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Abstract

We consider the matter bounce scenario in F'(T") gravity and Loop Quan-
tum Cosmology (LQC) for phenomenological potentials that at early times
provide a nearly matter dominated Universe in the contracting phase, having
areheating mechanism in the expanding or contracting phase, i.e., being able
to release the energy of the scalar field creating particles that thermalize in
order to match with the hot Friedmann Universe, and finally at late times
leading to the current cosmic acceleration. For these potentials, numeri-
cally solving the dynamical perturbation equations we have seen that, for
the particular F(T') model that we will name teleparallel version of LQC,
and whose modified Friedmann equation coincides with the corresponding
one in holonomy corrected LQC when one deals with the flat Friedmann-
Lemaitre-Robertson-Walker (FLRW) geometry, the corresponding equations
obtained from the well-know perturbed equations in F'(7T") gravity lead to
theoretical results that fit well with current observational data. More pre-
cisely, in this teleparallel version of LQC there is a set of solutions which
leads to theoretical results that match correctly with last BICEP2 data, and
there is another set whose theoretical results fit well with Planck’s experi-
mental data. On the other hand, in the standard holonomy corrected LQC,
using the perturbed equations obtained replacing the Ashtekar connection by
a suitable sinus function and inserting some counter-terms in order to pre-
serve the algebra of constrains, the theoretical value of the tensor/scalar ratio
is smaller than in the teleparallel version, which means that there is always
a set of solutions that matches with Planck’s data, but for some potentials
BICEP2 experimental results disfavours holonomy corrected LQC.
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1 Introduction

It’s well-known that inflation suffers from several problems (see [1] for a review
about these problems), like the initial singularity which normally is not addressed
(as an exception, in [2] the problem was addressed concluding that the initial singu-
larity is unavoidable in general inflationary models), the fine-tuning of the degree
of flatness required for the potential in order to achive successful inflation [3], or
the following problem related with initial conditions: In inflationary cosmology it
is usually assumed that modes well inside the Hubble radius are initially (at the
beginning of inflation) in the adiabatic vacuum in order to obtain a nearly scale
invariant spectrum. This assumption could be accepted if, as in Linde’s early pa-
pers about chaotic inflation (see for instance [4] for a review), inflation started at
energy densities of the order of Planck’s scale, because in that case before inflation
it would be impossible to describe classically our Universe. However, from the
four-year data set provided by the Cosmic Background Explorer (COBE) satellite
or from the seven-year data of Wilkinson Microwave Anisotropy Probe (WMAP),
we know that the observed value of the power spectrum for scalar perturbations is
constrained to be Pr(k) = 2 x 107 [5] for modes that exit the Hubble radius 60
e-folds before the end of inflation, which means that in chaotic inflation the slow
roll phase started at energy densities of the order 10*11/),,1, and consequently, the
evolution of the Universe could be described classically before inflation. Then, it
is essential to know the evolution of the modes before inflation, because if they re-
enter in the Hubble radius, positive and negative frequencies could mix, and thus,
those modes would not be in the vacuum state.

In order to avoid these problems, an alternative scenario to the inflationary
paradigm, called matter bounce scenario [6] (essentially it depicts, at very early
times, a matter dominated Universe in the contracting phase that evolves towards
the bounce to enter in the expanding phase), has been developed to explain the
evolution of our Universe. This model, like inflation, solves the horizon problem
that appears in Einstein Cosmology (EC) and improves the flatness problem in EC
(where spatial flatness is an unstable fixed point and fine tuning of initial conditions
is required), because the contribution of the spatial curvature decreases in the con-
tracting phase at the same rate as it increases in the expanding one (see for instance
[7]). However, it suffers from the anisotropy problem that does not exist in other
models like Ekpyrotic scenarios [8], for this reason an improved model combining
both scenarios could avoid this problem [9], and become a realistic alternative to
inflation.

There are essentially two ways to set up a matter bounce scenario in the flat
FLRW geometry: within the framework of EC violating the null energy condition
at the bouncing point [10], or going beyond EC. In order to violate the null energy
condition in EC one needs to incorporate new forms of matter such as phantom
[11] or quintom fields [10], Galileons [12] or phantom condensates [13]. Going
beyond EC one can introduce higher derivatives in the action [14], braneworld
bouncing scenarios [15], Ekpyrotic [16], Pre-Big-Bang [17], loop quantum [18] or



teleparallel cosmologies [19] , modified f(R) gravity [20], extended loop quantum
cosmology to R? gravity [21], etc.

In the present work we only deal with the matter bounce scenario, that in the
flat FLRW geometry has the same Friedmann equation as in holonomy corrected
Loop Quantum Cosmology (LQC), which leads to the simplest bouncing scenario,
and where the numerical calculation can be carried out completely.

We will perform a deep and detailed study of the evolution of cosmological
perturbations in this scenario, that improves on those recently made in [22] us-
ing standard holonomy corrections and those of [23] where an exemple of F'(T")
gravity which leads, in the flat FLRW geometry, to the same modified Friedmann
equation as in holonomy corrected LQC, was used to obtain the perturbation equa-
tions in the framework of F'(T") gravity. In both works, the potential of the used
scalar field leads to solutions that at early and late times are in a matter dominated
phase, and do not agree with the current acceleration of the Universe. Moreover,
since only one analytic solution of the isotropic equations (the unperturbed ones) is
known, all the calculations are performed with this analytic solution, which leads
to conclusions that do not agree with the current observations. For example, in
those works it is claimed that, in order to match theoretical results with observa-
tions, the value of the critical density in LQC has to be of the order of 10*9ppl
which contradicts the current value 0.4p,,; [24]. Dealing with tensor perturbations,
in holonomy corrected LQC the equation of tensor perturbations has singularities
when the energy density is a half of the critical one, meaning that one could con-
sider infinitely many mode solutions because there is not a criterium of continuity
at the singular point to decide which mode is the correct one, and thus, there is not a
unique way to calculate the power spectrum for tensor perturbations. On the other
hand, in the teleparallel version of LQC, i.e. using the F'(T')-perturbed equation
for the model whose isotropic Friedmann equation coincides with the holonomy
corrected one of LQC, there is a unique way to calculate this power spectrum, but
for the analytical solution of the isotropic equations the ratio of tensor to scalar
perturbations is approximately equal to 6, which does not agree with the current
observational data.

However, for the other solutions which we have obtained numerically in this
work, there is a a set of solutions that fit well with the recent BICEP2 data [25], i.e.
for the solutions that belong in that set its tensor/scalar ratio satisfy » = 0.20J_r8:8g
[26], and another one whose tensor/scalar ratio is smaller than 0.11, matching cor-
rectly with the latest Planck’s data [27]. Then, our main objective in this work is
to generalize this result to more phenomenological potentials (containing a matter
domination in the contracting phase at early times, and leading to a reheating pro-
cess in the expanding phase in order to match with the current ACDM model of
the Universe, or more generally, with the hot Friedmann Universe plus the current
cosmic acceleration). That is, we want to find phenomenological potentials that
have a set of solutions that agrees with BICEP2 data, and another one that matches
correctly with the latest Planck’s results. For some of those potentials we present
numerical results supporting this match.



The outline of the paper goes as follows: In Section II we review the way to
obtain the Mukhanov-Sasaki equations in standard holonomy corrected LQC and
in its teleparallel version, i.e. in F'(T") gravity for the model that, restricted to
the flat FLRW geometry, leads to the same dynamical equations that in holonomy
corrected LQC. Section III is devoted to showing that, for a matter bounce sce-
nario, the relation between the Bardeen potential and the curvature fluctuation in
co-moving coordinates, in Fourier space, when the Universe is matter dominated
at late times, is the same as in inflationary cosmology when the Universe has a
phase transition from the quasi de Sitter stage to the matter dominated one, that
is, its quotient is equal to 3/5. As a consequence, since in matter bounce scenario
the power spectrum of the curvature fluctuation in co-moving coordinates is scale
invariant, the corresponding power spectrum for the Bardeen potential is also scale
invariant, which is not trivial to show in this scenario. Section IV is destined to
review, with all the details, the calculation of the power spectrum of scalar pertur-
bations in both holonomy corrected LQC and its teleparallel version. In Section
V we deal with the problems of the potential currently used to study the matter
bounce scenario in holonomy corrected LQC, for example the absence of an ex-
planation for the current cosmic acceleration. In the last Section we suggest some
models that include a reheating process and the current acceleration of the Uni-
verse, and which lead to solutions whose theoretical results match correctly with
current observational data (power spectrum of scalar perturbations, spectral index
of scalar perturbations and ratio of tensor to scalar perturbations). Moreover, at
the end of this Section we perform a detailed study of the reheating in the matter
bounce scenario via gravitational particle production.

The units used in the work are h = ¢ = 871G = 1.

