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Abstract We update the observational constraints on the
interacting holographic dark energy (IHDE) models by con-
sidering ten representative interaction forms, each defined in
terms of the energy densities of dark energy (ρde) and dark
matter (ρdm). This analysis utilizes the latest observational
datasets, including baryon acoustic oscillation (BAO) mea-
surements from the second data release (DR2) of the Dark
Energy Spectroscopic Instrument (DESI), type Ia super-
nova (SNIa) data from the full five-year observations of the
Dark Energy Survey (DES), cosmic microwave background
(CMB) observations from Planck 2018, observational Hub-
ble parameter data (OHD), and the local measurement of
Hubble constant. Using AIC, BIC and Bayes factor, we find
that the �CDM model remains the most strongly favored by
the data, while the holographic dark energy (HDE) model
is ruled out. Relative to the HDE model, the IHDE models
provide a significantly better fit to the data, and the inter-
action can help alleviating the Big Rip problem. Among
the ten IHDE models considered, the two with interaction
terms Q = 3βH0ρde and Q = 3βH0

√
ρdmρde, are the most

strongly supported by the observational data, where β is the
coupling parameter. Additionally, the AIC, BIC, and Bayes
factor values for the majority of IHDE models are nearly
identical, indicating minimal differences in their fitting per-
formance with the current data. This implies that more precise
future observations will be necessary to better distinguish
between these interaction forms.

a e-mail: xub@ahstu.edu.cn (corresponding author)
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1 Introduction

In 1998, two independent supernova (SN) teams, led by
A. Riess and S. Perlmutter, discovered that our universe
is undergoing an accelerating expansion [1,2]. This find-
ing was later confirmed by a series of observations [3–
5]. To explain this cosmic acceleration, cosmologists often
introduce a component with negative pressure, known as
dark energy (DE) [6], to drive the acceleration. Among the
various dark energy models, the �CDM model is widely
regarded as the most successful. It adopts the cosmologi-
cal constant � as DE and cold dark matter (CDM), and has
demonstrated good agreement with most of the observational
data. However, it faces several theoretical challenges, includ-
ing the “fine-tuning” and the “cosmic coincidence” prob-
lems [7]. Furthermore, with the advent of increasingly pre-
cise cosmological data, a significant tension involving the
�CDM has emerged, commonly referred to as the Hubble
tension [8–17]. This tension arises from the 5σ discrepancy
between two independent estimates of the Hubble constant:
the value inferred from the Planck cosmic microwave back-
ground (CMB) measurements based on the �CDM model,
H0 = 67.4 ± 0.50 km s−1 Mpc−1 [18], and the value
directly measured by the Hubble Space Telescope (HST)
using Cepheid variables in the host galaxies of 42 type Ia
supernova (SNIa), H0 = 73.04 ± 1.04 km s−1 Mpc−1 [19].

In response to these challenges, various dynamical dark
energy models have been proposed to address the limitations
of the �CDM model, particularly those arising from the
cosmological constant as the source of DE. These include
scalar-field models such as quintessence [20,21], phantom
[22,23], quintom [24–26], and k-essence [27,28], interacting
dark energy models [29,30], metastable dark energy mod-
els [31], running vacuum models [32,33], early dark energy
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scenarios [34], unified dark sector models such as the gen-
eralized Chaplygin gas [35,36], and nonlocal effective fluid
models [37,38], as well as phenomenological parameteriza-
tions of dynamical dark energy [39–42]. For a broader per-
spective on dynamical alternatives to the standard �CDM
paradigm, we refer the reader to Refs. [43–45]. Among these,
the holographic dark energy (HDE) model inspired by the
holographic principle [46], is a successful candidate for DE
and has been widely studied. Initially, Cohen et al. [47] pro-
posed a relationship between the ultraviolet (UV) cut-off at a
short distance and the infrared (IR) cut-off at a large distance,
through which the DE viewed as the vacuum energy can
be represented with the cut-off. However, the original HDE
model, which took the Hubble scale as IR cut-off, struggled
to explain the current cosmic accelerated expansion [48]. To
address this issue, Li et al. proposed a new HDE model that
adopts the future event horizon as the IR cut-off [49]. This
model not only successfully accounts for the current cos-
mic accelerated expansion, but also completely resolves the
causality problem and circular logic problem inherent in the
original HDE model. The HDE has become a highly compet-
itive candidate for DE, attracting notable attention in recent
years [50–64]. Nevertheless, the subsequent observational
constraints on the HDE model indicate that the equation of
state parameter of DE tends to approach values less than −1
in the future, suggesting that the universe could eventually
face the fate of the Big Rip [65–71].

