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» “Big Bang” cosmology: Universe is expanding
(recession of galaxies)
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» “Big Bang” cosmology: Universe is expanding
(recession of galaxies)

» Possible in the framework of General Relativity:

ds® = d? — &2(t) di?
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» Redshift:
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» “Big Bang” cosmology: Universe is expanding David Polarski
(recession of galaxies) "Big Barg”
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:
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In “standard” Big Bang cosmology:
decelerated expansion

Friedmann equations:

§2+£_87rG
a 2 37

4rG

=——5 (p+3p)

Q|

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

>

D -

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

SNIa Luminosity-distances

F=_L_

4 df

d(z) =

c(1+2)H

m— M =5logd, + 25

o 1Qkol” 2 S <|Qko|2 15

Z d7’
h(z")
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» Dark Energy paradigm comes from observations: Dark Energy:
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F=1z m— M =5logd, +25
map

du(2) = ¢ (1 +2) Hy" 10l S (120l? f5 75)
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» Expansion no longer as in standard cosmology

a<0—a>o0 z~05



» Dark Energy paradigm comes from observations: DESEEE
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» Expansion no longer as in standard cosmology

a<0—a>o0 z~05

» Whet is the origin of this accelerated expansion ?



» Dark Energy paradigm comes from observations: DESEEE

Problems and

SNla Luminosity-distances Outiook
David Polarski
F=1z m— M =5logd, +25
map

di(2) = o (1+2) Hy " [l 2 S (1%0l? f5 #25)

Dark Energy

» Expansion no longer as in standard cosmology

a<0—a>o0 z~05

» We are not really unhappy...
Qm70 ~ 03, QDE,O ~ 07, Qk,O ~0



Dark Energy:
Problems and
Outlook

46 RS
44
42

< 40 SR
38
36
34

0 02505075 1 12515 1.75
z

ACDM  Qmo=03 Qxo=0
EdS



» Introduce Dark Energy (DE)

3H?
—2H

87G (pm + poE)
87 G (pm + ppE + PDE)
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» Introduce Dark Energy (DE)

3H? = 87TG(,0m—|—pDE)

—2H = 871G (pm+ ppE + PDE)

2
> h?(z) = (%}Z)) = Qmo (1+2)° +Qpeo 1(2)

f(z) = exp [3 /Oz dz

1+ wpe(Z')

1+Zz

Dark Energy:
Problems and
Outlook

David Polarski

Dark Energy



» Introduce Dark Energy (DE)

3H? = 87G(pm+ poE)
—2H = 8nG(pm + ppE + PDE)

2
> h?(z) = (%}Z)) = Qmo (1+2)° +Qpeo 1(2)

14+ wpe(Z')
1+Zz

f(z) = exp [3 /Oz dz

> accelerated expansion
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» Cosmological constant A: remarkable simplicity!

3

a

d7G

= —Tpm_|_
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» Cosmological constant A: remarkable simplicity!

a 47G A

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
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a 47G A

a~ 3’"3

First models

» Conceptual problem : A ~ 10712252
» There are also observational problems

» wp = —1, and pp is exactly constant
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Cosmological constant A: remarkable simplicity!

a 47G A

a~ 3’"3

Conceptual problem : A ~ 107122/52
There are also observational problems
wp = —1, and py is exactly constant

Other models have generically: wpg(2)!!
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» Quintessence: (minimally coupled) scalar field ¢(t)

1.
po = 5%+ V(®)

1.
ps = 50°—V(9)

:&_g{bz—ZV

W, = =
" Rr2v

-1 SW(b§1<:>P(/g+P(bZO

No “phantom”!
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(F(cb) R— Z9,00"® — 2U(¢)) + Lim(Guw)
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> L= #( (®) R— 20,00 — 2 (cb)) + Lin(Guv)

» Brans-Dicke parametrization

F(®)=0o
Another choice
() = arbitrary

F 3

<80 = (GFjday 2

Z:1<:>wBD>0

wBD,0 > 4 x 104
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> L= ﬁ( (®) R— 20,0010 — 2 (cp)) + L(Quy) | Dakeneoy
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F(o)=o 2(0) = 0%
Another choice
() = arbitrary Z=1<wgp>0
F 3 Scalar-tensor DE
models
=5 > — & > 4 x 10*
“BD = (dF/do)2 ~ 2 wBDO > % X
g M; M.
V=G 1772 massless ¢ field

1 G,
Ger = Gy <1+m> Gy = —



> L= %( (®) R— 20,0010 — 2 (cp)) + L(Quy) | Dakeneoy
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» Brans-Dicke parametrization eV RIEER
0]
F(o)=o 2(0) = 0%
Another choice
() = arbitrary Z=1<wpgp>0
F 3 Scalar-tensor DE
models
= > —— 4 x 10*
“BD = (dF/do)2 ~ 2 wBDO > % X
g M; M.
V=G 1772 massless ¢ field
1 G*
G.r = Gy <1+m> GN—?

> Geﬂ',O = GN,O
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3 (HZ + ?) = 8nGno (pm + ppE)
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] models
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—2FH = 87G, pm+ 2+ F — HF

Define ppe and ppe:

k
3 (HZ + g) = 8mGyo(pm+ PoE)
k

Scalar-tensor DE
_2 <H — ?> = 87T (pm _|_ PDE + pDE) models

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

14+ wpe(Z')
1+2Z

f(z) = exp [3 /Oz dz'
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Growth of matter perturbations is modified: David Polarski
om + 2Hbom — 47 G pm 6m =0
h2)/ h2 3 G«
h2 s ( _ 12 Meff
m + < 2 1 + Z> 5m 2(1 + Z) G Qm,O 5m Scalar-tensor DE
models

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—i)_">

» Growth of perturbations

Modified gravity
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Example : R — f(R)

f(R) = R— AR. (1 ~(1+ g—g)_">

» Growth of perturbations

Modified gravity

> Geir = Gert(2, k) & V(r) = -G MM (4 +3e ™)

_ o R))
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L= 550 — 30" 0.0 0,6~ V(6) +Lm [Vmi

— @2Bd/Mp, V= M4 e(%)"
M< ¢ < Mp, — V is like Al
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> L= 5l — 39" 06 0,6~ V() + Lim [Vimi A7(6) guv]

*

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!
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> L=~ 19"0,0 0,0~ V(8)+Lm [Wm; A7() 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
“growth function” f =

g,
ax

2 +

1

2

dind — dIné
dlna — dx
(1 -3 Weff)f:

3 Geff

2 G

Qm
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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— AR, X=— Outiook
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05p S ACDM ]
rrrrrrr k=0.01 h Mpc ™!
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————— k=0.1hMpe™" 1
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f(R) =R — ARs ——— X

Y0

X2n

el

(x27+1)

0.55

0.50

0.40

ACDM B
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V() = M1 — u(1 — e /M)
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» Universe future is undetermined...forever?

Outlook

«Or «F»r o«
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» We need complementary probes:

Supernovae

Clusters

Weak lensing

Baryon Acoustic Oscillations
Cosmic Microwave Background
Gamma Ray Bursts?
Gravitational waves?

Redshift drift?
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» We need complementary probes:

Supernovae

Clusters

Weak lensing

Baryon Acoustic Oscillations
Cosmic Microwave Background
Gamma Ray Bursts?
Gravitational waves?

Redshift drift?

» ...theoretical tools: parametrizations, Fisher
matrices, Bayesian approach,..
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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?
Modified growth of perturbations

Challenging cosmological framework ?
What is the universe future ?

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