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Motivation

Why looking beyond the standard cosmological model (ΛCDM+GR)?

• Cosmological Constant Problem

• Is there any viable alternative to GR at cosmological scales? (Test gravity

at large scales).

Conference Advertisement!

Testing Gravity. 25-29 January, 2017, Vancouver.
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Testing Gravity

Introduce an additional scalar degree of freedom φ in Sg. (Stot = Sg + Sm).

Implement your favorite model in a Boltzmann solver.

• CAMB → MGCAMB, EFTCAMB

• CLASS → HiCLASS

Compare theory with cosmological data.

• CMB

• Weak Lensing, Redshift Space Distorsion,

• . . .

Explore parameter space of the model. For example Hu-Sawicki f(R) gravity:

fR0 , n

f(R) = R− 2Λ +
fR0

n

Rn+1
0

Rn
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Testing Gravity

How to implement MG/DE in Boltzmann codes?

1. “From scratch”: modify the action S. Solve all the equations.

2. Parametrize the deviations from GR (phenomenological).

Phenomenological parametrization.

• µ(a, k): deviation from GR in the Poisson equation

k2Ψ = − 3
2
ΩMµ(a, k)ρ(a)δ(a, k)

• γ(a, k): deviation from GR in the gravitational slip equation

Φ/Ψ = γ(a, k)

ds2 = −(1 + 2Φ)dt2 + (1− 2Ψ)δijdx
idxj

For a specific model, the functions µ and γ are obtained using the Quasi-Static

Approximation.
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Quasi-Static Approximation

Scalar-Tensor theory:

Stot = Sg(gµν , π) + Sm(gµν , χ)

The variational principle gives us

• δgµνSg = 0→ (Modified) Einstein equations.

• δπStot = 0→ Dynamical equation for π.

• Tµν;ν = 0. (Minimally coupled matter)

Combine above equations to get:

Ψ̈ +A(k2H , t)Ψ̇ +B(k2H , t)Ψ = C(k2H , t)δ +D(k2H , t)v

E(Ψ,Φ) = 0
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Quasi-Static Approximation

Consider sub-horizon scales k2H � 1.

Quasi-Static Limit: assume k2HΨ� Ψ̈, Ψ̇. The equation for Ψ becomes

k2Ψ = −3

2
ΩMf(a, k)δ

This is the reason why MG is often parametrized through µ(a, k), γ(a, k)

functions.

Problem!

The scalar field π could induce oscillations in the potential Ψ endangering the

quasi-static approximation validity.

People don’t want to rely on the Quasi-Static Approximation.
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Quasi-Static Approximation

10-7 10-6 10-5 10-4 10-3 10-2 10-1 100

fR0

0.0
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/
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a
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PLC+BAO +CMBLens +CMBLens+MPK+WL

using QS approx.: fR0
< 3 × 10−3 no QS approx.: fR0

< 3 × 10−3

1. What are the MG/DE theories for which the QS approximation works?

2. What is the range of validity of the QS approximation?

3. How sensitive is cosmological data to deviations from the QS

approximation?
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Validity of Quasi-Static Approximation



Approach

EFT of Dark Energy

Most general Lagrangian in the context of linear perturbations about FLRW.

Each MG/DE theory is specified by 5 time dependent functions:

αB , αT , αM , αK , αH .

Starting Point:

Equation for Ψ:

Ψ̈ +
β1β2 + β1β3k

2
H

β1 + α2
Bk

2
H

HΨ̇ +
β1β4 + β1β5k

2
H + c2sα

2
Bk

4
H

β1 + α2
Bk

2
H

H2Ψ

=− 3

2
ΩMH

2 β1β6 + β7α
2
Bk

2
H

β1 + α2
Bk

2
H

δ − 3

2
ΩMH

2 β1β8 + β9α
2
Bk

2
H

β1 + α2
Bk

2
H

Hv.

(1)

Gravitational “slip” equation:

α2
Bk

2
H(Φ−Ψ

ξ

αB
) + β1

[
Φ−Ψ(1 + αT )

(
1 + α̂

αT − αM
2β1

)]
=
αT − αM

2

{
α̂

Ψ̇

H
+ 3ΩMαBδ + 3ΩM

αK − 6αB
2

Hv

} (2)
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Approach

Sub-horizon scales k2H � 1. Natural expansion in powers of 1/k2H .

Ψ̈ + β3HΨ̇ +
[ β1
α2
B

(β5 − c2s) + c2sk
2
H

]
H2Ψ

=− 3

2
ΩMH

2
[
β7 +

1

k2H

β1
α2
B

(β6 − β7)
]
δ − 3

2
ΩMH

2
[
β9 +

1

k2H

β1
α2
B

(β8 − β)
]
Hv.

(3)

Continuity and Euler equations:

δ̇ = k2HH
2v + 3Ψ̇, (4)

v̇ = −Φ. (5)

Hierarchy of variables:

H2v ∼ O
(

1

k2H
δ

)
, Ψ,Φ ∼ O

(
1

k2H
δ

)
.

Define a parameter ε that counts the intrinsic dependence on 1/k2H .
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Splitting the potential

IDEA (Bellini, Sawicki (2015)): split the potential Ψ in

Ψ = ΨQS︸︷︷︸
quasi-static part

+ ψ︸︷︷︸
oscillation

ψ is the oscillatory part of Ψ if the resulting equation for ψ is of the form

ψ̈ + (. . . )ψ̇ + (. . . )ψ = 0.

We need an “ansatz” for ΨQS . Following the usual QS approximation we

define (up to first order in ε)

c2sk
2
HΨQS = −3

2
ΩM

[
A1 +

ε

k2H
A2

]
δ − 3

2
ΩM εB1Hv.
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Oscillation equation

Substitute in the QS ansatz in the equation for Ψ (up to first order in ε)

ε(Ψ̈QS + ψ̈) + β3Hε(Ψ̇QS + ψ̇) +
[ β1
α2
B

(β5 − c2s) + c2s
k2H
ε

]
H2ε(ΨQS + ψ)

=− 3

2
ΩMH

2
[
β7 +

ε

k2H

β1
α2
B

(β6 − β7)
]
δ − 3

2
ΩMH

2β9Hεv +O(ε2)

Take derivatives w.r.t. t of the QS ansatz.

Use continuity and Euler equations to eliminate the dependence on δ̇ and v̇.

εψ̈ + β3Hεψ̇ +

[
β1
α2
B

(β5 − c2s) +
3

2
ΩM

A1

c2s

ξ

αB
+ c2s

k2H
ε

]
H2εψ

=− 3

2
H2ΩM

[(
β7 −A1

)
+

ε

k2H
G1
]
δ − 3

2
H2ΩM

(
β9 − G2

)
εHv +O(ε2),
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Gravitational Instability

How does ψ affect the growth of δ?

δ̇ = k2HH
2v + 3Ψ, v̇ = −Φ.

δ̈ +

(
2H +

ε

C1

)
δ̇ −

(
3

2
ΩM

β7
c2s
H2 +

3

2
ΩM

αT − αM
αB

− ε

k2H
C2
)
δ = S[ψ]

S[ψ] = −k2HH2ψ + εC3(k2H , ψ, ψ̇, ψ̈)
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Work in Progress..

• Gravitational Collapse δ

• Lensing: Weyl Potential Φ+ = (Φ + Ψ)/2

• Check the QS limit for specific models
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Thank you!
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