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Content of the Thesis

This presentation is based on my collaboration with :

G. Veneziano M. Gasperini ~ G. Marozzi 1. Ben-Dayan
(CdF, Cern) (U. of Bari)  (U. Geneva) (Desy)

@ Light-cone averaging in cosmology: Formalism and applications,

M. Gasperini, G. Marozzi, F. Nugier and G. Veneziano, %}
JCAP 1107 (2011) 008, [arXiv:1104.1167 [astro-ph.CO]]. [1] ‘Y‘

@ Backreaction on the luminosity-redshift relation from gauge invariant light-cone averaging,
I. Ben-Dayan, M. Gasperini, G. Marozzi, F. Nugier and G. Veneziano,
JCAP 1204 (2012) 036, [arXiv:1202.1247 [astro-ph.CO]]. [2]

@ Do stochastic inhomogeneities affect dark-energy precision measurements?,
I. Ben-Dayan, M. Gasperini, G. Marozzi, F. Nugier and G. Veneziano,
PRL 110, 021301 (2013), [arXiv:1207.1286 [astro-ph.CO]]. [3]

@ The second-order luminosity-redshift relation in a generic inhomogeneous cosmology,
I. Ben-Dayan, G. Marozzi, F. Nugier and G. Veneziano,
JCAP 1211 (2012) 045, [arXiv:1209.4326 [astro-ph.CO]]. [4]

@ Average and dispersion of the luminosity-redshift relation in the concordance model,
I. Ben-Dayan, M. Gasperini, G. Marozzi, F. Nugier and G. Veneziano,
JCAP 06 (2013) 002, [arXiv:1302.0740 [astro-ph.CO]]. [5]

This thesis work has lead to seminars in EU and USA.
Most of them can be found at: www.phys.ens.fr/~nugier/




Afterglow Light
Pattern
380,000 yrs.

Inflation

Dark Energy
Accelerated Expansion

Dark Ages

Development of
Galaxies, Planets, etc.
v el MO C
A R e B

oo

1st Stars
about 400 million yrs.

Big Bang Expansion

Fabien Nugier (LPTENS)

13.7 billion years

Thesis Defense

Before Planck:

Dark Matter

After Planck:

Dark Matter

Paris, 4 Sep. 2013 1/ 47



Three main Probes: the content
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Experiments for cosmology




Supernovae (Nobel 2011)

@ Process not well understood

@ but same ~ initial conditions

N

SNe Ia are very bright !

and standardizable objects !

—Type la —Type b~ Type I —Type Il —Type I-L —Type I-P —Type Iin

Redshift z: .

Absolute magnitude (visual)

= we can determine the type of o
Supernova (SN) : Ta, Ib/c, I, ...

S o T o
Days since peak luminosity
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Supernovae (Nobel 2011)

@ Process not well understood

@ but same ~ initial conditions

L

e SNe Ia are very bright !
e and standardizable objects !

Redshift z: Magnitude : .
m = —2.5 logyo(3-)
Flux:
_ L
¢ = 471'(1%

= we can determine the type of

M — @(10pc)
Supernova (SN) : Ia, Ib/c, I, ... Absolute Mag.: M = 2.5 log;( )

Dret(pe)
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The distance from SNe Ia
The SM of cosmology has 2 assumptions:

e GR is valid to all observed scales

e Isotropy and Homogeneity

] = FLRW model :

a1 oo 1 2
Soos scr) ds® = —dt*+ a2(t) |:dx2 + [\/7 sin(V Kx)] dﬂz]

et al. (2008) (SCP) K

Distance Modulus

(200
etal (1999) (SCP)
HZT

om0 ) = —dt"‘+a2(t)[1

1 2 2 2
003) ———dr® +r°dQ” |,
t al. (2008) (SCP) — Kr2

dQ? = do* + (sin0)%d¢® , K =-1,0,1.

jess et al. (1999)

Hamuy et al. (1996)
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° Redsl:iﬂft
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[T Luminosity Distance (for K = 0):

dELRW(Z): 1+Z/z dZ,
Ho Jo [Qa0+ Qmo(1 + 2)3]"/2

A (m—M)

Distance Modulus:

pw=m— M = 5log,,(dr) + cst
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Does large scale structure affect the standard model ?
Combining probes == ACDM: AR
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See e.g.: Clarkson, Ellis, Faltenbacher, Maartens, Umeh, Uzan (2011)
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In principle, yes ! Because of General Relativity.

