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Is Dark Energy Dynamical in the DESI Era? A Critical Review
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We investigate whether the recent DESI DR2 measurements provide or not evidences for dynami-
cal dark energy by exploring the wyw,CDM model and its extensions with free ) m, and Neg. Using
a comprehensive MCMC analysis with a wide range of cosmological datasets including DESI DR2
BAO and Ly« data, CMB compressed likelihoods, BBN, cosmic chronometers, and multiple Type Ia
supernova compilations we assess the statistical preference for departures from ACDM. We find that
neither ACDM nor wyw,CDM reduces the sound horizon by the ~ 7% required to alleviate the Hub-
ble tension. DESI DR2 consistently favors the quadrant wy > —1 and w, < 0, indicating a preference
for dynamical dark energy of the Quintom-B type at the < 30 level for most dataset combinations,
rising to ~ 3.80 only when the DES-SN5Y supernova sample is included. Allowing Y m, and Ne¢ to
vary does not alter this preference and yields neutrino mass constraints consistent with  m, < 0.1eV,
with nonzero masses detected up to the ~ 1.50 + level. The systematics diagnosis shows that the pref-
erence for dynamical dark energy is biased by the low-z (z < 0.1) DES-SN5Y SNe Ia sample from the
CfA/CSP sample. When these low-z SNe Ia are excluded, our analysis no longer requires a dynami-
cal dark energy and fully restores the ACDM model. The reconstructed evolution of w(z) and fpg(z)
shows a transition from the phantom to the quintessence regime by crossing the phantom divide.
Overall, DESI DR2 provides valuable new insights into dark energy but does not yet challenge the
ACDM paradigm. Forthcoming Stage IV surveys including DESI DR3, Rubin Observatory, Euclid,
Roman Space Telescope, and the Simons Observatory will be crucial for determining whether these
hints of dynamical dark energy persist or are due to statistical fluctuations or residual systematics in

low-redshift supernova samples.
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The modern cosmology was born in the years 1922-
1924 through the works by Alexander Friedmann [1, 2],
who proposed a drastic change in the existing scientific
and philosophical paradigm of his time, namely, that the
Universe is static, and the possible dynamical evolution
takes place only on small astrophysical scales. Soon af-
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ter, the dynamic large scale cosmological evolution was
confirmed by Hubble’s observations [3], who also found
the mathematical expression of the law of the expan-
sion of the Universe. The theoretical model based on
the Friedmann equations also made the cosmological
constant A, introduced by Einstein in 1917 in his static
model of the Universe [4], unnecessary from the point of
view of the interpretation of the cosmological data, and
it was mostly ignored in the discussions of the evolution
and structure of the Universe.

However, the cosmological constant still attracted the
attention of theoreticians due to its interesting features
[5], and, in this sense, one can say that it was always
present, in some form or another, in the forefront of
theoretical investigations. The fundamental question of
whether it is a physical or a geometrical quantity is still
unsolved. From a theoretical perspective, investigations
using a quantum field theoretical approach led to the
so-called cosmological constant problem [5]. One of the
basic assumptions on the cosmological constant is that
it is the quantum vacuum energy density. The cosmo-
logical constant problem consists of the very important
disagreement between the small observed value of A,
and the large theoretical estimate of the quantum vac-
uum energy density. The effective cosmological con-
stant, which can be determined from the observed cos-
mological expansion rate, is expected to be composed
of a bare value plus the quantum vacuum energy con-
tribution. However, theoretical quantum field calcula-
tions show that the latter is between 50 and 120 orders of
magnitude larger than the value of A obtained from cos-
mological observations [6]. Therefore, to explain its ob-
served value, an extreme fine tuning of the bare cosmo-
logical constant is required. Hence, the vacuum energy
interpretation of A remains at least problematic [6, 7].
For a discussion of the various proposals to solve the
cosmological constant problem, see [8].

In its simplest formulation, the standard (before 1998)
cosmological models were based on the Friedmann
equations, written down for a flat, homogeneous, and
isotropic Friedmann-Lemaitre-Robertson-Walker metric

as
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where H is the Hubble parameter, p and p denote the
baryonic matter component in the Universe, satisfying

the energy conditions p > 0, p+p > 0,and p +3p > 0.
From the Friedmann equations we naturally obtain the
law of the conservation of energy

0+3H(p+p)=0. 4)

From Eq. (3) is immediately follows that if the matter
content of the Universe consists only of baryonic mat-
ter, i < 0, Vt > 0, which implies that the Universe is
decelerating. This conclusion is also confirmed by the
expression of the deceleration parameter g,

d1 _1_1p+3p

1= 3 H 2 o )

whose positive sign indicates a decelerating evolution.
Hence, for a Universe consisting of pressureless dust,
the prediction for the present day value of the stan-
dard (before 1998) cosmological model was g(0) ~ 1/2.
However, the problem of the presence/absence of the
cosmological constant in the Friedmann equations con-
tinued to be of major interest for the cosmologist.

A theory-independent and direct method to measure
the cosmological constant relies on the determination of
the functional form of the scale factor as a function of
the cosmological time. This is not an easy task, but if
enough precise information about the dependence of a
distance measure on redshift can be obtained, then one
constrains the value of the cosmological constant. What
astronomers determine is the distance in terms of the
“distance modulus m — M, where m denotes the appar-
ent magnitude of the source and M is its absolute mag-
nitude. The distance modulus is determined by the lu-
minosity distance dj, through the relation [8]

m — M = 5log,, [dL (Mpc)] + 25. (6)

The apparent magnitude can be easily measured, but it
is very difficult to obtain the absolute magnitude of a
distant object. However, a very important advance in
this field did occur after the possibility of using Type Ia
supernovae as standard candles was suggested [9]. Type
Ia supernovae have an approximately uniform intrin-
sic luminosity (absolute magnitude M ~ —19.5, com-
parable to the brightness of the host galaxy in which
they explode. They can be detected at high redshifts
(z ~ 1), and thus can be used for the efficient study of
the cosmological effects. The fact that all SNe Ia have
similar intrinsic luminosities can be explained through
their explosion mechanism, which takes place when a
white dwarf, accreting mass from a companion star, ex-
plodes by exceeding the Chandrasekhar mass limit [10].
The Chandrasekhar mass limit is usually considered to
be nearly-universal quantity, and therefore the super-
nova explosions are also of nearly-constant luminosity.



A scatter of approximately 40% in the peak brightness
still exists in the nearby supernovae, which can be ex-
plained by the differences in the composition of the at-
mospheres of the white dwarfs.

The use of the observations of the type la supernovae
led in the 1990’s to the amazing discovery of the re-
cent acceleration of the Universe [11-16], representing
one of the most important discoveries in the history of
cosmology. The simplest possibility to explain the ob-
servational data is to reinsert in the gravitational field
equations Einstein’s “old” cosmological constant A, and
to assume that the Universe consists of matter and a
vacuum component [17, 18]. Although the cosmologi-
cal constant is an excellent fit to the observational data,
the corresponding ACDM model constructed through
the inclusion of A faces numerous theoretical and ob-
servational challenges. From a theoretical perspective,
the problem of the nature and interpretation of A is still
an open problem. Is it a fundamental constant of na-
ture that could be considered as such together with the
other constants of nature (c,G,#,e), or is it a derived
quantity? It is interesting to note that the cosmological
constant can be expressed in terms of some fundamen-
tal constants as A = Fzszmgc6/e12 ~ 1.4 x 1075 cm—2
[19], where m, is the electron mass.

Even though A is a very good fit to the current data,
the observations can also be explained by assuming the
presence in the Universe a component called dark en-
ergy, which does not cluster on small scales (to avoid its
detection through the determinations of the matter den-
sity parameter). Moreover, the dark energy has redshift
dependence as the Universe expands, and thus it can ex-
plain the accelerated expansion of the Universe.

There are at least three possibilities for introducing
an effective dark energy term into the mathematical for-
malism of the Einstein equations. The first is to assume
that dark energy is essentially a geometric effect, and
thus the geometric part of the Einstein field equations

must be modified by adding a new geometric term, so

that Gy + G,%Wk) = 87nGTyy. This approach may be

called the modified gravity approach which can con-
sist in extending General Relativity including further
curvature terms. See e.g. [20-24]. One can also mod-
ify the matter part of the Einstein equations, by adding

the dark energy term as a matter term, with the field

equations becoming Gy, = 87wGTyy + Tﬂmk), in an ap-

proach called a modified matter model. Finally, one
could also assume the existence of a non-minimal cou-
pling between matter and geometry, which has an ef-
fect equivalent to adding a dark energy term in the field
equations [25].

In the modified matter approach one usually param-

eterizes the new component X through an equation of
state of the form px = wxpx, where px is the effective
pressure and pyx is the effective energy density of the
dark energy. wy, the parameter of the dark energy equa-
tion of state, can be wary between wyx = —1, a case cor-
responding to the cosmological constant, and wx = 0,
corresponding to the presence of baryonic matter only.

The simplest cosmological model for a dark energy
component consists of a single, slowly-rolling scalar
field ¢, in the presence of a self-interacting potential
V(¢), called a quintessence field. The field satisfies the
generalized Klein-Gordon equation [8]

$+3Hp+ V' (¢) = 0. )

The energy density of the quintessence field is py =
¢*/2 + V(¢), while its pressure is py = $?/2 — V(¢),
giving for the parameter of the equation of state the ex-
pression

_Pe _ $2/2-V(9)
pp  $*/2+V(¢)

which is generally a function of time. When the field
varies slowly, ¢* << V(¢), we have wy ~ —1, and
thus the scalar field can act as an effective cosmological
constant. Many types of dark energy models have been
proposed in the literature, and for a discussion of their
classification see [26]. In particular, recent observational
results obtained from the DESI collaboration seem to fa-
vor the so-called wyw,CDM parameterization [27-30].

The theoretical and observational issues related to the
acceleration of the Universe are still a topic of debate in
the scientific community. In [31] it has been pointed out
that the post-standardization brightness of SNe Ia is in-
fluenced by the properties of their host galaxies, such as
mass and star formation rate, both of which are closely
related to progenitor age. Thus post-standardization
SN Ia luminosity may vary with progenitor age, an ef-
fect that is not properly accounted for in SN cosmology.
The direct and extensive age measurements of SN host
galaxies reveal a significant, 5.50, correlation between
standardized SN magnitude and progenitor age. This
correlation introduces a serious systematic bias with
redshift in SNe Ia cosmology [31]. When three cosmo-
logical probes (SNe, BAO, and CMB) are combined, a
significantly stronger, greater than 9¢ tension with the
ACDM model is found, suggesting a time-varying dark
energy equation of state in a non-accelerating Universe
[32].

Over its nine-year observational program, successive
Wilkinson Microwave Anisotropy Probe (WMAP) data
releases tightened the constraints on the dark energy
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equation of state, while remaining broadly consistent
with a cosmological constant. The first-year results of
WMAP1 [33] predict w = —0.98 & 0.12, consistent with
—1 within uncertainties.

The improved polarization measurements in
WMAPS3 [34] refined this estimate to w = —0.967 0173,
providing a more precise confirmation of the ACDM
predictions.

A more extensive parameter analysis was performed
in WMAPS5 [35], which constrained both the parameter-
ization of @CDM and wyw,, resulting in w = —11“8:3
together with wyp = —1.06 £ 0.14 and w,; = 0.36 + 0.62.

The WMAP? release [36] predicts w = —1.10 +0.14,
and in the wyw,CDM model it yields wy = —0.93 £0.13

and w, = —0.41 fg:;%. Finally, the nine-year mission data
in WMAP9 [37] further stabilized the constraints, ob-
taining w = —1.073f8:8§8, and confirming the absence

of any statistically significant deviation from the ACDM
model.

It is still important to note that when cosmological
parameter constraints were derived from the WMAP
data, they were often combined with complementary
observational datasets, including BAO measurements
from the 2dFGRS [38] and 6dFGS [39] surveys, type la
supernova catalog such as SuperNova Legacy Survey
(SNLS) [40] and Union2 [41], as well as small-scale
CMB experiments and independent determinations of
the Hubble constant Hy, all of which tightened the al-
lowed parameter space.

In 2013, the Planck mission released its first-year
data [42]. When combined with WMAP9 and the SNLS
dataset, it yielded w = —1.13f8:}i, favoring the phan-
tom regime up to the 20 level. The Joint Light-curve
Analysis (JLA) dataset released in 2014 [14] improved
the spectral calibration of the SNLS data, resulting in a
deviation of 1.8¢ relative to SNLS-3. When Planck13 is
combined with the JLA dataset, the resulting constraints
shift w back toward —1, consistent with ACDM. Fur-
thermore, when Planck15 [43, 44] is combined with the
JLA data set whose improved supernova brightness cal-
ibration removed the apparent phantom behavior (w <
—1) the result yields w = 71.0061’8:88‘;’ .

In 2018, the largest combined sample of SNe Ia, con-
sisting of a total of 1048 SNe Ia ranging from 0.01 <
z < 2.3, known as the Pantheon Sample, was released
[15]. When combined with Planck15, it shows w =
—1.026 £+ 0.041, and the combination of Pantheon with
Planck15 and BAO yields w = —1.014 £ 0.040. In
the case of the wyw,CDM model, the combination of
Pantheon + Planck15 gives wg = —1.009 &+ 0.159 and
w,; = —0.129 £ 0.755, while Pantheon + Planck15 + BAO
yields wy = —0.993 £ 0.087 and w, = —0.126 £ 0.384.