2 Mukhanov-Sasaki variables in LQC

Assuming that the dynamics of the Universe is carried on by a scalar field, namely
¢ = @ + dp, where @ is the homogeneous part of the field, in EC, where in
the flat Friedmann-Lemaitre-Robertson-Walker (FLRW) geometry the Friedmann
equation is H? = £, the perturbation equations, in the longitudinal gauge, are (see
for instance [28])
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Introducing the variables
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one obtains the Mukhanov-Sasaki (M-S) equations
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where in EC, the velocity of sound, namely c, is equal to 1.

On the other hand, in holonomy corrected Loop Quantum Cosmology (LQC),
in the flat FLRW geometry the corresponding modified Friedmann equation is (see
for a review [29] of LQC)

szg’(l—p>, @)
Pec

where p. is the so-called “critical density” (the energy at which the Universe
bounces).

Remark 2.1. It is important to realize that this equation could be obtained for all
kind of fluids and scalar fields from the holonomy corrected Hamiltonian in Loop
Quantum Gravity (LQG), which for the flat FLRW geometry, and working in the
so-called new quantization scheme [30], has the form [31, 32, 33]

Mio =~ 55 30 M Tr IR (VR (0BT I (). VH +
1,5,k

where V. = a3 is the volume,  is the Barbero-Immirzi parameter (whose value is
constrained, but not fixed as earlier believed, by the Bekenstein-Hawking formula
for the entropy of a black hole (see [24, 34] for the earlier determination and [35]
for updated derivation which shows that the Immirzi parameter is no longer fixed,

but only bounded in the LQC setting, by this formula) and A = +/ ?’y is the square
root of the minimum eigenvalue of the area operator in LQG.
The holonomies are given by

hij(A\) = e~1%% = cos ()\2”8> — iojsin (Af) , (6)

where the Pauli matrices oj have been used and (3 is canonically conjugate to 'V,
with Poisson bracket {V, 3} = 3.
A simple calculation leads to the following holonomy corrected Hamiltonian

sin?(\B3)

Then, from the Hamilton equation V = {V,Hrqc} one obtains the relation
H = Singi‘ﬁ ), that together with the Hamiltonian constrain Higc = 0, lead to
the holonomy corrected Friedmann equation in LQC, which depicts, in the plane
(H, p), the ellipse given by (4). Note also that in formula (4) the critical density is

equal to

3 4V3
= —.

pC:)\Q ’y

12 ®)

)



This method to obtain the holonomy corrected Friedmann equations was ob-
tained independently in [36, 37, 38], and does not depend of the fluid or scalar
field used to depict the material composition of the Universe. Another different
question is how to obtain equation (4) from the quantum Hamiltonian constrain in
LQC. In this situation, using coherent states, it has been proved that equation (4)
is obtained for models without potential [39], and what has not been confirmed
vet, is whether this equation (4) could be recovered from the quantum Hamiltonian
constrain in all kind of fluids and scalar fields.

In holonomy corrected LQC the perturbation equations were obtained for the
first time in [40] using holonomy corrections, i.e., replacing the Ashtekar connec-
tion by a suitable sinus function [41], and adding some counter-terms to the per-
turbed Hamiltonian in order to preserve the algebra of constrains. These equations
are

1 @? d (H d (a® ap?c? (H
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and they differ from the classical ones in the square of the velocity of sound that
appears in the right hand side of the second equation, and whose value is

2
c=0=1-" (10)
Pec
Introducing the variables
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one obtains the corresponding M-S equations (3) in holonomy corrected LQC.
Note that in the super-inflationary phase, i.e. when p > p./2, the velocity
of the sound becomes imaginary which could lead, during this stage, to a Jeans

instability for ultra-violet modes satisfying k?|c2| > 27”

, and as a consequence,

these growing modes could condensate an produce undesirable cosmological con-
sequences. This is a problem that needs to be addressed, because the validity of the
linear perturbation equations during this regime is not clear.

This is one of the reasons why a Teleparallel version of LQC has recently been
introduced in [19]. This theory is based in the fact that, in the flat FLRW geometry,
the holonomy corrected Friedmann equation introduced above could be obtained
as a particular case of a teleparallel F'(T') theory. In [19] this example has been
found to be

T oT oT
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where + corresponds to the super-inflationary phase, i.e. to p > p./2, and — to
the deflationary one, i.e. to p < p./2.



Remark 2.2. The function (12) is easily obtained, isolating p as a funtion of T" in
equation (4) and inserting it in the general Friedmann equation for F(T) gravity

2dF(T) + F(T) [19]. Note that, in this case, in order to obtain (12) it is
not necessary that the critical density be given by the expression (8). It can be
understood just as a parameter in the theory.

The perturbation equations were recently obtained in [23] using the well-known
perturbed equations in F'(T") gravity [42] applied to this particular F'(7") model.
The result is

c? ?*Q d d [a® ap?Q
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where, in this teleparallel version of LQC, the square of the velocity of sound is

arcsm( \/;H> (14
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which is always positive.
Performing the change of variables

\/|Q\(6 N <I>) _a 191= 20 1 (15)
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one obtains the following M-S equations in teleparallel LQC, that differ a little bit
from (3)

V=a

‘g'csAu =z (§>/; @9 (%), = Cs0. (16)

Note that, since in this version of LQC the velocity of sound is always positive,
modes that satisfy k%|c2| > ‘%ﬂ) are sound waves which never condensate, and
thus, they will not produce any cosmological consequence.

Remark 2.3. Here, it is important to realize that holonomy corrected LQC and
what we call teleparallel LOC only coincide in the homogeneous and isotropic
case, i.e., in the flat FLRW geometry. When one deals with cosmological perturba-
tion the theories are completely different, and lead to different perturbed dynam-
ical equations, because these equations are obtained using different approaches:
In holonomy corrected LQC the perturbation equations are obtained working in
the Hamiltoninan framework, where the isotropic part of the Ashtekar connection,
which does not have a quantum version in the Hilbert space of the almost pe-
riodic functions, has to be replaced by a suitable sinus. After this replacement,
the anomalies that will appear in the algebra of constrains must be removed in-
troducing some counter-terms. On the other hand, the perturbed equations in the
teleparallel version are obtained in the Lagrangian framework using the well-know
equations in F(T) gravity.



3 Calculation of the Bardeen potential

In this Section, we will show that the formula that relates the Bardeen potential with
the curvature fluctuation in co-moving coordinates, in the matter bounce scenario,
is the same as the one obtained in inflationary cosmology when the Universe enters
in the matter dominated phase. In fact, we will see that, the formula only depends
of the fact that, at late times, the Universe is in a matter dominated phase.

To prove this, first of all we perform the Laplacian in the second equation of
(3) and use the first one, to get the M-S equation

Z//

V" — EAv— Zv=0. (17)
z

Now, inserting the second equation of (3) in the first one, one gets

/!

v’ — chu — gu =0. (18)

Remark 3.1. The same happens with equations (16), that is, in the teleparallel
version of LOC the M-S equations (17) and (18) also remain valid. Effectively,
performing the Laplacian in the first equation and using the second one, one gets

1] Q5 vy /_
o0 <|Q|z (Z)> — c.Av. (19)

Now, using that

2 (2

one finally obtains

<22 (Z)I>/ ="z —2"v, (20)

"
0(v"z — 2"v) = csAv <= V" — 2 Av — %v = 0. (21)

In the same way, inserting the second equation of (16) in the first one, one gets

csAu = z’& (@02 (Z),)/ <— c;Au =z <92 (Z)/>/, (22)

which is equivalent to

0//
csAu = z(u"0 — 0"u) <= u" — 2Au — Tu= 0. (23)

Coming back to equation (17), we will obtain an equivalent integral equation.
In Fourier space, we write (17) as follows:

Z//

vg — ?’Uk = —kQCgvk, 24)



and find the solution for the “associate equation”, namely v} — %ﬁvk = 0. Fi-
nally, we use the method of variation of constants to find a particular solution. The
solution of the “associate equation” is

dn
2(n)’
and the method of variation of constants, after some algebra, gives the following
solution of equation (24) as an integral equation

o) = A1 (B)=(n) + As(R)=(n) / ! 25)

wela) = Aa(R)2(0) + Ax0)=(0) [ A
—k*z(n) / nzfgﬂ / " Do (26)

To obtain the corresponding integral equation for u; we use the first equation
of 3), —cok?up = = (%’“)/ Inserting in it the expression (26) one gets

uxn) = ~ 28 (0) + o) / "W, yan, @7)

From this formula we can calculate the power spectrum for the Bardeen poten-
tial at late times when the Universe is matter dominated. To do that, we consider
modes well outside of the Hubble radius, i.e., modes that satisfy c2k? < 1/n? ~
a’H? ~ 2" /2. In that case formula (25) becomes

v(n) = Ar(k)z(n), (28)
that is, the curvature fluctuation in co-moving coordinates, defined as

vg(n)
z(n)

Ck(n) ; (29)

is constant.

