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Abstract

Intermediate and natural inflation are investigated within a nonminimal derivative coupling
scalar field model, namely the John—George framework. The derivative coupling introduces
enhanced gravitational friction, modifying inflaton dynamics and enabling sustained
accelerated expansion even for sub-Planckian parameter values. The field equations and slow-
roll parameters are derived in a flat Friedmann—Lemaitre—Robertson—Walker spacetime. For
intermediate inflation, the effective potential is reconstructed assuming a power-law scalar field
evolution, while a periodic potential with a decay constant, f describes the natural inflation.
Numerical analysis of inflationary observables yields ng = 0.96397 and r = 0.0019 for
intermediate inflation, and ng = 0.961176 and r = 0.00651 for natural inflation at N = 60e-
folds. These predictions are in excellent agreement with Planck and BICEP/Keck constraints.
The enhanced friction mechanism slows the inflaton evolution and suppresses the tensor-to-
scalar ratio, bringing the model well within observational bounds. Parameter analysis indicates
that m = 0.5-1 and f = 0.5 provide optimal agreement with data. The John—George
framework, therefore, constitutes a viable and competitive alternative to standard inflationary
scenarios.

Keywords: Nonminimal derivative coupling; Intermediate inflation; Natural inflation; Cosmological perturbation; John and
George models.

I. INTRODUCTION flatness, an inflationary era was proposed at the beginning of

o solve the problems generated by the standard Big Bang the Early Universe. The success of the inflation paradigm
Tcosmology such as the problems of the Horizon and could make it possible to establish a causal mechanism that
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generates the primordial density of perturbations necessary for
the formation of the large structures in the Universe [1-5]. The
simple inflationary scenario with a single scalar field called
inflation predicted that the dominant mode of primordial
density fluctuations is highly adiabatic, scale-invariant, and
Gaussian [6]. Several studies have been conducted in this
framework of cosmological inflation with a field and have
given interesting results [7—8]. But recent observational data
have detected a level of scale dependence in the primordial
perturbations [9-10]. Several proposed inflationary models
give information based on the theories they support. Thus, it
has been shown that a significant amount of very important
information about the dynamics of the initial inflationary
expansion of the Universe can be found in primordial scalar
non-Gaussianities [11]. Therefore, the models of extended
inflation, which can show the non-Gaussianity and scale
dependence of the primordial perturbation, are very favorable.
Among the extended inflationary models that have really
received special attention from the scientific community is the
non-minimal coupling whose scalar field function is related to
the Ricci constant in the form f(¢)R. The information to
which this extended inflationary model has paid particular
attention is set out in [10].

A generalized inflationary model in which the potential
V(¢) is coupled to the curvature and an extension of the

. . . . 1
nonminimal derivative term in the Lagrangian as ;(g‘“’ +

yKG*)V, ¢V, ¢ was considered in this study. This type of
extended inflationary model is called the John and George
model, developed in [12-13]. Several studies have also
discussed a special case of non-minimal coupling of the scalar
field called non-minimally derivative coupling. This type of
coupling gives higher than second-order derivatives in field
equations, and more degrees of freedom [14—16]. Note that
Nonminimal Derivative Coupling is a subset of Horndeski’s
theory that satisfies the necessary conditions to be
theoretically a good inflationary model. The main properties
of the cosmological perturbations are described by the tensor-
to-scalar ratio and the scalar spectral index. The Planck
temperature and polarization data on the measurements of the
cosmic microwave background anisotropies give ng =
0.9649 + 0.0042 and r < 0.056 [17].

This study focuses on intermediate inflation characterized

by a scale factor of the forma = aoe’“l, where A > 0and 0 <
A < 1[18-20]. The resulting cosmic expansion is slower than
that of de Sitter inflation (a(t) o« exp (Ht)), where H is
constant, but faster than power-law inflation (a(t) « t%,q >
1) [21]. Intermediate inflation has been extensively studied
within the standard inflationary framework [18-21], while
inflation driven by a natural potential has also been widely
investigated with notable success [22—24]. In natural inflation,
a pseudo—Nambu—Goldstone boson acts as the inflaton, with a
cosine potential arising from non-perturbative effects. This
model, in its original formulation, is strongly constrained by
recent Planck Collaboration-BICEP/Keck Collaboration
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observations [5], and the parameter region most consistent
with cosmic microwave background measurements (CMB)
typically corresponds to trans-Planckian values of the axion
decay constant [25].

