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Abstract

While cold dark matter is widely supported by a range of cosmological observations, it encounters several
difficulties at smaller scales. These issues have prompted the investigation of various alternative dark matter
candidates, leaving the question “What is dark matter?” still open. In this work, we propose a new cosmological
model that considers dark matter as a barotropic fluid with a constant equation of state parameter and interprets
dark energy as the phenomenological emergent dark energy rather than a cosmological constant. We then place
constraints on our new model using the Planck 2018 Cosmic Microwave Background (CMB) anisotropy
measurements, Baryon Acoustic Oscillation measurements from the Dark Energy Spectroscopic Instrument
(DESI), the Pantheon Plus (PP) compilation of Type Ia supernovae, and the Redshift Space Distortions (RSD)
data from Gold 2018. The results show statistically significant signal for positive dark matter equation of state and
square of sound speed wy, = S%dm (10" wgm = 4.07373 at the 95% confidence level) for the data combination CMB
+DESI+PP+RSD. However, Bayesian evidence indicates that this data combination favors the ACDM model
with very strong evidence.
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1. Introduction

Dark matter (DM), a mysterious form of matter that does not
interact with photons, is estimated to account for around one-
quarter of the total energy in the universe. Since the nature of
DM remains uncertain, contemporary scientists tend to study
DM in a phenomenological way. Among them, the most
widely studied phenomenological DM model is the cold dark
matter (CDM) model, in which CDM is assumed to behave
like a non-interacting ideal fluid, possessing a zero equation of
state (EoS) parameter, sound speed, and viscosity. Accom-
panied by a cosmological constant, CDM is supported by a
wide range of cosmological data (Riess et al. 1998; Perlmutter
et al. 1999; Dunkley et al. 2011; Hinshaw et al. 2013; Story
et al. 2015; Alam et al. 2017; Troxel et al. 2018; Aghanim
et al. 2020b). However, this paradigm encounters challenges at
small scales, including issues such as the missing satellite
problem (Klypin et al. 1999; Moore et al. 1999a), the too-big-
to-fail dilemma (Boylan-Kolchin et al. 2012), and the core-
cusp issue (Moore et al. 1999b; Springel et al. 2008). These
small-scale problems have led to the consideration of
alternative DM models, including warm DM (Blumenthal
et al. 1982; Bode et al. 2001), fuzzy DM (Hu et al. 2000;
Marsh & Silk 2014), interacting DM (Spergel & Steinhardt
2000), and decaying DM (Wang et al. 2014). These new

candidates aim to reduce the formation of low-mass structures
while remaining consistent with large-scale observational data.

All DM candidates can be studied in a phenomenological
way within the framework of generalized dark matter (GDM).
GDM was first proposed in Hu (1998) (for follow-up studies
on the GDM model, we recommend taking a look at
Mueller 2005; Armendariz-Picon & Neelakanta 2014; Kumar
& Xu 2014; Kopp et al. 2018; Kumar et al. 2019; Ili¢ et al.
2021; Pan et al. 2023) and is specified by the DM EoS, the
rest-frame sound speed, and the viscosity. Since there have
already been many works on the extended properties of DM in
the context of a cosmological constant (Mueller 2005; Kopp
et al. 2018; Kumar et al. 2019; Ili¢ et al. 2021; Armendariz-
Picon & Neelakanta 2014), in this work we will follow the
approach of Yao et al. (2024), i.e., considering the phenom-
enological emergent dark energy (PEDE) as the invisible
sector that accelerates the expansion rate of the current
universe, and taking into account some interesting results
presented at the end of this paper. The PEDE model, initially
proposed by Li & Shafieloo (2019) to address the Hubble
tension (Liu et al. 2020; Luo et al. 2020; Di Valentino et al.
2021a, 2021b; Shah et al. 2021; Cai et al. 2022a, 2022b;
Huang et al. 2022, 2025, 2024; Schoneberg et al. 2022), has
been subsequently extended to a generalized parameterization
form capable of accommodating both the cosmological
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constant and the PEDE model (Li & Shafieloo 2020) (also see
Herndndez-Almada et al. 2020; Yang et al. 2021). Notably, the
PEDE model features an identical number of free parameters
as the spatially flat ACDM model. This framework was further
examined in Pan et al. (2020), which explored its complete
evolution encompassing both background and perturbations,
yielding results consistent with previous works regarding the
H, tension by using recent observational data sets. In Yao et al.
(2024), the authors set the DM EoS parameter as a free
parameter and the DM sound speed to zero in the context of
PEDE. After placing constraints on this model with some
combinations of the Planck 2018 Cosmic Microwave Back-
ground (CMB) anisotropy measurements, baryon acoustic
oscillation (BAO) measurements, and the Pantheon compila-
tion of Type Ia supernovae (SNe Ia), the final results show a
statistically significant signal for a negative DM EoS
parameter for CMB-+Pantheon and CMB+BAO+-Pantheon
data sets, which is very interesting and worth further
investigation. In order to investigate whether introducing
other GDM parameters in the context of PEDE would lead to
different interesting results, in this paper, building upon the
assumption of keeping the DM EoS parameter as a free
parameter, we further assume that the DM sound speed is a
parameter and hence not being fixed at zero. For the sake of
model simplicity, we assume that the DM non-adiabatic sound
speed and viscosity are zero, i.e., DM is barotropic. Then we
will constrain the new model using Planck 2018 CMB
anisotropy measurements, BAO measurements from the Dark
Energy Specroscopic Instrument (DESI), the Pantheon Plus
(PP) compilation of SNe Ia, and the Redshift Space Distortions
(RSD) data from Gold2018, and analyze the fitting results of
relevant free parameters to see if there are indeed some
interesting outcomes emerging.

