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Abstract In this study, we investigate signature flips within
the framework of cosmological models featuring a time-
varying vacuum energy term �(t). Specifically, we consider
the power-law form of � = αHn , where α and n are con-
stants. To constrain the model parameters, we use the MCMC
technique, allowing for effective exploration of the model’s
parameters. We apply this approach to analyze 31 points of
observational Hubble Data (OHD), 1048 points from the Pan-
theon data, and additional CMB data. We consider three sce-
narios: when n is a free parameter (Case I), when n = 0
(Case II), and when n = 1 (Case III). In our analysis across
all three cases, we observe that our model portrays the uni-
verse’s evolution from a matter-dominated decelerated epoch
to an accelerated epoch, as indicated by the corresponding
deceleration parameter. In addition, we investigate the physi-
cal behavior of total energy density, total EoS parameter, and
jerk parameter. Our findings consistently indicate that all cos-
mological parameters predict an accelerated expansion phase
of the universe for all three cases (q0 < 0, ω0 < − 1

3 , j0 > 0).
Furthermore, our analysis reveals that the Om(z) diagnostics
for Cases I and III align with the quintessence region, while
Case II corresponds to the �CDM model.
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1 Introduction

Recent astronomical observations have provided strong evi-
dence supporting the theory of accelerated expansion in our
universe [1–8]. This acceleration is attributed to an unknown
form of matter known as dark energy (DE), characterized by
its negative pressure and positive energy density, satisfying
the condition ρ + 3p < 0 [9–11]. The nature of DE remains
one of the most significant mysteries in modern cosmology,
driving ongoing research and theoretical investigations into
its properties and implications for the evolution of the uni-
verse [12]. Recent studies suggest that the composition of the
universe is approximately 74% DE, 22% dark matter, and 4%
ordinary matter. Among the various forms of DE, the sim-
plest is known as the cosmological constant (�), which is a
key component of the � cold-dark-matter (�CDM) model
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[13,14]. The �CDM model has proven to be successful in
describing various observed features of the universe, provid-
ing a framework that aligns with a wide range of astronom-
ical observations. This model has become a cornerstone of
modern cosmology and serves as the foundation for many
theoretical and observational studies.

While the �CDM cosmological model aligns well with
a majority of observational data, it encounters significant
challenges, particularly regarding fine-tuning [15]. Obser-
vations indicate that the value of � is exceptionally small,
just enough to account for the current acceleration of the
universe. However, theoretical predictions based on quan-
tum field theory suggest a vastly larger value for �, differ-
ing from the observed value by a staggering factor of 10120.
Another issue, known as the coincidence problem [16], arises
from the unexpectedly similar magnitudes of � and ordi-
nary matter in the universe. This coincidence raises questions
about the underlying reasons for the comparable scales of
these two components at the present epoch. These challenges
have motivated researchers to explore alternative explana-
tions and modifications to the �CDM model to address these
issues and provide a more comprehensive understanding of
the universe’s dynamics. In the exploration of the universe’s
accelerated expansion, researchers have investigated various
cosmological models using two primary approaches. One
approach involves modifications to classical general relativ-
ity (GR), leading to modified theories of gravity [17–35].
The other approach involves the introduction of mysterious
energy components, commonly referred to as DE. In this
context, the equation of state (EoS) parameter, which repre-
sents the ratio of pressure to energy density, plays a crucial
role. Observationally, the EoS parameter is found to be very
close to −1, indicating that the universe is in an accelerating
phase, with the EoS parameter satisfyingω < − 1

3 . To address
the nature of dark energy, numerous studies have explored
various theoretical frameworks, including quintessence [36],
phantom [37,38], K-essence [39,40], Chaplygin gas [41,42],
tachyon [43], and holographic DE model [44–46].

