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Abstract

We present a refined single-field inflationary model based on a deformed exponential potential of
the form V(ϕ) = V0 exp(−λϕn), where the parameter n introduces a controlled deviation from
the standard exponential behavior. This deformation provides additional flexibility in shaping the
inflationary dynamics, improving its compatibility with current observational constraints. To assess
the viability of the model, we construct a loss function that incorporates the latest Planck 2018 bounds
on the scalar spectral index ns, the tensor-to-scalar ratio r, and the scalar amplitude As. We then apply
a Differential Evolution (DE) optimization algorithm to identify the optimal parameter configuration.
The best-fit values are found to be n = 1.5001, λ = 0.007820, and N ≈ 53.64, yielding ns ≈ 0.9736,
r ≈ 0.0551, and As = 2.1× 10−9, all of which are in excellent agreement with current observations. The
model’s behavior and predictions are further analyzed through a comprehensive set of visualizations,
including heatmaps and 3D surface plots illustrating the sensitivity of inflationary observables to
the parameters (n, λ); the shape of the potential V(ϕ); the evolution of slow-roll parameters ϵ(ϕ)

and η(ϕ); the scalar field trajectory ϕ(N); inflationary predictions in the (ns, r) plane compared to
Planck confidence contours; and the landscape of the loss function over the parameter space. What
distinguishes this model is its combination of mathematical simplicity and physical flexibility: the
deformation parameter n allows for a continuous interpolation between different inflationary regimes,
providing a natural fit to modern cosmological data.

Keywords: cosmic inflation; exponential potential; deformed inflationary models; slow-roll approx-
imation; spectral index; tensor-to-scalar ratio; Planck 2018; primordial power spectrum; numerical
optimization; early universe

1. Introduction
Cosmic inflation is widely regarded as one of the most transformative concepts in modern

cosmology, offering fundamental solutions to several key shortcomings of the standard Big Bang
paradigm, such as the horizon problem, the flatness problem, and the overproduction of magnetic
monopoles[1–4].

Among the wide variety of inflationary models proposed in the literature, the exponential poten-
tial stands out due to its mathematical simplicity and deep theoretical connections—particularly within
the frameworks of higher-dimensional theories, such as Kaluza–Klein models and supergravity [7,8,16].
However, the standard exponential model suffers from a critical shortcoming: it typically predicts a
nearly scale-invariant spectral tilt and a relatively large tensor-to-scalar ratio r, placing it in significant
tension with recent observational constraints, especially those reported by the Planck satellite [13,14].

To overcome these limitations, numerous alternative models have been proposed and tested
against observational data. The Starobinsky model, derived from R2 gravity, is one of the most
prominent examples, predicting a low tensor amplitude and an excellent fit to CMB observations [24].
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Similarly, the α-attractor models—grounded in superconformal symmetry—yield nearly universal
predictions for ns and r, largely independent of the specific form of the potential [37]. Other studies
have proposed logarithmic corrections [38,39] or generalized exponential forms [11,19] designed to
flatten the potential at large field values and thereby suppress the tensor-to-scalar ratio.

Although these generalized models improve compatibility with Planck and BICEP/Keck observa-
tions [40], many of them introduce multiple tunable parameters or rely on highly specific theoretical
constructions. Motivated by the need for simplicity and flexibility, we propose in this work a phe-
nomenologically motivated, single-parameter deformation of the exponential potential that retains
analytical tractability while enabling a smooth transition from steep to plateau-like inflationary behavior.

The proposed potential is defined as:

V(ϕ) = V0 exp(−λϕn),

where n is a deformation parameter that modulates the steepness and curvature of the potential. For
n = 1, the model reduces to the standard exponential form. Larger values of n progressively flatten the
potential, producing a plateau-like shape at large field excursions. This formulation provides enhanced
flexibility for achieving compatibility with current observational bounds [18,19].

To evaluate the observational viability of the model, we adopt a two-step numerical methodology.
First, we utilize the Differential Evolution algorithm to perform a global search over the parameter
space (n, λ, N), minimizing a custom loss function that penalizes deviations from the Planck 2018
best-fit values of the scalar spectral index ns, the tensor-to-scalar ratio r, and the scalar amplitude
As [13]. This optimization procedure yields the best-fit values:

n = 1.5001, λ = 0.007820, N = 53.64,

which correspond to the observables:

ns = 0.9736, r = 0.0551, As = 2.1 × 10−9.