Then, since at late times 0(n) n%’ this means that 6(n) is the decaying mode,
and thus, inserting (28) into (27) one obtains

n Clﬁ
us(n) = 680n) [ gk (30)
02(n)

Now, taking into account that, for a matter dominated Universe, in EC one has

z(n) = v/3a(n), and using the following classical relations

U

4
k= 2\/ﬁa p() 3752’ n, ( )

one finally obtains the relation between the Bardeen potential and the curvature
fluctuation in co-moving coordinates

D) = 2Gu(n). (32)
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Moreover, in EC one of the perturbation equations is

k2
a2

1

), — 3HD, — 3H?®, = §5pk, (33)

and since for modes well outside the Hubble radius (k? < a®>H?) ®}, is constant,
the density contrast 0y, = 92k is related with the curvature in co-moving coordinates

k
as follows ’ 6
0p = —2®p, = —5Ck(ﬁ)~ (34)

Note the remarkable fact that relations (32) only depend of the fact that, at late
times, the Universe obeys EC and is matter dominated. That happens in inflation
when one one considers a transition form the de Sitter phase to the matter domi-
nation (see for instance [43]) and in the matter bounce scenario. Then, our result
complements the duality pointed out in [44] where was showed that in EC the de
Sitter phase, where a(n) o —%, and the matter-domination a(n) o n? lead to the
same equation (17)

2
vV — Av— v =0, (35)

n2
meaning that de Sitter inflation and the matter bounce scenario give rise to a scale
invariant spectrum for the curvature fluctuation in co-moving coordinates. In fact,
in next section we will calculate the value of the arbitrary function A;(k) that
appears in (28), and we will show that is of the order k—3/2 (see formulas (45) and
(47)).

Now, from the relation (32) and the fact that in the matter bounce bounce sce-
nario the power spectrum of the curvature fluctuation in co-moving coordinates
is scale invariant (see next Section) one can conclude that, in the matter bounce
scenario, the Bardeen potential is also scale invariant.

4 Calculation of the power spectrum of scalar perturba-
tions in LQC

In this section we perform an study of the way to calculate analytically the power
spectrum of the curvature fluctuation in co-moving coordinates, and from (34) the
density contrast, when one considers the matter bounce scenario in holonomy cor-
rected LQC and in its teleparallel version, which provides the easiest model to
calculate analytically it.

Solving the holonomy corrected Friedmann equation in the flat FLRW space-
time and the conservation equation for a matter dominated Universe

H2—§( —p>; p=—3Hp, (36)
Pc

10



one obtains the following quantities [47]

3 13 %Pct Pc
at) = (Spt2+1) . H@E) =27 and p(t) = L5 37
(0 (4pc ) 0= g2 )= g O

For small values of the energy density (p < p.), EC is recovered and equa-
tion (17) becomes the usual M-S equation that for a matter-dominated Universe,
working in Fourier space, is given by

" 2
UZ—F</€2—C;)’l)k:0<:>vg+<k2—772>vk:0' (38)

Assuming that at early times the Universe is in the Bunch-Davies (adiabatic)
vacuum, one must take for  — —oo the following mode function

e thn i
vg(n) = NoTi <1 - kf??) . (39)

At early times all the modes are inside the Hubble radius, and when time moves
forward the modes leave this radius. Then, for a matter-dominated Universe in EC,
the modes well outside the Hubble radius are characterized by the long wavelength
condition

"

a z
Er<leae P |— =P |5
z

; (40)

1
c

because for small values of p one recovers EC where z = v/3a and ¢, = 1.
And, when holonomy effects are not important, for modes well outside the
Hubble radius the M-S equation becomes

ZI/

vg — —uvg =0, 41
z

which can be solved using the method of reduction of the order, giving as a result
the following long wavelength approximation

ok(n) = B (K)=(n) + Ba(k)=(n) / b “2)

oo 22()’
where for convenience we have taken a definite integral. The reason why we have
made this choice is that, in teleparallel LQC, it is impossible to calculate explicitly
the prlmltlve of 1/2%(7). However forn — oo if we make the approximation
2 2 /3a we will obtain [7_ £ 5=/ " 3a2(77+ and this last integral can be
analytically calculated.

Note that, at early times in the contracting phase, for modes well outside the
Hubble radius, the expressions (39) and (42) give the same solution. The solution

11



given by (39) could be expanded in terms of kn < 1, and retaining the leading
terms in the real and imaginary parts of vy, one gets

13/2py2 ;
C3V2 VR

On the other hand, the explicit solution of (42), as we have already explained,

is obtained using the approximation z = v/3a = 4\1/5 pen?, which gives as a result

vk (1) (43)

Bl(k)p n? — 4By (k) 1
43 "¢ V3pe N

Matching both solutions one obtains

8 k3/2 13 pe
Bl(k):—\/; — and B2(k):1\/;2k3/2. 45)

Once we have calculated the coefficients B (k) and Ba2(k) we use equation
(42) to calculate vy, at late times. More precisely, we calculate vy, in the classical
regime of the expanding phase for modes that are still well outside of the Hubble
radius. Note that we are considering modes that in the contracting phase leave the

I

vk (1) (44)

Hubble radius and then evolve satisfying k? < c%%” . Then, we can use the long
wavelength approximation
vr(n) = (Bi(k) + B2(k)R)z(n), (46)
where R = ffooo er—(ﬁﬁ), because 7 is large enough.
From (46) one has
v
) = ") = Bk + Ba(W)R = Ba()R @)
and thus, the scalar power spectrum is given by
K3 3p2 3p?
k)= = — SR =CR? 48
Pelh) = 5 sl = g R = ER? 48)

because since in our units 87G = 1, one has py,; = 6472

ab/2
2 ﬁcg’f) (see [22]),

which leads to a simple calculation of R? giving as a result %. Consequently, in
holonomy corrected LQC one has

In the case of holonomy corrected LQC one has z(t) =

2
Pc ™ Pc
k)= = ——. 4
Pelk) = 576 = 5 (49)
On the other hand, in teleparallel LQC one has
1/4 1/2
t)|t
2(t) =2 <3> alb)lf , (50)
Pe

t\/ arcsin ( %‘;' )
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giving as a power spectrum

/2 ? 16
Pc x Pc 2 Pc 2
k) = d = — 51
Pe(k) = {142 ( /0 sin & x) 362 ~ 9 pplc ’ b

whereC =1 — 3% + 5% — 7—12 + ... = 0.915965... is Catalan’s constant.

The key point to obtain the scale invariant power spectrum (49) (resp. (51)) is
that one only considers modes that after leaving and before re-entering the Hubble
radius, when holonomy effects could be disregarded, satisfy the long wavelength
condition k?|c?| <« ‘27”
between the exit and the reentry of the modes in the Hubble radius.

In holonomy corrected LQC and in its teleparallel version, since the symmetric
function z”/z is increasing for —oo < ¢ < 0 and decreasing for 0 < t < oo,
and |c2| satisfy |c2| < 1 and limy_,+ |c2| = 1, all the modes that leave the

, that is, the term c2Av in the M-S equation is disregarded

Hubble radius at a early time —|7T'| satisfy the relation k2|c?| < ‘%ﬁ) up to late

time |7'|. Then, we can conclude that formulae (49) and (51) are correct for all
modes that leave the Hubble radius at early times (when the Universe is in the
classical regime).

Remark 4.1. Dealing with holonomy corrected LQC, where the square of the ve-
locity of sound is ¢ = Q = 1 — 2%, one has to be cautious because in the
super-inflationary phase the speed of sound becomes negative. In this analysis we
are only taking into account modes satisfying the long wavelength conditions, and
thus, for those modes the speed of sound does not have any importance in their
evolution. However, and this is a problem that has not been addressed yet, the
modes with a shorter wavelength (modes remaining inside the Hubble radius) will
suffer Jeans instability, leading to some undesirable cosmological consequences.
On the other hand, this never happens in the teleparallel version of LQC where the
speed of sound is always a real number.

In contrast, the quantity ‘%ﬂ‘ vanishes at the bouncing time. Then, in bouncing

scenarios it is impossible to calculate u (and the Bardeen potential ®j) using the
long wavelength approximation

n dﬁ
0%(n)’

uk() = Cr(k)0(n) + Ca(k)O() / (52)

because the relation k?|c2| < ‘%ﬂ‘ after leaving and before re-entering the Hubble
radius, doesn’t hold for any mode. Instead of (52), in order to calculate u, one has
to use the exact expression given by formula (27).

