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ABSTRACT

In this manuscript, we investigate late-time cosmology and the evolution of cosmic structures using an interacting dark fluid
model in which dark matter (DM) and dark energy (DE) interact through a diffusive mechanism. To provide a comprehensive
understanding, we derive the background evolution and perturbation equations within this model and obtain cosmological
parameters through MCMC simulations. We use recent measurements for statistical analysis and constrain the parameters Hy in
kms™! Mpc_l, Qm, ra, M, og, Sg, and the interaction term Qgy,. From the constrained values of Qgy,, we show that the diffusive
model is a promising alternative DE model, capable of driving late-time cosmic acceleration due to energy exchange from DM
to DE. State-finder diagnostics indicate that the model behaves like a Chaplygin gas when energy transfers from DM to DE
during the Universe’s expansion. We also investigate the growth of density contrast, finding §;,(z) > §4.(z), which highlights the
dominant role of DM in structure formation. Redshift space distortion and growth rate analysis show that minor deviations from
Lambda cold dark matter at low redshifts, with larger differences at higher redshifts, indicate the impact of energy diffusion on
early structure growth. Finally, we perform a detailed statistical analysis, including £(®|data), x2, AIC, and BIC, which strongly

supports the proposed diffusive dark-fluid model.
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1 INTRODUCTION

The mysterious matter and energy in the Universe, referred to
as dark matter (DM) and dark energy (DE), respectively, account
for a whopping 95 percent of the universe’s total content. The
nature of these dark components of the Universe is not properly
understood, but several candidates in the literature, including unified
dark-fluid models, have been proposed to describe them and their
effect on astrophysics and cosmology. On the DM side, the most
commonly studied candidates include Weakly Interacting Massive
Particles (WIMPS) (S. Colafrancesco, S. Profumo & P. Ullio 2006;
L. Bergstrom 2009; R. R. Mekuria 2017, 2019; R. R. Mekuria
et al. 2017) or some astrophysical modification of gravity such
as Modified Newtonian Dynamics (MOND)(M. Milgrom 1983)
among many others, whereas on the DE side, the cosmological
constant A (S. M. Carroll 2001) is perhaps the simplest addition
to the standard cosmological model needed to explain most of the
observed data. However, there are some serious issues associated
with the cosmological constant, such as the eponymous cosmological
constant problem (S. Weinberg 1989), the coincidence problem (H.
E. Velten et al. 2014), the Hubble tension (E. Di Valentino et al.
2021c), the Sg tension (E. Di Valentino et al. 2021a), the James Webb
Space Telescope high redshift massive galaxy tensions (I. Labbe et
al. 2023), etc., which makes the choice less attractive. That is why
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there are currently a plethora of other alternatives to explain current
cosmological observations, such as modifications to the gravitational
theory itself (see e.g. K. Bamba et al. 2012; E. N. Saridakis et al. 2021
and references therein), an evolving A (P. Peebles & B. Ratra 1988;
P. J. Peebles 1999), deviations from the standard homogeneous (see
A. Krasinski 1997; K. Bolejko et al. 2011 and references therein)
and isotropic Universe (such as the various Bianchi cosmological
models) assumption, or some form of a combination of these, among
others.

Another aspect that has gained much traction recently is the
interaction of DM and DE (W. Zimdahl 2005; Y. L. Bolotin et al.
2015; U. Mukhopadhyay et al. 2020, 2021; A. Chakraborty et al.
2025). Such an approach is interesting because it has the potential
to explain the cosmological and coincidence problems, the Hubble
tension, and the Sg discrepancy (R. C. Nunes & S. Vagnozzi 2021).
Some theoretical conditions that such interactions have to satisfy
for physical viability have been studied in M. A. Westhuizen &
A. Abebe (2024). Diffusive dark-fluid cosmology proposes that
DM and DE are different phases of a unified dark fluid, with a
diffusion process that allows energy or mass to flow between them
(A. Arbey 2006). In recent decades, interacting dark-fluid models
have garnered significant attention in cosmology, with extensive
studies exploring their various aspects. In particular, investigations of
dark-fluid interactions have aimed to address the cosmic coincidence
problem (B. Wang et al. 2016). Furthermore, cosmological evolution
is broadly discussed in Y. L. Bolotin et al. (2015) and G. S. Sharov
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et al. (2017) in the interaction between DE and DM. Detailed
thermodynamic stability analysis of diffusive dark fluid has been
studied in recent work (S. Maity et al. 2019). The work in B. Wang
et al. (2007) and Y. Zhai et al. (2023) reported the effect of the
interaction between DM and DE on the formation of large-scale
structures. This effect is clearly shown at the lowest pole / of the
Cosmic Microwave Background (CMB) spectrum.

The diffusive dark fluid is also proposed to alleviate the cosmolog-
ical tensions as presented in S. Calogero & H. Velten (2013), W. Yang
& L. Xu (2014),and R. C. Nunes et al. (2016). Earlier in the Universe,
this fluid behaves like DM, helping to form structures, while later it
acts like DE, driving cosmic acceleration (T. Zhang & X. Li 2007).
The model modifies standard cosmological equations and offers a
unified approach to explaining DM and energy. While it simplifies
the overall picture, it requires careful tuning of parameters to match
observations like the CMB and galaxy surveys. Understanding
the rate and underlying causes of this acceleration is crucial for
forecasting the ultimate fate of the Universe, whether it will expand
indefinitely or face a ‘big rip’. Furthermore, the discrepancy in
Hubble constant measurements suggests the need for new physics
or highlights potential errors in current observational methods.
This accelerated expansion also challenges Einstein’s theory of
general relativity (GR), encouraging cosmologists to propose beyond
GR theory for more accurate explanations without the need for a
cosmological constant or DE. For instance, the CG model (J. Fabris,
S. Goncalves & P. De Souza 2002; M. C. Bento et al. 2002a, b,
2004; M. d. C. Bento et al. 2003; S. Sahlu et al. 2019b, 2023)
suggests that an exotic matter with negative pressure could serve
as both DM and DE, while the phantom model (E. Elizalde et al.
2004; C. Csaki et al. 2006) proposes a more negative pressure form
of DE, leading to accelerating acceleration and super-exponential
expansion. Additionally, various modified gravity theories, such as
f(R) gravity, based on the Ricci scalar R (A. Abebe et al. 2012a,
2013; S. Bahamonde et al. 2017), f(Q) gravity, where Q is a non-
metric (R. Solanki et al. 2022; S. Sahlu et al. 2025a; S. Sahlu, A. Cruz-
Dombriz & A. Abebe 2025b), f(T) gravity, involving the torsion
scalar T (R. Myrzakulov 2011; V. F. Cardone et al. 2012; S. Sahlu
et al. 2020) just mentioned few, have been proposed to explain the
accelerating expansion of the Universe.