In the same year, the release of Planck18 [45] showed
that using only temperature anisotropies (TT+lowE)
leads to a preference for phantom-like behavior, with
wy = —1.54J_r8:ig. Including high-¢ polarization (TT,
TE, EE+lowE) reduces the uncertainty, but still fa-
vors phantom-like behavior, yielding wy = —1.52f8:ig.
When Planck lensing is added, the constraints tighten
further to wy = —1.54f8:2%. However, once the BAO
data are included, the preferred values shift toward the
cosmological constant, predicting wg = —1.03J_r8:%(1), thus
restoring consistency with the ACDM model. It also
shows that Planck18, when used alone, indicates a pref-
erence for phantom dark energy up to (> 20) [46].

In addition, new observational data such as DES Y1
[47, 48] and DES Y3 [49, 50] show a preference for w <
—1. Consequently, the new catalog of SNe Ila, known
as Pantheon™, consisting of 1701 SNe Ia, presents sim-
ilar predictions. When combined with CMB and BAO
data, it yields w = —0.978J_r8:8§%, while the Pantheon™
dataset alone yields w = —0.90 &£ 0.14. In the case of the
wow,CDM model, the Pantheon™ dataset alone yields
wy = —093+0.15 and w, = —0.17)7. When CMB
and BAO measurements are included, the constraints
tighten considerably, yielding wy = —0.8411“8:82? and
W, = —0.65f8:§§. Despite these shifts in the best-fit val-
ues, the results remain consistent with ACDM within
the 20 confidence level. This trend is further supported
by the Union3 compilation [51]. In the case of the
wCDM model, Union3 alone yields w = —0.735f8:%8?.
When combined with BAO and CMB measurements,
yields w = —0.957f8:8§é. For the wyw,CDM model,
the joint CMB+BAO+Union3 wy = —0.744701%0 and
we = —0.797533.

These results show a preference for dynamical dark
energy models over the ACDM scenario at the 1.7-2.60
level, depending on the choice of dataset combination.

In 2024, the Dark Energy Spectroscopic Instrument
(DESI) released its first-year of BAO measurements [27].
When combined with CMB, Pantheont, Union3, and
DESYS5, these BAO data favor a dynamical dark energy
scenario over ACDM at the levels of 2.5¢, 3.50, and
3.90, respectively. In 2025, DESI published its second
BAO dataset [30], which further strengthened this indi-
cation: the DR2 results show a preference for dynami-
cal dark energy at 2.8, 3.80, and 4.20 when combined
with CMB, Pantheon™, Union3, and DESY5. Consistent
support is also found in Ref. [52], where the Best-Lya
sample combined with CMB and Pantheon™, Union3,
and DESYS5 yields preference levels of 1.62¢, 2.500, and
2.650, respectively. It is worth noting that both DESI
DR1 and DESI DR2 favor a dynamical dark energy sce-
nario characterized by wg > —1, w, < 0, and wy + w,; <



—1. Recently, an improved cosmological analysis of the
DESY5 dataset [53] reported wy = —0.803 & 0.054 and
wy; = —0.72+0.21. The significance of this deviation
from ACDM is 3.20, reduced from the earlier value of
4.20 obtained in the DESY5 analysis. Motivated by these
results and the recent DESI measurements, a number
of subsequent studies have explored the implications
of such dynamics of dark energy and deviations, and
whether new physics in the dark energy sector can help
with cosmological tensions [54-143].

The purpose of this paper is to review and investi-
gate the implications of recent cosmological observa-
tions on the status of the standard ACDM paradigm.
There is convincing evidence that a simple cosmologi-
cal constant has at least some difficulties in the success-
ful fitting of the latest sets of data, and that an evolving
dark energy maydescription be better suited for the de-
scription of the data. However, a detailed analysis of all
datasets is necessary to give a complete and convincing
answer to this question.

In the analysis of the observational data in the present
study we use the CPL parametrization of the equation of
state of dark energy, a simple but still powerful approx-
imation describing the possible redshift evolution of the
dark energy. The CPL dark energy parameter depends
on two arbitrary constants (wy, w,), and one of the main
tasks of our data analysis is to convincingly determine
the numerical values of these parameters. Moreover, in
the present study we will also try to answer the ques-
tion of the nature of dark energy (quintessence, phan-
tom, quintom, etc.), a fundamental problem whose so-
lution could give fundamental insights into the nature
and physical origin of the dark energy.

The present work is organized as follows. We re-
view the theoretical basis and the classification of red-
shift dependent dark energy and dark matter models
in Section II. The observational datasets and the statis-
tical methodology applied are presented in Section IIL
The results of the statistical analysis, including the de-
terminations of the values of the CPL parameters, are
presented and discussed in detail in Section IV. We dis-
cuss and conclude the results of our work in Section V.
The characteristics of the dark energy constraints are
presented in Appendix A1l. A comparison of the cos-
mological implications of the DESI Data Release 1 and
Data Release 2 is presented in the Appendix A 2.

II. THEORETICAL BACKGROUND

In the present Section, we introduce the fundamen-
tals of the w(z)CDM cosmological model, and discuss

its theoretical formulation. In the next Section, the cos-
mological datasets and the methodology for the statisti-
cal analysis is presented.

A. The w(z)CDM model

The standard ACDM model is described by the sim-
ple form of the Hubble function, which, as a function of
the redshift, is given by

Hx(z) = Hoa \/(1 + 2)3Qm0 + Qpo, )

where we have introduced the redshift variable z, de-
fined as 1 +z = 1/a, and O,y and Qpg = constant
denote the matter and dark energy density parameters,
with the dark energy density parameter assumed to be
proportional to the cosmological constant A. ()0 and
Qo satisfy the closure relation ()0 + Qa9 = 1. Eq. (9)
can be straightforwardly generalized to include a red-
shift varying dark energy term, so that

Hw(Z) = How \/(1 + Z)3Qm0 + QDEOfDE(Z)r (10)

where the function fpg(z) describes the possible vari-
ation with respect to the redshift of the dark energy,
while Qpgp is a constant [144, 145]. A time-varying
dark energy can be described by an effective pressure
ppEe and effective energy density ppg, assumed to obey
an equation of state of the form ppr(z) = w(z)ppe(z).
By assuming matter conservation, the effective dark en-
ergy pressure and density must satisfy the conservation
equation

%PDE(f) +3H(t) [ope(t) + ppe(t)] =0, (11)

which gives

fDE(Z) — PDE(Z) = exp [3 /OZ 1_'—W(Z)dz‘| , (12)

PDEO 1+z

where ppro = ppe(0), and d/dt = —(1+z)H(z)d/dz.
For the CPL parameterization w(z) = wy + waz/(1+z),
and the function fpg(z) is given by

3w
_ 3(14wo+wy) OWa
fpe(z) = (1+2) exp <1 z) . (13)

To quantify the deviations of the ACDM model from
an arbitrary w(z)CDM model, we can proceed as fol-
lows. By means of a simple algebraic transformation we



can write the Hubble function of an arbitrary model as

Ho(z) _ V(1 +2)3Qu0 + Qprofpe(z)

Hog, V(14 2)3Qmo + Qo
X \/(1 +2)3Qm0 + Qo
- A(z)\/(l +2)3Q0m0 + Qo
_ A(Z)HA(Z)

7
Hoa

(14)

where

V(1 +2)3Qum0 + QprofpE(2) '

Ate) = V(14 2)30m0 + Qo

(15)

Hence, we have Hy(z)/How = A(z) [Ha(z)/Hoa],
Hy(z) = (How/Hoa) A(z)Ha(z). If A(z) = Hoa/How,
Vz > 0, then the given cosmological model is fully
equivalent to the ACDM model. If A(z) = 1, then
Hy(z)/Hpw = Ha(z)/Hoa. The deviations from
ACDM can therefore be described with the help of the
function A(z). We introduce the notation as

_ Oprofpe(z) Qpo

W T, N T T 00

A(z) can be written as

Alz) = ,/m. 17)

In the case of the CPL parameterization we obtain the
following.

tw(z) = %DE;)O (1 + z)3@otwd) exp (13:_)”Z> . (18)
m

Hence, for the function A(z) we find

Az) =

\J 1+ rDEO(l + Z)3(w0+w,1) exp (%i)§> 19

T+rp0(142)7° ,

where we have denoted rprg = Qpro/ Qo and rag =
Q a0/ O, respectively.

For the ACDM model the deceleration parameter can
be determined as

i) = 5 (=) - 1=~ +amE L (1) -1
 Quo(1+2)3 =20,
2 [Quo(1+2)3 + Qpg]
(1+Z)3—21’A0
- 2 [(1 +Z)3 +7‘A0] '

(20)

For the w(z)CDM model described by the Hubble func-
tion (14), the deceleration parameter is defined as

Hoa d 1
= Hgf,w(A(t)HA(t)) !

S +z)A(2)HA(Z)% <A(Z)11_IA(Z)> o

(eAY)

Thus, for the relation between the deceleration parame-
ter of the w(z)CDM and ACDM models we obtain the
general relationship

(1+2)A'(2)

A(2) (22)

o (z) = qa(z) +
For the CPL parameterization we obtain
3ra0 [wo + z(wo + wa +1) +1]
(142) [(1+2)3 —2rp0]

3(1+2)3 [wo + (wo + wa) 2)]
(1+2) [(1+2)3 —2rpq)
3 [er +(1+ 2)3}
(142) [(1+2)3 —2rp0]
[wo + (wo + wy) 2]

|:1 + TDE()E?MTZ (1 + 2)3(w0+w“):|

(23)

We may call the procedure described above the A(z)
diagnostic of modified cosmological models that deviate
from ACDM.

B. The Aw(z)DM model

We consider now the possibility that dark matter
evolves on a cosmological scales in a way that devi-
ates from the standard ACDM evolution. This means
that dark matter may not be “absolutely” called, but it
may have some pressure, which justifies keeping in the
model title only the letters DM. We assume thus that
dark matter with energy density ppys has a pressure
ppom = w(z)popmc®. We further assume that baryonic
matter is cold and that there is no interaction between
the three considered major components of the Universe,
dark energy, dark matter, and baryonic matter, respec-
tively. We consider now the case in which dark energy
is the cosmological constant A, and thus it is not affected
by the cosmological expansion. However, the differ-
ences in the dark matter properties may induce signif-
icant differences with respect to the ACDM model.



By considering that dark matter and baryonic matter
expand adiabatically, the first law of thermodynamics
gives for the variation of the dark matter energy density
the equation

dopm _ dppm _ AV da
ppom +pom/c? ppm (14 w(z)) 14 a’
(24)

where V = 4% is the comoving cosmological volume and
a is the scale factor. By taking into account the relation
between a and the redshift z, we obtain the equation

DM L(ifiMw(z)) - 31%—22' (25)

giving
ppom(z) = pomo(1+2)°fom(2), (26)

where
fom(z) = exp ls A i) @7)
Hence, we obtain the Hubble function of the

Aw(z)DM model as

Bulz) _ o1+ 22 fom() + Oua(1 +2)° + O,
Ow
(28)
where () is the density parameter of baryonic matter,
Qpp = constant is the density parameter of the constant
dark energy (the cosmological constant), and Hyy is the
present value of the Hubble function.
The simplest possible warm dark model corresponds
to the case w(z) = wy = constant, which gives F(z) =
(1+ z)3%, giving for the Hubble function the expression

H,
Hulz) _ \/QDMO(1 +2)304w0) + o (1 4 2)3 + Qpo-

Howp
(29)
We can also consider a more general equation of state
for dark matter of the form

w(z) = wo(1+2)%, (30)

where wy and « are constants. Hence,
3ZUO «
fDM(Z) = exp T(l +Z) , (31)

giving for the Hubble function the expression

Hy(z)?
Hg,

= QDMO(l +z)3exp |:3aZU(](1 +Z)IX]

“rQbo(l + 2)3 + QA(). (32)

7

For the Aw(z)DM model we define the A(z) diagnos-
tic function as

_ vV Qpmo(1+2)3fom(z) + Opo(1+2)% + Qo
V(14 2)3Q0 + Qao

A(z)

(33)
By denoting Two = QDMO /QAO and Yo = QbO/QAOr
the A(z) diagnostic function takes the form

Az) = \/1 + [rwofom(z) + 7o (14 2)3. -

14 (1/rp0) (1+2)3

The study of the A(z) diagnostic function could
give significant information on the deviation of the
Aw(z)DM model with respect to the ACDM model.

C. The w(z)w(z)DM model

For the sake of completeness we also mention the
w(z)w(z)DM model, in which there is a simultaneous
redshift evolution of both dark energy and dark matter,
with the parameters of the equations of state denoted
w(z) and w(z), respectively. The Hubble function for
the model is defined according to

Hew(2)

“Howw \/[QDMOfDM(Z) + o] (142)° + Qorofpe(2)-
(35)

The functional forms of fpp(z) and fpg(z) can be de-
termined once the parameters of the equations of state
are defined, under the assumption of the adiabatic, non-
interacting evolution of dark energy, dark matter, and
baryonic matter, respectively.

