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Abstract: Making use of the well-known renormalization group (RG) scale dependences
of the gravitational couplings in the framework of the two-parameter Einstein—Hilbert
(EH) theory of gravity, the single scalar field-driven cosmological inflation is discussed in a
spatially homogeneous, isotropic, and flat model universe. The inflaton field is represented
by a one-component real, non-self-interacting, massive scalar field minimally coupled to
gravity. Cases without and with the incorporation of the RG scaling of the inflaton mass
are compared with each other and with the corresponding classical case. It is shown that
the quantum improvement drastically alters the timing of the slow-roll inflation with the
desirable number N ~ 60 e-foldings, as compared with the classical case. Furthermore,
accounting for the RG flow of the inflaton mass has an enormous effect on the timing of the
desirable slow roll, too. Although providing the desirable slow-roll inflation, none of the
versions of the investigated quantum-improved toy models provide a realistic value of the
amplitude of the scalar perturbations.

Keywords: asymptotic safety; renormalization; cosmological inflation

1. Introduction

Asymptotically safe cosmology [1-13] relies on the success of the asymptotic safety
scenario [14] in quantum gravity achieved in the last two decades (see the status reports
in [15-17] and the references therein). Based on the renormalization group (RG) studies
of the four-dimensional two-parameter EH gravity in the continuum, good evidence is
found on the existence of an ultraviolet (UV) fixed point, the so-called Reuter fixed point,
and that of the Gaussian fixed point [18-27]. Recently, it has been shown that the particle
physics Standard Model coupled to gravity also exhibits asymptotic safety. In general,
asymptotic safety sets an upper bound on the number of the various kinds of matter
fields, and the suggestion has been put forward that asymptotic safety may serve as a
requirement to select physically reliable field theories incorporating the dark constituents
of the universe [26,28-36].

In this paper, we discuss the possibility of a single real scalar field-driven slow-roll
inflation and its characteristic time scales in a quantum-improved toy model of the universe,
incorporating the inflaton field ¢ and the running cosmological constant A as the only
constituents. The main features of the RG flow of the gravitational couplings in pure gravity
are discussed in detail in [37] and appear to be rather independent of the fine details of the
RG scheme used. Moreover, the RG analyses of the Euclidean and Lorentzian theories yield
rather similar results in that respect [38-42], and the presence of matter is represented only
by a single inflaton field does not alter them significantly (see, e.g., Figure 4 in Ref. [26],
Figure 6 in Ref. [12], Figure 1 in Ref. [31]). Therefore, we consider the RG flow of the
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gravitational couplings, that of the Newton coupling G(k), and the running cosmological
constant A (k) to be given by the interpolation formulas proposed by us recently in Ref. [43].
It should be pointed out here that the RG flow reflected by our interpolation formulas
relies basically on functional RG studies in which the basic object is the effective average
action, and the IR regulator contains the four-dimensional Laplacian of spacetime. The
identification of the IR cut-off scale k is, however, not unique. Recently, it has been shown
that asymptotically safe gravity can be formulated in a consistent manner in the framework
of functional RG using the time-slicing corresponding to the ADM decomposition and
defining the IR regulator in terms of the spatial Laplacian [38]. As to the asymptotically
safe cosmological models, the manner of the identification of the IR cut-off k seems to be
crucial from the point of view of whether the initial singularity can be avoided or not. The
authors of Ref. [7] have found that bouncing solutions can be found using the functional
RG framework proposed in [38], while the universe does not violate the standard energy
conditions; even a spatially flat model is strongly favored by the recent observational data.
In contrast, in our present work, only solutions with the initial Big Bang singularity can
occur for the emerging universe.

Coming back to our interpolation formulas proposed in [43], those reflect the various
scaling regimes and the orders of magnitude of their boundaries along the RG energy scale
k. The RG flow of the gravitational couplings reveals three scaling regions [37]: the UV
regime governed by the Reuter fixed point (FP) for k > kg ~ O(mpy), the crossover regime
for kg > k > kp ~ O(1073%) ended in the perturbative one close to the Gaussian FP, and
the infrared (IR) region for k < ks where the gravitational couplings take their present-day
constant values Gy = mljlz (with the Planck mass mp; = \/fic/Gg in the units 1 = ¢ = 1)
measured at the laboratory scale k; ~ 8.2 x 10™3*mp; ~ 1073k and Ag ~ 2.7 x 10’122m%,1
observed at the Hubble scale ky; ~ 8.2 x 10~%%mp; < k. (It should be noticed that there
may exist a deep IR regime for k < k; ~ O(1073k, ), where the gravitational couplings
G and A tend to zero in the limit k — 0 [6]; this scaling region can affect, however, the
evolution of the universe in the late future, which is out of the scope of our discussion in
the present paper.)

It is one of the key tasks in asymptotically safe gravity and cosmology, as well as the
physical interpretation of the running of the couplings with the RG scale k. There are good
arguments against identifying the k-dependent couplings G(k) and A (k) with the running
couplings G(p) and A(p) describing changes in physical amplitudes with the energy scale
p of the external momenta due to quantum corrections [44—47]. In this paper, we restrict
ourselves to the cosmology based on the homogeneous and isotropic sector of EH gravity.
The effective average action of EH gravity does not incorporate derivative terms with
scale-dependent form factors associated with the scalar curvature and the Weyl curvature,
i.e.,, momentum-dependent vertex functions [45-47]. Therefore, no dependence on the
physical momentum of the Newton coupling can occur explicitly. A more general ansatz for
the effective average action, incorporating momentum-dependent vertex functions, would
yield, e.g., a graviton propagator depending on the RG scale k as well as on the physical
momentum p below the running cut-off k and could provide a change in Newton’s law
of gravity with the RG scale k [45-47], a “krunning” of “prunning” (with the terminology
of [45]). In the framework of EH gravity-based cosmology, however, all couplings, those of
gravity and matter, figuring in the effective average action depend only on the RG scale k.
Moreover, quantum-improved cosmology, in the manner it is invented here, does not even
work with the effective average action explicitly, replacing instead the physically observable
coupling constants Gy and Ag by their counterparts in the Friedmann equations directly.
If one reconstructs the corresponding effective average action, one could determine the
graviton propagator at any scale k in a similar manner illustrated, e.g., in the example of the
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Green functions of the scalar fields in [48]. The determination of that kind of k-dependent
modification of Newton’s law of gravity is, however, out of the scope of the present paper.

For the emergent universe, one naturally expects that the decreasing energy scale k
should correspond to increasing cosmological time ¢, given by some ¢-to-k conversion rule,
k = k(t). The RG studies prove that the Newton coupling G(k) vanishes at the Reuter
FP, making it plausible that the evolution equations, the quantum-improved Friedmann
equations, should keep their classical form with the only modification that Newton’s gravi-
tational constant Gy and the cosmological constant A (the null index indicates the present-
day values) should be replaced by their time-dependent counterparts G(t) = G(k(t)) and
A(t) = A(k(t)), respectively. In Ref. [43], we applied the interpolation formulas to a rather
simple, analytically solvable model of the universe containing a single barotropic fluid.
Here, we apply the interpolation formulas to the model in which matter is represented by
a one-component real, massive, but non-self-interacting scalar field ¢. Our main goal is
to discuss the influence of quantum improvement on slow-roll inflation. Moreover, we
intend to reveal separately how the RG flow of the gravitational couplings and that of the
inflaton mass affect the existence and the time scales of the slow-roll inflation. Therefore, we
investigate here two versions of the quantum-improved toy model (QIM): first neglecting
(QIM1) and later taking into account (QIM2) the run of the inflaton mass.

Now, the question arises: do we have an overall picture of the flow of the mass
parameter m?(k), which might include various scaling regimes from the UV scale to the
deep IR regime? Great efforts have been made recently to obtain such a picture of the
various couplings of matter in the framework of the particle physics Standard Model (and
its possible extensions) coupled to asymptotically safe gravity [9-12,30,31,34-36]. Pure
gravity theory seems to exhibit asymptotic safety, i.e., Reuter FP, reflecting the occurrence
of quantum scale symmetry in the UV regime: a finite number of dimensionless relevant
couplings tend to constant non-vanishing values in the limit k — oo, while the other
couplings are irrelevant. This has the consequence that a UV scaling regime exists [28].
Asymptotic safety may or may not be destroyed by the presence of various numbers of
various types of fields. As a rule, quantum gravity effects are produced in the UV regime
anti-screening of the Newtonian coupling, while, for example, scalar fields, which we are
interested in here, produce a screening effect. For a sufficient number of scalar fields, the
screening effect may overcome the anti-screening effect, and asymptotic safety may be
destroyed [28].

For our present model, the earlier works are more relevant in which the functional RG
analysis has been performed for EH gravity (and its extension, including higher powers of
the scalar curvature) coupled to a single scalar field [49-51]. The discussion concentrated
basically on the existence of the Reuter FP in the framework of the Euclidean theory.
In [50], using the de Donder gauge, Litim’s optimized regulator, and the truncated Taylor
expansion of the potential and that of the coefficient of the R term in powers of ¢ at 9> = 0,
it has been established that there exists only a single non-spurious and non-trivial UV FP,
the so-called Gaussian Matter FP (GMFP) for the number of dimensions d = 4 of spacetime.
At the GMFP, the gravitational couplings approach the Reuter FP (A, = 0.1814, g, = 0.8375
in our notations; see Table I in Ref. [50]), while the matter couplings (including mass and
self-interaction) tend to zero in the limit k — oco. Similar results have been obtained in
Ref. [12] for the matter content with a single scalar field (c.f. eq. (11) in Ref. [12]). The
RG flow equations are explicitly given in a general form (see App. A in Ref. [50]) and
are applicable to our model. Solving those for our particular case, we have established
that two non-Gaussian UV FPs exist: the one with vanishing dimensionless inflaton mass
is a hyperbolic one, and the one with non-vanishing dimensionless inflaton mass is UV
attractive and provides asymptotic safety. In Section 4.1, we obtain an overall picture of
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the global RG flow of the inflaton mass m(k) covering all scales from the high UV to the
IR ones, similar to that expressed by our interpolation Formulas (3) and (4) below for the
flow of the gravitational couplings found previously in Ref. [43]. We find that the RG flow
of the inflaton mass introduces a new energy scale k;;, > kg: the dimensionless inflaton
mass is constant for k > k;,;, the dimensionful inflaton mass takes the constant value at
k =~ kg, and ky, > k > k¢ is a crossover regime for the RG flow of the inflaton mass. Here,
it should be noted that our interpolation Formulas (3) and (4) refer to pure EH gravity
without any matter. It has been shown that adding minimally coupled matter fields, either
screen (for scalars and fermions) or antiscreen (for gauge fields), the Newton coupling
(see [12] and the references therein). Nevertheless, if the numbers of these fields are treated
as continuous parameters, the UV FP values and their critical exponents vary continuously
in a rather wide range, including the cases with the numbers Ng = 0 and 1 of the scalar
fields. Furthermore, the screening effect is rather small for a single scalar field [12,26,31].
Therefore, we shall use the same interpolation formulas in both cases, QIM1 and QIM2.