Since the HDE model encounters the Big Rip singularity,
which threatens its theoretical foundation, a widely adopted
approach is to introduce an interaction between HDE and
matter, referred to as the interacting holographic dark energy
(IHDE) model [72–81]. Li et al. [82] found in this model the
interaction term often brings about an attractor solution to the
evolution equation, where the effective equations of state for
DE and matter tend to be the same in the far future. Further-
more, according to the works [83,84], the IHDE model can
significantly alleviate the coincidence problem. The IHDE
model has been extensively tested using various observa-
tions, including baryon acoustic oscillations (BAO), SNIa,
the cosmic microwave background (CMB), and observa-
tional Hubble parameter data (OHD), with well support, as
demonstrated by Refs. [85–87].

Most recently, the Dark Energy Spectroscopic Instrument
(DESI) collaboration released the baryon acoustic oscil-
lation (BAO) measurements from its second data release
(DR2), covering the first three years of operation [90–93].
With over 30 million spectroscopic redshifts of galaxies
and quasars, along with Lyα forest spectra from more than
820,000 quasars, DESI DR2 represents the largest spectro-
scopic galaxy sample to date. By combining this BAO data
with the Dark Energy Survey 5-Year SNIa (DES-SN5Y)
datasets [94] and the Planck 2018 CMB data within the
framework of the Chevallier–Polarski–Linder (CPL) param-

eterization, the DESI collaboration reported a deviation of up
to 4.2σ from the �CDM model [90], offering stronger evi-
dence for a dynamical dark energy scenario than that obtained
from its first data release (DR1) [95–97]. DESI BAO mea-
surements, as an essential tool for exploring the potential
dynamical properties of DE, have been widely used in cosmo-
logical studies [98–112]. In the past year, Li et al. [113] uti-
lized DESI DR1 BAO, CMB, and SNIa data to investigate the
cosmological implications of the HDE model and the IHDE
model with an interaction form of Q ∝ Hρde, and found that
both the HDE and IHDE models are significantly less favored
compared to the �CDM model. In another study, Li and
Wang [114] used DESI DR1 BAO to conduct a comprehen-
sive numerical analysis of four categories of HDE models:
those with alternative characteristic length scales, extended
Hubble scales, dark sector interactions, and modified black
hole entropy. Notably, their results show that the IHDE model
with the interaction form Q ∝ H (ρdm + ρde) is disfavored
by the BAO+CMB+SNIa data. Building on these studies,
this paper focuses on revisiting the viability of IHDE models
with ten representative interaction forms [86,87], which pre-
viously showed good agreement with the observational data
available at the time. The analysis utilizes the latest datasets,
including DESI DR2 BAO, DES-SN5Y, Planck 2018 CMB,
OHD, and the local measurement of Hubble constant given
by Riess et al. Through a comprehensive numerical analysis,
we aim to explore the parameter constraints of the HDE and
IHDE models based on the current observational data, and
identify the most viable models based on the Akaike Infor-
mation Criterion (AIC) and Bayesian Information Criterion
(BIC).

The structure of this paper is organized as follows: Sect. 2
introduces the IHDE models with ten interaction forms in a
spatially flat universe. Section 3 describes the datasets and
methodology used in our analysis. In Sect. 4, we present the
constraint results and the analysis. Finally, Sect.5 summa-
rizes our conclusions.

2 The IHDE model

According to the holographic principle of quantum gravity
theory, when gravity is considered, the quantum zero-point
energy of a system with size L should not exceed the mass
of a black hole with the equivalent size [47]. Extending this
concept to the entire universe, the vacuum energy associ-
ated with the holographic principle is interpreted as the DE,
commonly referred to as HDE, with its density expressed as

ρde = 3c2M2
plL

−2, (1)
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where c is a dimensionless constant, Mpl = 1√
8πG

is the
reduced Planck mass, and L denotes the IR cut-off size. In
this paper, we adopt the future event horizon of the universe
as the IR cut-off L , as defined in [49]:

L = a(t)
∫ ∞

t

dt ′

a(t ′)
= a

∫ ∞

a

da′

Ha(t ′)2 , (2)

where a(t) is the scale factor, and H = ȧ
a is the Hubble

parameter, with the dot denoting the derivative with respect
to the cosmic time t .

