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ABSTRACT

We present a comprehensive analysis of the cosmological implications of the Dark Energy Spectroscopic Instrument Data Release
2 Lyman-« forest baryon acoustic oscillation measurements, combined with complementary datasets including DESI DR2 galaxy
BAO, Type Ia supernova samples (Pantheon*, DES-Dovekie, and Union3), and the cosmic microwave background CamSpec likeli-
hood. We consider several dark-energy parameterizations such as chevallier—polarski—linder, logarithmic, exponential, jassal-bagla—
padmanabhan, barboza-alcaniz, and generalized emergent dark energy, as well as the wCDM model and non-flat extensions of the
standard ACDM and wCDM models. Using the Metropolis-Hastings MCMC algorithm, we constrain the cosmological parameters
of each model and compute the Bayesian evidence using the publicly available code MCEvidence to assess the performance of each
model relative to ACDM. Our results show that the non-flat extensions remain consistent with spatial flatness, with ; ~ 0 for all
dataset combinations. Further, all dark-energy parameterizations predict wy > —1, w, < 0, and wo +w, < —1, which favor a dynamical
dark-energy scenario of the Quintom-B type. We also find a moderate preference for dynamical dark-energy models relative to the
standard ACDM scenario, reaching up to ~3.100 for the Lya + CMB + Galaxy BAO dataset. When DESI DR2 Ly« measurements
are combined with different SNe Ia samples and the CMB, the deviations decrease and remain typically below ~ 20, corresponding
only to inconclusive preference relative to ACDM. However, this level of evidence is not statistically decisive, and it remains too
early to rule out the ACDM model. Finally, the Bayes factor in logarithmic space (In B;;) shows that model preference relative to
ACDM depends strongly on the dataset combination. For Lya + CMB + Galaxy BAO, wCDM and owCDM show moderate evidence,
while most other models provide weak or inconclusive evidence. With Pantheon™ or DES-Dovekie, owCDM shows strong evidence,

whereas other models show moderate evidence.
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1. Introduction

The accelerated expansion of the Universe remains one of the
most profound mysteries in modern cosmology. In the stan-
dard A cold dark matter (ACDM) paradigm, this acceleration
is explained by the cosmological constant A, with a constant
equation of state (EoS) parameter w = —1. However, recent
results from the Dark Energy Spectroscopic Instrument (DESI)
Data Release 1 (DR1) (Adame et al. 2025b) show deviations
from the ACDM paradigm at the levels of 2.6, 2.50, 3.50,
and 3.90 when combined with data from the cosmic microwave
background (CMB), Pantheon*, Union3, and Dark Energy Sur-
vey (DES) 5-year sample of Type Ia supernovae (DES-SN5YR)
supernova samples, respectively. Furthermore, the more recent
DESI Data Release 2 (DR2) (Abdul Karim et al. 2025), when
combined with Pantheon™, Union3, and DES-SN5YR, reaches
deviations of 2.80, 3.80, and 4.20, respectively, adding to the
available evidence of a dynamical form of dark energy (DE)
beyond the simple cosmological constant.

* Corresponding author: capozziello@na.infn.it

The Lyman-a (Lya) forest serves as one of the most power-
ful probes of the high-redshift Universe, providing precise con-
straints on the cosmic expansion rate in the 2 < z < 4 range
(Adame et al. 2025a; Cuceu et al. 2023). It arises from a series
of absorption features in the spectra of distant quasars, pro-
duced by neutral hydrogen in the intergalactic medium (IGM).
By analysing these absorption patterns along numerous lines
of sight, the Lya forest effectively traces the large-scale struc-
ture of matter at early cosmic times. Over the past decade, sur-
veys such as Baryon Oscillation Spectroscopic Survey (BOSS),
the extended Baryon Oscillation Spectroscopic Survey (eBOSS),
and now DESI have significantly improved measurements
of the baryon acoustic oscillation (BAO) scale using both
the 3D auto-correlation of Lya flux and its cross-correlation
with quasar positions (Delubac et al. 2013; Slosar et al. 2013;
Des Bourboux et al. 2020; Adame et al. 2025a). These studies
have demonstrated that the Ly« forest not only provides an inde-
pendent and robust measurement of the expansion history it also
contains additional cosmological information beyond the BAO
signal, offering a unique opportunity to test models of DE and
possible deviations from the ACDM paradigm.
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Cuceu et al. (2025) present cosmological constraints based
on the DESI DRI Lya forest, providing the first joint mea-
surements that combine the broadband Alcock-Paczynski (AP)
and BAO information at high redshifts, which is referred to
as the Best-Lya sample. When combined, the Best-Lya sam-
ple and the Pantheon*, Union3, and DES-SN5YR supernova
samples show a preference for a dynamical DE model at the
0.80, 1.90, and 2.10 levels, respectively. Including CMB data
alongside these combinations slightly increases the tension,
which reaches 1.10, 2.00-, and 2.40 for the same datasets. The
deviation becomes more significant when the Lya-AP measure-
ments are combined with the CMB, galaxy BAO, and differ-
ent Type Ia supernova (SN Ia) samples, reaching 2.80, 3.8,
and 4.20- when adding Pantheon®, Union3, and DES-SN5YR,
respectively. In addition, the joint Lya + galaxy BAO + CMB
dataset shows a deviation of about 3.1¢0, while the combina-
tion of Lya + galaxy BAO alone shows a deviation of about
1.60. These findings align with a growing body of recent stud-
ies exploring the implications of DESI observations for new
physics in the DE sector and potential resolutions to current cos-
mological tensions. Several recent works have also addressed
this issue, aiming to interpret DESI results within a broader
theoretical framework and to assess whether they indicate that
the standard A model requires modifications (Odintsov et al.
2026, 2025; Capozziello etal. 2023; Bernardo et al. 2022;
Di Valentino et al. 2025; Alam & Hossain 2025; Dinda et al.
2025; Liu et al. 2025; Choudhury & Okumura 2024; Choudhury
2025; Choudhury et al. 2025; Lee 2026; Vagnozzi 2020, 2023;
Jiang et al. 2024; Pedrotti et al. 2026; Colgdin et al. 2021, 2025,
2026; Demianski et al. 2018; Hogas & Mortsell 2025).