So far, the quantum fluctuations of the metric and those of the matter fields are
neglected, and the cosmological evolution of the homogeneous and isotropic universe is
described by the quantum-modified Friedmann equations and their consistency condition,
where the gravitational constants are replaced by their time-dependent counterparts. These
equations represent the symmetry-reduced sector of the quantum-improved version of
classical EH gravity when the gravitational constants Gy and A are replaced by their time-
dependent counterparts. Then, the Bianchi identity VG = 0 (for the Einstein tensor G'V)
implies the quantum-improved consistency condition V,[G(t)T"'] = 0 of the Einstein
equations with the stress-energy tensor of matter T#. Having performed the symmetry
reduction to the homogeneous and isotropic sector, one obtains the quantum-improved
consistency condition (c.f. Equation (10) below) of the quantum-improved Friedmann
equations, which is not identical now with the law of the local energy conservation of
matter, as it was in the classical case. In the discussed model, the cosmological evolution
of the homogeneous background can be formulated in terms of the Hubble parameter
H(t), the scalar field ¢(t), and the function k(t). Then, one has only two independent
equations for the determination of 3 yet unknown functions. Regarding this problem,
various approaches have been worked out in the literature. The first attempts assumed
that one has to make some intuitive assumption on the function k(t), like k = ¢/t with
some constant §, require the local conservation of the energy of matter separately, like
in classical cosmology [52], and adjust the constant ¢ in the UV and in the perturbative
regimes separately in order to achieve consistency among the four equations [53,54]. These
first efforts have made a hint on the scale- or time-dependence of ¢ itself: different results
have been obtained for ¢ in the UV and in the perturbative regimes. Here, we apply
the approach rather close to that proposed in Ref. [55] that determines the function k(t)
from the interplay between the Klein—-Gordon (KG) equation of the inflaton field and the
quantum-improved consistency condition and results in the reduced consistency condition
(c.f. Equations (11) and (13) below). This method reproduces the approach of the authors
of Ref. [55] for QIM1 and enables one to account for the running inflaton mass for QIM2.
Another approach has been proposed in Ref. [1]: the authors discussed the cosmological
system in the framework of the dynamical system analysis in terms of the dimensionless
cosmological variables [56,57] when the first Friedmann equation turns out to be rather a
constraint and not a dynamical equation, and its differentiation with respect to the RG scale
k yields an additional constraint. In Section 2 we show that this RG-induced constraint is
identical to the reduced consistency condition, independently of whether QIM1 or QIM2 is
considered. Therefore, our approach to determining the ¢-to-k conversion rule is identical
to the one proposed in Ref. [1].
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In our toy model, we identify the presence of the running cosmological constant A (k)
with that of the dark energy and call the quantity

A A
oM = o M
the density of the dark energy. It is rather giving a name to the constituent A of the model; to
go beyond the nature of the dark energy is out of the scope of the present paper. Motivated
by the interpretation used in [1], we take the point of view that p(*) can be considered as
the field-independent potential energy density of a condensed scalar field, which implies
the EoS p(») = —p(A) implicitly with the pressure p(*) of the dark energy. Discussing the
description of the evolution of the model universe in terms of the dimensionless variables,
the definitions of the latter are chosen in a manner that treats the potential energy density
of the scalar field V(@) as the sum Vi(¢) = p™) (k) + Ui(¢), where Uy (@) > 0 is the
field-dependent piece having Uy (¢m) = 0 at the local minimum of Ui (¢) at ¢ = ¢, in
general. In our model, Uy (¢) represents the simple, generally scale-dependent mass term
Ui (@) = m?(k)¢?/2 and ¢ = 0.

Below, we shall discuss the evolution of the model universe up to the end of the slow-
roll inflationary era. The only free parameter involved in our discussions is the IR value
of the dimensionful inflaton mass; the latter is kept constant at all scales in QIM1, while
QIM2 involves the running inflaton mass approximated by the interpolation Formula (56)
established in Section 4.1. We shall show that in both QIM1 and QIM?2, the slow-roll
inflation occurs along a universal attractor in the phase space of the scalar field for properly
chosen IR values of the inflaton mass, quite similarly as in the classical case [58]. Moreover,
we shall argue that the universal attractor is negligibly affected by quantum effects, which
die out essentially at the onset of the slow roll. Here, we consider general relativity as well
as the quantum-improved theory of EH gravity coupled minimally to the scalar field, not
like effective theories, but extrapolate their validity back to the Big Bang. In the classical
model (GRM) based on Einstein’s general relativity minimally coupled to the massive,
self-interacting scalar field, there occurs an inflationary era characterized by an ultrahard
EoS of the scalar field followed by the slow-roll inflationary era itself [58]. In contrast, in
QIM1 and QIM2, the evolution scenario appears to be more structured:

*  The Big Bang singularity is followed by the Reuter FP-driven era (RFPE). This covers
the Planck era ending at t = tg ~ O(1) sp| for QIM1, whileitendsatt = t,, ~ O(1071)
sp; for QIM2. (Here sp; = /1 Gy/c® stands for the Planck second, 1sp; = 1ml§1l in the
units i = ¢ = 1).

*  For QIM2, there occurs the crossover era (COE1) lasting from t = ¢, tot = g,
during which the dimensionless gravitational couplings keep their FP values, but
the dimensionless inflaton mass changes from its constant FP value to its ~ 1/ k2 IR
behavior. The duration of COE1 is rather short, so it ends at tg ~ O(1071) sp;.

e  The crossover era (COE2) with constant dimensionful inflaton mass, but the crossover
scaling behaviors of the gravitational couplings show up in both QIM1 and QIM2
and are followed numerically from t = tg to the end of the slow-roll inflation at
t = ty < tp settled by the value ¢ = 1 of the slow-roll parameter. COE2 starts
with a preinflationary era followed by the era of slow-roll inflation, which sets on at
t =t; > tg. As it is shown below, during most of the preinflationary era, the kinetic
energy density ¢2/2 of the scalar field dominates over the field-dependent piece Uy (¢)
of its potential energy density, and the latter takes over when the slow-roll inflation
sets on, preceded by the equality ¢?/2 = Ui(g).

*  The discussion of the evolution in terms of the dimensionless quantities [1,56,57]
reveals that even the preinflationary era, both in QIM1 and QIM?2, is divided into
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two suberas due to the scale dependence of the dark energy density, i.e., due to
quantum effects. Those suberas are separated by the equality of the dark energy
density p() to the potential energy density Ug(¢), i.e., p») = Ui().

The times t,, and t¢ are defined via the equalities k(t,,) = ky, and k(tg) = kg, respectively,
and their orders of magnitude given above belong to the phase trajectories providing the
slow-roll inflation, called throughout this paper the desirable one, i.e., the one providing the
desirable number N = 60 of e-foldings. It is the main result of the present paper that the
orders of magnitude of the times ¢; and t are strongly modified by the quantum improve-
ment as compared with the corresponding classical model. Moreover, incorporation of the
running inflaton mass may severely influence when the slow-roll inflation sets on.

Following the above-given introduction, we present in Section 2 the toy model of the
universe to be discussed. In Section 3, the equations governing the cosmological evolution
are specified for QIM1, and the main features of the evolution are discussed in detail in
terms of the dimensionful as well as the dimensionless cosmological variables. In Section 4,
first, an interpolation formula is derived for the running inflaton mass, exploiting the RG
analysis of EH gravity minimally coupled to the scalar field. Then, in Section 4.2, the
specification of the equations and the numerically obtained features of the cosmological
evolution in QIM2 are presented. Our results are summarized finally in Section 5. In
Appendix A, analytic estimates are given for the evolution of RFPE in QIM1. In Appendix B,
the quantum-improved universal attractor is discussed, while Appendix C reminds the
reader of the features of the universal attractor in GRM. In Appendix D, analytical estimates
are given on how the inflaton mass may affect the spectral features of the primordial
fluctuations. In Appendix E, analytic estimates are given for the evolution in RFPE in QIM2,
while in Appendix F, the elimination of the Hubble parameter from the evolution equations
for COEL is given for QIM2.

2. Model

The classical analog of the system considered here is described by the action

1 1, 1
Sl 9] = [ atxy/ (g (R —200) — 38" duedve — goiet). @)

where g, and R are the spacetime metric and scalar curvature, respectively. Matter is
represented by the scalar field ¢ with the bare mass parameter m. The functional derivative
of the action with respect to the metric yields Einstein’s equations, while the functional
derivative with respect to the scalar field provides the Klein-Gordon (KG) equation in
the curved spacetime. In accordance with the cosmological principle, we consider a
model universe that has a spatially homogeneous and isotropic background configuration.
Furthermore, we restrict ourselves to the spatially flat case, similar to our present-day
universe, according to the observations. Reduction in Einstein’s equations and that of the
KG equation to the homogeneous and isotropic sector yields the Friedmann equations
and the KG equation for the scalar field in the homogeneous background. So far, no
quantum improvement is involved; the KG equation is the consequence of the consistency
condition of Einstein’s equations, V,,(T(?)# + T(A)) = 0 reduced to the homogeneous
and isotropic sector, where T(?)# and T(MM represent the stress-energy tensor of the
scalar field and that associated with the cosmological constant. The quantum improvement
of the classical evolution equations is achieved via the replacement of the gravitational
couplings Gp and A and the bare potential energy density U(¢) of the scalar field by their
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running counterparts G(k), A(k), and Ui (¢), respectively. The RG flow of the gravitational
couplings is approximated by the formulas given in [43],

g:k2 for ke <k
Gk) = { Go—b(k* —K3) _b<—k2+%E) for ky <k <k, 3)
Go for 0<k<kyp
Ao k? for kg <k
Alk) = { Ao +c(k* — k‘}\) =c(k*4+F) for kp <k<kg, (4)
Ao for 0<k<kp
where
1/2 2
_ 3g* . ZGO . A*GO
kG_(Go) SR TR ©
E=3k%(1+ 2Ky Fr —84x10 129 (6)
— G 2 7 ~ . 7
3 kg,

and g, ~ 0.71, A, ~ 0.19, and kp = 8.2 x 10 3!mp|. The interpolation formulas given
in [43] contain three free parameters that were determined from the continuity of G(k),
A(k), and that of the matter density p(") at the dynamical scale k¢, while the scale k ~
8.2 x 1073mp) is taken from the RG analyses [37]. In the space of the dimensionless
couplings (¢ = Gk?, A = A/k?), the physical RG trajectory relevant to our universe starts
at the Reuter FP (g, =~ 0.707, A, =~ 0.193) (The position of the Reuter FP depends slightly
on the details of the RG analysis and can be influenced by the matter content of the early
universe, but our considerations make use of the existence of the Reuter FP rather than
its position); for k ~ kj, it approaches the Gaussian FP at (g5 = 0, Ag = 0), and with the
further decrease of the RG scale k, it runs away from the Gaussian FP towards positive
values of A, while the dimensionful couplings take their present-day observed constant
values. The scaling of the couplings slightly above the scale k, is the so-called perturbative
regime. The proposed interpolation formulas recover the UV scaling laws, the constant
values Gy and A below the scale kp, and in the crossover regime k € [kp, k] are motivated
by the scaling in the perturbative regime.
The Friedmann equations read as

2 2 A
H = 3<p<¢>+p< )), 7)
B o= —le2g
= ¢ 8)
2
with the energy densities
1, A(k) 1
(9) — Z 2 (N — 2\ = —m?(k)¢?
P =20+ Uile), 0 = ety Ukle) = 5mik)e )
and x> = 8nG(k). The symmetry reduced form of the consistency condition

Vu [G(T(‘P)VV + T(A)”V)} = 0 of the quantum-improved Einstein’s equations yields the
consistency condition

o(@) 4 3H¢z+gp<qo>+%pm> — 0 (10)
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of the Friedmann Equations (7) and (8). Here, the dot denotes the total time derivative,
ie, f = (9f/0t) + (9f /9Ink)(dInk/dt) for any quantity f(t;k). The KG equation with
the scale-dependent potential energy density Uy (¢),

$+3H9+U, = 0 (11)
is equivalent with the continuity equation for the energy density of the scalar field

. . dink
P +3HY = Un(@)vrg—,— (12)

Equations (12) and (10) provide the reduced consistency condition

A v A v
9 — 2 _u ZRG . (MZRG g “RG 13
P s U9 e~ P e k(9) - (13)
with the RG parameters
A din A 2 for kG < k dinG -2 for kG <k
= —_— = = —_—— = _ 12 ,
ROT Ak T Y for ka<k<kg O dmk | iy for ka<k<ke
dIn Uy d1lnm?

'RG = alnii(P) = amk P (14)

Equation (13) is identical to the RG-induced constraint derived in [1] and reduces to the
relation found in [55] when the RG flow of the potential energy density of the scalar field is
neglected. Finally, for the determination of the three unknown fields H(t), ¢(t), and k(t),
one obtains three independent equations: either the Friedmann Equations (7) and (8) and
the RG induced constraint (13) or Equations (7), (11) and (13). To perform the numerical
determination of the evolution of the discussed cosmological model, one has to work
out the explicit forms of these equations for the Planck and the crossover eras separately.
Looking for the presence of the slow-roll inflation and its typical features, we are interested
in the evolution only up to the end of the slow-roll inflation at t = tf < 4.

3. Neglection of the RG Flow of the Inflaton Mass: QIM1
3.1. Evolution in Terms of the Dimensionful Quantities

Making use of the interpolating Formulas (3) and (4), we have to work out the explicit
forms of Equations (7), (8) and (13) for QIM1 in RFPE and COE2. In RFPE Equations (7), (8)
and (13), they can be recast as

3H? = 8mp g k™% + Ak, (15)

H = —47g.¢°%k 2, (16)
A

(o) — *ph 7

Expressing k? from Equation (17) and inserting it into Equations (15) and (16), we find a set
of coupled first-order ODEs for the functions H(t) and ¢(t),

3H? —24/8mg M@ = 0, (18)
2H\/o?) + \/87g:Ag®> = 0 (19)
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with the energy density of the scalar field
P = (97 +m?g?) /2 20)

Furthermore, due to Equations (15) and (17), the Hubble parameter turns out to be propor-
tional to the RG scale k,

2A4
3

H(t) = hk(t) with h = (21)
The condition k(tg) = kg determines the end of RFPE at t = t¢. For the initial conditions
of the set of Equations (18) and (19), we have chosen the analytically estimated values
HY () and (V) (t;) at t = t; < t¢ obtained in Appendix A with the approximation
that the EoS of the inflaton field is ultrahard just after the Big Bang singularity at ¢ = 0.