However, in inflationary EC formula (52) leads to the correct power spectrum
for the Bardeen potential. Effectively, the vacuum state is given by the modes (39),
which together with the first equation of (3) allow us to calculate the modes uy, at
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early times. Then, for modes well outside the Hubble radius (|k7| < 1) one has

1 7
— . 53
NeTARVoTE G
This expression has to be matched with (52) during the quasi de Sitter phase.
ay/ —2H

ug (1)

T

Since in EC one has z = ==, during the quasi de Sitter epoch we can approx-
imate z by —Hi; where H and € = _% could be considered constants. Then, a
simple calculation gives rise to
e 1 —iH
Ci(k) = —\|z77, Cok)=——=717. 54
1( ) 2% H’ 2( ) mk3/2 ( )
Now, to calculate the Bardeen potential at late times, we use the classical rela-
tions ¢, = Y ;fHuk and 6 = % to obtain
Ci(k)H(t) Co(k)H(t) [ta(®)H(T) .
oy = GO _ GO [ DD 55
2a(t) a(t) H(D)

The first term is decaying and can be disregarded. The second one, after inte-
gration by parts, leads to

d 1 t _
®i(t) = Co(k)— | —= t)dt ) . 56
(0= (5 [ o) (56)
When the Universe is matter dominated, i.e., when a(t) oc t/3 one obtains
3
O5(t) = ¢ Ca(k). (57)

Finally, calculating (25) in the quasi de Sitter phase and matching the result
with (43) one easily obtains A;(k) = Ca(k), and taking into account that the
mode z(t) [ ! 22‘% is decaying in the matter dominated stage one concludes that

Ck(t) = Ca(k), and thus, we obtain in inflationary cosmology the relation (32).

5 The current model

To calculate the power spectrum provided by LQC in the matter bounce scenario,
first of all one has to look for a potential of the scalar field such that its non-
perturbed solutions (the background solutions) lead to a matter dominated Uni-
verse, i.e., they depict, at very early times, a matter dominated Universe in the
contracting phase that evolves towards a bounce to enter in the expanding phase.
The simplest way to find one such potential is to impose that the pressure van-

ishes, i.e., %2 — V(@) = 0, which leads to the equation

) (58)



where we have used the third equation of (37).
This equation has the particular solution

2 3 3
=—1 —pet —ptZ+1], 59
\/§n<\/4p +\/4p + > (59)

which, after reconstruction i.e., isolating % pet? + 1 as a function of @ and using
the relatlon = 2V (), leads to the potential

t2+1
V(p) =2p—5. (60)

It is important to realize that the solution (59) is special in the sense that it
satisfies for all time ¢2(t)/2 = V(@(t)), that is, if the Universe is described by
this solution it will be matter dominated dominated all the time. However, the
other solutions, that is, the solutions of the non-perturbed conservation equation

¢+ 3H1p+V,(p) =0, (61)

where H_ = —,/£(1 — ) in the contracting phase and H, = ,/£(1 — —) in

the expanding phase, do not lead to a matter-dominated Universe all the time. Only
at early and late times the Universe is matter dominated because the solution (59)
is a global repeller at early times and a global attractor at late times. But, what is
important to realize is that all these solutions depict a matter bounce scenario: mat-
ter domination at early times in the contracting phase, evolution towards a bounce
and finally entrance in the expanding phase.

The method to prove the asymptotical behavior of all the solutions is similar to
the one used in [48], and goes as follows:

At early and late times one can disregard holonomy corrections, and since we
are considering the early and late time dynamics of the system (what happens
V() = Voe V32, Then,
performing the change of variable ¢ = % In v the corresponding non-perturbed

Klein-Gordon equation (61) (or equivalently, the conservation equation) reads

dy)

— = Fi(¢), (62)
Ft(?l})—?)\[( D2+t )

dg
Zah2
W V3 ¢ + Vo, (63)

where in F%, the sign + (resp. —) means that the Universe is in the expanding
(resp. contracting) phase.

with

w\w
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Figure 1: Phase portrait, in the contracting phase, using ¢ as a time. With this time,

0 is arepeller and —+/ %Vg an attractor.

A
Y
Y

3
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Figure 2: Phase portrait, in the contracting phase, using the cosmological time t.

Now —/ %Vb is a global repeller.

The equation (62) describes two (one for the contracting and other one for the
expanding phase) one dimensional first order autonomous dynamical systems, that
are completely understood calculating its critical points and evaluating the function
F at the right and left hand sides of each critical point in order to know whether
these critical points are attractors or repellers. In our case, these critical points
are 1/}+ = \/% for the expanding phase and zb_ e \/% for the contracting
one. Taking into account the sign of Fy in the right and left hand sides of each
critical point one will deduce the dynamics of the system in time ¢. For example,
in figure 1 we show the phase portrait (in the straight line @Z.)) when the Universe
is in the contracting phase, and from the phase portrait in time @, we will deduce
the corresponding one in cosmic time, changing the direction of the arrows for
negative values of ¥ (see figure 2), because ¥ < 0 which is the same that p <0,
means that ¢ is decreasing in cosmic time, then in order to obtain the dynamics in
cosmic time (figure 2), the direction of the arrows must be changed in the phase
portrait 1.

The conclusion is that in the expanding (resp. contracting) phase 1L+ (resp.
¢_) is a global attractor (resp. repeller). These points correspond to the solutions

pr = % In(+ %Vot), that of course, satisfy p = ¢° = %, i.e., all the solutions
of the conservation equation depict a matter-dominated Universe at early (in the
contracting phase) and late times (in the expanding one).

Then, once we have proved the behavior of the solutions at early and late times,
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Figure 3: In the first picture we have the phase portrait: black curves defined by p = p.
depict the points where the Universe bounces. The point (0, 0) is a saddle point, red (resp.
green) curves are the invariant curves in the contracting (resp. expanding) phase. The blue
curve corresponds to an orbit different from the analytically computed one (59). Note that,
before (resp. after) the bounce the blue curve does not cut the red (resp. green) curves.
Finally, it is important to realize that the allowed orbits are those that touch the black curve
in the region delimited by an unstable red curve and a stable green curve, because for orbits
that do not satisfy this condition, (% vanishes at some time, meaning that its corresponding
power spectrum diverges. In the second picture we have drawn the Hubble parameter for
the blue curve of the first picture.

to calculate analytically the power spectrum we need the evolution of a(t), @(t)
and H (t) during all the time, and we only have, analytically, this evolution for
the particular solution (59). For the other solutions, numerical calculations are
needed (In figure 3 we show the phase portrait in the plane (@, ) for the dynamical
system given by equation (61)). In fact, using this analytical solution, to obtain a
theoretical value of the power spectrum that matches correctly with observations,
one can see that the value of the critical energy density has to be of the order
10*9ppl (see [22]). This does not mean, contrary to the claim of [23, 22], that the
correct value of the critical density has to be of this order. What it really means
is that the value of the critical density has to be of this order if the Universe is
described by orbits near this analytical one, but there could be other orbits such
that for the current value of the critical density, approximately 0.4p,,, the numerical
results obtained from the model might match correctly with current observations
(we will show at the end of the Section that this is not the case, but it could be
possible in principle). One has to imagine p. as a parameter, whose value depends
on the orbit we have chosen, and is determined by current observations. This is
exactly what happens in chaotic inflation. More precisely, if one considers, for
the sake of simplicity, the quadratic model V' (¢) = %m2g02 the number of e-folds
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before the end of inflation is approximately

12

tend PN ) 52
N = H(t)dt = / V(SO_) dp = PN (64)
ty Pend V‘to (QO) 4

On the other hand, the power spectrum of scalar perturbations, in slow-roll
inflation, is given by

V3(pn m?@y  32N%m?
Plh) = oo = T = 2

_ - - 65
1202V2(py) 9672 3pp1 (63)

Then, to choose the number of e-folds is equivalent to choosing the orbit,
because with the value of IV one obtains ¢, and with the slow-roll equation
V(gn)en + Viu(@n) = 0 one obtains ¢. Finally, for a given value of N, using
the current constrain P¢(k) ~ 2 x 107 and the formula (65) one determines de
value of the parameter m, to match correctly theoretical results with observational
data.

Coming back to LQC, in the matter bounce scenario the power spectrum is
given by equation (48)

3p;

Pe(k) = =< R?, (66)
Ppl
with R = [* Z;‘—g]) =% o7 t)dZtQ (7> Where in holonomy corrected LQC z = %@,

and in teleparallel LQC z is given by formula (15). It is important to realize that,
when we have done the matching between equations (43) and (44) we have used,

~

at early times, the following scale factor a(t) = (% pctQ)l/ 5, Then, to perform
numerical calculations with formula (66), one has to use, as a scale factor, the
solution of g = H that, at early times, satisfies a(t) = (3 pct2)1/ 5,

Finally, performing the change of variable ¢t = /p.t, we can see that the con-
servation equation for the homogeneous part of the field (61) becomes

¢e  x dp o
P2 +p TVel@) ©7)
. i 7 H ) . ~ 5\ 2 i
w1thV:%andHi%—%:j:\/gi(l—f)),bemgpzﬁ:%<%) + V.
This means that % = ﬁdi%t) does not depend on p.. In the same way,

a(t) does not depend on p, because it satisfies the equation % d‘;%t) = H(t), and

from the definition of the velocity of sound we see that c,(t) is independent on the

critical density. From this, we can conclude that z(¢) does not depend on the value
of the critical density, and then

- 2
_ 3pc o dt
- ([a) e
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which is of the order p.. Finally, depending on the chosen orbit, one will numeri-

cally obtain different values of ( e - @djz )

ing value of the critical density using the constraint P (k) = 2 x 1077,

2
) , which determine the correspond-

5.1 Some comments about the current model

An important difficulty of the model given by the potential (60) is that it cannot
explain the current acceleration of the Universe. Moreover, in previous studies any
mechanism to explain the reheating of the Universe creating light particles like an
oscillatory behavior of the field [49], an instant preheating [50] or a phase transition
to a quasi de Sitter stage to a radiation dominated Universe [54], has not taken into
account this acceleration.

