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Big Bang
“…idea che l'universo iniziò ad espandersi 
a partire da una condizione iniziale 
estremamente calda e densa” [Wikipedia IT]

“At some moment all matter in the universe 
was contained in a single point” [Wikipedia]

Georges Lemaître (1894-1966)
Theory, 1927: Solution (Friedmann’s) of Einstein’s Eqs
Annales Société Scientifique Bruxelles 47, 49 (1927), Eddington MNRAS (1930)

Observational evid.: V. Slipher redshifts + E. Hubble distancies 
"hypothèse de l'atome primitif“   Nature 127, 706 (1931)

primeval atom,  cosmic egg



• Expansion according to Hubble’s law
• CMB Radiation 1964 A Penzias R Wilson
• Abundancy of primordial elements

helium-4, helium-3, deuterium, litium-7
• Evolution & distribution of galaxies
• Primordial gas clouds

distant quasars
• Detection of primordial gravitational waves ? 

17 March 2014

Big Bang: Evidences

WS Adams i T Dunham Jr 37-41; G Gamow 48; RA Alpher, RC Herman 49



Alternatives: 

Steady State theory:  James Jeans,1920s, conjectured a steady state cosmology based on a hypothesized continuous 

creation of matter in the universe. The idea was revised in 1948 by Fred Hoyle, Thomas Gold, Hermann Bondi and others. 

Hoyle, on 28 March 1949, on the BBC Third Programme: “Big Bang”. Published in The Listener in 1950. 

Cyclic model (or oscillating universe): A universe that expanded and contracted in a cyclic manner was put forward in a 1791 

poem by Erasmus Darwin. Edgar Allan Poe presented a similar cyclic system in his 1848 essay Eureka: A Prose Poem 

Albert Einstein, 1930s, theorized a universe following an eternal series of oscillations, each beginning with a big bang and 

ending with a big crunch. 

Richard C. Tolman, 1934, showed cyclic model failed because universe would undergo inevitable thermodynamic heat death. 

One new cyclic model is a brane cosmology model of the creation of the universe, derived from the earlier ekpyrotic model. 

It was proposed in 2001 by Paul Steinhardt of Princeton U and Neil Turok of Cambridge U. It evades the entropy problem by 

having a net expansion each cycle, preventing entropy from building up. 

On the very origin 

A mathematical singularity? 

Extrapolation of the expansion of the universe backwards in time using general relativity yields an infinite density and 

temperature at a finite time in the past [Hawking and Ellis, The Large-Scale Structure of Space-Time (Cambridge U.P., 1973)] 

≈ 5.39106(32) × 10−44 s 

 ħ  = 1.054571726(47)×10−34 J s   =  6.58211928(15)×10−16 eV s 
Planck region

?

?
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Inflation 

App. 10−36 seconds after the origin, a phase transition caused a cosmic inflation, during which the universe grew very quickly 

The inflationary epoch lasted from 10−36 to 10−35 seconds after the origin to some 10−33 to 10−32 s 

de Sitter space (1917) is the analog in Minkowski space (spacetime) of a sphere in ordinary, Euclidean space. It is the 

maximally symmetric, vacuum solution of Einstein's eqs, corresp. to a positive vacuum energy density and negative pressure 

De Sitter space can be defined as a submanifold of a Minkowski space of one higher dimension. Take Minkowski 

space R1,n with the standard metric: 

De Sitter space is the submanifold described by the hyperboloid of one sheet 

    where  is some positive constant with dimensions of length 

In the early 1970s Zeldovich: flatness and horizon problems of BB cosmology 

In the late 1970s, Sidney Coleman applied the instanton techniques of A. 

Polyakov et al to study the fate of the false vacuum in quantum field theory. 

Like a metastable phase in statistical mechanics—water below the freezing 

temperature or above the boiling point—a quantum field needs to nucleate a 

large enough bubble of the new vacuum (new phase), to make a transition. 

(In QFT, a false vacuum is a metastable sector of space that appears to be a 

perturbative vacuum, but is unstable due to instanton effects that may tunnel 

to a lower energy state. This tunneling can be caused by quantum fluctuations 

or the creation of high-energy particles. This is analogous to metastability for 

first-order phase transitions.) 