In this study, we investigated the cosmological implications
of the DESI DR2 Ly« forest measurements and explored possi-
ble deviations from the standard A paradigm. To achieve this, we
considered several DE models that allow for a time-dependent
EoS, and performed a Markov Chain Monte Carlo (MCMC)
analysis to constrain the parameter space of each model. We also
carried out a statistical analysis to test the consistency of these
models with the DESI Ly data. The manuscript is organized as
follows. In Sect. 2, we present the mathematical formulation of
each DE model. In Sect. 3, we describe the dataset used in this
analysis and the methodology applied. In Sect. 4, we discuss our
results and their implications. Finally, in Sect. 5, we summarize
our main conclusions and outline possible directions for future
research.

2. Standard cosmological background and the
ACDM framework

General relativity forms the cornerstone of modern cosmology
and satisfies the criteria established by the Lovelock theorem
(Lovelock 1971), which states that the Einstein field equations
are the only second-order field equations derivable from a scalar
density in a 4D spacetime. The gravitational dynamics of the
concordance model, ACDM, can thus be obtained from the
Einstein—Hilbert action, which in natural units (¢ = 7 = 1) takes
the form

d*x\=g (R -2A) + S,

~ 167G M

where A is the cosmological constant; S,,(g,y, ) is the action
associated with the matter fields, ¥,,; g is the determinant of the
spacetime metric, g,,; and G is Newton’s gravitational constant.
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By varying the action in Eq. (1) with respect to the metric
tensor, one obtains the Einstein field equation:

A
o ~9u|>

87G @

1
Ryv - ERgI_,V = 8nG (TIW -

where R,,, and R are the Ricci tensor and scalar, respectively, and
T,, denotes the energy—-momentum tensor. For a perfect fluid,

T,uv =(p+ p)”,uuv + P9 3)
with p and p being the energy density and pressure, and u,, is the
four-velocity, satisfying u,u* = —1.

The Bianchi identities, V¥G,,, = 0, together with the Einstein
equations, lead to V¥T,, = 0, provided A is constant in space-
time. This ensures the local conservation of energy and momen-
tum for all matter fields.

2.1. Cosmological dynamics in a flat FLRW background

Assuming a homogeneous and isotropic universe, the space-
time geometry is described by the flat Friedmann—-Lemaétre-
Robertson-Walker (FLRW) metric,

ds® = —di* + a*(1) (dr* + PdQ?), @

where a(r) denotes the scale factor and dQ? = d6? + sin® 6 d¢>.
Substituting this metric into Eq. (2) yields the Friedmann equa-
tions:

3H? = 872G Z ois (5)

2H + 3H? = —87G Z Di. (©6)

Here, H = a/a is the Hubble parameter and p; and p; are the
energy density and pressure of the ith cosmic component, respec-
tively.

The conservation of the total energy-momentum tensor,
VH Tf,tft) = 0, leads to the continuity equation

pi+3H( + wyp; =0, @)
where w; = p;/p; is the EoS parameter.

For non-relativistic matter (w,, = 0), Eq. (7) gives p,, =
pmoa 3, while for DE characterized by wpg = —1, the density
remains constant: ppg = ppgo. Consequently, the dimensionless
Hubble function,

HZ
Eo=1T9 ®)
0
is expressed as
E@) =Q,(1 +2)* + Q,(1 + 2)* + (1 + 2)* + QpE for(2),
©)

where Q; = (87Gpjp)/ (SH(%) denotes the present density param-
eter of each component.
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2.2. Dark energy parametrizations

While the ACDM model assumes a constant vacuum energy
(w = —1), theoretical and observational considerations suggest
that there are scenarios in which the DE EoS varies with time.
For a general EoS w(z), the DE density evolves according to

1
fDE(z)—exp[ f 4w, ]

1+7
If w is constant, Eq. (10) yields fpe(z) = (1 + z)*0*") ie. the w
cold dark matter (wCDM) model.
To capture possible time evolution, we considered the fol-
lowing EoS parametrizations:
— Chevallier-Polarski-Linder
2001; Linder 2003):

(10)

(CPL) (Chevallier & Polarski

w(z) = wo + wy,

L

1+

— The logarithmic model (Efstathiou 1999; Silva et al. 2012):
w(z) = wo + w, In(1 + 2)

— The exponential model (Najafi et al. 2024):
w(z) = wy + wa(eﬁz - 1)

— Jassal-Bagla-Padmanabhan (JBP) (Jassal et al. 2005):

_ z
W(Z) = W Wam
— Barboza-Alcaniz (BA) (Barboza & Alcaniz 2008):
Z2(1+72)
wi2) = wo + Wa—— -

— Generalized Emergent DE (GEDE) (Li & Shafieloo 2020):

3In10

w(z) =

1+z
1+ tanh(A log, " Z;)] ,
where A is the free parameter and z, is a derived parameter,
denoting the redshift at which the matter and DE densities
become equal, p,,(z;) = ppe(z;), implying Q,0(1 + z,)® =
QpE(2).
Given any of the w(z) above, fpg(z) follows from Eq. (10); insert-
ing this into Eq. (9) yields the corresponding expansion history,
E(2).

2.3. Non-flat universe extensions

Although the ACDM model assumes spatial flatness, several
recent analyses suggest that the cosmic curvature may devi-
ate slightly from zero. Planck data indicate a mild prefer-
ence for a closed universe (Aghanim et al. 2020; Handley 2021;
Di Valentino et al. 2020), while low-redshift probes lean towards
an open geometry (Wu & Zhang 2025). These tensions moti-
vated us to consider non-flat cosmologies.

2.3.1. Non-flat ACDM

Incorporating a curvature component, the dimensionless expan-
sion rate becomes

Ez(z) =Q,(1 + Z)3 + (1 + Z)2 + Qpg,

an

where ( quantifies the present curvature contribution.

2.3.2. Non-flat wCDM

If DE has a constant EoS of w # —1, the corresponding expan-
sion rate generalizes to

E*(2) = Qu(1 +2)° + (1 + 27 + Qpp(1 +2)°™). (12)
This model highlights the degeneracy between curvature and the
DE EoS parameter, emphasizing the importance of including Q
when constraining cosmic acceleration.

