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Abstract
This study examines interacting quintessence dark energy models and their observa-
tional constraints for a general parameterization of the quintessence potential, which
encompasses a broad range of popular potentials. Four different forms of interactions
are considered. The analysis is done by expressing the system as a set of autonomous
equations for each interaction. The Bayesian Model Comparison has been used to
compare these models with the standard Lambda Cold Dark Matter (�CDM) model.
Our analysis shows positive and moderate evidence for the interacting models over
the �CDM model. We also report the status of the Hubble tension for these models,
even though there is an increment in the best-fit value of the Hubble parameters, these
models can not resolve the Hubble tension.
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1 Introduction

The accelerated expansion of the universe has been confirmed by various cosmological
observations [1–5] but the reason behind it remains a mystery. Cosmological constant
[6] is considered as the simplest and most successful candidate for dark energy, but
it still faces major theoretical challenges like the cosmological constant problem and
the coincidence problem.

Recent high-precision cosmological data has shown a statistically significant dis-
crepancy in the estimation of the current value of the Hubble parameter (H0) between
early-time and late-time observations, which poses another challenge to the cosmo-
logical constant. Early universe measurements like CMB Planck collaboration [7]
(including BAO [8, 9], BBN [10]) and DES [11–13] collaboration estimate H0 ∼
(67.0 − 68.5) km/s/Mpc, while late-time distance ladder measurements like SH0ES
[14] and H0LiCOW [15] collaborations using time-delay cosmography method report
H0 = (74.03± 1.42) km/s/Mpc. Over the years this discrepancy has increased of the
order of � 5.3σ [16], indicating the possibility of new physics beyond �CDM in the
dark energy sector.

Dynamical dark energy models, such as quintessence, k-essence, phantom dark
energy, etc., have been proposed as alternatives to the cosmological constant [17, 18].
These models involve a scalar field with a potential energy that drives the accelerated
expansion of the universe, and the equation of state of the dark energy evolves with
time [19–28]. Apart from these scalar field models a wide variety of other models
has been introduced which can reduce or alleviate Hubble tension like early dark
energy model [29], running vacuum model [30–33], phantom crossing models
[22, 34], etc. The possibility of interactions between dark matter and dark energy in
dynamical dark energy models is not ruled out from both theoretical and observational
perspectives. Interactions between the dark sectors have been shown to alleviate the
cosmic coincidence problem [35–39], and in recent years, interacting models have
gained attention for their potential to resolve the H0 and σ8 tensions [40–47].

In cosmology, the interaction between dark matter and dark energy is considered
by introducing some unknown interaction terms into the continuity equation. It has
been proposed that the dark matter and dark energy components are not conserved
separately but instead conserved jointly. The form of the interaction is arbitrary and
is generally chosen based on its phenomenological performance. The consideration
of the interaction between the dark sectors should affect the expansion history and
overall evolution of the universe [38]. Numerous studies have extensively explored the
cosmological ramifications arising from the interactions between dark matter and dark
energy [36, 48–54]. These investigations encompass a broad range of perspectives,
including both theoretical considerations and observational analyses.
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Dynamical systems analysis has been extensively used to examine the qualitative
behavior of various cosmological models, including interacting dark energy models.
Generally, one can convert the Einstein field equations, alongwith the interaction term,
into a set of autonomous equations and employ dynamical systems analysis techniques
to investigate the stability of these models. Previous studies have already explored
models with different types of interactions, encompassing both general relativity and
modifiedgravitymodels [55–60]. For a comprehensive understanding of the dynamical
systems analysis of interacting dark energy models, we recommend referring to the
following review: [61].

In this study, we analyzed the performance of interacting quintessence dark energy
models using state-of-the-art cosmological data at the background level. We consid-
ered a very general setup of the quintessence potential by using the parametrization
of the potential from [62], which includes a large class of potentials. Four distinct
interaction terms were considered, and the Einstein field equations for the interact-
ing quintessence field were reformulated into a set of autonomous equations through
appropriate variable transformations. Themodels were then implemented in the Boltz-
mann code CLASS and evaluated against recent cosmological observations using the
MCMC code Montepython. We employed the concept of Bayes factor and Jeffreys
scale to compare these interacting models with each other and also with the �CDM
model.

