln\/mD
wo,Ts wQ,Ts
F(+ 2)wg s [<aw In \/m> +<8aU“+U”8a In \/m> ]} .
wo,Ts

wo,Ts

~ 1
= (14 2)wy,rsHo + ?Oawo I+ 2)wg,ms + 7o (IN(1 + 2))wg, e + Qu(z) + Qr(2) ,

+(I(1+2)) 1 <‘9T n \/m> ’

w,Ts
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[IT — Luminosity distance — classically (See Ido’s Talk)

A photon with momentum k, emitted by a source S and received by the
observer O is redshifted with a factor z with
(k#n“)s T(’LUO,T(),HS)

1+2z= = = Yo
B (kun¥), © Y(we,Ts, 02) T,

The (well known) relation between the luminosity distance dy, and the angular
distance as seen from the observer is
2 dA FLRW

dp, = (14 2)d, = (1 +2)%d, , d*>= o ra(ts) .

We can write
d?(w = Wo, Ts; 9&) = lim p2 ‘fYS| )
=0 V/v(p)l
where p is the proper radius of an infinitesimal sphere centered around the

observer, w = wy defines the past light-cone connecting source and observer,
and 7 = 7, defines the spacelike hypersurface normal to n* at the source.
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[IT — Luminosity distance — averaged (See Ido’s Talk)

Averaging d;, and (1 4 z) on the 2-sphere embedded in the LC gives:

<d > fd20\/|7(w0,7'5,9“)| [TQ(wo,To,9“)/T2(w0,73,0’1)] ds(wo,Ts,G“)
L)wo,Ts = )
" J &20/1y(wo, 7., 0)]

fd20«/|’y(wo,7's,9a)| [T (wo, 70,0%) /Y (wo, Ts,0%)] .

fd20 |’Y(w057-859a)‘

<1+Z>w0!7's =

= we can evaluate how the d(z) relation is affected by inhomogeneities.

Considering averages on const-z hypersurfaces ( = measuring geodesic obs.
with velocity u* # obs. defined by the flow lines of 3(A), A = k,u*), we get

fd20\/|7 w07 Z w076a) 0a)|d (U.Jo, (z’wo’ea)’ea)

dL wo,z — 142
< > ’ ( fd29\/"y ’on, Z w076a)79a)|

)

Y(wo,m0%) _ 1

where 7(z,wp, 8) is the solution of % =1 -

= gives back d;, = (1 + 2)%d, for an homogeneous Universe.
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Conclusion

What we can say:
o Light-cone averaging is doable in a gauge invariant way.

o It can be applied to study usual relations in the inhomogeneous context,
e.g.: Buchert-Ehlers relations, dr,(z), RSD, ...

Questions up to now:
o What are the new effects involved by light-cone averaging?
o How big is the effect on the observables 7

On-going work: Sece Ido’s Talk
e Studing non-perturbative models of Universe is hard!

e So we consider a perturbed Universe in our GLC metric...
. and compute the luminosity-distance relation up to second order with
power spectrum taken from data fits.
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Thank you!
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