As to the next, let us discuss the evolution of COE2. Making use of the interpolation
Formulas (3) and (4), the reduced consistency condition (13) takes the form

¢ .2
p(fﬂ) = 3 k. (22)
Instead of solving the system of first-order ODEs (7), (8) and (22) for the three unknown
functions H(t), k(t), and ¢(t), it turned out to be more advantageous for the numerics to
eliminate the Hubble parameter H(t) as shown in Appendix B and solve the system of first-
order ODEs (A8) and (A9) for the functions k(t) and ¢(t) first and evaluate ¢ from (22) and
H(t) from (7) afterward. The initial conditions for the system of Equations (A8) and (A9)
are the values k(tg) = kg and ¢(tg) at the end t = t; of RFPE.

3.2. Numerical Results

Our numerical work has been started by simulating phase trajectories in classical cos-
mology, i.e., in the framework of GRM. The classical phase trajectories have been generated
by solving the KG Equation (A18) given in Appendix C. Throughout our numerical work,
we used the observed values Gy = 1ijl2 and Ay ~ 10~122m3, of the gravitational couplings
(with the Planck mass set to mp; = 1 numerically), and the time ¢ is then measured in Planck
seconds, spj. The initial conditions for ¢ and ¢ have been settled at ' = 0 of the shifted
time ¢’ = t — A; then Equation (A18) has also been solved backward in time to identify the
initial singularity at t;, and with the choice A = —t, the zero of the cosmological time ¢
has been set to the Big Bang. The phase trajectories leading to the slow-roll inflation can be
characterized by the number

ty
N = / Hat (23)
ti

of e-foldings during the slow roll, starting at t = ¢; and ending at t = ;. It is well known
that the choice

me =10"%mp; ~ 108GeV, @(t;) =3.1mp, @(t) = -2 x107m3, (24)

of the inflaton mass and those of the initial conditions, respectively, which are close to those
used in [59], should provide the desired inflation in agreement with the WMAP data [60].
Here, t1 = A = —tg corresponds to t' = 0, the time at which the initial conditions are settled.
As shown in the plot on the top of Figure 1, varying ¢(t;), we recovered numerically the
typical phase space picture given, e.g., in Figure 5.3 in Ref. [58] with the universal attractor
characterized by Equation (A20) in Appendix C, ¢Sk,tor & —1.6 x 1077m3, for the inflaton
mass given in Equation (24). The start ¢; of the slow-roll inflation has been identified by the
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time when the phase trajectory on the plane (¢, ¢) runs onto the universal attractor, and the
end f¢ of the slow-roll inflation has been defined by the condition &(ts) = 1. Throughout
this paper, the slow-roll parameters ¢ and # are defined via the Hubble parameter as
¢ = —H/H? and y = H/(HH). For the inflaton potential U = m?¢?/2, it holds that
1 = 2e. For the classical case, i.e., for GRM, we obtained numerically the time scales

# ~ 1.3 x 10°sp), (9 ~ 1.8 % 107spy (25)

characterizing the desirable slow-roll inflation and yielding

e(tf") = 0.0087, H(tf") = 6.3 x 10 mp;, =

-1
nsh =1 - 2e(kh) = 0983, = 16e(t") 2 0.14, AL = HA(KY) ety |~ 14 %1070, 27)

Here, the scalar spectral index ngl', the scalar-tensor ratio <", and the amplitude Ag—l' of the
scalar fluctuations are evaluated by making use of the solution of the Mukhanov-Sasaki
equation in the slow-roll approximation, and the formulas given in (27) are the well-known
ones [52], expressing the spectral characteristics via the values of the slow-roll parameter
g(t;) and the Hubble parameter H(t;) at the horizon exit time t; of the fluctuation modes,
which is assumed here to be approximately identical with the onset time ¢; of the slow-roll
inflation. The timescales given in Equation (25) are needed for the comparison with the
time scales of the slow-roll inflation in the quantum-improved cases.

5.x10°8
0
—-5.x107%
-9
—1.x1077+
—1.5x1077F B
—2.x1077 - \ \ ‘\i
00 05 10 1.5 20 25 3.0
@
JE— -
0.00- i
L 1.5x1071 -
—0.05- - [
t Lx1071
—0.10 - [
[ : 5107120
.. 015~ Sy S i
—0.20- E o
-0.25 [
i ) —5.x10712 -
—-0.30" E [
L . . . . . . —1.x10° 1! . . . . L I
1.0 -05 00 05 1.0 1.5 2.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
¥ 2

Figure 1. Typical phase trajectories in the plane (¢, ¢) in GRM (on the top) and QIM1 (on the bottom)
for the inflaton mass m = 10~%mp; and 10~ 0myp,, respectively. The bottom plot to the left shows
the global phase trajectories. On the bottom plot to the right, the neighborhood of the attractor is
enlarged; the turning points of ¢ belonging to ¢ = 0 lie on the vertical pieces of the phase trajectories.
(Phase trajectories with initial conditions ¢(t1) > 0 are only depicted, those belonging to ¢(t;) < 0
can be obtained by reflection about the origin).
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ndME =1 - 2e(1¥M) ~ 0.996, rIM! = 16¢(1I™M!) x~ 0,029, AZM! =

Now, let us turn to the numerical study of the evolution in QIM1. We determined the

numerical solution of Equations (18) and (19) in REPE for the initial conditions H(s!) (¢,)
and @t (1) given by Equations (A4) and (A5), respectively, at t = t; = 5 x 107! sp;.

It has been checked that the numerical results for RFPE are stable against the further
decrease of t;. Then Equation (21) was used to obtain the function k(¢) in RFPE and the
time fg has been determined from the condition k(fg) = kg. As to the next, the set of
Equations (A8) and (A9) for COE2 has been solved for the functions k(t) and ¢(t) with the
initial conditions k(tg) = kg and ¢(tg). The beginning #; and the end ¢ of the slow roll

have been determined in the same manner as in the classical case. The numerics revealed

the following results.

For the wide range 10~ 13mp; < m < 10~®mp of the inflaton mass, there occurs the
slow-roll inflation for t; < t < 't I preceded by the preinflationary era for tg <t <t;,
subdividing COE2 into three suberas. The last one, the postinflationary era for f <
t <t has not been followed by us numerically since our model does not incorporate
the physics yielding the graceful exit from the slow-roll inflation. In particular, the
desirable slow-roll inflation has been achieved for the choice m@M! = 10~ 10y ~
10°GeV, and it is characterized by the time scales

(ML 23 % 10%sp), t?IMl ~ 1.84 x 10!1spy, (28)
the parameters
(™) = 00018 and H(t ™M) ~ 6.3 x 1070y, (29)

and the spectral observables

H2 ( tlQIMl )

QIMI\_ >
=)

~7x107Y. (30)
7re( s,

The formulas used here (and below in connection with QIM2) for the evaluation of
the spectral parameters of the fluctuations are just the same as those used for GRM.
Although quantum improvement modifies the cosmological background and the
Mukhanov-Sasaki equation is modified, too, we have shown in Appendix B that when
the slow roll sets on, the quantum effects are already dead. This justifies evaluating the
spectral parameters by the usage of the same formulas for the models GRM, QIM1, and
QIM2. The inflaton mass m2M! providing the desirable inflation turned out to be four
orders of magnitude smaller than m<! in the corresponding classical model. Except
for the tensor fraction, the results given in Equation (30) are in disagreement with the
recent Planck2018 data [61,62]; the amplitude A of the scalar perturbations turns out
to be eight orders of magnitude smaller than its value deduced from the observations.
Due to the time delay in the onset of the slow roll, the value of the Hubble parameter
is, by cca, four orders of magnitude less in QIM1 than in the corresponding GRM. The
time delay occurs due to the four orders of magnitude smaller inflaton mass. The
rough estimate given in Equation (A28) also shows that the amplitude AM! should
be underestimated in QIM1 by the ratio (mQM! /m)2 ~ O(1078).

The evolution in RFPE, i.e., for 0 < t < {g, is rather close to the one described by
the analytic estimates given in Appendix A. For example, for mQM! = 10~10p, the
relative discrepancy (tg — t(GeSt) )/ tSSt) between the numerically determined endpoint
tc ~ 1.27 sp; and its analytic estimate téeSt) given by Equation (A6) remains less than
0.3 percent when the time ¢, is varied from 10715 sp; to 10710 sp, justifying that we
have chosen sufficiently early time t; in order to settle the initial conditions via the
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analytic formulas given in Appendix A. Furthermore, one can conclude that the piece
of the phase trajectory belonging to RFPE is essentially independent of the inflaton
mass and the inverse proportionality of the Hubble parameter and the RG scale k
with the cosmological time t, given by Equations (A4) and (A3), is a rather good
approximation. Therefore, the time f; does not depend on the inflaton mass.

As shown in Figure 1 (the bottom plot to the right), the phase trajectories run onto

the universal attractor (with cpaQt{ﬁﬁimr

the quantum-improved case. In QIM1, the desirable slow-roll inflation sets on at the

~ 1.6 x 107 ""'m2, for m¥M! = 1071%np)) even in

scale k; ~ 10~ %k¢. Therefore, as we argued in Appendix B, the quantum-improved
attractor given by Equation (A14) is practically the same as the classical attractor
given by Equation (A20), except for the big difference in the numerical values of
the inflaton masses in QIM1 and GRM. Nevertheless, there is a difference in the
evolution of the system in the classical GRM and in QIM1 that can be explained by the
time dependence of the field ¢ in both cases, shown in Figure 2. Along the classical
trajectory, the magnitude of the inflaton field |¢| decreases strictly monotonically up
to the end of the slow-roll era and ¢ starts to oscillate around zero afterward for ¢ > ;.
On the plot to the left in Figure 2, it is well distinguishable the preinflationary era
with a rather steep fall off of |¢(t)| followed by the slow-roll era, with an almost linear
decrease of |¢(t)| with increasing time ¢ (c.f. Equation (A20)), both well known [58].
The plot to the right in Figure 2 shows the time dependence of ¢(t) in QIM1. In RFPE
(with @(t) > 0) for t < tg ~ 1.27 sp the evolution of the system can be estimated
as given in Appendix A; the gravitational couplings evolve according to the scaling
laws dictated by the Reuter FP, and the scalar field exhibits an ultrahard EoS. Just
after the end of RFPE, ¢(t) crosses zero at t = t« (tx ~ 6.3 sp; on the plot). With
the start of COE2, the scaling laws of the gravitational couplings alter: according to
Equations (3) and (4), G(k) ~ Gy raises slightly, keeping its order of magnitude, while
A(k) falls off proportionally with k*. This implies that the yet huge kinetic energy
density of the scalar field increases further at the cost of the dark energy density falling
off proportionally to k* (see the plot to the left on Figure 3). Therefore, the field
¢(t) continues to decrease through negative values and runs up the potential U(¢)
on the other side, where it reaches the turning point at ¢ ~ —3.1mp at the time
t=tp R 2X 10° sp1, Where | ¢| takes its maximum value and the inflaton field loses
its kinetic energy density, terminating the preinflationary era. Reaching the turning
point of ¢ is preceded by getting equal the fraction of the kinetic energy density ¢*/2
and that of the potential energy density U(¢) to the critical energy density (the point
of the equality x* = y? lies at txy = 4.8 X 10® sp; on the plot to the left in Figure 3).
Rather soon after the turning point, the slow roll sets on, i.e., ttp. < t;. Then an almost
linear decrease of |¢(t)| takes place (c.f. Equation (A20)), followed by the damped
oscillations of the field ¢(t) for t > t¢, like in the classical case.

The plots on the top of Figure 4 show that the Hubble parameter H and the energy scale
k exhibit quite similar time dependences: both of them suffer a fall off of roughly eight
orders of magnitude during the preinflationary era followed by a rather slow (less
than an order of magnitude) decrease during the slow roll era. In the preinflationary
era, except for its very beginning and very end, the potential energy density Ui (¢)
and the dark energy density p(*) are negligible as compared with the kinetic energy
density ¢?/2 (see the plot to the left in Figure 3), and it holds G (k) ~ Gy. Therefore,
the Friedmann equations reduce to the ones

3H? ~ 4nGy¢?, H ~ —4nGy¢? (31)
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providing the ODE H = —3H? with the solution

Hyx
H{t) ~ 14+ 3Hx (t —tx)’ 2

where Hy = H(tx ). This estimate fits the numerical results with better than a relative
accuracy of 0.001. Then one obtains

0 = e HEm )

t
p(t) =~ o(tx) — dt¢(t)=¢(tx>+\/gmmlnlé(i), (34)

Ex

and

which states that the field amplitude decreases roughly proportionally with the loga-
rithm of the time 0 < t — t4
shown on the plot to the right in Figure 2). Approaching the end of the preinflationary

< t; — ty the system spent in the preinflationary era (as
era, the increasing fraction y> = Ui (¢@)/p of the potential energy density becomes
equal to the decreasing fraction x2 = (9?/2)/ pc of the kinetic energy density of the
inflaton field at times txy ~ 4.8 x 108 spy, and this precedes the onset of the slow roll
energetically with some delay at t = t?IMl (see the plot to the left in Figure 3).