Within this context, intermediate and natural inflation are
investigated using the John and George model. The Friedmann
equations and the corresponding equations of motion are
derived from the model action, followed by the application of
the slow-roll approximation. The intermediate inflationary
potential is constructed and used to determine the associated
inflationary parameters. In addition, the natural inflation
potential, as established in the literature, is employed to
evaluate the corresponding parameters. A numerical analysis
is performed, and the results are compared with observational
data. The study is further extended to include the analysis of
cosmological perturbations associated with the inflationary
dynamics of the model.

II. MODEL PRESENTATION

Natural units were adopted in this study, where the reduced
Planck mass is defined as M, = (8mG)~Y/? . Unless otherwise
stated, M, =1 was set for convenience, and the metric
signature (—,+,+,+) was used alongside the standard
conventions for curvature tensors.

The model considered in this work corresponds to the so-
called John—George sector of Horndeski gravity, which
introduces a nonminimal derivative coupling between the
scalar field and the Einstein tensor. This coupling modifies the
kinetic structure of the scalar field and generates an enhanced
gravitational friction during inflation.

The parameters y and € are dimensionless coupling
constants. The parameter y controls the strength of the
derivative coupling between the scalar field and the Einstein
tensor G*V, while € determines the coupling between the scalar
potential and the curvature sector. In the limit y = 0 and € -
0, the model reduces to the standard minimally coupled scalar
field theory.

The action of the John-George models is as follows:

M3 R 1
S=Jy=g[ZU+ev@) 39"+
YkG")V, ¢V, | d*x (1)

1 . . .
Where k = w2 Y and € are dimensionless parameters. This
b

action corresponds to a specific sector of Horndeski theory
[26], for conditions described in [13].

Varying the action with respect to the metric g,,,, leads to the
modified Einstein field equations.

M3 M3

221+ V(D)) Gy = Ty + VO + 32 €[g,0 OV ($)

v,V,V(9)] (2)
The standard energy-momentum tensor of the scalar field is
given by:

1
T = VupVyd = g (V) (3)
The contribution arising from the nonminimal derivative
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coupling reads:
1
Ou = —;VudVydR + 2V, PV, PR + VEPVP PR j00p +

ViV PV, Vo = V,V, ¢ — > 9, [(VV)? — (O)?] (4)
Assuming a spatially flat Friedmann—Robertson—Walker

(FRW) spacetime, the modified Friedmann equations are

obtained as follows.

The first Friedmann equation takes the form:

BH2(1 + €V(§)) = 2 h? + IyH2$? + 3eHPV' (¢) (5)

The second Friedmann equation is given by:

(28 + 3H?)(1+ eV($)) + eV (@)($ + 2H) + 2 [1 +

yi(3H? + 2H + 4H %)] +eh2V"($) = 0 (6)

Finally, variation of the action with respect to the scalar field

¢ leads to the modified Klein—-Gordon equation.

(1+3yH»)$ + 3H(1 + 3yH? + 2yH) ¢ + f—feV'(¢)R =0
(7

A. Slow-roll approximation

Under the slow-roll approximation, the second derivative of
the scalar field and the time variation of the Hubble parameter
are assumed to be negligible, i.e. ¢ << H¢ and |H| « H?. The
Klein—Gordon equation then reduces to

3H(1+3yH®)¢ + T—fEV’(@R =0 ®)

In a spatially flat Friedmann—Robertson—Walker background,
the Ricci scalar is given by

R =6(2H? + H) 9)
Using the slow-roll condition |H| < HZ, (9) simplifies to (10).
R = 12H? (10)
Substituting this result into the Klein—Gordon equation gives

(1.