Another problem appears when one deals with tensor perturbations. In the case

of holonomy corrected LQC this equation is

"
vl — ciAvT — Z—TUT =0, (69)

zr
where ¢2 = Q and 27 = aQ~1/2. Note that z; becomes imaginary in the super-
inflationary phase p € (p./2, p]. Moreover, this equation is singular when p =
pc/2, then there are infinitely many ways to match solutions at this value, and
consequently infinitely many modes could be used to calculate the power spectrum
of tensor perturbations giving completely different results (see [23]). On the other
hand, in teleparallel LQC the corresponding M-S equation for tensor perturbations
does not contain singularities but, when one uses the analytic solution (59), the

ratio of tensor to scalar perturbations which is given by

2 2
1Sz i 70
r— | -7 == | =1,
3\ [z ) 3\ S ot

_ acs e o (Sia/2\? o N s .
where now 27 = “‘Cgl,lsr—S( =5 ) = 6.7187,as Si(x) = [y =} dyis the

Sine integral function [26], which is in contradiction with the current observational
bound. Recall that BICEP2 data constrain this ratio to r = 0.20700¢ with r = 0
disfavored at 7.0 [25], and Planck’s data bounds this ratio to be r < 0.11 (95 %
CL) [27].

Remark 5.1. Note that our correct definition of zr differs from the one of [23] by
the factor \/2. In fact, for small values of the energy density one has zr = a which
coincides with the classical definition of zr, and which does not happen if one uses
the definition given in [23]. On the other hand, to obtain the formula (70), one has
to follow the same steps as in Section 4. Obtaining the formula

n d’ﬁ

vran) = Bra®)zr(a) + Bra®ze(o) [ 5k, an
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with

V8 K , \F pe
BT71(k‘) = —V8 Py and BTyg(k) =1 §2k3/2. (72)

Then, the power spectrum for tensor perturbations is

UT,k(U) 2

/ 2 7
—_— < RT’ ( 3)

Ppl

Pr(k) = —5

where Ry = ffooo ZQd—?ﬁ). Consequently using (66) and (73), one deduces that the
T
quotient r = ZZ((;;)) is equivalent to the formula (70).

A more involved problem appears when one deals with cosmological perturba-
tions in the framework of holonomy corrected LQC. As we have already pointed
out in the introduction, in the super-inflationary phase the speed of sound becomes
imaginary implying Jeans instabilities, and then, the use of linear perturbation
equations is questionable in this approach. From our viewpoint, this fact, shows
that one cannot have too much confidence in the results obtained using the pertur-
bation equations comming from holonomy corrections, which is not the case of the
theoretical results obtained from the perturbation equations in F'(7') coming from
the model given by equation (12).

5.2 Numerical results for the current model

Performing the change of variable t = V/Pct in equation (70) we can see that r
does not depend on the value of the critical density. Then, to show the viability of
the model one has to evaluate numerically the tensor/scalar ratio for all the orbits
that satisfy the constrain Pc(k:) 2~ 92 x 1079, and to check if, for that set of orbits,
there is a subset which satisfy either r is smaller than 0.11 (the latest Planck’s data
constrain) or r = O.QOfgzgg (last BICEP2 data).

Our numerical study shows that [26]:

1. In holonomy corrected LQC, the minimal value of P (k) is obtained for the
orbit that at the bouncing time satisfies ¢ = —(0.9870, for that orbit we have
obtained P (k) = 23 x 10_3%.

D

2. In teleparallel LQC the orbit which gives the minimal value of the power
spectrum satisfies ¢ = —0.9892 and the value of the power spectrum is ap-

proximately the same as in holonomy corrected LQC P¢ (k) = 40 x 1073 5 <
P

For these orbits, in order to match with the current result, in both theories, one
has to choose p. ~ 10*7ppl which is 2 orders greater than the value needed using
the analytical solution.

We have also calculated the ratio of tensor to scalar perturbations using formula
(70), and obtaining as a minimal value = 0 for the orbits that, at the bouncing
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time, satisfy ¢ = —1.205 and ¢ = 1.205 . On the other hand, its maximal value
r = 6.7187 is attained by the solution (59) bouncing at ¢ = 0. Then, since the
value of the tensor/scalar ratio in admissible solutions ranges continuously from
the minimal value r = 0, to the maximal value r = 6.7187, one can deduce that
there is a set of solutions which matches correctly with BICEP2 data and another
one with Planck’s result.

Then, the confidence interval r = 0.20f8:8g derived from BICEP2 data is real-
ized by solutions bouncing when ¢ belongs in [—1.162, —1.144] U [1.144,1.162],
and the bound r < 0.11 provided by Planck’s experiment is realized by solutions
bouncing when ¢ is in the interval [—1.205, —1.17]U[1.17, 1.205]. Moreover, sub-
tracting various dust models the tensor/scalar ratio in BICEP2 experiment could be
shifted to r = 0.16f8:8§ with » = 0 disfavored at 5.90. Then, this confidence in-
terval is realized by solutions bouncing when ¢ € [—1.17, —1.151]U[1.151,1.17].

On the other hand, in holonomy corrected LQC, numerical results show that
the allowed orbits provide values of  in the interval [0,0.1114], matching only
correctly with Planck’s constrain » < 0.11. In figure 4, we have drawn the ten-
sor/scalar ratio for teleparallel and holonomy corrected LQC.

Finally, we have checked numerically that the functions 2" /z and 2/./ zr are in-
creasing in the contracting phase and decreasing in the expanding one, for telepar-
allel and holonomy corrected LQC. This means that all our formulae are correct,
that is, all modes that leave the Hubble radius at early time satisfy the long wave-
length relation |c2|k? < |2 /2| and |c2|k? < |2!}./zr| up to late times, and thus,
we can safely disregard the Laplacian term in the M-S equations, giving validity to
our approximation.

Figure 4: Tensor/scalar ratio for different orbits in function of the bouncing value of @. In
the first picture for teleparallel LQC, and in the second one for holonomy corrected LQC.
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6 Viable models for the matter bounce scenario

According to the current observational data, in order to obtain a viable model in the
matter bounce scenario in LQC, the bouncing model has to satisfy some conditions
that we have summarized as follows:

1. The latest Planck data constrain the value of the spectral index for scalar

perturbations, namely ng = 1 + dlgﬁgk(k), to 0.9603 £ 0.0073 [27] (it is
scale invariant with a slight red tilt). It is well-known that the ways to ob-
tain a nearly scale invariant power spectrum of perturbations are either a
quasi de Sitter phase in the expanding phase or a nearly matter domination
phase at early times, in the contracting phase [44]. Then, since for the mat-
ter bounce scenario one has ny = 1, if one wants to improve the model to
match correctly with that data, one has to consider, at early times in the con-
tracting phase, a Universe with a equation of state P = wp. In that case,
the spectral index is given by ny = 1 4 12w [22, 23], and thus one has to
choose w = —0.0033 £ 0.0006. Then, the model for large values of the
field (o — —o0 or ¢ — 0o ) must satisfy V() ~ pee™ V3UIT9I¥l because
for this kind of potentials when || — oo all the orbits depict a Universe
with equation of state P = wp (this claim could be proved, exactly in the
same way, as we have showed, at the beginning of Section 5, the asymptotic
behavior of this potential in the case w = 0).

In this case the formula for the tensor/scalar ratio will become

2

oo 1
1 Joo wzt
- : 74
TR w) | [ Lt 79

however, due to the small value of w, one can safely choose w = 0 without
changing significantly the results. In fact, numerically we have obtained
that in teleparallel LQC, when w = —0.0033 (which corresponds to ngs =
0.9603) the ratio 7 ranges continuously in the interval [0, 6.74], and thus
there is a set of solutions satisfying BICEP2 data, and another one fitting
well with Planck’s results. On the other hand, for holonomy corrected LQC
when w = —0.0033, 7 ranges continuously in the interval [0, 0.10], meaning
that its theoretical results only match with Planck’s data.

