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Evolution of the Universe
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1998: The accelerating universe

breakthrough of the year
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eory: Friedmann equations

Einstein’s theory of

m Second Friedmann equation A. Friedmann
(1888—1925)
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- —1/3 : deceleration

E Energy conservation (continuity)
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Useful Quantities

density (the energy density for a flat

B 3H?
Pe = (G

ormalized densities

P k
Q= = — _ ‘
Qp a2 2 m

= This way the 1st Friedmann equation can be written as




Slow-roll inflation
AYaradigm for the early Universe

& ) = 1is a stable fixed point for small slow-roll
parameters (¢ K 1,71 « 1)

Basic prediction of inflation: The Universe is flat



Iniverse and Hubble constant

than oldest objects: t; > 12 Gy

zosmological constant (24 = 0.7)
Hyty = 0.96, t, = 13.7 Gy



Jrimordial Nucleosynthesis
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Supernova Cosmology Project

joday s picture
ofritneniverse

No Big Bang
Allen et

= 3 independent data Supernovae
sets coincide

m Supernovae
= CMB

expar hands forevet
= Galaxy surveys recollapses ettty




00ay's [ ‘ture of the Universe

ates in the (flat) Universe

Energy in the Matter 27%

Universe (baryons + cold + 73%
dark matter)

Dark Energy ‘

—11<w<-09



\Whatis Dark Energy?

tro or a
tic universe

wed by all symmetries
CDM agrees with data

o The cosmological and
o the coincidence problems




Cosmological Constant

= Fluid withw = —1

& Very different evolution

= Value much lower than
expected




ield - uation for gravity

Relativity with dust or radiation only

Gy = 870G T,y

& Observation

rating expansion = accelerating expansion

Disagreement between theory and observation!



WO choices

Energy = Dynamical Dark Energy
= Modify hand side

dynamical component



A very active field

dintsov and M. Sami, arXiv:hep-
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icidence Problem

egas of matter and dark energy so

re two possibi
to special initial conditions:
(if current universe is a finite point in phase-space

0 the specific values of parameters:
if current universe is close to a fixed point



Not so simple to realize!

W H? = 2v(p+ppE)
Without energy exchange

: _ ' Fixed poin

ith energy exchange
. Fixed poin
acceleration




Superstring theory: basic idea

= Really fundamental objects
are one-dimensional . e Oravitn
(strings) |

B In low energies strings look -.
like point-like particles \ o

phaton II"'-.I

!
|
"

'\ L

= All known particles are
different oscillatory modes
of the string




Extended Objects: Branes

String theory does not contain
strings only

Normally, open strings satisfy
Neumann boundary conditions

Dirichlet boundary conditions also
make sense

End points are stuck on a hypersurface, interpreted
as a heavy solitonic object, a D-brane

Brane —world idea: we are confined on such an
object.



\simple brane model (DGP)

S = /d5:c—gM3R + /d4a:—h(m2R — Lsum)

One extra dimension
ravity in 5D, our world in 4D

= Reduced to known gravity and cosmology in the early
universe

= New gravity and cosmology at late times

Dvali, Gabadadze, Porrati, hep-th/0005016; hep-th/0008054
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Cosmology for DGP

arly times, we recover standard cosmology

H7r, > o
cent times, p - 0,H - 1/7,

\

E Same number of parameters as ACDM, 7. = Ho_l

Deffayet, Dvali, Gabadadze, astro-ph/0105068 %




A more realistic model

= [d’xv/—g(M°R - A) + /d4x\/—_h (m*R - V)

+ Matter in 5 dimensions (unspecified)
+ Fluid on the brane

Kofinas, Panotopoulos, Tomaras, hep-th/0510207



Cosmological Solution

n(t,y)2dt* + a(t,y)*vijdz'dz? + b(t,y)>dy?

(G ) T ()

|




Cosmological equations

/
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Phase-space analysis

1—72-3(1-3w)p

1l—wy,

7' =(1-272) [(1—22)




itical points and their stability

__Tvesplv=splvesn

Table 1: The ﬁxed points for w=0, influx

[ Tv=sElv=splEpey<ali=s [vee
No of FP| 1 | Oorl| Oor2 |Oorl| I _
“ Natwe | A | A]  AS | S| S

Table 2: The fixed points for w=1/3, influx

Kofinas, Panotopoulos, Tomaras, hep-th/0510207



N erical results for brane model

= Evolution in the w,,, — Z planefork =0,w =0,4A <0

hep-th/
0510207




nce problem with dynamical
" dark energy

tion - scalar field (idea from

—> cosmological scaling

. Q
ons (—2£ = const.
Qpm

ction between DE and DM
ibility that cannot be excluded

e realized in brane-models with brane-bulk energy
exchange and in 4D models with -varying mass

= We can have w,rr < —1 (allowed by data but
problematic in theory) even though wy > —1



g dynamical dark energy:
Quintessence

nstant problem OK (not vacuum energy

= Our idea: Lagrangian description & comparison to data



ur model

r field ¢ (Quintessence)

rmion W
raction potential V' (¢)

rangian mass term for dark matter
mdm(gb)Lp ¥

Mena, Honorez, Panotopoulos, 1009.5263
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Equations of motion

For dark matter

For scalar field

Source:

Pdm + 3Hpgm = Q

6+3Ho+Vy=—-Qf




Phase-space analysis

W dimensionless variables

m 2" Friedmann eq. (dynamical)




s\lew dynamical equations

(1 . Z)Q’n,
2n o (1 . $2 . y2)

3
+ 5zl + z* —y*)




ple fixed point - acceleration

bility: x = x, +u

Y. U
s Re 14,4, <O

m Acceleration: wy, = xf — Y72 < - e@




Comparison with data

E Supernovae

= CMB

R=1.74+0.03

= BAO
A =0.469 = 0.017

dr(z = 0.35)2 /8
A=/QH} | ——
0 (H(z = 0.35)(1 + 0.35)20.352))




Global ¥~ analysis

X%NIG,(C?:) —

X%ot(ci) — X%NIG,(C??) + X2BAO(C’?3) o X%’MB (i)



Nbmerical Results for 4D model




e
nostic for different cosmological
models

with similar expansion history that

Sahni, Saini, Starobinsky, Alam, astro-ph/0201498;
Alam, Sahni, Saini, Starobinsky, astro-ph/0303009



AD¥nodel with interacting dark energy

m Upon comparison to observational data

0 = —0.03 w = —1.02 astro-ph/0702015




Statefinders

9
r=1—|—§'wQX8

N=la Q =-Q%

= Critical points: two fixed points

= At the stable critical point

(Lseble

9
s=14w 7":1—|—§w(1+w)

= Special case: cosmological constant




NOmerical results for the 4D model

= Parameter s vs. red-shift = Parameter r vs. red-shift

G. Panotopoulos, 0712.1177



NOmerical results for the brane model
= Parameter s vs. red-shift = Parameter r vs. red-shift
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G. Panotopoulos, 0712.1177



(5-1) plane for both models

= 5D brane model = 4D model in GR

-0.025 -0.02 -0.015 -0.01 -0.005

G. Panotopoulos, 0712.1177



onclusions

tion - Dark energy

conomic

ossibilities
ical dark energy (quintessence)
etrical dark energy (brane models)

Statefinders: can discriminate between different
- dark energy models with same expansion history