. 2
3H(L +3yH2)$ + L eH?V' () = 0 (11)
Finally, solving for ¢ yields

b~ _Mb__eH 12
¢ - K (1+3yH2) (¢) ( )

The derivative coupling enhances the effective friction
acting on the scalar field, which allows slow-roll inflation to
occur even for steeper potentials. This mechanism plays an
important role in reducing the tensor-to-scalar ratio predicted
by the model.

The slow-roll approximation is implemented by neglecting
the second derivative of the scalar field (¢ < H¢) and
assuming a quasi-de Sitter expansion (|H| < H?). In addition,
the kinetic energy of the scalar field is assumed to be
subdominant compared to the potential energy (¢? << V(¢)).

In the presence of nonminimal derivative coupling, the
scalar field equation contains an effective friction term
proportional to (1 + 3yH?). Two regimes can be identified:
for yH? « 1, the model reduces to the standard slow-roll
inflation, whereas for yH? >» 1 the derivative coupling
dominates the dynamics. In the high-friction regime, the
effective damping term is significantly enhanced, leading to a
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suppression of ¢ and ensuring that the slow-roll conditions
remain valid even for steep potentials. To further support the
validity of the slow-roll approximation, it was numerically
verified that the conditions ¢/(H¢) « 1 and ¢2/V « 1 are
satisfied throughout the inflationary evolution.

III. INTERMEDIATE INFLATION WITH JOHN - GEORGE MODEL

Here, the interest is in intermediate inflation, which is one of
the interesting scenarios of inflationary models. In
intermediate inflation, the scale factor evolves faster than a
power law (a = tP) inflation but slower than standard de
Sitter inflation (a = exp(Ht)) [27]. Additionally, the
intermediate inflation is specified by the scale factor given by
(13).

a = ayexp(Ath) (13)
Where A > 0and 0 < A < 1 are two constants [28]. This form
describes an expansion rate that is slower than exponential
inflation but faster than power-law inflation. Thus, the Hubble
parameter is as in (14).
H= g = At*1 (14)
Following the reconstruction method described in [28], a
power-law evolution for the scalar field was assumed, given
by (15).

o) =Ct™ (15)
This choice should be interpreted as a reconstruction method
that allows the potential V(¢) to be determined from the
background dynamics. Within the slow-roll regime, the
resulting potential remains positive and well behaved during
the inflationary phase.

The prime derivative of ¢(t) with respect to the given time
o) =mCt™ 1 (16)
with C and m constants.

Reference (5) takes the form given by (17) during the
inflationary period and in the slow-roll approximation, where
$? K V(¢) and ¢ < 3H¢.

3H?(1 + €V () + 3eHPV'(¢) = 0 17
Using (14), (15), and (16) in (17), and after integration, the
intermediate potential result of the John and George model
was obtained, as given by (18).

V() =[~1+ Kexp (% (é)%qf’%“)]

Where K is the integration constant.

(18)

A. Clarification on the reconstruction of the intermediate
inflation potential

The choice of the intermediate form of the scale factor,
together with a power-law evolution of the scalar field, is
adopted within the framework of a reconstruction approach.
In this context, the aim is not to derive the dynamics from first
principles, but rather to determine the form of the scalar field
potential that can reproduce a desired cosmological evolution.

Therefore, the assumed behavior does not correspond to an
exact attractor solution. Instead, it should be interpreted as an
effective description of the inflationary dynamics, where the
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expansion history is specified in advance, and the
corresponding scalar field model is reconstructed accordingly.
This method is widely used in inflationary cosmology, as it
allows one to explore viable models capable of generating
specific expansion scenarios consistent with observations.

At the same time, the adopted evolution of the scalar field
can be seen as a reasonable approximation of a slow-roll
trajectory. During the inflationary phase, the scalar field is
expected to evolve smoothly and gradually, and a power-law
behavior provides a simple yet effective way to capture this
feature.

Regarding the physical viability of the reconstructed
potential, it remains positive and well-behaved over the entire
inflationary regime for suitable choices of the model
parameters. The potential evolves smoothly without
pathological features, ensuring a stable inflationary phase.
This regular behavior supports the consistency of the model
and its ability to describe a realistic inflationary scenario.