III. DATASET AND METHODOLOGY

In this work, we constrain the parameters of the dy-
namically dark energy models introduced in Section IL
Our primary objective is to obtain the parameter space
using recent cosmological measurements and to eval-
uate its statistical performance. To efficiently sample
the parameter space, we use the Metropolis—Hastings
Markov Chain Monte Carlo (MCMC) algorithm [146],
implemented within the SimpleMC cosmological infer-
ence framework [147, 148]. The convergence of MCMC
chains is carefully monitored using the Gelman-Rubin
diagnostic [149], quantified by the statistic (R — 1). We
adopt the standard convergence criterion of R —1 <
0.01, ensuring that the chains have reached a statisti-
cally stable state and that the posterior distributions



are well sampled. Post-processing and visualization of
the MCMC outputs are carried out using the GetDist
package [150], which provides marginalized one- and
two-dimensional likelihood contours, as well as esti-
mates of the derived parameters with their correspond-
ing confidence intervals.

In addition to parameter estimation, we assess the
evidence from the Bayesian model In Z for each dark
energy model using MCEvidence [151]. The Bayesian
evidence represents the integrated likelihood of the
model over its parameter priors and serves as a quan-
titative measure of how well a given model fits the
observational data while penalizing model complex-
ity. The comparison of the model between two com-
peting cosmological scenarios, a and b, is performed
by the Bayes factor By, = Z,/Z,, or equivalently, its
logarithmic form InB,, = AInZ. Following the re-
vised Jeffreys scale [152], we interpret the relative ev-
idence as: 0 < |AInZ| < 1 = weakevidence, 1 <
|AInZ| < 3 = moderate evidence, 3 < |[AInZ| < 5 =
strong evidence, |[AInZ| > 5 = decisive evidence. The
model that produces the larger Bayesian evidence (or
equivalently, smaller | In Z|) is statistically preferred.

Furthermore, we also use a simple frequentist ap-
proach based on the difference in the best-fit chi-
square values, defined as Ax? = XZ)OwHCDMModel —
X%\CDM Model- ANegative A X2 implies that the wow,CDM
model provides a better fit to the observational data
compared to the standard ACDM model, whereas a pos-
itive value suggests a poorer fit. The joint use of AInZ
and Ax? therefore offers a consistent and complemen-
tary framework to assess both the quality of fit and the
overall statistical strength of each cosmological model.

During our analysis, we use several cosmological
datasets to constrain the model parameters. These in-
clude the Lyman-a Baryon Acoustic Oscillation mea-
surements from DESI DR2, as well as the galaxy BAO
measurements from DESI DR2 and the Dark Energy
Spectroscopic Instrument Data Release 1. We also
use various Type Ia supernova samples, including
Pantheon™, the Dark Energy Survey Supernova Pro-
gram, and Union3, the CamSpec compressed Cosmic
Microwave Background likelihood, as well as the Big
Bang Nucleosynthesis prior to the baryon density pa-
rameter Qph2. In the following, we provide more details
about each of the chosen observational datasets used in
our analysis.

* Baryon Acoustic Oscillation : We use the Baryon
Acoustic Oscillation (BAO) measurements from
over 14 million galaxies and quasars obtained by
the Dark Energy Spectroscopic Instrument. These

measurements are reported at the effective red-
shift ze for each redshift bin (see Eq. 2.1 of [27]
for details), where z.¢ represents the redshift cor-
responding to the maximum statistical weight of
the sample. For BGS, only the angle-averaged
distance ratio Dy /r,; is reported, corresponding
to a purely isotropic BAO fit to the monopole.
For the other tracers LRG1, LRG2, LRG3+ELGI,
ELG2, and QSO the DESI DR2 analysis provides
the Hubble distance ratio Dy /r; and the comov-
ing angular diameter distance ratio Dys/r;. The
relevant distance measures are defined as fol-

lows: Dy(z) = ﬁ, Dy(z) = ¢ OZ;(ZZ,,), and

1/3
Dy(z) = {z, D%,(z), DH(Z)} . Here, r; repre-
sents the sound horizon at the drag epoch, defined
asry = | Z‘;o %, dz, where c;(z) is the sound speed
of the photon-baryon fluid. In the standard flat
ACDM cosmological model, the sound horizon is

given by r; = 147.09 £ 0.26 Mpc [45].

— DESI DR2 BAO : In our analysis, we use the
recent DESI DR2 measurements consisting of
13 data points spanning the redshift range (
0.1 <z<4.2)[30].

— DESI DR1 BAO : We also use 12 measure-
ments from the DESI DR1 catalog, spanning
the redshift range ( 0.1 < z < 4.16 ) [27].

— Lya Forest BAO : We also use the BAO
measurements from the Lyman-a forest,
which provide constraints on Dyy(zeg) /74
and Dy(zegf)/7q at zeg = 2.33, with val-
ues Dyy(zegr) /7q = 8.632 £ 0.101 (stat-+sys),
Dm(zefr) /7q = 38.99 £ 0.53 (stat+sys), and
(D /rq, Dm/rq) = —0.431 (stat+sys).[153]

Type Ia Supernovae: We also use the Pantheon™
(PP) Type Ia Supernovae (SNe Ia) catalog, which
contains 1,701 light curves from 1,550 SNe Ia
spanning the redshift range ( 0.001 < z < 2.26)
[154, 155]. In our analysis, we consider 1,590 light
curves, excluding those with z < 0.01 due to sig-
nificant systematic uncertainties arising from pe-
culiar velocities. Further, we use the catalog of
1,829 photometric light curves of SNe Ia collected
over five years by the Dark Energy Survey Super-
nova Program (DES-SN5Y) [156]. This catalog in-
cludes 1,635 DES SNe Ia measurements spanning
the redshift range 0.10 < z < 1.13, along with 194
SNe Ia at z < 0.1 from the CfA/CSP Foundation
sample [157-159]. Finally, we use the Union3 cata-
log [51], which includes 2,087 SNe Ia. A large frac-



tion of this dataset, comprising 1,363 SNe Ia, over-
laps with the Pantheon™ sample but is analyzed
using a different approach based on the Bayesian
hierarchical modeling framework, Unity 1.5 [160].
In all SNe Ia catalogs, the absolute magnitude M
is completely degenerate with the Hubble con-
stant /1 . Consequently, without an external cali-
bration of either M or h, the distance moduli can
be shifted by an arbitrary constant offset without
altering the relative distances. To address this de-
generacy and ensure unbiased cosmological infer-
ence, we marginalize over the nuisance parameter
M. For more details, see Eqs. (A9-A12) of [161].

Cosmic Chronometers: In this analysis, we use 15
measurements spanning the redshift range ( 0.17
<z <1.96) reported in [162-164], as these include
the full covariance matrix accounting for both
statistical and systematic uncertainties [165, 166].
These measurements are obtained using the dif-
ferential age method, which relies on the study
of massive, passively evolving galaxies formed at
redshifts around ( z ~ 2-3 ). By comparing the
change in redshift with the change in age of these
galaxies, the Hubble parameter can be directly de-
termined without assuming any specific cosmo-
logical model [167].

CMB Compressed Likelihood: Finally, follow-
ing [168], we use the CamSpec CMB compressed
likelihood, with the information compressed into
three parameters, p = (wy, wpe, Dar(1090) /74).
The numerical details of the CamSpec likelihood
implementation, including the mean vector p and
covariance matrix C, are described in Appendix A
of [30]. The full CamSpec likelihood [169] incorpo-
rates the temperature (TT), polarization (EE), and
temperature—polarization cross (TE) power spec-
tra for multipoles ¢ > 30, derived from the Planck
PR4 NPIPE CMB maps [170]. We use the CMB
compressed likelihood since the dynamical dark
energy models considered mainly affect the late-
time expansion and geometrical features of the
CMB. The full CMB spectrum contains small non-
geometrical anomalies, such as the lensing ampli-
tude excess and the low-{ power deficit, which
may introduce systematic biases. Planck data
alone, for instance, show a 2 20 preference for
phantom dark energy [46], largely due to the low-
¢ deficit. To avoid such effects, we use the com-
pressed CMB likelihood in our analysis. Through-
out our paper, we use the CMB for the notation.

* Big Bang Nucleosynthesis (BBN) prior on ;1
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We use the O),h? determination from [171], de-
rived using the PRYMORDIAL code [172], which
accounts for uncertainties in nuclear reaction rates.
This yields Qh?> = 0.02218 + 0.00055 under
the standard ACDM assumption, and O,h? =
0.02196 £ 0.00063 when N is allowed to vary, in
which case a covariance between O,h? and N is
included. We refer to this prior as BBN, and use
it whenever a CMB independent calibration is re-
quired.

In our analysis, we also vary the sum of neutrino
masses and the number of effective relativistic species.
Below, you will find further details below

A. Sum of neutrino masses and Number of effective
relativistic species

Neutrinos are an essential component of the thermal
history of the Universe. The hot Big Bang framework
predicts a relic background of cosmic neutrinos, analo-
gous to the cosmic microwave background but consist-
ing of weakly interacting fermions. In the early Uni-
verse, neutrinos behave as radiation, influencing the
formation of acoustic peaks in the primordial plasma,
while at later epochs they contribute as a non-relativistic
matter component, affecting the growth of large-scale
structure. Consequently, cosmological observations are
sensitive to both the effective number of relativistic
species and the total mass of all neutrinos, ) m,, offer-
ing information complementary to laboratory measure-
ments [173].

In the standard cosmological model, the total neutrino
mass is typically fixed to ) m, = 0.06eV, correspond-
ing to the minimal mass allowed by neutrino oscillation
experiments, which measure only mass squared differ-
ences and not the absolute mass scale. These results im-
ply lower bounds of }_m, 2 0.059 eV for the normal hi-
erarchy and Y m, 2 0.10eV for the inverted hierarchy,
though the ordering itself remains unknown [174].

Direct laboratory constraints, such as those from the
KATRIN experiment measuring the endpoint of tritium
B-decay, currently yield mg < 0.8eV (90% C.L.), im-
plying Y- m, < 2.4eV, independent of cosmological as-
sumptions [175, 176]. Together with oscillation data, this
sets a broad allowed range from roughly 0.06 to a few
eV.

Cosmological data, however, provide much tighter
bounds. Since most cosmological observables depend
mainly on the total mass rather than the detailed mass
splittings, analyses generally assume three degenerate



massive neutrinos a simplification that accurately repro-
duces both normal and inverted hierarchy effects [177].
In this picture, nonzero ) m, values or upper limits
translate consistently across hierarchies [178, 179].

Massive neutrinos impact structure formation pri-
marily through two mechanisms: (i) their large thermal
velocities cause free-streaming that suppresses cluster-
ing on small scales, reducing the amplitude of the mat-
ter power spectrum and slightly shifting the BAO scale;
and (ii) as they become non-relativistic, they contribute
to the total matter density, modifying the expansion his-
tory according to

. Y. my

Qh? = )
v 93.14eV

These effects alter both the timing of matter A equal-
ity and the late-time growth of structure [177]. While
BAO measurements alone mainly constrain the expan-
sion geometry, combining them with CMB and lensing
data significantly tightens the limits on ) m, by break-
ing degeneracies with Hy and wy,. Future surveys like
DESI will further improve sensitivity, as its full-shape
power spectrum analyses capture the scale-dependent
suppression from neutrino mass in addition to precise
geometric constraints [180].

In addition to varying the total neutrino mass, we also
treat the effective number of relativistic species, Neg,
as a free parameter. Allowing Ny to vary accounts
for the potential existence of extra light relics beyond
the three active neutrinos of the Standard Model such
as sterile neutrinos or other forms of dark radiation.
In the standard cosmological framework, the expected
value is Nggg = 3.044 [181, 182]; any significant devia-
tion from this prediction would indicate the presence of
new physics in the early Universe.

In our analysis, we use the following relation for
the present-day radiation density: ,,q = 2.469 x
107212 (1+0.2271 Nogg) [35]. In the standard cos-
mological scenario, the effective number of relativistic
species is taken to be Nog = 3.04 [183]. However, in the
wowy;CDM + Negr model, we treat N,¢r as a free param-
eter. Assuming spatial flatness, the dark energy den-
sity parameter follows from the closure relation Oge g =
1 — Opad o — Qumo- The choice of uniform priors for the
wow,CDM model is summarized in Table I.

IV. RESULTS

In this section, we discuss our main results, which are
organized into five subsections. We begin with the sta-
tus of the Hy tension after DESI DR2, and then exam-
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Model Parameter Prior
h U[0.4,0.9]
Qo U[0.1,0.5]
ACDM Y. myeV  U[0,5]
Ny U253
wo U [—3, 1}
wow,CDM w0, U[-3,2]

TABLE I: The table summarizes the chosen priors and
the parameters of the ACDM and wyw,CDM models
used in our analysis. Note that the wyw,CDM model is
an extension of the ACDM model, so the parameters #,
Qumo, Ymy (eV), and Ngg are common to both. Here, U
denotes uniform priors, and = Hy/100.

ine the implications of DESI DR2 for dynamical dark en-
ergy. Next, we consider whether the data favor not only
dynamical but also phantom-like behavior. We then ex-
plore whether these indications of dynamical dark en-
ergy could instead be driven by systematics. Finally, we
present a brief statistical analysis supporting our find-
ings.

