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I Dark energy paradigm started with observations:
Luminosity distances from SNIa

F = L
4πd2

L
m − M = 5 log dL + 25

dL(z) = c (1 + z) H−1
0 |Ωk ,0|

−
1
2 S

(

|Ωk ,0|
1
2

∫ z
0

dz′

h(z′)

)

I Universe expansion does not look like in (old)
textbooks

ä < 0 → ä > 0 at z ∼ 0.5

I What is the origin of the accelerated expansion?

I We are not really unhappy...
Ωm,0 ≈ 0.3, ΩDE ,0 ≈ 0.7, Ωk ,0 ≈ 0
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I Ωi = ρi
ρcr

H2 ≡ 8πG
3 ρcr wi ≡

pi
ρi

Ωk = − k
a2H2 k = 0,±1

I

(

ȧ
a

)2
≡ H2 = H2 (

∑

i Ωi + Ωk )

q ≡ − ä
aH2 = 1

2
∑

i Ωi(1 + 3wi)

I At late times for flat universe

q ' 1
2(1 + 3wDEΩDE)

I wDE < −1
3 Ω−1

DE q < 0 acc. exp.
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I Cosmological constant Λ: Remarkable simplicity!
“...My greatest blunder...” A. Einstein

I Conceptual problem: Λ ∼ 10−122l−2
Pl

I Some observational problems:

Dark matter halo density profile (no cusp seen)
Large scale peculiar flows
Unexpected brightness of SNIa data at z > 1
Observed emptiness of voids

I Achilles’ heel: wΛ = −1 and ρΛ strictly constant

I Prominent contenders have dynamical wDE(z)!!
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I Quintessence: (minimally coupled) scalar field φ(t),
so successful in inflationary models

ρφ =
1
2 φ̇2 + V (φ)

pφ =
1
2 φ̇2 − V (φ)

wφ =
pφ

ρφ
=

φ̇2 − 2V
φ̇2 + 2V

−1 ≤ wφ ≤ 1 ⇔ ρφ + pφ ≥ 0
No phantom!
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I L = 1
16πG∗

(

F (Φ) R − Z∂µΦ∂µΦ − 2U(Φ)
)

+ Lm(gµν)

I Brans-Dicke parametrization

F (Φ) = Φ Z (Φ) =
ωBD(Φ)

Φ

Another choice
F (Φ) = arbitrary Z = 1 ⇔ ωBD > 0

ωBD =
F

(dF/dΦ)2 > −
3
2 ωBD,0 > 4 × 104

I

V = −Geff
M1 M2

r massless Φ field

Geff = GN

(

1 +
1

2ωBD + 3

)

GN =
G∗

F

I Geff,0 ' GN,0
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I 3FH2 = 8πG∗ ρm + Φ̇2
2 + U − 3HḞ

−2FḢ = 8πG∗ ρm + Φ̇2 + F̈ − HḞ

Define ρDE and pDE :

3
(

H2 +
k
a2

)

= 8πGN,0 (ρm + ρDE )

−2
(

Ḣ −
k
a2

)

= 8πGN,0 (ρm + ρDE + pDE)

I h2(z) = Ωm,0 (1 + z)3 + ΩDE ,0 f (z) + Ωk ,0 (1 + z)2

f (z) = exp
[

3
∫ z

0
dz ′

1 + wDE(z ′)

1 + z ′

]
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−2FḢ = 8πG∗ ρm + Φ̇2 + F̈ − HḞ
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Growth of matter perturbations is modified:

δ̈m + 2H δ̇m − 4πGeff ρm δm = 0

h2 δ′′m +

(

(h2)′

2 −
h2

1 + z

)

δ′m =
3
2(1 + z)

Geff
G Ωm,0 δm

Perturbations δm(z) must be consistent with background
expansion (h(z) ≡ H(z)

H0
)!
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I No new component (DE), just change gravity!
⇔ Modified gravity DE models

I f (R) modified gravity DE models: R → f (R)
Most popular models (R + µ2

R ) lead to unviable
cosmic expansion with a ∼ t 2

3 → a ∼ t 1
2

I Some interesting viable f (R) models still remain:
f (R) = R − λRc f1(x) x ≡ R/Rc

e.g. R − λRc

(

1 −
(

1 + R2

R2
c

)

−n
)

, n, λ > 0(n ≥ 2)

I In f (R) models (F ≡ df (R)
dr ):

Geff = Geff(z, k ) ⇔ V (r) = −G∗

F
M1 M2

r
(

1 + 1
3 e−mr)
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I L = R
16πG∗

− 1
2gµν∂µφ ∂νφ−V (φ)+Lm

[

Ψm; A2(φ) gµν

]

I A2 = e2βφ/MPL V = M4 e( M
φ

)n

M � φ � MPL → V is like Λ!

I Geff(z, k ) ⇔ V (r) = −G∗

M1M2
r

(

1 + 2 β2 e−mφr)

mφ is too large, no influence on cosmological scales!

I Coupling to dark matter only?
Ab = 0 Adm 6= 0
Interacting dark sector
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I Matter perturbations can be characterized by the
“growth function” f = d ln δ

d ln a ≡ d ln δ
dx

df
dx + f 2 +

1
2 (1 − 3 weff) f =

3
2

Geff
G Ωm

I A convenient “parameterization” f = Ωγ
m .

Actually
δm(z, k) ⇔ γ = γ(z , k)

I In ΛCDM: γ ' 0.55
It can be very different in modified gravity models!
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I We need complementary probes:

Supernovae
Clusters
Weak lensing
Baryon Acoustic Oscillations
Cosmic Microwave Background
Gamma Ray Bursts?
Gravitational waves?
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