In summary, the adopted ansatz should be understood as a
reconstruction scheme designed to reproduce an intermediate
inflationary ~ expansion, while maintaining physical
consistency and compatibility with the general expectations of
slow-roll inflation.

Fig. 1 shows the evolution of the intermediate potential
V() as a function of the scalar field ¢. It can be seen that
V(@) grows with respect to ¢.

5000 f

4000

S 3000+
S

2000

T

1000 f

0 20 40 60 80
0]

Fig. 1. Evolution of potential V(@) versus scalar field @ for €
=02,m=02,K=1,1=02,C=02;4=0.2.

100

Furthermore, the slow-roll parameters are defined as
follows:
H
£=—m (19)
H
n=—ne (20)

Note that inflation is achieved when € < 1, 1 < 1 and ends
when the slow-roll parameters reach unity [29].

Equations (17), (21), and (22) give (21), (22), and (23)
respectively:

(1+ev(¢)) (€2V'2(p) — (1 + eV(p)V"(¢))

V(@) @1

VOLUME 06, ISSUE 01, 2026 109

_ 263V () (a+ev () +e3V (9)-V" ($)(1+eV ($))?
B 2V (¢)-€2V'2(¢))
and the e-fold number is,

N =[7Hdt 23)
L
Where ¢y and t; are respectively the end and the beginning of

the inflation.
Equation (23) can be put in the form of (24).

(22)

o33 H
N=~[/  =d P (24)
Using (17), (24) becomes (25).
N=— 2 LD g4 (25)

Phe 1+eV(¢)
Where ¢y and ¢y are respectively the values of ¢ when the
universe scale observed today crosses the Hubble horizon
during inflation, and when the universe exits the inflationary
phase.
Using (18) in (25) gives (26).

A-m+1 A-m+1
mo _ m
mC(l+1 m)( ) ¢f ¢hc ]

Using the same potential (18), (21), and (22), give rise to (27)
and (28) respectively.

A-m+1

N=- 26)

A+1
~ At1 _ —A-1+2m
e = | |MemDte ’:Am(z 2D = m ]exp(Z¢P) (27)
A+1 A-2
. ZEK[—2m+A+1+%(%)L e exp(Zd)P) +
= A+1 A-2
Ke(zm—+/1+1 = <c) ia ¢ 12&1) €15 (c) m eXp(Z¢P)
A+1 A-2m+1
[(€3M 1) m) < 2m+l+1¢ 1, < ) ;114) 7;n+ )]exp(zzd’P)
o (28)
keIt M( 1 272"“) A e (29P)
With,
Y .=
Z= e @ )
A-m+1
P== o

In terms of the slow-roll parameters, the observable quantities
measured in the CMB are given by [30].

ng=1—4e+n 3D
r=16¢ 32)
Assuming ¢p. > ¢f, the horizon crossing value ¢p. was
obtained from (26). The result was substituted into (31) and
(32) to analyze the evolution of the scalar spectral index ng
and the tensor-to-scalar ratio r versus the number of e-folds
parameter.

In the following, a numerical analysis is performed within
the proposed framework, as illustrated in Fig. 2, which
presents the variation of the tensor-to-scalar ratio r with the
scalar spectral index ng in the intermediate inflation scenario
for three values of the parameter (m = 0.3, 0.5, 1). The shaded
regions represent the observational constraints from Planck
and BICEP, where the inner (green) contour corresponds to
the 68% confidence level (CL) and the outer (black) contour
corresponds to the 95% CL. The remaining parameters are
fixed to €=20,A=0.5 1=09, k=2,and C = 2. The
smaller values of m tend to bring the model predictions closer
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to the observationally favored region.
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Fig. 2. Tensor-to-Scalar Ratio r versus the Scalar Spectral
Index in the Intermediate scenario, shown for three values of
the parameter m (m = 0.3,0.5,1).

