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Abstract

We investigate cosmological scenarios in a spatially flat Friedmann–Lemaître–Robertson–

Walker (FLRW) universe containing Ricci-type holographic dark energy within the frame-

work of general relativity. The cosmic fluid is composed of baryonic matter, radiation, cold

dark matter, and dark energy. We consider three phenomenological interaction schemes in

the dark sector and derive analytic expressions for the standard cosmological quantities in

each case. Using observational data from cosmic chronometers and Type Ia supernovae

(Pantheon sample), we constrain the parameters of the interacting models and determine

their best-fit values. Finally, we compare the interacting holographic scenarios with the

concordance ΛCDM (Λ cold dark matter) model at the background level, displaying con-

tour plots for the cosmological and interaction parameters and discussing the performance

of the models in light of earlier results in the literature.

Keywords: Ricci-type holographic dark energy; dark sector interaction; cosmic chronometers;

type Ia supernovae; FLRW cosmology

1. Introduction

Current cosmological observations indicate that the Universe is undergoing an acceler-

ated expansion phase [1–4]. This behavior is usually attributed to a dominant dark energy

component that drives the late-time acceleration [5].

The simplest and most studied candidate for dark energy is the cosmological constant

Λ, which provides an excellent fit to a wide range of observations within the ΛCDM

model. However, the cosmological constant faces known theoretical challenges [6–8]. In

particular, the vacuum energy density predicted by quantum field theory exceeds the

observed value by many orders of magnitude, and the model does not naturally explain

why the current energy densities of dark energy and dark matter are of the same order,

despite their very different evolutionary histories. These tensions have motivated a wide

class of dynamical dark energy models. Among these, holographic dark energy models are
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particularly appealing [9–19], as they are rooted in the holographic principle proposed in

the context of quantum gravity [20–22].

The holographic principle, conjectured by Gerard ’t Hooft [23] and Leonard Susskind [24],

states that the physical degrees of freedom inside a given volume can be encoded on

its boundary, with the number of degrees of freedom scaling with the area rather than

the volume. This idea is closely related to the entropy of a bounded system containing

a black hole, as originally discussed by Jacob Bekenstein [25]. In this perspective, the

maximal amount of information contained in a spatial region is limited by the area of its

boundary [20], and this insight can be translated into constraints on the energy density of

the vacuum in a cosmological setting.

In a spatially flat universe, the Ricci scalar of the spacetime is given by

R = 6(Ḣ + 2H2), (1)

where H = ȧ/a is the Hubble expansion rate with a the scale factor, and the dot denotes a

derivative with respect to cosmic time t. A specific realization of holographic dark energy

based on the Ricci scalar was introduced by Luis Granda and Alexander Oliveros [9]. The

corresponding energy density,

ρx = 3
(

αH2 + βḢ
)

, (2)

is characterized by two dimensionless constants α and β and has been shown to be in

reasonable agreement with observations. This class of models possesses several attractive

features [26–28]. In particular, it can fit background data while alleviating, at least partially,

the cosmic coincidence problem [10,12–14,29,30]. When the dark energy equation of state

ω is allowed to be a function of time, the coincidence parameter r = ρc/ρx, with ρc being

the cold dark matter density, becomes dynamical and can asymptotically approach a

positive constant.

After defining the Ricci-type holographic dark energy density in Equation (2), it is

worth clarifying the physical role of the dimensionless constants α and β. In the context of

holographic-inspired cosmological models, these parameters are introduced phenomeno-

logically in order to capture possible contributions associated with the local curvature

scale of spacetime, encoded through the Hubble parameter H and its first time derivative

Ḣ. More specifically, the term proportional to H2, weighted by the coefficient α, accounts

for the dominant contribution related to the expansion rate of the Universe, while the

term involving Ḣ, governed by β, incorporates information about the dynamical evolution

of the expansion. This structure naturally arises in Ricci-type holographic dark energy

scenarios, where the infrared cutoff is associated with the Ricci scalar curvature rather

than with the Hubble radius alone [9–11]. In this sense, α and β parametrize deviations

from simpler holographic prescriptions and allow for a richer cosmological dynamics at

the background level. It is essential to emphasize that, within the scope of the present

paper α and β are treated as effective parameters to be constrained by observational data,

rather than as fundamental constants derived from an underlying microscopic theory. This

phenomenological approach is standard in the literature on Ricci-type holographic dark

energy and provides a flexible framework to explore departures from the concordance

ΛCDM model while remaining consistent with current cosmological observations.