On the other hand, different models featuring a time-
varying �(t) or vacuum decay have been proposed in dif-
ferent contexts, often assuming time dependencies for �(t)
[47–49], where different phenomenological decay laws for
�(t) have been explored. The expression for �(t) can also
be obtained through geometric analysis [50,51] or quantum
mechanical reasoning [52]. Interactions between vacuum and
matter have been studied in various approaches, with compar-
isons made to recent cosmological data [53–56]. One promis-
ing approach to address the shortcomings of the �(t)CDM
model is the running vacuum model (RVM). This model
arises from applying the renormalization group approach of
quantum field theory in curved spaces to renormalize the
vacuum energy density. The evolution of the vacuum energy
density in this model is expressed as a series of powers of

the Hubble function H and its derivatives for cosmic time.
While the leading term of this expansion is constant, the
next-to-leading term evolves as H2, which can have impli-
cations for the current evolution of the scale factor. Initially
introduced in a semi-qualitative manner, the RVM has more
recently been rigorously derived from quantum field theory
in curved spacetime. This class of models has shown promise
in fitting with cosmological observables, potentially outper-
forming the �(t)CDM model in certain scenarios [57–63].
For more details on the RVM and recent theoretical develop-
ments, interested readers can refer to the relevant literature
[64–68]. Overduin and Cooperstock [49] explored the evo-
lution of the scale factor in the context of a variable vacuum
energy term, such as � = At−l , � = Ba−m , � = Ctn

and � = Dqr (where A, B, C , D, l, m, n, r are con-
stants). In a recent study by Rezaei et al. [69], the authors
employed phenomenological reasoning to parameterize the
time-dependent behavior of �(t), expressing it as a power
series expansion of the Hubble rate and its time derivatives:
�(t) ∝ H,�(t) ∝ Ḣ ,�(t) ∝ H2. In addition, Singh
and Solà [70] investigated Friedmann cosmology within the
framework of the Brans–Dicke theory, considering a scenario
where the vacuum density decays over time. Specifically, the
authors explored �(t) given by the phenomenological law
�(t) = λ + σH , where λ and σ are constants and H is
the Hubble parameter. Khatri and Singh [71,72], within the
framework of Brans–Dicke theory, focused on constraining
models of time-varying vacuum energy. They introduced two
forms for the cosmological constant: a power-series form and
a power-law form.

In this work, we explore signature flips in cosmologi-
cal models with a time-varying vacuum energy term �(t).
These flips represent changes in the behavior of cosmologi-
cal parameters, especially the transition from decelerated to
accelerated expansion. We focus on the power-law form of
� = αHn , where α and n are constants [49]. Specifically, we
consider three scenarios: when n is a free parameter (Case I),
when n = 0 (Case II), and when n = 1 (Case III). To refine
our model’s parameters, we use recently updated datasets,
which include 31 data points from the OHD dataset and 1048
data points from the Pantheon dataset [8,73]. In addition, we
incorporate CMB data from Planck’s recent results [74]. The
paper is structured as follows. In Sect. 2, we introduce the
flat FLRW Universe within the framework of �(t)CDM cos-
mology. In Sect. 3, we derive the expressions for the Hubble
parameter under the assumption of the power-law form of
�(t). Subsequently, in Sect. 4, we present the best-fit val-
ues of the model parameters obtained using the combined
OHD+Pantheon+CMB dataset for all three cases of n. In
addition, we explore the behavior of the deceleration param-
eter, total energy density, total EoS parameter, jerk parameter,
and the Om(z) diagnostics in Sect. 5. Finally, in Sect. 6, we
summarize the outcomes of our investigation.
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2 �(t)CDM cosmology

The cosmological principle posits that, at a large scale,
the universe is uniform in its distribution of matter (homo-
geneous) and looks the same in all directions (isotropic).
This principle forms the cornerstone of modern cosmol-
ogy, serving as a fundamental framework for comprehend-
ing the structure and development of the universe. Over the
past few decades, the cosmological principle has been sub-
jected to extensive testing using diverse methods, includ-
ing observations of cosmic microwave background radiation,
large-scale galaxy surveys, and studies of the distribution of
matter in the universe [3,4]. The cosmological principle is
mathematically formulated by the flat Friedmann–Lemaître–
Robertson–Walker (FLRW) metric,

ds2 = −dt2 + a2(t)[dx2 + dy2 + dz2], (1)

where a(t) represents the scale factor of the universe.
In the context of the metric (1), the total energy-

momentum tensor for a perfect fluid distribution, encompass-
ing all contributions from various energy components in the
universe, including matter and vacuum energy, is expressed
as

Tμν = (ρm + ρ� + pm + p�)uμuν + (pm + p�)gμν, (2)

where ρm is the energy density of matter in the universe,
ρ� is the vacuum energy density term, pm is the pressure of
matter, p� is the pressure of the vacuum energy term, uμ =
(1, 0, 0, 0) is the 4-velocity of the perfect fluid, describing
its motion in spacetime, and gμν is the metric tensor of the
FLRW spacetime, describing the geometry of the universe.

