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Abstract. According to the most popular scenario, the early Universe should have experienced
an accelerated expansion phase, called Cosmological Inflation, after which the standard Big Bang
Cosmology would have taken place giving rise to the radiation-dominated epoch. However, the
details of the inflationary scenario are far to be completely understood. Thus, in this paper
we study if possible additional (exotic) cosmological phases could delay the beginning of the
standard Big Bang history and alter some theoretical predictions related to the inflationary
cosmological perturbations, like, for instance, the order of magnitude of the tensor-to-scalar
ratio r.

1. Introduction
The evolution of the very early Universe is matter of an in-depth and long-standing debate and,
to date, it is mainly the subject of speculations. According to the standard lore, the Universe
initially experienced a highly symmetric state (at the so-called Planck scale Mp ∼ 1018 GeV)
in which the four fundamental gravitational, strong, weak and electromagnetic interactions
were unified in a single fundamental force described by a fundamental (and still unknown)
quantum gravity theory. Due to the expansion and the consequent cooling of the Universe, at
some lower energy scales the gravitational interaction decoupled and the Universe entered an
hypothetical phase where only strong, weak and electromagnetic interactions were unified1 in a
single force, characterized by a single coupling constant, and, eventually, with the presence of
supersymmetry. This phase is commonly known as Grand Unified epoch and it is described by
a corresponding Grand Unified (gauge) Theory (GUT) based, for instance, on a gauge group
like SU(5) or S0(10), that contains the gauge group of the Standard Model of particle physics
[1, 2, 3]. At an energy scale of the order, presumably, of MGUT ∼ 1016 GeV, a spontaneous
symmetry breaking (SSB) of the GUT itself took place and the interactions separated into those
of the Standard Model, described by the direct-product group SU(3)c × SU(2) × U(1) related
to the strong, weak and electromagnetic interactions, respectively. As the temperature of the
Universe decreased, the three different coupling constants ran back in different ways. Finally, at
the energy scale of around ∼ 102÷103 GeV the electroweak symmetry breaking2 took also place

1 Unification is not necessary and does not play a fundamental role in what follows.
2 If supersymmetry is present, one has also to accomodate its breaking at a scale higher than the LHC limits.
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and SU(3)c × U(1)em survived as the residual exact gauge symmetry of the present Universe,
described by the well-known Standard Model vacuum phase.

However, cosmological and astrophysical observations suggest that the early Universe also
underwent an almost de Sitter-like phase, called Inflation [4, 5, 6]. It occurred likely at an
energy scale intermediate between the GUT phase transition and the electroweak scale (say at
Minf ≤ 1016 GeV) and made the Universe extremely large, flat, isotropic and homogeneous on
astronomical scales, as well as equipped with cosmological scale-invariant metric perturbations
of two types. The first type are scalar perturbations, that seeded the formation of large scale
structures (LSS) and led to the cosmic microwave background (CMB) temperature anisotropies.
The second are tensor perturbations, i.e. primordial gravitational waves (GW), that represent
a distinctive signature of inflation and whose detection3 would confirm the goodness of the
inflationary paradigm itself.

The simplest version of inflation is the well known slow roll scenario. In this case the
mechanism is driven by some fundamental scalar field ϕ, called inflaton, minimally coupled
to gravity and slowly probing an almost flat region (that plays the role of a false vacuum) of the
corresponding effective scalar potential V (ϕ).

At the end of inflation, where the potential steepens, the inflaton field falls in the true vacuum
of the potential, oscillates and decays in an hot plasma constituted by the standard model (SM)
relativistic particles, providing the reheat of the Universe and the beginning of the Big Bang
evolution. The reheating phase [7, 8, 9] is expected to be a very complicated epoch, whose
details are expected to be strongly model dependent. Therefore, it comes not as a surprise that
the energy scale at the end of the process, parametrized by the so called reheating temperature,
could well be placed at around 1014 GeV but also at much lower scales.

It is important to stress that the mentioned chronology basically represents just a
paradigmatic scenario among the many proposed in a vast literature during the last decades.
For example, our Universe might not have experienced a GUT phase but rather an inflationary
epoch triggered already at the Planck scale and accompanied by a subsequent SM phase. Indeed,
due to the absence of experimental data, we basically ignore the relation between Inflation and
GUT’s or between Inflation and the SM degrees of freedom. Even the (effective) quantum
gravity scale could be well below the Planck scale, as it happens in some models inspired by
Superstring Theory [10].

2. The Universe’s history before the Big Bang Nucleosynthesis
The evolution of the Universe after the hypothetical inflationary/reheating era represents a
further conundrum, because the underlying physics is not under control being the energy
scale typically above the TeV scale at which the Electroweak (EW) and the Quantum
Chromodynamics (QCD) phase transitions take place.