3. Dataset and methodology

We performed parameter estimation and obtained observational
constraints on the free parameters of each DE model proposed
in Section 2. We now discuss the implications of these models
further. To explore the parameter space, we used the Metropolis—
Hastings MCMC sampling (Hastings 1970), integrated with the
cosmological inference code Cobaya (Torrado & Lewis 2021).
The theoretical models were computed using the Einstein—
Boltzmann solver CAMB (Lewis et al. 2000). The convergence of
the MCMC chains was tested using the Gelman-Rubin statis-
tic (R — 1) (Gelman & Rubin 1992), adopting R — 1 < 0.01 as
the threshold for convergence. The MCMC results were sub-
sequently analysed and visualized using the GetDist pack-
age (Lewis 2025).

We applied the Bayesian evidence selection criterion
using the publicly available code MCEvidence (Heavens et al.
2017a,b), which provides an estimate of the marginal likelihood
for each cosmological model given the observational data. This
allows a direct comparison between two competing models (i
and j) through the Bayes factor defined as B;; = Z;/Z; or, equiv-
alently, in logarithmic form: InB;; = InZ; — InZ;. A positive
value of In B;; indicates a preference for model i over model j.

To interpret the strength of the evidence, we adopted
the revised Jeffreys scale (Kass & Raftery 1995; Trotta 2008).
According to this criterion, |In B;;| < 1 corresponds to inconclu-
sive evidence, 1 < |In B;j| < 2.5 indicates weak evidence, 2.5 <
|In B;;| < 5 corresponds to moderate evidence, 5 < [In B;;| < 10
indicates strong evidence, and |In B;;| > 10 is considered deci-
sive evidence in favour of one model over the other.

For parameter estimation, we used the Ly BAO measure-
ments from DESI DR2 and the galaxy BAO measurements from
DR2, the SN Ia sample, and the CamSpec CMB likelihood,
which are listed below.

— Lya forest BAO. We used the Ly« forest BAO measurement
from the DR2, which provides constraints on the distance
ratios Dy(zeg)/ra = 8.63 + 0.10 and Dyi(zef)/ra = 38.98 +
0.53 at the effective redshift z.¢ = 2.33, with a correlation
coeflicient of p = —0.43.

— DESI DR2 galaxy BAO. In addition to the Lya forest BAO
measurement, we also used the galaxy clustering BAO data
from DESI DR2 (Abdul Karim et al. 2025). This sample pro-
vides measurements of Dy;/rq and Dy/ry in five redshift bins
covering the 0.5 < z < 1.5 range, as well as a single isotropic
BAO constraint at z = 0.295.

— Type Ia supernovae: We also used the unanchored SN Ia sam-
ple from Brout et al. (2022), which consists of 1701 light
curves from 1550 SNe Ia. In our analysis, we excluded super-
novae with redshifts of z < 0.01 as such low-redshift data
are affected by significant systematic uncertainties arising
from peculiar velocities. Then, we used the recalibrated 1820
photometric light curves from DES-Dovekie (Popovic et al.
2025), which includes 1623 DES-discovered SN Ia and
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Table 1. Priors on the cosmological parameters used in the analysis.

Parametrization  parameter  default prior
ACDM Q.h? - U10.001,0.99]
Q,n? - U[0.005,0.1]
1006y - Uu10.5,10]
In(10'°4,) - UI1.61,3.91]
ns - U[0.8,1.2]
T - U10.01,0.8]
Extended Q 0 Ul -0.3,0.3]
Dark energy W Or Wy -1 Ul -3,1]
Wq 0 Ul -3,2]
Emergent A - Ul -3,10]

Notes. The symbol U denotes uniform priors. The parameters listed
correspond to the baseline ACDM model and its extensions, including
curvature and dynamical DE parametrizations.

197 externally sourced low-z supernovae from the Cen-
ter for Astrophysics (CfA) and Carnegie Supernova Project
(CSP) samples (Hicken et al. 2009, 2012; Foley 2017). The
revised DES-Dovekie has 1718 SNe Ia that are also included
in DES-SN5YR (Vincenzi et al. 2024). We also used the
Union3 compilation (Rubin et al. 2025), which contains
2087 SNe Ia, including 1363 that overlap with Pantheon™,
providing complementary redshift coverage. For all super-
nova datasets, we marginalized over the absolute magnitude
parameter (M) to account for calibration uncertainties (see
Equations (A9)-(A12) in Goliath et al. 2001).

— CMB CamSpec likelihood: Finally, we used the temperature
(TT), polarization (EE), and cross-correlation (T E) power
spectra measured by Planck. For the large angular scales
(¢ < 30), we used the Commander and SimAll likelihoods,
while for smaller scales (¢ > 30) we used the CamSpec like-
lihood (Efstathiou & Gratton 2020; Rosenberg et al. 2022).
The CamSpec is a new likelihood based on the latest Planck
PR4 Next-generation Planck Iterative Processing Environ-
ment (NPIPE) data release, replacing the earlier Plik likeli-
hood derived from the PR3 release. In addition, we used the
CMB lensing measurements obtained from the joint analysis
of Planck and Atacama Cosmology Telescope (ACT) Data
Release 6 (DR6) data (Madhavacheril et al. 2024).

The priors chosen for these models are summarized in Table 1.

4. Results

InFig. 1, we show the corner plot obtained by superimposing each
model considered in this paper. The off-diagonal panels show the
2D marginalized confidence contours at the 68% and 95% con-
fidence levels, while the diagonal panels show the 1D marginal-
ized posterior distributions for each parameter. Fig. 2 shows the 2D
marginalized confidence contours atthe 10-and 20 confidence lev-
els for the different cosmological models. In this analysis, we used
the parameter values predicted by the ACDM model for each com-
bination of datasets, treating it as the baseline model for compar-
ison. In cosmology, we rely on observation-based inference, with
which it is not possible to repeat measurements under identical
conditions to achieve the same degree of precision. For this reason,
evidence at the level of 2—4¢ is generally considered significant.
Several well-known anomalies such as the Hubble tension, the S'g
tension, the Mp calibration tension, and the CMB lensing anomaly
are discussed as ‘tensions’ precisely because they appear within
this range. Therefore, we quantified the deviation of each model
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parameter from the ACDM baseline in terms of the tension (7'),
defined as T = —Fma=acoml \where x, 4o and xacpym are the pre-

7
T nodel T ACDM

dicted parameter values (e.g. Hy, Q,, etc.), and 0-mogde; and o-acpm
are their uncertainties (Cameraetal. 2019; Chang et al. 2019).
The results are interpreted using the following scale: [T| < 1o,
which is consistent with ACDM; 1o < |T| < 2.50, which is
consistent with inconclusive tension; 2.50 < |T| < 50, which
is consistent with moderate tension; 50 < |T| < 100, which is
consistent with strong tension; and |T'| > 100, which is consistent
with decisive tension.