In the current work, we investigate the background evolution and
cosmological perturbations within the framework of diffusive dark
fluid interaction. Our analysis utilizes various recent cosmological
data sets, including: (a) BAO distance and correlation measurements
from the DR2 data release of the Dark Energy Spectroscopic
Instrument Survey (DESI DR2 BAO) (M. Abdul-Karim et al. 2025;
U. Andrade, E. Paillas et al. 2025); (b) cosmic chronometers (CC)
data (M. Moresco et al. 2020; J.-Z. Qi et al. 2023), which measure the
Hubble parameter H (z) based on the relative ages of massive, early-
time, passively evolving galaxies; (c) Type la supernovae (SNIa)
data sets, specifically: (i) the PantheonPlus+ sample (D. Brout et al.
2022), consisting of 1701 light curves of 1550 distinct SNIa across a
redshift range of z € [0.001, 2.26] (PPS); (ii) the DESYS5 data set (R.
Chiba & T. J. Moriya 2024), a photometrically classified SNIa with
redshifts between 0.1 and 1.13, supplemented by 194 low-redshift
SNe Ia spanning 0.025 < z < 0.1; and (iii) the latest Union3 com-
pilation, which includes 2087 cosmologically useful SNIa from 24
data sets (D. Rubin et al. 2025). We also consider, the redshift-space
distortion data (RSD) and the growth rate f, from the VIMOS Public
Extragalactic Redshift Survey (VIPERS) and SDSS collaborations.
To achieve this, we focus on the theoretical framework of late-time
and perturbations, as investigated by considering the diffusive dark
fluid model that unifies DM and DE through a diffusive interaction,
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leading to a coupled evolution that drives cosmic evolution. For better
analysis, we use the combined data sets: DESI DR2 BAO + CC +
DESYS5 + RSD + f, DESI DR2 BAO + CC + Union3 + RSD + fand
PPS + CC + DESY5 + RSD + f for constraining the cosmological
parameters: Hy, Qm, r4, M, og, Sg and the interaction term Qg
through the MCMC method. Then we highlighted the values of
the Hubble parameter H, and matter clustering Sg to emphasize
the possibilities of the diffusive model in mitigating cosmological
tensions. However, addressing the cosmological tensions is beyond
the current manuscript. After constraining the parameters through
the MCMC method, different background cosmological quantities
namely: the acceleration parameter g(z), the effective equation of
state (EoS) parameter w.g(z), the Hubble parameter H(z), and the
distance modulus u(z) have been illustrated in the diffusive dark-
fluid model. The state finder diagnostic plots, g versus r and s versus
r are also highlighted for the case of positive and negative Qg
(energy flow from DM to DE and vis versa), offering insights into
cosmic expansion and the diffusive dark-fluid model compared to
the standard Lambda cold dark matter (ACDM) model. The positive
Qam case corresponds to a quintessence-like phase, resulting in a
slower expansion, while the negative Qg4 case resembles the CG
model, leading to faster expansion in the late-time Universe than
ACDM model. We are also devoted to investigating the Om(z)
diagnostic, which plays a significant role in cosmology by offering
a model-independent approach to differentiate between various
cosmological models, particularly about the nature of DE and the
expansion history of the Universe. Its primary function is to help
distinguish the standard ACDM model from the alternative DE,
such as the diffusive model. In the case of ACDM where DE is
modelled as a cosmological constant, Om(z) is expected to remain
nearly constant across different redshifts. On the whole, the diffusive
dark-fluid model indicates a Universe in which DE may not be
a straightforward cosmological constant but rather a dynamically
changing phenomenon across time. This might lead to an improved
understanding of cosmic acceleration and challenge the simplicity of
the traditional ACDM model.

We also employ cosmic perturbation theory as a tool to understand
how the large-scale structures we observe today have evolved
and expanded as a result of gravitational instabilities in the early
Universe. In the standard metric perturbation theory pioneered by
Lifshitz (E. M. Lifshitz 1946) and later refined by Bardeen (J. M.
Bardeen 1980) and Kodama and Sasaki (H. Kodama & M. Sasaki
1984), one usually starts by perturbing away from a homogeneous
and isotropic background metric. The 14-3-covariant and gauge-
invariant perturbation formalism (S. W. Hawking 1966; D. Olson
1976; G. F. Ellis & M. Bruni 1989a; M. Bruni et al. 1992; P. K.
Dunsby et al. 1992; P. Dunsby, M. Bruni & G. Ellis 1992), on
the other hand, starts by defining covariant and gauge-invariant
gradient variables that define fluctuations in a given cosmological
quantity (such as the energy density and the volume expansion;
G. F. Ellis & M. Bruni 1989a; S. Carloni et al. 2008; A. Abebe
et al. 2012b) without specifying the background metric from the
start.! This paper also focuses on analysing linear cosmological
perturbations to explore how the diffusive dark fluid model impacts
the development of large-scale structures in the Universe. We have
implemented the 14-3 covariant formalism introduced by S. W.
Hawking (1966), D. Olson (1976), G. F. Ellis & M. Bruni (1989a,

ISee (A. A. Gidelew 2009) and the references therein for more details on this
and the pros and cons of the two approaches of cosmological perturbation
theory.
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b), G. Ellis, M. Bruni & J. Hwang (1990), M. Bruni et al. (1992), P.
K. Dunsby et al. (1992), P. Dunsby et al. (1992), which distinguishes
between time and space through an observer’s four-velocity u“ and
the projection tensor /. This approach streamlines the examination
of space—time and matter dynamics. Important quantities in this
framework include the expansion scalar ®, shear o,;,, and vorticity
wqp, Which characterize cosmic expansion, shape distortions, and
rotational effects. This formalism also allows for the decomposition
of the energy-momentum tensor (EMT), facilitating the analysis of
perturbations, structure formation, the CMB, and the expansion of the
Universe, particularly within modified gravity models. The evolution
equation for the density contrast §,,(z) is examined using the 143
formalism across various gravity theories including GR (P. Dunsby
etal. 1992), f(R) gravity (A. Abebe et al. 2012a, 2013), f(T) gravity
(S. Sahluetal. 2020; H. Sami etal. 2021), f(Q) gravity (S. Sahluetal.
2025a, b), the CG model (S. Sahlu et al. 2023), the f(R, L,,) gravity
(S. Sahlu et al. 2024) and scalar-tensor theories (J. Ntahompagaze
et al. 2018, 2020) to study the growth of cosmic structures. In the
current work, we also implement the same manner for the diffusive
model to study the scalar perturbations, which leads to an enhanced
understanding of the structure growth of the Universe. In addition, a
detailed statistical analysis of £(®|data), x2, x2, AIC, AAIC, BIC,
and ABIC has been carried out to validate the diffusive dark fluid
model’s performance.

We organize the rest of the manuscript as follows: In Section 2,
we talk about the theory of the covariant thermodynamic description
and come up with the field equations for the background Universe,
focusing on the diffusive dark-fluid system. In this section, the full
set of evolution equations is derived for the linear cosmological
perturbation using the 143 covariant formalism. The evolution
equations of the density contrast §(z) and the redshift space distortion
fos(z) are presented to allow us to study structure formation. The
constraining of cosmological parameters from MCMC simulations
is done in Section 3 after the full sets of equations for the background
and perturbation have been put in order. In this section, the numerical
results of the work are broadly explained. This section also includes a
statistical analysis of the work. Finally, in Section 4, the conclusions
are presented.

2 THEORETICAL FRAMEWORK

Fundamentally, the standard ACDM cosmology arises as a solution
to the Einstein field equations (EFEs), derived from the action:
c

— e/ — —
= 16nG/d xv/—g[R+2(Lm—N)], 1)

where R is the Ricci scalar, L, is the matter Lagrangian density, and
A is the cosmological constant. Then the corresponding EFEs are
expressed as

4

Gp.v + Aguv = SJTGT/“) s (2)

with the first (geometric) term is represented by the Einstein tensor,
and 7}, represents the total EMT of matter fluid forms. Both G ,, and
T, are covariantly conserved quantities. The EMT for perfect-fluid
models is given by

T, = (p+ pluyu, + pguv » (3)

where p and p are the energy density and isotropic pressure of
matter, respectively. Related by the barotropic EoS, p = wp, for
a constant EoS parameter w. The normalized vector u,, represents
the four-velocity of fundamental observers moving with the fluid.
The divergence-free EMT, T*",, = 0 leads to the fluid conservation
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equation

p+3§<1+w>p=0, “)

where a(t) is the cosmological scale factor whose evolution is given
by the Friedmann equation

@ _81G Ak )
a? 3'0 3 a?’

where & is the normalized spatial curvature parameter with values
—1,0,1 depending on an open, flat, or closed spatial geometry,
respectively. In our case, we assume a flat spatial geometry.

