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Homogeneity and |sotropy:

The Dynamics and Geometry of the Universe are described by two pa-
rameters:

The scale factor a(t)
The curvature parameter K

The metric of the space time:

dr?

1 — kr?

ds® = —dt* + a*(t) ( + r%(d6? + sin2(0)dd)2))
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Flat Models
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T. R. Choudhury and T. Padmanabhan, Astron. Astrophys. 429, 807 (2005).
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Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010

Union2 SN la
Compilation




Dark Matter

Dark Energy




Geometry
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Source

Cosmological constant
T =T + T2,

R = F(R)



The Energy-Momentum tensor
Perfect fluid

T/w — (p + P) UpUy + POuv

The Continuity Equation

VAT, =0 = p+3g (p+P) =0
The Equation of State

P =wp, w — constant

—3(1+w) a—3, for w =0, Ordinary and dark Matter
x a =
. a—4, for w = 1/3, Radiation



The Cosmological Equations with Dark Energy

d2o<@+p+r20+a2ppg+const
a a
PDE x af, p> —2
%=—#(p+3p)
P=wp = %=—$(1+3w)p

Then, the condition for accelerated expansion:

1
w<—§




The First Model
The cosmological Constant

What we know about Dark Energy:
Smoothly distributed through space
Varies very slowly with time

Constitutes about 70% of Energy in the Universe
p =~ constant, P = —p

p ox a—3(1—|—w)

ifw=-1 = p=-const=pp



The cosmological Constant

1
Ity — EQ“VR+ Agu, =8nG1,,
—_——
1
R;u/ = §gﬂl/R T Ag/.u/ =8 G (T;u/ + PA gul/)
s T

A=8nG pp



The cosmological Constant
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The Equation of State for the ACDM

\ Transition Decelaraton-Acceleration

Cosmolegical Constant




The Density Parameter (k=0)

Q=0,+0y=1




Problems

Fine tuning

Prac = M =~ (10 eV)* = 10'® eV*
ps,‘;ts) = pr ~ (1073 eV)* =~ 1072 eV?

pva,c ~ 10120p(0b8)

vac

Coincidence problem

Why Qp = Q.
Why is the vacuum energy so important now?






Dynamical Dark Energy Scalar field models - Quintessence

1
Ry — 59 R = 87G (Tgﬁ + T,gyf))

5= [ dov=g (~jomoe0rs - V(&)
p= 3R +V(#), p=5-V(9)
- 22E 18+ vie)

.. 8 G .
% _ _L [¢ V(qS) The Universe accelerates if ¢? < V(o)




Dynamical Dark Energy (Quintessence)

Dark energy doesn’t vary quickly, but maybe slowly.

—2V(9)
¢2 + 2V(¢)

p = poexp [—/3(1 + wg) da]

Asq.5—>0, wg — —1 and p — const
—6

|

As V(p) -0, wg—1land p—a
pxa ™, 0<m<6



Power-Law Solution

a(t) o< t¥
£2/3 for Ordinary and dark Matter
aocxtP=<t/2 for Radiation

p>1, a>0 =  accelerated expansion

167r¢)
P Myl

mg ~ 107 eV =~ 10% M,

¢ xInt V(p) = Voear:p(—






Scalar with non-minimal coupling to curvature and to Gauss-Bonnet

R 1 |
5= [atzys [F — 10,6040 — V(8) — 366 R — n($)C + cm]

56+ V(6) + 3¢H (200 + HY) + 24H° 7.

¢+3H¢>+%+6§ (2H2+H)¢)+24H2 (H2+H)




Exact Solutions with V=0

x=ln a

N 2 ,

do
— 3¢H? ( 20— + ¢*
(dI>+£ (c.bdercD)

dd 2
) +6§(4H2+
dx

dHQ) dn

+ 24H? (QH2 -

dx E:




The Friedmann Equation

do\ 2 do | 6
(—é) + 12£cf>d—s‘v + 6 (£ + 8g9) #° +48g1 — — =0

dx

K2

The Equation of Motion

d (do\* )\ 2 do |
— = ' QED— + 48 2)| g2
— (@) ) +24€6—— + 48 (g1 + 909 )}

do\* .. do |
+ (E) + 6€¢d—I +24 (g1 + 92692)}

dH?
B—
dxr

do

o = (s £ VBEBE— 1) — 482




A =68 £ 4/6£(6§ — 1) — 48g,

3
()\2—6€A+24g2+ ,262/\:1:)

K205

: <_/\3 + 30" — 126) + 249, + 23.26m> H?>=0
K

2 2 —2x
W (z >> 1) if A >0 H® = Hje




2.
A<V H2=H§exp(

o1 L [2X —6)7 4 246N — 48y
B 3 A2 — 6EN + 244,

3. The restriction 207 — 6A% + 246X — 48gy =0

H? = h2 [R263(A2 — 6EA + 24g5) + 3] /7

262)\1







Fig. 2 The evolutions of the DE EOS parameter w as function of z for
£ =1(2/15,-3/14,-7/6,—3/2) which give (A =2,3,—1,—3/2) and
wo ~ —0,95, —0.98, —0.97, —0.98 respectively, for kpg = 4. Though the current

values are very similar, the DE evolves to different scenarios depending & (which

defines the sign of \).




4. The general case

— GEN+ 244Gy, 7= —2X3 + 6% — 24\ + 48,

Ili}g;w——l%—% and mlglgowz—% for A >0

1 /
lm w=—— and hmu——l—l—’) for A< 0

T——00 X T— 00 35




Fig. 3 The behavior of the DE EOS w as function of the redshift. The initial value

of the scalar field is koo = 2 and the current value is wog = —1. For

A=(1/8,—1/8,1/16,—1/16) the corresponding coupling parameters take the values
£ =(5,-5,10,—10) and go = 0.28 for all cases.
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Fig. 4 The DE EOS w as function of the redshift for small parameters. In all cases
A > 0 and the initial value of the scalar field is kg = 2. The curves show different

current EOS wq, but all of them are close to —1, and present transitions from

phantom to quintessence phase in the past (wo > —1), the present (wop = —1) and
the future (wp < —1).
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Fig. 5 The DE EOS w as function of the redshift for A < 0. In all cases the initial
value of the scalar field is kpg = 4. The curves cover different behaviors of the EOS,

but all of them in an acceptable range of values according to the data. Note the

transitions from quintessence to phantom phase in the past (wg < —1), the present

(wg = —1) and the future (wg > —1). The horizontal line corresponds to the

cosmological constant.




Phantom power-law

w < —1 (or H > 0)

V(9) = [dy(p,€) + dy(p, ) + dy(p, €)¢°] e~/

Big-Rip Singularity

a— 00, p—>00, pP—00

At finite time




Little-Rip solutions

w< —1 (or H > 0)

H = Hoeht Gb _ q'boeht

do° (R2K2(1 — 4€) o + 2hHor*(1 — 4€)ddo + 2Hy?)
16H04f{2¢2

V(é) = mid + mad® + msd® + mad®




Solutions with quintessence and phantom phase

t <ts/2 Quintessence phase
t > ts/2 Phantom phase




Conclusions

- There is not a definite theoretical model to explain the observations.

- The nature of dark energy is a fundamental problem for cosmology and particle physics.
We need more SN1a results complemented by observational constraints on CMB.

- The equation of state plays a central role: If w=-1, the DE is a cosmological constant with it's
fine-tuning and coincidence problems. If w>-1 quintessence models will give the answer.

- If w<-1, we will face new theoretical challenges.



