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Abstract In this work, we explore the new agegraphic dark
energy model within the framework of Loop Quantum Cos-
mology (LQC). A quantum gravitational perspective on the
dark energy evolution is explored. A combination of cold
dark matter and dark energy in the form of New Agegraphic
dark energy is considered with LQC as the background grav-
ity theory. Both the interacting and non-interacting scenar-
ios between dark energy and matter are considered. Various
cosmological parameters, like the equation of state param-
eter, deceleration parameter, and statefinder parameters, are
studied. The squared speed of sound is investigated to get
an idea about the stability of the system. An observational
data analysis using recent cosmological data and the Markov
chain Monte Carlo algorithm is performed to constrain the
free parameter space of the model. Our findings imply that
the interaction of loop quantum effects with agegraphic dark
energy offers a nonsingular origin scenario and a theoreti-
cally sound and observationally compatible explanation of
the universe’s late-time acceleration.
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1 Introduction

In recent years, cosmology has undergone a major transfor-
mation driven by strong observational evidence from mul-
tiple sources, confirming that the universe is expanding at
an accelerating rate [1-3]. This remarkable discovery has
been supported by diverse and independent datasets, includ-
ing observations of Type la supernovae [1-3], the large-scale
matter distribution, temperature fluctuations in the Cosmic
Microwave Background Radiation (CMBR), data from the
WMAP mission [4,5], and measurements of Baryon Acous-
tic Oscillations (BAO) [6-8]. These observations have pro-
vided strong evidence that the universe is predominantly
influenced by two enigmatic components: dark matter (DM)
and dark energy (DE) [9, 10]. While DE is responsible for the
universe’s current accelerated expansion, DM helps account
for galaxy rotation curves and the formation of cosmic struc-
tures. In dark energy models, the accelerated expansion is
often addressed by modifying the energy-momentum tensor
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(EMT), which appears on the right-hand side of Einstein’s
field equations. Conversely, modified gravity theories focus
on changing the geometric side, i.e., the left-hand side of
these equations. Despite these approaches, a fully unified
theory that can simultaneously explain the accelerated expan-
sion of the universe, early-universe issues, structure forma-
tion, DM, and other fundamental problems remains elusive.
A crucial step toward such a theory involves incorporating
quantum effects into gravity. Quantum gravity aims to merge
general relativity with the principles of quantum mechan-
ics, although a complete theory has not yet been realized.
Among the various proposals grounded in quantum gravity,
the Holographic dark energy (HDE) [11,12] and Agegraphic
dark energy (ADE) [13,14] models stand out as potential
explanations for the universe’s late-time acceleration. These
models provide a broader theoretical framework to tackle
major cosmological challenges, including the cosmological
constant problem [15—19], and the cosmic coincidence prob-
lem [10,17-19]. These problems have been studied in the
background of different modified gravity theories [20-22].
The ADE framework stems from quantum mechanics,
particularly the uncertainty principle, and integrates gravi-
tational effects from general relativity (GR). It explains DE
through changes in spacetime and matter content as governed
by the universe. Based on the idea of quantum fluctuations in
space-time, Karolyhazy and his collaborators [23-25] pro-
posed that in Minkowski space-time, the measurement of a
time interval ¢ cannot be made with precision better than

5r=yt§z%, (1.1)
where 7, is the reduced Planck time and y is a dimension-
less constant of order one. Maziashvili [26,27] suggested
that the quantum energy density arising from metric fluctu-
ations in Minkowski space-time can be estimated using this
uncertainty relation combined with the time-energy uncer-
tainty principle. Both Maziashvili [26,27] and Sasakura [28]
independently derived the expression for the energy density
of these fluctuations as

2
1M

~ 1.2
PD t}zjtz t2 ( )

where Mf, = (87G)~! is the reduced Planck mass. This
energy density is interpreted as that of dark energy, specif-
ically in the context of the Agegraphic Dark Energy (ADE)
model. The original ADE model, introduced by Cai [13],
was aimed at understanding the accelerated expansion of the
universe. It defines the energy density as

op =3n*M3T 2, (1.3)
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where T represents the age of the universe, M p is the Planck
mass, and 3n2 accounts for certain uncertainties. Despite its
elegance, the original ADE model has significant dynamical
problems, particularly in the early cosmic era. The cosmos
has a very short age 7' in the matter-dominated era. Hence
pp ~ 1/T? becomes very large. Accordingly, dark energy
would take over too soon, defying the established matter-
dominated phase that is required for the creation of structures.
To put it briefly, the proper cosmic evolution sequence cannot
be naturally reproduced by ADE. Furthermore, an incorrect
scaling of dark energy with scale factor a is predicted by the
ADE model. Conflict with observational data and structural
growth results from the equation of state wp staying too near
the zero level in the past. The model becomes non-local in
time when 7 is defined as the universe’s whole age since the
energy density is dependent on the universe’s entire previous
history, which is a little unphysical in dynamical cosmology.

To address this, Wei and Cai [29] introduced the new Age-
graphic dark energy (NADE) model, which substitutes the
universe’s age with conformal time 7. This revised model also
naturally resolves the coincidence problem [30]. A notable
advantage of the NADE model is that it involves the same
number of parameters as the ACDM model (which includes
the cosmological constant and cold dark matter), making it
more economical compared to other dynamical dark energy
models. Additionally, the NADE model has demonstrated
good agreement with observational data [31-33]. For further
analysis, see Refs. [34-36]. In Ref. [37], the NADE model
have been explored in the context of f(P) cubic gravity.