Fig 1 presents the corner plots of the wow,CDM
model using DESI DR2 data combined with various
SN Ia samples. The first-row panels show results with
BBN, CC, and CMB (left to right). The second row
shows the wow,CDM+Y_m, and wyw,CDM+N,¢ exten-
sions, and finally the case including DESI DR2 Lya. The
diagonal panels show the 1D posteriors, and the off-
diagonal panels show the 2D contours at 68% and 95%
C.L. Table II shows the marginalized posterior means
and the 68% credible intervals for each case.

A. Hj Tension after DESI DR2

In this subsection, we discuss one of the most impor-
tant and open issues in modern cosmology the Hubble
tension and examine the status of this problem in light
of the recent DESI DR2 measurements. Before doing so,
it is important to note that, in order to fully resolve the
Hyj tension, one must not only increase the value of Hy
but also reduce the sound horizon scale r; at the epoch
of baryon drag by approximately 7%. This balance is
crucial because the angular size of the sound horizon,
precisely measured by the CMB, depends on the ratio
4/ Da(z«). Hence, increasing Hy without a correspond-
ing modification of r; would lead to inconsistencies with
BAO observations.

We begin with a comparative analysis between the
ACDM and wpw,CDM models, focusing on the pre-
dicted values of the Hubble parameter (/) and the sound
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Dataset/Models h Qe wp Wa Y my [eV] Ness r4 (Mpc) [AIn Zocpmmodel]  Ax?  Significance
ACDM

DESI DR2 + BBN 0.693+0.010  0.297+0.0088 — — — — 147.26:£1.57 0 0 —
DESI DR2 + BBN + Pantheon™ 0.692:£0.010  0.3034:0.0082 — — — — 147484154 0 0 —
DESI DR2 + BBN + DES-SN5Y 0.69240.010  0.309-:0.0082 — — — — 145.80+1.51 0 0 —
DESI DR2 + BBN + DES-SN5Y (z > 0.5)  0.69240.010  0.300:0.0082 — — — — 146.94:+1.52 0 0 —
DESI DR2 + BBN + Union3 0.692:£0.010  0.3034:0.0085 — — — — 146.50+1.55 0 0 —
wow,CDM

DESI DR2 + BBN 0.640100%2 0361702 —0.407938 ~1.959¢ — — 145.91£5.93 1.72 -1.95 1.97
DESI DR2 + BBN + Pantheon™ 0.672 (035 0301705 —0.88810 %% —0261038 — — 149.07£6.12 0.02 -1.91 175
DESI DR2 + BBN + DES-SN5Y 0.677 030 0319Tp0rs  —07831007%  —0.804:0.64 — — 146.44£5.19 410 -5.88 2.63
DESI DR2 + BBN + DES-SN5Y (z>0.01) 06807039 0307 po38 —0.871912 —0.4479% — — 146.81+7.64 049 0.37 0.93
DESI DR2 + BBN + Union3 067170038 033310010 —0.674+0.12  —1.2240.68 — — 145.49+4.31 340 -4.75 2.75
ACDM

DESI DR2 + CC 0.69240.010  0.297 +0.008 — — — — 147.38 +1.58 0 0 —
DESI DR2 + CC + Pantheon™ 0.691+£0.010 0304+ 0.008 — — — — 146.61 = 1.53 0 0 —
DESI DR2 + CC + DES-SN5Y 0.691£0.010 0309 £ 0.008 — — — — 14598 4154 0 0 —
DESI DR2 + CC + DES-SN5Y (z > 0.1) 0.69140.010  0.300 = 0.008 — — — — 147.07 +1.57 0 0 —
DESI DR2 + CC + Union3 0.692£0.010 0303 £ 0.008 — — — — 146.65 = 1.54 0 0 —
wow,CDM

DESI DR2 + CC 0.652100% 033710048 —0.6170%7 -12719 — — 147.504+4.18 0.94 -1.44 113
DESI DR2 + CC + Pantheon* 06761002 03067002 —0.889100%8  —031703! — — 148.13+4.40 025 -1.87 175
DESI DR2 + CC + DES-SN5Y 0.677 o1 03217013 —0786100et  —0.8070%2 — — 146.21+3.71 3.63 5.71 2.87
DESI DR2 + CC + DES-SN5Y (z > 0.1) 0.679 003 0.307 0029 0.891012 -0.36197%5 — — 147.61+4.62 097 0.64 0.81
DESI DR2 + CC + Union3 066840022 03305001,  —070+£011 1074058 — — 146.1143.66 3.02 -4.53 273
ACDM

DESI DR2 + CMB 0.683£0.0043  0.304::0.0056 — — — — 147.17£0.23 0 0 —
DESI DR2 + CMB + Pantheon™ 0.68140.0041  0.306:0.0054 — — — — 147.09:£0.22 0 0 —
DESI DR2 + CMB + DES-SN5Y 0.679::0.0040  0.309::0.0054 — — — — 147.134:0.23 0 0 —
DESI DR2 + CMB + DES-SN5Y (z > 0.1)  0.682+:0.0042  0.305:0.0055 — — — — 147.00:0.23 0 0 —
DESI DR2 + CMB + Union3 0.681:0.0042  0.306::0.0056 — — — — 147.094:0.22 0 0 —
wow,CDM

DESI DR2 + CMB 063770018 0356+0.022  —043+021  —1.7270¢7 — 146.7140.28 250 -3.61 271
DESI DR2 + CMB + Pantheon™ 0.6760.006  0.312+£0.006  —0.865+£0.059  —0.4940.22 — — 146.944:0.27 037 2.85 229
DESI DR2 + CMB + DES-SN5Y 0.6694+0.006 032040006  —0.7824+0.058  —0.75+0.23 — — 146.870.26 283 7.03 376
DESIDR2 + CMB + DES-SN5Y (z > 0.1)  0.670+0.009  0318%0%%  —080370%2  —0.68703) — — 146.8840.27 095 -1.66 195
DESI DR2 + CMB + Union3 0.660+0.008  0.32940.009  —0.685+0.083  —1.02:0.29 — — 146.82::0.26 3.54 -6.16 3.80
ACDM + Y_my [eV]

DESI DR2 + CMB 0.682£0.0052  0.302 = 0.0063 — — <0.056 — 147.21:£0.27 0 0 —
DESI DR2 + CMB + Pantheon™ 0.680 £ 0.0049  0.305 = 0.0059 — — <0.070 — 147.100.27 0 0 —
DESI DR2 + CMB + DES-SN5Y 0.677£0.0051  0.309 +0.0061 — — <0076 — 146.01:£0.28 0 0 —
DESI DR2 + CMB + DES-SN5Y (z > 0.01)  0.6810.0050 0.304 % 0.0060 — — < 0.065 — 147.174:0.27 0 0 —
DESI DR2 + CMB + Union3 0.679 +0.0052 0.306 + 0.0062 — — <0073 — 147.09+0.28 0 0 —
wowaCDM + }_m, [eV]

DESI DR2 + CMB 06287002 0.366+£0.029 036027  -19870% <0136 — 146.42£0.48 4.15 -3.56 2.37
DESI DR2 + CMB + Pantheon™ 0.673£0.0066 0.314£0.0071 —0.857+0.057 —0.55¢%  <0.110 — 146.824:0.38 0.01 2,63 251
DESI DR2 + CMB + DES-SN5Y 0.66540.0064 03220007 —0769+0.060 —0.83%)2L <0113 — 146.73£0.41 449 -6.99 3.85
DESI DR2 + CMB + DES-SN5Y (z > 0.01) ~ 0.66740.010 ~ 0.32140011  —0.790+011 —0740+037 < 0.109 — 146.78::0.39 343 -1.30 191
DESI DR2 + CMB + Union3 0.656::0.008  0.322£0.009 —0.6740.091 —1.09£0.33 < 0.125 — 146.674:0.40 412 5.97 3.58
ACDM + Negf

DESI DR2 + CMB 0.6980.009  0.2930.007 — — — 322+0.13  145.58+0.85 0 0 —
DESI DR2 + CMB + Pantheon™ 0.69240.008  0.298:0.006 — — — 3277012 145.84+0.84 0 0 —
DESI DR2 + CMB + DES-SN5Y 0.6874+0.008  0.3034:0.006 — — — 3224012 146.08-0.82 0 0 —
DESI DR2 + CMB + DES-SN5Y (z > 0.1)  0.696:0.008  0.295::0.006 — — — 3.30+0.13 145.70+0.83 0 0 —
DESI DR2 + CMB + Union3 0.6924:0.008  0.2984:0.007 — — — 3.26+0.13 145.88-0.83 0 0 —
wow,CDM + Nl,f f

DESI DR2 + CMB 06461002 034510049 ~0.53-03% ~1.3879%8 — 3151030 146.44+1.90 224 2.74 154
DESI DR2 + CMB + Pantheon™ 0.685+0.010  0.30540.008 —0.8854+0.057 —0.27+027 — 333702 145574138 0.75 226 2.02
DESI DR2 + CMB + DES-SN5Y 0.673£0.009 03150008 —0.796£0.064 —0.627033 — 3214026 146.1441.28 311 5.97 311
DESI DR2 + CMB + DES-SN5Y (z > 0.01) ~ 0.680+0.015  0.310£0.014 —086+0.11  —0.407p% — 3261026 145954142 1.14 -1.16 127
DESI DR2 + CMB + Union3 066470012 0.326£0013  —0700£0.10  —0.89:£0.42 — 3181034 146.28+1.32 2.85 5.16 3.33
ACDM

Lya + CMB + Galaxy BAO 0.683::0.004  0.3044-0.0056 — — — — 147.174:0.23 0 0 —
Ly + CMB + Pantheon ™ 0.673+0.005  0.318 4 0.007 — — — — 146444171 0 0 —
Lya + CMB + DES-SN5Y 0.670£0.005  0.322 & 0.007 — — — — 146.3941.45 0 0 —
Ly + CMB + DES-SN5Y (z > 0.1) 0.67440.005  0.315 4 0.007 — — — — 146.514+1.72 0 0 —
Ly + CMB + Union3 0.67240.005  0.319 4 0.008 — — — — 146444158 0 0 —
wow,CDM

Lya + CMB + Galaxy BAO 063770018 0356+0.022  —043+021  —1.7270¢7 — — 146.7140.28 224 -3.16 271
Lya + CMB + Pantheon” 0.673+£0.012 031740010 —0913+0.09  —0347033 — — 146.78-:0.30 0.75 -0.40 0.97
Lya + CMB + DES-SN5Y 067200085 03187000 —077+£0.10  —0.88+0.50 — — 146.76:£0.29 311 -2.85 2.30
Lya + CMB + DES-SN5Y (z > 0.01) 0.675+0.012 031640012  —0.99+018  —0.08+0.75 — — 146.77+0.31 1.14 -0.15 0.06
Lya + CMB + Union3 0.69240.007 032310012 —0.66+0.14  —1.2740.65 — — 146.76::0.29 2.85 244 243

0.014

TABLE II: This table shows the marginalized posterior means and 68% credible intervals for the cosmological
parameters of the ACDM and ww,CDM models, considering variations in the total neutrino mass ) m, [eV] and
the effective number of relativistic species Neg. The constraints are derived using combinations of DESI DR2, DESI
DR2 Lya, CMB, BBN, and CC data, together with different Type Ia supernova samples (Pantheon™, DES-SN5Y,
DES-SN5Y with z > 0.1, and Union3).
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FIG. 1: The figure shows contours of the cosmological parameters for the wyw,CDM model at 68% (1¢) and 95%
(20) confidence levels. The constraints are derived using combinations of DESI DR2, DESI DR2 Ly«, CMB, BBN,
and CC data, together with different Type Ia supernova samples (Pantheon™, DES-SN5Y, DES-SN5Y with z > 0.1,
and Union3).

horizon scale (r;) across various observational combi-
nations. When we combine the DESI DR2 data with
BBN and CC measurements, the tension in the inferred
value of h remains below 1.5¢, while that in r; is within
0.3¢, indicating consistency between the two models.
However, when CMB data are included, the tension be-
tween the models becomes more pronounced, reaching
up to ~ 2.5¢ for Hy in combinations such as DESI DR2
+ CMB and DESI DR2 + CMB + YXm,. Including ¥m,
and N as free parameters slightly changes this behav-
ior, sometimes reducing or increasing the level of ten-
sion depending on the chosen combination of datasets
[184, 185]. In contrast, when DESI DR2 Ly« forest mea-
surements are added, the differences in both & and 7,
drop below 1o, showing the strong agreement between
the ACDM and wyw,CDM models. A visual summary
of these results is shown in Fig. 2, which presents the
statistical deviations of the h and r; parameters for the
ACDM and wyw,CDM models corresponding to each

dataset.

Before discussing the & tension, we note that for this
specific analysis we restrict our SNe la dataset to the
Pantheon™ sample only. This choice is motivated by
the fact that Pantheon™ is the most internally consis-
tent of the currently available compilations and avoids
the additional calibration systematics and internal ten-
sions present in DESY5 and Union3. As discussed in
Sec.IV A 2 of Ref. [68], these issues can bias late-time
cosmological inferences and complicate the interpreta-
tion of the Hubble tension. Therefore, using Pantheon™
ensures a clean and constructive comparison.

