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» “Big Bang” cosmology: Universe is expanding e e
. . ig Bang
(recession of galaxies) Cosmology

» Possible in the framework of General Relativity:

ds® = d? — &2(t) di?

» Redshift:

» Spectacularly confirmed: Cosmic Microwave
Background (CMB), Primordial Nucleosynthesis
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In “standard” Big Bang cosmology:
decelerated expansion

Friedmann equations:

> Ppm=0, p=4>0 = 4-0

>

D -

=H Ho = 74 km s~! Mpc™!
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» Dark Energy paradigm comes from observations: Dark Energy

SNla Luminosity-distances David Polarski
F=1z m— M = 5log d; + 25
Ta

d(z)=c(1+2)H, |Qk o™ 2 S <|Qk 0|2 fz h((j; ) Dark Energy
» Expansion no longer as in standard cosmology

a<0—-a>o0 z~0.5

» We are not really unhappy...
Qm70 ~ 03, QDE,O ~ 07, Qk,O ~0
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» Introduce Dark Energy (DE)

3H2 = 8nG (,Om + /)DE) Dark Energy
—2H = 8nG(pm+ ppe + PpE)

2
> h?(z) = (HI—(IOZ)) = Qmo (1+2)° +Qpeo 1(2)

/1+WDE ')
—exp[/d 142

> accelerated expansion
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a~ 3’"3

» Conceptual problem : A ~ 10712252
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» Cosmological constant A: remarkable simplicity!

a 47G A

a~ 3’"3

» Conceptual problem : A ~ 10712252
» There are also observational problems
» wp = —1, and pp is exactly constant

» Other models have generically: wpg(2)!!
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1.
po = 5%+ V(®)
1.
ps = 50" = V(9)

Quintessence

_@_q'b?—zv
Py G242V

We

—1 §W<9S1@P<5+P¢20

No “phantom”!



ot (F(®) R~ 20,0000 —20(®)) + Ln(g)
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» Brans-Dicke parametrization

[0)
F(o)=o 2(0) = 0%
Another choice
() = arbitrary Z=1&wgp>0
Scalar-tensor DE
models
F 3 4
= > —— 4 %10
“BD = (dF/do)2 ~ 2 wBDO > % X
g M; M.
V = —Ger 1772 massless ¢ field
1 G*
Getr = Gy <1+m> GN—?

> Geff,O = GN,O
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» 3FH? = 871G, pm + %2 +U-— 3/-/[: David Polarski

—2FH = 87G, pm+ 2+ F — HF

Define ppe and ppe:

k
2 _ +
3 <H + —2> = 8nx (pm PDE) Scalar-tensor DE
a models

. k
-2 (H—?> = 8r (pm + pDE + PDE)

> W?(2) = Qmo (14 2)° + Qpeo f(2) + Qo (1 + 2)?

1+ wpe(Z')
1+Zz

f(z) = exp [3 /Oz dz
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Growth of matter perturbations is modified:

om + 2Hbom — 47 G pm 6m =0

(h2)/_ h2
2 1+2

> (5;71 = 2(1 + Z)% Qm,O Om rSn%adlgllr:ensorDE

h25;;,+<

Perturbations é,(z) must be consistent with background
expansion!

Some “DE” clustering



» Modifying gravity ?
Example : R — f(R)

f(F?):R—AF?C<1—(1+
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Example : R — f(R)

f(R) = R— AR, (1 ~(1+ g—;)‘”>

» Growth of perturbations Modifed araviy

> Getr = Gett(2, k) & V(r) = —%—M‘r’w? (1+%e ™)

_ o R))
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> L= torg — 29" 0u0 06— V(9)+ Lim [Vimi A%(¢) G

b A7 — g286/Mpt V=M els)
M< ¢ < Mp, — V is like Al

Chameleon

> Geff(Z, k) = V(r) — _G* M1rM2 (1 +2 62 e—rnd,r) models

my is too large, no influence on cosmological scales!




> L= torg — 29" 0u0 06— V(9)+ Lim [Vimi A%(¢) G

b A7 — g286/Mpt V= M els)
M< ¢ < Mp, — V is like Al

> Ger(z,k) = V(r) = —G MM (1 12 g2 e=mor)

my is too large, no influence on cosmological scales!

» Interacting dark sector
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» Matter perturbations can be characterized by the

“ H ” _ dinéd _ dInd
growth function” f = 02 = “

df ) 1 _3Geff
aﬁ-f +§(1_3Weff)f—§ G

Qm

» A convenient “parameterization” f = Q}, .
Actually

5m( 7k)<:>7:’7( 7k)
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» Matter perturbations can be characterized by the

“growth function” f = &Iné = ding
df 1 3 Ger
a—l—f +§(1—3Weff)f_§ GQ’"

» A convenient “parameterization” f = Q}, .
Actually

5m( ’k)<:>’7:'7( 7k)

» In ACDM: v ~ 0.55
It can be very different in modified gravity models!
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f(R) = R — )\RC T—H X = ﬁ David Polarski

X c
LA A N
s ——  ACDM 1

"""" k=0.01 h Mpc™'
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f(R) =R — ARs ——— X

Y0

X2n

el
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» Universe future is undetermined

...forever?

«Or «F»r o«

DA
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» We need complementary probes: 2ol

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

» ...theoretical tools: parametrizations, Fisher
matrices, Bayesian approach,..



The art of inducing accelerated expansion

Smooth component in GR
AN? w(z)? w< —1?
Quintessence? Chaplygin? Tachyons?... Clustering?

Modifying gravity ?
Scalar-tensor? f(R)? Galileon? Massive gravity?
Modified growth of perturbations

Challenging cosmological framework ?
What is the universe future ...and past ?

Observations will single out viable models
Deep problems induce exciting solutions and challenging
questions!
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Outlook
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