Here an important remark is in order. One could argue that constraining
the parameter w to be w = —0.0033 £ 0.0006 to obtain a correct spectral
index has to be considered as a fine-tuning. However, in any inflationary
scenario that involves a slow rolling scalar field, the same kind of fine-tuning
must be done. To show that, we will consider quasi-matter domination, i.e.,
PPV = p V., at very early times in the contracting phase (see [45]
for all the details). In this regime the Friedmann and conservation equations
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become

2
H? = gv, 3Hp + 2V, = 0. (75)

Introducing, in the same way as in slow roll inflation, a quasi-matter domi-

nation parameter
1(V,\°
e=-|—=] —1 76
€=3 <V) ; (76)
a simple calculation leads to
21 (5 1
— == - - 77
z P <V 4) ’ 7

where v = % — 6€. And thus, the spectral index for scalar perturbations,

namely nﬁ,\/l B is given by

nMB _1=3—-2v=12. (78)

It is instructive, to compare this result with the one obtained in inflationary
cosmology

nfR — 1 =20 — 6€, (79)

where €5, and 75, are the well known slow-roll parameters, and we have
denoted by nS* the spectral index in inflationary cosmology. Moreover, in
inflationary cosmology, the scalar/tensor ratio, namely 5%, is related with
the slow-roll parameter €g,., by the relation r B — 16€,, (Note that in the
matter bounce scenario the tensor/scalar ratio (70) does not depend on the
quasi-matter domination parameters).

As an example, we will choose the potential V() = Ve~ V3U1+w)l#l [46]
which, has as Equation of State P = wp, and thus leads to a power law
expansion. An easy calculation will provide

nMB 1 =12w,n% — 1= -3(1 + w) and % = 24(1 + w).  (80)

Both theories, matter bounce scenario and inflation, have to match with the
current data in order to be viable. In this case, from last Planck’s data, the
spectral index is given by ng = 0.9603 £ 0.0073, which means that:

(a) In the matter bounce scenario, for the potential V () = Vye~ V3(1+«)lel
to match with experimental data, one will have to choose w = —0.0033+
0.0006 (nearly matter domination).
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(b) In power law inflation, for the same potential, to match with the exper-
imental value of the spectral index one has to choose w = —0.9867 +
0.0024 (quasi de Sitter phase). Moreover, for this potential, since the
tensor/scalar ratio is given by 24(1 + w), to fit well with Planck’s
date one has to choose w < —0.9954, which is incompatible with
w = —0.9867 4 0.0024, and consequently, Planck’s data disregard this
model. On the other hand, to match the ratio of tensor to scalar pertur-
bations with BICEP2 date, one has to choose w € [—0.9937, —09887]
that together with the condition w = —0.9867 £ 0.0024, restrict the
value of the parameter w to be w = —0.98907 05003

The same will happen for the other models, for instance, in chaotic inflation
if one considers the quartic potential V() = Ap?, one has

24 128
n$f—1=-" and rf=_—"F (81)
YN PN

where ¢ is the value of the scalar field IV e-folds before the end of the
slow-roll phase. Then, in order to match with BICEP2 data one has to choose
YN = 22t8;§3§§, i.e., the theoretical value of the spectral index for modes
that leave the Hubble radius approximately N e-folds before the end of in-
flation, matches correctly with the experimental data. This is once again a
fine tuning, because for this potential the value of the field N e-folds be-
fore the end of the inflationary period must be tuned. In contrast, if one
considers, in matter bounce scenario, a potential with the asymptotic form
Vi) = Vge\/g(wr%) when ¢ < 0, one also obtains /5 — 1 = —5—?,
where ¢ is the value of the scalar field, in the contracting phase, IV Aé—
folds before the end of the quasi-matter domination period. Then, in order
to match with the experimental spectral index, one has to choose py €
[—27.2165, —22.5973], that is, the theoretical value of the spectral index for
modes that leave the Hubble radius approximately N e-folds before the end
of the quasi-matter domination epoch, matches correctly with the experi-
mental data.

To sum up, from our viewpoint, these calculations show that, in order to
match the theoretical results with current data, the parameters that appear in
both theories (inflation and matter bounce scenario), must be tuned finely.

. The Universe has to reheat creating light particles that will thermalize match-
ing with a hot Friedmann Universe. The simplest way to do that is with
an oscillatory behavior of the field in the expanding phase, because when
the field oscillates it decays releasing its energy at the bottom of the po-
tential, where the adiabaticity of the process is strongly violated, producing
light particles [49], whose number increases with each oscillation due to this
broad parametric resonance regime. To obtain this behavior, we can assume
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that in some region the potential has a minimum, i.e., it has a potential well.
The simplest potentials with a minimum are the ones used in inflation, for
example potentials with the same shape as the power law potentials used in
chaotic inflation, i.e., V (¢) = Ap?™.

Another way is the so called instant preheating, where no oscillations are
required [50]. This mechanism works for potentials with a global minimum,
but it is very efficient for potentials which slowly decrease for large values of
the scalar field as in the theory of quintessence [51], where, in the expanding
phase, an inflationary potential is matched with a quintessence one. Finally,
reheating could also be produced due to the gravitational particle creation in
an expanding Universe [52]. In this case, an abrupt phase transition (a non
adiabatic transition) is needed in order to obtain sufficient particle creation
that thermalizes producing a reheating temperature that fits well with current
observations. This method was used in the context of inflation in [53, 54],
where a sudden phase transition from a quasi de Sitter phase to a radiation
domination or a quintessence phase was assumed in the expanding regime.
We will show, at the end of this Section, that gravitation particle production
could be applied to the matter bounce scenario, assuming a phase transition
from the matter domination to an ekpyrotic phase in the contracting regime,
and obtaining a reheating temperature compatible with current data.

. Studies of distant type la supernovae [55] (and others) provide strong evi-
dence that our Universe is expanding in an accelerating way. A viable model
must take into account this current acceleration, which could be incorpo-
rated, in the simplest case, with a cosmological constant, or by quintessence
models [56]. Of course, there are other ways to implement the current cos-
mic acceleration, for example using f(R) or f(7') gravity, but the models
that provide this behavior are very complicated, and our main objective in
this work is to present the simplest viable models.

. The numerical results (analytical ones will be impossible to obtain) calcu-
lated with the model have to match with experimental data, for instance, the
power spectrum of scalar perturbations has to be of de order 10~ and the
ratio of tensor to scalar perturbations has to be either less than 0.11 or in the
range r = 0.20f8:8g, depending if one uses Planck’s or BICEP2 data. The
numerical calculations could be performed using formulae (66) and (70),
where the quantities appearing in these formulae will be computed after
solving numerically the conservation equation (61), where the scale factor,
obtained numerically integrating the equation H = %, must satisfy at early
times

3 30+w) 3 1/3
a(t) = <4(1 +w)2pct2> = <pct2> : (82)



Note that, if the potential is proportional to the critical density, performing
the change of variable ¢ = \/pct, one can show that the tensor/scalar ratio is
independent of p. and the power spectrum is proportional to p., which means
that P¢(k) = K f')i; where K is a dimensionless quantity independent of p,

and thus, the experimental data P¢(k) ~ 107 is easily achieved choosing

10~°
Pc ~ g Ppl-

5. The model has to be stable, in the sense that, if an orbit depicting the Uni-
verse satisfies all the previous requirements, then a small perturbation of this
orbit also has to satisfy them. Mathematically speaking, the set of orbits that
satisfy all the requirements must have nonzero measure.

First, one could deal, for simplicity, with a quadratic potential V' (¢) = %m2cp2,
because at early times (in the contracting phase) the Universe is in a matter dom-
inated phase (in fact, it is matter dominated on average over few oscillations, be-

=3 2mt
times in the expanding phase, the field oscillates around the minimum of its poten-

tial releasing its energy and creating light particles, that finally thermalize yielding
a hot Friedmann Universe that matches with the Standard Model, but does not take
into account the current accelerated expansion of the Universe. Note that one can-
not add to the model a simple cosmological constant A because, in this case, the
Universe would start, in the contracting phase, in an anti de Sitter stage which does
not lead to a nearly scale invariant spectrum.

A more interesting model that takes into account the current cosmic accel-

eration is obtained combining p.e” V 30+w)lel with the quadratic potential and
a small cosmological constant, in the following way (subjected to the condition

V() < pe),

: -1
cause when |t| — oo one has H(t) = 2 (1 — sm(?mt)) [28]). Moreover, at late

m2(,02
+A 1
V(e) = pe m22

2“’2 + po cosh(y/3(1 + w)yp)’

(83)

where w = —0.0033, A is a small cosmological constant and py is an energy den-

sity parameter. Note that, for large values of || one has V (¢) ~ 2p.e™V 3(1+w)lel
meaning that, for large values of |¢| the Universe is nearly matter dominated. On
the other hand, for small values of ||, one has V(p) ~ ﬁ—g (3m?p* + A), then for
these values the field will oscillate in the well of the potential releasing its energy
and matching with the ACDM model, or an instant preheating will occur, before
the field starts to oscillate, to match with the ACDM model.

From the model we could see that orbits starting at || = oo and ending at
¢ = 0, are the ones that, at early times, are in the contracting nearly matter domi-
nated phase and, at late times, match with the ACDM model. These orbits are the
candidates to describe a viable Universe, the other ones do not accomplish some
of the requirements established by observations. Some of these orbits start and end

at || = oo, giving a matter dominated Universe at early and late times, which
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contradicts the current acceleration of the Universe. The other ones start at early
times, in the contracting phase, at the bottom of the well, i.e., starting in an anti de
Sitter stage (these orbits do not give a nearly invariant spectrum of perturbations).
There are two kinds of the latter orbits:

1. The ones that leave the potential well and finish at late times in the expanding
phase, in a nearly matter dominated phase.