Let us return to our point, the Hubble tension. As
is well known, the wyw,CDM model is a dynamical
dark energy model, and we know that dark energy is
completely sub-dominant at recombination; indeed, dy-
namical dark energy cannot reduce the sound horizon.
This feature can be observed in Fig. 3 on the r;-plane,
where we find that, focusing only on the Pantheon™
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FIG. 2: This figure shows the comparative analysis of the predicted values of the Hubble parameter (/) and the
sound horizon scale (r;) between the standard ACDM and wyw,CDM models. Each row corresponds to a specific
combination of datasets, including DESI DR2, DESI DR2 Ly, CMB, BBN, and CC data, combined with different
Type la supernova samples (Pantheon™t, DES-SN5Y, DES-SN5Y with z > 0.1, and Union3). The color scale indicates
the statistical significance (in units of ¢) of the deviation between the two models, with warmer tones representing
larger differences.

combinations, the inferred sound-horizon values lie in
the range r; ~ 147-149 Mpc. Relative to the reference
value r; = 138.0 & 1.0 Mpc, this corresponds to devia-
tions of ~ 2¢ for the BBN and CC combinations, which
increase up to 6-90 whenever CMB data are included.
Indeed, the combination of DESI DR2 with the other
datasets does not reduce the sound horizon 7.

Further, the inferred value of the Hubble parameter
lies in the range h ~ 0.672-0.676. Compared with the
local measurement & = 0.735 4+ 0.014 [186], the BBN and

CC combinations show a tension at the level of ~ 1.9-
20. This tension increases to about 3.8-3.90 when CMB
data are included. None of the Pantheon™ combinations
bring the inferred value of / into agreement with the lo-
cal measurement; indeed, the Hubble tension remains
unresolved.

In [187] it is shown that, in ACDM, the DESI+Planck
combination predicts Hy = 68.17 4 0.28 km s71 Mpc‘l,
corresponding to an ~ 5¢ tension with the local mea-
surements. Meanwhile, dynamical dark energy mod-



els predict values between Hy = 63.632? and Hy =
67.51 £ 0.59 kms~! Mpc~!, depending on the choice of
dataset. None of these values are close to the local mea-
surement, showing that dynamical dark energy fails to
fit BAO + CMB + SNe Ia + local Hy, even though dy-
namical dark energy can describe BAO + CMB + SNe Ia
well.

Mathematically speaking, as we know, for dy-

namical dark energy models the energy density

evolves according to the following relation: eoe(z)
PDE,0

exp [3 J. 2 Ltw(@) g/ } . For the ACDM model, the dark

0 1+Z
energy density remains constant with redshift, i.e.,

poE(Z) _ ; i .
ooiy 1. However, in dynamical dark energy sce

narios, two possibilities arise: either %E(Z) > 1, indi-
cating an increasing dark energy density with redshift,

or % < 1, corresponding to a decreasing dark en-
ergy density as the Universe evolves. In general, for
dynamical dark energy models, the evolution of H(z)

can be given by the following expression: H?(z) =
HZ(1 - Q) £oe(z) H20,, (1 + z)3. As discussed ear-

lier, dark enerpg}%ois completely sub-dominant at recom-
bination and becomes more relevant at low redshifts
(late time). Since the matter component evolves in the
same way in both ACDM and in dynamical dark en-
ergy models, the quantity H3Q), ends up being con-
strained to nearly the same value in both cases, as a con-

sequence, if ppDE& increases, then Hy must decrease, and

- DE,0
vice versa.

As a simple test, in Fig. 4 we show how varia-
tions in the dark energy evolution, modeled as f(z) =
ppE(z)/ppEo = 1+ Az + BZ?, affect the inferred Hub-
ble parameter. We consider both dynamical dark-energy
scenarios, shown as solid lines (f > 1), and decaying
dark-energy scenarios, shown as dotted lines (f < 1),
adjusting Hy to maintain consistency at a pivot redshift
of z = 0.5, while keeping the matter density param-
eter fixed at (3,0 = 0.301. The resulting behavior of
H(z)/(1 + z) clearly show the negative correlation cor-
relation between f(z) and Hp: models with increasing
dark energy density (f > 1) lead to lower values of H,
and vice versa. Indeed, both DESI DR1 and DESI DR2
prefer w(z) > —1, which implies ppg(z)/ppgo > 1.
This suggests that resolving the Hj tension after the
DESI release is highly unlikely, as DESI results indi-
cate evidence for dynamically evolving dark energy. In
[66, 188-193] also shows that if w > —1, this lowers H

Fig 7 shows the evolution of H(z)/(1 + z) as a func-
tion of redshift for the set of dataset combinations con-
sidered in this work. Each panel corresponds to a spe-
cific combination of DESI DR2 data (BAO and Lyx),
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CMB, BBN, CC, and different Type la supernova sam-
ples (Pantheon™, DES SN5Y, DES SN5Y with z > 0.1,
and Union3). The colored curves represent the mean ex-
pansion history, and the shaded regions denote the cor-
responding 68% credible intervals. The blue points with
error bars show the CC measurements of H(z)/(1 +
z), allowing for direct visual comparison with the re-
constructed expansion rate. The ACDM prediction is
shown as a black solid line for reference. A zoom-in sub-
plotis included in the lower-right corner to highlight the
behavior of both the expansion history and the ACDM
prediction at low redshifts. This inset makes it easier to
see how each model shows different evolution and pre-
dicts a different present-day value of Hy compared to
the ACDM model at z = 0.

B. Dynamical dark energy after DESI DR2 ?

We choose the wyw,CDM model as our main frame-
work to study the nature of dark energy using the
DESI DR2 measurements. An important feature of this
parametrization is that it includes the standard ACDM
model as a special case, corresponding to wg = —1
and w, = 0. By mapping our results in the (wp, w;)
plane, one can directly compare DESI DR2 constraints
with ACDM and investigate any possible preference
for dynamical dark energy over the cosmological con-
stant (A). In Fig. 6, we show the (wp, w,) plane for the
wow,CDM, wyw,CDM + Y m, [eV], and wyw,CDM +
Negr model with different dataset combinations. The first
row shows the results with BBN, CC, and CMB (left to
right), while the second row shows the wyw,CDM ex-
tensions with Y m,, Neg, and the DESI DR2 Lya combi-
nation (left to right). In our analysis, we first consider
the combination of DESI DR2 with BBN and different
SNe Ia datasets (Pantheon™, DES-SN5Y, and Union3).
Using the DESI DR2 data with BBN priors, we found

wo = —0.40793%

DESIDR2 + BBN  (36)
we = —1.95704!
The results favor the wg > —1, w,; < 0 quadrant, show-
ing a mild preference for dynamical dark energy up to
1.970. It can be observed that the posteriors obtained
using this combination are poorly constrained, as they
go beyond the prior limits to accommodate wy > —1
(see [194]). Furthermore, we combine the BBN and DESI
DR2 data with different SNe Ia samples. We find
wo = —08882070 | DESIDR2+BEN+
W = 0261038 Pantheon™, (37)
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dark-energy evolution, characterized by the ratio
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when combined with the Pantheon™ sample

wo = —0.7837097 | DESI DR2+BBN+ 38)
ws = —0.80 £ 0.64 [ DES-SN5Y,
when the DES-SN5Y sample is included
— _(8yt012
wo = —0.87715 | DESI DR2+BBN+ (39)
w, = —0.44708% [ DES-SN5Y (z > 0.1),
when the DES-SN5Y sample is included
wp = —0.67 £0.12] DESI DR2+BBN+
: (40)
w, = —1.224+0.68 | Union3,

When the Union3 sample is included, these combina-
tions show a preference for dynamical dark energy of
up to 1.75¢0, 2.63c, 0.93c, and 2.75¢ for the combinations
with Pantheon™, DES-Y5, and Union3, respectively.
Next, we extend our analysis by combining DESI DR2
data with CC measurements. The CC dataset provides
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direct estimates of the Hubble parameter H(z) at dif-
ferent redshifts, and when combined with DESI DR2, it
helps to constrain the late-time expansion history of the
Universe. Using the DESI DR2 + CC combination, we
find

wp = —0.61703
o DESIDR2+CC,  (41)
wg = —1.2773

which shows a preference for dynamical dark energy
up to 1.130, predicting values in the wy > —1, w, <
0 quadrant. We then combine the DESI DR2 and CC
data with different Type Ia supernova samples. For the
Pantheon™ compilation, the best-fit parameters are

wo = —0.889700% | DESI DR2+CC+ @)
w0, = —0317931 Pantheon™,

showing a preference for dynamical dark energy up to
1.750.

_ —+0.068
wp = —0.786+:968

wa = —0.807933

DESI DR2+CC+

DES-SNb5Y, 43

when the DES-SN5Y sample is included, the preference
for dynamical dark energy increases to 2.87¢.

wp = —0.897512

wa = —0.367075

DESI DR2+CC+ (a4
DES-SN5Y (z > 0.1),
when the low-z sample is excluded from the DES-SN5Y
sample, the preference for dynamical dark energy de-
creases to 0.81c.

wo = —0.70 +0.11
0 } DESI DR2+CC+ )

w, = —1.07+0.58 | Union3,

when the Union3 sample is included, it shows a prefer-
ence for dynamical dark energy up to 2.73c. These com-
binations consistently favor the wg > —1, w,; < 0 quad-
rant, suggesting a tendency toward dynamical dark en-
ergy when SNe Ia and CC data are jointly considered
with DESI DR2. Although the preference for dynamical
dark energy remains below the 3¢ level.

We next combine DESI DR2 with the CamSpec CMB
compressed likelihood. The inclusion of this informa-
tion provides a robust early-Universe anchor and tight-
ens the overall parameter constraints compared to the



BBN and CC combinations. For the DESI DR2 + CMB
case, we obtain

wp = —043+£0.21

w0 = —1.724087 }DESI DR2 + CMB,  (46)
showing a preference for dynamical dark energy at
about 2.71¢. This combination predicts values in the
wy > —1, w, < 0 quadrant. When additional SNe Ia
datasets are included, the results become more tightly
constrained. For the Pantheon™ compilation, we find

wy = —0.865 + 0-059} DESIDR2+CMB+ -,

wy, = —0.49 £0.22 Pantheon™,

showing a preference for dynamical dark energy at
about 2.29¢.

wy = —0.782 & 0.058} DESI DR2+CMB+ “8)

we = —075+023 [ DES-SN5Y,

When the DES-SN5Y sample is included, the preference
for dynamical dark energy increases up to 3.76¢.

wy = —0.68103 [ DES-SN5Y (z > 0.1), “9)

wo = —0-803+81??2} DESI DR2+CMB+
when the low-z sample is excluded from the DES-SN5Y
sample, the preference for dynamical dark energy de-
creases to 1.950.

wp = —0.685 £ 0.083} DESIDR2+CMB+ o

wg = —1.02+0.29 Union3,

When the Union3 sample is included, it shows a pref-
erence for dynamical dark energy up to 3.80c. The inclu-
sion of CMB data significantly improves the constraints
on wy and wy, yielding consistent results across different
SNe Ia compilations. The combined DESI DR2, CMB,
and SNe Ia datasets show the strongest preference for
dynamical dark energy over the cosmological constant
(A), although the statistical significance remains below
the 40 level.

We also consider the combination of Lya forest mea-
surements from DESI DR2 with galaxy BAO and CMB
data. The Ly-a forest is a key probe of the high-redshift
Universe, tracing large-scale structure through hydro-
gen absorption in quasar spectra. It provides precise
constraints on the cosmic expansion rate at 2 < z < 4

18

[27, 195] and extends BAO measurements beyond the
reach of galaxy surveys [196-198]. With recent improve-
ments from DESI, the Lya forest offers an independent
and robust test of the ACDM model and the possible
dynamics of dark energy. Since the combination of the
Lya + galaxy BAO corresponds to the same dataset as
the DESI DR2 + CMB case, the resulting constraints are
identical, showing a preference for dynamical dark en-
ergy at about 2.71¢. When different SNe la samples are
added to the Lya and CMB combination, the results be-
come more tightly constrained. For the Pantheon™ sam-
ple, we find

“ (51)

—0.913 +0.090 Lya+CMB+
Wy

*0‘341_822 Pantheon™,

showing a preference for dynamical dark energy up to
0.970.

w, — 0884050 DES-SN5Y, (52)

wo = —0.77 + 0.10} Lya+CMB+
when the DES-SN5Y sample is included, the preference
for dynamical dark energy increases to 2.30c.

— —099+0.18
wo } Lya+CMB+ 53)

w, = —0.08 £0.75 | DES-SN5Y (z > 0.1),

when the low-z sample is excluded from the DES-SN5Y
sample, the preference for dynamical dark energy de-
creases to 0.060.