It is argued in Appendix D that in the slow-roll inflationary era, the Hubble parameter
should show a rather slight linear decrease with increasing cosmological time ¢. It has
been found that the numerically evaluated value of the Hubble parameter H is in a few
percentage agreement with the value H%'* obtained from the analytical Formula (A21),
except at the very end of the slow-roll era.

As it is shown on the plot on the bottom of Figure 4, the ratio H/k is constant for
e St<t £ except for the rather short time interval tc < t < tx lasting from the
beginning of the preinflationary era to the zero-crossing time of ¢. Except for the
latter time interval, it holds the relation H = y/A.k (shown by the dashed line on the
plot) with good accuracy. Let us insert the expression of p(#) given by the reduced
consistency condition (22) and p(*) as given in Equation (9) into the first Friedmann
Equation (7), make the approximation G(k) ~ Gy, and neglect the term F < k* in
Equation (4); then we find that

K2

H? ~ AP (1——), 35
( 3sz> (35)

which yields the estimate H ~ /A.k for k < kg with good accuracy, in agreement
with the result of numerics. The ratio H/k ~ H(est) /k(est) — | /21,773 is somewhat

smaller in RFPE than its value in the preinflationary and inflationary eras; its increase
happens during the short time interval tg <t S t.
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Figure 2. Typical time-dependences of the scalar field ¢ in GRM (to the left) and QIM1 (to the right)
with the inflaton mass n = 10~®mp| and 10~ mpy, respectively, along the phase trajectory yielding

the desirable slow-roll inflation.
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Figure 3. To the left: the energy density ratios x> = (¢?/2)/p (full line), 3_72 = (m?¢?/2)/pc (dashed

line),

and u? = p™) /p. (dotted line) are plotted vs. the cosmological time ¢ in COE2 for QIM1 along

the phase trajectory providing the desirable slow-roll inflation. To the right: }_lz(t) and u%(t) are

plotted in the time interval 10% sp; < t < 10° sp;. In our case the critical density equals to the total
energy density o = (§2/2) + (m2¢?/2) 4 p™ implying x? + y? + u? = 1 and in RFPE it holds the
estimate p(A) ~ 4’22/2, ie, X2~ u?a~1/2.

The various time dependences H = 2/(3t) (see Equation (A4) in Appendix A),
. 2 .

H= H?)HI;I% (see Equation (32)), and H = H(ts) + "3-(tf — t) (see Equation (A21)

in Appendix D) of the Hubble parameter in RFPE, the preinflationary, and slow-roll

inflationary eras, respectively, inform one on the time dependence of the scale factor,

$2/3 REPE
1/3
alt) « { (1 + Hx (t — tx)> preinflationary era (36)
exp {(H(tf) + ”éztf> t— ”éztﬂ inflationary era

and on that of the deceleration parameter

i e 1/2 RFPE
q(t) = e o m= { 2 preinflationary era . (37)
—1+4¢(t) inflationary era

Thus, one finds that the quantum gravitational effects, being strong in the Reuter FP
driven and the preinflationary eras, do not result in the accelerating expansion of the
universe; the latter occurs due to the presence of the inflaton field in the slow-roll era,
with the characteristic value of the deceleration parameter q(tl.QIMl) ~ -1+ s(tiQIMl) =
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—0.998, which corresponds to an almost exponential increase of the scale factor a(t). It
is worthwhile mentioning that in RFPE the scalar field behaves like dust so far as the
time dependence of the scale factor a o t2/3 is considered, which is the consequence
of the interplay between the ultrahard EoS and the Reuter FP governed scaling laws
of the gravitational couplings (see Appendix A).
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10 1000 10° 100 100 10" 10 1000 10° 107 10° 10"

0.44[- 5

0427

NI 0407

0.387
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t
Figure 4. Typical time dependences of the Hubble parameter H (on the top to the left), the energy
scale k (on the top to the right), and the ratio H/k (bottom) in COE2 for QIM1 along the phase

trajectory providing the desirable slow roll. The dashed line on the plot on the bottom corresponds to
the ratio H/k = v/As.

* It has been shown that the slow-roll inflationary era occurs inside COE2 for a wide
range of the inflaton mass m. In Table 1, one can see that the onset time f; of the slow
roll is shifted to later times, and the duration of the slow-roll era becomes longer by a
few orders of magnitude when the inflaton mass decreases from 10~ ®mp; to 10~ 3mp
while the number N of e-foldings rises within an order of magnitude.

Table 1. Beginning f; and end ¢ of the slow-roll era, and the number N of e-foldings for various
inflaton masses m in QIM1.

m/mpy ti(sp1) tr(sp) N
1013 1.72 x 1012 247 x 1014 110
10-12 2 x 101 2.25 x 1013 92
101 2.26 x 1010 2.04 x 1012 75
1010 2.3 x 10° 1.84 x 101 60
102 2.25 x 108 1.6 x 1010 47
108 2.55 x 107 1.38 x 107 36
107 3.3 x 10° 1.17 x 108 26

10— 3.3 x10° 9.7 x 10° 18
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*  Comparing the time scales of the desirable slow-roll inflation given in Equation (28)
for QIM1 with those for the classical model, GRM, given in Equation (25), one sees
that there are (i) four orders of magnitude time delay in the start and (ii) also four
orders of magnitude increase of the duration of the desirable slow-roll inflation due
to the quantum gravitational effects. At around the scale kg (at the time t;), the
running Newton coupling G(k) rather suddenly reaches its classical value Gy, while
the running cosmological constant is yet huge (of the order of k¢) at that scale and
decreases only slowly with decreasing scale k. This circumstance hinders the inflaton
field from losing its kinetic energy density as fast as in the classical case. Furthermore,
as it is seen in the plots in Figure 2, the desirable slow roll starts roughly at the same
value of |¢(t;)| in the classical and the quantum-improved cases, but the corresponding
potential energy density in the quantum-improved case is eight orders of magnitude
less than in the classical case due to the change in the required value of m?. This is
another reason that much more time is needed for the potential energy density to
take over the kinetic energy density of the inflaton field in the quantum-improved
case. In spite of the different timing of the slow roll in GRM and QIM1, the main
qualitative features of the slow-roll inflation are negligibly affected by the quantum
effects, except for the amplitude As for the scalar perturbations, as discussed in
Appendix D on the level of analytic estimates. A comparison of our numerical results,
obtained for the desirable slow roll, given in Equations (26) and (27) for GRM and
in Equations (29) and (30) for QIM1, completely supports the expectation that only
the amplitude of the scalar perturbations is affected significantly by the quantum
improvement. The reason is the rather small inflaton mass m@™! ~ O(10~10mp)
required to achieve the desirable number N ~ 60 of e-foldings. Maybe accidentally,
GRM yields better, an order-of-magnitude agreement of A; with the observational
data given in Refs. [61,62], than QIM1. Therefore, one has to conclude that the simple
inflaton potential U = m?9?/2 with scale-independent inflaton mass works much
worse in the quantum-improved case than in the classical one.

3.3. Evolution in Terms of the Dimensionless Quantities
3.3.1. General Considerations

In the present section we reexpress our numerical results in terms of the dimensionless
cosmological variables [1,56,57]. This enables us to identify the cosmological fixed point
(CFP) corresponding to RFPE, identify in another way the section of the phase trajectory
along which the slow-roll inflation takes place, and get more insight into the changes in the
energetic relations during the evolution. Instead of depicting the phase trajectories on the
plane (¢, ¢) one can follow them up on the plane (x, z) by making use of the dimensionless
quantities defined in the same manner as in Ref. [1]:

p (A) u
x =4+ ¢/2,y:+ %,2_ k,(p(q?)

pc 0c ko™ + Ui()]

(38)

where the critical density is given as p. = 3H?/«2. Then, it holds the equality y> = y? + u?.
For flat spatial geometry, the critical density is equal to the total energy density, i.e., it holds
oc = (¢%/2) + Ui(¢) + p'), implying the constraint ¥? + y? = 1. The idea behind the
definitions (38) is that the dark energy density p(*) is considered to be the field-independent
piece of the potential energy density of the scalar field.

In the classical case, in GRM, the dark energy density p(()A) = Ag/(8mGp) and the
potential energy density U(¢) are negligible as compared with the kinetic energy density
of the inflaton field in the limit # — 0, so that it holds y?> < x? and the variable x should
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tend to one of the values xS = +1. Since || — oo in the limit t — 0, the dark energy
density is negligible as compared with the potential energy density U(¢), and the variable
z ~ 2/ (k@) should vanish, i.e., z{" = 0 according to the definitions (38). The physically
relevant phase trajectory starts indeed from the CFP (x, = —1,z, = 0) on the top left plot
in Figure 5. As to QIM1, we have shown above, in terms of the dimensionful variables,
that the evolution in RFPE can be very accurately estimated analytically. Making use of the
estimates derived in Appendix A, one obtains the following estimates for the dimensionless
variables (38):

e The variable x(t) keeps strictly one of the constant values

xE() = 9 =+ —_=ux, (39)

in RFPE. Since H o k (see Appendix A), it holds

dink  dInH
AN AN

= 3x2, (40)

implying that k o ¢3N/2 in RFPE. (Here, we made use of eq. (27) in Ref. [1] applied to
our case.) This means that k — oo in the limit N — oo, i.e., in the limita — 0 (¢t — 0).
Therefore, the CFP corresponding to the Big Bang continues to evolve with the scale
factor a.

e InRFPE, U(g) is negligible as compared with p(*), 0 < U(¢) < p*), so that one finds

2 i (est) 2 (est)
(o) o 0| N0 MOV 9 T L e 0%, (a)
KP(A A k

N

The variable z shows up time dependence (N-dependence) in RFPE, but it tends to
zero in the limit t — 0.

Therefore, we conclude that the pair of the CFPs corresponding to the various signs of the
scalar field amplitude ¢ at the Big Bang singularity are at

QML i\lﬁ, ZAML — o, (42)
The CFPs appear to belong to the limit k — co. On the top right plot in Figure 5, the phase
trajectory runs out from such a CFP, indeed, and RFPE is represented by the straightline
section x = —1/+v/2and 0 < z(t) < \@mztzc ~3x10720 being compressed to the single
point of the CFP on the plot.

In order to find the characteristics of the section of the phase trajectory in the slow-roll
era for QIM1, let us neglect the kinetic energy density term on the right-hand side of the
first Friedmann Equation (7) and the term ¢ on the left-hand side of the Klein-Gordon
Equation (11), multiply both sides of Equation (11) by ¢, and divide both sides of both
equations by p., then one obtains

0
)

1
x(V6x +y%z)

v, (43)
0, (44)

Q

where we have used the definition of the variable z in (44). Supposing that x # 0 in the
slow-roll era, one finds

Véex+z ~ 0. (45)
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This determines the straightline section on the (x, z) plane along which the system evolves
during the slow-roll inflation both in the classical and quantum-improved cases [1].

3.3.2. Numerical Results

The numerically obtained phase trajectories providing the desirable slow-roll inflation
are shown on the (x, z) plane in Figure 5 for GRM and QIM1.

0.5
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—0.5F
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2.0/

-2 [ L L L S ) -2.5 L L L " !
-1.0 —0.5 0.0 0.5 1.0 -1.0 ~0.5 0.0 0.5 1.0

X X

Figure 5. The phase trajectories (full lines) providing the desirable slow-roll inflation in GRM (on
the top to the left) and in QIM1 (on the top to the right) are plotted for ¢t < t;. The slow-roll line
z = —/6x is depicted by dashed line on each plots. For GRM the phase trajectory (full line) runs out
of the CFP at (xS = —1,z" = 0) and runs towards the slow-roll line; for QIMT1 it starts from the CFP
at (ngMl =—-1/2, zglMl = 0), first runs with nearly constant z towards the straightline x = —1,
then along that straighline while z changes sign, running away afterward with nearly constant z
towards the slow-roll line. Finally the phase trajectory runs along the slow-roll line slowly departing
from it when the slow-roll approaches its end for both GRM and QIM1.