The structure of this paper is as follows. Section 2 provides
an overview of the key equations in our new model. Section 3
introduces the observational data sets and the statistical
approach used. In Section 4, we present the constraints from
the observational data and discuss the implications of our
model. The final section offers concluding remarks.

2. Introduction to the PEDE+wDM Model

This study assumes a spatially flat, homogeneous, and
isotropic spacetime, represented by the spatially flat Fried-
mann—Robertson—-Walker (FRW) metric. We postulate that
general relativity appropriately describes the gravitational
sector, where matter is minimally coupled to gravity.
Additionally, we assume that the fluids in the universe do
not interact non-gravitationally and that the universe consists
of radiation, baryons, GDM, and PEDE. Consequently, we can
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express the dimensionless Hubble parameter as

H2
E? = 7= Qo1 + 2)*
0

+ Qamo(1 + )33+ 4+ Quo(1 + 2)* + Qqez), (1)

where H is the Hubble parameter, and €29, Q4mo, 20, and Qge
are the density parameters for radiation, GDM, baryons, and
PEDE respectively. Here (4. is parameterized in the following
form (Li & Shafieloo 2019; Pan et al. 2020)

Q4e(z) = Qaeo[1 — tanh(log;(1 + 2))1, 2)

where Qqeo = 1 — Qo — Qamo — Qo and 1 + z = a~ . (Note
that we have normalized the present-day scale factor to 1.)
Given our assumption that the fluids do not interact non-
gravitationally, we consider them as separate entities; there-
fore, the PEDE conservation equation reads

Pae (@) + 3H (1 + wae(2)) pge (z) = 0. 3)

The overdot notation here represents the derivative with
respect to cosmic time. From the equation above, one can
derive the following relation between PEDE’s EoS and density

1 y d In Q4 (2)
1+z dz

Wae(2) = —1 + “

substituting Equation (2) in it, we obtain an explicitly PEDE
EoS as follows (Li & Shafieloo 2019; Pan et al. 2020)

Wae(z) = =1 — x [1 4 tanh(log,,(1 + 2))]. ()

3In10
The equation above reveals that the PEDE EoS exhibits an
intriguing symmetry. Specifically, in the distant past, when
z — oo, the value of wgy. approaches —1 — 3 1j o+ In the far
future, as z — —1, wy. tends toward —1. At the present time,
when z = 0, we observe that wg. = —1 — ﬁ, indicating a
phantom-like dark energy (DE) EoS. As mentioned briefly in
Li & Shafieloo (2019), the pivot redshift at which the matter
and DEdensities are equal marks the transition point for the
PEDE EoS.
In the conformal Newtonian gauge, the perturbed FRW

metric is given by

ds?> = a®(T)[—(1 + 2¢)dr? + (1 — 2¢)dr?], (6)

where ¢ and ¢ denote the metric potentials, and 7 represents
the three spatial coordinates. Considering the first-order
perturbed components of the conserved stress-energy tensor,
the following continuity and Euler equations for GDM and
PEDE can be derived (Kumar et al. 2019).

s = —(1 + wys)(Oas — 39"

_ m(% - st)éds )
6pds
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Figure 1. The CMB TT and matter power spectra for different values of parameter w,,,, where other relevant model parameters are fixed to their mean values

extracted from CMB+DESI+PP+RSD data analysis.