The structure of the present study is outlined as follows: In Sect. 2, we provide an
overview of the mathematical formulation and the dynamics of the scalar field. Sec-
tion3 focuses on the mathematical setup for each type of interaction term considered.
The initial conditions and the implementation of the model in the CLASS code, as
well as the constraints obtained from recent cosmological observations, are described
in Sect. 4. Finally, our results and findings are summarized in Sect. 5.

2 Mathematical background

Let us consider a spatially flat Friedmann-Robertson-Walker (FRW) universe that is
composed of radiation, dark matter, and dark energy, with the latter two components
interacting with each other. We consider quintessence scalar field as our chosen dark
energy component and we further assume that the components of the universe are
barotropic in nature and obey the relation p j = w jρ j , where wr = 1/3 for radiation
and wm = 0 for dark matter. For the above-mentioned universe, the Einstein field
equations are written as

H2 = κ2

3

⎛
⎝∑

j

ρ j + ρφ

⎞
⎠ , (1a)

Ḣ = −κ2

2

⎡
⎣∑

j

(ρ j + p j ) + (ρφ + pφ)

⎤
⎦ , (1b)
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where, κ2 = 8πG and a is the scale factor of the Universe, while H ≡ ȧ/a denotes
the Hubble parameter, and the dot represents the derivative with respect to cosmic
time. The continuity equations for each component, including radiation, matter, and
the scalar field, can be expressed as follows:

ρ̇r + 3Hρr (1 + wr ) = 0, (2a)

ρ̇m + 3Hρm(1 + wm) = −Q, (2b)

ρ̇φ + 3H(ρφ + pφ) = +Q. (2c)

In this context, Q denotes the coupling between the quintessence field and the matter
sector, and we have chosen a convention such that if Q is positive, the energy transfer
occurs from dark matter to dark energy, whereas if Q is negative, the energy transfer
occurs from dark energy to dark matter. The densities of radiation, matter, and the
scalar field are represented by ρr , ρm , and ρφ , respectively, while their equation of
state (EoS) is denoted as wr , wm , and wφ . The wave equation for the scalar field can
be expressed as follows:

φ̈ + 3H φ̇ + dV (φ)

dφ
= Q

φ̇
, (3)

where the potential of the scalar field is V (φ).
To write down the evolution equations of the quintessence field as an set of

autonomous equation, we introduce the following set of dimensionless variables,

x ≡ κφ̇√
6H

= 	
1/2
φ sin(θ/2), (4a)

y ≡ κV 1/2

√
3H

= 	
1/2
φ cos(θ/2, (4b)

y1 ≡ −2
√
2
∂φV 1/2

H
, (4c)

y2 ≡ −4
√
3
∂2φV

1/2

κH
. (4d)

This particular transformation was first used in [63] and later it is used in [62].
Using these sets of new variables the system of equations that governs the dynamics
of the scalar field reduces to the following set of autonomous equations,

θ ′ = −3 sin θ + y1 + q 	
1/2
φ cos(θ/2), (5a)

y′
1 = 3

2
(1 + wtot ) y1 + 	

1/2
φ sin(θ/2)y2, (5b)

	′
φ = 3(wtot − wφ)	φ + q 	

1/2
φ sin(θ/2), (5c)

where q = κQ√
6H2φ̇

represents the interaction in the new system and a ‘prime’ is the

differentiation with respect to the e-foldings N = ln(a). From now on we consider
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the unit κ2 = 1. The total EoS of the system is given as follows,

wtot ≡ ptot
ρtot

=
∑
i

wi	i = 1

3
	r + 	φwφ. (6)

Here	φ is the scalar field energy density parameter and the scalar field EoS is given
by wφ = − cos θ . One can notice the system of equations in Eq.(5) is not closed until
unless one consider a particular form of the y2. In this work we will be considering
the following form of the y2;

y2 = y
(
α0 + α1y1/y + α2y

2
1/y

2
)

. (7)

This form of y2 [62, 64] includes a large number of popular scalar field potentials
and particularly important as one can study different classes of scalar field solutions
without considering any particular form of the potential. The α parameters in the
above expression of y2 are called the active parameters which affect the dynamics of
the scalar field.

3 The interaction

Although current observations allow for the possibility of an interaction between dark
matter and dark energy, the precise form of this interaction remains unknown. In
this study, we have explored the following four different forms of interactions (i)
Q = βρm φ̇, (ii) Q = βρφφ̇, (iii) Q = βρm

√
ρφφ̇/H , and (iv) Q = βφ̇H2wφ , here

β is the coupling parameter. The choices of these specific forms of interaction are
phenomenological and also intended to simplify the mathematics and facilitate the
closure of the autonomous systems in Eq.(5).

