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Abstract. Holographic dark energy (HDE) models, based on the holographic princi-
ple, offer a quantum gravity-inspired explanation for the Universe’s late-time acceler-
ation. In HDE models, the vacuum energy density relates to an infrared (IR) cutoff,
determined by horizon scales. In this study, we performed parameter estimation using
the latest observational data, including Type Ia Supernovae, GRBs and observed Hub-
ble parameters across various holographic dark energy models. We employ the Markov
Chain Monte Carlo (MCMC) method to evaluate the viability of these models. Our
results show that holographic dark energy models are consistent with existing data and
provide insights into the dynamic nature of dark energy. This research highlights the
deep connection between cosmological observations and quantum gravity concepts to
enhance our understanding of cosmic acceleration.
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1 Introduction

The detection of the Universe’s accelerated expansion in the late 20th century [1,2] pro-
foundly transformed modern cosmology. Independent confirmations from cosmic microwave
background (CMB) anisotropies [3], baryon acoustic oscillations (BAO) [4], and cosmic
chronometer (CC) measurements [5] have firmly validated cosmic acceleration as an essen-
tial observational reality. Within the standard cosmological framework, this phenomenon is
attributed to a cosmological constant A. In the A cold dark matter (ACDM) model, which
continues to provide an excellent fit to most datasets [3,6]. Nevertheless, the ACDM model
faces theoretical challenges, especially the cosmological constant issue [7,8] and the coin-
cidence problem, which drive the investigation of alternative explanations for dark energy
(DE).

The holographic principle, first proposed by 't Hooft [9] and later developed by Susskind
[10], posits that all physical information contained within a spatial region can be encoded
on its boundary surface. When applied to cosmology, this concept constrains the vacuum
energy such that the total energy enclosed within a cosmological horizon does not exceed
that of a black hole of the same scale [8,11]. Consequently, the dark energy density becomes
associated with an infrared (IR) cutoff, and the specific choice of this cutoff gives rise to
different holographic dark energy models.

In the standard Holographic Dark Energy (HDE) scenario, the IR cutoff is identified with
the future event horizon, allowing the resulting energy density to reproduce the observed
late-time acceleration of the Universe [11]. The Ricci Dark Energy (RDE) model offers an
alternative interpretation by associating the cutoff with the Ricci scalar curvature, L=2 « R,
thereby linking dark energy to the local spacetime geometry and reducing the inherent
nonlocality of the original HDE formulation [12].

In contrast, the New Agegraphic Dark Energy (NADE) model relates the IR cutoff to
the conformal time of the Universe n = fg %, which encapsulates the cumulative causal
structure of cosmic evolution. This leads to a dark energy density of the form pnape =
3n2M§ /n? [13], thereby connecting spacetime quantum fluctuations with large-scale cosmic
dynamics.

A further generalization, termed Barrow Holographic Dark Energy (BHDE), modifies the
entropy area relation by introducing a deformation parameter A that incorporates possible
quantum gravitational corrections and fractal aspects of spacetime [14]. Together, the RDE,
NADE, and BHDE models provide complementary realizations of the holographic principle,
each characterized by a distinct physical choice of the IR cutoff, either through curvature,
causal structure, or horizon deformation. Collectively, these frameworks highlight how in-
formation bounds and quantum effects may influence the evolution of dark energy and the
late-time expansion of the Universe.

Prominent variants include the Ricci Dark Energy (RDE) model [12,15], which employs
the Ricci scalar as the IR cutoff and thereby avoids the non-locality of the event horizon;
the New Agegraphic Dark Energy (NADE) model [13,16], in which the conformal age of
the Universe sets the cutoff, motivated by spacetime quantum fluctuations; and the more
recent Barrow Holographic Dark Energy (BHDE) model [14,17], which incorporates Barrow
entropy, a quantum-gravitational deformation of the Bekenstein-Hawking entropy, intro-
ducing a new parameter A that modifies the dark energy density scaling. These models
have been studied in various cosmological contexts, from background expansion to structure
formation [18]. With the rise of precise observational sets like the Pantheon Type Ia super-
nova catalog [6], refined CC estimates [19], and gamma-ray burst (GRB) relations [20-22],
one can now constrain holographic dark energy scenarios with remarkable accuracy. In
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this study,we conduct a comparative investigation of BHDE, RDE and NADE employing
SN Ia, CC and GRB observations.Through the use of statistical tools including the Akaike
Information Criterion (AIC) and the Bayesian Information Criterion (BIC), we evaluated
their comparative effectiveness and plausibility as substitutes for ACDM in describing the
late-time cosmic acceleration.