= —H(1 — 3¢ a5 0as

1 /O pas, gy ®)

1 + wgs

In this context, a prime denotes the derivative with respect to
conformal time, H represents the conformal Hubble para-
meter, and k refers to the magnitude of the wavevector k. 84
and 64, represent the perturbations in the relative density and
Velocity divergence of the dark sector (DS: DM or DE), wy,

and ¢ adds = :?‘ = Wgs — W denote the DS EoS and the

square of DS adiabatic sound speed, respectively. Moreover,

s is the DS sound speed in the Newtonian gauge, which can
Pds

be expressed as

eds
F 5

617 ds
6/) ds

= 24 + 3 + wag) (el — CRias) )

here cfds = azd’ds + anad,ds is the square of DS sound speed in
the rest frame. Also, cr12ad,ds represents the square of the non-
adiabatic sound speed of the DS, describing its micro-scale
properties, which must be specified separately. In this work,
we consider C112ad,dm = 0 (therefore cs?dm = azd,dm = Wym) and
cs?de = 1, then the continuity and Euler equations for GDM and
PEDE can be rewritten as:

im = —( 4 Wam) Oam — 30", (10)

/m =—-H0 — 3Wim)Oim

L Mam pog 4 k2 11
T wee d ), an
bie = —(1 + wae) Oge — 39)
9
— 3H(1 — wae)bae — 3HW, ’ﬁ
( Wae) Od (12)
0

—9(1 + wae)(1 — wdeng,

Oge = 2HOue + %kzéde + k. (13)

+ Wae

We still need to provide the initial conditions for DM. In
practical calculations, we first give the initial conditions for
DM in the synchronous gauge, and then use the transformation
rules between the Newtonian gauge and the synchronous
gauge to derive the initial conditions in the Newtonian gauge.
Since the DM is not cold at present, we cannot eliminate the
redundant gauge degrees of freedom in the synchronous gauge
by setting the velocity divergence of DM to zero. However, we
can assume that there exists a density-infinitesimal CDM in the
universe and set its velocity divergence to zero. Then, we can
provide the initial conditions under this gauge, which are as
follows:

C
bam = —5(1 + wam) (k7)?, (14)
C
Ogm = — ————2—(k7)>k, 15
a S 3de( ) s)

where C is a constant. With the equations and initial conditions
outlined above, the fundamental background and perturbation
dynamics of our new model (denoted as PEDE+wDM) are
now well understood. We also treat free-streaming neutrinos as
a combination of two massless species and one massive
species with a mass of M,, = 0.06 eV. Thus, the complete set of
baseline parameters for the PEDE+wDM model is provided by

P= {wb, Wdms, os, As, Ry, Treios de}- (16)

At the conclusion of this section, we provide an analysis of
the effects of the PEDE4+wDM model on the CMB TT and
matter power spectra across various values of wy,,. Figure 1
illustrates the CMB TT by setting wg, = 0, 2 X 1074,
4 x 107* 6 x 10~* and matter power spectra by setting wgpm
=0,2x10",4 x 1077, 6 x 1077 while keeping six other
parameters fixed at their mean values derived from CMB
+DESIH-PP+RSD data analysis.
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In the context of CMB TT power spectrum, we observe that
the positive values of wy,, in the PEDE+wDM model result in
several percent of relative errors in the CMB TT power
spectrum (relative to the case where wy, = 0) that oscillate
when [ > 100, and these relative error oscillations become
larger as [ increases. At large scales, where the integrated
Sachs-Wolfe effect predominates, the primary impact of
Wwam > 0 is an enhanced decay of the gravitational potential
from the recombination era to the present, leading to increased
anisotropy for / < 100. For the matter power spectrum, we can
see that positive values of wy, decrease the matter power
spectrum.

3. Data Sets and Methodology

To constrain the free parameters of the PEDE+wDM model,
we rely on the observational data sets presented below.

Cosmic Microwave Background (CMB): In this research,
we employ the Planck 2018 CMB data (Aghanim et al.
2020a, 2020b), focusing on the CMB temperature and
polarization angular power spectra plikTTTEEE+low/+1lowE.
Furthermore, we integrate the Planck 2018 CMB lensing
reconstruction likelihood (Aghanim et al. 2020c) into our
analysis.