2.1 Background equations

In a multicomponent fluid system, it is usually assumed that the en-
ergy density of each perfect-fluid component evolves independently
of the other fluids of the system:

a
pi+3;(1+wi)pi =0, (6)

and in this case, the EMT in equation (3) is the algebraic sum of
the EMTS of each fluid, so are the total energy density and total
pressure terms of equation (5) the algebraic sums of the individual
components. However, suppose we relax this assumption due to
the presence of diffusion between the constituent components of
the fluid. In that case, the individual components do not obey the
matter conservation equation, but the total fluid still does. For the ith
component fluid, the new conservation equation given by (Z. Haba
2010; S. Calogero 2011; D. Benisty et al. 2019) reads:

T"w;u =N/ ) (7)

1 1

where the current of the diffusion term for that fluid, N} = y;u", y;
represents the number density, and u*: u'u, = —1 is the four-
velocity of the fluids. In the works Z. Haba (2010), S. Calogero
(2011, 2012), Z. Haba, A. Stachowski & M. Szydlowski (2016),
S. Maity et al. (2019), equation (7) is broadly discussed to express
a particular form of interaction between DM and DE. Similar to Z.
Haba (2010), we take into account the assumption that the dissipation
results from a relativistic motion in a DE fluid. The EMT for DE and
DM components of the fluid, the conservation is given as

V. Th ==V, Ti = N = yu" .

The 00-component of the interaction term reads N° = y /a® for a
homogeneous Universe, where the full detail is presented in (Z.
Haba et al. 2016). The non-conservation equation for ith fluid can be
given by Z. Haba et al. (2016) and S. Maity et al. (2019):

pi 351 +wp =L wherei = b, dm, de, @®)
a a’

where y; is a constant for two dark components that means y; stands
for ygm and yg. for the DM and DE, respectively. The diffusive
term vanishes for the baryonic matter y, = 0, fluid due to its non-
interacting nature. Integrating this equation (8) gives

t
pi = a2 {Pio + )/i/ 613'”"(11/] , (©)

fo

with p;o representing the present-day (f = #y) value of the energy
density of the ith fluid. Using a late-time |t — #| < f, expansion and
expressing a(t) = ap[1 — (to —t)Hp + ...], we can write the last

MNRAS 546, 1-16 (2026)

920z Arenigad 0 uo 1sanb Aq 0EGSEYS/LZ6 LIBIS/L/9YG/OIo1HE/SBIUL/WOD dNO"DIWSPEOE//:SA)Y WOI) PPEOjUMOQ



4  S. Sahlu et al.

term of the above integrand as

t t
/ a™idt ~ / a" Lty — Y Ho + ... " dr

o fo
3w

~ _ 1+3w;
7(]_'_311) VHo [(1 (to — 1)Ho)

— (1 + (tg — to)Ho) " + .. }

3w;
l 1+3w;
N ———a " -1 . 10

(1+3w;)Ho [ ] (10
In the last step, we normalized the scale factor to unity today: ap = 1.
From equations (9) and (10), the energy density of each diftusive fluid
component is given according to the relation given below:
—3(14w;) Vi

pio + ————— (@ = 1) | . a1

i X a
P (1 + 3w Hy

Assuming the well-known component of radiation is negligible,’
the energy density of dust-like matter p,, = p + pam for the case of
baryons and DM, and the corresponding EoS parameter, w,, = w, =
wam = 0. For the case of vacuum energy, we consider pje = Wde Ode>

where the EoS parameter is wge = —1. The above diffusive solution
leads to:
-3 Ydm .
Pm=a" |pmo + A (@—1)| , since Pmo = Pbo + Pdmo (12)
0

and

Vd _
Pde = Pded — 2Heo (a?-1). (13)

It is worth mentioning at this point that the DM energy density o4,
no longer scales like a3 since the extra items. This equation can be
rewritten in a way that resembles the DM scaling equation provided
in K. Naidoo et al. (2024), according to which we can expect a
change in the Integrated Sachs—Wolfe (ISW) effect. The modified
Friedmann equation due to the presence of the diffusive dark fluid is
given by

81 G Yd
2 _ -3 m -3
H = 34 Pmod +Fo(a_l)a
+Pac — 2’/;; (@2-1)|. (14)
0

Here, we introduce the following dimensionless dynamical quanti-
ties:

8t G 87 G 8 G H(z)

Qi_3H2)017Qm 3H 3Vdm7Qde=3H3Vdesh_ Ho

Then, the normalized Hubble parameter yields®

") = Qu(l +2)* + Qe — Qum(1 +2)*z2 — %Qde(zz + 22).

(15)
In this work, we assume that the interaction exists only between

the dark components and given the requirement » | y; = 0 for total
energy conservation. Hereafter, we set Q4. = — Qam. From equation

2Since the contribution of radiation to the late-time cosmological expansion
history is so minimal, we have safely neglected such a contribution in the
analysis to be performed.

3Note that the matter density parameter is Qm = Qb + Qdm.

MNRAS 546, 1-16 (2026)

(15), the simplified form of the deceleration parameter is yielded as
(142> BQu(1 +2) — 32Q0dm)
2(Rm(1 + 2 + Ruae = 0an?? — Qun??)

Then, the corresponding effective EoS parameter (w.s) for the
diffusive dark fluid is obtained as

q(x) = -1+ (16)

1 2
we(z) = — + gCI(Z) . an

3

Using equation (15), it is straightforward to compute the cosmolog-
ical distance measures such as the distance modulus (z), which is
given by

w(z) =25+ 5log,, DL(z) , (18)

where D (z) is the luminosity distance. It is given by

/

cdz
h(Z’), °
Here, i = H,/100, and Dy (z) is measured in Mpc. The volume-

averaged angular diameter distance reflects BAO measurements
averaged over spherical distances.

Di(z) = (1 4 z)300h~! / (19)
0

,300n7!7
Dv(z) = {(1 +2° D) } ; (20)
h(z)

and the angular distance yields
Du(z 21

Ao = (1+z) h(z) @D
The sound horizon at the drag 4 epoch is given by

< ¢s(2)

rq = z 22
d . HG@ (22)

where z4 is the redshift at drag epoch and c¢,(z) is the sound speed of
the photon-baryon fluid.

2.2 Perturbation equations

In this section, we apply the 143 covariant gauge-invariant per-
turbation formalism to study the structure formation within the
framework of diffusive dark-fluid cosmology. The 1 + 3 covariant
formalism decomposes space—time into temporal and spatial compo-
nents using the observer’s four-velocity u* = d; , where x“ denotes
the coordinates and t is the proper time. This approach helps to
analyse crucial quantities such as the rate of fluid (volume) expansion
(® = V,u® = 3H), shear (0, = Otab)), and vorticity (wgp = @iap)).
The Raychaudhuri equation governs the dynamics of expansion in
a cosmological setting and plays a crucial role in understanding the
formation of singularities; it is given by:

. 1 S
®= —§®2 — 000" + o™ — Rapuu® + Vi, (23)

where, R,, is the Ricci curvature tensor, indicating the curvature
of space—time due to gravitational effects, and Ryyu‘u’ = Lic(1 +
3w)p (G. Ellis et al. 1990; P. Dunsby et al. 1992), where k = ff .In
our case, we assume shear-free o,;, = 0, and free rotational w,;, = 0
space-time, and the Raychaudhuri equation is reduced to

) 1 1 .
0= —§®2— E,<(1+3w)p+vmu. (24)