Ellis in the 80’s:

Evolution * Smoothing '
g;; Eq.

“Backreaction Problem” Different
Initial Hypersurface Friedmann Eq.
DY S—
Smoothing Evolution

= averaging does not commutes with evolution :

(S)p— (S)p = (SO)p — (S)p (O)p

= inhomogeneities do, in principle, influence the evolution of the Universe.
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Motivation to this Thesis (I) — Physics

What is the theoretical effect of inhomogeneities on the Hubble diagram,
and so on dark energy parameters ?

Questions:
e How can we average inhomogeneities (on the past light-cone) ?
e What is the impact on measurements ? Are there nice observables 7
e What is the influence on dark energy parameters ?
@ What is the z-dependence of the effect 7 Can we rule it out?

Starting hypotheses:
e H1: we use a spatially flat FLRW Universe with (scalar) perturbations,

e H2: perturbations are given by the power spectrum, only physical input.

Remark : we do not define an effective scale factor (usual with backreaction)
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Motivation to this Thesis (II) — Mathematics

Almost all we observe is on our past light cone.

The average definition :
e d spatial but no lightcone averaging (though A. Coley, S. Résénen),
e we need a gauge invariant definition [gr-qc/0901.1303 , 0912.3244],
e how simple 7 huge simplification with the GLC metric !

How to deal with the inhomogeneities:
e full non-linear models (swiss cheeses, LTB, ...) ?
e perturbation theory around an homogeneous model,

e combining lightcone averaging and a stochastic average.

Which scalar quantity is interesting 7
e matter density, redshift, luminosity flux, distance, modulus, ...

@ cautiously: distance-redshift relation up to O(2) in perturbations,
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Outline

© [ntroduction
@ State of the art
@ Supernovae measurements
e Effect of inhomogeneities

© Formalism
@ Light-cone averaging
@ Geodesic light-cone coordinates
@ Distance-redshift relation

© Combining averages
e (Non-)linear power spectrum
e Examples

@ Numerical results
@ Averaging the flux
e Importance of observables
@ Distance and modulus
@ Intrinsic dispersion

© Conclusions
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Light-cone Averaging




Light-cone Averaging: definition [1]

1(S: Vo, Ao)

Averaged scalars S : (S) (Vo, 4o) = TV, Ag) S~p,O,d, d?
s V0, 410

=N -\ 5
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Light-cone Averaging: definition [1]

1(S: Vo, Ao)

Averaged scalars S : (S) (Vo, 4o) = I(1; Vo, Ag)
s V0, 410

S~p, 0, dp, d?

We can define the integral for averaging by :
I(8: Vo, o) = [ d'ey/=g Dy = VID(A = 40) N(V.A.0,) S(0)
My

where NV (V, A, d,.) is a normalization, D(X) = dp(X) or ©(X) (Heaviside function).

Average | (S){0 (% (S
N(V.AB) | 2VoA /5 A0nA |0,V Al
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Light-cone Averaging: definition [1]
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Light-cone Averaging: properties [1]

These definitions are gauge invariant, invariant under (A4, V) — (A(A), V(V)),
and general coordinate transformations.