IV. NATURAL INFLATION WITH JOHN AND GEORGE MODELS

The natural inflation scenario is examined within the John—
George framework. The same methodological approach as in
the preceding sections is adopted. The natural inflation
potential is taken in the form defined in (33) [22].

V(gp) = u* <1 + cos (%))

In standard natural inflation, the decay constant f must be
super-Planckian (f > M,) to satisfy observational constraints.
In contrast, in our model with nonminimal derivative
coupling, viable inflation can be achieved even for sub-
Planckian values of f. This demonstrates that the derivative
coupling alleviates the fine-tuning problem present in standard
natural inflation.

Using (33), (21), (22), and (25), give (34), (35), and (36),
respectively.

__ I 4 ¢
H%Sm(%) (1 +eu <1 + cos (f))) X
2,81 . 2(®) , #*
[E u 7z sin (f) + 72 cos <1 + eu (1 + cos ))]

(33)

E =

(34)
)= 262(—u4fi2cos %)><1+Eu <1+cos f)>>+53( _Sm )
52<—u4fi2cos(¢) €2 3i51n2(%)>
< f—3$m( ))(1+EM_ <1+c05 %)>)2
(ool () o
¢
N = %ln (%jg:;) (35)

A numerical analysis of the tensor-to-scalar ratio r vs Scalar
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Spectral Index ng is performed for the natural inflation
scenario, with the slow-roll € taken into account in the
following.

Fig. 3 shows the plot of the Tensor-to-Scalar ratio, r versus
Scalar Spectral Index n; in the Natural Inflation scenario with
nonminimal derivative coupling, for three values of the decay
constant f (f = 0.5,1,5). The shaded gray regions indicate
the observational constraints from Planck and BICEP, with the
darker region corresponding to the 68% confidence level (CL)
and the lighter region to the 95% CL. The other parameters are
fixed to €= 0.1, p = 0.1,k = 0.5, and C = 1.5. The results
indicate that increasing f shifts the predictions toward lower
values of r, improving agreement with observational data.

0.08

95% CL
I 65°% CL
—(20.5
0.06 o1 1
—
- 0.04 ]

0.02
0 A I L
0.92 0.94 0.96 0.98 1
n

S
Fig. 3. Tensor-to-Scalar Ratio r versus Scalar Spectral Index
in the Natural Inflation scenario with nonminimal derivative
coupling, for three values of the decay constant f (f =
0.5,1,5).

V. OBSERVATIONAL CONSTRAINTS AND DISCUSSION

A systematic analysis of the parameter space for both
potentials was performed. For intermediate inflation, values of
m~0.5-1 are compatible with Planck observational
constraints, while extreme values of the parameters are
excluded by observational constraints. For natural inflation
with nonminimal derivative coupling, values of the decay
constant f that allow for viable inflation even in sub-Planckian
regimes were identified, in contrast with standard natural
inflation, which requires f > M. The derivative coupling acts
as an additional friction on the scalar field, slowing its
evolution and reducing the tensor-to-scalar ratio r, making
inflation possible for f < M. This analysis clearly delineates
viable and excluded parameter regions while providing a
comparison with the standard model.

The behavior of the tensor-to-scalar ratio r as a function of
the scalar spectral index ng in the framework of intermediate
inflation and natural inflation within the nonminimal
derivative coupling scenario has been illustrated in Fig. 1 and
2, with the shaded regions corresponding to the observational
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constraints at 68% and 95% confidence levels derived from
the latest Planck data, respectively.

According to the most recent observational results [31], the
scalar spectral index and the tensor-to-scalar ratio are
constrained to:
ns = 0.9649 + 0.0042,r < 0.056 37

From Fig. 1, which corresponds to the intermediate
inflation case, the trajectories in the (ng, r) plane for different
values of the parameter m is presented. It is observed that the
case m = 0.3 predicts values of n; very close to unity, lying
outside the observationally preferred region. Therefore, this
value of the parameter appears to be disfavored by the Planck
constraints.

For the case m = 0.5, the predicted trajectory crosses the
observational confidence regions and intersects the 95%
confidence contour. This indicates that the model becomes
compatible with the observational data for this intermediate
value of the parameter.