(54)

woy = —0.66 =0.14 Lth+CMB+
wa = —1.27+0.65 [ Union3,

when the Union3 sample is included, it shows a prefer-
ence for dynamical dark energy up to 2.43c. The Lya
combination with different datasets also favors values
in the wy > —1, w, < 0 quadrant with moderate signif-
icance. Although the preference for dynamical dark en-
ergy remains below the 30 level, the results still indicate
a mild deviation from the cosmological constant sce-
nario. Next, we discuss the impact of the DESI DR2 mea-
surements on the wyw,CDM + }_m, [eV] and wyw,CDM
+ Negf models.

Before moving further, Fig. 7 shows the normalized
probability density of the total neutrino mass, }_m,, in
the ACDM + ) m, model (left panel) and the wyw,CDM
+ )_m, model (right panel) using DESI DR2 + CMB
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FIG. 7: The figure shows the 1D marginalized posterior constraints on }_m, [eV] for the ACDM + ) m, (left panel)
and wow,CDM + )_m, (right panel) models, using DESI DR2 and CMB data combined with various Type la
supernova samples (Pantheon™, DES-SN5Y, and Union3).

with different SNe Ia samples. For the normal hierar-
chy (NH), the total neutrino mass must satisfy ) m, >
0.059 eV, while for the inverted hierarchy (IH) one re-
quires y_m, > 0.10eV. In the ACDM + Y} m,,[eV]
model, we determine upper limits on the total neutrino
mass at the 68% confidence level using various dataset
combinations with DESI DR2. For the DESI DR2 + CMB
combination, we obtain ) m, < 0.056,eV (68% C.L).

Including additional SNe Ia samples slightly relaxes
the constraints: Y_m, < 0.070,eV for DESI DR2 + CMB
+ Pantheon™, Y m, < 0.076,eV for DESI DR2 + CMB
+ DES-SN5Y, Y m, < 0.065,eV for DESI DR2 + CMB
+ DES-SN5Y (z > 0.1), and ) m, < 0.073,eV for DESI
DR2 + CMB + Union3. There is no significant 20+ detec-
tion of a non-zero neutrino mass; however, the posterior
distributions still peak in the } m, > 0 region. In ad-
dition to the 68% confidence level upper limits, we also
report the 95% confidence level upper limits for the dif-
ferent dataset combinations. We find }_m, < 0.125,eV
for DESI DR2 + CMB, }_m, < 0.144,eV for DESI DR2
+ CMB + Pantheon™, Y_m, < 0.158,eV for DESI DR2
+ CMB + DES-SN5Y, ) m, < 0.132,eV for DESI DR2 +
CMB + DES-SN5Y (z > 0.1), and }_m, < 0.149,eV for
DESI DR2 + CMB + Union3. We find detection non zero
neutrino masses about 1.6 o+ at 68% confidence limit. If
the prior were extended to unphysical (negative) values,
the posteriors would take the form of truncated distri-
butions that would otherwise peak at negative neutrino
masses similar behavior has been reported in [199-203].

Fig 8 shows the (), — }_m, parameter plane for the

1.0 -
0.8 4
S
206
€
W
0.4
0.24 BN DESI| DR2
CMB + DESI DR2
— CMB
0.0 T T T T
0.30 0.35 0.40 0.45

FIG. 8: This figure shows the 68% and 95% confidence
contours for the ACDM + }_m, model. These
constraints assume ) m, > 0 eV and are obtained using
DESI DR2 alone, CMB alone, and DESI DR2 combined
with CMB data. The gray band represents the
constraint from DESI DR2 alone, showing that the
results are largely insensitive to the neutrino mass
parameter when external data are not included. It also
shows the negative correlation between ) m, and Q.
The combination of DESI DR2 with CMB data shows
the tightest constraints, indicating that DESI DR2
prefers lower (), values.

ACDM model, comparing the results from the DESI
DR2 and CMB combination with those from the CMB



data alone. It can be seen that when only the CMB
dataset is considered, ) m, and (), show a positive cor-
relation. In contrast, the inclusion of DESI DR2 data sig-
nificantly tightens the constraint on (),,, as shown by
the narrow vertical contour. The preferred (), value lies
near the lower end of the CMB only posterior distribu-
tion, which in turn restricts the allowed range of ) m,
to very small values. This behavior reflects DESI’s ten-
dency to favor slightly lower matter densities compared
to the CMB results alone.

We further extend our analysis by allowing the to-
tal neutrino mass, )_m,, to vary within the wpw,CDM
model. This enables us to examine the impact of vary-
ing neutrino mass on the preference for dynamical dark
energy and the predicted values in the wp—w, plane as
well. In our analysis, when combining the CMB with
DESI DR2 and assuming a ) m, > 0 prior, we find

wp = —0.36 +0.27
wy = —1.9870%)

Y m, <0.136 eV (68% C.L.)

DESI DR2+CMB,

(55)
showing a preference for dynamical dark energy at
2.370 from the ACDM point, and predicting values in
the wp > —1 and w, < 0 quadrant. When SNe Ia
data are included, the constraints tighten further. For
the Pantheon™ sample, we find

wp = —0.857 £ 0.057
w, = —0.557933

Y m, <0.110 eV (68% C.L.)

DESI DR2+CMB+
Pantheon™,

(56)
showing a preference for dynamical dark energy up to
2.51c.

wp = —0.769 4 0.060
w, = —0.831)37

Y my, <0.113 eV (68% C.L.)

DESI DR2+CMB+
DES-SNb5Y,

(57)
when the DES-SN5Y sample is included, the preference
for dynamical dark energy increases to 3.85¢.

wp = —0.790 £ 0.11
w, = —0.740+0.37
Y m, <0.109 eV (68% C.L.)

DESI DR2+CMB+
DES-SN5Y (z > 0.1),

(58)
when the low-z sample is excluded from the DES-SN5Y
sample, the preference for dynamical dark energy de-
creases to 1.91c.
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wo = —0.674 £ 0.091
wg = —1.09 £0.33
Y my <0.125eV (68% C.L.)

DESI DR2+CMB+
Union3,

(39)
When the Union3 sample is included, the preference for
dynamical dark energy increases to 3.58c. These results
indicate that allowing }  m, to vary also leads to a devia-
tion from the cosmological constant. It is also worth not-
ing that, for the wow,CDM model, there is no 2¢ detec-
tion of non-zero neutrino masses, similar to the case of
the ACDM model. As can be seen in Fig. 7 (right panel),
the posterior distributions peak in the ) m, > 0 region,
consistent with the 68% confidence level. At the 20 level,
the marginalized values of the total neutrino mass are
Ymy, < 0.298eV, < 0.209eV, < 0.227eV, < 0.231eV,
and < 0.247eV, for the DESI DR2 + CMB, DESI DR2
+ CMB + Pantheon™, DESI DR2 + CMB + DES-SN5Y,
DESI DR2 + CMB + DES-SN5Y (z > 0.1), and DESI DR2
+ CMB + Union3 combinations, respectively. These cor-
respond to detection of non-zero neutrino masses about
1.580, 1.640, 1.640, 1.620, and 1.58¢. These results show
evidence of 1.5¢+ nonzero Neutrino Masses.

As reported in [204] (see Fig. 2), when combin-
ing Planck PR4, lensing, and DESI DR2 data with-
out Weak Lensing (WL), there is only about 1¢ indi-
cation of non zero neutrino masses. After including
the WL data, the }_m, posterior shows a clear peak,
corresponding to a 2.10 detection of non zero neutrino
masses for Planck PR4+lensing+DESI2+DESY5+WL
at Ymy, = 0.19f82%§ eV, and a 190 detection for
Planck PR4+lensing+DESI2+Pantheon™+WL. In [205]
(see Fig. 3), Planck PR4+lensing shows a detection of
non-zero neutrino masses at about 1.56¢, while Planck
PR4-+lensing+DESI DR1 yields about 1.68c, and Planck
PR4+lensing+DESI DR1+DESY5 gives around 1.55¢.
Thus, the DESI DR1 data show about 1.50+ detection of
non zero neutrino masses. In [206], the authors report a
preference for a nonzero neutrino mass at the 2.7¢ level
when CMB data are combined with DESI DR2, DES Y5,
and DES Y1 datasets.

Fig. 9 shows the posterior distributions of the param-
eters (wp, wy, and ) m,). It can be observed that adding
DESI and SNe data to the CMB significantly tightens
the constraints on (wg, wy)-Y_ my. This improvement oc-
curs because geometric measurements help break the
parameter degeneracies present in the CMB-only analy-
sis, thereby reducing the allowed range of ) m,. Finally,
we extend our analysis by allowing the effective num-
ber of relativistic species to vary within the wow,CDM
model. This also allows us to examine the effect of DESI
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FIG. 9: The figure shows the (wo—w,)-Y_m, (eV) plane for the parameters of the wow,CDM + }_m, (eV) model,
using DESI DR2 and CMB data combined with various Type Ia supernova samples (Pantheon™t, DES-SN5Y, and
Union3). These constraints assume ) m, > 0eV.

measurements on the standard value of N.y = 3.046
[181, 182]. For the DESI DR2 + CMB combination, we
find

wp = —0.53703;
we = —1.38" 4% DESIDR2 + CMB,  (59)
Neff = 315f82(1)

showing preference for dynamical dark energy upto
1.50 from the ACDM point. The inferred value of N
is consistent with the Standard Model expectation, in-
dicating no significant evidence for extra relativistic de-
grees of freedom. When additional SNe Ia data are in-
cluded, we find

wo = —0.885 £ 0.057
wy, = —0.27£027

Neg = 3.3375:28

DESI DR2+CMB+

Pantheon™, (60)

show a preference for dynamical dark energy up to
2.020.

wop = —0.796 = 0.064
w, = —0.627538

Nege = 3.21 4 0.26

DESI DR2+CMB+

DES-SN5Y, 1)

when the DES-SN5Y sample is included, it shows a pref-
erence for dynamical dark energy up to 3.11c.

wo = —0.860 £ 0.11
w, = —0.40754

Neff = 3261_8%%

DESI DR2+CMB+

DES-SN5Y (z > 0.1), (62)

when the low-z sample is excluded from the DES-SN5Y
sample, the preference for dynamical dark energy de-
creases to 1.270.

wp = —0.700 £ 0.010
o = —0.89-042 DESIDR2+CMB+ o

New — 3184024 Union3,
eff = 2-10_028

when the Union3 sample is included, it shows a pref-
erence for dynamical dark energy up to 3.33c. Overall,
allowing N to vary as a free parameter does not sig-
nificantly alter the preference for a dynamical form of
dark energy. Indeed, all combinations favor values in
the wy > —1 and w,; < 0 quadrant. These results con-
sistently show that dynamical dark energy models are
preferred over the ACDM model when DESI DR2 mea-
surements are combined with other datasets. An impor-
tant observation is that, in most data combinations such
as DESI DR2 + BBN and DESI DR2 + CC the parameter



w, tends to be pushed toward large negative values, of-
ten exceeding the prior limits, in order to accommodate
values of wy > —1 (see also [28, 194]).

Fig. 10 shows a radar plot summarizing the prefer-
ence for dynamical dark energy across various dataset
combinations. Each radial axis represents a different
observational combination, including DESI DR2, CMB,
BAO, BBN, and several supernova samples such as
Pantheon™, DES-SN5Y, and Union3. The radial distance
from the center corresponds to the preference level, ex-
pressed in units of o, with reference circles at 10, 20, 30,
and 40 highlighted in blue for comparison.

As shown, most datasets show a preference for dy-
namical dark energy below the 3¢ level, indicating that
the cosmological constant (A) continues to provide a sta-
tistically consistent fit to the current cosmological data.
However, combinations involving DESI DR2 and SNe
Ia (particularly DES-SN5Y and Union3) show slightly
higher significance levels, reaching up to ~ 3.80. These
results show that the inclusion of DESI DR2 with these
SNe Ia samples exhibits a notable preference for dynam-
ical dark energy, indicating a departure from the cosmo-
logical constant (A).

These results do not discard the ACDM model; how-
ever, it is important to note that cosmology relies on
observation based inference, where it is not possible
to repeat measurements under identical conditions to
achieve the same degree of precision as in laboratory
experiments. For this reason, evidence at the level of
2-40 is generally regarded as significant in cosmology.
This is precisely why several well known anomalies in
the field such as the Hubble tension, the Sg tension, the
Mp calibration tension, and the CMB lensing anomaly
are consistently discussed as “tensions,” since they typi-
cally appear at the 2—4¢ significance level. Our findings
fall within this range, suggesting that the evidence for
dynamical dark energy is intriguing but not yet suffi-
cient to rule out the ACDM model.

Fig 11 shows a summary of our results in the (wy, w,)
quadrant of the wpw,CDM model. Among all dataset
combinations, the DES-SN5Y sample shows the most
significant deviation when combined with CMB and
DESI DR2 data. The black star marks the ACDM point
(wo = —1, wy = 0), corresponding to a constant dark en-
ergy. This can be observed clearly as the posterior shifts
away from the cosmological-constant point and lies in
the quadrant wy > —1 and w, < 0, suggesting the pref-
erence for dynamically dark energy rather than the cos-
mological constant.

Indeed, the combination of DESI DR2 with other cos-
mological measurements provides an intriguing per-
spective on the nature of dark energy. Unless there
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exists an unrecognized systematic error within one or
more datasets, the results suggest that the ACDM model
is being challenged by the combined DESI BAO, CMB,
and SNe analyses. We may indeed be witnessing the
first cracks in the cosmological constant; however, it’s
still too early to draw definitive conclusions. Upcoming
Stage IV surveys particularly DESI DR3 will be crucial
in providing deeper insight into the possible dynamical
nature of dark energy.