By using the Einstein field equations with respect to Eq.
(1) in the presence of matter modeled as a perfect fluid (2), we
derive the Friedmann equations, which govern the dynamics
of the universe and are expressed in terms of the Hubble
parameter (H = ȧ

a ) as [75]

3H2 = ρm + ρ�, (3)

2Ḣ + 3H2 = −(pm + p�). (4)

The choice of units has been made so that the constants
8πG = c = 1. In the present work, our focus is on the late-
time universe, where we disregard the influence of radiation,
i.e. ρr = 0. On the other hand, ρ� and p� correspond to
the density and pressure associated with the vacuum energy
term, which can vary with time �(t). In addition, we adopt
the equation of state (EoS) of vacuum energy as ω� = −1
[76], which implies that the pressure of the vacuum energy
term p� = −� is equal to minus its energy density ρ� = �,
as per the equation p� = −ρ�. By applying the divergence
operator to Eq. (2), we can derive the continuity equation for

the matter component of the universe as follows:

ρ̇m + 3H(ρm + pm) = −�̇, (5)

which indicates that matter is not conserved independently,
as the decaying vacuum serves as a source of matter. By using
the first Friedmann equation (3), we can derive the expression
for the energy density of matter as ρm = 3H2 − �. Now,
the present value of the dimensionless density parameters
corresponding to matter and the vacuum energy term are
defined as


m0 = ρm0

3H2
0

, 
�0 = �0

3H2
0

, 
m0 + 
�0 = 1, (6)

where ρm0 is a constant of integration that represents the
current value of the matter density.

Then, we can derive the expression for the total EoS
parameter as

ωtot = p�

ρm + ρ�

= − 1

1 + ρm
ρ�

, (7)

where ω� = −1. Using the assumption of pressureless mat-
ter (pm = 0), the second Friedmann equation (4) can be
expressed as [76,77]

2Ḣ + 3H2 = �. (8)

Furthermore, to establish cosmological constraints, we
choose the redshift z as the independent variable instead of
the conventional time variable t . The redshift z is defined by
the formula: 1 + z = 1

a(t) , where a0 is the scale factor at
present (a(0) = 1) and a(t) is the scale factor at the time
corresponding to the redshift z. Using z as the independent
variable allows us to directly relate observational data, such
as the redshift of distant galaxies, to the evolution of the uni-
verse. Hence, we can replace time derivatives with derivatives
with respect to redshift using the following relation:

d

dt
= −H(z)(1 + z)

d

dz
. (9)

Now, using the definition of the derivative of the Hubble
parameter with respect to time, Eq. (8) becomes

dH(z)

dz
= 3H(z)

2(1 + z)
− �(z)

2H(z)(1 + z)
. (10)

3 Cosmological �(t)CDM models

In this section, we will analyze the results obtained in the pre-
vious section for several �(t)CDM models. Here, we con-
sider the following �(t)CDM model, which incorporates a

123



665 Page 4 of 11 Eur. Phys. J. C (2024) 84 :665

power-law form of the Hubble parameter, as described in
[49],

� = αHn, (11)

where α and n are the arbitrary constants. For this particu-
lar selection of the function �, we can derive the following
differential equation:

dH(z)

dz
= 3H(z)

2(1 + z)
− αH(z)(n−1)

2(1 + z)
. (12)

Now, by using Eqs. (6) and (11) we have


�0 = α

3H (2−n)
0

. (13)

After integrating the aforementioned equation, we derive
the following expression for the Hubble parameter H(z) in
terms of redshift, which applies specifically to the �(t)CDM
model:

H (z)(2−n) = H (2−n)
0 (1 + z)γ − α

3
(1 + z)γ + α

3
,

= H (2−n)
0 (1 + z)γ

−H (2−n)
0 
�0 (1 + z)γ + H (2−n)

