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Abstract: In this paper, we undertake a detailed study of real scalar inflation using LATTICEEASY simulations to
investigate preheating phenomena. Generally, the scalar inflation potential with non-minimal coupling can be ap-

proximated using a quartic potential. We observe that the evolutionary behavior of this potential remains unaffected

by the coupling coefficient. Furthermore, the theoretical predictions for the scalar spectral index (ny) and tensor-to-

scalar power ratio (r) are independent of this coefficient. Consequently, the coefficients of this model are not con-
strained by Planck observations. Fortunately, the properties of preheating after inflation provide a viable approach to
examining these coefficients. Through LATTICEEASY simulations, we trace the evolution of particle number dens-
ity, scale factor, and energy density during the preheating process. Subsequently, we derive the parameters, such as

the energy ratio (y) and the e-folding number of preheating (Npre ), which facilitate further predictions of ns and r.

We successfully validate real scalar inflation model using preheating in LATTICEEASY simulations based on the
analytical relationship between preheating and inflation models.
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I. INTRODUCTION

The inflationary paradigm has emerged as an elegant
solution to several challenges within the standard model
of cosmology [1, 2] and it has captured the interest of nu-
merous researchers since its proposal. Precise experi-
mental measurements of the cosmic microwave back-
ground (CMB) radiation temperature and anisotropic po-
larization provide strong support for the slow-rolling in-
flation [3, 4]. Theoretical investigations have led to the
proposal of numerous inflation models, with the single-
field inflation model being the simplest and most widely
studied. Examples of such models include polynomial po-
tential models [5-8], the Starobinsky model [9-11],
Higgs inflation [12—16], natural inflation [17-20], and
hilltop inflation [21-23].

The testing of numerous inflation models has become
a key challenge in the field of inflationary physics.
However, direct observations of inflation in the early uni-
verse are not possible, and researchers rely on indirect
methods to test these models. A common approach util-
izes the scalar spectral index and tensor-to-scalar power

ratio, which are predicted using Planck's observations of
the CMB. As the accuracy of Planck's observations has
improved, many polynomial inflation models have been
excluded [3, 4]. However, a promising solution to this
problem is to consider the non-minimal coupling between
the scalar inflaton and Ricci scalar. This framework of-
fers a mitigation scheme that can potentially rescue a sig-
nificant number of inflation models [24-27]. Incorporat-
ing this non-minimal coupling can alleviate the problem-
atic aspects of certain inflation models, providing a more
favorable agreement with the observational data from
Planck and preserving their viability.

Considerable efforts have been devoted to further
constraining scalar inflation models by exploring the in-
terconnectedness of various physical phenomena. After
inflation ends, the universe enters a reheating stage
[28-32], during which the inflaton decays into standard
model particles or even dark matter particles, and the uni-
verse is heated. Thus, the reheating may provide a plat-
form to study inflation.

The limitations of reheating in the context of the
single-field scalar inflation model have been extensively
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studied in Ref. [33]. Reheating involves a preheating pro-
cess during the early stages, as described in works such as
[29, 30, 34-37]. The preheating phase is crucial as it en-
ables the efficient transfer of energy from the inflaton
field to the coupled fields. This rapid, non-thermal pro-
cess is vital for reheating the universe, establishing the
initial conditions for the hot Big Bang phase. Without
preheating, the transition from the inflationary phase to
the radiation-dominated era would occur at a consider-
ably lower pace and with lower efficiency, possibly res-
ulting in discrepancies with observational cosmology.
The presence of preheating can be discerned through its
influence on the power spectrum of CMB fluctuations
and the formation of large-scale structures. Specifically,
models with preheating predict distinct non-Gaussianit-
ies in the CMB fluctuations, which can be probed by cur-
rent and future observational missions.

A comprehensive analysis of the interplay between
preheating and inflation is presented in Ref. [38]. Further-
more, the constraints imposed by preheating on o-attract-
or inflation models are investigated by allowing for flex-
ible parameter options in the properties of the preheating
stage, as discussed in Ref. [39]. The complexity of the
preheating process results from several factors, including
the non-perturbative generation of material particles and
rapid energy transfer. This complexity results in highly
nonlinear and uncertain physics, complicating the study
of preheating and necessitating careful consideration of
its implications on inflationary models.

Many non-perturbative reheating models have been
proposed to study the nature of preheating, including the
parametric resonance model [30, 40], hyperluminal in-
stability model [41—43], instantaneous preheating model
[44—46], and holographic preheating cosmological model
[47, 48]. In our study, we investigate the inflation model
by leveraging the properties of preheating. Specifically,
we consider the minimal scalar inflation model, which is
a simplified version derived from the polynomial poten-
tials model. To analyze the preheating stage, we employ
the LATTICEEASY simulation framework [49], which
enables us to replicate and study the evolution of preheat-
ing processes.