For a spatially-flat universe, the Friedmann equation can
be expressed as

3M2
plH

2 = ρdm + ρb + ρr + ρde, (3)

where ρdm, ρb, ρr and ρde represent energy density of dark
matter (DM), baryon, radiation, and DE, respectively. It is
convenient to express these components in terms of their
fractional energy densities, defined as

�dm = ρdm

ρc
, �b = ρb

ρc
, �r = ρr

ρc
, �de = ρde

ρc
, (4)

where ρc = 3M2
plH

2 is the critical density of the universe.
The fractional energy density of matter is given by �m =
�dm + �b, and it follows that

�m + �r + �de = 1. (5)

In addition, the relation between the present-day fractional
energy densities of radiation and matter is given by �r0 =
�m0/

(
1 + zeq

)
, where zeq = 2.5 × 104�m0h2 (Tcmb/

2.7K)−4, with Tcmb = 2.7255K.
In this work, the interactions between the DM and HDE

are considered. The energy conservation equations can be
written as

ρ̇dm + 3Hρdm = Q, (6)

ρ̇de + 3H (ρde + Pde) = −Q, (7)

where Q is the interaction term describing the transfer rate
between dark sectors in the IHDE model. The functional
form of Q is not uniquely defined and can take various phe-
nomenological expressions. Specifically, when Q = 0, the
model reduces to the standard HDE scenario. Building on
previous studies [85–87], we will impose new observational
constraints on the IHDE models with ten representative inter-
action forms, as summarized in Table 1. These interaction
forms are categorized into two groups: one involving the
Hubble parameter H , and the other involving its present-day
value H0. It is worth noting that in the interaction term, the
coupling parameter β governs the direction and intensity of
the energy flow between the dark components. A positive β

Table 1 Summary of the two categories of interaction forms considered
in this work

IHDE Q with H IHDE Q with H0

I-A 3βHρde I-B 3βH0ρde

II-A 3βHρdm II-B 3βH0ρdm

III-A 3βH (ρdm + ρde) III-B 3βH0 (ρdm + ρde)

IV-A 3βH
√

ρdmρde IV-B 3βH0
√

ρdmρde

V-A 3βH ρdmρde
ρdm+ρde

V-B 3βH0
ρdmρde

ρdm+ρde

implies that DE decays into DM. Conversely, a negative β

corresponds to a transfer from DM to DE.
Combining Eqs. (1–7) and performing some calculations

[85], the dynamical evolution equations of IHDE are obtained
as:

1

E

dE

dz
= − �de

1 + z

(
1

c

√
�de + 1

2
+ �I − 3 − �r

2�de

)
, (8)

d�de

dz
= −2 (1 − �de) �de

1 + z(
1

c

√
�de + 1

2
− �I − �r

2 (1 − �de)

)
, (9)

where E (z) = H (z) /H0, �I = Q/(3M2
plH

3).

3 Data and methodology

3.1 Observational data

In this paper, we aim to revisit the viability of IHDE models
using the latest observational data, which include BAO, SNIa,
CMB, OHD, and H0 measurements, as detailed below.

• BAO BAO describes the clustering of baryonic matter at
specific length scales, resulting from the propagation of
acoustic waves in the early universe. These oscillations
imprint characteristic scales that act as a cosmic standard
ruler, enabling precise distance measurements in cosmol-
ogy. Most recently, the DESI Collaboration released its
DR2 BAO measurements from the first three years of
operation [90]. The dataset includes four classes of extra-
galactic targets [90,91]: bright galaxy survey (BGS), and
quasar (QSO), luminous red galaxy (LRG), emission line
galaxies (ELG), and Lyman-α quasars (Lyα QSO). The
BAO measurements [115] correspond to three types of
distances: DM (z) /rd, DV (z) /rd, and DH (z) /rd. Here,
DM is the transverse comoving distance, DV is the angle-
averaged distance, DH is the Hubble distance. Addition-
ally, rd denotes the sound horizon at the baryon drag
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epoch zd determined by the fitting formula for zd given
in Ref. [116], and rd can be expressed as

rd =
∫ ∞

zd

cs(z′)
H(z′)

dz′, (10)

where cs(z) is the sound speed in the photon-baryon fluid,
given by

cs(z) = c√
3
(

1 + 3ρb0
4ργ 0

) , (11)

with ρb0 and ργ 0 represent the present-day energy densi-
ties of baryons and photons, respectively. Moreover, we
adopt the following relation:

3ρb0/(4ργ 0) = 31500�b0h
2 (Tcmb/2.7K)−4 . (12)

It is worth emphasizing that the result obtained by directly
calculating rd using the above formula differs from the
values derived by solving the Boltzmann equation with
the CAMB code [117], and does not agree with the cal-
ibration approximation results used by the BOSS [118]
and DESI [90] collaborations. Therefore, to achieve more
accurate results, a correction factor of approximately
0.9732 should be applied by the above formula [120],
and the revised rd is consistent with their results. In this
work, we adopt the corrected formula.
The χ2 function of BAO data can be written as:

χ2
BAO = χ2

BGS + χ2
LRG1 + χ2

LRG2 + χ2
LRG3+ELG1

+χ2
ELG2 + χ2

QSO + χ2
LyαQSO, (13)

where the χ2 for the QSO, LRG1, LRG2, ELG2,
LyαQSO, and LRG3+ELG1 data are given in the form
of χ2

i = (ηthi −ηobsi )T ·Cov−1
i · (ηthi −ηobsi ). The vector

ηobsi represents the observational data for the i th dataset,
ηthi is the prediction for these vectors in a given cosmo-
logical model, and Covi is the covariance matrix of the
respective dataset.

• SNIa
As standard candles, SNIa are widely used to probe the
expansion rate and large-scale properties of the Universe.
In our analysis, we use the latest DES-SN5Y sample,
which includes 1,635 SNIa over the redshift range 0.1 <

z < 1.3, complemented by a high-quality external low-
redshift sample of 194 SNIa spanning 0.025 < z < 0.1
[94].
The observed distance modulus μobs is defined as

μobs = m∗
B + αX1 − βC − MB , (14)

where, m∗
B is the observed peak magnitude in the rest-

frame B band, X1 represents the time stretching of the
light curve,C denotes the SNIa color at maximum bright-
ness, MB is the absolute magnitude, and α, β are two
nuisance parameters.

The theoretical value of the distance modulus can be
derived as

μth (z) = 5 log (dL) + μ0 , (15)

where dL(z) = (1 + z)
∫ z′

0
dz′
E(z′) , μ0 = 42.38 − 5 log h

with h = H0/100 km s−1Mpc−1. Thus, the χ2 function
for the DES-SN5Y data can be expressed as

χ2
SNIa = �μT · (CSNIa)

−1 · �μ, (16)

where �μ = �m − MB − μ0, and CSNIa is the covari-
ance matrix of SNIa. Following the method proposed in
Conley et al. [122], MB +μ0 is analytically marginalized
using a flat prior. Then the χ2 function can be rewritten
as

χ2
SN Ia = a + ln

b

2π
− f 2

b
, (17)

where a ≡ (�m)T ·(CSNIa)
−1 ·�m, b ≡ 1T ·(CSNIa)

−1 ·
1, and f ≡ (�m)T · (CSNIa)

−1 · 1.

• CMB
The CMB radiation encodes crucial information about
the evolution of the early universe and large-scale struc-
ture formation. Typically, the standard analysis of full
CMB data involves comparing the observed tempera-
ture power spectrum with theoretical predictions from a
specific cosmological model, which requires complete
and accurate modeling of linear perturbations. While
this approach works effectively for �CDM and its mini-
mal extensions, it becomes non-trivial and computation-
ally challenging for non-minimal models, particularly
in scenarios involving dynamical dark energy [119]. In
this work, we focuses on the background-level analysis
of IHDE model. To facilitate efficient computation, we
adopt the distance prior compressed from the Planck 2018
release [120]. This prior provides precise constraints on
the cosmic expansion and serves as a reliable substitute
for the full dataset published by Planck in 2018 [121]. It
is characterized by two parameters: the acoustic scale lA,
and the shift parameter R, defined as follows:

R = (1 + z∗)
√

�m,0H2
0 DA (z∗) /c0, (18)

lA = (1 + z∗) πDA(z∗)/rs (z∗) , (19)
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where DA is the angular diameter distance, and rs(z∗)
represents the comoving sound horizon at the photon
decoupling epoch corresponding to redshift z∗, which
can be estimated using an approximate formula provided
in Ref. [123]. The constant c0 denotes the speed of light.
The χ2 function for the distance priors can be expressed
by

χ2
CMB =

∑
i, j

(
xobs
i − x th

i

) (
C−1

CMB

)
i j

(
xobs
j − x th

j

)
,

(20)

here x = {R (z∗) , lA (z∗) , ωb0}, and ωb0 = �b0h2 with
�b0 representing the current fractional energy density of
baryons. The superscript obs denoting the mean values
obtained from CMB observations, and th representing
the theoretical values predicted by cosmological models.
The termCCMB refers to the covariance matrix of distance
priors.

• OHD
The OHD dataset used in this study consists of 32 H(z)
data points obtained from the cosmic chronometers (CC)
method, as listed in the Ref. [124], covering a redshift
range of 0.07 ≤ z ≤ 1.965. These measurements are
derived from the differential ages of passively evolving
galaxies at various redshifts, which can be described by
the following formula [125]:

H(z) 	 − 1

1 + z


z


t
. (21)

The χ2 function for the OHD data can be written as

χ2
OHD = �HT · (COHD)−1 · �H , (22)

where �H = Hth − Hobs represents the difference
between the theoretical and observed Hubble parame-
ters, and COHD denotes the full covariance matrix, which
contains both statistical and systematic errors [126].

• The local measurement of H0

We adopt the latest Hubble constant measurements from
Riess et al. [19], with the observed value Hobs

0 = 73.04±
1.04 km s−1 Mpc−1. This result is derived using Cepheid
variables in the host galaxies of 42 Type Ia supernovae,
observed with the Hubble Space Telescope, to precisely
calibrate the Hubble constant.

The χ2 function for the Hubble constant is expressed
as

χ2
H0

=
(
H th

0 − 73.04

1.04

)2

, (23)

where H th
0 is the theoretical predicted value in the cos-

mological models.

To fit the IHDE models, we carry out the Markov Chain
Monte Carlo (MCMC) analysis using the CosmoMC package
[88]. Convergence of the MCMC chains is set to R − 1 <

0.01, based on the Gelman–Rubin statistic [89]. The IHDE
model involves five free parameters: H0, �m, �bh2, c, and
β, and we impose uniform priors adopted over the following
ranges: H0 ∈ [40, 100] km s−1 Mpc−1, �m ∈ [0.1, 0.6],
�bh2 ∈ [0.005, 0.1], c ∈ [0, 3], and β ∈ [−1, 1].

3.2 Model comparison methods

To further determine the optimal model among various can-
didates, it is essential to evaluate how well each model fits
the data using model comparison methods.

• Information criterion
The most commonly used metrics are the Akaike infor-
mation criterion (AIC) [127] and the Bayesian informa-
tion criterion (BIC) [128], which are defined as follows

AIC = −2 ln Lmax + 2n = χ2
min + 2n, (24)

BIC = −2 ln Lmax + n ln N = χ2
min + n ln N , (25)

where χ2
min is the sum of the minimum chi-square values

over all datasets, n denotes the number of model param-
eters, and N represents the total number of data points.
In practice, model selection is based on comparing the
differences in AIC and BIC values between competing
models, given by:

�AIC = �χ2
min + 2�n, (26)

�BIC = �χ2
min + �n ln N . (27)

In general, the model with �AIC ≥ 5 or �AIC ≥ 10
is considered to be strongly or very strongly disfavored
compared to the preferred model, respectively. Similarly,
for BIC, the conditions �BIC ≥ 2 or �BIC ≥ 6 indicates
the same level of preference.