On the other hand, for m = 1, the theoretical predictions
shift toward smaller values of the tensor-to-scalar ratio, while
maintaining values of ng close to the central observational
value. In this case, the predicted points fall well inside the
observationally allowed region, showing a better agreement
with the Planck constraints.

Similarly, Fig. 2 shows the predictions of the model in the
context of natural inflation for different values of the
parameter f. The curve corresponding to f = 0.5 passes
through the allowed observational region and predicts values
of ng and r that are consistent with the Planck constraints.

However, for f = 1, the predicted spectral index becomes
significantly smaller than the observationally favored value
(ns < 0.95), placing this case outside the confidence regions
and thus making it incompatible with the observational data.

For larger values of the parameter, such as f =5, the
trajectory approaches the boundary of the observational region
and lies close to the 95% confidence contour. This indicates
that such values may still be marginally consistent with the
observational constraints.

For N =60 e-folds, the model predicts, (38), for
intermediate inflation, and (39) for natural inflation, with both
values lying within the observational bounds reported by
Planck.
ng = 0.96397,r = 0.0019
ng = 0.961176,r = 0.00651 39)

From a physical perspective, the presence of the
nonminimal derivative coupling significantly modifies the
dynamics of the inflation field. In particular, the derivative
coupling enhances the effective gravitational friction acting on
the scalar field. As a result, the inflation rolls more slowly
along the potential, which suppresses the amplitude of
primordial tensor perturbations and consequently reduces the
tensor-to-scalar ratio, 7.

Therefore, the results obtained from Figs. 1 and 2 indicate
that the John—George model with nonminimal derivative

(38)
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coupling can successfully reproduce the observational
constraints for specific ranges of the parameters m and f. In
particular, intermediate values such as m ~ 0.5 —1 and f ~
0.5 provide the best agreement with the observational data,
while other values are disfavored. These results suggest that
the considered model provides a viable inflationary scenario
consistent with current cosmological observations.

VI. COSMOLOGICAL PERTURBATIONS

Cosmological perturbations of the nonminimal derivative
coupling model, commonly referred to as the John—George
framework, are considered. Both scalar and tensor fluctuations
within the inflationary regime of the model are analyzed. The
inflationary parameters arising from perturbations are derived
in this context. The same methodological approach as in [28]
is employed.

The space-time is decomposed into background and
perturbation sectors. The background is described by an
isotropic Friedmann—Lemaitre—Robertson—Walker (FLRW)
metric, while the perturbation sector encodes the anisotropies
observed in the CMB. For a consistent treatment of
cosmological perturbations in the John—George framework,
the action for the curvature perturbation is derived following
[32].

S® = [ dt d®xa?Q, [R? - S (VR (40)
Where Qg is the kinetic coefficient of scalar perturbations,
determined by the derivatives of the field ¢ and the coupling
terms, c? is the speed of sound squared for scalar
perturbations, a is the scale factor and R is the scalar curvature
perturbation. The following expressions, (41) and (42), were
obtained.

vk ¢*

M3 2
o ="La+eve)|E it (1)
2 _ 1
s — 4,2—
1+y1cM—%](1+eV(¢v))

The differential equation governing R moving to Fourier
space, with the equation of motion for R, (comoving
perturbation mode) is given by (43), where k is the
wavenumber.

jék+(3H+g—z)7ék +

c (42)

cZk

a2

2
szo

(43)

With the corrected expressions for Qg and cZ, the power
spectrum of the comoving curvature perturbations R in this
model can now be determined. The Power spectrum for R is
defined by (44).

1 H?
Pr(k) = — o (44)
which takes the following form of (45).

H? 1 ¢?
Pr(k) = . —[1+yk—>5(1+

4 ZMz ¢,2 K ¢4 MZ

M (1+ev () F*ZZM,Z, P

eV (pNI? (45)

If € = 0 (lack of potential coupling), the spectrum returns to
a classical dependence modified only by y. If y — 0, (absence
of Einstein tensor coupling), the spectrum is dominated by
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eV(¢). These two parameters, € and y, control deviations
from the standard canonical model.