In Ref. [38], entropy-corrected holographic and new age-
graphic dark energy models are studied within the framework
of generalized Rastall gravity using two types of scale fac-
tors, one representing a future singularity and the other an
initial singularity. For each model, key cosmological param-
eters, including the Hubble parameter, deceleration param-
eter, and equation of state, are computed, and their cos-
mological implications are analyzed. The phenomenon of
accelerated expansion of a flat D-dimensional fractal Uni-
verse has been explored by examining non-linear interac-
tions between cold dark matter and the dark energy models,
including Tsallis, Renyi, and Sharma-Mittal HDE and NADE
in Ref. [39]. In Ref. [40], the authors have studied the thermo-
dynamic framework governing the interaction between new
agegraphic dark energy (NADE) and dark matter (DM) in an
anisotropic universe and derived the corresponding expres-
sions for the entropy variations of these dark energy com-
ponents. In Ref. [41], new agegraphic dark energy model is
reconstructed within the f(Q) gravity framework, assuming
apower-law scale factor in flat Friedmann-Robertson-Walker
(FRW) spacetime. The analysis of r — s plane, along with sta-
bility tests, reveals a quintessence phase and shows that the
model effectively addresses the cosmic coincidence problem.
In Ref. [42], new agegraphic dark energy model is investi-
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gated in the framework of f(Q, T) gravity in a flat FRW
universe with a power-law scale factor. The model exhibits
a quintessence phase, which corresponds to the Chaplygin
gas behavior in the r — s plane. In Ref. [43], a comprehen-
sive global fit analysis of the new agegraphic dark energy
(NADE) model in a non-flat universe is carried out using the
Markov chain Monte Carlo method, incorporating the full
CMB power spectrum from WMAP 7-year data, SNIa obser-
vations from the Union 2.1 sample, BAO measurements from
SDSS DR7 and WiggleZ surveys, and the latest Hj estimates
from HST.

Loop Quantum Cosmology (LQC) [44,45] is the cos-
mological adaptation of Loop Quantum Gravity (LQG)
[46,47], a theoretical framework that seeks to quantize
gravity using a non-perturbative and background indepen-
dent approach. LQG is a leading non-perturbative and
background-independent approach to quantum gravity, aimed
at resolving the limitations of GR at the Planck scale [48].
In scenarios like black holes (BH) and the early universe,
where curvature becomes extreme, classical GR breaks
down, necessitating a quantum theory of gravity. In black
hole physics, LQG suggests that quantum gravity effects
become significant not only at the singularity but at a finite
radius before it, as seen in modifications to the classi-
cal Schwarzschild solution. These corrections arise from
expressing the Hamiltonian in terms of holonomies and
fluxes core elements of LQG, rather than the classical connec-
tion. This leads to effective equations of motion that incorpo-
rate quantum effects via Planck-scale loops, as demonstrated
in spherically symmetric spacetimes such as the Lemaitre-
Tolman-Bondi (LTB) dust collapse model [49].

In cosmology, LQG leads to LQC, which applies LQG
principles under cosmological symmetry reductions. LQC
resolves the classical big bang singularity by replacing it
with a quantum “bounce” due to repulsive effects of quan-
tum geometry at high curvature. This bounce prevents the
divergence of curvature invariants and provides a frame-
work for exploring the early universe, including the emer-
gence of inflation. While the inflationary paradigm effec-
tively explains the observed structure of the universe and
CMB anisotropies, it does not solve the singularity prob-
lem or extend GR to the Planck regime. LQC, on the other
hand, addresses these by providing a singularity-free begin-
ning and studying the naturalness and probability of infla-
tion post-bounce. However, defining initial conditions and a
proper measure in quantum gravity remains a challenge in
determining the likelihood of inflationary scenarios.

In LQC, Planck units are used with c = G = 1, and the
fundamental time unit is the Planck second. LQC reformu-
lates cosmological dynamics by encoding spatial geometry in
terms of the volume V o a° of a fiducial cell, rather than the
scale factor a itself. The variable b, conjugate to V, is related
to the Hubble parameter H = a/a through b = y H in

classical solutions, where y ~ (.24 is the Barbero—Immirzi
parameter fixed by black hole entropy calculations. However,
LQC modifies the classical Einstein dynamics and gives a sin-
gularity free evolution of the universe. The effective Hubble
parameter becomes

1
H= 57 sin(24b) ~ 0.93 €5, sin(24b), (1.4)

where A% &2 5.2 Z%,l represents the area gap, the smallest non-
zero eigenvalue of the area operator in LQG.
In LQC, the modified Friedmann equation takes the form:

1 p
2 _
H_3m2 <1_;>’
pl ¢

where H = % is the Hubble parameter, and a is the cosmolog-
ical scale factor. The total energy density p = p,, + pp repre-
sents the sum of the densities of cold dark matter (CDM) and

(1.5)