First, we compared the predicted values of Hy for each model
with those obtained from the ACDM model across different
dataset combinations. The level of tension depends both on the
DE parametrization and the dataset considered. For the Lya +
CMB + Galaxy BAO combination, the CPL, logarithmic, expo-
nential, BA, wCDM, JBP, and GEDE models show inconclusive
evidence of tension with respect to the ACDM prediction for
Hy, with deviations in the range 1o < |T| < 2.50. In contrast,
the open A cold dark matter (0)ACDM) and open w cold dark
matter (owCDM) models remain consistent with ACDM. For
the Lya + CMB + Pantheon* and Lye + CMB + DES-Dovekie
combinations, all considered DE models remain consistent with
the ACDM prediction for Hy, as the corresponding tension val-
ues satisfy |T| < 1o. Finally, for Ly + CMB + Union3, the
wCDM, owCDM, JBP, and GEDE models show inconclusive
evidence of tension with respect to ACDM, whereas the remain-
ing parametrizations remain consistent with the baseline model.

Now, Figs. 2a, b, and ¢ show the 2D marginalized confi-
dence contours in the {10°Q;—Q,,}, {w — Q,,}, and {10°Q;—w)
planes for the oACDM, wCDM, and owCDM models, respec-
tively. First, we discuss the constraints on the curvature param-
eter, (. Since the numerical values of the curvature parameter
are very close to zero, we constrained ) in the analysis, but
we present the results in terms of 103Q; for better visualization.
For the oACDM model, the curvature parameter is predicted
to be 10°Q; = 2.2 + 1.1 and 10°Q; = —2.13'3 for the Lya
+ CMB + Galaxy BAO and Ly + CMB + Pantheon* dataset
combinations, respectively. When combined with DES-Dovekie
and Union3, the oACDM model predicts 1030y = —2.232

and 103Q, = —2.7*29, respectively. Similarly, for the owCDM
model, the curvature parameter is predicted to remain close to
zero for all dataset combinations, with 10°Q; = 2.0 + 1.2,
10°Q; = -1.8 £2.8,10°Q; = -1.9 + 2.8, and 10°Q; = —2.4’:32
for the Lya + CMB + Galaxy BAO, Lya + CMB + Pantheon®,
Lye + CMB + DES-Dovekie, and Lya + CMB + Union3
dataset combinations, respectively. All these results remain
fully consistent with a spatially flat Universe (€; = 0) and
are also in close agreement with previous measurements from
Wilkinson Microwave Anisotropy Probe (WMAP) (-0.0179 <
Q; < 0.0081, 95% CL) (Bennett et al. 2013), Balloon Obser-
vations Of Millimetric Extragalactic Radiation and Geophysics
(BOOMERanG) (0.988 < Qur + Q4 < 1.0081, 95% CL)
(de Bernardis et al. 2000), and Planck (€/r+Q4 = 1.00+0.026,
68% CL) (Aghanim et al. 2020). Further, the wCDM model pre-
dicts w = —1.046 + 0.036 when the Ly« data are combined with
the CMB and Galaxy BAO samples, whereas when Ly« is com-
bined with the CMB and different SN Ia samples, it predicts
w> —1.

Figs. 2d, e, f, g, and h show the 2D marginalized confidence
contours at the 1o and 20 confidence levels in the {wy—w,}
plane for the CPL, logarithmic, exponential, JBP, and BA mod-
els, respectively. All models predict wo > -1 and w, < 0
when the Ly« data are combined with the CMB, different SN Ia
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Fig. 1. Corner plot obtained by superimposing the ACDM, oACDM, wCDM, owCDM, CPL, logarithmic, exponential, JBP, BA, and GEDE
models using DESI DR2 Lya forest measurements in combination with the CMB, galaxy BAO, and SN Ia (Pantheon*, DES-Dovekie, and Union3)
datasets. The contours correspond to the 68% (10°) and 95% (207) confidence levels. The cross symbols indicate parameters that are not present in

the corresponding models.

samples (Pantheon*, DES-Dovekie, and Union3), and Galaxy
BAO, indicating a preference for the DE scenario characterized
by wo > -1, w, < 0, and wy + w, < —1, namely the Quintom-
B scenario (Cai et al. 2026; Ye et al. 2025), in which the EoS
parameter satisfies w < —1 in the past and evolves to w > —1
at the present epoch. By crossing w = —1, this behaviour corre-
sponds to a phantom crossing (Silva & Nunes 2025).

Fig. 2i shows the 2D marginalized confidence contours in
the {A — Q,,} plane for the GEDE model. We find that the GEDE
model predicts A = 0.36 + 0.26 when the Ly« data are combined
with the CMB and Galaxy BAO samples, showing an incon-
clusive deviation from the ACDM model. However, when dif-
ferent SN Ia samples (Pantheon™, DES-Dovekie, and Union3)
are included, the GEDE model yields negative values of A, indi-
cating a possible injection of DE at high redshifts (Lodha et al.
2025a,b).

In Fig. 3, we present a radar plot showing the deviations
of the oACDM, wCDM, owCDM, CPL, logarithmic, exponen-
tial, JBP, BA, and GEDE models relative to the ACDM model.
The deviations are quantified using the No analysis based on
the differences in the minimum )(2 values, which are defined as
Aiap = Xtodel — Xacpy- As our main goal was to assess the
preference for dynamical DE over the ACDM model, we focus
on the CPL, logarithmic, exponential, JBP, BA, and GEDE mod-
els in our further discussion. Since ACDM is a special case of
the dynamical DE model, the statistic A)(lzw Ap 18 expected to fol-
low a y? distribution, with degrees of freedom equal to the num-
ber of additional parameters in the extended model, assuming
Gaussian errors and that the null hypothesis (ACDM) is valid.
For easier interpretation, we converted AX%/[ Ap IO an equiva-
lent frequentist significance (No) for a 1D Gaussian distribution,

CDF 2 (Ax3pap | k do.f.)
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Fig. 2. 2D marginalized confidence contours of different planes of the oACDM, wCDM, owCDM, CPL, logarithmic, exponential, JBP, BA, and
GEDE models using DESI DR2 Ly« forest measurements in combination with the CMB, galaxy BAO, and SN Ia (Pantheon*, DES-Dovekie, and

Union3) measurements at 68% (107) and 95% (20-) confidence intervals.