We can derive Buchert-Ehlers commutation rules, e.g.:

P k-0S V-k V-k

o on = (ion), +(5aas), (T ), o
9 _ J0A-0S - _(04)*
8% <S>V0,A0 - < I€ . 8A >VO7AO <k BS(k . aA)Z Vo, Ao

I < [DA —Vu (k“ ,%i)] k-%A>VO,Ao
1

_ < [DA -V (k“ ,i?gi)] ’“'6‘4>VO,AO (SHvo,40

Here we will average on the deformed 2-sphere embedded in V =V}
(light-cone) A = Ay (spatial hyp.). In GLC (see after): V—-w , A =71,z
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The geodesic light-cone gauge
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Geodesic light-cone coordinates [1]

A light-cone adapted metric (close to “observational coordinates”) :
ds%’LC = T2dw? — 2Ydwdr + 'yab(dGN“ — U“dw)(dewb _ Ubdw)
(6 arbitrary functions : Y, U%, v4)

Properties :
e w is a null coordinate : d,w O*w =0 ,
e 0,7 defines a geodesic flow : (0¥7)V, (0,7) =0 (from g77» = —1) ,
e an observer defined by constant 7 spacelike hyp. is in geodesic motion.
photons travel at (w, #%) = cst and their path is orthogonal to ¥ (w, 2)

FLRW : w=mn+r, 7=t (exact if ¢ = synchronous gauge time)
0,02 =0,6 , ~vapdd?dd® = a*r’d*Q ,
T=a(t) , U"=0,

Remark : There is no backreaction effect in a (pure) FLRW geometry !
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Analogy with the ADM formalism
e In ADM formalism :

dspy = —(N? — g, N'ND)dt? + 29, ;da* NV dt + g;;dx'da?
with IV the lapse function and N’ the shift vector.
e Here our metric is:
dsto = (Y2 4+ 7, U U dw? — 2+,,d6°U dw + ~,,d6%df® — 2Y dwdr

= T ~ lapse function, U® ~ shift vector for the “foliation” by lightcones.
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[t makes life easier ! [1]
ds; o = Y2dw? — 2V dwdr + v (d0" — U%dw)(d0" — UPdw)
= Redshift perturbation:

(Kfu,)s  (0"wd,T)s T (we, 7o, 0%)

1+25) = = = —

( s) (k#up)o (auwalﬂ-)o Y (wo, Ts, 69)
where u, = —0,,7 is the peculiar velocity of the comoving observer/source and
k, = 0,w is the photon momentum.

= (exact) Luminosity distance:

—1/2
dp = (1+2)2 414 (Sin 91) with v = det(Vap)

which, combined with the redshift, gives the distance-redshift relation.

Remark : The Jacobi map (Bonvin etal ’11, Fleury etal ’13) takes a simple
and exact form in the GLC gauge (see Fanizza etal '13).
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It simplifies the averages:

J5 d*x/=g 6p(w — wo)dp (1 — 7s) [0 w| S(T,w, 6%)

(S . J5 d*a\/=g o (w — woe)dp (T — 75) |0, TOHw|
— (/d25\/7(w0,7'5,5“) S(wo,rs,5“)> / (/d2§\/’y(wo,rs,§“)) ,
(S, = fdzg\/’y(wo,r(zs,wo,g‘l),g”) S(wo,r(zs,wo,ga),gb)

f d2§\/’y(wo, 7'(237 Wo, 50')7 ab)

and Buchert-Ehlers commutation rules:

Or (S)y r, = (0 S}y, o, + (S0 VL) (0D (),

Wo,Ts

oo (e, = (S +U0S),, .+ ([0uln VI + 0.0 + U0 v/I7]] 5)

— (Outn VI +0uU + U0an/P]) (), .,

Wo,Ts

Wo,Ts
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The distance-redshift relation
up to second order




Defining inhomogeneities : Newtonian Gauge [1,2]

How scalar inhomegeneities affect the spacetime :

ds% e = a*(n) (—(1 +20)dn? + (1 — 20)(dr? + vég)deadob))

1 1
with 7y = r’diag (Lsin0) , @ =6+ 6% | W=y 0@

and @, ¥ are the gauge invariant Bardeen potentials = f(n,r,0, ).
At first order, ® = W = 1) (no anisotropic stress).