0 
�0,

= H (2−n)
0

[
(1 + z)γ − 
�0 (1 + z)γ + 
�0

]
,

= H (2−n)
0

[
(1 − 
�0) (1 + z)γ + 
�0

]
,

= H (2−n)
0

[

m0 (1 + z)γ + (1 − 
m0)

]
,

H (z) = H0
[

m0 (1 + z)γ + (1 − 
m0)

] 1
(2−n) , (14)

where H0 is the present value of the Hubble parameter and
γ = 3 − 3n

2 .
Now, we consider three different cases related to the vac-

uum energy term �(t), which are well-documented in the
existing literature. Each case represents a distinct scenario
that can significantly impact our understanding of the uni-
verse’s evolution within the context of the �(t)CDM model.

• Case I: When n is a free parameter in the �(t)CDM
model. In this scenario, we need to constrain three model
parameters: H0, 
m0, and n. These parameters are crucial
for understanding the dynamics of the universe and can
be constrained through observational data and theoretical
considerations.

• Case II: When n = 0, the scenario corresponds to � =
α > 0, which aligns with the standard �CDM model.
In this case, the expression for the Hubble parameter is
given by

H (z) = H0

[

m0 (1 + z)3 + (1 − 
m0)

] 1
2
. (15)

Specifically, when α = 0, the expression for H(z)

reduces to H(z) = H0(1 + z)
3
2 , which corresponds to

a matter-dominated universe.
• Case III: When n = 1, this scenario aligns with the linear

model discussed in [69]. In this case, the expression for
the Hubble parameter is given by

H(z) = H0

[√

2

m0(1 + z)3 + (1 − 
m0)

]
. (16)

4 Observational constraints and methodology

In this analysis, we use three distinct datasets: observa-
tional measurements of the Hubble parameter (OHD), data
on the distance modulus of Type Ia supernovae (SNe), and
cosmic microwave background (CMB) data. These datasets
have been employed to limit the model parameters � =
(H0,
m0, n). For this reason, we use statistical analysis
methods to perform numerical analysis, specifically employ-
ing the Markov Chain Monte Carlo (MCMC) method to
obtain posterior distributions of the parameters. This anal-
ysis is implemented using the Python package emcee [78].

The best-fit parameter values are found by maximizing
the likelihood function L = exp(−χ2/2), where χ2 repre-
sents the chi-squared function. The specific forms of the χ2

functions for different datasets are below. In addition, in all
our analyses, we employ the following prior distributions for
the parameters:

H0 ∈ [60, 80]km/s/Mpc, 
m0 ∈ [0, 1], n ∈ [−10, 10].
(17)

4.1 OHD

The observational Hubble data (OHD) is widely recognized
as an important tool for studying the expansion history of the
universe, especially beyond the framework of GR and the
�CDM model. The OHD dataset is primarily derived using
the differential age of galaxies method [8]. In our study, we
focus on a compilation consisting of 31 data points from
the cosmic chronometers (CC). To constrain our model, we
introduce the chi-square function, which is commonly used
to quantify the goodness of fit between theoretical predictions
and observational data,

χ2
OHD =

31∑

i=1

[
H th
i (�, zi ) − Hobs

i (zi )

σH(zi )

]2

, (18)

where Hobs and Hth denote the observed and theoretical
values of the Hubble parameter, respectively, while σH(zi )

denotes the standard deviation of the ith data point.
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4.2 Pantheon

At first, observational studies on a select “golden sample”
of 50 Type Ia SNe indicated that our universe is undergoing
an accelerated phase of expansion. Following these initial
findings, studies on SN datasets have expanded significantly
over the past two decades, encompassing increasingly larger
samples. Recently, a new sample of Type Ia SNe datasets has
been released, comprising 1048 data points. In this article,
we use the Pantheon datasets [73,79], which consist of 1048
spectroscopically confirmed Type Ia SNe samples covering
the redshift range z ∈ [0.01, 2.3].

The chi-square function for the Pantheon datasets is
defined as

χ2
Pantheon =

1048∑

i, j=1

�μi

σμ(zi )
, �μi = μth(�, zi ) − μobs

i (zi ).