Specifically, we extensively investigate the evolution
of particle number density, scale factor, and energy dens-
ity during the preheating process using LATTICEEASY
simulations. By analyzing the simulated data, we deduce
important parameters such as the energy ratio (y) and e-
folding number of preheating (N, ). Additionally, we es-
tablish an analytical relationship between the preheating
process and the inflation model under study. By combin-
ing this analytical relation with the observed properties of
preheating, we derive constraints on the minimal scalar
inflation model. These constraints provide valuable in-
sights into the viability and parameter space of the infla-
tion model, thereby enhancing our understanding of its

dynamics and predictions.

The remainder of this paper is organized as follows.
In Sec. II, we briefly review the minimal scalar inflation
model and preheating constraints, and we study the S-
field driven inflation in detail. In Sec. III, we describe the
simulation of the preheating using LATTICEEASY and
discuss the evolution of particle number density, scale
factor, and energy density. Numerical analysis and dis-
cussion are presented in Sec. I[V. A summary is given in
Sec. V.

II. PREHEATING CONSTRAINTS ON REAL
SCALAR INFLATION

A. S-field driven inflation

Because inflation is driven by the S-field, we can ex-
press the corresponding action as

MZ
-

Following the conformal transformation strategy [50], the
action S ; in the Einstein frame can be easily obtained as

S\ 1.,
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where the potential V(S) is expressed as
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S

and the relation between the refined §-field and S-field is

expressed as
S_\[MP ( 255 ) (4)

The variation in potential V" with §, shown in Fig. 1,
indicates that the trend of the potential is independent of
the coefficient & and As. As § increases, V increases,
and after some time, it reaches a plateau, which enables a
slow-rolling inflation.

Given the potential, we can study cosmological infla-
tion in detail. For the e-folding number between the hori-
zon exit of the pivot scale and the end of inflation, it can
be analytically calculated according to the following for-
mula [51]:

i
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Fig. 1.
ary potential with respect to inflaton, which is calculated us-

(color online) Variation in the slow-rolling inflation-
ing Eq. (3). In the early stages of inflation, the scalar field

rolls slowly in the direction that it falls. Subsequently, when
the potential energy is no longer dominant, inflation ends.
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This means that
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According to the definition of slow-rolling paramet-
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bined with Eq. (7), the slow-rolling parameters can be ob-

tained as follows:
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Furthermore, according to the relationship between
the scalar spectral index n; = 1 —6€+2n (tensor-to-scalar
power ratio r = 16€) and slow-rolling parameters, we can
obtain

3
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Meanwhile, the amplitude of the primordial power
spectrum (A;) can be expressed as

1 v
Y 24m MY els)

(11)

The CMB observation indicates that A, = 2.2x 10~° [52].
From Eq. (10), we obtain

2

Ne= 50y

(12)

Finally, H, and V., as functions of n, and A, can be
derived using Eq. (12) [33]:

He =My \[ A3 =), (13)

2 2
9 {E(‘l B \/g)}
Vena = EﬂzMﬁAs(l - ns)z—z (14)
{67‘(29 + 3ns)}

Equations (12)—(14) provide the entire procedure to de-
rive the results for the preheating constraints on the min-
imal scalar inflation model.

B. Preheating constraints

When inflation ends, the universe becomes cold and
empty, and the reheating process heats the universe up to
the temperatures required for Big Bang nucleosynthesis.
Often, at the beginning of reheating a period of explosive
growth of particles called preheating occurs [31]. Its dur-
ation is expressed as Ny, which can be described analyt-
ically as [39, 53]

1 Vend
Moo= o6 (Yt )

B 1-3wy 1n(32-5 Vend>
12(1 + wy) yng TL /)’

(15)

where y is the ratio of the energy density at the end of in-
flation to the preheating energy density, i.e., ¥ = Ppre/Pend
[38]. Although the equation of states (wu) here is for the
reheating period, that of the preheating (w,. ) is numeric-
ally the same as wy, in the reheating period, which can be
obtained by deducing the relation between pend/Opre
(Pena/pm) and @, respectively. Therefore, we omit sub-
scripts in subsequent discussions. The energy penq is re-
lated to the potentia at the end of inflation [53]:

Pend = Aend Vends (16)

6
where Adepd = ——=ls=s.,, = 3/2.
€

Eq. (15) reveals a close connection between preheat-
ing and the inflationary model, and the ambiguous pre-
heating properties hinder the application of the inflation-
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ary model. By using LATTICEEASY to simulate the
evolution of S- and 4- fields in the preheating, we can in-
fer the specific values of N,. and y, which will be dis-
cussed in detail in the next section.