Once these optimal parameter sets are identified, we proceed to a theoretical consistency check
by solving the background dynamics using a fourth-order Runge–Kutta method under the slow-roll
approximation. This analysis provides insight into the inflationary trajectory of the field and the
evolution of key quantities such as the slow-roll parameters ϵ, η, and the number of e-folds N, thereby
ensuring that the model remains theoretically consistent for the observationally favored values.

Unlike many existing generalizations of the exponential potential, which often require multiple
free parameters or rely on specific high-energy completions, our model introduces only a single
deformation parameter while preserving analytical tractability [19]. This simplicity allows for a
unified and testable framework that can interpolate between steep and plateau-like inflationary
dynamics. Furthermore, the combined use of numerical optimization and dynamical consistency
checks strengthens the model’s empirical relevance and theoretical robustness. Our approach, therefore,
provides a minimal yet effective extension of exponential inflation that addresses observational tensions
without sacrificing mathematical elegance. In contrast to previous works such as Rabia & Kinney [18]
or Galvez & Starobinsky [19], which either employed multi-parameter extensions or assumed specific
ultraviolet (UV) completions, the present model introduces a single deformation parameter n that
smoothly interpolates between steep and plateau-like inflationary regimes. This minimalist design
preserves analytical tractability while enhancing the model’s flexibility to fit CMB observations.

Moreover, our methodology combines two layers of validation rarely treated together in ear-
lier literature: (i) global numerical optimization via the Differential Evolution (DE) algorithm to fit
Planck 2018 constraints, and (ii) dynamical consistency checks using Runge–Kutta integration of the
background equations. This hybrid pipeline enables precise matching with data without invoking
exotic field content, non-minimal couplings, or higher-order corrections. The result is a theoretically
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elegant and observationally viable inflationary framework that stands out by virtue of its simplicity,
robustness, and predictive power.

This paper is structured as follows. In Section 2 , we introduce the theoretical framework under-
lying the deformed exponential potential. We begin with the standard exponential model and then
present the modified potential V(ϕ) = V0 exp(−λϕn), discussing its advantages and possible physical
motivations. We also derive the key inflationary observables, including the slow-roll parameters, the
field value at horizon exit ϕ∗, the end of inflation, and the number of e-folds. Section 3 details the nu-
merical methodology employed, including the observational validation using a differential evolution
algorithm and the theoretical consistency check via fourth-order Runge–Kutta integration. In Section 4
, we present and analyze the main numerical results obtained from the optimization procedure and
assess their agreement with current observational constraints. Finally, Section 5 summarizes the main
findings and outlines prospects for future work.

2. Theoretical Framework
2.1. The Standard Exponential Potential

The standard exponential potential is given by:

V(ϕ) = V0 exp(−λϕ), (1)

and has been extensively studied for its analytical simplicity and connections to higher-dimensional
theories such as string theory and supergravity [5,7,16]. However, due to its rigid form with a single
parameter λ, this model typically predicts a nearly scale-invariant spectral index accompanied by a
relatively large tensor-to-scalar ratio r, which reduces its compatibility with the latest observational
data, particularly from Planck and BICEP/Keck [13,14].

2.2. The Modified Exponential Potential

To improve the observational viability of exponential-type inflationary models, we adopt a
generalized form of the potential:

V(ϕ) = V0 exp(−λϕn), (2)

where n > 0 is a deformation parameter. For n = 1, the model reduces to the standard exponential
form, while n < 1 produces a plateau-like potential and n > 1 steepens the potential at large field
values. This class of models has been studied in various recent research articles [17–20] .

2.3. Physical Origin of the Potential V(ϕ) = V0 exp(−λϕn)

The chosen potential is not an ad hoc phenomenological form, but rather arises naturally in the
following theoretical frameworks:

Supergravity (SUGRA) Origin

In supergravity models, particularly in string-theoretic compactifications to four dimensions, the
scalar field ϕ often corresponds to a modulus controlling the geometry of extra dimensions. After
Weyl rescaling to the Einstein frame, the effective scalar potential frequently takes an exponential form
derived from specific Kähler and superpotential choices. Models based on no-scale supergravity or
those embedding Starobinsky-type inflation via F-term or D-term contributions naturally produce
such exponential structures, where the parameters λ and n reflect geometric and dynamical properties
of the compactified theory [29,30].