3.1 Interaction I (Q = ˇ�m�̇)

This interaction was first used in [65] and later in [48]. In this particular form of
interaction the autonomous system of the scalar field dynamics will be reduced to the
following;

θ ′ = −3 sin θ + y1

+√
3/2β	

1/2
φ (1 − 	φ) cos(θ/2), (8a)

y′
1 = 3

2
(1 + wtot ) y1 + 	

1/2
φ sin(θ/2)y2, (8b)

	′
φ = 3(wtot − wφ)	φ

+√
3/2β	

1/2
φ (1 − 	φ) sin(θ/2). (8c)
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The continuity equation of thematter sector in terms of the variables given in Eq.(4)
can be written as

ρ̇m + 3Hρm = −√
6βHρm

√
	φ sin θ/2 (9)

3.2 Interaction II (Q = ˇ���̇)

Though not exact a similar form has been considered in [66] (see the references there
in also). For this particular choice of interaction the autonomous system reduces to
the following;

θ ′ = −3 sin θ + y1

+√
3/2β	

3/2
φ cos(θ/2), (10a)

y′
1 = 3

2
(1 + wtot ) y1 + 	

1/2
φ sin(θ/2)y2, (10b)

	′
φ = 3(wtot − wφ)	φ

+√
3/2β	

3/2
φ sin(θ/2). (10c)

Similar to the previous case the continuity equation of the matter sector reduces to
the following;

ρ̇m + 3Hρm = −3
√
6βH3 sin(θ/2)	3/2

φ (11)

3.3 Interaction III (Q = ˇ�m
√

���̇/H)

The autonomous system reduces to the following for this particular choice of interac-
tion;

θ ′ = −3 sin θ + y1

+ 3√
2
β	φ(1 − 	φ) cos(θ/2), (12a)

y′
1 = 3

2
(1 + wtot ) y1 + 	

1/2
φ sin(θ/2)y2, (12b)

	′
φ = 3(wtot − wφ)	φ

+3/
√
2β	φ(1 − 	φ) sin(θ/2). (12c)

The continuity equation for the matter sector can be written as

ρ̇m + 3Hρm = −3
√
2βHρm	φ sin θ/2. (13)
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Fig. 1 Plot of the evolution of
the scalar field EoS(wφ ) for
different interaction forms with
αi = 0 and other parameters set
to their best fit value (see
Table1)

3.4 Interaction IV (Q = ˇ�̇H2w�)

In this case, the autonomous system is reduced to the following;

θ ′ = −3 sin θ + y1

− 1√
6
β
√

	φ cos(θ) cos(θ/2), (14a)

y′
1 = 3

2
(1 + wtot ) y1 + 	

1/2
φ sin(θ/2)y2, (14b)

	′
φ = 3(wtot − wφ)	φ

− 1√
6
β
√

	φ cos(θ) sin(θ/2). (14c)

and the matter continuity equation takes the following form,

ρ̇m + 3Hρm = √
6βH3

√
	φ cos(θ) sin θ/2. (15)

In Fig. 1, we present the evolution of the equation of state (EOS) of the scalar field
(wφ) using the best-fit value of the β parameter obtained from the MCMC analysis
(see Sect. 4.3) for each interacting model. We consider a general choice of α0 = α1 =
α1 = 0. This particular choice of the α parameters corresponds to the potential taking
the form V (φ) = (A+ Bφ)2 (refer to Table II in [62]). However, it’s important to note
that different values of the α parameters can be selected, leading to distinct forms of
the potential.

From the plots in Fig. 1, it can be observed that for all the interaction models, the
evolution of the EOS is indistinguishable from that of a cosmological constant in the
early times. However, at late times, the EOS deviates from the value wφ = −1.