http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Cosmic_inflation
http://en.wikipedia.org/wiki/Exponential_growth
http://en.wikipedia.org/wiki/Submanifold
http://en.wikipedia.org/wiki/Minkowski_space
http://en.wikipedia.org/wiki/Dimension
http://en.wikipedia.org/wiki/Metric_tensor
http://en.wikipedia.org/wiki/Hyperboloid
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baryonic (Plausibly it is made up of the hypothetical elementary particles postulated in the 1980s, for example axions or the 
lowest mass supersymmetric partner of the known particles.) incompatible with the flat geometry predicted by inflation 
unless the Universe contains an additional unclustered and dominant contribution to its energy density, for example a 
cosmological constant Λ such that Ωm + ΩΛ ≈ 1. Two largescale structure surveys carried out in the late 1980s, the APM 
(automated photographic measuring) photographic survey and the QDOT redshift survey of infrared galaxies, showed that 
the power spectrum of the galaxy distribution, if it traces that of the mass on large scales, can be fitted by a simple CDM 
model only if the matter density is low, Ωm ≈ 0.3. This independent confirmation of the dynamical arguments led many to 
adopt the now standard model of cosmology, ΛCDM. The supernova evidence is consistent with ΩΛ ≈ 0.7, just the value 
required for the flat universe predicted by inflation. [The large-scale structure of the Universe, Volker Springel, Carlos S. 
Frenk & Simon D. M. White, NATURE, 440, 27 April 2006] 

Gravitational waves

,    stress–energy tensor plus quadratic terms involving 

Linear approximation, space is nearly flat 

The pattern of polarization in the cosmic microwave background can 

be broken into two components. One, a curl-free, gradient-only 

component, the E-mode (named in analogy to electrostatic fields), 

was first seen in 2002 by the Degree Angular Scale Interferometer 

(DASI). The second component is divergence-free, curl only, and is 

known as the B-mode (named in analogy to magnetic fields). The 

electric (E) and magnetic (B) modes are distinguished by their 

behavior under a parity transformation n → -n. E modes have (-1)l 

parity and B modes have (-1)l+1. The local distinction between the two 

is that the polarization direction is aligned with the principal axes of the polarization amplitude for E and crossed 450 for B. 
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QUANTUM VACUUM FLUCTUATIONS
OF SPACETIME ITSELF?

BICEP2'S SNAPSHOTS OF THE CMB POLARIZATION

On 17 Mar 2014, John Kovac announced that, by looking 
at the CMB signal, BICEP2 had found the imprint of 
gravitational waves from the Big Bang:
*polarization of the CMB
*curly patterns known as B modes
*generated by gravitational waves during inflation

Sergi R. 
Hildebrandt



Result:  supernovae are 
dimmer than expected 

 
 The universe is not 

  decelerating  
 It is accelerating 

 
Cannot be explained 
by matter+radiation 

(see before) 

Riess,  Schmidt et al.  ‘98 
Perlmutter et al.  ‘99 



The accelerating Universe
Dark Energy: effects on the expansion rate of Universe, 3 approaches:

—- Standard candles: measure luminosity distance as function of redshift
—- Standard rulers: angular diam distance & expansion rate as f of redsh
—- Growth of fluctuations: generated at origin of U & amplified by inflation

Both angular diameter and luminosity distances are integrals of
(inverse) expansion rate: encode effects of DE
To get competitive constraints on DE need see changes in H(z) at 1%

would give statistical errors in DE EoS of O(10%)

—- calibrate the ruler accurately over most of the age of the universe
—- measure the ruler over much of the volume of the universe
—- make ultra-precise measurements of the ruler

On large scales or early times the perturbative treatment is valid:
calculations are perfectly under control
Length scales from physics of the early universe are imprinted on the
distribution of mass and radiation: they form time-independent rulers
(M White, Berkeley)

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 4/24



The accelerating Universe (II)
Evidence for the acceleration of the Universe expansion:

distant supernovae
A.G Riess et al. ’98, S. Perlmutter et al. ’99

the cosmic microwave background
S. Dunkley et al., ’99, E. Komatsu et al. ’99, B.D. Sherwin
et al. ’11, A. van Engelen et al. ’12

baryon acoustic oscillations BAO Martin White mwhite/bao/

the galaxy distribution AG Sanchez ea 12, Gaztanaga ea

correlations of galaxy distribs R Scranton ea ’03,

Multiple sets of evidence: no systematics affect the
conclusion that ä > 0, a scale factor of the Universe

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 5/24



Different types of models
In General Relativity (GR): Gravity leads to deceleration

But pressure also influences geometry: R Tolman ’32
negative pressure can drive acceleration

Cosmological evidence could be explained by an undiscovered
substance with negative pressure, so-called dark energy

J.A. Frieman ea ’95, K. Coble ea ’97, R. Caldwell ea ’97, B. Ratra,
P.J.E. Peebles ’98, C. Wetterich ’98, D. Huterer, M.S. Turner ’99

Another possib: GR is (wrong!) not accurate enough at large scales

S.M. Carroll, V. Duvvuri, M. Trodden, M.S. Turner ’04, Capozziello ’04

GR was developed using information and intuition at Solar System
scales, it is (almost) only checked there, it could need to be modified
on large scales

A. Starobinsky arrived at same conclusion, through very different
arguments based on quantum corrections to ordinary GR: lead to
terms of second order in R, and higher

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 6/24



Several problems
Do not have simple guidelines, gedanken experiment, reasons of
elegance and simplicity, as those of Einstein in constructing GR

Besides that, even if beauty is abandoned, a modification of gravity
must still confront three additional problems (Park & Dodelson)

Almost all models contain a mass scale to be set much smaller than
any mass found in nature, < 10−33 eV

What is the meaning of this small mass scale?