2. The ones that do not clear the potential well and finish, in the expanding
phase, in a de Sitter stage driven by the cosmological constant A.

For the orbits that depict a candidate to be a viable Universe one has to compute
the ratio of tensor to scalar perturbations, which is given by formula (70), and to
check if r is smaller than 0.11 (the last Planck data) or it is in the range r =
0.207007 (the last BICEP2 data).

Note finally that, the value of the cosmological constant in Planck units is of the
order 107129 (see for instance [57]), which means that, when one makes numerical
calculations, its value can be considered zero.

Another way to build models that satisfy the requirements would be to match a

potential of the asymptotic form V () ~ p.e™V 3(1+w)lel which leads to an nearly
matter dominated phase at early times with an inflationary potential, for example:

1. Matching with a power law potential

eV3(1+w)e

—————= for ¢ <o
V() = kpe (1+e— d(1+w)¢>2 )

M —@1)*" + 2 for o> g,
where 0 < g < ¢1, and the parameters A > 0 and £ > 0 are dimensionless.
One has to impose the continuity of V' and its first derivative at o = .

In this model the orbits that could be acceptable are the ones that start at
(¢ = —oo and end at the bottom of the potential well (¢ = ¢1). For such
orbits one has to calculate the corresponding power spectrum and the ratio
of tensor to scalar perturbations and choose those whose theoretical values
match correctly with observations.

2. Matching with a plateau potential

eV3(1+wle for ¢ < o

2\ 2 (85)
A(l—i—%) —i-pAO for ¢ > o,

V(SO) = Kpc

where pg < 0 < ¢1, with A > 0 and £ > 0 dimensionless parameters.
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The last way to build models consists in matching a potential with the asymp-
totic form V() ~ p.e™V 304w)lel with a quintessence potential, for example with
4
the potential V' (¢) = pcﬁ introduced by Peebles and Vilenkin in [54].
0

Here an important remark is in order: In the expanding phase, reheating occurs
when holonomy effects are negligible. Then, the M-S variable z will be given by

L= SOV ) FE Py 56)

H(t) N H(t) ’

where p, (t) and P, (t) are the energy density and pressure of the produced light
Xx-particles when adiabaticity is strongly violated. If reheating occurs via broad
parametric resonance (the potential has a minimum), between 15 and 25 oscilla-
tions are needed to complete the reheating [28], and during these oscillations it
is nearly impossible to describe analytically this process, i.e., it is nearly impos-
sible to have a formula for the evolution of p, and P, and consequently, since
is impossible to know the value of z(¢) during the reheating one cannot calculate
the ratio of tensor to scalar perturbations. For this reason, we will assume that re-
heating could only be done instantaneously [50, 51] in potentials with a minimum.
To be more precise, in the case of potentials with a global minimum, assuming
instant reheating, we will use the formula z(¢) = a(]?ggt) up to when the field ar-
rives at the minimum of the potential where adiabaticity is violated and particles
are created giving, nearly instantaneously, a radiation dominated Universe. Then,
after reaching the minimum, since the Universe is radiation dominated, we will

use the formula z(t) = a(t)Hizf)H(t) = 2a(t). In contrast, for potentials without

a minimum (for example, V' ~ e~ V3l¢l matched with a quintessence potential),
gravitational particle creation explains the reheating of the Universe. In the case
of inflationary cosmology, gravitational reheating is produced via an abrupt transi-
tion, in the expanding phase, from a quasi de Sitter regime to a quintessence one
[54], but as we will see, in a bouncing scenario gravitational reheating could also
be produced before the bounce, i.e., in the contracting phase.

6.1 Numerical results

In figure 5 we have depicted the potential (84) with n = 1, where the matching has
been done imposing the continuity of the first derivative.
For this quadratic potential we have obtained the following results:

1. In teleparallel LQC, the confidence interval r = 0.2070f derived from
BICEP2 data is realized by solutions bouncing when ¢ belongs in the in-
terval [—1.17, —1.145] U [1.107, 1.14], and the bound r < 0.11 provided
by Planck’s experiment is realized by solutions bouncing when ¢ is in the
interval [—1.2039, —1.1685] U [1.1432, 1.2081].
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Figure 5: In the first picture we have the phase portrait for the potential (84) with n = 1:
black curves defined by p = p. depict the points where the Universe bounces. The point
(0,0) is a saddle point, red (resp. green) curves are the invariant curves in the contracting
(resp. expanding) phase. The blue curve corresponds to an orbit of the system. Note
that the allowed orbits are those that touch the black curve in the region delimited by an
unstable red curve and a stable green curve. Those orbits start in the contracting phase
depicting a matter dominated Universe and, when they touch the black curve, the Universe
enters in the expanding phase, oscillating around the minimum of the potential. In the
second picture we have drawn the shape of the matched quadratic (n = 1) potential (84).

2. In holonomy corrected LQC, the confidence interval r = 0.20f8:8§ is real-

ized by solutions bouncing when ¢ belongs in [0.125,0.42] U [0.895, 1.04],
and the bound r» < 0.11 is realized by solutions whose value at bouncing
time is in the interval [—1.2039,0.1] U [1.05, 1.2081]. Note that, contrary to
the simplest case, i.e., to the current model provided by the potential (60),
there are orbits whose theoretical results agree with BICEP2 data.

The graphics of the tensor/scalar ratio, for teleparallel and holonomy corrected
LQC, are depicted in figure 6.

We have also studied numerically the potential (84) for n = 2 whose phase
portrait and shape are given in figure 7. For this model, we have calculated numer-
ically the corresponding ratio of tensor to scalar perturbations for different orbits,
and the results are depicted in figure 8. From this last figure, we will see that in
teleparallel LQC there are orbits whose theoretical results match correctly with BI-
CEP2 data and others that fit well with last Planck’s data. In contrast, in holonomy
corrected LQC all the orbits provide a tensor/scalar ratio smaller than 0.11 what
means that, for this model, holonomy corrected LQC only matches correctly with
Planck’s data.
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Figure 6: Tensor/scalar ratio for different orbits in function of the bouncing value of ¢ for
the potential (84) with n = 1. In the first picture for teleparallel LQC, and in the second
one for holonomy corrected LQC.

Figure 7: Shape and phase space portrait of a potential that has matter domination at early
times in the contracting phase and and is matched with a quartic potential.

Finally, we have studied the model of quintessence matching, with continuous
derivative, a potential with the asymptotic form V (p) ~ pe.e™V 30+w)lel with a
4
quintessence potential for example, with the potential V (¢) = pcﬁ. In figure
0

9, we show the shape of this potential and its phase portrait.
For this potential we have obtained the following results:

1. In teleparallel LQC, the confidence interval r = 0.201“8:857) derived from
the BICEP2 data is realized by solutions bouncing when at bouncing time
¢ belongs in the interval [—1.162, —1.145] U [1.135, 1.155], and the bound
r < 0.11 provided by Planck’s experiment is realized by solutions whose
value at bouncing time is in the interval [—1.208, —1.17] U [1.164, 1.204].
Moreover, if one considers BICEP2 subtracting various dust models the ten-
sor/scalar ratio, has we have already explained, is shifted to r = 0.1610-05.

Then, theoretical results fit well when at bouncing time the value of the field
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Figure 8: Tensor/scalar ratio for different orbits in function of the bouncing value of ¢ for
the potential (84) with n = 2. In the first picture for teleparallel LQC, and in the second

one for holonomy corrected LQC.

Figure 9: Shape and phase space portrait of a potential that has matter domination at early
times in the contracting phase and quintessence at late times in the expanding phase.

belongs in [—1.17, —1.152] U [1.143, 1.164].

2. In holonomy corrected LQC, the confidence interval r = O.20f8:8g 18 never

realized because the maximum value of r is 0.115, and the bound r < 0.11
is realized by solutions whose value at bouncing time belongs in the interval
[—1.208, —0.995] U [—0.865, 1.204].

The graphics of the tensor/scalar ratio are depicted in figure 10

As we will see from these numerical results, the shape of the tensor/scalar ratio
in teleparallel LQC is very robust, in the sense that, it is potential independent (is
nearly the same for all the viable potentials we have studied). However, dealing
with holonomy corrected LQC, one can see that the shape of the ratio of tensor to
scalar perturbations and the theoretical results obtained from it, change completely

depending on the potential chosen.
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Figure 10: Tensor/scalar ratio for different orbits in function of the bouncing value of ¢
for the quintessence potential. In the first picture for teleparallel LQC, and in the second
one for holonomy corrected LQC.