FULL transformation GLC < NG at second order in PT.
:> (7.3 w701302) = f(n) r) 07 (?b) :> (T? Ua?’yab) = f(w?w(2)5¢(2))

= we compute dy, up to second order :

dr(zs,0%) d(2s,0%) (1) )
— = 1 5 Sy oa 5 S ea )
deRW(Zs) (]- + Zs)ao(no - ns) - s (Z ) i g (z )

Ref.: see Bonvin etal 11 and Di Dio, Durrer 12
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Luminosity distance at O(1) [2]

n— n N+
First order corrections are:
o r
(1) ay _ = Qs (1)
0g (25,0") = BsJ — An oD = J;
s

= -1 1 0 = _ - -
Es=1 H.Ap An=mno—ng’ , J=([0+Qls —[0+Qlo) — ([0, P]s — [0:P,)

Q(n4,n-,0%) = /’7—

N4

~ n /
o D20 . Plr0?) = [ dn’—z((z))w(n',rﬁ“)
Nin

cot§ O 4 9,6°) /’70 dn n—n"
2 n® An e —mn

1 ~
1) = Ve = Ao (11,00 = 1,6°)

where we use the O(0) light-cone variables : ne =n+7r , 93 = 1(9, £9,) .
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Physical interpretation of terms from O(1) [2]

e Doppler: o0,P=7v-n
fi = unit tangent vector along the null geodesic (from s — o) ;
the peculiar velocity associated to a geodesic config. at O(1) in NG is

2 K /a(ﬂl)~ / a
5= /de SISt )

e Sachs-Wolfe (SW) & Integrated Sachs-Wolfe (ISW):
Mo
0:Qu=0:Qur o= =2 [ d Oy, 0°)

s
Photon loses less energy

| thanit gained on the way out
of the shallower well

RUARYWE R

Gravitational well of galaxy supercluster - the depth shrinks as the universe (and cluster) expands

Photon enters well Photon gains energy on its
ata certain energy path into the gravitation wel

e Lensing : given by

e d77 U_WEO)A 9@ O
JZ_/ngWA_nm 20 (n,mo —1,0%) + O(2) ,
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We Q @ Lensing...
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Luminosity distance at O(2) [4]

a —_— QS
0t = = (2= F @t +
where ... are O(2)-corrections of dr./[(1 + zs)2a(ns)rs] and a(ns)rs/a(n (O))An.

In these corrections, we find :
e Combinations of O(1)-terms : 2, (ISW)?, ISW x Doppler,
(s, @s)x (Lensing, ISW, Doppler) ...

(Doppler)?, (Lensing)? !

Genuine O(2)-terms : @, Lensing(z) = %Vaé‘lm , QP
@ New integrated effects : 4A f (0>+ _da [4¢ 9:Q + 48 9.Q BbQ] (n§0)+,x,0“)

Angle deformations : ('yo)aba+é“(1)8_éb(1) 00", 60D

Redshift perturbations : from 1+ z; = To/Ts, many terms... involving also :
WDl P, 0Q DQ , 0.Q DP) , 04 [~ da [4) 0:Q +738°0.Q 0]

f: n ‘jj’jlfa {(8,«]3)2 + 320, P 81,P] (C transverse peculiar velocity)

@ Other terms: Lens-Lens coupling, Born corrections, ...
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Stochastic Average
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Describing inhomogeneities
Doing a Fourier expansion :
= &k iz i

¥v(n,7) = @) e Y (n)E(k)

with F a unit random variable satisfying:
E(—F) (statistically homogeneous),

o E*(K) =
o E(k) =0, E(k1)E(ky) = 6(ky + k2) (ensemble-average conditions).
Linear power spectrum :
Puk) = Pt = 2 2a(E)
272 ’ 25 ko ’
with : .
A=24510"° | n.=0.96 , a—o = 0.002 Mpc ™"
0
Qm () 2()7]7"
[+ 252] [ 222

3950 o ()| @ ()T — ap(e) +

9(z) = 5

and T'(k) is a transfer function given by Eisenstein & Hu (1997), including a

baryonic component (= Silk damping).