To simplify the structure formation, we assume that adiabatic
perturbations where the EoS parameter is constant w = 0. To begin
traditionally, we start by defining the gradient variables describing
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the fluctuations (G. F. Ellis & M. Bruni 1989b; G. Ellis et al. 1990;
P. Dunsby et al. 1992; G. F. Ellis & H. Van Elst ) in the individual
energy densities (i = m, A) and the volume expansion as
i v1/1 i =
pi =2 7 —a¥,0, (25)
Pi

where the tilde nabla operator V denotes the spatially projected
covariant derivative. These gradient variables evolve according to
the following equations:

; wi(1 + w;)Op;
Dl =—-(+w)Z,+ | ——"
“ ( ) { (I + wm)om
Wiy 1 .
4 ia | Dy 26
(<1+wm)pm ,)y ] (26
. 1+ 3wy, W
Z, = _7®Za - mD DA
3 [ 2 Tt ww }p e

e2))

By setting the EoS parameter wy, = 0 for DM and wge = —1 for DE,
the corresponding system of first-order evolution equations yields:

. 1
D+ Zy — —yama > D™ =0, (28)
Pm

. 1

D§f — —yaea D =0, (29)
Pde

.2 1 N N

Z,+ §®Za + Emea + pdeDu =0. (30)

We followed the following steps to get the evolution equations of
density fluctuations from equations (28) and (29). In the first case,
we take into account the second-order time-dependent evolution
equations from equations (28) and (29). In the second case, we
implement the scalar decomposition technique developed originally
by the work in G. F. Ellis & M. Bruni (1989b), P. Dunsby et al.
(1992), and A. Abebe et al. (2012a) to extract any scalar variable
Y using the relation aV,Y, =Y, = lhabY + Z‘ab ~+ Yy - Here
Y =aV,Y?, whereas X7, ab = Yiap) — habY and Y[, represent the
shear (distortion) and vorticity (rotatlon) of the density gradient field,
respectively. Then, we define the following scalar quantities as G. F.
Ellis & M. Bruni (1989b), P. Dunsby et al. (1992), A. Abebe et al.
(2012a, 2013), J. Ntahompagaze et al. (2018), S. Sahlu et al. (2020,
2025b), H. Sami et al. (2021)

Ai=aV'Dl, and  Z=aV'Z, (3D

where i stands for matter and DE components. In the third step, we
shall pay attention to solving the density contrast by resorting to the
evolution equations (31), and we use the initial values of the system
given by S. Sahlu et al. (2020, 2024, 2025a, b)

Ai(z)
Ai(zin)
where the subscript in refers to the initial value of A;(z) at the given
initial redshift z;,.

Finally, we transformed the time-dependent to redshift space as
presented in S. Sahlu et al. (2020, 2024, 2025b) and H. Sami et al.
(2021) after following the scalar decomposition technique mentioned
in the above second case.* Then the coupled second-order system of
equations in redshift space becomes

8i(z) =

(32)

4We consider a similar manner as Ref. in P. Louis et al. (2019), which neglects
the scale dependence, and the density contrast is rewritten as 8(k, z) = 8(z).
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2on 27_ %7 /
(14+2) Sm—l—{(l—l—z) (14+2)+ o h:|8m
+h2[Qd“‘( +2)°— Qd“‘(1+ )3h—3 “‘(1+z)3}5m
+ —3Qq4eb4e = 0, (33)
(14 2)%8], + {(Hz)zh Qo }538

Qqe
1 [ Qin Qdm

—E[Q‘%ﬂ(u o =3 d (1 2h ]5dc=o, (34)

where ' and ” represent the first- and second-order derivatives with
respect to the redshift, z. This coupled system of equations (33)
and (34) indicates that the cosmological perturbation of DE is not
identically zero, and further study has been found in the work
(J.-H. He, B. Wang & Y. Jing 2009), where the influence of non-
vanishing DE perturbations is considered. The numerical results of
these coupled system equations are presented later in Section 3.4,
and the result is strongly favoured for the &, > 84.. Hereafter,
we extended further investigations of the large-scale structure by
considering the assumption &y,(z) > 84c(2), that the DM component
makes a significant contribution to structure formation. Without DM,
the structure formation would not have enough time to grow. By
admitting this assumption, we have a closed system of evolution
equations from equation (33), and it is given as

(1 +Z)25,,,/,+ |:(1 —I—z)z— —(1+2)+ %,] 8

Qm h

m 3 m
+ [Qd“‘(l 90— 22 4oy - 2 +z>3}am =0.
(35)
The diffusive dark-fluid model treats the dark sector as a single

fluid with energy exchange between DM and DE, influencing the
evolution of cosmological perturbations and potentially altering
the growth of cosmic structures compared to the standard ACDM
model (K. Naidoo et al. 2024). The diffusive model’s damping
effect affects matter distribution and leaves observable imprints on
the CMB, providing an alternative explanation for the Universe’s
accelerated expansion that can be tested through galaxy surveys and
observations of structure growth. The normalized density contrast
m(2), plays a key role in the formation of cosmic structures. It starts
small, growing through gravitational instability to form galaxies and
clusters. Afterward, we have considered the growth factor D(z) that
represents the ratio of the amplitude of §,,(z) in redshift z compared
to an initial value §,,(z = 0) becomes

D@)=—+ . (36)

It is often normalized to §(z = 0) = 1 and is governed by a dif-
ferential equation that involves the Hubble parameter the density
of matter. This factor shows how initial density perturbations grow
over time due to gravity, influencing the formation of large-scale
structures. In a DE-dominated Universe, the growth slows due to
accelerated expansion. The growth factor is crucial for modelling
galaxy formation and comparing theoretical predictions with obser-
vations, such as those from the CMB and galaxy surveys (V. Springel
et al. 2006). Additionally, the growth rate f(z), related to D(z),
measures structure growth and is used in observational probes such
as redshift-space distortions fog. From equation (36), the growth
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rate f(z) is yields as

dinD 5 (2)
=—=—(1 m .
dna = D5 o

Therefore, the growth factor is fundamental to understanding the dy-
namical evolution of the structures of the universe. Thus, substituting
the definition of (37) into the second-order evolution equation (36),
the growth rate is governed by

(37

h/ Qdm 1
1 = 2 _ 1 7_2
A+f =f (( +2) + o h(1+z))f

—33 (Qd'"(l +2)% - Qd’"(l +2’h — 3—(1 +2) ) (38)
m

For the case of Qgn = 0, the evolution equation of the density

fluctuation for ACDM is recovered. A combination of the linear

growth rate f(z) with the root-mean-square normalization of the

matter power spectrum og within the radius sphere 82 ~'Mpc, yields

the redshift-space distortion fog A. Hamilton (1998) as

8.(2)
Sm(2)

Note that all the above background and perturbation evolution
equations are reduced to the ACDM model for the closure of
vanishing interaction term, Qg = 0. In the subsequent section, as
presented in 3.1, we emphasize the matter clustering Sg that is given
by

fos(z) = =(1 4+ 2)o3 (39)

Qn
Sg = —,
T 03
to explain the viability of the diffusive model to explain the cosmic

structure growth and matter distribution in the Universe.

3 RESULTS AND DISCUSSION

Using the recent cosmological measurements, this section gives a
detailed analysis of the constraining parameters, the comparison of
Hy (inkms™! Mpc_l) and Sg values with different cosmological sur-
veys, the numerical result of background cosmological parameters,
structure growth, and statistical analysis that show the implications
of the diffusive model against the ACDM model.

