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» Dark energy paradigm started with observations: Dark Energy
Luminosity distances from SNla David Polarski

Why Dark Energy?

]—‘:4—Ld2 m— M =5logd, +25
m™ar

di(2) = (1+2) Hy " 1940l 72 S (190l J3 12Z5)

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

a<0—a>0 a z~05

» We are not really unhappy...
Qmo~03, Qpeo~0.7, Qo~0



Dark Energy

David Polarski

46
44
42

< 40
38
36
34

Why Dark Energy?

0 02505075 1 12515 1.75
z

ACDM  Qmo=03 Qxo=0
EdS



H2 =88, = B
k=0,+1

HZ (32 2 + Q)

S Qi(1 + 3w;)

«4Or «F)>r «=»r 4

=

nae




> Q=&
Per
Q= —
N\ 2
>(§)
a

H2 = 87rG Der

k=041

2= H2 (X + )

Z/ ( +3WI)

Dark Energy

David Polarski

Basics



Q = — = k=0,+1
.\ 2
> (3) ==+

53°(1 + 3w;)

_ a
q9= "~z

» At late times for flat universe

q~ (14 3wpeQpE)

Dark Energy

David Polarski

Basics



Q = — = k=0,+1

.\ 2
> (2) = He = He (S )
q

5301 +3w;)

_a_
aH?
» At late times for flat universe

q~ (14 3wpeQpE)

> Wpe < —4 Qpt g<o0 acc.

Dark Energy

David Polarski

Basics



Dark Energy

David Polarski

» Cosmological constant A: Remarkable simplicity!
“..My greatest blunder...” A. Einstein

Cosmological
constant A



Dark Energy

David Polarski

» Cosmological constant A: Remarkable simplicity!
“..My greatest blunder...” A. Einstein

Cosmological
constant A

» Conceptual problem: A ~ 107122/52



Dark Energy

David Polarski

» Cosmological constant A: Remarkable simplicity!

Cosmological
constant A

» Conceptual problem: A ~ 10-122/52
» Some observational problems:

Dark matter halo density profile (no cusp seen)
Large scale peculiar flows

Unexpected brightness of SNla data at z > 1
Observed emptiness of voids



Dark Energy

David Polarski

» Cosmological constant A: Remarkable simplicity!

Cosmological
constant A

» Conceptual problem: A ~ 10-122/52
» Some observational problems:

Dark matter halo density profile (no cusp seen)
Large scale peculiar flows

Unexpected brightness of SNla data at z > 1
Observed emptiness of voids

» Achilles’ heel: wy = —1 and pp strictly constant



» Cosmological constant A: Remarkable simplicity!
“..My greatest blunder...” A. Einstein

» Conceptual problem: A ~ 107122/52
» Some observational problems:

Dark matter halo density profile (no cusp seen)
Large scale peculiar flows

Unexpected brightness of SNla data at z > 1
Observed emptiness of voids

» Achilles’ heel: wy = —1 and pp strictly constant

» Prominent contenders have dynamical wpg(z)!!
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» Quintessence: (minimally coupled) scalar field ¢(t), David Polarsid

so successful in inflationary models

1.
Py = E(bz + V(¢) Quintessence

1.
ps = 50" = V(9)

_&_gbz—zv
ps @R +2V

W

—1 §W<b§1<:>p<b+p<b20

No phantom!
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» Brans-Dicke parametrization

[0}
F(o)=o Z() = WBi( )
Another choice
() = arbitrary Z=1<wgp>0 Scalar-tensor DE
F 3 .
= T AaN2 © 5 4 %10
“BD = (dFjdey ~ 2 wep,0 > 4 X
- M; M.
V = —Gerr 172 massless ¢ field
1 G.

> 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 Scalar-tensor DE
models
3 <H2 + g) = 8mCGno(pm+ PoE)

ok
-2 (H - g) = 8rm (pm + ppE + PDE)

> 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:

om + 2Hbom — 47 G pm 6m =0

Scalar-tensor DE
models

3 Gefr
) o = 5(1 +z)F“ Qmo m

(h2)/_ h2
2 1+2z

h25;;7+<

Perturbations ¢,(z) must be consistent with background
expansion (h(z) = &2)!
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< Modified gravity DE models

» f(R) modified gravity DE models: R — f(R)
Most popular models (< + %) lead to unviable
cosmic expansion with a ~ t5 > a~tz

Modified gravity
models
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f(R) modified gravity DE models: R — f(R)
Most popular models lead to unviable

: . . 2 1
cosmic expansion with a ~ t3 — a ~ t2

Modified gravity
models

Some interesting viable f(R) models still remain:
f(R) = R — \R¢ f1(x) x = R/R;

eg. R— \R; (1 - (1 +g—§)_n>, n,A>0(n>2)

__ df(R)\.
In f(R) models (F = ).

Getr = Getr(2, k) & V(r) = —GM M (4 1 1 g=mn)
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> L= q5ia — 39" 0u0 0,6 V() +Lm [Wmi A%(¢) Guv]

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

> Gurlz,K) & V(1) = ~G, MM (14252 e~
my is too large, no influence on cosmological scales!

» Coupling to dark matter only?
Ab =0 Ac/m #0
Interacting dark sector
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models
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“ H ” _ dinéd _ dInd
growth function” f = 02 = “

df ) 1 _3Geff
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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
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s ——  ACDM 1

"""" k=0.01 h Mpc™'
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Growth function,
growth index
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» We need complementary probes:

Supernovae

Clusters

Weak lensing

Baryon Acoustic Oscillations

Cosmic Microwave Background

Gamma Ray Bursts? Observations

Gravitational waves?
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DE paradigm: something accelerates the expansion
rate and fills the universe

AornotA?
What is w(z) and the underlying model?
General Relativity or beyond ?

When we have very precise data, which model from
each family will survive?
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