How can it be protected from interactions with the rest of physics?

A fine tuning problem in time: the modifications to gravity happen to
be important only today, not at any time in the past

Another problem: modified gravity models should comply with the
successes of GR in the Solar System

These constraints already doomed one of the first most promising
modified gravity models introduced to explain acceleration and still
place tight constraints on many models

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 7/24



Models with non-local interactions
One class of modified gravity models that overcomes most of these problems

contains non-local interactions

S. Deser and R. Woodard, Phys.Rev.Lett. 99, 111301 (2007), 0706.2151

Deser and Woodard consider terms that are functionals of �
−1R

� the d’Alembertian and R the Ricci scalar

At cosmological scales, �
−1R grows very slowly:

as (t/teq)1/2 in the radiation dominated era

logarithmically in the matter dominated era

So, at the time of Nucleosynthesis �
−1R is about 10−6

and at matter-radiation equilibrium it is only order 1

In a natural way, these terms are irrelevant at early times and begin to affect

the dynamics of the Universe only after the matter-radiation transition
This solves some of the worst fine tuning problems

Since �
−1R is dimless, the functional ×R has no new mass parameter

Finally, because �
−1R is extremely small in the Solar System, these models

easily pass local tests of gravity
E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 8/24



Sufficient theoretical motivation
In string theory, R �

−1R is precisely the term generated by quantum

corrections (away from the critical dimension) as first pointed out by Polyakov

A.M. Polyakov, Phys. Lett. B103, 207 (1981)

It may be possible to rewrite these models in terms of local models with one or
more auxiliary scalar field

S. Capozziello, E. Elizalde, S. Nojiri, S.D. Odintsov, Phys. Lett. B671, 193

(2009), 0809.1535

N. Koshelev, Grav. Cosmol. 15, 220 (2009), 0809.4927

Also, non-local interactions could as well describe the early epoch of inflation

N. Tsamis, R. Woodard, Annals Phys. 267, 145 (1998), hep-ph/9712331

S. Nojiri, S.D. Odintsov, Phys. Lett. B659, 821 (2008), 0708.0924

A realistic model for acceleration, with an arbitrary function of R �
−1R,

reproducing the expansion history of ΛCDM

C. Deffayet, R. Woodard, JCAP 0908, 023 (2009), 0904.0961

Used by S. Park & S. Dodelson, arXiv:1209.0836, to discuss structure
formation in a nonlocally modified gravity

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 9/24



Additional considerations
Anyway, the very first problem still remains: a completely

arbitrary free function can be chosen at will to fit the expansion

history

But a very interesting aspect of modified gravity models in

general is that, even if they are constructed to reproduce the

expansion history equivalent to that of a given dark energy

model (such as ΛCDM), perturbations will often evolve

differently than in a model with standard GR plus dark energy

Indeed, the way to distinguish DE models from modified gravity

is to measure the growth of structure in the Universe

The deviations from dark energy models are at the 10 to 30%

level and have a characteristic signature as a function of

redshift, which suggests that the class of models could be

tested by upcoming surveys
E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 10/24



Our model of type f(�−1R)
Consider a nonlocal gravity which contains a function of the �

−1 operator,

thus not assuming the existence of a new dimensional parameter in the action.
We focus on the study of cosmological solutions both in Jordan and Einstein

frames, including matter in the last case

Observationally, dark energy EoS parameter is now very close to −1, with
tendency to stay below this value, what is intriguing. This number, if final,

would lead back to GR with a cosmological constant (and nothing else). But a
small deviation cannot be excluded by the most accurate astronomical data

The sign (+ or −) or the tendency (e.g., the derivative) of this deviation cannot
be determined at present. This makes room for a number of theoretical

models, derived from quite different fundamental theories, which can
accommodate such situation

Several models are able to reproduce observations, as quintom models, which

involve two fields: a phantom and an ordinary scalar

E Elizalde, S Nojiri, S Odintsov, Phys.Rev.D70(2004)043539, hep-th/0405034

W Zhao and Y Zhang, Phys.Rev. D73 (2006) 123509, arXiv:astro-ph/0604460

H S̆tefanc̆ić, Phys.Rev. D71(2005)124036, arXiv:astro-ph/0504518
E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 11/24



The action
Consider a class of nonlocal gravities, with action

S =

∫
d4x

√
−g

{
1

2κ2

[
R

(
1 + f(�−1R)

)
− 2Λ

]
+ Lm

}

where κ2 = 8πG = 8π/MPl
2, the Planck mass being MPl = G−1/2 =

1.2 × 1019 GeV, f differentiable function (characterizes nature of nonlocality),

�
−1 inverse of d’Alembertian operator, Λ cosmological constant, and Lm

matter Lagrangian. For definiteness, we assume that matter is a perfect fluid.