III. PREHEATING USING LATTICEEASY

As the physical properties of the preheating process
are highly non-linear and complex, the effective research
method is frequently related to lattice simulation. In this
section, we will apply LATTICEEASY [49]to recon-
struct the physics of preheating and test the scalar infla-
tion model; this simulates the emergence of the Higgs
field subsequent to the damping of the S-field through a
set of coupled field motion equations.

Consider the following couplings as illustrative ex-
amples: Ag =107, A, =2x107"", and 1,=8x107'2,
First, the choice of Ay, directly impacts the generation
process of the Higgs field. When Ay, > 107!, the Higgs
field may be produced through either the freeze-in or
freeze-out mechanism, for which a more in-depth discus-
sion is described in Ref. [54]. Second, the parameters As
and 4, represent the coupling strengths of the S-field and
Higgs field, respectively, and they significantly impact
the dynamics of the system. Refs. [25, 55] indicate that a
strong self-interaction of the Higgs field can result in a
large effective mass term, thereby suppressing resonance
phenomena. Therefore, the selection of As and 4, is cru-
cial for the outcomes of our simulations. In our simula-
tion strategy, we deliberately select smaller values for As
and A,. This choice results in a smaller effective mass
term, which enhances the resonance phenomena, thereby
significantly enhancing the backreaction effect during the
preheating process. This approach enables us to deeply
explore the significance of backreaction effects during the
preheating phase and their impact on particle dynamics
under early universe conditions. We discuss in detail how
preheating is used to constrain the inflation model [25,
56].

Figure 2 shows the relationship between & and N, by
fixing As = 1073, and the variation in & with respect to
N, is remarkably insignificant. However, the value of &
does not influence the constraints of preheating on infla-
tion.

The evolution of the number density of S- and 4-
particles obtained through the LATTICEEASY simula-
tion are shown in Fig. 3. Note that the Higgs field begins
to emerge as the inflaton starts its decay process.
However, the decay of the inflaton does not strictly start
immediately after inflation ends. This implies that
particle production might be observable even before the
end of inflation. [57] At the beginning of evolution, the
particle number density increases exponentially. When

VAsS

the conformal time t (dr=———df, where S,=
a

0.026}
0.024r
e

0.022r
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0.018-~ - - - -
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Fig. 2.  (color online) Non-minimal coupling parameter &

determined using Eq. (11) with A5 = 107!*, varying as a func-
tion of Ni. The parameter &, exhibits a rough proportionality
to Ni, but it experiences negligible variation despite changes
in Ng.
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Fig. 3. (color online) Evolution of number density of S- and

h- particles, where the red and blue lines represent S- and 4-
particle number densities, respectively, and the green dashed
line represents the end point of preheating.

S(r=0)) is about 130, both particles almost reach the
maximum number density and then slowly change, which
indicates that the evolution of the universe transitions
from preheating to reheating.

The physics underlying this phenomenon can be ex-
plained as follows: when the slow-rolling condition is up-
set, the inflaton soon tumbles to the lowest point of po-
tential and oscillates periodically around the lowest point,
which causes the equation of motion of the A-field to be-
come a Lame equation.

Parameter resonance for the A-field will emerge in
some scenarios, which further cause an exponential in-
crease in the A-particle number, whereas the /-particle de-
cay produces a significant backreaction for S-particles,
and the S-particle number density increases exponen-
tially.

When the conformal time is about 130, the amplitude
of the S-field oscillation decreases, which results in the
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weakening or even disappearance of the parametric res-
onance effect of the A-field; thus, the A-particle number
density no longer increases, and, in the same conformal
time, the backreaction effect disappears and the S-particle
number density does not increase.

The variation in the scale factor over conformal time
is shown on the left-hand side of Fig. 4. The end con-
formal time of the preheating obtained through the simu-
lation of particle number density evolution is about 130,
and the corresponding scale factor is de.q = 70, whereas
the value of the scale factor at the beginning of the pre-
heating is ay, = 1. Thus, we can calculate the preheating
e-folding number as Ny = In[dend/dsiar] = 4.25.