The spectral index ng characterizes the power spectrum
dependence of the comoving curvature perturbations Pg (k) as
a function of the comoving wavenumber k. It is defined by
(40).

dInP.
ng—1=="-2

~ dink (46)

Comoving wavenumber k is related to the moment of the
cosmological horizon aH, with k = aH . Consequently:

E=H(1-e) (47)
n, takes the following form of (48).

o .
ng—1=—2ey — H—és HC—ZS (48)

By substituting the expressions of (41) and (42), the spectral
index becomes:

. . 52
%[26+2—2(1+4y;c)] 3y %
ng—1=-2¢— PO + 7
(1+ev(9)) F*—ZIZM%] <1+yxM—%(1+e (¢))>

(49)
Where ¢ is given by (21).
The power spectrum of the tensor modes is given by (50).

Pr(k) = 22 (50)

w2 M3
p
The ratio 7y is defined as the ratio of the spectrum of tensor

modes to the spectrum of scalar modes:

_ Pr(®)
ST Pr(k) D

Equation (52) was obtained using the previous expressions for
P (k) and Py (k).

322 322
n=8-(1+ yki—%(l + V(@) (L+ V() |5+

yr ¢*
2 2
HZ M3

(52)

From (17), the expression for ¢ is obtained. Consequently,
(41), (42), (49), and (52) lead to (53), (54), (55), (56), and (57)
respectively.

_ M (1+ev($)? | yrH2(1+ev()*
Qs - 2 (1 + EV(d))) EZVIZ((I)) (:_4‘/74((1))1\/,’27 (53)
2 1
CS - L4y EZ(V’(d)))Z (54)
MEH2(1+€V($))
2V’ (¢))? 3/2
2 [“y”M%,HZ(1+eV(¢))2(1+EV(¢))]
Prll0) = 2z 2W'@)? _yr ety (@)t (55)
P (1+eV () }
HZ(1+eV(9)?  HZMFH*(1+ev(¢))*
V'@ [, Ev@en?
no—1=—26— H2(1+EV(¢»))[26'H4(1+EV(¢))2\1+4]/K)] +
s (L4ev(g))| - @2 yeet(v (@)t
HA(1+eV(¢))2 ' H?* M3
2! (o)?
YK T e (11 v (G
MZH4(1+€V(¢))
2 p! 2 (56)
e“(V(¢)
<1+‘ykm(l+€v(¢))>
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A. Stability Conditions

The amplitude of the scalar power spectrum is normalized
using the observational value measured at the pivot scale k, =
0.05Mpc™1,

Pr(k,) = 21x107° (58)
This normalization provides an additional constraint on the
parameters of the model and allows a direct comparison with
cosmological observations.

For the physical viability of the inflationary solutions, the
scalar perturbations must satisfy the stability condition given
by (59).

Qs >0,c2>0 (59)
The positivity of Qg guarantees the absence of ghost
instabilities, while ¢Z > 0 ensures that scalar perturbations
propagate without gradient instabilities.

Using (53), the kinetic coefficient can be written as

2 2 2 4
0 =1+ eV (9)) |Gt + KECAUON]  (60)
Since My >0 and (1+ €V (¢)) > 0 during inflation, the
coefficient Qg remains positive provided that the coupling
parameters remain in the physical range considered in our
numerical analysis.
Similarly, (61) was obtained from (54).

1

¢

(61)

- e2 (v (¢))?
M HZ(1+€V(9))
The evolution of the kinetic coefficient Qgand the squared
sound speed cZis presented for both the intermediate inflation
potential (Figs. 4 and 5) and the natural inflation potential
(Figs. 5 and 6). The results show that the stability conditions
Qs > Oand c? > Oare satisfied throughout the inflationary

epoch within the nonminimal derivative coupling framework.

1+yK

14 T T

1071

1

2 3 4

Fig. 4. Evolution of the kinetic coefficient Q, for the
intermediate potential.
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Fig. 5. Evolution of the squared sound speed c2 for the
intermediate potential.