As shown on the top left plot in Figure 5, in the classical case, i.e., for GRM, the phase
trajectory providing the desirable slow-roll inflation runs out of the CFP at (x& = —1,
z8" = 0). Just after the Big Bang. the ultrahard EoS of the inflaton field implies the time
dependences ¢?/2 « t72, |¢| & —|Int| [58]; furthermore, the kinetic energy density of the
inflaton field dominates completely over its potential energy density U(¢) and the dark
energy density p(()A). Therefore, it holds x(t) = —1, while z(t) ~ % increases slowly with
the logarithmic fall off of |¢|. The era characterized by the ultrahard EoS is represented on
the plot by the vertical section of the phase trajectory running out of the CFP. At its end,
the potential energy density m?@?/2 becomes comparable to the kinetic energy density,
and the phase trajectory starts to run towards the slow-roll line with a sudden fall off of | x|
while |z| (|¢|) increases (decreases) negligibly (the horizontal piece of the phase trajectory
on the plot). The dominance having taken by the potential energy density m?@?/2 over the
kinetic energy density ¢?/2, the slow roll sets on and the phase trajectory runs tangentially
to the slow-roll line, deviating from it finally at the end of the slow-roll era. Up to the end
of the slow-roll era, the dark energy density p(()A) does not play any role in the classical case
due to the extremely small value of the cosmological constant Ag. The (x, z) plot stretches
out the piece of the phase trajectory between the end of the ultrahard EoS-driven evolution
and the onset of the slow-roll separated in cosmological time by much less than an order of
magnitude change.

The top right plot in Figure 5 shows the phase trajectory providing the desirable slow-
roll inflation in QIM1. Here the vertical section (reduced to the CFP on the plot) at x?IMl =
—1/+/2 with rather small values of z(t) > 0 suppressed by m? (see Equation (41)) represents
in a compressed manner the whole evolution in RFPE when the potential energy density
m?@? /2 is negligible and the density of the dark energy and that of the kinetic energy of the
scalar field are equal and both falling off proportionally to k%, p(») = 1¢? o k* due to the
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constraint (17). Till the end of the slow roll, the phase trajectory has several turning points
on the (x,z) plane: due to the zero-crossing of g at t = t, ~ 6.3 sp, att =t, =5 X 10% Spi
when |z takes its maximum value (see Figure 6), at t = t;, ~ 2.0 x 107 sp; when |¢| takes
its maximum value, and at t = t; ~ 2.3 x 10° sp; due to the onset of the slow roll. Just after
the end of RFPE for tc St S ty, the fraction of the kinetic energy density of the inflaton
field and that of the dark energy density in p. behave approximately as

(A) (A) 2
™ p g(k) k (46)

Oc

1
@2/2+p™ 1+ ¢(k) o ¢2/2+p™) T 1+(k)

respectively, since 7> = Uy(¢)/p. is negligible, being much less than x> and u?. The
denominator of &(k) in Equation (46) keeps its order of magnitude O (k%) during the whole
COE2 so that & (k) falls off roughly proportionally to k2. Then u? starts to fall off, x tends to
the boundary value —1 (see also the plot to the left on Figure 3), while z slowly goes to
zero through positive values. The corresponding piece of the phase trajectory is depicted
by the upper left going horizontal linear section on the top right plot in Figure 5.

0.00
-0.05
-0.10;
-0.15 .

~0.20F .

~0.25¢ .

0 200000 400000 600000 800000 1x10°
t

Figure 6. The variable z vs. the cosmological time ¢ in the time interval starting at the zero-crossing

of the variable ¢ at t = t ~ 6.3 sp| and covering the local minimum of z(t) at t = t, ~ 5 x 10% sp|

along the phase trajectory providing the desirable slow-roll inflation for QIM1.

The evolution between the zero-crossing of ¢ at t = t, and reaching by |z| its maxi-
mum value at t = t, is illustrated by the vertical down-going linear section on the top right
plot on Figure 5. For tx < t < t,, the fraction of the dark energy density is already much
less than that of the kinetic energy density of the inflaton field, u> < x2, but the falling
off dark energy density becomes comparable with the increasing potential energy density
m?g?/2att = tyu & 2 X 10* spy, although the latter is yet much less than the kinetic energy
density ¢?/2 (see the plots in Figure 3). Since there hold the estimates G ~ Gp and A ~ ck*
in that time interval, one obtains p(A) ~ ck*/(87tGy) ~ A k*/ (247, ) and

ngo
A

RS PEICIG (47)
K0(247'[g*k +§m (P )

In the discussed time interval, k decreases closely inversely proportionally with ¢, while
|p| increases linearly with In ¢ (c.f. Equation (34)). Therefore, so long p(*) dominates the
denominator of z in Equation (47), its magnitude |z| increases, but when the potential energy

density becomes dominating, the variable z starts to approach the expression 2/ (xy¢) and
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|z| begins to decrease with increasing |¢|. Therefore, the time t = t, ~ 5 x 10* sp;, at which
|z| takes its maximum value, is preceded by the time t = ty,. It is one of the advantages
of plotting the phase trajectory on the (x, z) plane that one becomes aware of the fact that
the preinflationary era consists of 2 suberas: the one with 1> > y? followed by another one
with y2 > u?. These suberas are separated essentially by the maximum of the magnitude
of the variable z.

In the time interval t, St < typ. still hold the relations (46), the kinetic energy density
of the scalar field still dominates over the potential energy density m?¢?/2, i.e., x> > 72,
but the potential energy density m?¢? /2 dominates already over the dark energy density,
m2¢?/2 > p™. Therefore, the variable z begins to behave like in the classical case,
z & 2/(ko@), i-e., |z| takes slowly decreasing values with logarithmically increasing |¢|,
while the variable x still takes values rather close to —1. This is illustrated by a vertically
upgoing linear section of the phase trajectory on the top right plot in Figure 5. Then,
approaching the turning point of ¢, i.e., for t approaching t;, the continuously rising
potential energy density m?¢? /2 becomes equal to the gradually decreasing kinetic energy
density of the scalar field, x> = y? at t = t,, = 5 x 10°® sp; (see the plot to the left on
Figure 3). The field ¢ moving uphill in the potential U(¢) slows down, and x? goes
suddenly to zero, depicted by the bottom right going horizontal line on the top right plot
in Figure 5. At t = t; the slow-roll sets on, and the phase point moves further along the
slow-roll line running away from it when the end of the slow roll at t = t is approached.

4. Scale-Dependent Inflaton Mass
4.1. Interpolation Formula for the Running Inflaton Mass

In the discussion above, the inflaton mass has been treated as a time-independent
constant. The RG analysis of the EH gravity minimally coupled to the scalar field would
yield, however, an RG flow of the inflaton mass. As it is mentioned in the Introduction,
the authors of Ref. [50] thoroughly investigated the UV behavior of EH gravity coupled to
a single real scalar field and established asymptotic safety of the model for the numbers
of dimensions d = 3,4, 5, 6. It has been shown that the Reuter FP exists for the number of
dimensions d = 4.

1
Tig @] = / dx\/3 (V(<P2) — F(¢*)R+ zgﬂva%agov) + SGr + Sgn (48)

for the Euclidean effective action, where V and F are polynomials of ¢?, Sgr and Sgh stand
for the gauge fixing and ghost terms, respectively, and /g is the square root of the Euclidean
metric g,y. The DeDonder gauge has been chosen. The functional RG analysis has been
performed by making use of the optimized cut-off [63,64] and solving Wetterich’s functional
RG equation [65]. The explicit forms of the flow equations for the functions V and F are
given in [50] and can be applied to our simple model with the massive, non-self-interacting
scalar field minimally coupled to gravity. Our purpose is to find an overall picture of
various scaling regimes of the mass parameter m? (k). Restricting ourselves to the case with
d = 4 and introducing the dimensionless quantities ¢ = k~1¢, V(§?) = k~*V(¢?), and
F(¢?) = k~2F(¢?) and the truncated Taylor expansions V(¢?) = Y.1_; A5,¢*" and F = &),
we can apply the flow Equations (A1)-(A4) given in Appendix A in [50]. In terms of the
dimensionless gravitational couplings § = k*G(k), A = k~2A(k) and the dimensionless
mass parameter 77t = k~'m, they hold the correspondences

B A - 1 - 1
A ERASN) ~m? i 4
0 = 87Tg~, 2 = zm ’ 60 = 167Tg~/ ( 9)

which can be inverted as
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! A= to (50)

) = ~
m = 2A,, = —,
¥ 87 Yoy 28

In the present section, we denote by tilde all dimensionless quantities, while in the other
parts of the present paper, we use the notations g and A for the dimensionless gravitational
couplings but keep the notation 71 of the dimensionless inflaton mass. Moreover, in the
present section, we use t to notate the "RG time” t = In(k/kg). The flow Equations (A1),
(A2), and (A3) taken from Ref. [50] (with & = A4 = 0) are given as

- 1 1 60 7 5& —2Ag
—4A 2 = = = - —, 51
0+327T2[ +1+2/\2+§0—)\0] 9672 o — Ao D
N 50 (78 — 2A 1782 +18&Ag — 1572
_2f + 1 i { s 4 8676 - 2)\0)] U i ¢o +1880Ag 0 (52)
38477 1+2% (& —Ap)? 115277 (& — Ao)?
ok 4 1 [ 9o B 9(2A¢ — &) B 9
2T a8n? [2(8) — o) 2(1+2%0) (& — A0)? 2(1+242)2(& — Ao)
Ui 380 380
5 — — 5 |/ (53)
9672 [2(§o — Ao)?  2(1+42A2) (8o — Ao)?

wherey =2+ aé% On the right-hand sides, singularity can occur for vanishing 1 + 21, =
1+#m* = 0and & — Ay = &(1 —21) = 0, ie., for A = 1/2. The latter is the usual
singularity when Litim’s cut-off is used.

It is straightforward to show, on the one hand, that there exists a class of solutions
of the RG flow Equations (51)—(53) for which the mass parameter A, vanishes identically.
Namely, the flow Equation (53) is identically satisfied for identically vanishing A, (k) = 0
for any solutions Ag(k) and & (k) of Equations (51) and (52) (actually for any choice of
the functions Ag(k) and &y(k)). This means that the RG flow of pure EH gravity is a
solution of the set of the flow Equations (51)—(53). Numerical investigation of the system
of Equations (51)—(53) has revealed, on the other hand, that the RG flow has 3 FPs: the
Gaussian FP at §. = Ay = 12 = 0, and the non-Gaussian FPs NGFP; and NGFP, given
in Table 2. The study of the linearized RG equations at the non-Gaussian FPs yielded the
critical exponents listed in Table 2. Thus, we have to conclude that NGFP; is the Reuter FP
of the gravity—matter system being UV attractive and providing asymptotic safety, while
NGEFP; is the Reuter FP of the theory without matter (without the scalar field, i.e., the
Reuter FP of pure EH gravity) representing a hyperbolic FP of the gravity-matter system,
which is UV repulsive in the mass direction. The FP discussed by the authors of Ref. [50]
and given in Table I of [50] for d = 4 at A} = 8.620 x 1073, ¢} = 2.375 x 10~2 corresponds
in our notations to §, = 0,8376 and A, = 0.1815 and is identical with NGFP;.

Table 2. The non-Gaussian FPs in the space of the dimensionless couplings (s, A+, 72) and their
critical exponents s; (i = 1,2,3).

g'* ;\* ﬁ’li 51,2 S3
NGFP; 0.846 0.176 0.2 —2.119 £i2.878 —0.486
NGFP; 0.837 0.181 0 —2.143 £i2.879 0.627

We chose NGFP; in our investigation since it, as opposed to NGFP,, can make the
model asymptotically safe. We also note that NGFP, provides an irrelevant direction in the
evolution; therefore, it is not possible to reverse the direction of the numerical calculations
for the trajectories. This implies that the trajectories should start in the close vicinity of the
FP. However, the existing irrelevant direction and the elliptic nature of the FP disable one
from fine-tuning the initial values of the couplings. Therefore, the trajectories starting from
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close to NGFP; cannot map out the vicinity of the Gaussian FP and cannot help us find the
correct asymptotic behavior there. This issue does not appear in the case of NGFP;, where
we can start the evolution close to the Gaussian FP because the direction of the evolution
can be reversed. By approaching the separatrix between the Gaussian FP and the Reuter FP,
we can get the asymptotic scalings.

Restricting ourselves to the RG trajectories spiraling into NGFP; for k — oo, we
have determined the dimensionless product C(k) = G(k)m?(k) = §(k)? (k) depicted in
Figure 7. It has been established that the product C(k) takes constant values C, = §.72
and Cy = Gom3 < C. in the UV and IR regimes, respectively. In the far UV regime, the
dimensionful mass squared is proportional to k2, 7ii?(k) = i2k?, and C, = §.k~2m2k? =
§.1%. The constant IR value Cy occurs roughly at the RG scale k ~ kg when Newton’s
coupling becomes constant, i.e., C(kg) ~ Cp.

0 5 10 15 20

Figure 7. The dimensionless product C = 1> = Gm? vs. the RG scale t = In(k/kg) for various IR
values m% / ml%l = 1072 (dotted line), 107> (dashed line), and 1078 (solid line).