Unlike earlier studies that used limited or low redshift data combinations like SNe Ia
+ CC or SNe Ia + CMB + BAO to constrain the Barrow, Ricci, and New Age graphic
holographic dark energy models [11,18,23], the current analysis uses a fully geometric and
model independent dataset made up of cosmic chronometers (CC), Type Ia supernovae, and
gamma ray bursts (GRBs).This joint dataset spans a broad redshift range (0 < z < 9)
and avoids early universe assumptions tied to the sound horizon. CC data provide direct
measurements of the Hubble parameter H (z) through galaxy age differentials [24], the SNe Ia
sample minimizes calibration and systematic uncertainties [25], and the inclusion of GRBs
extends the redshift reach to z ~ 6-9 [21,22]. Together, these complementary probes with
joint datasets span both low and high redshift regimes, allowing for a comprehensive late-
time assessment of holographic dark energy models, leading to tighter and more robust
constraints on §2,,0, Hg, and the model specific parameters compared to earlier analyses. In
the next section, we build upon these theoretical foundations to formulate the cosmological
dynamics of each model and examine their observational consistency using current datasets.

The structure of this paper is as follows. Section 2 provides a brief overview of the
holographic dark energy models under consideration. Section 3 describes the observational
datasets, analysis techniques, and the statistical model selection criteria employed. The
cosmological constraints and their implications are presented in section 4. Finally, section
5 summarizes our findings and offers concluding remarks.

2 Holographic Dark Energy Models

2.1 Ricci Holographic Dark Energy (RDE)
The dark-energy density is proportional to the Ricci scalar of the FRW background [12,15]:

prow = 3aM? (2H2 + H) , (2.1)

where « is a dimensionless parameter to be constrained by data.
The first Friedmann equation with matter (p,, = pmoa3) and RDE reads

3M2H? = poa® + 3aM? (2H2 + H) . (2.2)

Divide by 3M2H§ and define r = E? to obtain

(1-2a)r—« = Qoa™>. (2.3)

Hp

Using = = Ina and & = 2H /HZ (since d(H?)/dx = 2H),

dr 2 2 -3
dx—<a—4)7’——a9moa . (24)

This is a first-order linear ODE with solution

E*(2)

Qo(L+ 2)? + {1 - ;Qmo] (142)% 2, (2.5)

:2701



86 Sonali Borah

Imposing F(0) = 1 fixes the integration constant. Equation (2.5) matches the standard
analytic solution (see, e.g., Eq. (32) in [15]). For o — 0 one recovers ACDM-like behavior
with an early-time (1+2)* component; observational fits typically require 0 < o < 1 [12,15].

2.2 Barrow Holographic Dark Energy (BHDE)

Barrow entropy modifies the Bekenstein-Hawking entropy to Sp oc AM2/2 with 0 < A < 1
[14]. Applying the holographic principle with Barrow entropy leads to the BHDE density
[17,18]:

ppE = C L2772, (2.6)

where C' has dimensions [L]72~? and L is the IR cutoff. The original and most used choice

in BHDE is the future event horizon Ry,

e} dt/ oo da/
RhE(I,‘/t @:a/a m, (27)

yielding pgapr = C RS2 [18].
Define Qp = pBHDE/(?)MgHQ). For 0 < A < 1 one obtains the autonomous equation for
QB(I’) [18]

o, NN
m =1 + A + Q (]. - QB)Q(A_z) QB e2(A-2) 5 (28)
with )
o \= s
@=2-0)(55) " (Hovfm) . (2.9)
p

The BHDE equation of state is [18]

1
B ) Q" (1- QB)ﬁeﬁx' (2.10)

Once (2.8) is integrated from z = 0 (with Qg = 1 —,,,0), the Hubble function follows from

the flatness relation
Qmo(l =+ 2)3

F?(2) = =)

(2.11)

If one instead chooses L = H~!, then PBHDE = 3C2M3H2*A and the Friedmann equation
gives an algebraic relation

E2(2) = Quo(1 422 + BE*2(2), B=EH,>, (2.12)
which can be solved analytically only for special A (e.g. A =0, 1) and otherwise is obtained
numerically. See [17] for model details; most observational analyses adopt the event-horizon
form (2.6)—(2.11).