In this study, we focus on the implications of a Ricci-type holographic dark energy

component in the context of modern cosmology, paying special attention to its possible

interaction with cold dark matter. We first analyze simplified scenarios with one or two ideal

fluids in addition to the holographic component, highlighting under which conditions the

model can mimic other fluids or fail to produce a late-time accelerated expansion. We then
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turn to a more realistic four-fluid configuration comprising baryons, radiation, cold dark

matter, and holographic dark energy and introduce three phenomenological interaction

terms in the dark sector. For each interaction scheme, we obtain analytic expressions for

the relevant cosmological quantities and confront the models with background data from

cosmic chronometers and Type Ia supernovae.

Before proceeding, it is crucial to clarify the conceptual status of the holographic

dark energy framework adopted in this study. The use of holographic-inspired energy

densities in cosmology is not intended here as a direct implementation of a fundamental

quantum–gravitational theory, nor does it assume the existence of a physically observable

microscopic granularity of spacetime. Instead, Ricci-type holographic dark energy is

employed as an effective phenomenological description of the dark sector at the level

of the homogeneous and isotropic cosmological background. In this effective approach,

the holographic principle serves as a guiding motivation for constructing infrared cutoffs

linked to curvature invariants, such as the Ricci scalar [20–22]. Accordingly, the analysis

presented in this paper focuses on the cosmological implications of interacting Ricci-type

holographic dark energy at the background level.

The paper is organized as follows. In Section 2, we revisit cosmological scenarios

with Ricci-type holographic dark energy in the presence of one or two additional ideal

fluids and discuss the emergence of tracking behavior and constant or variable equations

of state. Section 3 is devoted to the current four-component scenario, where we introduce

the phenomenological interactions in the dark sector and derive the evolution of the dark

energy equation of state and the coincidence parameter. In Section 4, we describe the

observational data sets and present the constraints on the model parameters, along with a

comparison with ΛCDM and previous analyses of holographic models. Finally, in Section 5,

we summarize our results and comment on possible extensions of this study.

2. Scenarios with Holography

We consider a homogeneous and isotropic universe within the framework of gen-

eral relativity, described by the spatially flat Friedmann–Lemaître–Robertson–Walker

(FLRW) metric

ds2 = dt2 − a2(t)
[

dr2 + r2
(

dθ2 + sin2 θ dϕ2
)]

, (3)

where and (t, r, θ, ϕ) are comoving coordinates. The Friedmann equations take the form

3H2 = ρ, (4)

2Ḣ + 3H2 = −p, (5)

where ρ is the total energy density, p is the total pressure, and we work in units with

8πG = c = 1, where G is the Newtonian constant of gravitation and c is the speed of light.

The conservation of the total energy–momentum tensor reads

ρ̇ + 3H(ρ + p) = 0. (6)

We first consider a cosmological scenario with three fluids. The total energy density

and pressure are written as

ρ = ϵ ρ1 + ρ2 + ρx, p = ϵ p1 + p2 + px, (7)

where ρ1 and ρ2 are the energy densities of two ideal fluids satisfying p1 = ω1ρ1 and

p2 = ω2ρ2, with ω1 ̸= ω2 constant, and ρx is the holographic dark energy given by (2),

https://doi.org/10.3390/physics8010024
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with px = ωρx and, in general, a time-dependent equation of state ω. The parameter ϵ takes

the integer values {0, 1}. Combining these ingredients, Equation (5) can be rewritten as

ϵ
ω1

ω2
ρ1 + ρ2 = −3

(

αω + 1

ω2

)

H2 −

(

3βω + 2

ω2

)

Ḣ. (8)

In what follows, we analyze particular realizations of Equation (8).

2.1. Holographic Dark Energy and a Single Fluid

Here, we set ϵ = 0 in Equation (8), so that ρ2 can be written as a function ρ2(H2, Ḣ, ω).