Dark Energy Spectroscopic Instrument (DESI): The BAO
measurements from the first year of DESI observations are
incorporated, as described in Adame et al. (2025a). This data
set includes the Bright Galaxy Sample (BGS), LRG, a
combination of LRG and ELG, ELG, QSO, and Lya forest
(Adame et al. 2025a, 2025b, 2025c¢).

Pantheon Plus (PP): The distance modulus measurements of
SNe Ia from the PP sample, detailed in Scolnic et al. (2022),
are used in this work. This data set consists of 1701 light
curves from 1550 distinct SN Ia events, spanning redshifts
between z € [0.001, 2.26].

Redshift Space Distortions (RSD): RSD is a crucial tool for
probing the combination fog. In the PEDE+wDM model, the
quantity f is scale-dependent and is defined as

_mwwﬂ)&kw:Jmhm

— 1
fk @) dlna Pk, ap)’ a7

where P(k, a) denotes the matter power spectrum, given by

(bunlk, D8, (K', 1)) = QmYPKk, a())6 Kk — k'), (18)
dpdm + dp,, + 6p;,
Pam +Pb+p7
where 7 refers to massive neutrinos. The value of og is
calculated as

too k2P (k, a) Wy (k
oy(a) = \/fo dk%, (19)

with ém (k, 1) being the Fourier transform of §,, =

where Wy (k) = 3[sin(kR)/kR — cos(kR)]/(kR)? is the Fourier
transform of the top-hat window function, and R determines

Liu et al.

Table 1
Flat Priors for the Free Parameters of the PEDE+wDM Model

Parameter Prior
100w, [0.8, 2.4]
Wdm [0.01, 0.99]
1000, [0.5, 2.0]
In[10'04,] [2.7, 4.0]
n [0.9, 1.1]
Treio [0019 08]
10%Wpn [0, 100]

the scale for computing the rms normalization of matter
fluctuations.

This work uses the RSD measurements of fog from Table I
of Sagredo et al. (2018). This data set, referred to as the “Gold
2018” sample in the literature, includes 22 measurements of
fog within the redshift range 0.02 < z < 1.944 (Song &
Percival 2009; Davis et al. 2011; Blake et al. 2012, 2013;
Hudson & Turnbull 2012; Samushia et al. 2012; Turnbull
et al. 2012; Sanchez et al. 2014; Howlett et al. 2015; Feix
et al. 2015; Chuang et al. 2016; Okumura et al. 2016; Huterer
et al. 2017; Pezzotta et al. 2017; Zhao et al. 2019). For our
analysis, we use the publicly available Gold 2018 Montepy-
thon likelihood' for the fog measurements. In this likelihood,
the wavenumber k in the definition of f is fixed at 0.1 Mpc,
aligning with the effective wavenumber of the RSD measure-
ments used.

To constrain the PEDE+wDM model, we employ a Markov
Chain Monte Carlo (MCMC) method, utilizing the public
MontePython-v3 code (Audren et al. 2013; Brinckmann &
Lesgourgues 2019) and a modified version of the CLASS code
(Blas et al. 2011; Lesgourgues 2011). The analysis is carried
out using the Metropolis—Hastings algorithm, and we assess
convergence of the chains using the Gelman—Rubin criterion
(Gelman & Rubin 1992), requiring R — 1 < 0.01. The flat
priors on the free parameters of the PEDE+wDM model are
provided in Table 1. In particular, since the condition
cs?dm = Wym < 0 will lead to an imaginary value of sound
speed of DM, we impose a lower bound of 0 for the flat prior
on the parameter wqp,.

Finally, we will analyze the performance of the PEDE+4--
wDM model in comparison to the ACDM model and the PEDE
model. We utilized the cosmological code MCEvidence,
developed by Heavens et al. (2017a, 2017b), to calculate
Bayesian evidence for all data sets and referred to Pan et al.
(2018), Yang et al. (2019) for further discussion on this topic.
The performance of a cosmological model (denoted as M;)
with respect to a reference cosmological model is quantified by
the Bayes factor B;; (or its logarithm B of the model M; with
respect to the reference model M;. In Table 2, we present the

' hitps://github.com /snesseris /RSD-growth
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Figure 2. The posterior distributions (one-dimensional) and the two-dimensional joint confidence contours (68% and 95%) for the most important parameters of the
PEDE+wDM model are shown using the CMB, CMB+DESI, CMB+DESI+PP, and CMB+DESI+PP+RSD observational data sets.

revised Jeffrey’s scale (Kass & Raftery 1995) which quantifies
the strength of evidence for model M; compared to model M;.