3.1 Constraining parameters

We consider the PYTHON libraries, including EMCEE (D. Foreman-
Mackey et al. 2013; R. Hough et al. 2020) and GetDist (A. Lewis
2019), to constrain the values of the parameters using the mentioned
in the below cosmological measurements. We have considered the
following recent cosmological measurements to constrain the model
parameters:

(i) BAO: The BAO distance and the correlation measurements
released data 2 (DR2; M. Abdul-Karim et al. 2025; U. Andrade
et al. 2025) from the Dark Energy Spectroscopic Instrument (DESI)
Survey have been considered. The measurements include data for
the isotropic BAO measurements of Dy(z)/r4, where Dy(z) and rq
are the spherically averaged volume distance and sound horizon at
baryon drag, respectively. And anisotropic BAO measurements of
Dwm(z)/ra and Dy(z)/rq, where Dy(z) and Dy(z) are the co-moving
angular diameter distance and the Hubble distance, respectively,
and the correlations between the isotropic and anisotropic BAO
measurements. Hereafter, we refer to this data set as DESI DR2
BAO.
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(ii) Supernovae Type la (SNla) data set compilations we have
considered the following, namely: (i) PPS: we use the SNIa distance
moduli measurements from the Pantheon+ sample (D. Brout et al.
2022), which consists of 1701 light curves of 1550 distinct SNIa
ranging in the redshift interval z € [0.001, 2.26], (ii) DESY5 data (R.
Chiba & T. J. Moriya 2024) which is a photometrically-classified
SNIa with redshifts in the range 0.1 < z < 1.13, complemented by
194 historical low-redshift SNe Ia (which are also present in the PPS
sample) spanning 0.025 < z < 0.1, (iii) Union3 we have consider the
up-to-date Union compilation of 2087 cosmologically useful SNla
from 24 data sets (D. Rubin et al. 2025).

(iii) Cosmic chronometers: We analyse the Hubble parameter
H(z) measurements with observational Hubble parameter data.
This comprises 31 data points derived from the relative ages of
massive, early-time, passively evolving galaxies, known as cosmic
chronometers (CC). We refer to this data set as CC. We calculate the
minimum x 2 with CC covariance in combination with statistical and
systematic effects as presented in chronometers (CC) (M. Moresco
et al. 2020; J.-Z. Qi et al. 2023)

Hop(z)" C™" (Hieo(2) — Hob(z1))

where Hupeo(z) represents the theoretical model of the Hubble
parameter and H,,(z;) the Hubble parameter measurement.

(iv) Large scale structure: We also incorporate RSD and the
growth rate, labelled RSD, from the VIPERS and SDSS collabo-
rations. (i) A total of 66 data points of the measurements of redshift-
space distortion for fog have been collected and summarized in the
works of L. Kazantzidis & L. Perivolaropoulos (2018) and F. Skara
& L. Perivolaropoulos (2020), covering the redshift interval 0.001 <
7 < 1.944. (ii) 14 growth rate f data points within the redshift range
0.001 < z < 1.4 (A. Woodfinden et al. 2022). The resulting x? for
redshift-space distortion and growth rate are expressed as:

Xée = (Hieo(2) —

Xsp = (fO8.theo — fUzs.ob(Zi))T C™' (fosumeo — fO8.00(21))
and

X; = (fineo = S (@) C" (fineo = fon(z1))

respectively.

(v) Joint data sets: The combined data analysis improves the
precision and constraints on the models we employ, allowing for
a more complete picture of the Universe. By considering the
inconsistency of the PPS & DESI BAO data sets as presented in
the S. Afroz & S. Mukherjee (2025) disclosed through a violation of
the distance duality relation, we have considered a joint analysis

(a) PPS + CC + DESY5 + RSD + f
(b) DESI DR2 BAO + CC + Union3 + RSD + fand
(c) DESI DR2 BAO + CC + DESYS + Union3 + RSD f

for both theoretical models. The corresponding x? is given by

X = Zxk ,

where k stands for DES BAO, PPS, CC, DESYS, Union3, RSD, and
bE

In the present work, we have emphasized the above two
joint data sets to constrain the cosmological parameters A, Qp,,
Qam,> Ta» M, and oy, and for detailed statistical analysis, see
Table 1. The values of our constrained parameters are highly
sensitive to the prior on Qdm, and we have set the following
priors: 2, = [0.1, 1.0], =[0.0, 1.0], r4 = [100, 200], Q4m =
[—0.05,0.05], andM = [— 15.00, 22.00]. We present the posterior
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Table 1. Marginalized 68 per cent and 95 per cent confidence level (C.L) limits of the parameters in the data set combinations for the diffusive model and the

ACDM model.

Parameter C.L PPS + CC + DESYS

+RSD+f

DESI DR2 BAO + CC
+ Union3 + RSD + f

DESI DR2 BAO + CC + DESY5
Union3 + RSD + f

Diffusive model

Ho (kms~' Mpc™) 68 per cent 68.95970-153
95 per cent 68.95970378
Best fit 68.959
Qm 68 per cent 0.36115:9%
0.017
95 per cent 0.361:)‘017
Best fit 0.361
rd 68 per cent -
95 per cent -
Best fit -
Qdm 68 per cent 70.013f8:88§
95 per cent —0.0l3f8:882
Best fit —0.013
+0.005
M 68 per cent —19.37374005
+0.011
95 per cent —19.37375 011
Best fit —19.373
og 68 per cent 0.788f8:8{g
0.038
95 per cent 0.788f0_037
Best fit 0.788
Ss 68 per cent 0.86470:027
95 per cent O.864fg:g§g
Best fit 0.864
ACDM model
Hy 68 per cent 69.95010148
95 per cent 69.95070:2%7
Best fit 69.950
Qm 68 per cent 0.3 IOJ:g:ggg
+0.010
95 per cent 0.310%5 010
Best fit 0.310
rd 68 per cent -
95 per cent -
Best fit -
M 68 per cent ~19.35979003
95 per cent —19.359f8:8%8
Best fit —19.359
og 68 per cent 0.805f8:8i§
+0.036
95 per cent 0.8057 ) 35
Best fit 0.805
Ss 68 per cent 0.81870:023
95 per cent 0‘818f8:832
Best fit 0.818

0.169
69'4691—0169
0.333
69~469t0333
69.469
0.007
0.331%5 007
0.013
0.33175013
0.331

0.649
1422395507

+1.392
69.4651 352
2.761
69.465757%)
69.465
0.008
0.309%5,007
0.015
0.309%5012
0.309
* 144.7267%959
1.278
142.23911378
142.239
0.001
—0.007+) 001
0.003
_0'007t0,003

—0.007

5.873
144.7267257
144.726

0.001
—0.004F 5001
0.003
_0'004t04003
—0.004

+0.019 +0.018
07711 5018 0.756 5015

0.037 0.036
0.7710 03¢ 0.756" ) 02
0.767
0.023 0.023
0-809:).022 0-766:).023
0.046 0.046
0.80975'0ag 0766094
0.809 0.766

0.143 1.386
69.9687 112 70.101%135

69.96870-282 70.10112753
69.968 70.101
0.005 0.005
0.306 004 0.293%5 505
0.009 0.009
0-306:).009 0-293:).009
0.306 0.293
1441971038 145.36972953
144197109 145.36913861
144.197 145.369

+0.018
07962 017

0.796+0'O35

+0.018
0.765%) 017

0_765+0.035

—0.034 —0.034
0.796 0.765
0.022 0.022
0.8041 0051 0.756 0051
0.044 0.044
0.80470 005 0.756 0 0m
0.804 0.756

distributions of these parameters in Figs 1, 2, and 3 for the ACDM and
diffusive model, respectively. The parameter values are summarized
in the marginalized 68 percent and 95 percent confidence limits
in Table 1 for joint data sets, PPS + CC + DESY5 + RSD +
f, DESI DR2 BAO + CC + DESY5 + RSD + f, and DESI DR2

BAO + CC + Union3 + RSD + f. We notice that the value of
the interaction term is negative, see the best-fitting values in Table 1,
Qam = —0.013, —0.007, —0.004 at 68 per cent and 95 per cent C.Ls
for the considered joint data sets. This indicates a case where energy
flows from DM to DE, driving the Universe’s accelerating expansion,
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Figure 1. Posterior distributions of the parameters using PPS + CC + DESY5 + RSD + f for both models.

as supported by recent observational evidence (D. Benisty et al. 2019;
E. Silva et al. 2025; M. Westhuizen et al. 2025). In the subsequent
sections, we shall choose 95 per cent of C.L of the values of the in-
teracting term Qg = —0.0137000 = —0.017, —0.013, —0.009 as
listed in Table 1 to show our numerical results.