Replacing ρ2 from Equation (4) and ρx from Equation (2) into Equation (5), one obtains

Ḣ = −3

(

α(ω − ω2) + ω2 + 1

3β(ω − ω2) + 2

)

H2. (9)

Equation (9) can be integrated when ω is constant, but it has a non-trivial solution in the gen-

eral case of a varying equation of state. Replacing Equation (9) into Equations (2) and (8),

one finds [14]

ρx = 3H2

(

2α − 3β(ω2 + 1)

3β(ω − ω2) + 2

)

, (10)

ρ2 =
2(1 − α) + 3β(1 + ω)

2α − 3β(1 + ω2)
ρx. (11)

In this regime, and for the constant ω, the holographic component effectively tracks the

auxiliary fluid ρ2, so that the model does not provide a suitable description of late-time

acceleration if both ρ2 and ρx are interpreted as dark components.

To explore more general situations, we allow for an interaction between the two fluids.

Introducing the variable η = 3 ln a and denoting derivatives with respect to η by a prime,

the conservation equations for the two components can be written as

ρ′2 + (1 + ω2)ρ2 = −Γ, (12)

ρ′x + (1 + ω)ρx = Γ, (13)

where Γ = Q/(3H) encodes the interaction term between ρ2 and the holographic dark energy.

Holographic Dark Energy with Variable ω

From Equations (2)–(5) it follows that, in the absence of interaction, the equation of

state is forced to be constant, with

ω2 = −1 +
2

3

α

β
, ω = −1 +

2

3

α − 1

β
. (14)

There are two natural ways of introducing a varying equation of state: (i) by specifying

a time-dependent parameterization for ω [14] or (ii) by allowing for an interaction in the

dark sector and inferring the implicit evolution of ω from the coupled dynamics.

Following the second approach, and in line with the earlier study [31], we consider

interaction terms constructed from linear combinations of the component densities. In

particular, we adopt the ansatz

Γ = b ρi, (15)

where b is a coupling constant, and ρi is either ρ2 or ρx.
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2.1.1. Interaction Proportional to ρ2

We first study the case Γ = b ρ2. Equations (12) and (13) become

ρ′2 + (1 + ω2 + b)ρ2 = 0, (16)

ρ′x + (1 + ω)ρx − b ρ2 = 0. (17)

Integrating Equation (16), one obtains ρ2 ∝ a−3(1+ω2+b). Using this expression together

with Equations (2) and (4), we derive a differential equation for H2, whose solution reads

H2 = C̃1 a−2(α−1)/β

+
2

3
[

3β(1 + ω2 + b)− 2(α − 1)
] ρ20 a−3(1+ω2+b),

(18)

where C̃1 is an integration constant, and

3β(1 + ω2 + b)− 2(α − 1) ̸= 0 (19)

must hold. The corresponding holographic density, obtained from Equations (4) and (18), is

ρx = 3 C̃1 a−2(α−1)/β

+
2α − 3β(1 + ω2 + b)

3β(1 + ω2 + b)− 2(α − 1)
ρ20 a−3(1+ω2+b).

(20)

Combining Equation (20) with the conservation Equation (17) allows us to solve for the

time dependence of the equation of state ω(a). Alternatively, inserting Equation (18) into

Equation (10) yields

ρx = 3C̃1

(

2α − 3β(1 + ω2)

3β(ω − ω2) + 2

)

a−2(α−1)/β

+
2

3β(1 + ω2 + b)− 2(α − 1)

(

2α − 3β(1 + ω2)

3β(ω − ω2) + 2

)

ρ20a−3(1+ω2+b). (21)

Since the holographic density must be unique, comparing Equations (20) and (21) leads to

the constraints
2α − 3β(1 + ω2)

3β(ω − ω2) + 2
= 1, (22)

3β(1 + ω2 + b)− 2(α − 1) = 0. (23)

Equation (22) implies that ω must be constant, while Equation (23) contradicts the require-

ment (19). Therefore, for two fluids ρ2 and ρx, interacting through a term Q ∝ Hρ2, the

holographic equation of state cannot be both dynamical and consistent with the assumed

form of the energy densities. In particular, our findings are at odds with the behavior

reported in Ref. [32], where an interaction Q = 3Hbρm between pressureless matter and

holographic dark energy leads to a variable equation of state ω(ρm/ρx).