• Bayes factor
The statistical measures discussed above do not explic-
itly incorporate the prior range of the analysis. Since
the inclusion of explicit priors can substantially impact

Table 2 Revised Jeffreys scale quantifying the observational viability
of any model Mi compared with some reference model M j

lnBi j Strength of evidence for model Mi

0 < |lnBi j | < 1 Weak

1 < |lnBi j | < 3 Definite/positive

3 < |lnBi j | < 5 Strong

|lnBi j | > 5 Very strong
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both the optimal values and the statistical preference
of the model, we also employ the Bayesian evidence
approach, which accounts for the entire posterior dis-
tribution. Bayesian evidence provides a statistical way
to evaluate the statistical preference for one model over
another by computing the Bayes factor. For a given model
Mwith parameter space θ and specific observational data
d, the Bayesian evidence E is defined as

E = p(d|M) =
∫

p(d|θ,M)π(θ |M)dθ, (28)

where π(θ |M) is the prior of θ in model M, and
p(d|θ,M) is the likelihood. Then, for the two models
Mi and M j , combing the Bayes theorem, the posterior
probability is

p(Mi |d)

p(M j |d)
= p(d|Mi )

p(d|M j )

π(Mi )

π(M j )
. (29)

The ratio between posterior probabilities leads to the def-
inition of the Bayes factor Bi j , which is written in a log-
arithmic scale as

ln Bi j = ln
p(d|Mi )

p(d|M j )
= ln p(d|Mi ) − ln p(d|M j ).

(30)

Then, one can determine the strength of the preference
for one of the competing models over the other by means
of the Jeffreys scale listed in Table 2 [129,130].

We employ the nested sampling plugin PolyChord [131,
132] within the CosmoMC framework, which enables effi-
cient computation of the Bayesian model evidence.

4 Results and discussion

We use the dataset BAO+SNIa+CMB+OHD+H0 to investi-
gate the HDE and the IHDE models. The constrained results,
which include the mean values and 68.3% confidence level
(CL) for the cosmological and model parameters (H0, �m,0,
c, �bh2, β ), are summarized in Table 3, comparing the
ten IHDE models with the �CDM and HDE models. The
likelihood distributions of these parameters are illustrated
in Figs. 1, 2, 3, 4, 5 and 6. Additionally, we apply three
model selection methods to compare these models, with the
corresponding �AIC, �BIC and ln Bi j values presented in
Table 4.

We first focus on the model parameter c, which plays
a crucial role in governing the evolution of DE. As shown
in Table 3, c remains less than 1 in all HDE and IHDE
models considered, suggesting DE exhibits phantom-like
behavior in the future, potentially leading to the big rip
problem. Compared to the HDE model, the IHDE models
yield higher central values of c, with a reduced statistical
deviation from c = 1, which may potentially alleviate the
Big Rip problem. It is noteworthy that the IHDE I-B and
IHDE V-B models have the highest central values of c, which
are 0.817+0.029

−0.035 and 0.806+0.029
−0.033 at one standard deviation,

respectively, while the IHDE II-A model has the lowest cen-
tral value, 0.749+0.023

−0.027 at one standard deviation. Our con-
straints are consistent with those obtained by Feng et al. [86]
and Li et al. [87], based on Planck 2015 CMB data, the Joint
Light-Curve Analysis (JLA) of SNIa, baryon acoustic oscil-
lation data, and local measurements of the Hubble constant.

Second, we analyze the model parameter β, which gov-
erns the energy exchange between DE and DM. As shown in
Table 3, β is positive in all IHDE models, at a CL exceeding
7σ , providing strong evidence for the decay of DE into DM.