The evolution of normalized energy density pu:(7)/
Prot(T = 0) with respect to conformal time (7) is shown on
the right-hand side of Fig. 4, where the green dot is the
ended energy of preheating according to Fig. 4 (left).
Note that pio(T =0) = peng and pi(7 = 130) = pre. There-
fore, at 7 =130, the y-label of Fig. 4 is represented as
Po(T=130)/po(t=0)~0.77, ie., pPpe/Pena=7y=0.77.
This simulation result differs significantly from the as-

20
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Npre
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Ny

0
0.950  0.955

Fig. 5. (color online) Relation between the scalar spectral in-
dex (ny) and e-folding number of inflation (Ni), where the cy-
an shaded is the feasible area of the Planck limit [4], the or-
ange dashed line is the Ny. value obtained using the LAT-
TICEEASY simulation, and the blue lines are calculated us-
ing Eq. (15), where the potential derived from the scalar infla-
tion model and energy ratio y is obtained through the LAT-
TICEEASY simulation.

T

(color online) Evolution of the scale factor and total energy density for the left and right panels, respectively.

sumption (y ~ 10 or 10°) in Ref. [38, 39].

IV. NUMERICAL ANALYSIS AND DISCUSSION

Figure 5 shows the relationship between N,. and
scalar spectral index (n,). The figure indicates that Np.
increases with the state parameter w. After combining the
Planck prediction of n; with the LATTICEEASY simula-
tion, we observe that the model has a feasible parameter
space. The feasible range of w is 1/4 to 1, and the corres-
ponding n, range is [0.9607,0.9623].

The relation between n; and r is shown in Fig. 6. Note
that the blue line between the red and cyan points is the
feasible space of the LATTICEEASY simulation predic-
tion obtained from Fig. 5. Therefore, the feasible para-
meter range of r can be obtained, ie., r~[3.9x107,
43x107].

To illustrate the, we list the fixed couplings of the
scalar inflation model and the LATTICEEASY predic-
tions in Table 1. Using the same strategy, we can test oth-
er model parameters.

-1.0

—-1.5¢ b

° N/(ZSO
= —2.0 b
O o N=50.3
s —2.5 b
1S} Ne=52.5
— -3.0f :

N,(=60
-3.5 b

—4.0 - - - -
0.955 0.960 0.965 0.970 0.975 0.980
ns

Fig. 6. (color online) Relation between the scalar spectral in-
dex (ny) and tensor-to-scalar power ratio (r), where the blue
line is our theoretical prediction for N; from 50 to 60, the
green areas are the Planck limits, and the brown, red, cyan,
and green points correspond to Ny = 50, 50.3, 52.5, and 60, re-
spectively.
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Table 1. LATTICEEASY simulation predicts with A5 = 10713,
Asp =2x1071 and A, =8x 10712,

7 Npre w ng Ny rx 10~
077 425 [1/41] [0.9607,0.9623]  [50.3,52.5] [3.9,4.3]
V. SUMMARY

In this paper, we study non-minimum coupled real
scalar inflation model using the preheating phenomenon
simulated using LATTICEEASY. During inflation, the S-
field has a crucial role in driving the expansion of the uni-
verse, with its quartic term dominating the dynamics of
inflation. Interestingly, we find that the evolutionary be-
havior of the inflationary potential remains unaffected by
the coupling coefficient of the model. Furthermore, the
predictions of important quantities derived from the mod-
el are independent of this coupling coefficient.

Consequently, the tensor-to-scalar power ratio () and
scalar spectral index (n;) predicted using Planck observa-
tions do not impose constraints on the coefficients of the
model. However, by leveraging the relationship between
preheating and inflation, the preheating process simu-
lated using LATTICEEASY provides a valuable avenue
to address this problem effectively.

We specifically investigate the constraint of inflation
using the simulated preheating process, using the coup-
lings A5 =107, A5, =2%x107", and 4, =8x 107" as il-
lustrative examples. By employing LATTICEEASY, we
accurately reproduce the preheating dynamics within the
scalar inflation model. With the introduction of LAT-
TICEEASY, we have reproduced the preheating process
of the scalar inflation model and obtained the particle
number density evolution during the preheating process.
Additionally, we have deduced the end conformal time
value of preheating. At the same conformal time, the e-
folding number of preheating (Ny.) and energy ratio (y)
are deduced by combining the simulated evolution of the
scale factor and energy density, respectively.

By exploiting the relationship between preheating and
inflation, we present the variation in Ny, with n, in Fig.
5, enabling us to deduce the range of w and n,. Further-
more, by exploring the connection between n; and N, as
well as that between N, and r, we can obtain constraints
on the ranges of N, and r. This implies that the preheat-
ing simulations conducted using LATTICEEASY can ef-
fectively predict n,, », and N, enabling restrictions on
scalar inflation models. Furthermore, this strategy can be
extended to effectively constrain models involving the in-
flaton dark matter model, as well as the interplay between
inflation and dark matter models.
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