2.1.2. Interaction Proportional to ρx

We now take Γ = b ρx. The conservation equations become

ρ′2 + (1 + ω2)ρ2 + b ρx = 0, (24)

ρ′x + (1 + ω − b)ρx = 0. (25)

https://doi.org/10.3390/physics8010024
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Differentiating Equation (11) and using Equation (24), one obtains

ρ′x +

[

3β ω′ + b
(

2α − 3β(1 + ω2)
)

2(1 − α) + 3β(1 + ω)
+ 1 + ω2

]

ρx = 0. (26)

Comparing Equations (25) and (26) yields the following differential equation for ω:

ω′ + A ω − ω2 + B = 0, (27)

with

A =
2

3β
(α − 1) + ω2 + b − 1, B =

2

3β

[

(1 − α)ω2 + b
]

+ (1 − b)ω2. (28)

Provided 2(1 − α) + 3β(1 + ω) ̸= 0 and β ̸= 0, Equation (27) admits the explicit solution

ω(a) =
1

2

[

A +
√

−A2 − 4B tan

(

1

2

√

−A2 − 4B (3 ln a − C1)

)]

, (29)

where C1 is an integration constant. In this case, the interaction Γ ∝ ρx can induce a

non-trivial evolution of the holographic equation of state.

Linear interactions between cold dark matter and holographic dark energy, typically

of the form Q ∝ Hρm or Q ∝ Hρx, have been explored in several studies [16,17,26,33]. In

particular, Ref. [16] considered the three cases Q ∝ Hρx, Q ∝ Hρm, and Q ∝ H(ρx + ρm),

deriving a second-order differential equation for H(a) when ϵ = 0 and using it to re-

construct the dynamics. In Ref. [17], interacting cold dark matter and holographic dark

energy with ω = ω(r), r = ρc/ρx, were studied, leading to interaction terms of the form

Q = Q(ρ, ρ′) and explicit solutions for ρi(a) and ω(a).

Nonlinear interactions have also been proposed. For instance, Ref. [18] analyzed a

coupling Q = 3Hb ρ2
m/(ρm + ρx), which leads to a nonlinear second-order equation for

H2(x), x = ln a, and to a future Big Rip-type singularity in the holographic energy density.

In Ref. [19], an interaction Q = 3Hb ρ2
x/(ρm + ρx) was considered, and the resulting ω(a)

was reconstructed.

2.2. Holographic Dark Energy and Two Ideal Fluids

We now take ϵ = 1 in Equations (4) and (8), which, together with Equation (2), yield

ρi = 3

(

α(ω − ωj) + ωj + 1

ωj − ωi

)

H2 +

(

3β(ω − ωj) + 2

ωj − ωi

)

Ḣ, (30)

for i, j = {1, 2} and i ̸= j. Both the auxiliary fluids and the holographic density now depend

on H, Ḣ, and ω.

2.2.1. Constant Holographic Equation of State

We first consider the case where all three fluids are non-interacting and have constant

equations of state. The conservation Equation (6) splits into

ρ′1 + (1 + ω1)ρ1 = 0, (31)

ρ′2 + (1 + ω2)ρ2 = 0, (32)

ρ′x + (1 + ω)ρx = 0. (33)
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Integrating Equations (31) and (32) and inserting the solutions into Equation (30), one

obtains a differential equation for H2, whose solution can be written as

H2 = A a−3(1+ω1) + B a−3(1+ω2), (34)

with A and B constants. On the other hand, using the solution of Equation (33) in

Equation (2) gives

H2 =
2ρx0

3
(

2α − 3β(1 + ω)
) a−3(1+ω) + C̄3 a−2α/β, (35)

where C̄3 is an integration constant. Comparing Equations (34) and (35), one finds

−3(1 + ω1) = −3(1 + ω), −3(1 + ω2) = −2
α

β
, (36)

or the same system with ω1 and ω2 exchanged, so that

ω = ω1 or ω = ω2. (37)

Therefore, as long as the components do not interact and all equations of state are constant,

the holographic dark energy emulates one of the ideal fluids.

A particularly relevant case is obtained by choosing ρ1 = ρ f , with ω1 = ω f , ρ2 = ρm,

with p2 = pm = 0, and ρx as the holographic dark energy. Then, ω ∈ {0, ω f }, and the

holographic component mimics either dust or a general fluid. In the context of standard

cosmology, this fluid could be either radiation (ωr = 1/3) or baryons (ωb = 0). In both

cases, the resulting dynamics does not account for a late-time accelerated expansion.