Table 3 Summary of constraints on the model parameters at the 68% CL

Parameter H0 �m,0 �b,0h2 c β

�CDM 68.82 ± 0.28 0.2980 ± 0.0035 0.02260 ± 0.00013 – –

HDE 68.61 ± 0.48 0.2911 ± 0.0042 0.02291 ± 0.00013 0.711 ± 0.021 –

IHDE I-A 68.91 ± 0.51 0.3038 ± 0.0049 0.02237 ± 0.00015 0.804+0.028
−0.033 0.0183 ± 0.0024

IHDE I-B 68.92 ± 0.50 0.3039 ± 0.0048 0.02237 ± 0.00015 0.817+0.029
−0.035 0.0244 ± 0.0033

IHDE II-A 68.86 ± 0.51 0.3024 ± 0.0047 0.02243 ± 0.00015 0.749+0.023
−0.027 0.00577 ± 0.00079

IHDE II-B 68.92 ± 0.50 0.3036 ± 0.0047 0.02237 ± 0.00015 0.784+0.027
−0.031 0.0201 ± 0.0026

IHDE III-A 68.87 ± 0.50 0.3027 ± 0.0046 0.02242 ± 0.00015 0.763 ± 0.026 0.00443 ± 0.00060

IHDE III-B 68.92 ± 0.52 0.3039 ± 0.0048 0.02237 ± 0.00015 0.798+0.029
−0.034 0.0111 ± 0.0015

IHDE IV-A 68.95 ± 0.50 0.3031 ± 0.0047 0.02238 ± 0.00015 0.779+0.026
−0.030 0.0143 ± 0.0018

IHDE IV-B 68.92 ± 0.51 0.3038 ± 0.0047 0.02237 ± 0.00015 0.803+0.028
−0.033 0.0249 ± 0.0033

IHDE V-A 68.94 ± 0.50 0.3035 ± 0.0046 0.02237 ± 0.00015 0.789+0.027
−0.031 0.0358 ± 0.0044

IHDE V-B 68.93 ± 0.51 0.3038 ± 0.0047 0.02237 ± 0.00015 0.806+0.029
−0.033 0.0544 ± 0.0070
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Fig. 1 The contour plots (68.3% and 95.4% CLs) and marginalized probability distributions for the parameters H0, �m,0 and c in the �CDM (left
panel) and HDE (right panel) models without interaction

Fig. 2 The contour plots (68.3% and 95.4% CLs) and marginalized probability distributions for the parameters H0, �m,0, c, �bh2 and β in the
IHDE I-A (left panel) and IHDE I-B (right panel) models

The IHDE V-A model exhibits the strongest statistical evi-
dence for a positive β, reaching the 8.1σ CL. This result is
consistent with previous studies [79,85–87]. From Figs. 2, 3,
4, 5, and 6, we observe a positive correlation between β and
c. As β increases, c approaches 1, indicating that the interac-
tion term driving DE decay into DM may help alleviate the
Big Rip problem.

Third, we examine the constraints on the cosmological
parameters �m,0, �b,0, and H0. As shown in Table 3, the
IHDE models remain consistent with the �CDM models
within 1.2σ for these parameters. For H0, all IHDE models
exhibit slightly higher central values compared to the �CDM
model, whereas the HDE model shows a slightly lower cen-
tral value. Both the HDE model and all IHDE models remain
consistent with the Planck 2018 results [18] within the 2.2σ

CL. However, they exhibit a significant tension with the local

measurement of the Hubble constant by Riess et al. [10], with
discrepancies exceeding the 3.5σ level. These findings are in
line with previous studies [113,114], where analyses using
DESI BAO+SNIa+CMB data, also found that the IHDE mod-
els considered are in better agreement with the Planck 2018
results while maintaining a substantial tension with the local
H0 determination. Furthermore, from Figs. 1, 2, 3, 4, 5 and 6,
we observe a negative correlation between H0 and parameter
c, suggesting that a smaller value of c can lead to a larger H0,
thereby alleviating the Hubble tension while worsening the
Big Rip problem.

Finally, we evaluate model selection based on the AIC,
BIC, and Bayes factor to determine the best fit to the obser-
vational data. As shown in Table 4, all the HDE and IHDE
models considered have �AIC and �BIC values greater than
zero, indicating that the �CDM model remains the most
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Fig. 3 The contour plots (68.3% and 95.4% CLs) and marginalized probability distributions for the parameters H0, �m,0, c, �bh2 and β in the
IHDE II-A (left panel) and IHDE II-B (right panel) models

Fig. 4 The contour plots (68.3% and 95.4% CLs) and marginalized probability distributions for the parameters H0, �m,0, c, �bh2 and β in the
IHDE III-A (left panel) and IHDE III-B (right panel ) models

favored by the current data. Moreover, it is evident that the
current data clearly rule out the HDE model. But compared
to the HDE model, the IHDE models show improved agree-
ment with the data. Among all the IHDE models, the IHDE I-
B(Q = 3βH0ρde), and IHDE V-B(Q = 3βH0

ρdmρde
ρdm+ρde

) mod-
els yield the lowest �AIC, �BIC and ln Bi j value, indicating
that they are the two most favored IHDE models based on
the observational data. These findings are generally consis-
tent with previous studies. [86,87]. Additionally, the �AIC,
�BIC and ln Bi j values for the majority of IHDE models
are similar, indicating that the current data do not strongly
differentiate between them in most cases. This highlights the
need for more precise data to further assess the viability of
these models in the future.