DE. The critical density p, = W‘/g(;zh defines the maxi-
mum energy scale before quantum effects dominate, where y
is the Barbero—Immirzi parameter. LQC predicts that cosmic
singularities such as the Big Bang, Big Rip, and other future
singularities can be resolved in the semi-classical regime.
Furthermore, quantum corrections significantly modify the
standard FRW cosmology, leading the universe to undergo a
cosmic bounce followed by eternal oscillations. With the crit-
ical energy density p. &~ 0.41 pp, the modified Friedmann
equation in LQC reveals that: At low densities p < pc,
quantum effects vanish and classical GR is recovered. At
high densities p — p., quantum geometry effects become
significant and modify spacetime dynamics drastically. In
contrast to GR, where a positive matter density implies con-
tinuous expansion or contraction, the LQC framework pre-
dicts a quantum bounce. When the energy density reaches
pec, the universe undergoes a smooth transition from a con-
tracting phase to an expanding phase, avoiding the classical
big bang singularity. LQC has been studied extensively in the
literature. In Ref. [50], Pilgrim Dark Energy has been inves-
tigated within an LQG-inspired cosmology using its gener-
alized ghost version. Other recent developments in LQC can
be found in [51-56].

The NADE model successfully relates dark energy to
quantum fluctuations of spacetime and the conformal age
of the universe, and its standard formulation lacks a direct
quantum gravitational foundation. LQG, on the other hand,
offers a background-independent and non-perturbative quan-
tization of spacetime geometry, introducing natural correc-
tions to the early and late-time cosmic dynamics. Here we are
motivated to study the cosmological dynamics of NADE in
a universe described by LQG. Embedding the NADE model
in the LQG framework provides an opportunity to explore

@ Springer



211 Page4of 18

Eur. Phys. J. C (2026) 86:211

how quantum geometric effects modify dark energy behav-
ior, potentially resolving cosmological singularities, refining
late-time acceleration mechanisms, and offering a unified
description of the universe’s evolution from quantum to clas-
sical regimes. The paper is organized as follows: in Sect. 2,
we discuss the basic equations of NADE in LQC in both
non-interacting and interacting scenarios between CDM and
DE. Section 3 deals with the study of the basic cosmological
parameters. In Sect. 4, we explore the statefinder parame-
ters of the model. Section 5 is dedicated to a comprehensive
observational data analysis of the setup leading to the con-
straining of the parameter space. Finally, the paper ends with
a discussion and conclusion in Sect. 6.

2 NADE in the framework of LQC

In this section, we explore the basic setup involving an inter-
action between cold dark matter and the New Agegraphic
Dark Energy model within the context of LQC. The energy
density of the NADE model is given by [29]

pp = 3n*mon 2.1

where 7 is the uncertainty parameter and m p; is the reduced
Planck mass. The conformal time 7 is given by

B / tdt (¢ da
= 0o a B 0 Ha2
Here, we will adopt a power-law form for the scale factor a
as presented in [57,58]

(2.2)

a(t) =bot?, B>0 (2.3)
where b is the current value of the scale factor and g is the
power-law exponent. This form of the scale factor implies an
initial Big Bang singularity but does not lead to any finite-
time future singularities. In LQC, the initial big-bang sin-
gularity is indeed resolved and replaced by a non-singular
quantum bounce. But the chosen power-law form of the scale
factor implies an initial Big Bang singularity. These may
seem to be contradictory assumptions, but actually, they are
not. In the present work, however, our focus is on the late-
time, post-bounce regime, where quantum geometric effects
become subdominant, and the effective dynamics smoothly
approach those of classical cosmology. In this regime, the
power-law form of the scale factor serves as a well-motivated
and widely used approximation that captures the accelerated
expansion driven by dark energy. So this ansatz is fairly log-
ical to consider. Various studies have investigated the cos-
mological implications of such scale factors in the context of
different modified gravity theories [41,42]. In Ref. [59], Zhu

@ Springer

et al. assumed a power-law evolution to test whether a sim-
ple constant-exponent expansion can reproduce the observed
acceleration of the Universe. They used galaxy cluster data to
constrain the power-law parameter showing that power-law
cosmology provides a viable alternative to CDM at late times.
In Ref. [60], Kumar adopted power-law form of scale factor
to examine observational limits on the Hubble and decel-
eration parameters. The model’s simplicity enables analyt-
ical comparison with supernova and Hubble data, offering
insight into the history of cosmic expansion. In Ref. [61],
Sharif and Waheed used power-law forms for both the scale
factor and scalar field in Brans—Dicke theory to obtain exact
anisotropic cosmological solutions. This approach simpli-
fies the field equations and helps study scalar field effects
on cosmic dynamics. In Ref. [62], Singh et al. considered
power-law form of scale factor in f (R, G) gravity to explore
cosmic acceleration and thermodynamical consistency. The
power-law assumption allows analytical treatment of modi-
fied field equations and effectively describes different expan-
sion phases. For this form of scale factor, the energy density
of the NADE model in terms of the redshift z reads

2 2
pp = 3nmb, (1 = )b (1 + 2)7 2 2.4)

Now we will consider non-interacting and interacting scenar-
ios between CDM and DE and study the setups separately.