2.2.2. Interaction in the Dark Sector

We now consider a different setup in which fluid 1 does not interact with the other

components, while fluid 2 and the holographic dark energy may exchange energy. The

conservation Equation (6) becomes

ρ′1 + (1 + ω1)ρ1 = 0, (38)

ρ′2 + (1 + ω2)ρ2 = −Γ, (39)

ρ′x + (1 + ω)ρx = Γ. (40)

Integrating Equation (38) and inserting the result into Equation (30) for ρ1 yields a differen-

tial equation for H2 with solution

H2 =
2ρ10(ω2 − ω1)

3
[

2(ω2 − ω1) + (2α − 3β(1 + ω1))(ω − ω2)
] a−3(1+ω1)

+ C̄ a
−6
[

1+α(ω−ω2)+ω2
2+3β(ω−ω2)

]

,

(41)

where C̄ is an integration constant. Using Equations (2) and (41) in Equation (40), we obtain

Γ(a) = ᾱ a−3(1+ω1) + β̄ a
−6
[

1+α(ω−ω2)+ω2
2+3β(ω−ω2)

]

, (42)
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with ᾱ and β̄ constant. Substituting Equation (42) into Equations (39) and (40) leads to

ρ2 = C̄2 a−3(1+ω2) +
ᾱ

3(ω1 − ω2)
a−3(1+ω1)

+
β̄
(

2 + 3β(ω − ω2)
)

3(ω − ω2)
(

2α − 3β(1 + ω2)
) a

−6
[

1+α(ω−ω2)+ω2
2+3β(ω−ω2)

]

,

(43)

ρx = C̄x a−3(1+ω) +
ᾱ

3(ω − ω1)
a−3(1+ω1)

+
β̄
(

2 + 3β(ω − ω2)
)

3(ω − ω2)
(

2 − 2α + 3β(1 + ω)
) a

−6
[

1+α(ω−ω2)+ω2
2+3β(ω−ω2)

]

,

(44)

where C̄2 and C̄x are integration constants.

A scenario of particular cosmological interest arises when fluid 1 is identified

with baryons, ρ1 = ρb, with p1 = pb = 0, and fluid 2 with cold dark matter,

ρ2 = ρm, with p2 = pm = 0, while ρx is the holographic dark energy. In this case,

the baryons remain non-interacting, ρb ∝ a−3, and the interacting dark sector is formed

by ρm and ρx. From Equations (43) and (44), we obtain densities of the general form

ρi = ᾱi a−3(1+ωi) + β̄i a−6[(1+αω)/(2+3βω)], where i labels dark matter or holographic dark

energy. In this regime, the interaction term behaves as Γ ∝ a−6[(1+αω)/(2+3βω)] or, equiva-

lently, as a linear combination Γ = α̃ρb + β̃ρm.

3. Current Scenario with Holographic Dark Energy

We now turn to a more realistic configuration that includes the standard cosmological

components: baryons, radiation, cold dark matter, and holographic dark energy. We again

consider a flat FLRW universe governed by Equations (4) and (6), with

ρ = ρb + ρr + ρc + ρx, p = pb + pr + pc + px, (45)

and define the dark sector as ρd := ρc + ρx. Each fluid obeys a barotropic equation of state

pi = ωiρi, with ωb = 0, ωr = 1/3, ωc = 0, and ωx = ω.

Allowing for a phenomenological interaction in the dark sector, the conservation

Equation (6) splits into

ρ′b + ρb = 0, (46)

ρ′r +
4

3
ρr = 0, (47)

ρ′c + ρc = −Γ, (48)

ρ′x + (1 + ω)ρx = Γ, (49)

where Γ = Q/(3H) now encodes the interaction between cold dark matter and holographic

dark energy.