4. Results and Discussion

The constraints on the PEDE+wDM model and the PEDE
model for the CMB, CMB+DESI, CMB+DESI+PP, and
CMB+DESI+-PP+4RSD data sets are presented in Tables 3
and 4 and Figures 2 and 3.

We start by examining the fitting results of the PEDE+--
wDM model using only CMB data. Subsequently, we explore
the impact of incorporating additional probes by progressively
adding them to the CMB analysis. Using only CMB data, we
find no statistically significant signal for a positive DM
parameter wg, (0 < 10’wgm < 13.1 at the 95% confidence
level). Nevertheless, differences in parameters og and Sg
between the PEDE model and the PEDE4+wDM model are
presented due to the small but not negligible positive mean
value of wy,,. More specifically, the small but non-vanishing
positive mean value of parameter wy,, reduces the parameters
og and Sg from og = 0.8565 £ 0.0060 (at the 68% confidence

Table 2
Revised Jeffreys’ Scale, Used to Measure the Relative Strength of Evidence
for Model M; Over Model M;

In B;; Strength of Evidence for Model M;
0<InB; <1 Weak

1<InB; <3 Definite /Positive
3<InB; <5 Strong

InB; > 5 Very strong

level) and Sg = 0.814 4+ 0.013 (at the 68% confidence level) in
the PEDE model to oy = 0.7763030 (at the 68% confidence
level) and Sg = 0.74170:037 (at the 68% confidence level) in the
PEDE+wDM model. We point out that these changes mainly
originate from the effects of a non-zero mean value of DM
sound speed squared rather than directly from the effects of a
DM EoS parameter, because the value of DM EoS parameter
on the order of 10”7 has a negligible direct effect on the fitting
results of other parameters. One notes that the posteriors of
parameters og and Sg exhibit non-Gaussianity, this is because
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Table 3
The Mean Values Along with the 1o and 20 Ranges for the PEDE+wDM Model Based on the CMB, CMB+DESI, CMB+DESI+PP, and CMB+DESI+PP+RSD
Datasets
Parameter CMB CMB+DESI CMB-+DESI+PP CMB+DESI+PP+RSD
100wy, 2.235 £ 0.0157003% 2.236 + 0.01355937 2.220 + 00131993 2.220 + 0.013%7
Wedm 0.1201 =+ 0.001379338 0.12003 + 0.00085* 9918 0.12202 + 0.00085*3%17 0.12195 + 0.00081+J9916
1000, 1.04187 + 0.0003070:990% 1.04191 + 0.0002870:00053 1.04177 + 0.00028= 933934 1.04175 + 0.00028%933923
In(10'°4,) 3.0451 00100 3.047 + 0.015+093) 3.041 + 0.01410027 3.039 + 0.01470927
ng 0.9647 4 0.0044+3:598¢ 0.9648 + 0.00363:0073 0.9599 + 0.00363:0073 0.9602 + 0.00355:9981
Treio 0.0547+99074 0012 0.0554 & 0.0076*2013 0.0506 = 0.00709914 0.0499 + 0.0068+9913
10" Warm 0< 507 < 13.1 0<517 <132 0<754<176 401327
ra 147.07 + 0.28+937 147.09 + 0.22%94 146.75 + 0.227042 146.76 £ 0.217042
H, 72.31 4+ 0.74413 72.38 + 0474539 71.26 + 0.46*88 71.28 + 0.44+0%7
fon 02739 + 0.007()80f8§;81'2 02731 + 0.005(())396::8833 0.2853 + 0.005 (1)1](19;3535 0.2850 & 0.0049990%
—+0. +0.093 —+0. 0.041
oy 0.77620035" o1 0'77@8:8;3’8'638 0.753t8;82§78_]4 0.778 + 0.021703
n +0. 091+0.11 0.040
Sg 0741003 5 07380053 o1 0.7342 000 14 0.758 = 0.021°0043
i 2780.26 2796.82 4251.68 4265.76
Table 4
The Mean Values Along with the 10 and 20 Ranges for the PEDE Model Based on the CMB, CMB+DESI, CMB+DESI+PP, and CMB+DESI+PP+RSD Datasets
Parameter CMB CMB+DESI CMB+DESI+PP CMB+DESI+PP+RSD
100w, 2239 + 0.01573%33 2237 + 0.013993¢ 2222 + 0.01379%4 2.224 4 0.013+392¢
Wedm 0.1197 + 0.0012+9.9924 0.11990 + 0.000840:9017 0.12178 + 0.00084 09017 0.12133 + 0.00083+00016
1000, 1.04190 + 0.00031+J99058 1.04188 + 0.00027+9:99932 1.04177 + 0.0002875-9993¢ 1.04177 + 0.00028+933022
In(10'°4,) 3.044 £+ 0.01510030 3.043 + 00141097 3.037 + 0.014100%6 3.028* 501500
ny 0.9657 + 0.0041+39958 0.9654 + 0.0037-93072 0.9607 + 0.0035%335%9 0.9615 + 0.003573306¢
Treio 0.0546 + 0.0076+491¢ 0.0537 & 0.0072+9914 0.0493 99073001 0.0455+§003 oo
T 147.15 £+ 027753 147.12 £ 021708 146.78 + 0.22041 146.88 + 021108
H, 72.55 + 0.69*114 72.43 4 0.47159) 71.40 + 0.451993 71.62 4 0.457988
2, 0.2713 £ 0.00720914 0.2724 + 0.0049*5:998 0.2838 + 0.005079919 0.2812 + 0.0050* 5949
o 0.8565 =+ 0.0060+0012 0.8565 + 0.006370912 0.8582 + 0006110012 0.8532495069" 00!
Ss 0.814 =+ 0.013+0:92¢ 0.816 £ 0.010799% 0.8347 + 0.0097+3910 0.8261 + 0.0094 19912
P 2778.78 2796.5 4250.70 4276.80