5 Conclusions

In this study, we revisit the viability of IHDE models by
investigating ten representative interaction forms. Our anal-
ysis is based on the latest observational datasets, including
the DESI DR2 BAO data, the DES-SN5Y supernova sample,
the OHD, the Planck 2018 CMB data, and the local H0 mea-
surement given by Riess et al. Using the CosmoMC package,
we perform an MCMC analysis to derive constraints on cos-
mological and model parameters. Based on these constraints,
we systematically compare the IHDE models with the HDE
and �CDM models. Finally, we apply AIC, BIC, and Bayes
factor to evaluate the IHDE models and identify those most
favored by the observational data.

Our joint constraints indicate that the IHDE models are
consistent with the �CDM models within the 1.2σ CL for
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Fig. 5 The contour plots (68.3% and 95.4% CLs) and marginalized probability distributions for the parameters H0, �m,0, c, �bh2 and β in the
IHDE IV-A (left panel) and IHDE IV-B (right panel) models

Fig. 6 The contour plots (68.3% and 95.4% CLs) and marginalized probability distributions for the parameters H0, �m,0, c, �bh2 and β in the
IHDE V-A (left panel) and IHDE V-B (right panel) models

the cosmological parameters H0, �m,0, and �b,0h2. How-
ever, all the HDE and IHDE models considered are predicted
to eventually undergo the Big Rip, as c remains below 1
across multiple confidence interval. Compared to the HDE
model, the IHDE models yield higher central values of c
and exhibit a reduced statistical deviation from c = 1, indi-
cating that the interaction term may help alleviate the Big
Rip problem. This highlights the importance of exploring a
broader range of interaction forms or alternative choices for
the IR cut-off in future IHDE research. Furthermore, based
on the constraints on β, we find strong support for the sce-
nario in which DE decays into DM, reaching beyond the
7σ CL. Additionally, our results reveal a positive correlation
between c and β, while H0 exhibits a negative correlation
with c. The constraints on the Hubble constant show that the
IHDE models have a discrepancy below 2.2σ with the Planck

2018 result [18], but exhibit a tension exceeding 3.5σ with the
local measurement from Riess et al. [10]. Moreover, based
on AIC, BIC, and Bayes factor, the �CDM model remains
the best fit, while the HDE model is ruled out. In contrast,
the IHDE model shows improved data fitting compared to
the HDE model. Among all the IHDE models, the IHDE I-
B(Q = 3βH0ρde) and IHDE V-B(Q = 3βH0

ρdmρde
ρdm+ρde

) mod-
els are the two most favored IHDE models based on the obser-
vational data.

As our final remarks, the �AIC, �BIC and ln Bi j values
for the majority of IHDE models are nearly identical, suggest-
ing that their fitting performances are comparable given the
current dataset. This emphasizes the necessity of more pre-
cise future observations, such as a substantial dataset of grav-
itational wave (GW) events from binary neutron star (BNS)
systems with electromagnetic (EM) counterparts. Combin-
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Table 4 Summary of model comparison results using AIC, BIC, and
Bayes factor. Positive values of �AIC and �BIC, as well as negative
values of ln Bi j , indicate a preference for the �CDM model

Model χ2
min �AIC �BIC ln Bi j

�CDM 1708.02 0 0 0

HDE 1763.49 57.47 63.00 −31.44

IHDE I-A 1707.60 3.58 14.65 −9.26

IHDE I-B 1706.95 2.93 14.01 −8.59

IHDE II-A 1716.76 12.74 23.82 −15.57

IHDE II-B 1708.61 4.59 15.67 −9.73

IHDE III-A 1714.31 10.29 21.36 −14.03

IHDE III-B 1707.92 3.89 14.97 −9.49

IHDE IV-A 1709.78 5.76 16.84 −9.84

IHDE IV-B 1707.14 3.12 14.19 −8.33

IHDE V-A 1708.01 3.99 15.07 −8.37

IHDE V-B 1706.68 2.66 13.73 −7.63

ing these with the forthcoming complete DESI BAO dataset
will be essential for effectively distinguishing between dif-
ferent interaction forms.
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