Fig. 6. Evolution of the kinetic coefficient Q, for the Natural
potential.
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Fig. 7. Evolution of the squared sound speed c2 for the
Natural potential.
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Therefore c2 remains positive as long as the denominator is
positive, which is satisfied for moderate values of the
derivative coupling parameter y. In the parameter region
explored in this work, both stability conditions Q; > 0 and
c? > 0 are satisfied during the entire inflationary evolution.

For both inflationary scenarios, the stability of scalar
perturbations is governed by the behavior of the kinetic
coefficient Q; and the scalar sound speed squared cZ. The
absence of ghost and gradient instabilities requires Q; > and
c? > 0, respectively.

In the case of intermediate inflation shown in Fig. 4 and Fig.
5, the kinetic coefficient Q; remains strictly positive
throughout the evolution, ensuring a ghost-free configuration.
At the same time, the scalar sound speed squared, c? is
positive but rapidly decreases from values close to unity to
very small values during inflation. This behavior indicates that
scalar perturbations propagate with a reduced effective sound
speed.

From a physical perspective, the condition 0 < c? <1
guarantees the stability of the system, while the regime ¢ «
1 has important observational consequences. In particular, a
low sound speed enhances nonlinear interactions of scalar
perturbations, which can lead to a significant level of
primordial non-Gaussianities. This suggests that the
intermediate inflation scenario within the nonminimal
derivative coupling framework may produce observable
deviations from Gaussian statistics in the primordial
fluctuations.

For the natural inflation scenario, displayed in Fig. 5 and
Fig. 6, the kinetic coefficient Q; also remains positive,
confirming the absence of ghost instabilities. The scalar sound
speed squared, c? decreases smoothly during the evolution but
remains of order unity over a large range of the scalar field.
This indicates that scalar perturbations propagate close to the
speed of light.

Consequently, the natural inflation model predicts a
standard behavior of perturbations, with suppressed nonlinear
effects and negligible non-Gaussianity, consistent with current
observational bounds.

Overall, both models are stable at the perturbative level, but
they differ significantly in their phenomenology: intermediate
inflation is characterized by a reduced sound speed and
potentially enhanced non-Gaussian signatures, whereas
natural inflation remains closer to the canonical slow-roll
regime.

VII. CONCLUSION

In this study, the scenarios of intermediate inflation and
natural inflation are investigated within the framework of a
nonminimal derivative coupling model, known as the John—
George model. These inflationary scenarios have been
extensively studied due to their ability to alleviate the well-
known n-problem encountered in many inflationary models.
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First, the inflationary potential associated with intermediate
inflation is reconstructed by adopting standard conditions
commonly used in the literature. Under the slow-roll
approximation, the primary inflationary observables, namely
the tensor-to-scalar ratio rand the scalar spectral index ng, are
derived. A similar analysis is performed for the natural
inflation potential, leading to the corresponding inflationary
parameters.

For a typical number of e-folds N = 60, the resulting values
of the inflationary observables are found to be consistent with
current cosmological observations. These results indicate that
both intermediate and natural inflation can be consistently
realized within the John—George framework.

A key feature of this model is the presence of a derivative
coupling between the scalar field and the curvature. This
coupling enhances the effective gravitational friction acting on
the scalar field, thereby slowing the evolution of the inflaton
and allowing inflation to proceed even for relatively steep
potentials.

Another important consequence of the derivative coupling
is the suppression of the tensor-to-scalar ratio r. The enhanced
friction reduces the amplitude of primordial gravitational
waves, leading to improved agreement between theoretical
predictions and observational constraints.

To further support these findings, the perturbative behavior
of the inflationary parameters relevant to the model is also
examined. The perturbation analysis is carried out in a general
form, with the resulting expressions written as functions of the
potential V(¢). A more detailed investigation of the
perturbative sector is left for future work.

Overall, the results indicate that both intermediate inflation
and natural inflation are viable within the John—George
framework. However, the derivative coupling tends to favor
regions of parameter space that are consistent with current
observational bounds.
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