As shown in Figure 8, the RG flow of the mass squared 7? reveals three scaling regions:
(i) in the far UV 2 tends to the constant value M2 determined by the Reuter FP NGFP;,
(ii) for k < kg the IR scaling 7% o« k=2 yields the constant value m3 of the dimensionful
mass squared, and (7ii) there occurs a crossover scaling region for kg < k < kyy, where the
power-law scaling m? (k) o k* of the dimensionful mass squared holds. The numerical
fits (see the tilted dashed lines in Figure 8) yield the power &, ~ 2.6, independently of
the value of m3. The RG flow-generated scale k, has been determined numerically: we
extrapolated the crossover scaling to the scale k = k;; where it matches the constant UV
value 172 (see Figure 8). The result is shown in Figure 9 and has been fitted by

1g10(km/k) =~ 1819Am — Bulgyo(mg/mp), (54)
so that we obtained
km(mo) = kgAm(mo/mpy) 2P (55)

with A, = 6.7970 x 1072 and B, = 0.694437.

In order to reflect these properties of the function 7 (k) in a qualitative manner, we
treat Cy = Gom3, i.e., the IR value m3 of the mass squared as a free parameter, and choose
the interpolation formula

12 k? for km <k
m?(k) = { Akfm + B for kg <k <kp (56)
m% for k <kg
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where the constants A and B are determined by requiring continuity of m?(k) at k = ky,
and k = kg,

~271.2 2 2 a N —1
miks, —m m k
A — xm 0 _ ~2k2—am 1— 0 1— G , 57
Ky — ke 2k, K 57)
2 k"‘m k"‘m -1
B — k2 — Ak — 252 (Mo Y6 _ e 58
*m m M Ko mgkk%l k%’" k%’” ( )
This provides the RG parameter
2 for kn <k
-1
VRG = ,Bmz = { N (1 + Alg"m) for kG < k < km (59)
0 for kA S k < kG

which has finite jumps at the scales k;, and kg because the interpolation Formula (56) is not
continuously differentiable with respect to k. Nevertheless, the interpolation Formula (56)
together with the Formulas (3) and (4) reflect the global scale dependences of the couplings
and are suitable for the discussion of the influence of the RG scaling on the cosmologi-
cal evolution.

~ 10—4 L

1071

0 5 10 15 20

Figure 8. The dimensionless inflaton mass squared 72 vs. the RG scale t = In(k/kg) for various IR
values m% / m%l (solid lines). The tilted dashed lines and the horizontal one illustrate the power-law
fits 71(k) o k% =2 and the asymptotic NGFP; value, respectively.

LB s
Fo.
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2
In(m“(0)9(0))
Figure 9. The scale t,; = In(ky, /kg) generated by the RG flow of the mass squared 72 for various IR
values m3 / m%l (full dots). The fit by Equation (54) is illustrated by the dashed line.
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4.2. Cosmological Evolution in QIM?2
4.2.1. Evolution Equations

Here, we discuss QIM2, in which quantum improvement incorporates not only the RG
flow of the gravitational couplings but also that of the inflaton mass. The RG flow of these cou-
plings dictates one to distinguish roughly three eras of the cosmological evolution: the NGFP;
driven era (RFPE) for k > ky, (0 < t < ), the first crossover era (COE1) for k,, > k > kg
(tn <t < tg), and the second crossover era (COE2) for kg > k > kp (tg < t < tp). As shown
in Section 2, the evolution of the universe is described by three independent equations: the
Friedmann Equations (7) and (8) and either the KG Equation (11) or the reduced consistency
condition (13). In COE2, the dimensionful mass squared m(% is constant so that the evolution
Equations (7), (22) and (A7) can be used for QIM2 as well as for QIM1. The RG flow of the
inflaton mass (56) occurs in the UV scaling regions k > ky,, i.e., in RFPE, and k;, > k > kg,
i.e., in COE1L. Then, Equations (7), (8) and (13) can be rewritten as

8nG(k A v
= R (1= ) )|, 0
IRG IRG
. A
H = SNG(k)[nI;gp(A)jL(1+;§2>Uk(4’)]/ (61)
A
(p2+2<1+;§g)uk(<p) = 721711%5)(/\) (62)

in terms of the variables H(t), ¢(t), and k(t). The terms with the factor vrg/#rg Occur
due to the running mass in the inflaton potential. Making use of the scaling rules (3), (4)
and (56), we obtain

2A.k%  4nC,
H?> = s+ 3 @, (63)
H = -\, (64)
A
2 * 14
for RFPE and
20k 27,
o= T;g Ak 22, (66)
4
H = —A*k2+27tg* W_Aamk“miz (pzl (67)
Xm Ky 2 /\* 4

for the COET.

It is a drawback that the interpolation Formula (56) for the running inflaton mass is
not differentiable at the scales k;;, and k¢, causing artificial jumps in the RG parameter
VRg figuring in the cosmological evolution equations. The numerical results for the scale
dependences of the product C (k) = G(k)m?(k) (see Figure 7) and the dimensionless inflaton
mass 71 (k) (see Figure 8) indicate that the change of their derivatives with respect to the
RG scale k is very abrupt at k = ky,;, but it is rather smooth at k = ks. Therefore, our
interpolation formula (56) is a much better approximation at the scale k = k;; than at
k = kg. Nevertheless, even the smooth change in a short interval at around the scale k = k¢
is preceded by a scaling region covering several orders of magnitude in k. Therefore, we
expect that the artificial discontinuities introduced by our interpolation Formula (56) do
not destroy the order-of-magnitude features of the cosmological evolution and the timing
of the slow-roll inflation.
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4.2.2. Numerical Results

The numerical solution should be found by solving first the system of the independent
first-order ODEs (63)—(65) for 0 < t < t,, with the initial conditions properly chosen at
f1 < ty and afterward solving the systems of Equations (66)—(68) and Equations (7), (22)
and (A7), respectively, for t,, < t < fg and tg < ¢, and finally sewing the solutions
att = t;,; and t = t; continuously, where the matching points are determined via the
conditions k(t,) = ky and k(tg) = kg. The only free parameter is the IR inflaton mass
mg. The scale k;, (see Equation (54)) and the parameters A and B (see Equation (57)),
entering into the interpolation Formula (56) for the running inflaton mass, depending on
the choice of my. Here, it should be mentioned that both parameters A and B show a
singularity at m(()s) = 0.144mp). We accepted the interval 0 < my < m(()s) as the physically
relevant one because for larger m values, the conversion rule k = k(t) ceased to be a
strictly monotonically decreasing function. As shown in Table 3, numerics has revealed
that for appropriate choices of the IR value mg of the dimensionful inflaton mass, there
occurs slow-roll inflation with reasonable numbers of e-foldings. As depicted on Figure 10,
the phase trajectories for various initial conditions run again on the universal attractor
characterized by slow-roll inflation. The desirable inflation with N ~ 60.7, has been
obtained for mOQIM2 = 4.15 x 10~ 2mpy, being nearly four orders of magnitude larger than
the value m ~ O(10~®)mp obtained in GRM, and nearly eight orders of magnitude larger
than m@M™1 ~ O(10~7)mp; obtained in QIM1, where the inflaton mass does not run. The
desirable slow-roll inflation in QIM2 is characterized by the time scales

(M = 13.8sp, 177 = 448sp, (69)
the parameters
e(t™2) = 0.0079, H(t2™M?) = 0.259mp), (70)

and the spectral parameters
n@™M2 ~ 0984, M2 01276, AYM2 ~ 267 (71)
Table 3. Matching points at t = t,,; and f, the energy scale k;, introduced by the running inflaton

mass, the onset t; and the end ¢ f of the slow-roll inflation, and the number of e-foldings N for various
IR values my of the inflaton mass in QIM2.

mo/mp tm (Sp1) km (mpp) tc(sp1) ti(sp1) tr(sp1) N
0.030 0.190 12.92 0.193 17.1 960 141.9
0.032 0.200 11.82 0.212 14.5 820 119.2
0.034 0.220 10.86 0.230 13.1 714 102.7
0.036 0.240 10.03 0.249 15.5 622 87.04
0.038 0.260 9.31 0.269 16.3 551 75.62
0.040 0.280 8.67 0.289 15.8 488 66.12
0.042 0.300 8.10 0.309 14.3 436 58.73
0.044 0.320 7.59 0.330 14.5 391 51.82
0.046 0.340 7.14 0.351 139 353 46.33
0.048 0.360 6.73 0.372 13.5 320 41.76

0.050 0.380 6.36 0.394 13.7 290 37.42
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Figure 10. Typical phase trajectories for various initial conditions ¢;,, providing the desirable inflation
in QIM2.

Let us turn now to the details of the numerics and that of the evolution of the model
universe in the various eras. For the emergent universe, the analytic estimate of the solution
of the system of Equations (63)—(65) for RFPE is given in Appendix E. In order to solve
numerically the system of Equations (63)—(65), we took the initial conditions at some very
early time f; obtained by the analytic estimates given in Equations (A37)-(A40). It was
found that for t; < 10~ sp;, the numerical solution remains stable against the choice of t;
and is in excellent agreement with the analytic estimates given in Appendix E for t < t,,.
The analytic solution shows that the EoS of the inflaton field is not ultrahard anymore
in RFPE for QIM2 because the dimensionful inflaton mass increases like m? « k? in the
limit k — co. During RFPE all cosmological variables characterizing the evolution of the
homogeneous background evolve inversely proportionally to the cosmological time, i.e.,
H(t), ¢(t), k(t) o< 1/t. In REPE both the kinetic and potential energy densities of the scalar
field are of the same orders of magnitude, O(k*). Indeed, the fraction y? of the potential
energy density in the critical energy density is somewhat larger than the fractions x2 and
u? of the kinetic energy density and that of the dark energy density (see the estimates given
in Equations (A43)-(A45)), while it holds x?> = u?. The end t = t,, of RFPE is defined via
the condition k,, = k(t,,) = K/t,, with K given by (A37) as

—-1/2
2 1 C.
by = ,/3)\*]{1"<1—3g*A*> . (72)

Since the RG scale k;; given by Equation (55) implicitly depends on the IR value m of

the inflaton mass, the end of RFPE depends on it too. Its typical values are of the order
km ~ O(10Y)mp; yielding t,, ~ O(1071)spj, but slightly depending on the value of
(see Table 3 and Equation (55)). As opposed to that, in QIM1 the end ¢ of the RFPE does
not depend on the inflaton mass. As discussed in Appendix E, the analytic estimate of
the solution for RFPE exists iff C, < Cor = 3g4A+« = 0.4. In our case, C, = g”*ﬁii ~ 0.17,
which lies in the interval Cr/3 < Ci < Cq. It holds that H(t)/k(t) = h ~ 0.47 (see
Equation (A41)), and H(t) = X/t with the constant X given by Equation (A39) implies
the power-law time dependence a « tX = t!'15 and the accelerating expansion with
g=—-1—(H/H?) ~ —-1—(1/X) = —1.9, i.e., a kind of superinflation in RFPE. For QIM2,
the evolution in RFPE depends on the FP value of the dimensionless inflaton mass, but
not on the IR value of the dimensionful inflaton mass. Therefore, the Reuter FP dictated
scaling laws make the evolution of QIM2 universal in the RFPE. The values H(ty,), ¢(tm),
and k(t,;) obtained from the analytic solution represent the right initial conditions for the
solution for COE1 with ¢, <t < ts.
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For the numerical study of the evolution in COE1, it turned out to be more practical
to eliminate the function H(t) from the set of Equations (66)—(68), as it is conducted in
Appendix F. Then, the coupled set of the first-order ODEs

. 2.,
(Ask? 4 V2K 24)2)”23(&@—\@f(krkr(p,cp) =0 (73)

and (68) has been obtained, where the explicit forms of the functions f(k, k, ¢, ) and g(k, ¢)
are given by the Equations (A47) and (A49), respectively, and v2 = A7g.ay,. The system of
Equations (68) and (73) having been solved numerically with the initial conditions given at
t = tu, the evaluation of H(t), H(t), and ¢(t) is straightforward from Equations (66)—(68),
respectively. The matching point t = ¢; can then be determined numerically from the
condition k(tg) = kg and the values H(tg), ¢(tg) provide the initial conditions for the
evaluation of the evolution in COE2. The duration of COE1 is rather short, t5 — t;; ~ 0.01sp),
and does not reveal a systematic dependence on my in the investigated range, as shown
in Table 3. As opposed to QIM1, the amplitude of the scalar field does not change sign
and simply rolls down on one of the “sides” of the quadratic potential U (¢). Att =ty

2, y2, and u? are of the same orders of magnitude, while x? slightly

all energy fractions x
increases, y? decreases for t — tg (see the plot to the left on Figure 13). One can see on
Figure 11 that the inverse proportionality of the energy scale k with the cosmological time ¢
does not hold in COE1, although k(t) remains a strictly monotonically decreasing function

of t.
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Figure 11. Time dependences of the Hubble parameter H(t), that of the reciprocal of the momentum
scale k(t), and that of the scalar field amplitude ¢(t) (from the left to the right) in COE1 along the
phase trajectories providing the desirable inflation for QIM2. The dashed line on the plot for 1/k(t)
indicates the value 1/kg.