Thesis Defense
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We obtain the linear power spectrum for the gravitational potential :

91010}

:‘5 51071
Qa
10—10__ ACDM
o ; n }
0.001 0.01 0.1 1

k [h Mpc™ ']

e ACDM - dashed : simple T'(k) with only dark matter
e ACDM - solid : T'(k) with dark matter and baryons (Silk damping)
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Non-Linear Power Spectrum

From Poisson equation in ACDM, we can link the gravitational power
spectrum to the matter density spectrum :
2 a4
_ 9 QoM 2

k3
2 2 L,NL
A(k) = ﬁ|5k| . Py(k) = ZmAL,NL(k)

—249/—4 ns+3 - 2
iAQmO’HO k ((](,d)) T2(k) .

= A%(k) =
L( ) 25 (1+Z)2 kgs_l go

10"

Using Smith et al. : Smith et al.
“HaloFit model ” & Takahashi et al.
& z=1.5
= K* Pyt (k)
N (k) = D3R +ARK) = e
4
A% (k) : 2-halo term 7
=
A% (k) : 1-halo terms & /
4
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Combining averages :
Flux v.s. Distance
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Our goal in few words [2,3,5]

Goal 1: In CDM we can compute exactly the spectral coefficients :

@ = [ EPamcan)

Goal 2: We want to do the same type of calculation V for all V the terms in

<5(Sl)> and <5(52)> in ACDM... approximations are needed !

Complication: We deal with the genuine second order (1/1(2),¢(2)) by relating it
to O(1) (Bartolo, Matarrese, Riotto, (0512481)) :

The genuine O(2) Bardeen potentials are : ... with the operators :
ij 2 i ij o _ -2 Y _ 1 iJ
02 = 276 0V + 1 Yoo O = Vg gl
. 2 100'07
i n oo 10 g
WO = 20?4 00w+ L OYowoy O = g 0
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Just an example to give intuition...

We compute (dr(z,7)dr (2, 1)) and not (dr(z,7)dr(z,7’)) or (dr(z,)dL (2, 7)) .

Doing the “ (angular) + stochastic ” average of ? is the simplest term we have :

-/ d3(’“1d)3’“2wklwkzm<e“’a*’“§"m> = [ Frew

0

(3) =

A slightly more complicated example, in CDM :
75 d?’k‘ d3]€ T PR o s _
<1/15 2277> - / > 21/%11/%2 ( )E (kz) <e k1-@An / dne'*2 #(mo n)>
s
= b dk . " ik(ns—mn) cos 0
- An/o a0 /,7 dn e )

°° dk 2 .
/0 ?Pu(k) [—mSmlnt(szn)]

Identically :

() <§n> - /0 h %Pw(k) [—Sinc(kAn)k%MSinlnt(kAn)}
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Importance of observables:
Flux v.s. Distance




Averaging the flux [2,3,4,5]

Luminosity flux:

L
4ﬂd%

= Q5+ O; + P

There is a nice shortcut for the flux (only):

) ) = (122 | ik Vo e ), o )
where )
Ly(wo, 25) = %Z(diLRW)_2 dziaﬁ(wo,n(zs,éa)’éb).
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Evaluation of I(w,, 25) [3,4,5]

1 1 1

iy = 28 { 5 W28 = w] + S0, P1)° = S ([0rPlo)® — (vs + [04.Q15) [0r Pl
1 ab 1 ab

+ L 06")s (200 P58y Ps + 02Qs 0, Qs — 40aQs0yPs) — - lim [46" 04 PO, P]

+ Qs (—107Qls + (04915 + 87 PLs) + Hi (10015 + H:[0,Pls + 07 Pl

o [~0® + (0-P)? + 4§04 POLP] (', An, 6%)

’
n a
od/(n)