For the Lya + CMB + Galaxy BAO combination, the
CPL model shows moderate preference (~3.1007) relative to
ACDM, while the logarithmic, exponential, and BA models also
show moderate preference at the ~2.6-2.80 level. The JBP and
GEDE models show an inconclusive preference (~2.100- and
~1.720, respectively) relative to ACDM. For the Lya + CMB
+ Pantheon® dataset, all dynamical DE models remain statisti-
cally consistent with ACDM, with deviations close to or slightly
above lo. The largest deviation arises for the GEDE model
(= 1.090), which only corresponds to an inconclusive prefer-
ence. For the Lya + CMB + DES-Dovekie combination, all
models remain statistically consistent with ACDM, with devi-
ations below ~1.30". The JBP model shows the largest deviation
(~1.210), which still lies within the range of inconclusive prefer-
ence, while the GEDE model shows no deviation from ACDM.
Finally, for the Lya + CMB + Union3 combination, the CPL
model shows inconclusive preference (~2.0207); the remaining
models also fall within the range of inconclusive preference,
with deviations in the ~1.2—1.80 range relative to ACDM.

Based on the logarithmic form of the Bayes factor, |1n B; j,
and following the revised Jeffreys scale, we obtained the fol-
lowing results. For the Lya + CMB + Galaxy BAO combina-
tion, the wCDM and owCDM models show moderate evidence
against ACDM, while the oACDM, CPL, JBP, and GEDE mod-
els provide weak evidence. In contrast, the logarithmic, exponen-
tial, and BA models yield inconclusive evidence relative to the
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ACDM baseline. For the Lya + CMB + Pantheon™ combina-
tion, the owCDM model shows strong evidence against ACDM,
whereas the oACDM, wCDM, CPL, logarithmic, exponential,
JBP, BA, and GEDE models show moderate evidence. For the
Lya + CMB + DES-Dovekie dataset, the owCDM model again
shows strong evidence against ACDM. The oACDM, wCDM,
CPL, logarithmic, exponential, BA, and GEDE models provide
moderate evidence, while the JBP model shows weak evidence.
Finally, for the Lya + CMB + Union3 combination, the o ACDM
and owCDM models provide moderate evidence against ACDM.
The wCDM, exponential, logarithmic, CPL, BA, JBP, and GEDE
models also show moderate evidence relative to the ACDM
prediction.

5. Discussion and conclusions

In this work, we investigated the cosmological implications of
the DESI DR2 Lya forest measurements in combination with
several datasets, including the CMB, Galaxy BAO, and multiple
SN Ia compilations (Pantheon*, DES-Dovekie, and Union3), to
test the preference of the dynamical DE model over the ACDM
model. Using various redshift-dependent DE parametrizations
(CPL, logarithmic, exponential, JBP, BA, and GEDE models),
as well as constant EoS and non-flat extensions, we performed
a comprehensive Bayesian analysis based on the Metropolis—
Hastings MCMC algorithm implemented in Cobaya. The
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Fig. 3. Radar plot showing the deviation of the oACDM, wCDM, owCDM, CPL, logarithmic, exponential, JBP, BA, and GEDE models in terms
of . Each radial distance, ending at a red dot, represents the statistical significance of the deviation. The radial axes correspond to the different

dataset combinations, which are labelled along the outer edge of the plot.

theoretical predictions were computed using the FEinstein—
Boltzmann solver CAMB. Model comparison was carried out
using the Bayesian evidence computed with MCEvidence, inter-
preted through the revised Jeffreys scale. Our main results can
be summarized as follows:

— Hubble and matter density parameters. The inclusion of
DESI DR2 Lya measurements together with other cos-
mological datasets shows dataset-dependent variations in
both the Hubble constant ,Hj;, and the matter density
parameter ,Q,. In particular, the Lye + CMB + Galaxy
BAO combination shows the largest deviations from the
ACDM predictions. For this dataset combination, several DE
parametrizations, including the CPL, logarithmic, exponen-
tial, BA, wCDM, JBP, and GEDE models, show inconclu-
sive evidence of tension with respect to the ACDM pre-
diction for both Hy and Q,, with deviations typically in
the 1o < |T| < 2.50 range. In contrast, the oACDM and
owCDM models remain statistically consistent with ACDM.
Spatial curvature. The non-flat extensions oACDM and
owCDM vyield curvature constraints consistent with Q; =~ 0,
with all dataset combinations providing tightly constrained
values of Q) that are statistically consistent with zero. These
findings support the assumption of a spatially flat Uni-
verse, in agreement with previous results from WMAP,
BOOMERanG, and Planck.

— Quintom-B scenario. All redshift-dependent models (CPL,
logarithmic, exponential, JBP, and BA) predict values of
wo > —1 and w, < 0, as indicated by the 2D marginalized
confidence contours at the 1o and 20 confidence levels in
the {wo — w,} plane. These results show that the DE scenario
is characterized by a Quintom-B type (wy > —1, w, < 0, and
wo+w, < —1) in which the EoS parameter satisfies w < —1 in
the past and evolves to w > —1 at the present epoch by cross-
ing the phantom divide, w = —1, rather than a cosmological
constant model in which DE is characterized by w = —1.
Evidence for dynamical DE. The inclusion of Lya data in
the combined cosmological analysis shows that the agree-
ment with the ACDM model depends strongly on the choice
of DE parametrization and dataset combination. For the Ly«
+ CMB + Galaxy BAO dataset, the CPL model shows
moderate preference relative to ACDM (~ 3.100), while
the logarithmic, exponential, and BA models also exhibit
a moderate preference (~ 2.6-2.807). The JBP and GEDE
models only show an inconclusive preference. When Ly«
is combined with CMB and Pantheon®™ or DES-Dovekie,
all models remain statistically consistent with ACDM. For
the Ly + CMB + Union3 combination, the CPL model
shows only an inconclusive preference, while the remaining
parametrizations remain broadly compatible with the ACDM
prediction.
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— Bayesian model comparison. Based on the Bayesian evi-
dence and the revised Jeffreys scale, the preference for
dynamical DE models relative to ACDM depends strongly
on the dataset combination. For the Lya + CMB + Galaxy
BAO dataset, wCDM and owCDM show moderate evidence,
while most other models provide weak or inconclusive evi-
dence. When combined with Pantheon™ or DES-Dovekie,
the owCDM model shows strong evidence against ACDM,
whereas the remaining models generally yield moderate
evidence.