For Ricci-type holographic dark energy with β = 0, Equation (2) reduces to [12]

ρx = α ρ, (50)

with ρ = ρb + ρr + ρd. Integrating Equations (46) and (47) yields

ρb = ρb0 a−3, ρr = ρr0 a−4. (51)
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Using these expressions and the relation ρc = ρd − ρx in Equation (48) and differentiating

Equation (50), one obtains checked and confirmed the correction and suggestion. a first-

order differential equation for the dark sector:

(α − 1)ρ′d + (α − 1)ρd −
α

3
ρr0 a−4 = Γ. (52)

Similar to that in Section 2, we consider three types of linear interactions [30,34–37],

defined as

Γ1 = α1ρc + β1ρx (Model 1),

Γ1 = α1ρc + β1ρx (Model 2), (53)

Γ1 = α1ρc + β1ρx (Model 3).

These interactions can be expressed in terms of combinations of ρd, ρ′d, ρ, and ρ′, so that

Equation (52) can be recast as

ρ′d + b1ρd + b2a−3 + b3a−4 = 0, (54)

where the constants b1, b2, and b3 depend on the interaction parameters. The general

solution of Equation (54) reads

ρd(a) =
b2

1 − b1
a−3 +

3b3

4 − 3b1
a−4 + C a−3b1 , (55)

with C an integration constant.

The explicit expressions for b1, b2, and b3 in each interaction scheme are as follows.

• For Γ1,

b1 = 1 −
α1 + α(β1 − α1)

α − 1
, b2 =

α(α1 − β1)

α − 1
ρb0, b3 =

α
[

3(α1 − β1)− 1
]

3(α − 1)
ρr0.

• For Γ2,

b1 =
α − 1

α(1 − β2 + α2)− α2 − 1
, b2 =

α(β2 − α2)

α(1 − β2 + α2)− α2 − 1
ρb0,

b3 =
α
[

4(β2 − α2)− 1
]

3
[

α(1 − β2 + α2)− α2 − 1
]ρr0.

• For Γ3,

b1 =
α − 1 − α3

α − 1 − β3
, b2 = 0, b3 = −

α

3(α − 1 − β3)
ρr0.

The constant C can be written in terms of present-day quantities as

C = 3H2
0(Ωc0 + Ωx0)−

b2

1 − b1
−

3b3

4 − 3b1
, (56)

where H0, Ωc0, and Ωx0 are the current values of the Hubble parameter and the density

parameters for cold dark matter and holographic dark energy, respectively.

The holographic equation of state can be obtained from

ω =
Γ − αρ′

αρ
− 1, (57)
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using the solution (55) and Equation (51) for each interaction scheme. In all cases, the result

can be written as

ω(a) =
E1a−3 + E2a−4 + E3a−3b1

Āa−3 + B̄a−4 + C̄a−3b1
− 1, (58)

where

Ā = α

(

ρb0 +
b2

1 − b1

)

, B̄ = α

(

ρr0 +
3b3

4 − 3b1

)

, C̄ = α C, (59)

and the coefficients Ei (i = 1, 2, 3) are linear combinations of the interaction parameters

associated with each model. In the asymptotic future, a → ∞, and for b1 < 0, Equation (58)

approaches

ω∞ =
E3

C̄
− 1, (60)

indicating that the interacting holographic dark energy tends to an effective constant

equation of state.

To examine the coincidence problem, we consider the ratio r = ρc/ρx. Using

Equations (51) and (55), we compute r(a) and evaluate its asymptotic value as a → ∞.

For all the interactions considered here with b1 < 0, the coincidence parameter converges

to a constant, which, remarkably, does not depend on the interaction parameters.

4. Observational Analysis and Results

In this Section, we confront the interacting Ricci-type holographic dark energy sce-

narios with observational data at the background level. We consider two complementary

probes: cosmic chronometers (CC), which provide direct information on the Hubble expan-

sion rate H(z) as a funcction of redshift z, and Type Ia supernovae, which constrain the

luminosity distance–redshift relation.

4.1. Cosmic Chronometers

Cosmic chronometers are based on the differential age method applied to passively

evolving early-type galaxies [38]. Following the strategy of Ref. [39], the relative ages of

galaxy populations at different redshifts are used to estimate dz/dt, which in turn yields

the Hubble parameter through

H(z) = −
1

1 + z

dz

dt
. (61)

The values employed here are derived from the BC03 (Bruzual–Charlot 2003) stellar pop-

ulation synthesis models [40] and provide cosmology-independent measurements of the

expansion history [41]. In our analysis, we restrict the CC data to redshifts z ≲ 1.2, where

the method is most robust.