the parameter wy, is restricted to be positive. A positive value
of wgy, 1s necessary since otherwise DM will encounter
instability. For the other parameters, introducing a DM
parameter wy, does not cause them to undergo significant
changes. For example, the introduction of wy,,, only reduces H,
from Hy = 72.5 4+ 0.70 (at the 68% confidence level) in the
PEDE model to Hy = 72.33 4+ 0.75 (at the 68% confidence
level) in the PEDE+wDM model.

With the addition of DESI data to CMB, we observe little
change in the fitting results. In particular, we still find no

statistically significant signal for a positive DM parameter wy,
0 < 107wdm < 132 at the 95% confidence Ilevel).
Furthermore, the small but not negligible positive mean value
of wyn, leads to similar changes on parameters og, Sg and Hy
between PEDE+wDM and PEDE with respect to the fitting
results regarding CMB data set alone.

When PP is added to CMB+DESI, we still find no
statistically significant signal for a positive DM parameter
Wam (0 < 10"Wgm < 17.6 at the 95% confidence level). In
addition, we find that, compared to the fitting results regarding
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Figure 3. The posterior distributions (one-dimensional) and the two-dimensional joint confidence contours (68% and 95%) for the most important parameters of the
PEDE model are shown using the CMB, CMB+DESI, CMB+DESI+PP, and CMB-+DESI+PP+RSD observational data sets.

the CMB-DESI data set, the mean values of parameters H,
and 2,, change from Hy ~ 72 and €2, ~ 0.27 to Hy ~ 71 and
Q,, ~ 0.28.

For the CMB+DESI+PP+RSD data set, we finally find a
statistically significant signal for a positive DM parameter wyp,
(10" wgm = 4.0733 at the 95% confidence level). Interestingly,
this result is seemingly opposite to the result in our previous
article (Yao et al. 2024), in which the CMB—+Pantheon and
CMB+BAO+Pantheon data sets gave a result that the DM
EoS is less than 0 at the 95% confidence level. There are two
reasons for the seemingly opposite results in the two articles:
First, in the previous article, we did not use the RSD data, and
the BAO and SN Ia data were also outdated. From the
posterior distribution in Figure 2, it can be seen that even in
this article, when the RSD data set is not included, the
extremum of wy,, is also less than 0. Second, the models in the
two articles are different. In the previous article, we set the
sound speed of DM to 0, so even if we had included the RSD
data at that time, it would not have been likely to result in a
positive wq,,. However, in this article, we set the square of the

DM sound speed equal to its EoS parameter. Since the RSD
data support a smaller Sg parameter than that predicted by the
CMB, and the DM sound speed is negatively correlated with
the Sg parameter, the RSD data support a slightly positive DM
sound speed, which corresponds to a slightly positive DM EoS
parameter in this model. Additionally, apart from the mean
values of the parameters og and Sg being increased by a lower
mean value of the parameter wg,,, imposed by the RSD data set,
the other model parameters remain largely unchanged.