Quantum Loop Corrections

In addition, one-loop quantum corrections can modify flat directions in the scalar potential, giving
rise to potentials with exponential tails. In the context of loop-corrected string compactifications or
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blow-up inflation scenarios, such quantum effects can generate asymptotically exponential forms with
field-dependent exponents, effectively producing potentials of the type V(ϕ) = V0 exp(−λϕn) [33].

2.4. Slow-Roll Parameters

The slow-roll parameters for this potential are:

ϵV =
1
2

(
V′

V

)2

=
1
2

λ2n2ϕ2n−2, (3)

ηV =
V′′

V
= λ2n2ϕ2n−2 − λn(n − 1)ϕn−2. (4)

Inflation occurs when ϵV ≪ 1 and |ηV | ≪ 1.

2.5. Inflationary Observables in Terms of ϕ∗

To evaluate observable predictions, it is essential to express the inflationary quantities in terms of
ϕ∗, the field value at horizon crossing. This yields:

ns = 1 − 6ϵV + 2ηV = 1 − 5λ2n2ϕ2n−2
∗ + 2λn(n − 1)ϕn−2

∗ , (5)

r = 16ϵV = 8λ2n2ϕ2n−2
∗ . (6)

These expressions allow direct comparison with Planck and BICEP/Keck data.

2.6. End of Inflation and Number of E-Folds

The end of inflation is defined by ϵV(ϕend) = 1, which leads to the condition

1
2

λ2n2ϕ2n−2
end = 1 ⇒ ϕend =

(√
2

λn

)1/(n−1)

(n ̸= 1). (7)

Note that the case n = 1 is special because in this case, ϵV = 1
2 λ2 is constant — as discussed below.

The number of e-folds between ϕ∗ and ϕend is given by

N(ϕ∗) =
∫ ϕ∗

ϕend

V
V′ dϕ =

1
λn

∫ ϕ∗

ϕend

ϕ 1−ndϕ, (8)

which yields the following expressions (for ϕ∗ > ϕend, ensuring N > 0):

• For n ̸= 2:

N(ϕ∗) =
ϕ 2−n
∗ − ϕ 2−n

end
λn(2 − n)

. (9)

• For n = 2:

N(ϕ∗) =
1

2λ
ln
(

ϕ∗
ϕend

)
. (10)

Closed-form Special Cases: n = 1 and n = 2
Case n = 1.

For n = 1, the potential is V(ϕ) = V0e−λϕ, which leads to the following relations:

V′

V
= −λ, ϵV =

1
2

λ2, ηV = λ2.

The observables in this case are:
ns = 1 − λ2, r = 8λ2.
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The number of e-folds is given by

N =
∫ ϕ∗

ϕend

V
V′ dϕ =

ϕend − ϕ∗
λ

,

which yields
ϕ∗(N) = ϕend − λN.

Remark. For small values of λ, the pure exponential potential leads to a constant ϵV ≪ 1, and the end
of inflation is not dynamically triggered (unless additional mechanisms are introduced). Therefore, the
n = 1 case must be treated with care: either by assuming a nontrivial exit mechanism or restricting to
values of λ for which 1

2 λ2 ≥ 1.

Case n = 2.

For n = 2, we have the potential form

V′

V
= −2λϕ, ϵV(ϕ) = 2λ2ϕ2, ηV(ϕ) = 4λ2ϕ2 − 2λ.

The end of inflation occurs when ϵV(ϕend) = 1, yielding

ϕend =
1√
2 λ

.

Using equation (10), we obtain

ϕ∗(N) = ϕend e−2λN =
1√
2 λ

e−2λN .

Evaluating the observables at ϕ∗(N) gives compact, N-dependent expressions useful for comparison
with CMB data:

ϵV(ϕ∗) = e−4λN , r(N) = 16 e−4λN ,

ηV(ϕ∗) = 2e−4λN − 2λ, ns(N) = 1 − 6e−4λN + 2
(

2e−4λN − 2λ
)
= 1 − 2e−4λN − 4λ.

These closed-form expressions for n = 1 and n = 2 offer convenient checks for numerical calculations
and facilitate rapid parameter scans. For general n, one proceeds by numerically solving (9) (or inverting
it) to obtain ϕ∗(N), and then computing (5)–(6) for direct comparison with CMB data.