Since in COE2, the inflaton mass takes its constant IR value g, one can use the same
numerical procedure for the evaluation of the evolution as in the case of QIM1. Comparing
the plots in Figure 12 and the plot to the right in Figure 13 for QIM2 with the plots on the
top of Figure 4, the plot to the left in Figure 3, and the plot to the right in Figure 2 for QIM1,
one realizes that the qualitative features of the evolution in COE2 are quite similar for both
quantum-improved models. The reason is, on the one hand, that the dimensionful inflaton
mass takes its constant IR value. On the other hand, the plot to the right in Figure 13 shows
that at the beginning of COE2, the energy fractions x> and u? are nearly equal, while y?
is yet cca. 5 times smaller. Therefore, the physical initial conditions are rather close to
those at the beginning of COE2 in QIM1. Furthermore, the universal attractor acquires a
quantum correction of the order (k;/kg)? ~ O(10~%) in QIM2 (see our arguments at the
end of Appendix B), which is rather small even in that case. Thus, our detailed analysis
of the evolution in COE2 made for QIM1 can equally well be applied to the evolution in
COE2 in QIM2. The only significant difference occurs in the different time and energy
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scales characterizing the details of the scenario (see Table 4). The characteristic points of
time associated with the slow-roll inflation seem to scale nearly inversely proportionally
with the (IR value of) the inflaton mass in both QIM1 and QIM2, as indicated by the last
four columns of Table 4.

== ] S-
t 7 “ o ‘ ‘ o »
Figure 12. Plots of the functions H(t), k(t), and ¢(t) (from left to right) in COE2 along the phase
trajectories providing the desirable inflation for QIM2.
0.2‘99 0.3‘00 0.3‘01 0.3‘02 0.3‘03 0.3‘04 ’ 05 1 5‘ 10 ‘50 100 ‘ 560
t t
Figure 13. Plots of the functions x*(t), y2(t), and u?(t) in COE1 (to the left) and in COE2 (to the right)
for QIM2 along the phase trajectory providing the desirable slow-roll inflation.
Table 4. Comparison of characteristic points of time (in sp;) in COE2 for QIM1 and QIM2. The
characteristic points of time multiplied by the (IR) inflaton mass are given in the last four columns. It
holds m = mg for QIM1.
Model molmp; tg txy t; tf motxy mot; motf
QM1 10710 1.27 5% 108 2.3 x10° 1.84 x 101 5x 1072 23x 107! 1.8 x 10!
QIM2 415%x 1072 031 0.95 13.8 448 39x1072  57x107! 1.9 x 10!

The desirable phase trajectory on the (x,z) plane shows similar features in COE2
as the one in QIM1 depicted on the plot to the right on Figure 5: at ¢t = ¢; it runs onto
the universal attractor slowly departing it for increasing time t — t;. Making use of the
analytic expressions given in Appendix E, one finds that the CFPs occur in QIM2,

k C.
« 2054, zy=——=——=/671g«|1— ~ 2.8, 74
’ RV \/ " < SgM*) 7

which represents the entire RFPE, although the energy scale k is not frozen. In COEL, the
phase trajectory moves from the CFP to the point (x ~ %1,z ~ 0) first and keeping the
almost constant z ~ 0 value, it jumps afterward suddenly to the beginning of the universal
attractoratx = z ~ 0.
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It is a drawback of our interpolation Formula (56) for the inflaton mass that it is
not continuously differentiable at k = k;;, and k = kg, which causes a discontinuity of
vRg figuring in the evolution equations and discontinuities in the time derivatives H, k,
and ¢. As a consequence, the kinetic energy fraction of the scalar field turns out to be
discontinuous at those points:

AX?(ty) = x* (b +0) — x%(tn — 0) = —0.0944, (75)
Ax%(tg) = x*(tg +0) — x*(tg — 0) = —0.498. (76)

The numerical values correspond to the phase trajectory, providing the desirable inflation.
Since the potential energy fraction y? of the scalar field is continuous and it holds x? + y? +
u2 = 1, the discontinuity of x? implies the discontinuity Au2 = —Ax? of the dark energy
fraction: a sudden energy exchange between the scalar field and the dark energy. These
discontinuities result in the sudden change of the EoS of the scalar field, i.e., in the ratio

() x2—vy2
w = PD T (77)
p(fl’) X +}_’
We have found that
Aw(ty) = w(ty +0) — w(ty, —0) = 0.161, (78)
Aw(tg) = w(tg +0) — w(tg — 0) = —0.335 (79)

for the phase trajectory providing the desirable inflation. Although these discontinuities
are artificial, following our arguments at the end of Section 4.2.1, one is inclined to suggest
that similar changes would occur in short time intervals At,; < t;; at around ¢t = t;; and
Atg < (tg — t) ataround t = tg if one would evaluate the evolution with a smooth mass
formula fitted to the result of the RG analysis. Therefore, we expect that our main results with
respect to the timing of the slow-roll inflation are a correct order-of-magnitude estimate.

Let us now compare the times of the onset and end of the desirable slow-roll inflation
in the classical GRM and in the quantum-improved models QIM1 and QIM2. The main
difference caused by the quantum effects reveals itself in the rather different onset times ¢;.
In QIM1 (in QIM2), a delay (a hastening) of several orders of magnitude occurs in the onset
of the slow-roll inflation as compared with the corresponding classical model (see Table 5).
The order of magnitude of the the end time ¢ of the slow-roll inflation seems to be roughly
inversely proportional to the (IR) inflaton mass, tf o< 1/m. Since t;/tf ~ O(1072), the same
holds for the duration tf — ¢; of the slow-roll inflation. It is worthwhile mentioning that
a factor of ~1.5 increase of the IR inflaton mass m results in a factor of ~1/3 decrease in
the number N of e-foldings during the slow roll in QIM2 (see Table 3), whereas a similar
decrease of N needs nearly six orders of magnitude increase of the constant inflaton mass
m in QIM1 (see Table 1).

As a byproduct, we obtained analytic estimates for the singular behavior of QIM1 and
QIM2 in Appendices A and E, respectively, and compared those in Table 6 to the singular
behavior of the corresponding classical model given in [58]. One can see from Table 6 that
the amplitude of the inflaton field is more singular in the quantum-improved case than in
the corresponding classical model, but the RG flow of the inflaton mass does not affect the
singular behavior of the quantum-improved models.
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Table 5. Order-of-magnitude comparison of the typical (IR) inflaton masses, onset times t;, and the
end t; of the slow-roll inflation for the solutions yielding the desirable number N ~ 60 e-foldings. It
holds m = mg for GRM and QIM1.

GRM QIM1 QIM2
o/ mpy 106 10710 42 %1072
t; (sp) 1.3 x 10° 2.3 x 10° 1.4 x 10
te(sp) 1.8 x 107 1.8 x 101 4.5 x 10?
mt; 1.3 x 1071 2.3 %1071 5.9 x 101
mtg 1.8 x 10? 1.8 x 10! 1.9 x 10!

Table 6. Singular behavior of the inflaton field ¢, the Hubble parameter H, and the RG scale k vs.
the cosmological time ¢ after the Big Bang in the various models. The singular behaviors are taken
from [58] for GRM, from Appendix A for QIM1, and from Appendix E for QIM2.

GRM QIM1 QIM2
q) Nt_l Nt_2 Ni’_z
H ~t1 ~tl ~t1
k — ~tl ~tl

5. Summary

In the framework of the quantum-improved cosmology, the evolution of the spatially
flat, homogeneous, and isotropic toy-model universe has been determined numerically
with the simple matter content of a single massive, non-self-interacting real scalar field,
the inflaton field. Quantum improvement is performed by taking into account the RG
flow of the various couplings in asymptotically safe EH gravity minimally coupled to
the inflaton field. Two versions of the model have been discussed: QIM1 with a constant
dimensionful inflaton mass and QIM2 with a running inflaton mass. The RG flow of
the gravitational couplings was described by the interpolation formulas obtained by us
previously in Ref. [43], whereas another interpolation formula for the inflaton mass has
been derived in the present work by investigating the global RG flow of the inflaton mass
along the RG trajectories running to the Reuter FP in the limit k — oo and approaching the
Gaussian FP for IR scales. In addition to the energy scales kg ~ 10%mp; and kp ~ 10~3mp,
induced by the RG flow of the gravitational couplings, the running inflaton mass induces
the scale k, ~ 10'mp; above the Planck scale. Here we extrapolated the validity of EH
gravity and its asymptotically safe quantum-improved versions back in time to the Big
Bang, treated the dimensionful inflaton mass in GRM and QIM1 and its IR value in QIM2 as
the only free parameter, and looked for phase trajectories providing the desirable slow-roll
inflation with the number N =~ 60 of e-foldings. The reduced consistency condition of the
Friedmann equations has been used to settle the conversion rule k = k(t) relating the RG
scale k to the cosmological time ¢ without any ambiguity.

It was shown that for both QIM1 and QIM2, there exists a range of the (IR) inflaton
mass for which the slow-roll inflation occurs, and the desirable inflation can be achieved by
the appropriate choice of the value of the (IR) inflaton mass. It turned out that the numeri-
cally obtained conversion rule k = k(t) is represented by a function strictly monotonically
decreasing with increasing t. The RG-induced energy scales determine the typical time
scales t, via the relations k, = k(t,) for a = m, G, A. Therefore, in QIM2, RFPE lasts for
a rather short time after the Big Bang and is followed by COE1, whereas in QIM1, RFPE
covers the whole Planck era. In both QIM1 and QIM2, the evolution for the energy scales
kp < k < kg is governed by the crossover scalings of the gravitational couplings, while the
inflaton mass keeps its constant (IR) value. This COE2 starts with a preinflationary era for
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tc <t < t; followed by the slow-roll inflationary era for t; <t <t - It was found that the
desirable inflation occurs in COE2, i.e., it holds the chain of inequalities tg < t; < t F<ta.
For the onset of the slow-roll inflation, the quantum effects essentially die out so that the
phase trajectory runs onto the universal attractor determined by the classical relation. Nev-
ertheless, the quite different prehistories in the Planck era in GRM, QIM1, and QIM2 result
in rather different (IR) optimal values of the inflaton mass for which the desirable inflation
can be achieved in these models. This results in many order-of-magnitude differences in
the time scales of the desirable slow-roll inflation in these models. It turned out that the
end time ¢; and the duration {; — t; of the slow roll are nearly inversely proportional to the
(IR) inflaton mass. Nevertheless, the initial conditions for the evolution of COE2 in both
QIM1 and QIM2 are quite similar at the end of the Planck era. The rather different optimal
inflaton mass values do not affect too much the values of the observables ¢(t;), ns(t;),
and r(t;), but the amplitude A; of the scalar fluctuations, being essentially proportional
to the (IR) inflaton mass squared, is highly model-dependent. In particular, none of the
quantum-improved models, QIM1 and QIM?2, are able to reproduce the observed order of
magnitude of A;, while GRM does.

Finally, we have to conclude that AS EH gravity minimally coupled to the massive,
non-self-interacting scalar field and extrapolated back in time to the Big Bang is not able
to give an in-order-of-magnitude reasonable description of the evolution of our universe.
This may happen, on the one hand, because the models investigated here are rather poor
in many senses: (i) they do not incorporate any self-interaction of the scalar field, maybe
in the form of a Higgs-type potential energy density, (ii) do not incorporate non-minimal
coupling of the inflaton field to gravity, and (iii) reduce the matter content to the inflaton
field only. Most probably, the inclusion of additional RG-improved running couplings may
influence the timing of the evolution and that of the slow-roll inflation. The results obtained
in Ref. [66] hint at that: the author succeeded in reconstructing a scale-dependent inflaton
potential in the framework of asymptotically safe cosmology, which provides a slow-roll
inflation compatible with current observations. On the other hand, it may happen that even
the extrapolation of the quantum-improved EH gravity back in time to the Big Bang is not
viable. In light of our results, one may be inclined to suggest that the success of GRM with
a simple quadratic inflation potential to predict the reasonable order of magnitude of the
amplitude of the scalar perturbations is probably accidental.
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Appendix A. Analytic Estimate of the Evolution in RFPE for QIM1

For QIM1, where the RG flow of the inflaton mass is neglected, we assume that the
EoS of the inflaton field is ultrahard just after the Big Bang, i.e., in RFPE, just like in
the nonimproved case, i.e., in GRM [52,58]. This means that the kinetic energy density
@*/2 of the inflaton field dominates over its potential energy density U(¢) so that the
contribution of the latter can be omitted in the energy density p(#). Therefore, the evolution
is universal in RFPE in QIM1; it does not depend on the value of the inflaton mass. In that
approximation, Equation (13) yields

S0 = o, (A1)
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because it holds AR = —#rc = 2 in RFPE. Inserting the exact relation (21) into the

Friedmann Equation (16), we get the first-order ODE for the function k(t),

. 1
hk = —Engbz = —2p™ = —A(k) = AP (A2)
with the solution
h1 21
ke = —= =, /== A

*) A t 3A t’ (A3)

where the constant of integration has been chosen to put the initial singularity to t = 0.
Then, Equations (21) and (A1) yield

HE ()= 2 and gl =+ 1 (A4)

=3 NTawa
Hence we find

(est)

1
g — + ins
¢ + \/ 9T At Pin

where @iy, is a constant of integration, and a(est)(t) o £2/3. The ultrahard EoS approximation

(A5)

is justified since ¢(¢Y2 /2 ~ O(t~*) is much more singular than m2¢(¢92 /2 < O(+-2) in
the asymptotic limit ¢ — 0. Thus, the solution with the singularity at ¢ = 0 has no free
parameters and is uniquely determined in the approximation considered. Inverting the
relation k(¢ (t5) = k¢, one arrives at the estimate

(est) 2 i . 4./ Gy - 1
tG = 4/ 3N ke =30 1.27mPl . (A6)

For m ~ 10_10mp1, one obtains the estimates x2 ~ u? ~ 1/2 and yz ~ 0.5 x 1072042,

and the mass term in the KG Equation (11) is negligible since |3H¢| ~ |¢|, while
|m2¢| = 1072°|3H¢|t? (where t should be measured in spjs).