In the final step, we provide the In B;; values, which quantify
the evidence for the fit of the PEDE model and the
PEDE+wDM model relative to the ACDM model, based on
the data sets considered in this work, in Table 5. Referring to
the Revised Jeffreys’ scale presented in Table 2, the Bayesian
evidence indicates that all data sets analyzed here favor the
ACDM model over the PEDE+wDM model. More specifi-
cally, the CMB and CMB+DESI data sets favor ACDM over
PEDE+wDM with strong evidence, and the CMB+DESI+PP
and CMB+DESI+PP+RSD data sets favor ACDM over
PEDE-+wDM with very strong evidence. In addition, while the
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Table 5
The InB;; Values Summarize the Evidence for the PEDE and PEDE4+-wDM
Models in Comparison to the ACDM Model, Based on the CMB, CMB
+DESI, CMB+DESI+PP, and CMB+DESI+PP+RSD Datasets

Model Dataset In Bj;
PEDE CMB 0.21
PEDE CMB-+DESI 1.56
PEDE CMB+DESI+PP —21.13
PEDE CMB-+DESI+PP+RSD —25.65
PEDE+wgp, CMB —4.99
PEDE+wgp, CMB-+DESI —3.68
PEDE+wgp, CMB+DESI+PP —25.93
PEDE+wgm CMB-+DESI+PP+RSD —25.14

Note. A negative In B;; value suggests the PEDE or PEDE+wDM models are
less favored than the ACDM model.

CMB+DESI+PP+RSD data set favors PEDE+wDM over
PEDE with weak evidence, other data sets favor PEDE over
PEDE+wDM with strong or very strong evidence.

5. Concluding Remarks

Although CDM is strongly supported by a wide range of
cosmological observations when paired with a cosmological
constant, it faces several persistent challenges on small scales.
These include the missing satellites problem, the too-big-to-
fail problem, and the core-cusp problem, which suggest
potential discrepancies between CDM predictions and
observed astrophysical structures. These unresolved issues
have spurred the exploration of alternative DM candidates
beyond CDM, such as: Warm DM, Fuzzy DM, Interacting DM
and Decaying DM. These models aim to suppress the
overproduction of low-mass structures in simulations, offering
possible solutions to CDM’s small-scale anomalies. Never-
theless, the current limitations of CDM leave the fundamental
question—“What is dark matter?’—Ilargely unanswered,
keeping the field open for further theoretical and observational
investigation. In light of this, we have proposed a new
cosmological model by considering DM as a barotropic fluid
characterized by a constant EoS parameter and DE as PEDE,
considering that there have already been many works on the
extended properties of DM in the context of a cosmological
constant and there are some interesting results that emerged as
we investigated the extended properties of DM in the context
of PEDE (Yao et al. 2024).

Using the background and perturbation equations of the
PEDE+wDM model, we performed fits to multiple data sets:
CMB alone, CMB+DESI, CMB+DESI+PP, and CMB
+DESI4PP+RSD. Our analysis reveals: for the CMB, CMB
+DESI, and CMB-+DESI+PP data sets, we detect no
statistically significant evidence for a nonzero DM parameter

Liu et al.

Wam- However, the small but non-negligible positive mean
value of wy,, in these cases results in a modest reduction of the
parameters og and Sg. In contrast, the CMB+DESI+PP+RSD
data set yields a statistically significant detection of a positive
Wam, indicating a measurable departure from CDM behavior.
Finally, Bayesian evidence analysis indicates that, across all
data sets examined in this work, ACDM is preferred over
PEDE+wDM. Specifically, CMB alone and CMB+DESI
show strong evidence in favor of ACDM. CMB+DESI+PP
and CMB+DESIH-PP-+RSD exhibit very strong evidence for
ACDM over PEDE+wDM. Regarding the comparison
between PEDE+wDM and PEDE, only the CMB+DESI+PP
+RSD data set weakly favors PEDE+wDM over PEDE. All
other data sets show strong or very strong evidence for PEDE
over PEDE+wDM.
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