Our results indicate that when high-redshift DESI DR2 Ly«
forest measurements are combined with other cosmological
datasets, the level of agreement with the ACDM model becomes
strongly dependent on the adopted DE parametrization and
dataset combination. For the Ly + CMB + Galaxy BAO dataset,
deviations from ACDM reach the ~1.7-3.100 level for sev-
eral dynamical DE models, while the logarithmic, exponential,
and BA parametrizations show a moderate preference at the
~2.6-2.80 level. When different SN Ia samples are included,
the deviations decrease significantly and remain typically below
~20, indicating only an inconclusive preference relative to
ACDM. Although these deviations are not statistically deci-
sive, they highlight the sensitivity of cosmological constraints
to high-redshift Lya measurements and suggest that future high-
precision observations such as those in DESI Data Release 3 may
provide further insight into the nature of DE.

The upcoming Stage IV surveys will shed new light on the
nature of DE. DESI will deliver additional DR2 constraints from
full-shape fitting, bispectrum, and gravitational lensing in 2025—
2026, followed by DR3 BAO results expected in 2027; this will
provide new insights into the state of DE, the ACDM model,
and the phantom crossing. Observations from the Hubble Space
Telescope and James Webb Space Telescope will refine H),
while the Simons Observatory (Ade et al. 2019), Legacy Sur-
vey of Space and Time (LSST) at the Vera C. Rubin Observa-
tory (Ade et al. 2019), and ESA’s Euclid mission (Laureijs et al.
2011) will soon provide new CMB, weak lensing, and super-
nova data. The Subaru Prime Focus Spectrograph (PFS) sur-
vey (Takada et al. 2014) and the Nancy Grace Roman Space
Telescope (Spergel etal. 2015) will extend DE constraints
beyond z > 1, and in the 2030s DESI-II (Dawson et al. 2022)
will push these boundaries even further. If Stage IV surveys chal-
lenge the standard ACDM model, the next questions will con-
cern how we move forward, which new observing methods or
cross-survey approaches we should focus on first, and whether
there any particular signals or patterns in the data that could
point us towards the true nature of DE. These will not be easy
questions to answer. In the long run, we may find that proving
ACDM is incomplete was the simple part and that understanding
what actually drives cosmic acceleration is a much harder task.
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Appendix A: Additional tables

Tables A.1 and A.2 present the mean values of the cosmological parameters for each model, together with their 68% (10°) confidence

levels.

Capozziello, S., et al.: A&A, 709, A258 (2026)

Table A.1. Numerical values of cosmological parameters at 68% confidence level for different dataset combinations.