1 ~
= o [~v® + (0. P)? + 5 0. PO, P (', 0,6%)
2 Jnin a(no)

()~
n A 1 )
* /(;H do Oy [w 9+Q + *%lbaaQBbQ] (08O 2, 6%)
n§ 1

=2 1 H\] 2 - ( Qs ) (QS)2
=7 — 1— J — A J 4 224 o — — 9rPlo | J —
+ [ HSAT7< H%)] s d + P AnH ] + An

b 2(hs — o 4 [0rPle — [rPlo) 2 4 (18)002Q.0y (% + i) — 2 o,
Ang V70 2w, Heo !
2 2{0~

J 5 Loab OF
v o2 (G Q) el - o [T ae [6000 4 135 000 210 (00,8

(0)— 2
11 0 ~ ns L 1b (0)+ ~a
+ gsingﬁ{“’se (/ng‘”* do (7 ,QInOF 2, 8%) )

(LPTENS) Defense




2
T, = 25,0 — —Q,— 290V, r g
1 A"]Q w(’qs 3 Ts ) 9

(0) ,
- 1 2) (2) 1/ (2 (2) 1 fns , a(n’) 21,7 (0) 7a
o= 22— (6 =) g (v —w) = [T an 61,1, 5%
{ 4 ( ) 4 ( ) 2 Nin a(ngo))
1 o, a(n) 2)1, 1~ 1 i ~(2 ~(2 0 5
+ 5 el 0,80 + 5 do 04 [6® + 9@ | 0F 2,0
2/, " a 1/, o+ .

0)—
_ w(z) _ i/
v NOT

FICIRIC) N
e el LU SARENO N

We have the relation between Z integrands and corrections of d:

7, = 280 + () with (6. d)) =278
Tia+1I, = 25592) + (gg))g + (t. (1.)(2)
- (di?) = (@p"™) 21+ f4(2)]
o [ (a2 wo) = R >

dega Y(we, T(z, 5“), 5”)

and fy(2) = (T1)* — (T11 + o)
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Averaging the distance [2,3,4,5]

o Flux: (d7?) = (dFERW) =21 4 f,(2)]

where 14(2) = [T E Py [0tk 9] = [Frarrhe)] [T () Puw

k \Ho
~ 10-12¢/T+2+52(2+VI+2) ~ 1 2-2VT+z+42(9—-2VT+F2)
and f1,1(2) = 5 y f2(z) = ——
27(1+2) (VI+2z—1) 189 (14+2)(VI+z-1)

e Distance: (dp)(z) = dFEEW 1 + f4(2)]

In general (F'(S)) # F((S)) and simple Taylor expansion gives:

(F(S)) = F(So) + F'(S0)(S — So) + F"(S0)(57/2)
Applied to F(¢) = ®~/2 ~ dy, it gives:
Ja=—(1/2)fs + (3/8)((1/®0)’)

(@1/20)) =4 ((60)7) = 4 {: (@1 + (@ P + <(J2(1)>2>} |
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Results from
Numerical Calculations

Fabien Nugier (LPTENS) Thesis Defense



Importance of observable: Flux vs Distance (I) [3]

fa=—(1/2)fs + (3/8)((P1/®0)")

0.1

With linear spectrum:

o
o
=4

Plot for :
kv =1 Mpc™! (solid)
kuy = 0.1 Mpc™?! (dashed)

0.001

._\
2
L

Fractional Corrections

H
Q
5

0.10

Observations :
o fa, fo ~1—10% at small z due to peculiar velocity effect,

o fa> fy at large z due to ((®1/Dg)?) ~ <(5gl))2> involving lensing.
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Importance of observable: Flux vs Distance (II) [5]

Using the non-linear power spectrum, we can have higher cutoffs.

Plot for : 0.1 ‘
kuv = 10 hMpc™! (solid)

kuv = 30 hMpc™! (dashed) g 0.01¢
g 0.001:
S
Remark : results are free T .,
from UV or IR divergences % 10
i

005 010 020 050 1.00 200

z

-6l
0.02

Observations :
® fa4, fs at small z are slightly changed,
o fqa> fe at large z due to lensing is strongly enhanced : ~ 1%.