3. Numerical Strategy
As outlined in the introduction, this section describes a two-step numerical strategy aimed at

assessing both the observational compatibility and theoretical consistency of the inflationary model
based on the generalized exponential potential. The first phase involves constraining the model
parameters using observational data, while the second phase focuses on solving the background
dynamics to explore the internal behavior of the inflaton field.

3.1. Observational Validation Using the Differential Evolution Algorithm

To explore the parameter space defined by (n, λ, N), we employ the Differential Evolution (DE)
algorithm [23], a robust, population-based optimization technique well-suited for non-linear and
non-differentiable problems commonly encountered in inflationary cosmology.

This approach allows for a global search over the parameter space, mitigating the risk of conver-
gence to local minima—a common limitation in traditional gradient-based methods. For each set of
parameters, the scalar field value at horizon crossing ϕ∗ is computed analytically from N, and used to
derive the inflationary observables: the scalar spectral index ns, the tensor-to-scalar ratio r, and the
amplitude of scalar perturbations As.
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A custom loss function is then constructed to quantify the discrepancy between theoretical
predictions and observational targets, defined as:

L(n, λ, N) =

(
nth

s − nobs
s

σns

)2

+

(
rth − robs

σr

)2

+

(
Ath

s − Aobs
s

σAs

)2

.

The Planck 2018 best-fit values [13] are adopted: ns = 0.965 ± 0.004, r < 0.06, and As = 2.1 × 10−9.
The normalization constant V0 is adjusted to ensure that the predicted scalar amplitude matches the
observed value of As, and the corresponding range of parameter values is derived by minimizing
L(n, λ, N).

3.2. Theoretical Validation Using the Fourth-Order Runge–Kutta Method

Once the best-fit parameters are obtained, we proceed to analyze the dynamical evolution of the
model during inflation using the fourth-order Runge–Kutta (RK4) algorithm [10], under the slow-roll
approximation.

This method provides a high-precision numerical solution to the background field equations,
making it ideal for inflationary studies where long-term evolution and numerical stability are crucial.
The central differential equation governing the evolution of the scalar field is:

dϕ

dN
= −V′(ϕ)

V(ϕ)
,

integrated starting from ϕ∗ ≈ 100 at N ≈ 53.6, corresponding to horizon exit, until the first slow-roll
parameter reaches unity:

ϵ(ϕ) =
1
2

(
V′(ϕ)

V(ϕ)

)2

= 1.

This phase of the analysis verifies the following:

• The validity of the slow-roll approximation throughout most of the inflationary phase,
• The presence of a sufficiently flat plateau in V(ϕ) to sustain inflation,
• A smooth and monotonic evolution of the scalar field ϕ(N),
• A natural end to inflation without requiring additional external mechanisms.

By combining observational optimization with dynamical consistency checks, this two-pronged
strategy offers a complete and robust evaluation of the model’s performance against current cosmolog-
ical constraints.

4. Results: Observational Validation via Differential Evolution Fit
To ensure the observational viability of the proposed potential

V(ϕ) = V0 exp(−λϕn), (11)

we perform a parameter estimation using the Differential Evolution (DE) optimization algorithm. DE
is a global optimization technique well-suited for nonlinear and non-differentiable functions, relying
on population-based stochastic sampling to minimize a defined cost function [23]. This method is
particularly advantageous in the context of cosmological models, where the parameter space is high-
dimensional and the objective function may contain multiple local minima. By avoiding the reliance
on gradient information, DE enables an exhaustive search of the parameter space, ensuring robust
results without the risk of getting stuck in suboptimal solutions. In our case, the cost function was
constructed to penalize deviations from the latest Planck 2018 constraints on the scalar spectral index
ns = 0.9649 ± 0.0042, the tensor-to-scalar ratio r < 0.056, and the amplitude of scalar perturbations
As ≈ 2.1 × 10−9 [13].
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The algorithm searches over the parameter space (n, λ, N), where N is the number of e-folds
before the end of inflation, and computes the optimal field value ϕ∗ corresponding to horizon crossing.
Using these parameters, other inflationary observables ns, r, and As are derived analytically. The
scalar potential normalization V0 is then inferred by ensuring that the predicted amplitude of scalar
perturbations As matches the observed value, as per the Planck 2018 data.

The best-fit parameters obtained were:

n = 1.5001, λ = 0.007820, N = 53.64,

ϕ∗ = 100.0000, V0 = 8.545 × 10−6, As = 2.10 × 10−9,

ns = 0.97364, r = 0.05507.