(19)

The theoretical distance modulus, which is the logarithmic
representation of distance, is expressed as

μth = 5 log10 dL(z)+μ0, μ0 = 5 log10(1/H0Mpc)+25.

(20)

The luminosity distance is defined as the measure of the
amount of light received from a distant source, taking into
account the inverse square law for light propagation in an
expanding universe. For a spatially flat universe, it is defined
as

dL(z) = c(1 + z)
∫ z

0

dz

H(z)
, (21)

where c is the speed of light.
In addition, the nuisance parameters in the Tripp formula

[80], denoted by μ = mB − MB + αx1 − βc + �M + �B

were determined using the BEAMS with Bias Correction
(BBC) method, as introduced by [81]. Thus, the observed
distance modulus is calculated as the discrepancy between
the adjusted apparent magnitude MB and the absolute mag-
nitude mB i.e. μ = mB − MB . Therefore, the chi-square
function can be represented as [82]

χ2
Pantheon = �μTC−1�μ, (22)

where C represents the total uncertainty matrix of the dis-
tance modulus, defined as

C = Dstat + Csys (23)

In this context, we assume that the diagonal matrix of sta-
tistical uncertainties takes the form Dstat,i i = σ 2

μ(zi )
. Addi-

tionally, we obtain systematic uncertainties using the BBC
method described in Scolnic et al. [73].

Ci j,sys =
K∑

k=1

(
∂μobs

i

∂Sk

)(
∂μobs

j

∂Sk

)
σ 2
Sk . (24)

Here, the indices {i, j} pertain to the redshift bins for the
distance modulus, Sk represents the magnitude of the sys-
tematic error, and σSk represents its standard deviation uncer-
tainty.

4.3 OHD+Pantheon+CMB

In our study, we have additionally analyzed the CMB shift
parameter data, obtained from observations by the Planck
2018 results [74], to evaluate its influence on the current
constraints of our model. In this scenario, the shift parameters
R and �a are calculated as,

R =
√


m0H2
0 r(z�)/c, (25)

�a = πr(z�)/rs(z�), (26)

where rs(z) represents the comoving sound horizon at red-
shift z, and z� is the redshift to the photon-decoupling surface,
which can be calculated using a fitting formula [83,84]. We
rely on the estimates derived from the Planck 2018 data, as
detailed in [84], using the data vector and covariance data
specified in Eq. (31) of the referenced work.

Now, we derive constraints on the parameters of our
cosmological model with a time-varying �(t)-term across
all three cases using the combined OHD+Pantheon+CMB
dataset. This was achieved by minimizing the total chi-
squared function,

χ2
total = χ2

OHD + χ2
Pantheon + χ2

CMB . (27)

The constraints obtained for the model parameters apply
to all three cases for the combined OHD+Pantheon+CMB
dataset, as presented in Table 1. Furthermore, the 1 − σ

and 2 − σ likelihood contours for the model parameters are
depicted in Figs. 1 and 2.

4.4 Analysis of model selection and information criteria

In this subsection, we will examine different statistical crite-
ria and methods for selecting models. To do this, we will
employ the Akaike information criterion (AIC) [85] and
the Bayesian information criterion (BIC) [86] to evaluate
various models’ predictive performance using datasets. The
AIC addresses the problem of model adequacy by serving
as an estimator of Kullback–Leibler information, exhibit-
ing asymptotically unbiased properties. The AIC estima-
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Table 1 The table presents the constraints on the model parameters for all three cases based on the combined OHD+Pantheon+CMB dataset and
information criteria

Cases H0 (km/s/Mpc) 
m0 n q0 ztr χ2
min AIC BIC

Case I (n is free) 67.8+1.7
−1.7 0.37+0.12

−0.12 0.56+0.64
−0.73 −0.44+0.14

−0.09 0.79+0.17
−0.09 1439.75 1445.75 1448.85

Case II (n = 0) 68.4+1.6
−1.6 0.279+0.027

−0.026 − −0.58+0.03
−0.02 0.74+0.25

−0.24 1442.53 1446.53 1448.6

Case III (n = 1) 67.4+1.6
−1.6 0.453+0.029

−0.029 − −0.32+0.09
−0.09 0.82+0.37

−0.37 1442.5 1446.5 1448.57

Fig. 1 The constraints on the
model parameters for Case I are
presented at the 1 − σ and 2 − σ

confidence intervals, derived
from the combined
OHD+Pantheon+CMB dataset

tor, under the assumption of Gaussian errors, is defined as
[87,88],

AIC = −2 ln (Lmax ) + 2k + 2k (k + 1)