6.2 Reheating via gravitational particle production

Gravitational particle production in the matter bounce scenario has been recently
introduced in [58]. The idea is the same as in inflationary models with potentials
without a minimum (the so-called non oscillatory models): to have an efficient re-
heating one needs a non-adiabatic transition, in the expanding regime, between two
different phases in order to have enough gravitational particle creation. In inflation,
there is an abrupt transition from a quasi de Sitter regime to a radiation-dominated
one, during this transition light particles are created and its density evolves like
pr ~ a~*. On the other hand, after the end of the quasi de Sitter phase, the inflaton
field, namely ¢, enters a kinetic-dominated period where the energy density of the
inflaton field evolves like pg ~ a5 [53, 54, 59], which means that the inflation
energy density decreases faster than that of radiation, and thus, the Universe be-
comes radiation dominated and matches with the hot Friedmann universe. Only at
very late times, if the inflation potential is matched with a quintessence one, the
Universe enters in an accelerated regime from which it never recovers.

In the matter bounce scenario the non-adiabatic transition could be produced
in the contracting phase. In fact, a transition from matter-domination to an ekpy-
rotic phase with equation of state P = wp where w > 1 could be assumed in
the contracting regime. The obtained model is called matter-ekpyrotic bounce sce-
nario [60], and since in the ekpyrotic phase the energy density of the field evolves
like p, ~ a—3049) which in the contracting phase increases faster than a6,
anisotropies become negligible (note that the energy density in the anisotropies
grows in the contracting phase as a~% which is faster than the energy density
of radiation, and thus, without an ekpyrotic transition the isotropy of the bounce
is destroyed; this is the so-called Belinsky-Khalatnikov-Lifshitz instability [61]).
Moreover, the energy density of the field also increases faster than that of radiation,
this means that the field dominates the evolution of the Universe in the contract-
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ing phase, but when the Universe bounces its energy density eventually dominates,
because in the expanding phase a3(17%) decreases faster than a~%. Then, the
Universe will become radiation-dominated, and only at late times, if the potential
is matched with an quintessence one, the Universe will accelerate forever.

To be more specific, we will study reheating via massless y-particles nearly
conformally coupled with gravity, using the method developed in [62]. It is well
known that the number density of created particles and their energy density is re-
lated via the 5-Bogoliubov coefficient as follows [53]

L (%5 22 L[ 023
= k*dk = k°dk 87
=g | PR p= o [T PR @)
where
i1 — 68) /°° ity @ (1)
= I ——2d 88
being the coupling constant.

In th1s approach the number density of produced particles could be easily cal-
culated using the properties of the Fourier transform which lead to the following

simple formula
_(1=69% [ (d"(n)\?
=t | () o )

To perform the calculation we consider the simplest model of an abrupt transi-
tion from matter to ekpyrotic phase [60]

tg—to

2/3
ag ( t=to ) fot t<tp

a(t) = (90)

1
(3pe(1 4 w)?t2 +1)305)  for t>tp,

where w > 1,19 = tg —3 H , t g 1s the time at which the transition occurs and
Hp = H(tg). Note that ¢; has been chosen in order that a(t¢) has continuous first
derivative at the transition time ¢ g.

For this scale factor, formula (89) leads to following density of created particles

. 3\[ 3/2 (11— $2)2

and performing the integral one finally obtains

7%%3¢11—%> (a)pwa 92)

C

The calculation of the energy density of the produced particles is more in-
volved. First of all, to remove ultra-violet divergences one has to assume that the
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second derivatives of the scale factor are continuous all the time. In this case, after
integration by parts the S-Bogoliubov coefficient becomes

(1-6¢) /OO —2ikn a"(n) /
= -2 —= | dn. 93
Br w e atn) ) (93)
Now, for the sake of simplicity, we will assume as in [53] that the third deriva-

tive of the scale factor is discontinuous at the transition time 5. Then, one has

o (1=68) i@ (ng) o 9(1—68) o
ﬁk = Qik3 )6 2ikng a(nEE) = <162k‘3 e 2k77EU)2H%a%7 (94)

where a””(n};) is the value of the third derivative of the scale factor at the beginning
of the ekpyrotic phase.

As a consequence, for modes well outside of the Hubble radius at the transition
time, i.e., for modes satisfying apHg < k < o0, using (94) one obtains the
following radiated energy

~

2
Py (1 66)%uPE (G—E>4 95)

16 Ppl \ @

where pp = 3H ?E is the energy density of the background at the transition time.
On the other hand, for modes well inside of the Hubble radius, i.e., satisfying
0 < k < agHE, one can approximate the 3-Bogoliubov coefficient by

_ i(l —66) /OO a”(T])d ~ 9i aEHE

B (96)

~_—(1-6
which means, because we have assumed w >> 1, that the energy density of those
modes is smaller than that of the ones that are well outside of the Hubble radius,

and consequently, the total energy density of the produced particles is

>~

2
Py 90—60%“@(934- 97)

E Ppl a

To end the Section, we will calculate the reheating temperature Tr. To calcu-
late that quantity for our model, first of all one has to define the reheating time tp
as the time when the radiated energy density equals the background energy density.
Since the background energy in the ekpyrotic phase is given by

Pe
t) = , (98)
o) Spe(l+w)22 +1
for large values of ¢ one has p(t) = ﬁ. And thus, the reheating time is of the
order
Ppl 1
tp~ ] — . 99
N o 21— 6| Hy e
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Consequently, the reheating temperature is of the order

1/2
a
Tr ~ pA(tg) ~ /|1 — 6§|w3/4%a(ti)' (100)

Finally, writing pg in terms of Planck’s density as follows pg = /\Qppl, and

approximating a‘(lt’f{ ) by 1 because we are considering the case w >> 1, one has

Tr ~ p¥*(tr) ~ /|1 — 6£|w*/*\My, (101)
/

where we have introduced the Planck mass M, = p;l *_ This theoretical value will

coincide with current observations provided that one chooses /|1 — 6&[w?/4\ ~
1077 [58].

Remark 6.1. Reheating via an interaction between the field ¢ and light particles,
of the form €2*x2, has been recently studied in the context of bouncing scenarios
in [58]. The calculation of the energy density is very complicated, and only an
upper bound has been obtained. Moreover, this energy density has been compared
with the energy density of produced light particles minimally coupled with gravity,
obtaining that the energy density of gravitational particle production dominates
over the energy density from the interaction for small values of e.

7 Conclusions

In this work we have shown that the matter bounce scenario in holonomy corrected
LQC and in its teleparallel version (the F'(T") model whose modified Friedmann
equation coincides with the holonomy corrected one of LQC, when one considers
the flat FLRW geometry) given by the simplest potential (the potential given in
equation (60)) must be improved in order to reproduce our Universe. Although,
when one considers our teleparallel version of LQC the theoretical results pre-
dicted by some solutions of the potential (60) match correctly either with BICEP2
or Planck’s current data, this potential neither provides a reheating mechanism in
order to match with a hot Friedman Universe nor takes into account the current
acceleration of the Universe. For these reasons we introduce more phenomenolog-
ical potentials that take into account the reheating process and the current cosmic
acceleration, and we show that, in the teleparallel version of LQC, they have sets
of solutions whose theoretical results fit well with current observational data, con-
cluding that the matter bounce scenario in teleparallel LQC is a viable alternative
to the inflationary paradigm. On the other hand, holonomy corrected LQC pro-
vides theoretical results that always match with Planck’s data, but in general, its
theoretical results do not fit well with BICEP2 data, only for some models with
a potential well (for example, for a quadratic potential there are solutions whose
theoretical results match correctly with BICEP2 data, but for a quartic one theo-
retical results only fit well with Planck’s data). In fact, our numerical results show
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that the teleparallel version of LQC is not potential dependent in our models, that
is, we have shown that the shape of the tensor/scalar ratio is practically the same
for the models that we have studied. This does not happen in holonomy corrected
LQC where we have shown that it changes completely depending of the poten-
tial matched with (60). From our viewpoint this is a great advantage of our F'(T")
model with respect holonomy corrected LQC, but what really disfavours holonomy
corrected LQC with respect our teleparallel model, is that in this theory, the speed
of sound becomes imaginary in the super-inflationary phase, which implies Jeans
instabilities, and these may invalidate the use of the linear perturbation equations
in this regime. This problem does not arise in our F'(T") version of LQC, where the
velocity of sound is always positive.

We have also studied in detail the reheating process via gravitational particle
production: we have considered the gravitational reheating in the matter-ekpyrotic
matter bounce scenario, where a phase transition from the matter domination to an
ekpyrotic epoch occurs in the contracting phase of the Universe. We have assumed
that the reheating is due to the creation of massless nearly conformally coupled
particles, and we have applied the method introduced by [62], for the first time, to
our matter-ekpyrotic model, obtaining a very simple expression for the reheating
temperature. Concluding that, when one considers potentials without a minimum,
the production of gravitational particles via a phase transition in the contracting
regime leads to an efficient, i.e. compatible with the latest experimental observa-
tions, reheating. On the other hand, when one considers potentials with a minimum
as in inflationary cosmology, the instant reheating introduced in [50] gives rise to
a reheating temperature compatible with current results.

Finally, we expect that more precise unified PLANCK-BICEP2 data (the B2P
collaboration), which are going to be issued in the future, may be helpful to im-
prove or rule out some of the bouncing models under consideration.
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