C. Not only dynamic but also phantom

This subsection shows the evolution of the dark en-
ergy equation of state, w(z), and the corresponding
fractional dark energy density, fpg(z), as functions of
redshift, and illustrates their possible deviations from
the cosmological-constant expectations, w = —1 and
fpe(z) = 1. In Fig. 12, we show the evolution of w(z) as
a function of redshift, using the wyw,CDM model with
and without allowing ) m, and N to vary as free pa-
rameters. The analysis is performed using DESI DR2,
DESI DR2 Lya, CMB, BBN, and CC data, combined with
different Type Ia supernova samples (Pantheon™, DES-
SN5Y, DES-SN5Y with z > 0.1, and Union3).

We observe that, in each dataset combination, the
mean values of w(z) fall below w = —1 at redshifts
z 2 0.5, indicating a phantom regime (w < —1). At
lower redshifts, around z < 0.5, w(z) rises back above
—1, entering the quintessence-like regime (w > —1).
The points where the curves transition from the phan-
tom region to the quintessence region are referred to as
the phantom crossing. This behaviour—phantom at high
redshift and quintessence at low redshift is characteristic
of the Quintom-B class of models [207, 208]. Moreover,
several recent studies have reported similar phantom-
crossing behaviour in analyses incorporating DESI mea-
surements [209-214].

Since the presence of a phantom crossing gener-
ally points toward dynamical dark energy rather than
a cosmological constant, a wide range of theoreti-
cal models have been proposed to account for such
transitions. Well-studied scalar-field scenarios include
quintessence [215-225], phantom [226], Quintom [227-
232], and k-essence models [233-235].

Similarly, Fig. 13 shows the evolution of fpg(z), which
describes how much the dark sector contributes to the
total energy budget as a function of redshift, or equiv-
alently, how the effective dark-energy density changes
over time. Any deviation from a constant fpg(z) shows
the preference of dynamical dark energy in the back-
ground. Each panel of the fpg(z) shows that the dark-
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FIG. 10: This figure shows a radar plot showing the preference for dynamical dark energy in terms of ¢. Each radial
distance point, ending at a red dot, represents the significance level (in 0) of the preference for dynamical dark
energy for a given dataset combination. Each radial line corresponds to a specific combination of datasets, as
labeled around the outer edge of the plot.

energy fraction increases toward low redshift and be-
comes dominant at z < 1, while it steadily decreases
at higher redshift, where its contribution becomes neg-
ligible. Mild enhancements around intermediate red-
shifts in some datasets indicate small transient depar-
tures from a constant dark-energy density, consistent
with the phantom-like features seen in w(z).

As a summary, Fig. 14 shows the evolution of the dark
energy equation of state, w(z), and the corresponding
fractional dark-energy density, fpg(z), using the DESI
+ CMB + Union3 combination within the wyw,CDM
model. The upper panel shows that w(z) crosses the
w = —1 line at redshift z., entering a quintessence-like
phase (w > —1) at lower redshifts after coming from
a phantom regime at higher redshifts (w < —1). The
point where the model transitions from the phantom re-

gion to the quintessence region is known as the phantom
crossing, indicated by the arrow. At z = 0, the model
lies within the range —1 < w < 1, as expected for
a standard single scalar field dark energy model mini-
mally coupled to gravity (e.g. quintessence), which is re-
stricted to this parameter space. The lower panel shows
the evolution of fpg(z), which indicates how the effec-
tive dark-energy density changes with redshift. A small
rise above the ACDM value (fpg = 1) at intermediate
redshifts aligns with the phantom-like behaviour seen in
w(z). At higher redshifts, fpg(z) steadily decreases, re-
flecting that dark energy becomes less important in the
early Universe. Taken together, the two panels show a
consistent picture of a dynamical dark-energy compo-
nent that moves across the w = —1 boundary.
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FIG. 11: The figure shows the wy—w, quadrant of the
wow;CDM model. The contours represent the 68% and
95% confidence regions from the combined DESI DR2
+ CMB + DES-SN5Y datasets, which lie in the wg > —1
and w,; < 0 quadrant. The black star marks the ACDM

prediction (wp = —1, w, = 0).

D. Dynamical dark energy or Systematics ?

As observed, the DES-SN5Y samples provide stronger
evidence in favor of dynamical dark energy. In this sub-
section, we provide a detailed discussion about the bias
caused by low-redshift SNe la in the evidence for dy-
namical dark energy. To do this, we consider the DES-
SN5Y dataset and remove the 194 SNe Ia at z < 0.01,
extracted from the CfA/CSP Foundation sample [157-
159]. This leaves us with two datasets: the complete
DES-SN5Y sample and another sample where the low-
redshift z < 0.01 SNe Ia measurements have been re-
moved, leaving a total of 1635 SNe la. In Fig. 15, we
show the posterior distribution of the wy-w, quadrant
for the wpw,CDM model using different dataset com-
binations: DESI DR2, CMB, BBN, CC, DES-SN5Y, and
DES-SN5Y (z > 0.01). The filled magenta contours cor-
respond to the full DES-SN5Y sample, while the dot-
ted blue contours represent the case where the low-z
(z < 0.01) SNe Ia sample is excluded. The standard
ACDM model is represented by the black star in wy =
—1,,w,; = 0in the wy-w, quadrant.

We find that the inclusion of the full DES-SN5Y sam-
ple shows a strong preference for a dynamical dark en-
ergy scenario. Specifically, the combination of DESI DR2
+ BBN + DES-SN5Y shows a preference for dynami-
cal dark energy at the ~ 2.60 level, which decreases to
~ 0.90 when low-z SNe la are excluded. A similar pat-
tern is observed for DESI DR2 + CC + DES-SN5Y, where
the preference decreases from ~ 2.9¢ to ~ 0.8¢ after ex-
cluding the low-z sample.
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When CMB data are included, the preference for dy-
namical dark energy becomes more pronounced. For
example, the combination of DESI DR2 + CMB + DES-
SN5Y shows a preference of approximately ~ 3.7c,
which decreases to ~ 1.9c when the low-z SNe Ia are ex-
cluded. Extending the wyw,CDM model to include the
total neutrino mass, Y_m,, we find that the combination
of DESI DR2 + CMB + DES-SN5Y shows a preference
for dynamical dark energy up to the ~ 3.8c level, which
decreases to ~ 1.90 when low-z SNe la are excluded.

When varying the effective number of relativistic
species, Neg, we find a similar behavior. The combina-
tion of DESI DR2 + CMB + DES-SN5Y shows a pref-
erence for a dynamical dark energy of approximately
~ 3.70, which decreases to ~ 120 when the low-z
SNe la are excluded. Furthermore, by including the Ly«
forest measurements together with the CMB and DES-
SN5Y data, we find that inclusion of the DES-SN5Y sam-
ple shows a preference of about ~ 2.3¢, which decreases
to ~ 0.060 when the low-z SNe Ia sample is removed.

These results consistently show that the preference
for dynamical dark energy is largely driven by the in-
clusion of low-redshift supernovae. When the nearby
(z < 0.1) SNe Ia are excluded, the results no longer
require a dynamical dark energy component and thus
fully restore ACDM concordance. The results clearly
indicate that the apparent preference for a dynamical
dark energy scenario originates primarily from the low-
z data. Therefore, these findings imply that either our
Universe underwent a dramatic change very recently or,
more plausibly, that we do not yet fully understand the
astrophysical or observational systematics affecting our
local Universe within a radius of roughly 300 4~! Mpc.

The above results motivate us to perform a systematic
diagnosis to identify potential biases in low-z SNe Ia.
We reconstruct the logarithmic magnitude distance rela-
tion, which connects the standardized apparent magni-
tude mth,‘i-l of each SNe Ia to its dimensionless luminosity

distance dj (z;) as mSBt,‘l.1 = 5 log, (dl(zﬁ) — 5ap, where

the intercept term ap represents the degeneracy between
the absolute magnitude Mp and the Hubble constant

Hy, defined as: —5ap = Mp +5 loglo(cl\fgco) + 25.
Here, the dimensionless luminosity distance dy (z;) is ex-

R o 2
pressed as dp.(z;) = (1+ zpel) [y’ %, where (EISZ)) =
Qm(1+42)% + (1 — Q) follows the fiducial flat ACDM
cosmology.

In this framework, the standardized magnitude m%t‘}

is corrected for the light-curve parameters, allowing ap
to serve as a sensitive diagnostic of systematic effects. If
the inferred intercept —5ap remains consistent between
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FIG. 12: This figure shows the reconstructed evolution of w(z) as a function of redshift, obtained from the
combination of DESI DR2, DESI DR2 Lya, CMB, BBN, and CC data, together with different Type Ia supernova

samples (Pantheon™, DES-SN5Y, DES-SN5Y with z > 0.1, and Union3). The solid line represents the mean

reconstruction, with shaded regions showing the 1¢ and 2¢ confidence intervals. The dashed horizontal line marks
the cosmological-constant value w = —1, while the vertical line indicates the redshift at which a phantom crossing

occurs (w < —1).
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FIG. 13: This figure shows the reconstructed evolution of the fractional dark-energy contribution fpg(z) as a
function of redshift, obtained from the combination of DESI DR2, DESI DR2 Lyx, CMB, BBN, and CC data, together
with different Type Ia supernova samples (Pantheont, DES-SN5Y, DES-SN5Y with z > 0.1, and Union3). The solid

line represents the mean reconstruction, with shaded regions showing the 1¢ and 20 confidence intervals. The
dashed horizontal line marks the reference value fpg = 1, corresponding to a cosmological constant. Departures
from this constant value indicate possible dynamical dark-energy behavior.
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different samples of SNe Ia, it suggests the absence of
major systematics. In contrast, any deviations in —5ap
could indicate observational or modeling biases such
as uncorrected peculiar velocity effects, uncertainties in
redshift measurements, or inaccuracies in the model-
ing of d (z). By examining the redshift dependence of
—5ap, one can identify redshift ranges where potential
systematics or signatures of new physics may emerge.

In Fig. 16, we show the diagnosis ag. The upper panel
presents the analysis for the ACDM model, while the
lower panel shows the results for the best-fit wyw,CDM
model. As we discussed earlier in this subsection, the
dynamical DE in DES-SN5Y is mainly driven by the
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low-z SNe Ia. For this reason, we consider the DES-
SN5Y dataset in two subsets: one excluding the low-z
sample, which contains 1635 SNe Ia, and the other con-
sisting of the low-z sample with 194 measurements.

It can be observed that the high-quality DES-SN5Y
sample (1635 SNe Ia) shows a stable distribution —5ag,
while the low-z sample shows irregular fluctuations
in —5ap. The weighted average for the low-z sam-
ple is approximately 0.043 mag, Which is very close to
the findings of [236], but with 0.04 mag. The magni-

. . o ( low—

tude offset is est;.rrll\ated as A?Of}fset = ( If;’:lthzeon A
low—z 1gh—z 1gh—z ~

MpEs.sN5Y) ~ (Mpantheont — MDEs-sNsY) ~ (—0.05) —

(—0.01) = —0.04 mag, between Pantheon™ and DES-

SN5Y compilations at low and high redshifts, assuming
a constant Mp. In [237], the authors show that part of
this offset can be corrected by refining the intrinsic scat-
ter model and the mass-step estimate.

This discrepancy about ~ 0.043 mag in —5ap appears
in the DES-SN5Y compilation around z ~ 0.1. This red-
shift range corresponds to a part of the Universe that is
already homogeneous, so local inhomogeneities can be
safely ruled out as the cause. In addition, such a sharp
change is unlikely to result from any large scale homo-
geneous physical effect, since the Pantheon™ compila-
tion, which contains many more well-calibrated, low-z
Type Ia supernovae, shows no sign of a similar feature
at low redshift.

In addition, we consider the wyw,CDM model. Un-
der the wyw,CDM model, we found that the Pantheon™
compilation also shows inconsistency in the —5ap val-
ues between its low-z and high-z samples, which can
be observed at the bottom of Fig. 16. We also show
the probability density, and it can be seen that the red
dashed line represents the 1D probability density of the
low intercept z —5ap for DESY5. This distribution is
non-Gaussian, it is irregular, meaning that those low-z
supernovae are scattered more than they should be.

In contrast, the other two cases (high-z DESY5 and
Pantheon™) have smooth Gaussian distributions, which
means that their SNe la behave consistently with the
expected brightness—distance relations. So, the low-z
DESY5 supernovae are the odd ones, they scatter too
much and do not align with a consistent distance mag-
nitude relation. Pantheon™, on the other hand, contains
even more subsamples (18 total, from many surveys)
but still shows a smooth Gaussian distribution around
the mean intercept value. That tells us that Pantheon™’
low-z data are well-calibrated and internally consistent,
although it is more complex. Meanwhile, DESY5’s low-z
data seem to suffer from systematic calibration errors.