These results confirm the compatibility of our model with current cosmological observations. The
inferred values of ns and As lie well within the 1σ range reported by Planck 2018, while the predicted
value of r remains just below the observational upper bound (r < 0.056), indicating that our model
is in precise alignment with the latest CMB data. The small difference between the predicted and
observed values for ns further supports the model’s accuracy.

Figure 1 displays the predictions of the modified exponential potential in the (ns, r) plane, su-
perimposed on the latest cosmological constraints from Planck 2018, BK14, and BAO datasets. The
colored regions represent the 68% and 95% confidence contours derived from combinations of these
experiments, while the black curve corresponds to the theoretical trajectory of the model as the field
evolves.

Figure 1. Comparison of the theoretical model with Planck, BK14, and BAO constraints in the (ns, r) plane.

This graph clearly shows that the theoretical predictions lie comfortably within the 68% confidence
contours, particularly those obtained from the joint Planck + BK14 and Planck + BAO analyses. The
intersection of the theoretical curve with the central region of the Planck+BK14 ellipse provides
strong evidence for the model’s ability to produce a spectral index around ns ≈ 0.965 and a low
tensor-to-scalar ratio r ≲ 0.056, consistent with the current observational limits.

Furthermore, the downward slope of the theoretical curve—showing decreasing r with increasing
ns—reflects a natural interpolation toward plateau-like behavior. This contrasts with many simple
monomial models, which typically predict higher values of r for similar ns. The flexibility introduced
by the deformation parameter n allows the model to evade such tension, offering a more adaptable
framework for inflationary dynamics. This feature is particularly important for providing a better fit
to current observational limits.

These results demonstrate that the modified exponential potential not only maintains analytical
tractability but also exhibits remarkable agreement with observational data, elevating its status as a
realistic and predictive inflationary scenario.
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4.1. Theoretical Validation

Beyond fitting the model to observational constraints, we perform a detailed theoretical validation
to examine the internal consistency and dynamical viability of the inflationary scenario governed by
the generalized exponential potential:

V(ϕ) = V0 exp(−λϕn).

Using the best-fit parameters obtained from the observational data, we numerically solve the back-
ground field equations under the slow-roll approximation. The evolution equation

dϕ

dN
= −V′(ϕ)

V(ϕ)

is integrated using the fourth-order Runge–Kutta (RK4) method, starting from the horizon crossing
value ϕ∗ = 100.0000, and proceeding until the first slow-roll parameter ϵ(ϕ) reaches unity, marking
the end of inflation.

The numerical results provide strong evidence for the model’s theoretical consistency. As shown
in Figure 2, the scalar field ϕ(N) evolves smoothly and monotonically with the number of e-folds,
reaching ϕ∗ ≈ 100 at N ≈ 53.6. Figure 3 shows that the slow-roll parameter ϵ(N) remains small
(i.e., ϵ ≪ 1) during most of the inflationary phase, and increases gradually until it reaches unity near
N ≈ 53.6, signaling a graceful exit from inflation.

The potential V(ϕ), displayed in Figure 4, features a flat plateau at large field values, suitable for
sustaining slow-roll inflation. Figure 5 confirms the consistency of the inflationary regime, showing
that ϵ(ϕ) remains small throughout the field evolution and increases steadily, reaching unity near
ϕ ≈ 100.

Crucially, the total number of e-folds produced—approximately N ≈ 53.64—satisfies the min-
imum threshold required to solve the flatness and horizon problems of standard cosmology. These
results demonstrate that the inflationary dynamics driven by the generalized exponential potential
are not only observationally viable, but also dynamically and theoretically well-behaved, fulfilling all
conditions for a physically realistic inflationary model.

0 20 40 60 80 100
N

100

102

104

106

108

110

112

(N
)

Evolution of Scalar Field (N)

Figure 2. The scalar field ϕ(N) evolves smoothly with N, reaching ϕ∗ ≈ 100 at the horizon exit N ≈ 53.6.
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0 20 40 60 80 100
N

0.0070

0.0072

0.0074

0.0076

(N
)

Slow-roll Parameter (N)

Figure 3. The slow-roll parameter ϵ(N) remains small during most of inflation and reaches unity at N ≈ 53.6,
signaling the end of inflation.