2.3 New Agegraphic Dark Energy (NADE)
In NADE the IR cutoff is the conformal time 7 [13]:

3n2M2 t dt’' a da’
= 4 =/ =] — 2.13
PNADE 772 ) n A a(t’) /0 a/zH(a/)7 ( )
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where n is a dimensionless parameter of order unity. Defining 4 = pnapr/ (3M5H 3 =
n?/(H?n?) one has the useful identity

n
Hnp=—. 2.14
"= o (2.14)
The NADE equation of state in a flat universe reads,
2
=—-14+—/Q. 2.15
Wq + 3an q ( )
Using the conservation equations with dust matter, the general relation €, = —3wge Qqge(1—

Qge) yields the NADE evolution

Q= Qq(1 - Qq) [3 - 2\/@} . (2.16)

an

Equivalently, in redshift form (using d/dz = —(1+ 2)7'd/dIna and a = 1/(1 + 2)),[8]

Ay Q4(1—-9) {3 2(1+z)\/9—q]' 217)

dz 14z n
After solving (2.16) (or (2.17)) with initial condition 49 = 1 — Q,,,0, one obtains

QmO(]. + Z)S
1—Qq(2)

This is the standard way H(z) is built in NADE studies [13].

E*(z) = (2.18)

3 Methodology

3.1 Data Analysis

In this work we constrain the model parameters 6 of the dark-energy models using three
complementary data-sets: cosmic chronometers (CC) H(z) measurements, the Pantheon
Type Ia supernova compilation, and a calibrated gamma-ray burst (GRB) Hubble diagram.
Below we summarize the data and the statistical treatment used in the likelihood analysis.

Cosmic chronometers (CC)

The CC (differential age) measurements provide direct, model-independent estimates of the
Hubble parameter H(z) through the relative ages of passively evolving galaxies [19]. We use
the latest compilations of CC measurements in the redshift range 0 < z < 2 (see reviews
and compilations in [19]). The theoretical prediction for each measurement is

Hin (2550, Ho) = Ho E(z;0), (3.1)
where E(z) = H(z)/Hy is given by the model. The x? for the CC dataset is computed as a

simple sum over datapoints:

Ncc . 2
o6, Ho) = Z [Hops(2:) — H;h(zi,@,Ho)] . (3.2)

i=1 UH,i

If desired, Hy can be treated as a free parameter in the global fit or marginalized over with
a Gaussian prior; in many analyses a uniform prior on Hy or an external prior (e.g. from
Riess et al.) is used. The CC data are independent of the supernova absolute magnitude
nuisance parameter and therefore help break degeneracies with Hy [19].



88 Sonali Borah

Pantheon SNe Ia sample

We adopt the Pantheon compilation of SNe Ia as our primary low-redshift distance probe
[25]. For a spatially-flat universe the Hubble-free luminosity distance is

D(z-e)—(1+z)/zd7’z/ (3.3)
B o E(z;0) ‘
and the theoretical distance modulus is

pin (250, M) = 5log, Dr(z;0) + M, (3.4)

where M = Mp + 5log,, (%I;CO) + 25 absorbs the absolute magnitude Mp and the Hubble
constant. The Pantheon likelihood uses the full covariance matrix (statistical plus system-
atic) provided by the authors. Denoting the vector of observed distance moduli as g, and

the model vector as gy, (6, M), the x? reads

Xan(0, M) = Ap" CTH Ap, Ap = pgp, — pe, (6, M), (3.5)

where C is the Pantheon covariance matrix [25]. Following standard practice one can an-
alytically marginalize over the nuisance parameter M (equivalently over Mp and H, com-
bination) assuming a flat prior. The marginalized x? is obtained by expanding Eq. (3.5) in
M and minimizing, analogous to the treatment of pg in older SN compilations.