It is important to note that we also consider the
Pantheon™ sample, which contains a larger number of
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FIG. 15: The figure shows the wp—w, parameter plane obtained from the wyw,CDM, wow,CDM + }_m,, and
wow;CDM + Nggr models using different dataset combinations. The contours correspond to the 68% (10) and 95%
(20) confidence regions derived from DESI DR2 and CMB combined with the DES-SN5Y sample (shown by the
filled contours), and the DES-SN5Y sample with z > 0.1 (shown by the dotted contours). The black star marks the
ACDM prediction (wy = —1, w,; = 0).

low-z well-calibrated SNe Ia. For details on the prefer-
ence for dynamical dark energy discussed in Sec. IV B,
we examine the wow,CDM model by considering all
scenarios with and without varying ) m, and Neg. The
results of DESI DR2 combined with BBN, CMB, and
Pantheon™ show a preference for dynamical dark en-
ergy ranging from 0.97c to 2.51c, depending on the
choice of the combination.

Hence, when the full DES-SN5Y sample is included,
the preference for dynamical dark energy increases to
3.850. However, when low-z SNe Ia are excluded
from DES-SN5Y, this preference drops below 2¢. The
Pantheon™ sample, which contains a larger number of
low-z SNe Ia, also shows evidence of dynamical dark
energy below 2.52¢, indicating that the apparent signal
is not statistically significant. Therefore, the success of
the standard ACDM model remains unchallenged. In
[236, 238-240], it is also shown that the evidence for dy-
namical dark energy is biased by the low-z SNe Ia sam-
ple in DES-SNb5Y.

E. Statistical Analysis

In this subsection, we present a detailed analysis
based on the changes in the goodness of fit and Bayesian
evidence. First, the changes in the goodness of fit,
quantified by Ax?, show that the inclusion of the entire
DES-SN5Y sample significantly improves the fit in favor
of the wow,CDM model over the ACDM model, with
values Ax? typically in the range of —5 to —7, corre-
sponding to a level of significance 2.5-4¢. This improve-
ment is most evident when DESI DR2 is combined with
CMB or BBN data, whereas the exclusion of the low-
redshift sample (z < 0.1) SNe la of DES-SN5Y results
in Ax? ~ 0, indicating little to no statistical preference
for the wyw,CDM model.

Fig. 17 shows the corresponding values of the
Bayesian evidence for the wpw,CDM model corre-
sponding to each dataset. One can observe that when
combining DESI DR2 + CMB with DES-SN5Y, the
wow,CDM model shows values |Aln Z| between 3 and
4.5, indicative of strong Bayesian evidence according to
the revised Jeffreys” scale. The combination DESI DR2
+ CMB + DES-SN5Y with free ) m, shows the strongest
overall support, with |Aln Z| = 4.49, corresponding to
decisive evidence. When the low-z SNe Ia are excluded
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FIG. 16: The figure shows the —5ap diagnosis for the low- and high-z SNe Ia samples. The analysis includes 194
SNe Ia from the low-z sample (red line), 1635 SNe Ia from the DES-SN5Y sample (blue line), and 1365 SNe la from
the Pantheon™ sample (orange line; SNe Ia with z > 0.0233 are considered). The top and bottom-right panels show
the probability density distributions for each sample. The observed ~ 0.043 mag discrepancy between the low and

high-z DES-SN5Y samples indicates a potential systematic effect in the DES-SN5Y sample.

from the DES-SN5Y sample, the Bayesian evidence de-
creases to |Aln Z| < 1, indicating an inconclusive statis-
tical preference.

Together, the Ax? and Bayesian analyzes indicate that,
at the statistical level, these findings also support our
earlier results, showing that the apparent preference for
dynamical dark energy is primarily driven by the inclu-
sion of the low-z supernova sample.

V. DISCUSSION AND CONCLUSIONS

In this paper, we provide a detailed review of whether
there is or is not a preference for dynamical dark energy
in light of the recent DESI DR2 measurements. To do
so, we consider the wow,CDM model and also vary the
parameters }_m, [eV] and Neg. We then use an MCMC

analysis and use the several datasets as discussed in
Sec. II, to constrain the parameters of the wyw,CDM
model.

Our results show that, although DESI DR2 signif-
icantly improves the precision of the BAO, neither
ACDM nor wyw,CDM reduces the sound horizon in the
direction required to ease the Hubble tension. Across all
Pantheon™ based combinations, r; remains in the range
147-149 Mpc, far from the ~ 7% reduction needed, and
becomes even more inconsistent once CMB data are in-
cluded. The inferred values of Hj remain likewise near
h ~ 0.672-0.676, preserving a tension 2 with SHOES
and increasing to nearly 40 when CMB constraints
are added. As dark energy is negligible at recombi-
nation, dynamical dark energy cannot modify early-
time physics or reduce the sound horizon. Moreover,
DESI DR2 favors w(z) > —1, implying ppg(z)/ppEo >
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FIG. 17: This figure shows the Bayesian evidence difference, |A In Zxcpm Model |, for the wpw,CDM model across
various dataset combinations. The colored bars represent combinations of DESI DR2 with BBN, CC, CMB, and Ly«
data, together with different Type Ia supernova samples (Pantheon™, DES-SN5Y, DES-SN5Y with z > 0.01, and
Union3). The shaded regions correspond to the revised Jeffreys’ scale, indicating weak, moderate, strong, and decisive
Bayesian evidence.

1, which drives Hy towards lower values rather than
higher ones. This behavior is generic and reflects the
negative correlation between dark energy evolution and
the present expansion rate.

Furthermore, our results show that DESI DR2 pushes
the posterior toward the quadrant wg > —1and w, <0,
indicating a mild-to-moderate preference for dynamical
dark energy. The significance of this preference varies
across the different dataset combinations, remaining be-
low the 30 level in most cases, although combinations
involving DESI DR2, CMB, and DES-SN5Y or Union3
reach values up to ~ 3.80. Allowing ) m, and Neg to
vary does not alter this preference: the favored region
remains in the dynamical dark energy quadrant, and
neither extension provides evidence for significant de-
partures from the standard neutrino sector. In particu-
lar, constraints on Y m, remain consistent with < 0.1eV
at the 95% confidence level, with nonzero values de-
tected only at the ~ 1.5¢ level.

While DESI DR2 based combinations do exhibit a
mild-to-moderate preference for dynamical dark en-
ergy, the statistical significance remains well below the
threshold required to rule out ACDM. This is also sup-
ported by the systematic diagnostics, which show that
the dynamical dark energy driven by the DES-SN5Y
sample is in fact driven by the inclusion of low-z SNe Ila

in DES-SN5Y. This indicates that the preference for dy-
namical dark energy over ACDM in DES-SN5Y is bi-
ased by low-z SNe Ia affected by calibration systemat-
ics rather than arising from the cosmological data as a
whole.

The evolution of the dark energy equation of state
w(z) and the corresponding fractional dark energy den-
sity fpp(z) shows clear signatures of dynamical be-
haviour across all dataset combinations. The evolu-
tion of w(z) lies below the ACDM value (w = —1)
at higher redshifts, indicating a phantom regime, and
gradually rises above —1 toward low redshift, entering
a quintessence-like phase. The dashed horizontal line
marks the boundary w(z) = —1, and the point where
the curve crosses this line corresponds to the phantom
crossing, and this kind of behaviour is characterized by
Quintom-B type dark energy. Also, the range —1 < w <
1 can be characterized by a single scalar-field model.

The evolution of fpg(z) shows that the effective dark
energy density increases toward low redshift, with mild
departures from a constant value at intermediate red-
shifts that mirror the phantom-like features seen in
w(z). At high redshift, fpg(z) naturally approaches
zero, reflecting the fact that dark energy is essentially
negligible in the early Universe.

Statistically speaking, both the Ax? and Bayesian evi-



dence analyses confirm that the preference for dynami-
cal dark energy arises almost entirely from the inclusion
of the low-z DES-SN5Y SNe Ia. When these low-z SNe Ia
are included, the wow,CDM model appears strongly fa-
vored, with notable improvements in the fit and values
of |[AIn Z| in the strong to decisive range. However,
once the low-z subsample is removed, this improvement
vanishes and the Bayesian evidence drops to an incon-
clusive level (|AIn Z| < 1).

The DESI collaboration offers valuable insights into
the nature of dark energy. The preference for dynam-
ical dark energy across several dataset combinations is
intriguing, yet it remains far from sufficient to chal-
lenge the standard ACDM model. At present, the sta-
tistical evidence does not reach the level required to
claim a genuine departure from a cosmological constant
(A), particularly once the potential systematics associ-
ated with low-z SNe Ia samples are taken into consid-
eration. In this sense, DESI collaboration provides im-
portant hints, but not definitive answers, reinforcing the
need for more precise and independent data before any
firm conclusions can be drawn about the dynamics of
dark energy.

Looking ahead, the decisive progress will come from
the next generation of Stage IV surveys. Upcoming
measurements from DESI'’s future data releases, the Ru-
bin Observatory, Euclid, the Nancy Grace Roman Space
Telescope, the Simons Observatory, and PFS will dra-
matically sharpen our constraints on the expansion his-
tory, the growth of structure, and the high redshift Uni-
verse. These surveys will test whether the hints of dy-
namical dark energy persist or fade with improved data.
Only after this wealth of forthcoming observations be-
comes available will we be able to determine whether
ACDM truly breaks down, or whether the current de-
viations simply reflect statistical fluctuations or residual
systematics.
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Appendix A: DESI Dark Energy Characteristics
1. Quintom-B Type Dark Energy

In this Appendix, we discuss the possible character-
istics of the DESI dark-energy constraints. In Fig. 19,
we show the wp—w, quadrant using the combination of
DESI DR2 with CMB data and several Type la super-
nova samples (Pantheon™, DES-SN5Y, DES-SN5Y, and
Union3). We divide the dark-energy parameter space
into four models:

® Quintessence: w > —1 in all epochs, i.e. wy > —1
and wg + w, > —1[221].

® Phantom: w < —1 at all epochs, i.e. wy < —1 and
wo + wy; < —1[226].

* Quintom-A: w > —1 in the past, but w < —1 to-
day, corresponding to wy < —1 and wy +w,; > —1
[207, 208].

* Quintom-B: w < —1 in the past, but w > —1 to-
day, corresponding to wp > —1and wp +w, < —1
[207, 208].

As can be seen in Fig. 19, the contours of each data set
combination fall in the region with w, < 0 and wy > —1,
indicating the preference for the dynamical dark energy
scenario characterized by Quintom-B

2. DESI DR1 vs DESI DR2 Dark Energy

Fig. 19 shows the comparison between DESI Data
Release 1 (left panel) and Data Release 2 (right panel)
in the parameter space wp-w,, each combined with
CMB data and several Type la supernova samples
(Pantheon™, DES-SN5Y, DES-SN5Y with z > 0.1 and
Union3). The contours represent the confidence regions
of 68% and 95% and highlight how the improvements
in the DESI DR2 measurements compare with those of
DESI DRI1.

In both releases, the contours move away from the
ACDM point (wp, w,) = (—1,0) and fall within the re-
gion defined by wp > —1 and w, < 0. This part of the
parameter space corresponds to a Quintom-B—type evo-
lution (as discussed in Appendix A 1), where dark en-
ergy behaves like a phantom component in the past but
transitions to a quintessence-like behavior at the present
epoch.
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FIG. 18: This figure shows the 68% and 95% confidence contours in the wy—w, plane for the wyw,CDM model using
DESI DRI (left) and DESI DR2 (right) combined with CMB and several Type la supernova datasets (Pantheon™,
DES-SN5Y, and Union3). The plane is divided into four regions associated with distinct dark-energy models:
Quintessence (w > —1), Phantom (w < —1), Quintom A (crossing the w = —1 boundary from above), and Quintom
B (crossing from below) The black star marks the ACDM limit at (wy, w,) = (—1,0).

The statistical preference for the dynamical dark
energy from DESI DR1 to DESI DR2 increases from
0.90-3.3c to 1.90-3.8¢, depending on the choice of the
supernova sample used. A key aspect of this compari-
son is the role of low-z SNe la in the preference for dy-
namical dark energy, as discussed in Sec. IV D. When the
full DES-SN5Y sample is included, the contours show
a deviation from the cosmological constant point, indi-
cating a preference for dynamical dark energy of up to
~ 30+ in DESI DR1 and ~ 3.8¢ in DESI DR2. When the
low-z SNe Ia sample is excluded from the DES-SN5Y
dataset, DESI DR1 shows a deviation below 1o, and
DESI DR2 also shows a deviation below 1¢ in the pref-
erence for dynamical dark energy.

We also tested with the Pantheon™ sample, which

contains a larger number of low-z well-calibrated SNe Ia
and shows a preference for dynamical dark energy of
about 2.2¢ with DESI DR1 and 2.3¢ with DESI DR2.
This indicates that it is still too early to conclude that the
ACDM model is favored or that dynamical dark energy
models are preferred by current datasets.

The above behavior shows that the departure from
ACDM in both surveys is biased by the low-z SNe Ia
samples. Moreover, DESI DR2, which is better than
DESI DR1, shows a greater preference for dynamical
dark energy compared to DR1, but still it is too early to
say that the ACDM model is disfavored, and one should
wait for the Stage IV surveys, especially the final DESI
DR2 releases, before making any strong conclusions
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