Ntot − k − 1
. (28)

In this context, k signifies the number of parameters in
the model, Lmax represents the maximum likelihood value
of the datasets under examination, and Ntot denotes the total
number of data points. For extensive datasets, the formula
simplifies to AIC ≡ −2 ln (Lmax ) + 2k [89], a modified
AIC criterion that is universally applicable. In addition, the
BIC, functioning as a Bayesian evidence estimator [88–90],

is formulated as

BIC = −2 ln (Lmax ) + k log(Ntot ). (29)

Here, χ2
min = −2 ln (Lmax ). In our effort to rank a

series of competing models according to their fitting qual-
ity to observational data, we utilize the previously men-
tioned criteria. Our focus is particularly on the relative dif-
ference in information criterion (IC) values within the set
of models under consideration. This difference, denoted as
�ICmodel = ICmodel − ICmin , compares the IC value of
each model to the minimum IC value among the competing
models. Finally, according to Jeffreys scale [91], if �IC ≤ 2,
the model is statistically consistent with the most favored
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Fig. 2 The constraints on the
model parameters for Cases II
and III are presented at the 1 − σ

and 2 − σ confidence intervals,
derived from the combined
OHD+Pantheon+CMB dataset

model by the data. A range of 2 < �IC < 6 implies a
moderate tension between the two models, while �IC ≥ 10
indicates a significant tension.

In our analysis of these tests, we have focused on Case II
(n = 0), which corresponds to the �CDM model as a base-
line. We then compared this case with Cases I and III. The
results of the model selection analysis are shown in Table 1.
These results indicate that for Case I, the differences are
�AIC = 0.78 and �BIC = 0.25, whereas for Case III, the
differences are �AIC = 0.03 and �BIC = 0.03. There-
fore, the value of �IC is less than 2 for each comparison,
indicating that both Case I and Case III are compatible not
only with the �CDM model (Case II) but also with the obser-
vational datasets.

5 Cosmological parameters

In this section, we delve into the physical characteristics of
established cosmological parameters, including the deceler-
ation parameter, energy density, total EoS parameter, jerk
parameter, and Om(z) diagnostic.

5.1 The deceleration parameter

Based on cosmological observational data, cosmic accelera-
tion is a relatively recent development. To comprehensively
grasp the universe’s evolutionary trajectory, a cosmological
model should account for both the decelerating and acceler-
ating phases of expansion [92,93]. Consequently, it is vital to
analyze the behavior of the deceleration parameter q to gain a
holistic understanding of cosmic evolution. The deceleration
parameter, expressed as a function of the Hubble parameter
H , is defined as

q = −1 − Ḣ

H2 . (30)

From Eqs. (14) and (30), we obtain

q(z) = −1 − γ
m0(1 + z)γ

(n − 2) (
m0 ((1 + z)γ − 1) + 1)
. (31)

In Fig. 3, the behavior of the deceleration parameter q(z)
exhibits a signature flip for all three cases: when n is a free
parameter, when n = 0, and when n = 1. The transition
redshift ztr denotes the epoch when the universe’s expansion
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Fig. 3 The plot illustrates the deceleration parameter correspond-
ing to the observational constraints obtained from the combined
OHD+Pantheon+CMB dataset

transitioned from a matter-dominated decelerating (q > 0)
to accelerating (q < 0) in the recent past. In addition, we
anticipate that the universe will ultimately evolve towards a
de Sitter expansion (q = −1) at lower asymptotic redshifts.
Our analysis indicates that the present value of the decelera-
tion parameter (q0) and transition redshift (ztr ) (as presented
in Table 1) aligns well with observational data [94–98]. This
agreement reinforces the compatibility of our cosmological
model with empirical observations.