Gamma-Ray Bursts (GRBs)

Long-duration GRBs extend the Hubble diagram to much higher redshifts than SNe Ia,
and can therefore provide extra leverage on the expansion history when properly calibrated.
A commonly used approach is a cosmology-independent calibration of GRB luminosity (or
energy) correlations (for example the Amati relation E, ;—FEis, or other empirical relations)
by anchoring to the low-redshift SNe Ia Hubble diagram [20-22]. In this work we adopt a
calibrated GRB Hubble diagram constructed via a model-independent interpolation of the
Pantheon SNe Ia (see [20-22] for details), which produces a set of GRB distance moduli
pcrB(z:) with uncertainties o, grg,i- The x?2 contribution from GRBs is then

NgrB 2
HUGRB,obs (2i) — pen (2456, M)
X&rp(0) = Z [ 2 .t ) ) (3.6)
i=1 i

where fi), uses the same M definition as for SNe Ia. When the GRB calibration was per-
formed cosmology-independently (by interpolation on SNe), the calibration removes explicit
cosmology dependence; however, residual systematic uncertainties should be propagated
into o, ; or accounted for via an extra systematic covariance term [22].

The combined likelihood is given by
1
Liot X exp <_2X%ot> ) X%ot = X%N + X%C + XéRB' (3.7)

and the likelihood is £ o< exp(—xZ,;/2).
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3.2 Model Selection: AIC and BIC

We quantified the relative performance of the models using the Akaike Information Criterion
(AIC) and the Bayesian Information Criterion (BIC), defined as

AIC = x2;, + 2F, (3.8)
BIC = x2;, + kIn N,

where k is the number of free parameters and N is the total number of data points. Smaller
values of AIC and BIC indicate a more favored model.

4 Results and Disscussion

The model parameters for Barrow Holographic Dark Energy (BHDE), Ricci Dark Energy
(RDE), and New Agegraphic Dark Energy (NADE) were constrained using the combined
cosmic chronometer (CC), gamma ray burst (GRB),and Type Ia supernova (SN) datasets.
The resulting marginalized one and two dimensional probability distributions are shown in
the corner plots, indicating 68% and 95% confidence contours. The best—fit values with 1o
uncertainties are summarized in Table 1, while Table 2 presents the corresponding model
selection statistics.
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Figure 1: Comparison between the Ricci Dark Energy (RDE) model predictions and obser-
vational data. Left: The distance modulus u(z) as a function of redshift, showing the RDE
theoretical curve (solid line) against Gamma-Ray Burst (GRB) measurements with 1o uncer-
tainties. Right: The Hubble parameter H(z) evolution compared with cosmic chronometer

(CC) data.
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Figure 2: Comparison between the New Agegraphic Dark Energy (NADE) model predictions
and observational data. Left: The distance modulus p(z) as a function of redshift, showing
the NADE theoretical curve (solid line) against Gamma-Ray Burst (GRB) measurements
with 1o uncertainties. Right: The Hubble parameter H(z) evolution compared with cosmic
chronometer (CC) data.
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Figure 3: Comparison between the Barrow Holographic Dark Energy (BHDE) model pre-
dictions and observational data. Left: The distance modulus p(z) as a function of redshift,
showing the BHDE theoretical curve (solid line) against Gamma-Ray Burst (GRB) mea-
surements with lo uncertainties. Right: The Hubble parameter H(z) evolution compared
with cosmic chronometer (CC) data.

Table 1: Best-fit values of the cosmological parameters for BHDE, RDE, and NADE models
with 1o uncertainties.

Model  Hy [km s~ Mpc™'] Qo Additional Parameter
BHDE 69.76 0150 0.3017000TC A = 0.99477J 0oL
NADE 70.165 767019 0.3997 5 068 n = 2.48370 251

Table 2: Model selection results based on the minimum x2,;,, AIC and BIC for NADE,RDE
and BHDE models.