Parameter ~ Dataset ACDM oACDM wCDM owCDM CPL
Lya + CMB + Galaxy BAO  0.02234 £0.00012  0.02221 +0.00014  0.02229 +0.00012  0.02219 +0.00014  0.02222 + 0.00013
Q,h? Lya + CMB + Pantheon* 0.02217 £0.00013  0.02221 £0.00013  0.02218 +0.00013  0.02222+0.00014  0.02220 + 0.00013
Lya + CMB + DES-Dovekie ~ 0.02216 +0.00013  0.02221 +0.00013  0.02218 £0.00013 ~ 0.02222 +0.00013  0.02220 =+ 0.00013
Lya + CMB + Union3 0.02217 £0.00013  0.02221 +0.00013  0.02218 +0.00013  0.02221 +0.00014  0.02220 + 0.00013
Lya + CMB + Galaxy BAO  0.11762+0.00063  0.1194=0.0011  0.11826+0.00078  0.1196=0.0011  0.11940 = 0.00084
Q.h? Lya + CMB + Pantheon® 0.11996 £0.00098  0.1195+0.0011  0.11977£0.00097  0.1194+0.0012  0.1196 +0.0010
Lya + CMB + DES-Dovekie ~ 0.12005 +0.00095  0.1195 +0.0011 0.1198 £0.0010  0.1194=£0.0012  0.1195 +0.0010
Lya + CMB + Union3 0.1200 + 0.0010 0.1195 +0.0012 0.1198 +0.0010 0.1194+0.0012 0.1195 +0.0010
Lya + CMB + Galaxy BAO  1.04102+0.00024  1.04078 = 0.00026  1.04096 = 0.00024  1.04079 = 0.00025  1.04081 = 0.00024
1006yc ~ Lye + CMB + Pantheon* 1.04074 £ 0.00024  1.04079 £0.00026  1.04076 +0.00025  1.04079 +0.00027  1.04079 = 0.00025
Lya + CMB + DES-Dovekie ~ 1.04073 £0.00025  1.04079 +0.00026  1.04077 +0.00024  1.04080 + 0.00025  1.04079 = 0.00025
Lya + CMB + Union3 1.04074 +0.00025  1.04080 = 0.00026  1.04077 +0.00025  1.04079 +0.00026  1.04080 =+ 0.00025
Lya + CMB + Galaxy BAO  0.0590+0.0073  0.0555+0.0070  0.0565+0.0069  0.0549=0.0072  0.0508 = 0.0069
T Lya + CMB + Pantheon* 0.0515+0.0069 0051300072  0.0526 +0.0071 0.0518£0.0075  0.0519 +0.0071
Lye + CMB + DES-Dovekie ~ 0.0511 + 0.0071 0.0507 + 0.0072 0.0529 + 0.0073 0.0514+0-006¢ 0.0512 + 0.0072
Lya + CMB + Union3 0.0513 +0.0071 0.0504 + 0.0071 0.0530+0.0073  0.0519+0.0073  0.0512 +0.0071
Lya + CMB + Galaxy BAO 3.048+0.014 3.044+0.014 3.043+0.014 3.042+0.014 3.033+0.014
In(10'°4;)  Lya + CMB + Pantheon* 3.036+0.013 3.034 +0.014 3.038 +0.014 3.035+0.015 3.036 £0.014
Lya + CMB + DES-Dovekie 3.035+0.014 3.033+0.015 3.038+0.014 3.034*0013 3.034+0.014
Lya + CMB + Union3 3.036 +0.014 3.032 +0.014 3.039 £0.014 3.036 +0.015 3.034 £0.014
Lya + CMB + Galaxy BAO 0.968870.003 0.9645+0.0040  0.9673 + 0.0035 0.9641 + 0.0039 0.9645 + 0.0037
ng Lya + CMB + Pantheon* 09628 +0.0038 0964200040  0.9636+0.0038  0.9645 = 0.0041 0.9640 + 0.0041
Lya + CMB + DES-Dovekie ~ 0.9627 £0.0039 09641 + 0.0041 0.9636+0.0039  0.9646 + 0.0041 0.9641 = 0.0039
Lya + CMB + Union3 0.9630£0.0039  0.9644£0.0042  0.9634+0.0040  0.9645 = 0.0041 0.9644 + 0.0040
Lya + CMB + Galaxy BAO 68.19 +0.29 68.48 +0.33 69.30 = 0.90 69.09 = 0.92 63.870
Ho Lya + CMB + Pantheon* 67.13 +0.43 66.4+ 1.1 66.58073 66.1+1.1 67.4+1.1
Lya + CMB + DES-Dovekie 67.09 +0.43 66.32 +0.98 66.52+0.71 66.1+1.0 67.53 +0.88
Lya + CMB + Union3 67.12 +0.44 662+ 1.1 655+1.2 648+ 14 66.3+1.2
Lya + CMB + Galaxy BAO 03027 +0.0035 0303400036  0.2927+0.0072  0.2985 = 0.0080 0.353 = 0.021
Q Lya + CMB + Pantheon* 0.3169 + 0.0060 0.323070:00% 0.3218 + 0.0083 0.326 +0.011 0.314+0.011
Ly + CMB + DES-Dovekie  0.3175 = 0.0059 0.3239 + 0.0094 0322300072 0.3262 + 0.0099 03124300084
Lya + CMB + Union3 0.3171 £ 0.0061 0.325 +0.011 03330013 0.339 £ 0.015 0.324j§f§?§
Lya + CMB + Galaxy BAO — 22+11 — 20=12 —
1030y Lya + CMB + Pantheon™ — -2.1728 — -1.8+28 —
Lya + CMB + DES-Dovekie — —2.2f%16 — ~19+28 —
Lya + CMB + Union3 — —2‘7j§3§ — -2.4+39 —
Lya + CMB + Galaxy BAO — — —1.046 = 0.036 —1.026 = 0.038 -042£021
w or wo Lya + CMB + Pantheon® — — -0.979 +0.027 -0.982 + 0.029 -0.874 £0.076
Lya + CMB + DES-Dovekie — — -0.977 +0.024 -0.984 + 0.026 -0.826 +0.093
Lya + CMB + Union3 — — -0.942 +0.039 —0.946 + 0.039 -0.70*512
Lya + CMB + Galaxy BAO — — — — -1.72 £ 0.58
Wq Lya + CMB + Pantheon* — — — — -0.537042
Lya + CMB + DES-Dovekie — — — — —0.71j82‘:7
Lya + CMB + Union3 — — — — —1.06j§§§
Lya + CMB + Galaxy BAO — 4382 157 -4.40 -12.48
A ap Lya + CMB + Pantheon* — -0.40 -0.60 -1.25 -1.08
Lya + CMB + DES-Dovekie — 0.24 -0.16 0.63 -1.64
Lya + CMB + Union3 — -1.20 -2.75 -2.79 -6.28
Lya + CMB + Galaxy BAO — 2.20 1.25 1.59 3.10
No Lya + CMB + Pantheon* — 0.63 0.77 0.62 0.55
Lya + CMB + DES-Dovekie — 0.00 0.40 0.00 0.77
Lya + CMB + Union3 — 1.10 1.66 1.16 2.02
Lya + CMB + Galaxy BAO 0 .47 332 4717 139
[In B; j| Lye + CMB + Pantheon™ 0 3.80 3.36 5.94 4.22
Lya + CMB + DES-Dovekie 0 3.80 3.61 5.93 3.07
Lya + CMB + Union3 0 3.70 246 491 1.53

Notes. Constraints are given at 68% (107) confidence level for the ACDM, oACDM, wCDM, owCDM, and CPL using different combinations of

DESI DR2 BAO datasets with the CMB and SNe Ia (Pantheon*, DES-Dovekie, and Union3) samples.
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Table A.2. Numerical values of cosmological parameters at 68% confidence level for different dataset combinations.