5.2 The total EoS parameter

The total EoS parameter describes the relationship between
total energy density and total isotropic pressure in the uni-
verse. It plays a crucial role in defining the different phases
of cosmic evolution. For instance, in the EoS parameter, the
dust phase is characterized by ωtot = 0, while ωtot = 1

3
corresponds to the radiation-dominated phase. The vacuum
energy, represented by ωtot = −1 aligns with the �CDM
model and signifies a phase of accelerated expansion. Recent
discussions in cosmology have focused on the accelerating
phase of the universe, which is associated with ωtot < − 1

3 .
This range includes the quintessence phase (−1 < ωtot <

− 1
3 ) and the phantom regime (ωtot < −1). These phases rep-

resent scenarios where the universe’s expansion accelerates
at an increasing rate, with the phantom regime suggesting an
even more rapid acceleration.

By employing Eqs. (7) and (14), we derive the expression
for the total EoS parameter ωtot. Figure 4 depicts the total
energy density’s behavior, demonstrating a gradual decrease
over time with a positive trend. This trend suggests that
energy density will eventually approach zero in the distant
future. In addition, the total EoS parameter, as depicted in
Fig. 5, exhibits a similar evolution to the deceleration parame-
ter, trending towards negative values at lower redshifts across
all three cases for n. At present, the total EoS parameter lies

Fig. 4 The plot illustrates the total energy density (ρtot = ρm + ρ�)
corresponding to the observational constraints obtained from the com-
bined OHD+Pantheon+CMB dataset

Fig. 5 The plot illustrates the total EoS parameter correspond-
ing to the observational constraints obtained from the combined
OHD+Pantheon+CMB dataset

within the quintessence regime (−1 < ωtot < − 1
3 ), indicat-

ing a phase of accelerated expansion. As redshift decreases,
it tends towards the cosmological constant (ωtot = −1),
suggesting a transition to a phase of exponential expan-
sion. The present values of ωtot are −0.63+0.07

−0.06, −0.72+0.02
−0.01,

−0.55+0.08
−0.08 for the cases where n is a free parameter, n = 0,

and n = 1, respectively [99]. These values align with the
quintessence regime, indicating an evolving universe with a
transitioning EoS parameter.

5.3 The jerk parameter

The jerk parameter is a cosmological quantity that extends
the description of the universe’s expansion rate beyond the
conventional parameters of H(t) and q(t). It is derived from
the fourth term in a Taylor series expansion of the scale factor
a around a specific time t0 [100],

a(t)

a0
=1 + H0(t − t0)−1

2
q0H

2
0 (t−t0)

2+1

6
j0H

3
0 (t − t0)

3

+ O
[
(t − t0)

4
]
. (32)
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Fig. 6 The plot illustrates the jerk parameter corresponding
to the observational constraints obtained from the combined
OHD+Pantheon+CMB dataset

The jerk parameter, represented by j , is defined as the
third derivative of the scale factor with respect to cosmic
time [101],

j = 1

a

d3a

dτ 3

[
1

a

da

dτ

]−3

= q(2q + 1) + (1 + z)
dq

dz
. (33)

The jerk parameter plays a crucial role in understand-
ing cosmic dynamics, especially in the context of various
DE models [101]. Its value can help establish a connection
between these models and standard universe models, aiding
in the search for an appropriate candidate to describe cosmic
dynamics. For instance, in the flat �CDM model (Case II),
the jerk parameter is assigned a value of j = 1. Figure 6
illustrates the evolution of the jerk parameter for all three
cases of n. The results indicate that in cases I (n is free) and
III (n = 1), there is a deviation from the flat �CDM model
(Case II with n = 0) based on the best-fit values. Obser-
vations suggest that in these models, the current value of j
exceeds 1 for Cases I and III ( j = 0.71 and j = 0.44, respec-
tively) [102]. Therefore, in the current models where n is a
free parameter and n = 1 (where j0 > 0 and q0 < 0), it is
evident that the dynamic DE model under consideration is
the most likely explanation for the current acceleration. This
outcome suggests the need for further investigation into the
dynamic DE model to better understand its implications for
cosmic acceleration.