In this framework, an early post-inflationary radiation dominated Universe would be the
expected standard scenario but not the unique viable possibility. Indeed, there is room for non
trivial evolution in the history of the Universe immediately after the reheating era. In particular,
the expansion of the Universe just after the reheating could have been subjected to additional
phases that can be driven by one, or even more new exotic scalar components whose energy
density is initially dominant over the radiation energy density. With the evolution, due to the
dilution property of scalars and to the decreasing of the energy scale below some critical value,
the radiation component becomes dominant and the most familiar Big Bang evolution takes
place.

The origin of the involved (exotic) scalar fields can be identified with the fact that they are
almost ubiquitous in supergravity and in superstring (orientifold) inspired models [11, 12, 13, 14].

3 The detection of inflationary GW can be direct, as happens for the gravity waves from astrophysical merging
events, or indirect, thanks to the polarization induced on the CMB.
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One possibility is that they can be produced during reheating by the perturbative decay of the
inflaton field (if it couples suitably to them) or by other, more complicated, mechanisms. In
general, they could interact or be sterile with respect to the degrees of freedom of the Standard
Model sector. In the last case, they can be frozen and simply dilute faster than radiation during
the cosmological evolution. It is then natural to describe them in terms of a perfect fluid. In
the former case, they could decay into radiation providing a second period of reheating of the
Universe, at lower energy scales.

In this document, we want to focus on some of the cosmological implications of sterile post
inflationary scalar fields/fluids [14, 15, 16]. First of all, the introduction of this new kind of
scalar degrees of freedom in the cosmological particle spectrum requires a re-definition of the
energy density of the Universe, that can be generically written as

ρ(T ) = ρr(T ) +
∑
i

ρφi(T ) = ρr(T )η(T ), (1)

where T labels the temperature scale of the Universe that we assume in the range TBBN <
T < Treh. The first term of the inequality is of fundamental importance in order not to ruin
the excellent predictions of the Big Bang Nucleosynthesis (BBN) on the production of the light
elements abundances. Instead, the parameter η describes the relative dominance of the scalar
sector over the relativistic cosmological sector

η(T ) = 1 +

∑
i ρφi(T )

ρr(T )
. (2)

Although the case of multiple scalars would be very interesting [15], we focus on a post reheating
dynamics dominated by a fluid related to a single additional scalar field φ that dominates and
then leaves room to the radiation contribution at a given transition temperature T∗ [14, 15, 16],
i.e.

ρφ > ρr for T > T∗, (3)

ρφ = ρr for T = T∗, (4)

ρφ < ρr for T < T∗. (5)

The dynamics of the radiation energy density can be written in the form

ρr(T ) = ρr(T∗)
gE(T )

gE(T∗)

(
T

T∗

)4

, (6)

where gE represents the number of the relativistic degrees of freedom in the context of energy
defined as

gE(T ) =
∑
b

gb

(
Tb
T

)4

+
7

8

∑
f

gf

(
Tf
T

)4

, (7)

with b and f labeling bosonic and fermionic contributions, respectively. The energy density
temperature dependence of the field φ satisfies the law

ρφ(T ) = ρφ(T∗)

(
gS(T )

gS(T∗)

) 4+n
3
(
T

T∗

)4+n

(8)

and gS is now the number of relativistic degrees of freedom contributing to the entropy

gS(T ) =
∑
b

gb

(
Tb
T

)3

+
7

8

∑
f

gf

(
Tf
T

)3

, (9)
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while the index n is the “dilution” coefficient that parametrizes the deviation from the standard
radiation coefficient. By assuming that gS ∼ gE at very high energy scales (above the QCD
phase transition ∼ 150 − 170 GeV), one can easily obtain that [14, 15]

η(T ) ∼ 1 +

(
T

T∗

)n
. (10)

As we will see, this quantity will be of crucial importance for the subsequent analysis.