Fabien Nugier (LPTENS) Thesis Defense



Effect on DE measurements (I) [2,3,5]

The same analysis can be applied to the distance modulus:
F(®) =—-2.5logg®+ cst ~ p=>5logodr -

We find the average effect on p:

() = u"ERY —1.25(l0g g €) [2fy — ((@1/D0)7) ],

and the standard deviation

(2

op =\ {12) = (1) = 2.5(logyo )\ ((P1/0)") -

Remark : we can write the more general formula :

5 24+ 8)8 7, Do\
fas =—§f¢+# <(5(51))2> ,

where the flux correction fy4 is the minimally affected one at large z.
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Effect on DE measurements (II) [2,3,5]

03F T T ]

Linear Spectrum : : ACDM plot

Plot kyy =1 Mpc_l =

(2+z)Z]

= 5logyo[ 572 is

u for Milne Universe

I I I I
0.02 0.05 0.10 0.20 0.

Observations :
e Negligible average at large z (~ 0.1 — 0.01%)
e only a small average shift and big standard deviation at z < 1 (Doppler)
e BUT standard deviation due to lensing terms is ~ 1% !
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Effect on DE measurements (I11) [3,5]

03F T T ]

Non-linear Spectrum : ; ACDM plot
kuy =30 hMpc™! = 02}

0.1:
< i
= 5log,o[ G +Z)Z] is

u for Milne Universe <

Again : no UV or IR
divergences

I I
0.02 0.05 0.10 0.20 0.

Observations :

e Average at large z still small (~ 0.1%)

e lensing dispersion bigger : ~ 10% ! <
In accordance with other studies:
Li & Schwarz 08, Valkenburg, Kunz, Marra '13
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Data and dispersion [5]

With the Union 2 dataset : @7 = (017 + (@) + (D) + ("))

6.0 T ‘ 035

Jonsson et al.(2010)

020 lens _ +0.039
Oy (0.055T¢g41)2 /\

o5y Kronborg et al.(2010)
olens = (0.05 £0.022): —

010 H

005

0.00 =
0.02 005 010 020 050 1.00 2.00 00
2

e small z : Velocities explain
quite well the scatter.

4.0

o The total effect is well fitted by
Doppler (z < 0.2) + Lensing (z > 0.5),
@ Doppler prediction is a bit bigger than

e large z : Lensing (dominant)
in the literature,

term is too weak to explain
the large scatter in the data : e Lensing prediction in great agreement
other effects involved... with experiments so far!

See recent study: Marra, Quartin, Amendola "13
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Conclusions




Conclusions (I)

This thesis work lead to the development of mathematical tools:

e A gauge invariant light-cone average (especially on the 2-sphere) and
some applications (like the Buchert-Ehlers commutation rules).

e A system of coordinates, the “geodesic light-cone” gauge, adapted to light
propagation (redshift, distance, Jacobi map, ...)

@ The distance-redshift relation dr(z) at O(2) in the NG, with all its
physical terms: SW, ISW, Doppler, Lensing, and new contributions...

We have addressed backreaction from a conservative viewpoint, assuming :
e a flat FLRW/ACDM background plus perturbations at O(2)

e one only physical imput given by the power spectrum Py (k)
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Conclusions (II)

Our physical conclusions are the following :

e Effect of inhomogeneities depends on observables, e.g. : dp, dz2, [T
The distance is 10-100 times more sensitive than the flux !

e Amount of DE (almost) doesn’t change because of an apparent effect
from inhomogeneities on the light-cone = backreaction negligible.

e Using a non-linear power spectrum, the effect of dispersion on the Hubble
diagram is large, and in good agreement with experiments so far.

Inhomogeneities will very probably become an important aspect in the next
decades of precision cosmology, especially to understand dark energy.
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Thank you!
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