5.4 Om(z) diagnostics

The Om(z) diagnostic is an additional valuable tool for cat-
egorizing different DE cosmological models [103]. Its sim-
plicity lies in its reliance solely on the first-order derivative
of the scale factor, making it particularly straightforward to
apply and interpret in cosmological studies. For a spatially

Fig. 7 The plot illustrates the Om(z) diagnostic correspond-
ing to the observational constraints obtained from the combined
OHD+Pantheon+CMB dataset

flat universe, its expression is given by

Om (z) =
(
H(z)
H0

)2 − 1

(1 + z)3 − 1
. (34)

In this context, H0 denotes the present value of the Hubble
parameter. A negative slope of Om(z) signifies quintessence-
type behavior, indicating a slowing rate of expansion over
time, while a positive slope corresponds to phantom behavior,
signifying an accelerating rate of expansion over time. A
constant Om(z) value indicates the �CDM model. Figure 7
demonstrates that the Om(z) diagnostic, across its evolution
for the three cases of n shows a negative slope for Cases I and
III, and a constant value for Case II. Therefore, according
to the Om(z) test, we can infer that our �(t)CDM model
exhibits quintessence-type behavior.

6 Conclusion

Cosmology has grappled with two significant challenges:
dark matter and DE. Dark matter, which does not interact
electromagnetically but exerts gravitational effects, remains
undetected as a particle in the standard model of particle
physics [104,105]. The phenomenon of DE, indicated by the
universe’s observed accelerated expansion, presents another
puzzle. While the cosmological constant in GR can account
for this acceleration, the fine-tuning and coincidence prob-
lems associated with the cosmological constant have moti-
vated the exploration of alternative explanations for DE. Con-
sequently, numerous DE models have emerged in an attempt
to address these issues and provide a more comprehensive
understanding of the universe’s dynamics. In addition, the-
ories involving time-varying �(t) or vacuum decay have
been proposed to explain the effects attributed to dark mat-
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ter, adding further complexity to the quest for a complete
cosmological model [106].

In this manuscript, we have investigated signature flips
within cosmological models featuring a time-varying vac-
uum energy term �(t), specifically using the power-law form
� = αHn . Through the application of the Markov Chain
Monte Carlo technique to analyze OHD (31 points), Pan-
theon data (1048 points), and CMB data, we have constrained
the model parameters under three scenarios (see Table 1 and
Figs. 1 and 2: when n is a free parameter (Case I), when
n = 0 (Case II), and when n = 1 (Case III). Then, we have
analyzed the behavior of various cosmological parameters
across all three cases, encompassing the deceleration param-
eter, energy density, total EoS parameter, jerk parameter, and
the Om(z) diagnostic.

From Fig. 3, we observed a signature flip in the behavior
of the deceleration parameter across all three cases (when n
is free, n = 0, and n = 1). This transition occurred at the
redshift ztr , indicating a shift from a matter-dominated decel-
erating phase to an accelerating phase in the recent past. Our
model’s present values of q0 and ztr align well with observa-
tional data, supporting the model’s consistency with empiri-
cal observations. In addition, the total energy density exhib-
ited a gradual decrease over time, with a trend towards zero
in the distant future (see Fig. 4). The total EoS parameter in
Fig. 5 showed a similar evolution to the deceleration parame-
ter, indicating an accelerated expansion phase at present and
a transition towards a cosmological constant in the future.
The jerk parameter’s behavior deviated from the flat �CDM
model (Case II) in Cases I and III (see Fig. 6), indicating
a dynamic DE model as the most likely explanation for the
current acceleration. This deviation suggests the need for fur-
ther investigation into the dynamic DE model’s implications
for cosmic acceleration. Further, the Om(z) diagnostic in
Fig. 7 exhibited a negative slope for Cases I and III, indicat-
ing quintessence-type behavior for our �(t)CDM model.

Finally, our analysis suggests that the time-varying vac-
uum energy term �(t) provides a viable framework for
describing the observed dynamics of the universe. The
model’s compatibility with observational data and its abil-
ity to explain key phenomena such as cosmic acceleration
highlight its potential as a valuable tool for understanding
the evolution of the cosmos. Further studies and refinements
of this model could lead to deeper insights into the fundamen-
tal nature of dark energy and its role in shaping the universe’s
history.
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