2.1 Non-interacting case
If we consider that there is no interaction between DE and

CDM and both are conserved separately, the respective con-
servation equations of the components yield

om +3Hpy, =0 (2.5)
and
pp +3Hpp(l +wp) =0 (2.6)

where p,, is the energy density of CDM, and wp = pp/pp is
the equation of state (EoS) parameter of DE. Solving equation
(2.5) we get

om = pmo(1 +2)° 2.7)

where p,,0 is the current energy density of CDM. The FRW

equations of LQC (Eq. 1.5) with NADE and CDM can be
given by

2
H*(z) =+ z)3[bg n*(1 - B)*(1 + 9P szmng]
55

2
x[l - pimil(l + z)3(b(f”2(1 - '3)2(1 +2)
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2.8)

+QmoH02>}

Differentiating Eq. (1.5) and exploiting Egs. (2.4) and
(2.7) we get

2

H H2 %,2 3 3
= ,8H2 (1 —-8)>1+72) _EQWO(I_'_Z)
6HZm?
x{l - M(Qmo(l +2)°
Pc
2 2
—zb”(l—ﬂ) (1+2)7" )} 2.9)
O
where Q,,, = 3"2% is the dimensionless matter density
pl 0

parameter, and H is the present value of the Hubble param-
eter.

2.2 Interacting case

Next, we consider an interaction between the NADE and
CDM. In this case, the continuity equations for matter and
DE are respectively given by

om +3Hp, = 0, (2.10)
and
pop +3Hpp(l +wp) = —0. 2.11)

Here, Q is a dynamic quantity that acts as the interaction
term between CDM and NADE. A coupling between DE
and DM is a possible approach to alleviate the cosmic coin-
cidence problem. The presence of such an interaction can
substantially modify the background dynamics and stabil-
ity of the universe, leading to evolution distinct from the
Standard Cosmological Model. In Ref. [63] Yang et al. ana-
lyzed large-scale inhomogeneous perturbations and the asso-
ciated instabilities in interacting DE models, demonstrating
that the interaction term can significantly affect the stabil-
ity of cosmological perturbations. The phase-space dynam-
ics of the FRW universe containing various interacting and
non-interacting fluids were investigated by Odintsov et al.
in [64], where the interaction was shown to shift the critical
points and alter the late-time attractor behavior. A compre-
hensive discussion of linear and non-linear interactions in
the dark sector, including theoretical motivations and phe-
nomenological implications, has been presented by Bolotin
et al. [49], where the authors emphasized that interacting
scenarios can yield cosmological dynamics very different
from those predicted by the standard cosmological model.
Other studies, such as [65-67] provide broader theoretical
backgrounds through modified gravity and holographic or

agegraphic dark-energy frameworks, which often serve as
foundations for introducing interaction terms. These investi-
gations highlight that allowing interactions between DE and
DM not only provides a plausible mechanism for addressing
the coincidence problem but also enriches the cosmological
dynamics, offering potential explanations for various late-
time phenomena.

Typically, three commonly used forms of Q are considered
widely in the literature. They are given by

Q1 =38Hpp, Q2=38H(pm + pp), Q3 =38Hpn

2.12)

where § is the interaction constant representing the strength
of the energy exchange between DM and DE. In this study,
we adopt the third form, Q3, which has been widely used
in the literature to model energy transfer under various cos-
mological constraints. The sign of the coupling constant §
determines the direction of energy flow. A positive value
indicates that DE decays into DM, whereas a negative value
implies that DM transforms into DE. Observational data and
theoretical investigations generally favor the scenario where
DE decays into DM. In [68] Early joint fits (SNe + CMB
shift + BAO) found § to be small and often consistent with a
near-zero value; e.g. Guo et al. reported —0.08 < § < 0.03
for a constant coupling.

By solving Eq. (2.10) using the interaction term Q3, we
obtain

Pm = Py (1 + 217D (2.13)
The corresponding FRW equation changes to
3 ~5+33
H2(z) = (1+z)3*3‘3[b(f 20— g1 4 o) +QmOH§:|
L= 302 (14 5338
X _Empl( +2)
2
<b§n2(1 520 +0)F 5+35+Qm0H5)j| (2.14)

Differentiating (1.5) and exploiting (2.11) and (2.13) we
get

2
I_'I H2 Zb 2_ 3
LA {ﬁ 0 (1—pP1+2)P 2+2(5—1)Qmo(1+2)338]

} 1_61L1§m§)1(z+1)‘*3fS
Pc
(szmo+ b boﬂ (- R+ 2P ””)} (2.15)

@ Springer
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3 Cosmological parameters

In this section, we will study the cosmology of NADE in
LQC that we have developed in the previous section. To do
this, we will explore the basic cosmological parameters like
the EoS parameter, the deceleration parameter, etc.

3.1 EoS parameter

We examine the cosmological implications of the equation
of state (EoS) parameter, defined as

_pPo
PD

wp 3.1)

where pp, pp denote the dark energy density and pressure,
respectively. The different phases of the universe correspond
to various values of wp. If wp = 0, it corresponds to a non-
relativistic matter-dominated era (pressure-less dust). For the
quintessence phase, we have —1 < wp < —%. For the
ACDM and phantom phase we have wp = — 1 and wp <
— I respectively. If wp crosses over fromwp > — 1 towp <
— 1 (i.e., the model crosses the phantom divide line wp =
— 1), the model exhibits quintom behavior.