From the constrained parameters presented in the Table. 1
and Figs 1, the diffusive model has slightly lower values of Hjy
(kms~!'Mpc~!) and oy but higher values of €, introducing
tension compared with ACDM model which leads to the slightly
higher deviation of the values Sg between both models. This deviation
is significantly noticed for PPS + CC + DESYS5 + RSD + fdata sets,
where the best-fitting values of €2,,, = 0.361 for the diffusive model,
which leads to Sg tension. For instance, at 95 per cent confidence level
the value of the density parameter Q,, = 0.361700}7 which is higher
in the diffusive model than the 0.31070:91% in the ACDM model (see
Table. 1). The deference is by 2.60 which is a significant deviations.

MNRAS 546, 1-16 (2026)

Similarly, this deviation is 2.30 when comparing the diffusive model
(using the same 2, value) to Planck’s measured €2,,, = 0.315 +0.01
(N. Aghanim et al. 2020). Notably, these tensions are significantly
alleviated when considering data combinations involving DESI DR2
with CC, DESYS5, and Union3, as presented in Table 1 and Figs 2
and 3.

Indeed, the increased precision in Hubble parameter
(Hykms™' Mpc™') measurements indicates a disparity between
indirect and direct measurements in estimating the present-day
expansion rate of the Universe, known as the Hubble tension
(A. G. Riess et al. 2011, 2019, 2022; L. Verde et al. 2019; N.
Aghanim et al. 2020; K. C. Wong et al. 2020; E. Di Valentino 2021;
A. Adame et al. 2025). Besides, the discrepancy in the inferred
value of the matter clustering parameter has been reported based
on the observations of Planck-2018, KiDS-1000 (H. Hildebrandt
et al. 2017), KiDS-450 (M. Asgari et al. 2021) DES Y1 (T. M.
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Figure 2. Posterior distributions of the parameters using DESI DR2 BAO + CC + DESYS5 + RSD + f for both models.

Abbott et al. 2018), DES Y3 (A. Amon et al. 2022), and fog(z)
measurements from RSD mentioned a few. Unlike the discrepancy,
measurements of Hy (kms~!Mpc~!) and Sg remain unresolved,
providing new cosmological insights beyond the ACDM model
(E. Di Valentino et al. ). In this section, we compare the Hj
(kms~! Mpc~!) and Sg values of the diffusive model to those of
the ACDM model alongside various measurements, indicating that
the diffusive model gained the capability to mitigate cosmological
tensions. To do that, we first shall take into consideration the
Hy, measurements with (7) the indirect measurements, including
Planck 2018 (Hy = 67.4 £ 0.5kms™! Mpc™') (N. Aghanim et al.
2020), DESI-2024 (Hy = 68.52 £ 0.62kms~! Mpc~!) (A. Adame
et al. 2025); and (ii) the direct measurements derived from direct
observations of the local Universe, such as Supernovae and H, for
SHOES (Hy = 74.03 4+ 1.42) (A. G. Riess et al. 2019), HOLiCOW
(Hy =73.3+1.8) (K. C. Wong et al. 2020), and Hubble Space

Telescope (Hy =73.8+2.4kms™ ' Mpc™') (A. G. Riess et al.
2011). For instance, the deviation between the SNIa (SHOES) and
Planck 2018 measurements of Hy is 5.28c. From the results in
Table 1, the diffusive model’s Hy = 100k values (the 95 per cent
C.L considered) for the data sets PPS + CC + DESY5 + RSD +
f, DESI DR2 BAO + CC + DESY5 + RSD + f, and DESI DR2
BAO + CC + Union3 + RSD + f differ from the Planck 2018
measurement by 2.49¢0, 3.440, and 0.740, respectively. Similarly,
the diffusive model differ from SNIa (SHOES) by —3.45¢0, —3.120,
and —1.480 for the same data sets, respectively. Note that, the
negative sign in the sigma difference represent the measured value’s
is higher than the hypothetical model’s values. The corresponding
differences between the ACDM H,, values (from the same table)
and the Planck measurement increase to 4.420, 4.470, and 0.940,
respectively. In the same manner, differences between the ACDM
H, values and SNIa (SHOES) is —2.810, —2.800, and —1.280. All
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Figure 3. Posterior distributions of the parameters using DESI DR2 BAO + CC + Union3 + RSD + f for both models.

these values of Hy in kms~' Mpc™' are presented in Fig. 4 (left
panel) together with the direct and indirect measurements. From
this Figure and above mentioned sigma compression, we notice
that the diffusive model favoured to indirect measurements while
the ACDM model is favoured by the direct measurements. Overall,
diffusive model show smaller sigma differences compared with the
5.280 tension and thus partially relax the tension, which requires
further investigation.

Secondly, we pay attention to matter clustering Sg, a critical
cosmological measure that evaluates the growth of structure in the
Universe. The observational tension between CMB and large-scale
structure surveys may hint at novel physics beyond the ACDM
model. We constrain the Sg results in Fig. 4 (right-panel) for both
theoretical models using the above-mentioned data sets. We have
made a comparison of different Sg measurements findings which
are highlighted in Fig. 4 (right panel) resorting to (i) late-time
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measurements, namely, KiDS-1000 (Sg = 0.75975:924) (M. Asgari
et al. 2021), KiDS-450 (Ss = 0.74570030) (H. Hildebrandt et al.
2017), DES Y1 (Sg = 0.75970:053) (T. M. Abbott et al. 2018), DES
Y3 (S5 = 0.759%3023) (A. Amon et al. 2022); and (ii) early-time
measurements, namely Planck 2018 (Sg = 0.83470:01%) (N. Aghanim
et al. 2020), and different values of Sg is reported from ACT collab-
oration, the Sy = 0.830 & 0.043, 0.840 & 0.030 and 0.846 4 0.016,
for ACT, ACT + WMAP ACT + WMAP ACT + Planck observa-
tions, respectively (more detail is presented in the work S. Aiola et
al. 2020).

For instance, the sigma difference between KiDS-1000 and Planck
measurements is approximately 2.68c, indicating a tension. Our
results together with the late- and early-time measurements are
presented in Fig. 4 (right panel) for all combined data sets. Using
the Sg values from Table 1, the diffusive model differs from Planck
measurements by 0.560, —0.510, and —1.390, and differs from
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Figure 4. The comparison of ACDM and diffusive model Hy values (in km s~ Mpc~!) with early and direct measurements (left panel), Sg values between the
ACDM and diffusive models alongside various late-time and early-time measurements (right panel).

KiDS-1000 by 0.560, —0.510, and —1.39¢ for the PPS + CC +
DESY5 + RSD + f, DESI DR2 BAO + CC + DESY5 + RSD +
f, and DESI DR2 BAO + CC + Union3 + RSD + f data sets,
respectively. In the same way, the ACDM model differs from Planck
measurements by —0.330, —0.65¢0, and —1.700, and differs from
KiDS-1000 by 1.070, 0.940, and —0.060 . From this comparison we
can conclude that the diffusive model’s values of Sg possibly form a
bridge between late- and early-time measurements and has a slightly
alleviating the tensions, prompting further investigation to address Sg
tensions. However, addressing both cosmological tensions HyandSg
more quantitatively by including the Planck 2018 data is beyond the
scope of this study.

