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dThe CMB is a prediCtion™¢

a The CMB is a relic radiation
recombination, when stable atom

transit of photons.

QThe CMB is a snapshot of the oldest ligh
imprinted on the sky when the Universe was just

ears old.
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The Horizon Problem

IsoTrRoOPY OF THE Cosmic
MicrRowAVE BACKGROUND

Notice that these ovals are all maps of
T=2.726 K the entire celestial sphere
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Then, it is hard to understand how
these causally disconnected
regions ended up with essentially
the same temperature

dT /T = 104-10>
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(Planck 2013 results. I. Overview of products and scienti Its arXiv:submit/0674450)
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The Horizon (R ~ 1/H)

iH = Hubble
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This curvature perturbation is then the
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. studied in the companion Planck paper Planck Collaboration
XVI (2013), the primordial power spectrum Pg(k), which
includes only the adiabatic mode, i1s modeled using the
power law Prik) = A, : b the best fit val-
ues are A; = 2.20x 107 and n;, = 0.9603 fpr a pivot scale

k. =0.05Mpc™'. An extension of this pafameterization is

oA 5 T A
However, there are intriguing observations on cosmic microwave background radiation, suggesting a

lack of power at large angular scales (very low multipoles, [ < 40). These results were first obtained
by COBE [22] and WMAP [1] and now are confirmed by Planck [2] and defy the standard model

of slow-roll inflation.
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Although these results are well within our cosmic variance and statistically their significance
1s still low, the power deficit is not insignificant. Planck collaboration reported a power deficit
in the low multipoles CMB power spectrum of order 5 — 10% (with respect to the Planck

best-fit ACDM model [15, 16]) with statistical significance 2.5 ~ 3 0.

This situation is interesting because the very low [ modes in the CMB spectrum at present
time, correspond to very large wavelength modes. Since these modes have been superhorizon
sized between inflation and now, they have not been contaminated by the later evolution of
the Universe. For this reason we could attribute the new feature observed in the spectrum

at low [ to physics at the very earliest Universe, perhaps before slow-roll inflation [17].



Some ideas

UThe hypothesis of small universe with a compact topology. In this case
perturbations on scales exceeding the fundamental cell size are
suppressed.

UAnother possibility is hyperspherical topology corresponding to a
closed universe.

UThe topological approach have some problems with the S-statistic and
the matched circle test.

UOn the other hand, Planck searches yield no detection of the compact
topology

QAnother approach is introduce a cutoff in the primordial power
spectrum. This cutoff is normally introduce by hand, but, linked to:

espatial curvature scale
«String physics
fast rolling stage in the evolution of the inflaton field.



This approach is interesting since it have been claimed that from the
observed angular power spectrum it is possible to deconvolve the
primordial power spectrum.

The most prominent feature of the recovered primordial power spectrum
IS a sharp, infrared cutoff on the horizon scale
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Primordial power spectrum from WMAP, Dhiraj Kumar Hazra, Arman Shafieloo,
Arman Shafieloo, Tarun Souradeep Tarun Souradeep
Phys.Rev. D70 (2004) 043523 Phys. Rev. D 87, 123528 (2013)



Super Inflation approach

At this respect, it has been suggested that the low [ power could be related with a period
of super-inflation, previous to the standard slow-roll inflationary regimen [38, 39], where the
super-inflationary period is characterized by the condition H>0.In particular in Ref. [38],

this possibility was studied in the context of bouncing universes.
[38] T. Biswas and A. Mazumdar, arXiv:1304.3648 [hep-th].

It is interesting to note, that a super inflationary period is related with any
mechanism which attempts to solve the cosmological singularity problem in a
semiclassical spacetime description. There are two ways to avoid the singularity

problem
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1) Non-singular bounce
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2) Emergent Universe scenario TS :
(assume that the universe began to evolve from a static state)



Emergent Universe Scenario and the Low CMB Multipoles

Pedro Labrana*

(Dated: December 24, 2013)
Abstract
In this work we study super inflation in the context of the Emergent Universe (EU) scenario.
The existence of a super inflating phase before the onset of slow roll inflation arises in any Emer-
gent Universe model. We found that the super inflationary period in the EU scenario produce a
suppression of the CMB anisotropies at large scale which could be responsible of the observed lack

of power at large angular scales of the CMB.



The Emergent Universe scenario

k=0or —1.
H >0

Singularity Theorems: —

.

» The universe always existed, but initially the universe is static (Past eternal
Einstein static (ES) state)

» Something happens and the universe begins to evolve

> Inflation 4)(108
; a
These models assume that the universe
began to evolve from a static state. o
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VOLUME 90, NUMBER 15 PHYSICAL REVIEW LETTERS lb’“:\LPRlll]‘ l21(1)03

Inflationary Spacetimes Are Incomplete in Past Directions

Arvind Borde,"? Alan H. Guth,'? and Alexander Vilenkin'
Unstitute of Cosmology, Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155
Natural Sciences Division, Southampton College, New York 11968
3Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139
(Received 5 October 2001; revised manuscript received 24 January 2003; published 15 April 2003)

Many inflating spacetimes are likely to violate the weak energy condition, a key assumption of
singularity theorems. Here we offer a simple kinematical argument, requiring no energy condition, that
a cosmological model which is inflating—or just expanding sufficiently fast—must be incomplete in
null and timelike past directions. Specifically, we obtain a bound on the integral of the Hubble
parameter over a past-directed timelike or null geodesic. Thus inflationary models require physics
other than inflation to describe the past boundary of the inflating region of spacetime.