3.1.1 Non-interacting case

Exploiting Egs. (2.4), (2.6) and (3.1) the equation of state
parameter reads:

=—1 2 1 !
]

From the above expression, we see that the equation of
state takes a constant value for the non-interacting case,
and is not dependent on the redshift z. In this case, the
equation-of-state parameter wp remains constant due to the
assumed power-law form of the scale factor. This is totally
an artifact of the ansatz. What matters is that this is not an
issue for the late-time evolution of the universe, considering
that a small cosmological constant can do this effectively.
Now, for this case, we can realize the quintessence phase
for 1/2 < B < 1. The ACDM phase can be realized for
B =1, and for B = 2/5, we get the pressureless dust. For
B > 1, we get the phantom universe. For 8 > 1, the model
formally enters a phantom regime. This phantom behavior
can lead to confusion and inconsistency, considering the
singularity-free nature of LQC. It is important to emphasize
that this phantom-like behavior represents an effective late-
time description rather than a true physical instability. In the
context of Loop Quantum Cosmology, quantum geometric
effects are known to regularize the dynamics and prevent the
occurrence of future singularities commonly associated with
phantom dark energy. Since the present analysis focuses on

(3.2)
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Fig. 1 The figure shows the plot of EoS parameter wp against redshift
for the interacting case. Other parameters are considered as Hy = 69,
Q0 =0.29, b9 = 0.81,6 = 0.88 and n = 0.11

the post-bounce, dark energy-dominated era, the emergence
of an effective phantom phase remains compatible with the
non-singular nature of LQC. Moreover, the realization of
phantom-like behavior in the LQC framework is totally an
emergent and geometric phenomenon, without any patholo-
gies. In [69], the author explicitly shows that near the bounce,
the quantum geometric modifications lead to a phase where
a canonical scalar field mimics the dynamics of a phantom
field and vice versa. In [70], the authors show super-inflation
for tachyon matter in LQC, which is another instance of an
effective phantom-like phase due to quantum corrections. In
[71], Li et al. discuss the universal features of effective LQC
dynamics, including super-inflation post-bounce; while not
framed specifically as “phantom,” the regime with H >0
(super-inflation) has the same effective properties. This dis-
cussion shows that a phantom-like regime is possible in LQC.
This realization is effective, and not fundamental. It arises
from quantum geometric corrections and is totally ghost-
free and singularity-free. Therefore, LQC provides a healthy
realization of phantom behavior (which is emergent and geo-
metric) without pathologies.

3.1.2 Interacting case

Using the Eqs. (2.4), (2.11) and (3.1) for the interaction case,
the EoS parameter yields

2 1 SHZQ _2_

a)D=—1—§<l——>——O " (14
Pl - g

(3.3)

The plot of wp for the interacting case is shown in Fig. 1
for three different values of the parameter 5. We see that for
all three cases, the model gives quintessence-type behavior
in recent times.
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3.2 Deceleration parameter

The deceleration parameter, denoted by ¢, is a dimension-
less quantity that describes the rate of change of the cosmic
expansion. It indicates whether the expansion of the universe
is accelerating or decelerating. It is defined as

H
g=—-1-—=

78 (34)

g > 0 indicates a decelerating universe and g < O presents
an accelerating phase of the universe.

3.2.1 Non-interacting case

For the non-interacting case, the deceleration parameter g
takes the form

H H?
g=—-1-—=-1-—=
H? H?2
%
2
n“b, 2 5 3
0 3 3
1-— 1 BT — = Qum, (1
X{,BHoz( B (1+2) > mo (1 +2) }
6H2m?
X{I—M
Pc

3 n’ % 2 %*2 35
(szmo(1+z) +?b0 (1—-B)*(1+7z) >} 3.5)

0

The plot of the deceleration parameter g against z for the
noninteracting case is drawn in Fig. 2. We see a smooth tran-
sition from a decelerating to an accelerating universe around
z & 0.5, which is an observationally favored value.

3.2.2 Interacting case

In this case, the deceleration parameter takes the form

' 2
q:—]—iz—]_i
H? H?

2
nsz 2 5 3
0 3 3-3§
X{,BHoz 1=p U+ +§(3—1)52m0(1+z) }

2,2 1-36
X{1_6H0mpl(z+l)

Pc

2

2 2 23438
50p" =P~ (L+2)F
0

n
(sz e (3.6)

The plot of the deceleration parameter ¢ against z for the
interacting case is drawn in Fig. 3. We see a smooth transition
from a decelerating to an accelerating universe around z ~
0.4, which is an observationally favored value.

Fig. 2 The figure shows the plot of deceleration parameter against red-
shift for the non-interacting case. The other parameters are considered
as Hy = 69, Q,,0 =0.29,bp =0.76 and n = 0.111

0'05;“““““““‘5
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—0.20f

F — $=0.60
-025[

~0.30F

0.0 0.2 0.4 0.6 0.8 1.0
z

Fig. 3 The figure shows the plot of the deceleration parameter g against
redshift z for the interacting case. The other parameters are considered
as Hy = 69, Q,,0 =0.29, b9 = 0.81,§ =0.88 and n = 0.11

3.3 Stability analysis: squared speed of sound

Now, we examine the stability analysis of the constructed
system through the squared speed of sound, which is defined
as the partial derivative of pressure with respect to energy
density. The expression for the squared speed of sound reads:

D D .
ngpf:pf:a)D‘f‘wD
PD LD

- (G.7)
26— 1)’ '
where () represents the derivative with respect to scale fac-
tor a. The sign of the squared speed of sound determines
whether the model is classically stable or unstable. A posi-
tive value indicates stability, while a negative value generally
signifies instability within the framework of GR. For the non-
interacting case, wp is constant and hence wp will vanish.
The corresponding expression for the squared speed of sound
is obtained as

v? = wp (3.8)
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Vs

1.94
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Fig. 4 Squared speed of sound against redshift z for the interacting
case. The other parameters are considered as Hy = 69, 2,0 = 0.29,
bp=0.81,6 =0.88and n = 0.11

For the interacting case wp takes the form

SHEQmo(38 — 5+ 2)
wp = — 02 A (1+Z)67387%

n2(l — s)zbg

3.9)

The corresponding squared speed of sound is obtained as
1/2

st ==|=--5)-
3\B

We observe that v2 = wp for the non-interacting case
indicates that the model is not classically stable since the
current epoch is dominated by quintessence-type dark energy
withwp < —1/3(i.e.v? < 0). The plot of v? against redshift
z for the interacting case for different values of 8 is given
in Fig. 4. It is seen that in each of the cases, the constructed
model is classically stable throughout the evolution of the
universe, since vf lies in the positive range.

38B(8 — 1)Qm0H02

1+ )(5—§—35)
2n2(B — 1)3b§

(3.10)

4 Statefinder parameters: r — s plane

Over time, numerous DE models have been introduced to
account for the accelerated expansion of the universe, giv-
ing rise to the challenge of distinguishing among them. To
assess the viability of these models, the statefinder parame-
ters [72,73] are commonly employed. The reason for this is
that the statefinder approach may detect differences at higher
orders, even in models with quite similar expansion histo-
ries. Therefore, the statefinder diagnostic approach is ideally
adapted to distinguish between seemingly comparable mod-
els since it takes into account higher-order corrections in
derivatives of the scale factor. The statefinder parameters are

@ Springer
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Fig. 5 r — s plane for non-interacting case for § = 0.51. The other
parameters are considered as Hy = 69, 2,,0 = 0.29, by = 0.76 and
n=0.111
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Fig. 6 r-s plane for non-interacting case for 8 = 0.38. The other
parameters are considered as Hy = 69, 2,,0 = 0.29, by = 0.76 and
n=0.111

expressed as

_i r—l 4.1
r=—3 s= ( ) )

where g represents the deceleration parameter. In terms of the
Hubble and deceleration parameters, the statefinder parame-
ters can be rewritten as

q r—1 1

r=2¢*"+q——, s= 4.2
ata- 4 30- D 0 4.2)
These parameters are dimensionless, and the correspond-
ing cosmological plane is known as the » — s plane. The
trajectories in this plane indicate how far a given DE model
deviates from the ACDM limit. The key regions defined by
these parameters are: (r, s) = (1, 0) representing the ACDM
limit, (r, s) = (1, 1) denoting the CDM limit, s > 0,r < 1
corresponding to the phantom region, and s < 0,r > 1
indicating the quintessence region.

Owing to the complexity of the analytical forms of the
parameters r, s, their explicit expressions are omitted. The
characteristics of the cosmological r — s plane are analyzed
graphically for different values of 8 for both interacting and
noninteracting cases. The plots are given in the Figs. 5, 6 and
7 for the non-interacting case and Figs. 8, 9 and 10 for the
interacting case. It is seen that for all the cases, the trajectories
of the r — s plane yield a quintessence region (s < 0,7 > 1).
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5 Observational data analysis

In this section, we will perform an observational data analysis
for NADE in LQC using some recent observational data and
constrain the parameter space.

5.1 Observational data sets and data methodology

Here, the free parameters are estimated using recent obser-
vational datasets through a Bayesian statistical framework.
The cosmological datasets employed for the analysis include
Hubble parameter measurements (HUBBLE), Baryon Acous-
tic Oscillation (BAO), and Dark Energy Spectroscopic Instru-
ment (DESI) data. The analysis aims to investigate how well

Fig. 10 r —s plane for interacting case for § = 0.60. The other param-
eters are considered as €2,,0 = 0.29, by = 0.81,8 = 0.88 andn = 0.11

the model fits these independent data sets as well as their
combinations. Below, we discuss in detail the datasets used
in the analysis:

e HUBBLE Data: We use 32 model-independent mea-
surements of the Hubble parameter H(z), commonly
known as Cosmic Chronometers (CC) [74,75]. The
covariance matrix used to estimate the likelihood is con-
structed following the approach described in [76,77].
These data points provide direct constraints on the expan-
sion history of the universe.

e BAO Data: The BAO dataset provides constraints on
the large-scale structure of the universe through mea-
surements of the baryon acoustic feature imprinted in
the matter power spectrum. We use the distance mea-
surements from various galaxy surveys compiled in the
DESI and eBOSS analyses [78,79]. The observables con-
sidered include Dy /74, Dy /rq, and Dy /r4, where Dy
is the comoving angular diameter distance, Dy is the
Hubble distance, and r,4 is the comoving sound horizon
at the drag epoch.

e DESI Data: The Dark Energy Spectroscopic Instru-
ment (DESI) Release II dataset provides high-precision
BAO and redshift-space distortion (RSD) measurements
across a wide redshift range [80]. These measurements
significantly improve constraints on late-time cosmic
acceleration and expansion rate, complementing the
HUBBLE and BAO datasets.