3.2 Background evolutions

The Hubble parameter, the deceleration parameter g(z), the effective
EoS parameter weg(z), and the distance modulus p(z), from equa-
tions (15), (16), (17), and (18), respectively, have also been presented
numerically in Fig. 5 to demonstrate the background evolution of
the Universe in the diffusive model. As mentioned earlier, we have
considered the values of Qg = —0.017, —0.013, —0.009 together
with the values of Hy = 68.959, Q,, = 0.361 for the diffusive model
and the corresponding values of @, = 0.310 and Hy = 69.950
for ACDM model taken from Table 1. By emphasizing these
key cosmological parameters (i.e. q(z) , we(z) , H(z) , u(z)), we
present the numerical results in Fig. 5 to show the implications of the
diffusive dark-fluid model in comparison with the ACDM model.
The deceleration parameter g(z), represented by the upper left of
Fig. 5, shows how both models depart from a decelerating Universe
to an accelerating Universe at comparable redshifts.

Similarly, in the upper right panel of Fig. 5, the effective EoS
wesr(z) demonstrates a key difference between the two models.
This dynamic behaviour could offer a more accurate explanation
for the accelerated expansion observed today and potentially alter

predictions about the cosmic expansion. In the bottom left of Fig. 5,
the Hubble parameter H(z) of both models with the observational
data is presented. Finally, the bottom right panel of Fig. 5, which
shows the distance—redshift relation w(z), compares predictions for
the distance—redshift relation using Pantheon+SHOES data. Both
models are consistent with the supernova data, but minor deviations
between the models at higher redshifts may hint at the diffusive dark-
fluid model offering a different interpretation of the role DE played
in the past.

As a result, these plots presented in Fig. 5 show that the cosmic
expansion rate is sped up consistently for all cases of Qgn < 0.
Particularly, in the past cosmic evolution z > 0, higher deviations
are significantly noticeable, which indicates that the flow of energy
is insightful. Conversely, when Qg < 0, energy transfers from DM
to DE, leading to an enhancement of cosmic acceleration. Later in
Section 3.3, we shall pay attention to how the sign of Q4 changes the
phase of the Universe. In the current Universe (z = 0), the diffusive
dark-fluid model has a minimal deviation from the ACDM model,
and this deviation is also significantly visible at higher redshifts,
exhibiting variations that suggest a distinct rate of acceleration in
the early Universe. This implies that the diffusive dark-fluid model
might offer new insights into how the acceleration of the Universe’s
expansion evolved.

3.3 State finder diagnostics
In this section, we consider the parameters for the state finder, r and
s, which are introduced by V. Sahni et al. (2003) as
a dg r—1
TH =qQ2q + 1)+(1+Z)£ , and s = T_%) s
(40)

r

respectively, for a better distinction between diffusive and ACDM
models. The numerical results of these state-finder diagnostic plots
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Figure 5. The diagrams for multiple cosmological parameters in both models: diffusive dark-fluid and ACDM models are highlighted in this Figure. (i) With
slight variations for the diffusive model at higher redshifts, the top-left panel deceleration parameter ¢(z) depicts the change from deceleration to acceleration.
(ii) The effective EoS parameter wefr(z) in both models is shown in the upper-right panel. (iii) The bottom-left panel shows that the CC data for both models fit
the Hubble parameter H(z). (iv) The bottom-right panel shows the distance modulus 1(z), which both models closely match the data with PPS. For illustrative
purpose, we use Qgm = —0.017, —0.013, —0.009, Hy = 68.959 in kms~!' Mpc~!, Qn, = 0.361 for diffusive model and Q, = 0.310 and Hy = 69.950 in
kms~! Mpc~! for ACDM model from joint analysis of PPS + CC + DESY5 + RSD + f presented in Table 1.

are shown in Fig. 6. The plot shows the diagram of ¢ versus r (upper
panel) and s versus r (bottom panel) for different the values of
Qam, offer valuable insights into the nature of cosmic expansion
and the role of the diffusive dark-fluid model in comparison to
the standard ACDM model. Based on the values of the pair r, s,
the diffusive dark-fluid model is categorized into the following
three classes: for the case of r > 1, s < O where the diffusive
model serve as CG model when Qg < 0, for the case of r < 1,
s > 0, where the diffusive model serve as quintessence model when
QOdm > 0andr = 1,5 = 0, the diffusive model serve as ACDM when
Qdm =0.

These diagnostics help to distinguish between various DE models
and understand their impact on the Universe’s evolution. In the ¢
versus r plot, the black dot refers to the ACDM model, representing
a Universe with a cosmological constant driving its accelerated
expansion. For all cases of negative value of Qy,, behaves like the CG
model U. Alam et al. (2003), which implies a late dominance of DE,
causing an accelerating expansion. Here, the Universe expands at a
faster rate than ACDM model, with r-values exceeding 1. Similarly,
the s versus r plot (bottom panel) shows that the CG-like model
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produces faster cosmic expansion, as evidenced by the negative s-
values.

We also consider the Om(z) diagnostics which expressed as V.
Sahni et al. (2003, 2008)

2
H(z)
5] -
(I+z23—-1"

We present the numerical results of Om(z) for diffusive models
as presented in Fig. 7. From our results, we have noticed that the
diffusive model is similar to ACDM model, where DE behaves as
a cosmological constant (where Q4 = 0), Om(z) remains approx-
imately constant at different redshifts. For the case of Qg <O,
Om(z) decreases with cosmic time, and the diffusive model behaves
as CG, which leads the cosmic acceleration.

Om(z) = 41)

3.4 Structure growth

As mentioned earlier, the coupled equation of the density contrast
presented in equations (33) and (34) are taken into account to present
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Figure 7. Om(z) diagnostic diagram for the diffusive model for the case of
Qdm = —0.017, —0.013, —0.009 and ©, = 0.361.

the numerical results of §(z) for matter and DE using the best-fitting
values of Q, =0.361 and Q4n = —0.017, —0.013, —0.009 taken
from Table 1 as shown in Fig. 9. The value of 84.(z) is generally small
compared with the corresponding values of é,,(z). The figure clearly
shows 8,(z) >> 84e(z), highlighting the dominant role of matter
perturbations in having a significant effect on gravitational collapse,
which is the cause of structure formation. Hereafter, we choose the

Observational constraints of diffusive dark-fluid 13

1.6 1 , Qm= —0.017
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Figure 8. The numerical results of the density contrast 84, ,(z) (using the
coupled system equations 33 and 34) for diffusive cosmology with ACDM
models. We use €2, = 0.361, Q4,, = —0.017, —0.013, —0.009 and 24, =
1—Q,.

density contrast §,,(z) for further discussion of the growth rate f(z)
and the redshift space distortion fog(z). In this Figure, the density
contrast, 6,(z) > 1, indicates that the density contrast grows and
becomes more pronounced, leading to non-linear behaviour. In this
regime, matter clusters into dense regions, forming structures such
as galaxies and galaxy clusters. The plot shows the evolution of the
matter density contrast, §,,(z) as a function of redshift, comparing
the standard ACDM model (solid red curve) with the diffusive
dark-fluid model characterized by different values of Qg (blue,
green, and black dashed curve). In the diffusive dark-fluid model,
with parameters 2,, = 0.361, and Q4,, = —0.017, —0.013, —0.009,
there is a deviation from the ACDM model (£2,, = 0.310), showing
significant impact enhanced structure formation. Specifically, the
model with a negative Qgyn = —0.017 (blue dashed curve) shows
a significant slowing in the structure formation across all redshifts,
suggesting that the growth of density fluctuations is more delayed
compared to the ACDM model. This demonstrates that the diffusion
of matter into DE slows gravitational collapse or speeds up the
accelerating cosmic expansion, resulting in a slower rate of structure
growth.