Appendix B. Quantum-Improved Universal Attractor

Both in QIM1 and QIM2, the inflaton mass m is constant in COE2, so that
VRG = B2 = 0, while the gravitational couplings vary according to the interpolation
Formulas (3) and (4). Let us choose the following independent equations for the description
of the evolution: the Friedmann Equation (7), the continuity Equation (12) with vanishing
right-hand side,

p\? +3H®? = 0, (A7)

and the reduced consistency condition (22). Our purpose is to eliminate the Hubble
parameter H(t) and find a set of first-order ODEs for the functions k(t) and ¢(t). Let us
take the first time derivative of Equation (22) and the expression of H from (7), and insert
those into the continuity Equation (A7). Then, we get

kk+2nb\/§\/2k2<;E—k2)+k4+F(p2 = 0, (A8)

while Equation (22) yields the differential equation

-2 22 _ € .o
- +m - = 27'cbk' (A9)
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For k < ky < kp, one can neglect F under the square root on the left-hand side of
Equation (A8) and reduce it without loss of the numerical accuracy to the more simple form

k+2mh %(Eka)(pZ ~ 0. (A10)

Making use of Equations (A10) and (A9), one can characterize the quantum-improved
universal attractor along which the slow-roll inflation takes place in QIM1 and QIM2. Let
us set to zero the kinetic energy density of the scalar field on the left-hand side of (A9) in
the slow-roll approximation,

22 . € 0
meeT = ank’ (A11)

and take the first time derivative of both sides of Equation (A11)
meg ~ - kk (A12)
P

Now, we express |¢| from Equation (A11) and insert it into Equation (A12) after taking the

. c
mlgl ~ =5k (A13)

where we made use of the inequality k < 0. Let us insert here —k given by Equation (A10).

magnitude of both sides,

Then we obtain for the quantum-improved univesal attractor the relation

el ~ s
q)attractor 67‘[b(E — k2) :

As compared with the attractor in the classical case, in GRM, given by Equation (A20),

(A14)

the quantum-improved attractor exhibits a slight k-dependence instead of providing the
constant value u(. Neglecting the k-dependence of the denominator on the right-hand side
of Equation (A14), we just recover the classical relation (A20) since E ~ 3k%. However, the
slow-roll appears on the scales k; < k < k¢, for which E = 3k > k%, supposing that it
holds k; < k¢. In such cases, the quantum correction of the attractor is rather small, of the
order of (k;/kg)?.

Appendix C. Slow-Roll Inflation in GRM

Let us remind a few basic relations describing the single scalar field-driven inflation in
classical cosmology, in GRM, when the inflaton potential is represented by a simple mass
term U(¢) = m?¢? /2. The Friedmann equations are

3H? 130'?) + Ay, (A15)
2H = —x3¢? (A16)

with x3 = 87Gy. Their consistency condition is just equivalent with the KG Equation (11)
in the FLRW spacetime,

¢+3H¢+m?p = 0. (A17)
Expressing H from Equation (A15) and inserting it into Equation (A17) yields

1/2
¢+V3 (xng + A0> p+mPp = 0. (A18)
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This equation has turned out to be rather useful for getting a deeper insight into the
behavior of the phase trajectory of the inflating universe (see, e.g., [52,58]). For comparison
with slow-roll inflation in the quantum-improved cosmology, it is worthwhile mentioning
that in the slow-roll approximation with ¢ ~ 0 and p(?) ~ U(¢p) > Ao Equation (A18) can
be approximated as

V127Gop ~ +m (A19)
providing
) m

Therefore the phase trajectories along which slow-roll inflation takes place run onto the
universal attractor represented by the straightline sections ¢ = %1 on the (¢, ¢) plane,
independently of the initial conditions.

Appendix D. Influence of the Inflaton Mass on the Observable Features
of the Slow-Roll Inflation

The slow-roll inflation occurs in COE2 at scales k; > k > k; where k;/kg < 1 and
kf/kA > 1, so that G(k) = b[—k2 + (E/Z] ~ 3k2Gb/2 ~ Gyp. Furthermore, discussing
Equation (A14), we argued that it holds the classical estimate |@attractor| = m(lZnGo)’l/ 2
with an accuracy of at least of the order of (k;/kg)? being equal to O(10~!8) in QIM1 and
O(107*) in QIM2. Therefore, the quantum effects die out practically before the onset of
the slow roll in QIM1 and QIM2. The (IR) value of the inflaton mass is the only parameter
which can modify the basic features of the slow roll. Let us remember how those features
are affected by the inflaton mass in the classical case. Then, one finds that it holds the

estimate H ~ —471Gy@2ractor ~ —M*/3 and
1 m?
HS"(t) ~ H(tf) + ?(tf —t) for t; <t <t (A21)

for t; <t < t;. This yields the estimate of the slow-roll parameter

os Hsl.r. m2/3
et = —— o~ — = (A22)
H [H(tr) + 5 (ty —1)]

and that of the time-dependent number of e-foldings

NSty = /tf HSl'r'(;)d’g%(H(tf)—l-néz(tf—t))(tf—t) (A23)

t

counted during the time interval [t, 7], i.e., N'(t;) = N and N (tf) = 0. Making use of
Equation (A22), one obtains H%'"(t) = m[3e(t)]~1/2 and H(ts) = Hs“'(tf) =m/\3,
where it has been set e(t¢) = 1. Expressing (tf — t) > 0 from Equation (A23),

3 —
tr—t =~ %(71+\/1+2N), (A24)
and inserting it into the expression (A22), one obtains the expression of the slow-roll
parameter as the function of the number of e-foldings,

m?/3 1
N2 142N
(\/g\/1+2f\/)

SN~ (A25)
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Since the quantum effects are negligible in the slow-roll era, it is the inflaton mass, the only
parameter figuring in the above-given discussion whose values are radically different in the
quantum improved and the classical cases. Fortunately, we see, however, that the inflaton
mass cancels in the expression of ¢®t(t;) = ¢*t(N). Therefore, the estimated value of ¢,

eSt(t) ~ 1/121 ~0.0083 (A26)

for the desirable number N = 60 of e-foldings is not sensitive to the quantum improvement
and provides

TlSSt' — 1 peest ~ 0.98, roSt _ 16e85t ~ 0.13 (A27)

for the scalar spectral index and the tensor fraction, respectively. These analytical estimates
overshoot both the scalar spectral index and the tensor fraction as compared with the data
of the Planck 2018 survey [61,62] estimating ns = 0.9649 4 0.0042 at 68% CL and r < 0.056
at 95% CL (the more recent BICEP /Keck measurement [67] gives r < 0.036 at 95% CL).
Furthermore, the amplitude of the scalar perturbations As ~ (2.43 &0.091) x 10~ [60] can
be estimated as (the generalization of eq. (168) in [68] with the replacement Gy — G(t))

2
get. — HAHGH) 1 <m/mm> 1an) = " (A28)
s mem? Go 7\ /3(1+2N) ' 3rmg,

This relation shows that the order of magnitude of the square of the (IR value of the) inflaton
mass determines the order of magnitude of the amplitude of the scalar perturbations.
Therefore, A; may be rather sensitive to quantum improvement, supposing the latter alters
the magnitude of the inflaton mass needed for the desirable slow-roll inflation.

Appendix E. Analytic Solution of the Evolution Equations in RFPE
for QIM2

Here, we look for an approximate analytic solution of the set of the evolution
Equations (11), (63) and (64) in the leading order of the powers of 1/t. We make the
power-law ansatz,

H(t) = Xt™%, o(t)=Ft P+ A, k(t)=Kt™" (A29)

where «, B, v, X, K should be real, positive constants, F and A real constants. Inserting
ansatz (A29) into Equations (11), (63) and (64), one finds

X2 = TKZt_Z“’ + T(th—zﬁ +2AFt P 4 A?), (A30)
—aXt = ALK, (A31)
0 = B(B+1)Ft P2 _3pXFtoF 14 ?Kzt%(ﬂﬁ +A). (A32)
Equation (A31) is satisfied identically for t € [0, t,,] if
2y =a+1, aX =MK% (A33)

Equation (A30) is satisfied in the leading order if

g MG

(A34)

Thus, weobtaina =f=7=1,X = AK?, and
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Zhiga  AMC g

: 3 (A35)

0 = A2K*—

Furthermore, we see that the KG Equation (A32) is also satisfied in the leading order if

it holds
C* 2
0 = 2+ ?—3A* K-. (A36)
Then, we find
~1/2
2 C*
K = + 3 <1_3g/\> , (A37)
[ 1 c. \ !
F = &+ gl (1— 3g*/\*> , (A38)
-1
2 %
X = 3(1_3gc)\) ) (A39)

Now, we see that our ansatz works if the constant C, is bounded from above by
Cer = 394A4 = 0.40. For NGFPy, the flow egs. yielded C. ~ 0.17.
Thus, one obtains the estimates in the limit ¢t — 0:
X K F

H:?/k:?/ (p:?+§0m (A40)
with the arbitrary constant ¢;, and the constants given in Equations (A37)-(A39). This
also means that both the Hubble parameter and the amplitude of the scalar field are
proportional to the RG scale k, being inversely proportional to the cosmological time ¢ in
the very beginning of the Planck era, i.e., there hold the relations H = hk and ¢ = fk in the
leading order of the powers of 1/t with

-1/2
X 2A4 Cs
- 2 _ 1— A4l
h K 3 ( Bg*)\*) ’ (Ad1)
F [ 1 C. \ ! [3A, c. \"? 1 c. \ V2

It is straightforward to estimate the fractions of the various energy densities in the criti-

cal density:
2 2
) /2 MK 1 C.
= = = (1- ~ 0.2 A4
* o~ 3 x2 2\ T3 ) ¥ (A43)
7212 2 2
5 mikcp~/2  4nC, F Cs
= = — = ~ 0.42 A44
Y 0c 3 X2 aga, 04 (Ad)
(A A, K2
2 P * 2
= = — = =" A4
u o 3 xz =X (A45)

We see that all of these ratios are of the same orders of magnitude. The same holds for the
various terms of the KG Equation (11).

Appendix F. Evolution in COE1 for QIM2

The evolution in COEL1 for QIM2 is described by the system of Equations (66)—(68). Our
purpose is to eliminate the functions H(t) and end up with a system of first-order ODEs
for the functions ¢(t) and k(t). Take the first time derivative of both sides of Equation (66),
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HH — %klxmfz . f(k/ k/ Q, (P)’ (A46)

where the function f(k, k, ¢, ¢) has been introduced via the relation

flkk @ ¢) = /\*k‘l*”‘m% + %vz (am — 2)% + 2””;9” e (A47)
Let us rewrite H given by Equation (67) as
H = glkgk? (A48)
with
glk,p) = 202 [2&,;1 (1 + ik"‘m> - 1} @ — A KA (A49)
and insert it into the left-hand side of Equation (A46),
Hoglkg)~ 2 flkke,g) = 0. (AS0)
Now, one expresses H from Equation (66),
H = \E(A*kZ + V2 km =2 p2)1/2 (A51)

and inserts it into the left-hand side of Equation (A50). Equation (73), obtained in that
manner, together with the reduced consistency condition (68) provides the system of
first-order ODE:s for the functions ¢(t) and k().
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