VOLUME 72, NUMBER 21 PHYSICAL REVIEW LETTERS 23 MAY 1994

Eternal Inflation and the Initial Singularity

Arvind Borde* and Alexander Vilenkin?

Institute of Cosmology, Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155
(Received 28 October 1993)

It is shown that a physically reasonable spacetime that is eternally inflating to the future must possess
an initial singularity.

Vilenkin's arguments shows that null and timelike geodesics
are, in general, past-incomplete in inflationary models,

whether or not energy conditions hold, provided only that the H > ()
averaged expansion condition holds along these past-
directed geodesics.

Any backward-going null (or timelike) geodesic have a finite (1
affine (proper time) length.



The Emergent Universe scenario

However, recently, models that escape this conclusion have been
Studied. These models do not satisfy the geometrical assumptions of these
theorems.

H > () k=0or —1.

INSTITUTE OF PHYSICS PUBLISHING CLASSICAL AND QUANTUM GRAVITY

Class. Quantum Grav. 21 (2004) 223-232 PII: S0264-9381(04)67439-9
The emergent universe: inflationary cosmology with
no singularity

George F R Ellis! and Roy Maartens'~
INSTITUTE OF PHYSICS PUBLISHING CLASSICAL AND QUANTUM GRAVITY
Class. Quantum Grav. 21 (2004) 233-249 PII: S0264-9381(04)67591-5

The emergent universe: an explicit construction

George F R Ellis, Jeff Murugan and Christos G Tsagas

Department of Mathematics and Applied Mathematics, University of Cape Town,
Rondebosch 7700, Cape Town, South Africa



In the EU scenario, the evolution of the scale factor could be modeled by the following
expression, see 65, 66

a(t) ~ ag + Aelo? (1)

We can note that, a generic characteristic of the EU scenario 1s the existence of a super
inflation phase where H > 0 before slow-roll inflation. In this model the evolution described
in Eq. (1) corresponds precisely to the super inflationary phase of the evolution of the EU,

which asymptotically approaches to the de Sitter expansion phase.

. 59(k) = Hy/(2m)
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THE PRIMORDIAL PERTURBATION IN EU

The scalar perturbations to the FRW geometry, in the longitudinal gauge, can be written

as follow:

ds* = (14 2®)dt* — (1 — 2®) a(t)* d7”, (2)

where @ is the newtonian gravitational potential.

The equation for the perturbations in momentum space is given by

"
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o
vy + kv — —up =0,

o
e

where we have used the Mukhanov variable [6, 88|:

N,
Uy =a (5¢3k + % ‘I}k) ..



where d¢;. is the perturbations in the inflaton field and ' is derivative with respect to the
conformal time n = [ dt/a and we have used units M, = (87G)~1/2 = 1. Also, we have

defined
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where 2F] is the hypergeometric function.

In the solution (9) we have consider (and appropriately normalized) the solution of Eq. (8)
such that in the short wavelength limit, the normalized positive frequency modes correspond

to the minimal quantum fluctuations

vy~ —, ol <<k . (10)




Follow [35], we consider the spectrum of ) = v/a which becomes constant at late time,

ko H? Y2 T[z;| D[z}

Py =55|Q| N A L 1 (11)

27 72 Txo] T[z3] T[zs| [[xj]

where we have defined
Ty = 1—2iy (12)
Ty = 2 —ixy — /1 — 2 (13)
T3 = 2—1ix +v1— )2 (14)
k

L 15
X = (15)

We can note that in the short wavelengths limit(k >> H,) we recovered the standard

esult of a nearly scale Invariant spectrum

Py~ (2) 16



At super-horizon scales, the two modes 05, and ®;, are related by a k independent rescaling
so that the spectrum given by Eq. (11) directly translates into the spectrum of ®. In
Fig. (3) we have plotted the spectrum of P as a function of x obtained from the analytical
calculation Eq. (11), solid line. We can note that there are a suppression of the long wave

modes as we expect given the super inflation regimen.
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In these examples we have consider the following values for the parameters in the case of
EU scenario, Egs. (17, 19), A = 2.07 x 1079, n, = 0.9603 and ag Hy = 0.0002 Mpc~'. In the
case of EU scenario with a cutoff Egs. (18, 19) we consider A = 2.42 x 107, n, = 0.967,
ag Hy = 0.0003 Mpc_l and k,,,, = 0.0015 I\--Ipc-._l. At this moment we are not doing a best fit
calculation of theses parameters, just showing two particular cases and how them produce

a suppression of the spectrum at large scales.



Conclusions

In recent cosmological observations, there are intriguing results on cosmic microwave
background radiation suggesting a lack of power at large angular scales. This situation
1s Interesting because they may give us clues towards physics at the very early Universe,
perhaps before slow-roll inflation. In this context the EU models are an interesting arena to

explore pre-inflationary physics and their possible implications to the CMDB anomalies.

In this paper we study the primordial perturbations in the context of the EU scenario. In
particular we focus in the primordial perturbations generated during the super inflationary
phase. We found that the super inflationary period in the EU scenario produce a suppression
of the primordial perturbations at large scale which could be responsible of the observed

lack of power at large angular scales of the CMB.
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