In Fig. 2, we illustrate the evolution of the density parameters	m and 	φ using the
same choice of α parameters as in Fig. 1. It is noteworthy that, for all the interacting
models, the evolution of 	m and 	φ cannot be distinguished from each other.
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Fig. 2 Plot of the 	m and 	φ

for the interacting models for
αi = 0 and other parameters set
to their best fit value (see
Table1)

4 Numerical simulations

4.1 Initial condition

To study the dynamics of the model numerically, we have implemented all the corre-
sponding sets of autonomous equations for the four different interactions, along with
the modified continuity equations, in the Boltzmann code CLASS [67–69]. To obtain
reliable numerical solutions, it is important to provide a good guess for the initial
conditions to the CLASS code. Following the prescription given in [70], we have
estimated the initial conditions based on two different assumptions. The first assump-
tion is that the dark energy equation of state is approximately wφ � −1, leading to
θ < 1. The second assumption is that the contribution of the dark energy density dur-
ing both matter and radiation domination is negligible, i.e., 	φ � 1. By considering
approximate solutions during radiation and matter domination, and equating them at
the radiation-matter equality epoch, we can obtain;

θi � 9

10
a2i

	
1/2
m0

	
1/2
r0

θ0, (16a)

	φi � a4i
	m0

	r0
	φ0, (16b)

The initial value of the variable y1 is related to the angular variable as y1i = 5θi .
The initial condition for ρm is taken as ρmi = ρm0(

ai
a0

)−3. In the CLASS code, ai is

typically considered to be � 10−15.

4.2 Observational data

We utilized the MCMC parameter estimation code Montepython [71] to constrain the
cosmological parameters. The data sets used for this purpose are the following;
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4.2.1 SN-Ia data

The type Ia supernovae are commonly acknowledged as standard candles. Their
relatively uniform absolute luminosity makes them extremely useful for measuring
cosmological distances [1, 72]. Here we have used the Pantheon compilation sample
of SN-Ia data, which was compiled in [73] and includes 1048 data points for SN-Ia.
The complete numerical data for the Pantheon SN-Ia catalog is publicly accessible.1
2

The redshift range for Pantheon samples is 0 < z < 2.3. The distance modulus
μ(z) of any type Ia Supernova located at a distance of redshift z is given as μ(z) =
m − M , where m represents its apparent magnitude and M is the absolute magnitude.
Theoretically, the distance modulus can be written as

μth(z) = 5 log10
dL(z)

(H0/c) Mpc
+ 25,

where H0 is the current Hubble rate, c is the speed of light and dL(z) is the luminosity
distance. The luminosity distance dL(z) in a spatially flat FRW universe is defined as

dL(z) = (1 + z)H0

∫ z

0

dz′

H (z′)
.

The chi-square of the SN-Ia measurements,

χ2
SN = �μT · C−1

SN · �μ.

CSN is a covariance matrix, and �μ = μobs −μth , μobs corresponds to the measured
distance modulus of a particular SNIa. Now the distance modulus can be estimated
from the observation of light curves using the empirical formula,

μobs = mB − M + αX1 − βC + �M + �B,

Here, mB is the observed peak magnitude of the SNIa in the rest frame of the B
band, and M is the absolute B-band magnitude of a fiducial SNIa. The parameters α

and β are coefficients that relate the luminosity of the SNIa to its time stretching (X1)
and color (C), respectively. Additionally, �M is a distance correction based on the
host-galaxy mass of the SNIa, and �B is a correction based on predicted biases from
simulation.

Moreover, the total covariance matrix CSN is defined as the sum of the statistical
matrix Dstat and the systematic matrix Csys , as shown by the equation

CSN = Dstat + Csys

1 http://dx.doi.org/10.17909/T95Q4X.
2 https://archive.stsci.edu/prepds/ps1cosmo/index.html.
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The statistical matrix Dstat is a diagonal matrix that contains the distance error of each
supernova type Ia (SNIa) along its main diagonal. The distance error is composed of
several sources of uncertainty, such as the photometric error, the mass step correction,
the peculiar velocity and redshift measurement, the gravitational lensing, the intrinsic
scatter, and the distance bias correction. These sources of uncertainty are represented
by the terms σ 2

N , σ
2
Mass , σ

2
μ−z , σ

2
lens , σ

2
int , and σ 2

Bias , respectively, in the equation

σ 2 = σ 2
N + σ 2

Mass + σ 2
μ−z + σ 2

lens + σ 2
int + σ 2

Bias ,

The systematic matrix Csys is a non-diagonal matrix that captures the correlation
between different SNIa due to systematic effects. The details of how to construct this
matrix can be found in Ref. [73].