Model  x2,,  AIC  BIC

NADE  600.703  604.703 614.613
RDE  600.728 604.728 614.638
BHDE  702.809 708.809 723.673
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Figure 4: Corner plot for the BHDE model parameters constrained with CC + GRB + SN
data. The diagonal plots show the marginalized one-dimensional distributions, while the
off-diagonal plots show the joint 68% and 95% confidence regions.
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Figure 5: Corner plot for the RDE model parameters constrained with CC + GRB + SN
data. The diagonal plots show the marginalized one-dimensional distributions, while the
off-diagonal plots show the joint 68% and 95% confidence regions.
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Figure 6: Corner plot for the NADE model parameters constrained with CC 4+ GRB + SN
data. The diagonal plots show the marginalized one-dimensional distributions, while the
off-diagonal plots show the joint 68% and 95% confidence regions.

The Barrow holographic dark energy (BHDE) model modifies the standard holographic
framework by introducing a deformation parameter A that captures possible quantum grav-
itational effects on the cosmic horizon entropy. In our present analysis, the joint CC + GRB
+ SNela dataset yields

Hy = 69.7670 155 kms™ Mpc™!, Q0 = 0.30175:0005 A = 0.994775-0%3 .

These values point to a small but statistically significant deviation from the standard holo-
graphic case (A = 0), implying a mild imprint of quantum geometry on the cosmic expansion.
Earlier observational studies, such as those by Anagnostopoulos et al. [18], constrained the
model using CC and SNeTa data and obtained A = 0.0957099% with Hy = 68.957 %,
kms~! Mpc~?

A more recent analysis by Luciano et al. [26], employing the SN+OHD+BAO combi-
nation from DESI DR2, reported Hy = 68.67 35 kms~' Mpc™', Q,,0 = 0.31670:02, and
an upper limit A < 0.471 (1o). Compared to these works, our study finds a tighter con-
straint and a higher A value, reflecting the impact of incorporating high-redshift GRB data
that improve sensitivity to the late-time expansion rate. Overall, the results suggest that the
BHDE framework remains observationally consistent and capable of reproducing ACDM-like
behavior with minor quantum corrections.

The Ricci dark energy (RDE) scenario connects the infrared cutoff to the Ricci scalar
curvature, with the model evolution governed by the parameter «. Using the CC + GRB
+ SNela dataset, the present analysis yields

Hy = 72.4281032¢ kms™' Mpc™!, Q0 = 0.30270552 o = 0.39815:022.

This slightly higher Hy value compared with previous works indicates a faster late-time
cosmic expansion, consistent with the addition of GRB data extending beyond z ~ 2.
Earlier analyses, including those by Zhang [15], Xu et al. [27], and Xu and Wang [28],
found o ~ 0.36-0.38, Q0 ~ 0.30, and Hy ~ 69 kms~! Mpc~! based on lower-redshift
SN, BAO,CMB and OHD datasets. The improved constraints obtained in the present work
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demonstrate reduced parameter degeneracy and confirm the internal consistency of the RDE
framework with modern data, while offering more precise cosmological limits compared to
earlier efforts.

The new agegraphic dark energy (NADE) model refines the original agegraphic approach
by relating the quantum energy density to the conformal time of the Universe, characterized
by the parameter n. Our joint CC + GRB + SNela analysis provides the following best-fit
results:

Hy = 70.1653843 kms™ Mpc™!, Q0 = 0.39970049  n = 2.48370:947.
The central value of n agrees well with previous estimates, which generally favor n ~ 2.5-2.8.

Wei and Cai [29] first analyzed the model using SNeTIa, CMB, and BAO data, obtaining
n = 271670185 and Q,,0 = 0.295 + 0.020. Zhang et al. [30] later extended the analysis
to non-flat cosmologies and found n = 2.67370052, while Xu and Zhang [31] reported n =
2.455 with Q,,0 = 0.336 and h = 0.629. The broader uncertainty in the present study is
primarily due to the inclusion of GRB data, which introduces a mild degeneracy between
Hy and n. Nevertheless, the results reaffirm that n ~ 2.5 provides a viable description of
the late-time acceleration, maintaining strong consistency with ACDM-like expansion while
accommodating dynamical dark-energy behavior.

