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THE OUTLINE OF THE PRESENT TALK

® Introduction

® Recent Planck results
® Dark energy as a modification of gravity
® The modified gravity models
® Cosmological Implications

® Summary-Conclusions



THE CURRENT COSMOLOGICAL STATUS

Q + Qs

/ \ \ ~4% luminous

tt
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energy Dark matter

We live in a very exciting period for the Z
advancement of our knowledge for the Co |
Current observational data strongly support a flat and acce /gvrf ting Ur{)\/e/fse Wikh

H,~67-73Km/sec/Mpc and T ~14 Gyr. / 7

The mystery of dark energy poses a challenge of such rrr/ nitude that, as statedry
the Dark Energy Task Force (DETF —advising DO = k) A ﬂnrl NSE); INotrlngrsien;
of a revolution in our understanding of fundame /Cff 0I1ySICs Willl e requireatio
achieve a full understanding of the cosmic acc rflry/m%n” (Albrecht et al 2006):




COSMOLOGICAL OBSERVATIONS & SPACETIME

S. Perlmutter, A. Reiss & B.
Schmidt: Nobel Prize 2011

Hubble diagram (SNlIa) > Q_+ Q.

Growth data + gravitational le
cosmological scales



The Friedmann-Lemaitre-Robertosn-Walker (FRLW) spacetime /

Assuming that the Universe is homogeneous and isotropic (Cosmological prlnC|pIe) v

2
ds’=—c*dt* +a’(t) i

\ = +r2(

The scale

Time part (] l

The expansion e
rate of the / 7
Universe, Hubb 7
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The analysis of the
et al. 2013) points



The Cosmic Microwave Background as seen by Planck and WMAP
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CMB temperature anisotropies provide a standar
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Evidence of cosmic acceleration

T S R

Observationally assuming a
matter dominated Universe we
gave:

F= 4 >87t p

— ; a 3 V’
3"5"‘0?5"21"'1_5‘“ or /////

S. Perimutter, A. Reiss & B.

45

35

Change the cosmic

Schmidt: Nobel Prize 2011 Change Gravity. fluid. We add a
GR is not valid at “dark energy”’
Cosmological Z // 7

scales. Modify the

“law of gravity” //
// / 7
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HUBBLE DATA — EXPANSION RATE
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“Dark Energy” introduces a New Physics //4

A

Artistic view of a universe filled by a turbulent s¢ //

R. Caldwell (200 ///// 7%
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THE DYNAMICS OF THE UNIVERSE

7

o For Matter: p, (a) = pppe™ and P, = 0.

| + For Radiation: pla) = poa and P, = i i%

o For Dark Energy: pola) = pgoX(al
X(a) =exp (SL 1+ m{a]]dhm)
Poa) = w(a)pgle)  u(a) < -1

In the matter dominated era //// .

and for spatially flat models 7/

7
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The cosmological parameters

Z
Scale factor — Density Parameters : ////// :
() 4 + (2 O 2 Qr o || 7

The Friedmann-Lemaitre equation devided by H = a/a becomes:

l_SWGpm BnGpg = 8nGp,
3R 3H? 3H*

y

of2) // 7 m(e) = m +Z s = %;E{o:;
Py=upg ula)<-13 [N W tmtr B
: 0 i Dr £ Q'r'fl’__1

¢ ):Pm+ﬁq+Pr  E(a)
with

E(0) = (™ + QX (a) + 007



Ade et al.

2013




Planck Results: Ade al al. (2013-arXiv:1303.5080 ) /
'// 7
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Tensor-to-Scalar Ratio (ryn02)
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Dark Energy as a modification of gravity?

An alternative approach to cosmic acceleration is
to change gravity ‘‘geometrical dark energy”” 7))

|

Here we alter general relativity by modifyi
the usual Einstein’s field equations




Tests of Gravity

7

by R. Caldwell 2005 PERSONGIBENTURY |

n =272 <4x10713
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local acceleration of bodies of different composition
Eot-Wash: Baessler et al, PRL 83 (1999) 3585

/

) — —13 7

G/G = (4+9) x 10-13 /yr /

y

Lunar laser ranging / 7

Williams et al, PRL 93 (2004) 261101 / : /
7

7

M, M. ' =
Mcl;‘earth - W(ﬁmoon =(-1+1.4)x10 13
Nordtvedt effect: observatic . //
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The main steps are:

1. Define the modified Einstein-Hilbert action
(S) in which we include all the ingredients

(modified gravity, scalar fields, matter etc). /////

2. Varying the action (6S=0) in order to o
the modified Einstein’s field equations

present).
l

3. Using the FRW metric w / / 1e so called
Friedmann equations (eo /@cror or motion)
which describe the Cos r" GP Namics off the

Universe.