We use the signature (−,+,+,+), g determinant of gµν

Introducing two scalar fields: ψ = �
−1R & Lagrange multiplier ξ

Sloc =

∫
d4x

√
−g

{
1

2κ2
[R (1 + f(ψ)) + ξ (R− �ψ) − 2Λ] + Lm

}

Original non-local action is recast as a local action in the Jordan frame.
Varying this action with respect to ξ and ψ, one resp gets the field eqs

�ψ = R , �ξ = f,ψ(ψ)R ,

where f,ψ(ψ) ≡ df/dψ

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 13/24



The action (II)
The corresponding Einstein equations are obtained by variation of the local

action wrt the metric tensor

gµν
2

[RΨ + ∂ρξ∂
ρψ − 2(Λ + �Ψ)] − RµνΨ − 1

2
(∂µξ∂νψ + ∂µψ∂νξ) + ∇µ∂νΨ = −κ2T

where Ψ ≡ 1 + f(ψ) + ξ, and T(m)µν energy-momentum tensor of matter
sector

T(m)µν ≡ − 2√−g
δ (

√−gLm)

δgµν

Note the system of equations here does not include the function ψ itself, but
instead f(ψ) and f,ψ(ψ), together with time derivatives of ψ. Also, f(ψ) can

only be determined up to a constant: one may add a constant to f(ψ) and
subtract the same constant from ξ without changing eqs

Here, we assume a spatially flat FLRW universe

ds2 = − dt2 + a2(t)δijdx
idxj

and consider the case where the scalar fields ψ(t) and ξ(t) are functions of

the cosmological time t only

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 14/24



The action (III)
Thus, the system of Eqs. reduces to

3H2Ψ = − 1

2
ξ̇ψ̇ − 3HΨ̇ + Λ + κ2ρm

(
2Ḣ + 3H2

)
Ψ =

1

2
ξ̇ψ̇ − Ψ̈ − 2HΨ̇ + Λ − κ2Pm

ψ̈ = − 3Hψ̇ − 6
(
Ḣ + 2H2

)

ξ̈ = − 3Hξ̇ − 6
(
Ḣ + 2H2

)
f,ψ(ψ)

dot means differentiation with respect to time, t, in the Jordan frame:
Ȧ(t) ≡ dA(t)/dt, H = ȧ/a Hubble parameter

For a perfect matter fluid, T(m) 00 = ρm and T(m) ij = Pmgij

The continuity equation is

ρ̇m = − 3H(Pm + ρm)

Adding them we obtain a 2nd order linear differential equation for Ψ

Ψ̈ + 5HΨ̇ +
(
2Ḣ + 6H2

)
Ψ − 2Λ + κ2(Pm − ρm) = 0

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 15/24



Power-law sol’s withf(ψ) exp funct
Consider the case when f(ψ) exponential function

f(ψ) = f0e
αψ

f0 and α nonzero real parameters. The motivation: (i) simplest model with

power-law and de Sitter solutions (only exp or a sum of exps); (ii) better
studied case among all possible functions for expanding universe sol’s (with

Hubble parameter H = n/t, with n a nonzero constant)

We consider matter with the EoS parameter wm ≡ Pm/ρm being a constant

but not equal to −1. For power-law solutions H = n/t, the continuity eq has
the following general solution (ρ0 arbitrary const)

ρm(t) = ρ0t
−3n(wm+1)

Solutions with H = n/t. Inserting H = n/t

ψ(t) = ψ1t
1−3n − 6n(2n− 1)

3n− 1
ln

(
t

t0

)

ψ1, t0 integration const’s. We consider real solutions at t > 0, hence, t0 > 0.
Note these valid provided n 6= 1/3 and n 6= 1/2 (special cases, other sect)

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 16/24



An analysis of the stability of the solutions here encountered, of

the ghost-free conditions, and of the cosmological perturbations

corresponding to these models will be carried out next

E. Elizalde, E.O. Pozdeeva, S.Yu. Vernov, Y.-l. Zhang

Cosmological solutions of a nonlocal model with a perfect fluid

J. Cosm & Astrop Phys JCAP07, 034 (2013);

arXiv:1302.4330[hep-th]

E Elizalde, QVG2013, 4-6 Nov 2013 Toulouse (France) – p. 24/24
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