The theoretical Hubble function H(z) is obtained from Equations (4), (51) and (55),

using a = (1 + z)−1. Figure 1 displays the CC data points together with the best fit curves

for the three interacting holographic models and the ΛCDM reference model.
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Figure 1. Hubble expansion rate for the concordance ΛCDM model and for the interacting Ricci-

type holographic dark energy scenarios (53). The solid dots correspond to cosmic chronometer

measurements [40,41] of H(z) up to z ≃ 1.2 redshifts.

It is worth emphasizing that, within the interacting Ricci-type holographic dark energy

scenarios considered in this paper, the cosmic acceleration is not assumed to be positive at

all epochs. As in the standard cosmological picture, the models naturally accommodate

an early decelerated expansion phase dominated by radiation and matter, followed by

a late-time accelerated regime driven by the dark energy component. This behavior can

be inferred from the evolution of the Hubble function H(z) and from the corresponding

effective equation of state of the dark energy sector. In particular, at high (z ≳ 0.6) redshifts

the contribution of radiation and pressureless matter ensures a decelerated expansion,

while at low (z ≲ 0.6) redshifts, the holographic dark energy becomes dominant and

leads to a negative effective pressure, giving rise to accelerated expansion. The interacting

models analyzed here, therefore, reproduce the expected transition from deceleration to

acceleration without requiring fine-tuning. Consequently, the present acceleration is a

late-time phenomenon in these scenarios, consistent with observational evidence, rather

than a feature that persists throughout the entire cosmic history.

4.2. Type Ia Supernovae

As a complementary background probe, we use the Pantheon sample of Type Ia

supernovae (SNe Ia) [42], which consists of 1048 spectroscopically confirmed SNe Ia in the

redshift range 0.01 ≤ z ≤ 2.3. The catalog provides peak magnitudes in the rest-frame

B-band, mB, from which the

µ = mB + MB, (62)

where MB is a nuisance parameter corresponding to the absolute magnitude of a fiducial

supernova. In our analysis, the theoretical distance modulus at redshift z is computed as

µ(z) = 5 log10 dL(z) + 25, (63)

with the luminosity distance given by

dL(z) = (1 + z)
∫ z

0

H0 dz′

H(z′)
[Mpc]. (64)
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We perform a joint analysis combining the CC data set and the Pantheon SNe Ia sample,

following the statistical treatment described in Ref. [30].

Table 1 summarizes the best fit values for the Hubble parameter h = H0/

(100 km s−1 Mpc−1), the present cold dark matter density parameter Ωc, and the parame-

ters α, α1, and β1 characterizing the interacting holographic models under consideration,

together with the corresponding values for the ΛCDM model used as reference.

Table 1. Best fit values for the parameters of the studied models, using the cosmic chronometer data

set [40,41] combined with the Pantheon SNe Ia sample [42]. See text for details.

Model h Ωc α α1 β1

ΛCDM 0.6993+0.0077
−0.0095 0.234+0.011

−0.0096 — — —

Model 1 0.717 ± 0.011 0.378 ± 0.052 0.901+0.079
−0.043 — −0.090 ± 0.038

Model 2 0.7216+0.0068
−0.0089 0.1734+0.0091

−0.014 0.828+0.037
−0.031 −0.0836+0.015

−0.0086 —

Model 3 0.7184+0.0088
−0.012 0.248+0.039

−0.079 0.943+0.054
−0.019 0.023+0.016

−0.023 0.023+0.016
−0.023

Figures 2–4 show the two-dimensional marginalized constraints for the interacting

models (53), with contours corresponding to the 68.3% and 95.4% confidence levels. The

plots illustrate that the interaction parameters are moderately constrained by the combined

data and that the resulting cosmologies provide a reasonable fit to the CC [40,41] and SNe

Ia [42] observations, remaining close to the ΛCDM reference.

Figure 2. Contour plots for the parameters of interaction Model 1, showing the 1σ (one stan-

dard deviation, light blue) and 2σ (dark blue) confidence regions from the joint analysis of cosmic

chronometers [40,41]and Pantheon SNe Ia [42] data.
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Figure 3. Same as Figure 2, but for interaction Model 2.

Figure 4. Same as Figure 2, but for interaction Model 3.