100 102 104 106 108 110 112

1.0

1.5

2.0

2.5
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3.5

V(
)

1e 9 Inflationary Potential V( )

Figure 4. The potential V(ϕ) is exponentially flat for large ϕ and decreases slowly, supporting prolonged inflation.

100 102 104 106 108 110 112

0.0070

0.0072
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(
)

Slow-roll Parameter ( )

Figure 5. The parameter ϵ(ϕ) increases gradually with decreasing ϕ, and reaches unity at ϕ ≈ 100, marking the
end of inflation.
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4.2. Comparative Analysis with Previous Works

Several recent studies have investigated inflationary models involving exponential and general-
ized exponential potentials, particularly those of the form V(ϕ) = V0e−λϕn

. Notable works such as
Pozo et al. (2024), Rabia & Kinney (2023), and Barranco et al. (2022) have provided valuable insights
into the observational viability of such models by exploring parameter spaces constrained by CMB
data. However, the majority of these studies either adopt purely analytical approaches or rely on
semi-empirical fitting procedures, often without conducting a complete dynamical validation of the
inflationary evolution. In contrast, the present study employs a hybrid numerical methodology that
combines global optimization through Differential Evolution (DE) with fourth-order Runge–Kutta
(RK4) integration. This approach enables the full dynamical tracking of the inflaton field and the asso-
ciated slow-roll parameters. As a result, the model achieves excellent agreement with observational
data—yielding values such as ns ≈ 0.974, r ≈ 0.055, and N ≈ 53.6—while simultaneously demonstrat-
ing theoretical consistency through the natural conclusion of inflation via ϵ(N) → 1. What sets this
work apart is its simultaneous fulfillment of three fundamental criteria: (i) observational consistency,
(ii) numerical precision, and (iii) theoretical self-consistency. Unlike modified exponential models
explored in studies such as Galvez Ghersi & Starobinsky (2023) or alternative frameworks like those of
Geng et al. (2017), the proposed model retains a minimalistic yet highly predictive form, requiring no
exotic field content or couplings. Furthermore, while earlier works such as Lucchin & Matarrese (1985)
emphasized purely analytical treatments and Martin et al. (2014) focused on taxonomic classifications,
the present study provides a concrete, dynamically validated inflationary trajectory. This is reinforced
by a transparent numerical pipeline that includes all critical elements: the potential, inflaton field
evolution, and slow-roll diagnostics.

5. Conclusion
In this work, we proposed and analyzed a generalized exponential inflationary model of the form

V(ϕ) = V0 exp(−λϕn),

where the deformation parameter n introduces flexibility in the potential’s shape, allowing better
compatibility with current cosmological data. Through a hybrid methodology combining global
optimization via Differential Evolution and dynamic validation using fourth-order Runge–Kutta
integration, we established both the observational viability and theoretical consistency of the model.

The best-fit results, ns ≈ 0.9736 and r ≈ 0.055, lie well within the Planck 2018 and BICEP/Keck
bounds. Importantly, the inflationary dynamics proceed smoothly and end naturally at ϵ → 1,
satisfying key conditions for a successful inflationary scenario. The model unifies analytical simplicity
with numerical accuracy, surpassing several prior models that lack either dynamic integration or full
observational alignment.

Furthermore, the potential shares structural similarities with scalar potentials arising in string-
theoretic moduli stabilization (e.g., KKLT and LVS scenarios), offering avenues for embedding the
model into broader high-energy frameworks. Future work may investigate reheating, primordial
black hole formation, or the model’s implications for quantum corrections and gravitational wave
signatures.

Despite the encouraging results, some limitations remain. In particular, the precision of parameter
estimation can be affected by the complexity of the parameter space and the potential presence
of multiple local minima. Addressing these challenges may require further development of the
optimization algorithm, such as incorporating hybrid or adaptive techniques, or exploring alternative
numerical methods.

Alternatively, refining the functional form of the inflationary potential by introducing additional
parameters or modifying the deformation scheme could enhance the model’s flexibility and improve
its fit to future high-precision data.
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These avenues represent promising directions for future research, aiming to further strengthen
the theoretical foundation and observational concordance of the proposed inflationary framework.

In summary, this study contributes a robust, flexible, and fully validated inflationary framework
that meets the dual demands of theoretical rigor and observational precision, positioning it as a strong
candidate in the ongoing search for realistic early-universe cosmologies.
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