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Propagation of gravitational 
waves in a inhomogeneous 

universe
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Perturbed universe

Until now we have assumed a FLRW universe
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Perturbations to the luminosity distance

dL =
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Redshift perturbations

Surface perturbations

Black Board
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

dL(zS ,n) =χS(1 + zS)
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

gravitational lensing

source
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

Doppler

source
larger energy       smaller distance
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

Doppler

source more expansion       larger distance
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

gravitational 
redshift
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

less expansion       smaller distance
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

Shapiro time-delay

decrease velocity      smaller distancesource
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

Integrated Sachs-Wolfe
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Luminosity distance perturbations
CB, Durrer and Gasparini (2005)

Integrated Sachs-Wolfe
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Importance of the perturbations

and      are statistical variablesΦ,Ψ vS

we cannot calculate               for individual sources.dL(zS ,n)

What is in average the impact of the perturbations on      ?

〈Ψ〉 = 0By construction 〈dL(zS ,n)〉 = (1 + zS)χS

σdL
=

√

〈(

dL(zS ,n)− d̄L(zS)
)2〉

The variance

tells us how far for the mean one measurement can be.

dL
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With non-linearities, the lensing generates              corrections.5 − 10%

Holz and Hughes, 2005 

This has to be accounted for as uncertainties on the measure 
of the distance. There are proposals to delense the signal.

Importance of the perturbations
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Angular power spectrum

dL(zS ,n) =
∑

ℓm

aℓm(zS)Yℓm(n)

Cℓ(zS , zS′) = 〈aℓm(zS)a
∗

ℓm(zS′)〉

The angular power spectrum tells us the amplitude of the 
perturbations on a scale θ ∼

π

ℓ

Maximum    given by precision on the localisation of the source

10 ℓ ∼ 20

ℓ ∼ 2001

degrees

degree

ℓ
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Lensing on the luminosity distance
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CB, Durrer and Gasparini (2005)
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