4.2.2 Baryon acoustic oscillation

Baryon acoustic oscillations are recurring and periodic fluctuations in the density of
visible baryonic matter. These oscillations are considered as “standard rulers” for the
measurement of distances in cosmology. We employ data points from the following
to constraint the cosmological parameters;

1. BOSS DR12 [74] at z = 0.38, 0.51, 0.61.
2. eBOSS DR14 (Lya) Combined [75, 76] at z = 2.34.
3. WiggleZ Dark Energy Survey [77] at z = 0.44, 0.6 and 0.73.

The Baryon Acoustic Oscillation (BAO) data provides valuable information about
the angular diameter distance dA(z) and the Hubble parameter H(z). To obtain these
values, we use the ratio dz , which is defined as follows:

dz ≡ rs (zd)

DV (z)

where DV (z) represents the volume-averaged distance and is given by the expression:

DV (z) =
[
(1 + z)2d2A(z)

cz

H(z)

]1/3

The quantity rs (zd) represents the comoving sound horizon at the drag epoch, and
is defined as:

rs (zd) = 1

H0

∫ ∞

zd

cs(z)

H(z)/H0
dz

Here, cs(z) denotes the sound speed, and zd is the redshift at the drag epoch and
for the �CDM model, above equation can be approximated as [78, 79]:

rs (zd) �
44.5 log

(
9.83

	m,0h2

)
√
1 + 10

(
	b,0h2

)3/4Mpc

123



Exploring the possibility of interacting quintessence... Page 11 of 20   115 

Fig. 3 A triangular plot shows the constraints on cosmological parameters for four different interactions,
with the �CDM model’s constraints shown in black for comparison

In the data sets, the value	b,0h2 = 0.0222 fromPlanck18 [80] is considered unless
otherwise specified.

4.2.3 Compressed planck likelihood

Because of the limitationon the computational resources,wehaveutilized the approach
suggested by [81] in the compressed Planck likelihood to estimate the baryon physical
density ωb = 	bh2 and the two shift parameters. For a more detailed explanation,
please refer to Appendix A. The two shift parameters are given by:

θ∗ = rs (zdec ) /DA (zdec ) , R =
√

	MH2
0 DA (zdec ) ,
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Fig. 4 A posterior plot of H0
versus 	m demonstrates how
the interacting models perform
in resolving the Hubble tension.
The horizontal gray band shows
the constraint on the H0 from
SH0ES measurement [14]

Here, zdec represents the redshift at decoupling, and DA denotes the comoving
angular diameter distance.We also confirmed that the compressed likelihood produces
the standard Planck constraints for a flat �CDM model, as stated in [81].

4.3 Observational constraints

We assumed flat priors for both the cosmological (100 ωb : [1.9, 2.5], ωcdm :
[0.095, 0.145]) andmodel parameter (β : [−1, 1]). Theα parameterswhich are related
to the parametrization of the potential were assigned a prior of [−2, 2]. Based on [82],
we set the sound horizon angular scale θs to the Planck CMB value of 1.04110 [80]
and derive the current value of the Hubble parameter H0. Fixing θs does not signifi-
cantly affect the results since it is determined by the acoustic peak angular scales and
is mostly independent of the CMB era physics.

The constrain at the 68%CL on the cosmological parameters together with the
corresponding mean value are given in the Table.1 for the combined data sets of SN-Ia
Pantheon compilation [73], BAO [74–77], with the compressed Planck likelihood [81].
In fig.3 we have shown the 2D and 1D triangular plots of the cosmological parameters
H0, 100wb, wcdm,	φ,wφ, β. A comparison with the�CDM model has been shown
by plotting it in black. For all the interacting models 100wb, wcdm are lower than the
�CDM model.

InFig. 4,wepresent a contour plot depicting theposterior distributions of theHubble
parameter H0 and the matter density parameter 	m for all four interacting models
together with the � CDM (in black) for comparison. The horizontal gray regions
represent 1σ and 2σ constraint on the H0 obtained from the SH0ES collaboration
[14]. Notably, there is some increment in the current value of the Hubble parameter
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Fig. 5 A triangular posterior plot of the α parameters, with a prior range of [−2, 2] for each parameter. One
can notice there is no constraint on the α parameters

Fig. 6 A plot of H(z)/(1 + z)
for the interacting models, using
the same α parameter values as
in Fig. 1, is presented along with
observations from the Sh0ES
survey [84] and Baryon Acoustic
Oscillation (BAO) surveys [75,
85–87] for comparison
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for all four models. To quantify the status of the tension in H0 for these models, we
utilize the estimator proposed in [83], which is given by

TH0 = | H0 − HR18
0 |√

σ 2
H0 + σ 2

loc

, (17)

where TH0 represents the tension, H0 is the mean of the posterior p(H0), σ 2
H0 is the

variance of the posterior p(H0), and σ 2
loc represents the uncertainty arising from local

measurements. For interaction I, TH0 � 3.83σ , for interaction II, TH0 � 3.51σ , for
interaction III, TH0 � 4.3σ and interaction IV TH0 � 3.64σ . From the result of this
estimator the performance of interaction II is better in terms of solving the Hubble
tension.