SCALAR TENSOR THEORIES

® These are probably the simplest example of modified gravity models
and as such one of the most intensely studied alternatives to General
Relativity. The general Einstein-Hilbert action is

1 4 77 1 1 9)
S=c—— | di Rl Vo) |+S +8
= | 4'x/=g|5 f (e.R)==c(o) (V) H88
Is a general Is a function of
function of the the scalar field
scalar field and the  (inflaton,
Ricci scalar dilaton string

theory etc)

For more details see Fujiii & Maeda 2003; Amendola & Tsujikawa 2010; Capozziello &
de Laurentis 2011 (and references therein)

The above general action i clu des a wid
/7 77
variety of theories. Inde d s ff—‘ T thes
are: /./v




GENERAL RELATIVITY

® GR is a particular case of the scalar tensor theories. % ( ®,R )
Varying the action we have the Einstein’s equations

A is the Einstein’s cosmological constant

v 1 7
GW:RW—ERgW +Agﬂv—87|:GN
The energy momentum —_

tensor



For the spatially flat FRW metric we get the Friedmann equations of motion

StG
From (00)- — N L
components 3 ('0’" y
From (ii)- —— 3H°+2H =—8nG (P
components

Bianchi identities
assuming no Z
interactions

For radiation

p,.+3H( p B




The scalar field dark energy models /
® These dark energy models adhere to General Relativity. /

The corresponding Einstein-Hilbert action includes: g
)y y
:L 4 v l _l 2 //,////v/ 7
S=—co | d*xJ—¢g 5/ (9.R) 2Q(€0)(V¢
R)=R—2V y
f(o.R) (¢) % /
Z

22\ ,/,/ 7
For a homogeneous scalar field // Z
% _
The dark energy ,//'//.// ‘
equation of state ///// 7

arameter 7
P ////

The scalar field dark includes a

- - ./{ /, ‘/_l
wide varlety /f;:ffaumas |
depending on

j
/ 7
e ——



1) f(R) gravity models

f (o, R)=(E5 c(p)=0

Varying the action we derive the modified Einstel field ec
In the context of FRW geometry (spatially flat

:
equations become: ///// 7
i

3f 7o S '
R

+ 3 Hf pn R= 167
/%/// .

—2f . H=16=8 (pm-l—4pr Z
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Notice that the concordance A-cosmology can be found for

y



The effective Newton’s constant depends also from scale.

///./‘/

k=1/1~0. 1 kMot //
//////

Obviously the concordance A cosmology admits General

Relativity
// 7
/ // /
4/

Geﬁ(a’k): 1 1+4(k2fRR/a2fR)
Gy J R 1+3(k2fRR/a2fR)

For more details see: Sotiriou & Faraoni 2008; Amendola & Tsujikawa 2010;
Capozziello & de Laurentis 2011 (and references therein)




In the literature we usually use either the Hu & Sawicki mod 1 //é 7

Z CI(R/mz)n

f(R)=R—m
l—I—CZ(R/mZ)n

or the Starobinsky model:

f(R)=R—c1m2[

In Basilakos, Nesseris & Perivolaropoulos (Phys. Rev. D. 2013) we prove that the f(R)
models can be written as perturbations around the A cosmology




Il) Generalized Brans-Dicke Theories

S (@R)=F(PR-2U(P

3FH?
7+

_1
— U7




The effective Newton’s constant becomes

Geﬁ(a) 1 4+2m5,

Gy F,3 20

For more details see: Nojiri et al. 2005; Damour & Nordvedt 1993; Fujii & Maeda 2003;
Nesseris & Perivolaropoulos 2006; Amendola & Tsujikawa 2010 (and references
therein)




lIl) Gauss-Bonnet gravity

f(9,R)=R—2V (p)—2g(¢) Rz

30
G 2
o +3Ho+V

For more details see: Nojiri et al. 2005; Carter & Neupane 2006; Amendola et al. 2006;
Amendola & Tsujikawa 2010; Capozziello et al. 2013 (and references therein)

///'/ 2




IVV) The braneworld - Dvali, Gabadadze & Porati
(DGP) gravity

167TG [ &> X V-g R+ [d*xV-gR-[ &’ X\-§

/

5y g

16%G

Is the metric In
the 5D brane

dS2:—n2(T,y) dr’ +a’(z // b7

® In the context of a DGP cosmologlcal ne
expansmn of the umverse can be ex

s .
J L
/// '/



The 5D Eingtein equations are given uy

4 1 7

Tz;(bmne) =0(y)diag (_pm,Pm’P //'/,///// ve

Also the components from the scalar ryg of the brane are

//



The Friedmann equation (for tlat =0) vecurnies

HiG

ElaE=




V) Finsler — Randers Geometry

The Finslerian geomtery extends the usual Riemannian
geometry. Note that the Riemannian geometry is also a
Finslerian. Generally a Finsler space is derived from a
generating function F(x,y) on a tangent bundle on a manifolc
(Randers 1941, Goenner & Bogoslovsky 1999; Stavrinos & 7 7
Diakogiannis 2004; Kouretsis et al. 2009; Skakala & Vi /,3@%///
2011; Vacaru 2012 F:TMZ 7

Particular attention has been paid on the so calle
Randers cosmological model.

F(xy)=o(xy)tu,lx)y

Is a weak

primordial vector =
field A
y



In Basilakos & Stavrinos (2013) we prove that the Finsler-Randers model is
cosmologically equivalent with that of the DGP gravity, despite the fact that the two
models have a completely different geometrical origin.




Conclusions - Future work

Testing gravity on cosmological scales 1s one of the main
problems in cosmology

We compare the above models with expansion data in
constrains on the free parameters of the models.

Then we havef to compare the models against g /@/\,xﬁ%@,r/l i
to check possible departures from GR / Z

y

i
7,

7
///// / g * T
}w?.ls can provide exactl
7

9

How many of the above geometrical
the same Hubble function? /
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