3. Relic gravity waves and non trivial post reheating scalar dominance
A fundamental parameter of the slow roll inflationary dynamics is the number of e-folds, N , that
counts the number of exponential expansions of the Universe. Thus, N describes the duration of
the de Sitter-like stage, and consequently, it determines the theoretical predictions related to the
inflationary cosmological perturbations like for instance, the well known scalar spectral index
ns and the tensor-to-scalar ratio r. In general, this number depends on the post inflationary
evolution of the Universe and can be approximated as (see for example [14, 15])

N ∼ 64 − 1 − 3wreh
3(1 + wreh)

ln

(
Minf

Treh

)
+ ln

(
Minf

Mp

)
, (11)

where wreh is the mean value of the equation of state (EoS) parameter of the “reheating fluid”,
Minf is the energy scale at which Inflation takes place and Treh is the scale at which the Universe
gets reheated. It is important to outline that it is a common lore to assume the value of the
inflationary e-folds in the range between 50 and 60. However, the presence of an additional
exotic cosmological phase after reheating and before the radiation dominated era, gives rise to
a modification of the standard results for N .
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Figure 1. Extra number of e-foldings, induced by the exotic scalar field epoch, as function of
the reheating EoS, wreh and the constant n. The reheating temperature is ∼ 109 GeV while the
scalar-radiation transition temperature is ∼ 104 GeV.

This change can be characterized as N = Nstandard +Nextra where the extra term reads [15]

Nextra =
1

3(1 + wreh)
ln η(Treh) (12)
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where now Nstandard is just the contribution in Eq.(11). Eq.(12) suggests how the additional
epoch will provide a general modification of N that depends on the magnitude of the previous
parameter η evaluated at the reheating scale. In Fig.(1) we provide a numerical estimate
of the extra e-folds contribution in Eq.(12), as a function of the EoS parameter and of the
constant n. It is crucial to observe how the non standard Nextra term affects the sector of
inflationary perturbations. To make an example, we can focus on the gravitational waves,
namely on the tensor-to-scalar ratio r. In many viable slow-roll inflationary models, the tensor-
to-scalar ratio depends on the inverse squared of N . For instance, in the simplest case of the
so-called α-attractor models [17, 18, 19, 20, 21, 22] in which the potential takes on the form
V (ϕ) = M4

inf (1 − exp (−bϕ/Mp))
2 with b =

√
2/(3α), one has

r(N) ∼ 12α

N2
, (13)

where α is a constant that depends on certain specific features of the model and basically can be
any positive number. The impact of the post inflationary scalar fluid on r can be thus derived
by combining Eq.(10), Eq.(11) and Eq.(12) with Eq.(13). They tell that the tensor-to-scalar
ratio assumes the following approximate form

r ∼ 12α

[
64 − 1 − 3wreh

3(1 + wreh)
ln

(
Minf

Treh

)
+ ln

(
Minf

Mp

)
+

1

3(1 + wreh)
ln

(
Treh
T∗

)n]−2

. (14)

It is also very interesting to analyze the behavior of r in terms of the (mean) reheating properties
and of the diluting field. This should be useful to get an idea about the order of magnitude
of the enhancement (or the reduction) of the tensor-to-scalar ratio. To this respect, we report
in Fig.(2) r both as a function of wreh and of n, for the case α = 1 related to the Starobinsky
inflationary model [19]. As one can appreciate, values wreh > 0 of the EoS parameter and large
values of constant n allow for a very little tensor-to-scalar ratio (r < 0.003) while little values
both of the EoS and of n provide values of r even much larger than 0.0045. It is important to
point out that the prediction of the Starobinsky model about r is still in great agreement with
the current bound (r < 0.064, 95%, TT,TE,EE,lowE,lensing+BK14) provided by the Planck and
BICEP2 collaboration (see [23] for details). Actually, the enhancement induced by an additional
post-reheating component provides the possibility to detect primordial inflationary GW on more
accessible scales.

4. Discussion and conclusions
The introduction of an additional, pre-BBN, non trivial post-inflationary epoch, can provide
non-negligible implications on the inflationary Universe. In particular, it is possible to put
bounds on the reheating scale of the Universe after inflation [15], as well as to extend in a non
trivial way the inflationary predictions related to the cosmological fluctuations produced during
inflation, at least within certain classes of inflationary models [14, 15].

In this paper, we have discussed how the combination of the reheating properties and of the
presence of a single scalar sterile post inflationary field can alter in a significant way the tensor-
to-scalar ratio associated to the inflationary gravity waves. As an example, we have considered
the Starobinsky inflationary scenario, but of course it is possible to extend the procedure to
many other classes of inflationary models. We are convinced that the inclusion of additional
scalar fields obeying a hierarchy of dilution laws (ρφ1 < ρφ2 < ρφ3 < ... < ρφk) can even be
quite interesting, as proposed in [15]. The related consequences will be deepened in a future
publication. Furthermore, it is also important to observe that the presence of this kind of scalars
could also affect the physics at lower energy scales, like for instance the freezing mechanism of
dark matter particles [16].
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Figure 2. Tensor-to-scalar ratio for a Starobinsky-like model as function of the wreh and n
with Treh ∼ 109 GeV and T∗ ∼ 104 GeV.
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