Also, note from Table.1 that the value of the coupling parameter β is negative for
interactions I to III, and positive for interaction IV. This is because interaction IV is
linearly dependent onwφ , and sincewφ is presently negative to counterbalance it, β is
positive. However, from the signature of the coupling parameter β alone, one cannot
conclude about the signature of the interaction term Q at present. To determine the
signature of Q, one also needs to check the signature of φ̇. From Eq. (4a), we can write
φ̇ = 1

κ

√
6H	

1/2
φ sin( 12 cos

−1(−wφ)), since wφ = − cos θ . It can be easily checked

that for all the interacting models, φ̇ > 0 once we consider the corresponding mean
value of wφ from Table 1, and hence Q < 0. This indicates a transfer of energy from
dark energy to dark matter at present, which is opposite to the expectation for an
accelerating universe.

Figure5 shows the posteriors for the α parameters, and it can be observed that the
α parameters remain unconstrained for all the interacting models, which is consistent
with previous findings [62, 70].

In Fig. 6, we have plotted the expansion rate of the universe H(z)/(1 + z) as a
function of z. For comparison, we have also shown observational data from Sh0ES
[84] and BAO observations [75, 85–87]. From this plot, it can be seen that these
interacting models can replicate the � CDM model well.

4.4 Comparison with3CDM

To be certain about the performance of the interacting models we compared the inter-
acting models to the �CDM model using the Bayes factor, which was calculated as
ln BI� = lnZ I − lnZ�, where Z represents the Bayesian evidence and the suffixes
I and � represent the interacting models and �CDM models, respectively. To deter-
mine the preference for one model over another, we used Jeffrey’s scale. A negative
preference was assigned if |ln BI�| < 1, while positive, moderate, and strong prefer-
ences were assigned if |ln BI�| > 1, |ln BI�| > 2.5, and |ln BI�| > 5.0, respectively
[88]. Computation of the Bayesian Evidence for a model with high dimension
parameter space is challenging as it involves integral over the whole parameter
space. In this work, we have used the publicly available codeMCEvidence [89] to
directly calculate the Bayes factor from the MCMC chains generated by Mon-
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tePython with the assumption that points in the chain are independent and
using kth nearest-neighbour distance togetherwithMahalanobis distancemetric.
There are several other methods of model selection in cosmology. For a detailed
discussion on this topic please see [90], where a comparative study of different
selection methods has been presented. Our analysis shows positive evidence for all
of the interacting models over�CDM (see Table.1). According to Jeffrey’s scale, Int1
and Int3 show positive evidence, whereas Int2 and Int4 show moderate evidence over
the �CDM model.

5 Conclusions

In this study, we have explored the possibility of the interacting quintessence dark
energymodels as the alternative to the�CDMmodel. The choice of the type of interac-
tion is phenomenological and also mathematically motivated to close the autonomous
system. A general parametrization of the quintessence potential has been considered
to study a large class of the potential in a single setup.

The Einstein field equations were reformulated into autonomous equations, and
the models were implemented in the Boltzmann code CLASS and evaluated against
recent cosmological observations. The state-of-the-art cosmological data sets are used
to constrain the cosmological parameters of these models. Our finding suggests that
even if there is a shift in the best-fit value of the H0 towards the higher value but these
models are far from solving the Hubble tension.

The cosmological evolution of the interacting models can well replicate the�CDM
model at the background level but to be certain the results were compared using
Bayesian model selection based on the Bayes factor and Jeffreys scale, providing
insight into the relative strengths and weaknesses of these models. The study found
that the interacting models are more favored by observations compared to �CDM.
Out of the four interactions considered here, two show positive evidence, and the other
two showmoderate evidence over�CDM.We must mention here that current work is
limited to the background level, in principle one should consider the evolution of the
linear perturbations for a better understanding of these models which will be presented
elsewhere in the future.
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