Several studies have already analyzed the performance of Ricci-type holographic

dark energy models in comparison with ΛCDM. In particular, Ref. [43] considered non-

interacting Ricci-type holographic dark energy and found that this model is disfavored
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by data when confronted with ΛCDM. In Ref. [12], the interacting Ricci-type model was

tested using information criteria (AIC and BIC) and also disfavored. A similar conclusion

was reached in Ref. [44] for a modified Ricci-type holographic model without interaction.

Ref. [45] studied several interacting Ricci-type models, finding that they are ruled out with

respect to ΛCDM according to the BIC. Finally, in Ref. [46], both Ricci-type and modified

Ricci-type holographic models without interaction were compared to ΛCDM using growth

rate data in addition to background constraints, again yielding strong evidence against the

holographic scenarios.

In case considered here, we find that the linear interacting Ricci-type models analyzed

here can provide a background evolution that closely approximates that of ΛCDM (see

Table 1 and Figure 1), while allowing for a dynamical equation of state and a non-trivial

asymptotic behavior of the coincidence parameter. A detailed statistical comparison using

information criteria and structure growth data is left for our future work.

5. Conclusions

In this paper, we have investigated cosmological scenarios in which the late-time

dynamics of the Universe is driven by a Ricci-type holographic dark energy component

interacting with cold dark matter. Starting from a spatially flat FLRW background within

General Relativity, we first revisited simplified configurations involving one or two ideal

fluids in addition to the holographic component. In these setups, we showed that, for

constant equations of state and in the absence of interaction, the holographic energy density

tends to emulate one of the auxiliary fluids and therefore fails to produce a genuine

accelerated expansion. We also analyzed under which conditions a variable holographic

equation of state can be obtained through a suitable interaction term.

We then focused on a more realistic four-fluid scenario including baryons, radiation,

cold dark matter, and holographic dark energy. In this context, we introduced three phe-

nomenological interaction schemes in the dark sector, denoted by Γ1, Γ2, and Γ3, and

derived analytic solutions for the total dark sector energy density and for the holographic

equation of state. In all three cases, the dark sector density can be expressed as a linear

combination of power laws in the scale factor, and the equation of state takes the general

form of Equation (58). For models with b1 < 0, we showed that the holographic equation

of state approaches a constant value in the asymptotic future and that the coincidence pa-

rameter r = ρc/ρx converges to a constant limit independent of the interaction parameters.

This behavior offers a possible alleviation of the coincidence problem.

To confront the models with observations, we have considered background data from

cosmic chronometers, which directly constrain the Hubble expansion rate H(z), and the

Pantheon sample of Type Ia supernovae, which probes the luminosity distance–redshift

relation. Performing a joint analysis, we obtained the best fit values for the cosmological

and interaction parameters in the three interacting models and in the ΛCDM reference

(Table 1). We found that the interacting Ricci-type holographic models provide a good

fit to the data and closely track the background evolution of ΛCDM (Figure 1), while

introducing a non-trivial dark sector coupling and a dynamical dark energy equation of

state. The two-dimensional marginalized constraints for each model (Figures 2–4) show

that the interaction parameters are moderately constrained by the combined data sets.

Our analysis is restricted to background observables. The earlier studies have reported

strong tensions between Ricci-type holographic models and ΛCDM when information

criteria or structure growth data are taken into account [12,43–46]. In this sense, the

interacting Ricci-type models presented here should be subjected to a similar scrutiny,

including the analysis of linear perturbations, matter power spectra, and redshift–space

distortions. It would also be of interest to explore whether alternative interaction forms or
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generalized holographic cutoffs can further improve the observational performance of these

scenarios while maintaining their appealing connection with the holographic principle.

Let us note that the cosmological parameters inferred from background observables in

this study can also be confronted with complementary probes that are weakly dependent

on the Hubble constant, such as galaxy cluster mass measurements. A fully quantitative

comparison with such observables would require extending the present background-level

analysis to include the growth of cosmic structures, which is left for future work.

More broadly, our results illustrate how holographic dark energy models with dark

sector interactions can mimic the concordance model at the background level while offering

a richer phenomenology for the late-time dynamics of the Universe. Future observational

surveys and a combined analysis of background and perturbation data will be crucial to

clarify whether such interacting holographic scenarios can survive as viable competitors

to ΛCDM.
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