For parameter estimation, we consider several combina-
tions of observational datasets to assess the robustness of
the system. The individual datasets include Hubble, BAO,
and DESI measurements. We also analyze their combined
forms—Hubble+BAO, Hubble+DESI, BAO+DESI, and the
joint dataset Hubble+BAO+DESI—to provide a comprehen-

@ Springer
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Fig. 11 Joint and marginalized posterior distributions with combinations of datasets Hubble, BAO and DESI for the non-interacting case. The

fixed parameters are considered as mp; = 1, Q2,0 = 0.29,n = 1.1

sive evaluation of the model’s performance across different
observational constraints. Each dataset combination provides
independent constraints on the parameters, and the final com-
bined analysis (HUBBLE+BAO+DESI) yields the tightest
confidence bounds with the smallest statistical uncertain-
ties. The two-dimensional confidence contours shown in the
parameter constraint plots represent the joint probability dis-
tributions of the model parameters obtained from the likeli-
hood analysis. The colour scheme of the contour plots follows
the standard cosmological convention:

@ Springer

e The light-shaded region corresponds to the 95% confi-
dence level (C.L.), indicating the parameter space within
which the true values are expected to lie with 95% prob-
ability.

e The dark-shaded region corresponds to the 68% confi-
dence level (C.L.), representing the 1o range of the best-
fit values.

The central black dot in each contour marks the best-fit
parameter values, while the surrounding elliptical regions
illustrate the covariance between the two fitted parameters.
The darker inner contour thus represents the most probable
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Fig. 12 Joint and marginalized posterior distributions with dataset combination of Hubble+BAO, Hubble+DESI, BAO+DESI, for the non-
interacting case. The fixed parameters are considered as m ; = 1, Q0 = 0.29,n = 1.1

region of parameter space consistent with the observational
data, while the lighter outer contour shows the extended range
allowed by the data at a higher uncertainty level. All con-
tour plots in this analysis ensure statistical consistency and
reproducibility. The colours were chosen to maintain clarity
between the 68% and 95% confidence regions across all.

5.2 Statistical analysis

The model parameters S, by, p., Hyp are constrained using
a Markov Chain Monte Carlo (MCMC) approach imple-

mented via the emcee sampler [81]. The posterior distribu-
tions are visualized using the GetDist package [82]. For
each dataset and its combinations with other datasets, we
compute the best-fit values and corresponding o confidence
intervals (68% C.L.). The results are summarized in Tables
1 and Table 2.

The likelihood function is defined as

5.1)

1
L ocexp <—5X2> ,
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Fig. 13 Joint and marginalized posterior distributions with combinations of datasets Hubble, BAO, DESI and Combined(Hubble+BAO+DESI)
for the non-interacting case. The fixed parameters are considered as m ; = 1, Q0 = 0.29,n = 1.1

where the Chi-square function is given by
x> =AD" C'AD, (5.2)

with AD = Dgps— Dy, and C denoting the covariance matrix
for each dataset.

5.3 Parameter constraints

Here, we present the constraints on the free parameter as
computed by the data analysis using the MCMC algorithm

@ Springer

for different datasets. The results are presented for both the
non-interacting and interacting cases separately.

5.3.1 Non-interacting case

The constrained values for the non-interacting case are pre-
sented in Table 1. The fixed parameters are considered as
mp; =1, Qo =0.29,n = 1.1.

The contours showing the joint and the marginalized dis-
tributions with the datasets and their combinations are pre-
sented in Figs. 11, 12 and 13 for the non-interacting case.
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Fig. 14 Joint and marginalized posterior distributions with combinations of datasets Hubble, BAO and DESI for the interacting case. The fixed
parameters are considered as m p; = 1, 2,0 = 0.29,n = 1.1, 6 = 0.02

Table 1 Parameter constraints for individual and combined datasets for non interacting case

Dataset B Hoy (kms™! Mpcfl) Pe bo

HUBBLE 0.5034 +0.1498 69.6774 £ 1.2518 0.4123 +0.0750 1.0041 + 0.2971
BAO 0.5009 £+ 0.1165 69.1494 + 1.1458 0.4100 % 0.0680 1.0031 £ 0.2455
DESI 0.5035 +0.1267 69.2102 £ 1.2356 0.4095 4+ 0.0692 1.0035 £ 0.2605
HUBBLE+BAO 0.5018 4+ 0.1006 69.3367 £ 1.0593 0.4116 +0.0575 1.0006 £ 0.2186
HUBBLE+DESI 0.4979 4+ 0.1081 69.4019 £ 1.1159 0.4131 £ 0.0651 0.9969 4 0.2345
BAO+DESI 0.5042 + 0.0903 69.0517 £+ 0.9702 0.4116 + 0.0561 1.0076 £+ 0.2008
HUBBLE+BAO+DESI 0.5067 + 0.0797 69.2016 + 0.8672 0.4102 £ 0.0511 1.0028 £+ 0.1769
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Fig. 15 Joint and marginalized posterior distributions with combinations of datasets combination of Hubble+BAO, Hubble+DESI, BAO+DESI,
for the Interacting case. The fixed parameters are considered as m pl=1,Q,0=029n=1.1,6 =0.02

The constrained values obtained for Hy lie in the accept-
able range. Intuitively, the values of the parameters depend
on the choice of units. We see that the constrained value of
the critical density is obtained as p. &~ 0.41. We know that
the physical value of the critical density is p. = 0.41p,;. In
Planck units (c = G = i = 1) the value of Planck density is
ppi = 1. So in this unit, the critical density p. ~ 0.41. This
is exactly what we have obtained in our MCMC analysis.
This value is physically consistent and therefore eliminates
all ambiguity that may arise from scaling and normalization
of units. Now it perfectly aligns with the theoretical predic-
tions of LQC.