Parameter ~ Dataset Logarithmic Exponential JBP BA GEDE
Lya + CMB + Galaxy BAO  0.02221 £0.00013  0.02221 +£0.00012  0.02227 £0.00013 ~ 0.02221 +0.00012  0.02228 + 0.00013
Qh? Lya + CMB + Pantheon* 0.02220 £0.00013  0.02220 £0.00013 ~ 0.02219 £0.00013  0.02220 £0.00013  0.02219 + 0.00013
Lya + CMB + DES-Dovekie ~ 0.02221 +0.00013  0.02221 +0.00013  0.02219 +0.00013 ~ 0.02220 +0.00013 ~ 0.02219 + 0.00013
Lya + CMB + Union3 0.02220 £ 0.00013  0.02221 +0.00013  0.02219 £0.00013  0.02220 £ 0.00013  0.02218 + 0.00013
Lya + CMB + Galaxy BAO ~ 0.11941 £0.00085  0.11942+0.00084  0.11850 +0.00078 ~ 0.11940 +0.00083  0.11836 = 0.00083
Qch? Lya + CMB + Pantheon® 0.1195+0.0010  0.1196+£0.0010  0.1197£0.0010  0.1196£0.0010  0.11978 +0.00099
Lya + CMB + DES-Dovekie ~ 0.1195+0.0010  0.11948+0.00099 ~ 0.1197 £0.0010 ~ 0.1195+0.0010  0.1197 £ 0.0010
Lya + CMB + Union3 0.1195+0.0010  0.1195£0.0010  0.1197 £0.0011 0.1195+0.0010  0.1198 +0.0010
Lya + CMB + Galaxy BAO ~ 1.04080 +0.00024  1.04080 +0.00023  1.04092+0.00023  1.04081 +0.00024  1.04093 + 0.00024
1006mc ~ Lya + CMB + Pantheon® 1.04079 +£0.00025  1.04079 £0.00025  1.04077 £0.00026  1.04079 £0.00025  1.04076 + 0.00026
Lya + CMB + DES-Dovekie ~ 1.04079 +0.00025 ~ 1.04080 +0.00025  1.04077 +0.00024  1.04078 +0.00025  1.04077 + 0.00025
Lya + CMB + Union3 1.04080 + 0.00026  1.04080 +0.00025  1.04077 £0.00025  1.04079 +0.00025  1.04076 = 0.00025
Lya + CMB + Galaxy BAO  0.0507  0.0071 0.0509£0.0070  0.0557+0.0069  0.0508 £0.0073  0.0560 + 0.0071
T Lya + CMB + Pantheon* 0.0515+0.0074 0051400073  0.0522+0.0073  0.0518+£0.0073  0.0526 +0.0071
Lya + CMB + DES-Dovekie ~ 0.0513+0.0072  0.0511 +0.0071 0.0516 = 0.0071 0.0514£0.0073  0.0527 +0.0072
Lya + CMB + Union3 0.0509 +0.0073  0.0511 +0.0071 0.0518+0.0073  0.0509+£0.0070  0.0528 + 0.0069
Lya + CMB + Galaxy BAO 3.033+0.014 3.033+£0.014 3.042+0.014 3.033+£0.014 3.042+0.014
In(10'°4;)  Lya + CMB + Pantheon* 3.035+0.014 3.035+0.014 3.037+£0.014 3.036 £0.014 3.038 £0.014
Lya + CMB + DES-Dovekie ~ 3.034 +0.014 3.034+£0.014 3.035+£0.014 3.035+0.014 3.038 £0.014
Lya + CMB + Union3 3.033+0.014 3.034 £0.014 3.036 £0.014 3.033 £0.014 3.039 £0.014
Lya + CMB + Galaxy BAO  0.9646+0.0038  0.9644+0.0037  0.9665+0.0036 0964400035  0.9669 = 0.0036
ng Lya + CMB + Pantheon* 0.96410:0044 0.964070:-004] 0.9636 + 0.0040 0.9641 + 0.0038 0.9634 + 0.0039
Lya + CMB + DES-Dovekic ~ 0.9644+0.0040  0.9640+0.0039  0.9637+0.0040  0.9643+0.0039  0.9638 = 0.0039
Lya + CMB + Union3 0.9643£0.0039 0964400039 0963600040  09642+0.0039  0.9633 + 0.0039
Lya + CMB + Galaxy BAO 64.6+1.8 64.3+1.9 66.3570%° 63.8+1.8 69.39 +0.91
Hy Lya + CMB + Pantheon* 675+1.0 674+ 1.1 67.00 £ 0.95 673+1.1 66.60 = 0.79
Lya + CMB + DES-Dovekie 67.62 +0.91 67.62+0.93 67.17 £0.78 67.56 +0.91 66.55 +0.70
Lya + CMB + Union3 664+ 1.3 66.5+13 658+ 1.2 66.5+1.2 655+ 12
Lya + CMB + Galaxy BAO 0.341%00%8 0.345%0073 0.32270018 03517500 0.2935 + 0.0072
Qo Lya + CMB + Pantheon* 0.313 +0.010 0.314+0.011 0.3177 + 0.0098 0.314+0.011 0.3217 + 0.0084
Lya + CMB + DES-Dovekie ~ 0.3115+0.0092  0.3114+0.0093  0.3160 = 0.0081 0.3121+0-008¢ 0.3219 + 0.0075
Lya + CMB + Union3 0.323 +0.013 0.323+0012 0.329 +0.013 o.3zzj§-g}3 0.333 +0.013
Lya + CMB + Galaxy BAO —o.sgj%;g -0.547007 -0.6407022 -0.517010 —
W or wo Lya + CMB + Pantheon® -0.879*0-001 —0.898 +0.076 —0.90 £0.11 -0.907 £ 0.073 —
Lya + CMB + DES-Dovekie —0.847j§;§gg —0.839 £ 0.086 —0.77j§;}3 —0.861 = 0.081 —
Lya + CMB + Union3 -0.7570-1% -0.757019 -0.6870 10 —0.76 £0.11 —
Lya + CMB + Galaxy BAO -0.98705 -1.13703 <-1.71 -0.817071 —
Wa Lya + CMB + Pantheon* —0.3318}; —0.34j8-§§ -0.60 +0.78 —o.zljg-%g —
Lya + CMB + DES-Dovekie —0.50j§f;g —0.55j§f§{ ~1.45+069 —0.33j§f§g —
Lya + CMB + Union3 —0.66705 -0.720%1 <-1.34 -048%05 —
Lya + CMB + Galaxy BAO — — — — 0.36 +0.26
A Lye + CMB + Pantheon™ — — — — -0.14 £0.19
Lya + CMB + DES-Dovekie — — — — -0.16 £ 0.17
Lya + CMB + Union3 — — — — -040+0.27
Lya + CMB + Galaxy BAO 9.63 -9.98 -6.67 -10.74 -2.95
A)(]%AAP Lya + CMB + Pantheon* -1.45 -1.29 -1.76 -0.83 -1.18
Lya + CMB + DES-Dovekie -0.94 -1.71 2.97 -0.99 0.15
Lya + CMB + Union3 -4.02 -4.98 -4.58 -5.22 -1.34
Lya + CMB + Galaxy BAO 2.65 271 2.10 2.83 1.72
No Lya + CMB + Pantheon™ 0.70 0.64 0.82 0.44 1.09
Lya + CMB + DES-Dovekie 0.49 0.80 1.21 0.51 0.00
Lya + CMB + Union3 1.50 1.73 1.64 1.79 1.16
Lya + CMB + Galaxy BAO 0.59 0.17 1.87 0.58 1.77
[In Bl Lya + CMB + Pantheon® 4.58 4.90 4.19 4.62 2.93
Lya + CMB + DES-Dovekie 3.40 391 2.38 3.76 2.66
Lya + CMB + Union3 1.99 2.09 1.50 2.24 2.05

Notes. Constraints are given at 68% (1o0-) confidence level for the Logarithmic, Exponential, JBP, BA, and GEDE using different combinations of

DESI DR2 BAO datasets with the CMB and SNe Ia (Pantheon*, DES-Dovekie, and Union3) samples.
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