Additionally, by accounting for the growth rate function presented
in equation (37), we present the numerical results of f(z) shown
in Fig. 9 (upper panel) for diffusive and ACDM models using
Qdm = —0.017, —0.013, —0.009. In the same manner, the RSD fog
from equation (39) the diagram of the fog(z) has been presented
as illustrated in Fig. 9 (bottom panel). These plots compare the
diffusive dark-fluid model with the same values of Qg along with
ACDM in terms of the growth rate and the redshift space distortion
fog diagrams. Notably, the diffusive model deviates slightly from
the ACDM at lower redshifts and exhibits a more pronounced
deviation at higher redshifts. This suggests that the impact of energy
diffusion between DM and DE has an impact on the growth of
structures.

3.5 Statistical analysis

The Bayesian/Schwarz Information Criterion (BIC) and Akaike
Information Criterion (AIC) are used in our statistical analysis to
evaluate the suitability of diffusive models compared to ACDM. As
broadly described in the work (A. R. Liddle 2009; M. Szydtowski
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Figure 9. Upper panel: the numerical results of the growth rate f(z) from
equation (37) for both theories: ACDM and diffusive dark-fluid models with
observational growth rate data with error bars. Bottom panel: the diagram
of the fog(z) from using equation (39) as a function of redshift z using
Qdm = —0.017, —0.013, —0.009. The observational data points are shown
with error bars.

et al. 2015; M. Rezaei & M. Malekjani 2021), we consider the statis-
tical computations BIC and AIC to determine if the diffusive model
should be ‘accepted’ or ‘rejected’ in comparison to ACDM. We use
the ACDM as the ‘accepted’” model for comparison to support our
claims using the AIC and BIC criteria. By using these standards, we
can determine if the diffusive model will be accepted or rejected. The
following relations are used for calculating the AIC and BIC values
in the ACDM and diffusive models: AIC = x2? + 2K, and BIC =
%2 + Klog(N;), where x? is computed using the model’s Gaussian
likelihood function £(®|data), the number of free parameters for
that specific model is K. At the same time, N; is the number of data
points for the i'" data set. Consequently, by defining the AIC Bayes
factor,

AAIC = |AlCpigtusive — AICxcDM]| »

where AAIC < 2 indicates that the proposed theoretical model holds
a substantial observational support for the fitted data, 4 < AAIC <7
indicates less observational support, and finally AAIC > 10 indicates
no observational support as stated in (M. Szydtowski et al. 2015).
The BIC Bayes factor can also be expressed as follows:

ABIC = 2InBIC = —(BIC; — BIC;) ,

where 2 In BIC is the BIC Bayes factor comparing model (i) against
model (j). In this case, (i) stands for the ACDM model, and (j) for the
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diffusive model. The following is a ranking of the evidence against
ACDM, i.e. in favour of the diffusive model, based on the categoriza-
tion in M. Szydtowski et al. (2015) is negligible if 0 < 2In BIC < 2,
positive if 2 < ABIC < 6, strong if 6 < ABIC < 10, and extremely
strong if ABIC > 10, see Table 2 for more details. Table 2 displays
the complete model’s comparison, and the findings indicate that all
values of AAIC are less than 2. According to AAIC, this implies
that the diffusive model is competitive with ACDM. However, the
values of ABIC fall within the range of 2 < ABIC < 6.080. This
suggests that there is strong evidence against ACDM in favour of
the diffusive model. Based on the work in D. Parkinson et al. (2005)
and M. Biesiada (2007), due to the large number of data N; such as
PPS and DESYS5, AIC tends to favour models with more parameters.
In contrast, BIC tends to penalize them. Even the recent work S.
Sahlu et al. (2025b) highlighted a similar approach, regarding the
model is more penalized by BIC because of the more data points.
However, the statistical preference remains moderate, meaning
that while the diffusive model demonstrates potential advantages
or consistency with certain observations, the level of support is
not yet compelling enough to favour it decisively over ACDM.
More observational data, theoretical refinements, and robustness
checks are necessary to determine whether the diffusive model can
provide an explanation of cosmic dynamics compared to the ACDM
framework.

4 CONCLUSION

In the current manuscript, the implications of the diffusive model for
late-time cosmology and the evolution of cosmic structures in which
DM and DE interact via energy exchange have been investigated. In
this paradigm, we assume that the sign of the interaction component,
Qum, determines the direction of energy transfer between DM and
DE. A negative interaction term — Qg implies the transfer of energy
from DM to DE, allowing the diffusive component to serve as an
effective DE. This energy transfer causes cosmic acceleration while
limiting the growth of structures, whereas a positive interaction term
has the reverse effect.

To provide a comprehensive understanding, the background evolu-
tion and perturbation equations within the diffusive model have been
derived, and the best-fitting values of cosmological parameters are
obtained through MCMC simulations, with the results summarized
in Table 1. In parameter constraints analysis, the values of Hj in
kms™! Mpc", Qum, 74, M, og, Sg and the interaction term Q.
From the constrained best-fitting values (see Table 1), we notice that
the interaction term has a negative sign across all observational data.
The background evolution results given, particularly the diagnostic
diagram of the state finder, show that the diffusive model behaves
like a CG. This suggests that the diffusive dark-fluid cosmology is
a promising model as an alternative to DE, serving as the driving
force for late-time cosmic acceleration through the exchange of
energy via a diffusive mechanism from the DM component to DE.
This investigation is also supported by the work presented in S.
Calogero & H. Velten (2013). By considering the 95 percent of
C.L of the values of the interacting term Qun = —0.013739% =
—0.017, —0.013, —0.009 taken from Table 1 using PPS + CC +
DESY5 + RSD + f data sets, the numerical results of ¢(z), weg(z),
H(z), (), the state finder parameters (r versus ¢ and r versus s)
the diagnostic of Om(z) are presented (see Figs 5-7) to understand
the late time cosmology. The investigated parameters, such as r,
q, and s, let cosmologists quantify the deviations of the diffusive
dark-fluid model from the conventional ACDM model. Using these
state-finder diagnostics, a powerful tool in cosmology that allows
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Table 2. Comparison of statistical estimators L£(6]data), Xz, reduced Xf, AIC, AAIC, BIC, and ABIC between the ACDM and diffusive dark-fluid models for
various data set combinations.

Data combination Model L(O|data) x2 x2 AIC AAIC BIC ABIC
DESI DR2 BAO + CC + Diffusive —66.630 131.26 0.924 143.265 1.322 158.212 5.690
Union3 + RSD + f ACDM —66.971 133.942 0.936 141.942 - 153.903 -
DESI DR2 BAO + CC + DESY5 Diffusive —919.250 1838.5 1.049 1848.500 0.410 1875.927 5.120
+ Union3 + RSD + f ACDM —920.456 1840.912 1.049 1848.912 - 1870.799 -
PPS + CC + DESY5 + Diffusive —1698.103 3396.206 0.987 3407.206 1.060 3436.930 6.080
RSD +f ACDM —1699.133 3398.266 0.987 3408.266 - 3430.845 -

us to classify and differentiate between various DE models based DATA AVAILABILITY
on their expansion histories. In our case, the diffusive model with a
negative Qgm highlights for the Universe’s expansion behaving like
the CG model, which has implications for the nature of DE. From
the result, we noticed that the diffusive model proves more accurate
than the ACDM model, which could suggest that DE evolves rather REFERENCES
than remains constant.
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