@ Springer

5.3.2 Interacting case

The constrained values for the interacting case are presented
in Table 2. The fixed parameters are considered as m ,; =1,
Qo = 0.29, n = 1.1, § = 0.02. Here also we see that Hy
and p. perfectly lie in the acceptable range.

The contours showing the joint and the marginalized dis-
tributions with the datasets and their combinations are pre-
sented in Figs. 14, 15 and 16 for the interacting case.
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Fig. 16 Joint and marginalized posterior distributions with combinations of datasets Hubble, BAO, DESI and Combined(Hubble+BAO+DESI)
for the Interacting case. The fixed parameters are considered as mp; = 1, 0 = 0.29,n = 1.1, § = 0.02

Table 2 Parameter constraints for individual and combined datasets for interacting case

Dataset B Hoy (kms~' Mpc™1) Pe bo

HUBBLE 0.5040 + 0.1549 69.6064 + 1.2852 0.4179 + 0.0758 1.0195 +0.2922
BAO 0.4942 +0.1216 69.1576 + 1.1547 0.4129 + 0.0668 0.9959 + 0.2412
DESI 0.5002 + 0.1240 69.2052 + 1.1841 0.4183 £ 0.0715 0.9959 + 0.2658
HUBBLE+BAO 0.5015 +0.1021 69.3444 + 1.0788 0.4129 + 0.0577 1.0027 £ 0.2214
HUBBLE+DESI 0.5030 £+ 0.1108 69.4663 + 1.1356 0.4142 + 0.0633 1.0110 + 0.2448
BAO+DESI 0.4983 + 0.0889 69.0466 + 1.0048 0.4111 £ 0.0556 0.9948 + 0.1924
HUBBLE+BAO+DESI 0.5030 + 0.0793 69.2343 + 0.8598 0.4100 £ 0.0503 0.9994 + 0.1784
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6 Discussion and conclusion

In this study, we examine the New Agegraphic Dark Energy
(NADE) model within the framework of Loop Quantum Cos-
mology (LQC), incorporating a quantum gravitational view-
point into the evolution of dark energy. We have investigated
how the discrete quantum geometry of spacetime affects the
evolution of NADE and the general cosmic dynamics by
integrating the modified Friedmann equations resulting from
loop quantum corrections. By using conformal time as the
dynamical scale, the NADE model effectively resolves the
early-universe inconsistencies of the original agegraphic dark
energy scenario and displays rich and feasible cosmological
behavior in the LQC environment. Our model considers a
combination of cold dark matter and NADE with LQC as the
underlying gravity theory. The motivation stems from the
quest to understand the quantum origin of cosmic accelera-
tion. While the NADE model connects dark energy to space-
time quantum fluctuations and the conformal age of the uni-
verse, it lacks a direct link to quantum gravity. Loop Quantum
Gravity (LQG), being a non-perturbative and background-
independent approach to spacetime quantization, introduces
quantum geometric corrections that influence cosmic evo-
lution. Embedding NADE in the LQG framework enables
the investigation of how these quantum effects alter dark
energy dynamics, address cosmological singularities, refine
late-time acceleration, and offer a consistent quantum-to-
classical description of the expansion of the universe.

Both interacting and non-interacting scenarios between
dark energy and matter are examined, analyzing key cos-
mological parameters such as the equation of state, decel-
eration, and statefinder parameters. The squared speed of
sound is evaluated to assess the model’s stability. In the non-
interacting case, the EoS parameter indicates a quintessence
phase for % < B < 1, presents a ACDM phase at § = 1,
a phantom phase for 8 > 1, and represents pressureless
dust at 8 = 2. For the interacting case, the model exhibits
quintessence behavior for different values of 8. The decelera-
tion parameter g versus redshift z reveals a smooth transition
from the decelerating phase to an accelerating phase around
z ~ 0.5, which is observationally favored. The plots of the
squared sound speed confirm classical stability throughout
cosmic evolution. The trajectories in the (r — s) plane for var-
ious values of § lie within the quintessence region for both
interacting and non-interacting models. Observational data
are used to constrain the free parameters of the model. Con-
tour plots showing the joint and the marginalized distribution
with different datasets are generated and presented in the
work. Overall, our findings imply that the interaction of loop
quantum effects with agegraphic dark energy offers a non-
singular origin scenario and a theoretically sound and obser-
vationally compatible explanation of the universe’s late-time
acceleration. In order to fully explore the phenomenological
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potential of NADE in the loop quantum cosmology paradigm,
future studies may expand this analysis to incorporate inter-
acting agegraphic components, perturbative dynamics, etc.
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