Table 3: Best-fit cosmological parameters for the BHDE, RDE, and NADE models compared
with previous constraints from the literature. Errors represent 1o uncertainties.

Model Reference Key Parameter Qo Hy (kms~! Mpc™1)
BHDE Anagnostopoulos et al. [18] A =0.09570-993 — 68.9570-187
Luciano et al. [26] A <0471 0.31675:029 68.6753
This work (CC+GRB+SNela) A =0.9947+3:9%  0.301*39916 69.7670 1%
RDE Zhang [15] o =0.35970021 0.31815:02¢ —
Xu et al. [27) a=0.3840.03 0.3440.04 —
Xu & Wang [28] o =0.382700% 0.292775-022 69.09123
This work (CC+GRB+SNela) «=0.39875522  0.30219032 72.4281553¢
NADE Wei & Cai [29] n=271610155  0.295=+0.020 —
Zhang et al. [30] n=2.67375023 — —
Xu & Zhang [31] n = 2.455 0.336 62.9
This work (CC+GRB+SNela) n=248379247 039919949 70.16515 518

The combined analysis of the BHDE, RDE, and NADE models using the joint CC+GRB+
SNela dataset provides a consistent and high-precision set of cosmological constraints.
For the Barrow holographic model, the deformation parameter A = 0.99471'8:8838 indi-
cates a minute but physically meaningful deviation from standard holography, suggesting
that the Barrow entropy framework can effectively encode quantum-gravitational imprints
within cosmic evolution.The corresponding matter density Q,,0 = 0.301150005 and expan-
sion rate Hy = 69.7670 152 kms~! Mpc™! remain consistent with Planck 2018 results[32],

while slightly reducing the tension with late-universe measurements.
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5 Conclusion

In this work, we performed a unified observational analysis of three prominent dynamical
dark energy models Barrow Holographic Dark Energy (BHDE), Ricci Dark Energy (RDE),
and New Agegraphic Dark Energy (NADE), using a combined dataset comprising cosmic
chronometers (CC), gamma-ray bursts (GRBs), and type Ia supernovae (SNela). This joint
approach enables a consistent comparison of their cosmological behavior across both low
and high redshifts.

The results indicate that all three models are broadly consistent with current obser-
vational bounds, yet each displays a distinct physical signature. The BHDE framework
yields a deformation parameter A ~ 1, implying an almost standard holographic entropy
with a subtle quantum gravitational correction. Its corresponding expansion rate, Hy ~
69.8 kms~! Mpc™1, is closely aligned with the Planck CMB determination [32], providing
an intermediate value that alleviates the long-standing tension between early and late uni-
verse measurements without conflicting with the SHOES [33] results.

The RDE model, characterized by the parameter o« =~ 0.40, predicts a slightly larger
Hubble constant of Hy ~ 72.4kms~! Mpc™!, naturally trending toward the locally mea-
sured expansion rate. This behavior suggests that the RDE scenario may accommodate a
faster cosmic acceleration, serving as a potential bridge between the Planck and SHOES
determinations of Hy.

Meanwhile, the NADE model provides a best-fit parameter n ~ 2.5 with moderate
uncertainty, consistent with theoretical expectations from earlier studies. Its statistical
preference, as reflected in lower AIC and BIC values, highlights its efficiency in reproducing
the observed expansion history while preserving a physically motivated connection between
quantum fluctuations and cosmic dynamics.

The inclusion of GRB data extends the redshift coverage beyond the reach of SNela
and CC probes, thereby tightening the constraints and mitigating degeneracies between
model parameters. This integrated dataset strengthens the empirical foundation for testing
holographic and agegraphic models of dark energy.

Overall, our comparative analysis demonstrates that modified holographic scenarios re-
main robust alternatives to the standard ACDM model. Among them, the BHDE formu-
lation provides the most stable and tightly constrained results, reinforcing its potential as
a theoretical link between quantum gravitational effects and late-time cosmic acceleration.
Future work incorporating BAO, CMB, and forthcoming redshift drift observations will fur-
ther refine these constraints and help clarify the role of entropy deformation and agegraphic
corrections in resolving the current cosmological tensions.
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