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Abstract: The persistent discrepancy between early-time and late-Universe measurements of the Hubble constant,
commonly known as the H, tension, remains one of the most pressing open questions in modern cosmology. In this
work, we explore whether modifications to the gravitational sector, specifically within the framework of symmetric
teleparallel gravity, can provide a viable means of alleviating this tension. We consider two functional forms of f(Q)
gravity: a logarithmic model and a nonlinear saturation model. Both introduce geometric corrections to the standard
expansion history without invoking a cosmological constant. We constrain these models using a Bayesian MCMC
analysis with a comprehensive suite of observational data, including CC, Type Ia supernova compilations (Pantheon,
Pantheon+SHOES, and DES SN5YR), and BAO measurements from SDSS and DESI. We find that both models re-
main statistically competitive with ACDM. The logarithmic model yields H, values that reduce the statistical dis-
crepancy with the SHOES determination for the late-time dataset combinations considered, with the residual tension
quantified using a standard o-based tension metric. Although the AIC, BIC, and DIC marginally favor ACDM over
the extended models, the results indicate that the logarithmic model can partially alleviate the H, tension for the late-
time datasets considered. The degree of alleviation depends on the specific combination of observations, providing a

phenomenological assessment of the late-time H, tension within the modified gravity framework.
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I. INTRODUCTION

The Hubble constant H,, which quantifies the present
expansion rate of the Universe, has now been measured
with remarkable precision, transforming what was once a
minor inconsistency into a significant challenge for the
standard cosmological model. This discrepancy, com-
monly referred to as the Hubble tension [1], corresponds
to a persistent disagreement-now exceeding the 50 level-
between values of H, inferred from different observation-
al probes [2—4]. The discovery of the late-time acceler-
ated expansion of the Universe through observations
of Type la supernovae (SNIa) [5, 6] established these
objects as powerful distance indicators, forming the
basis of the cosmic distance ladder. In particular, late-
Universe measurements calibrated via Cepheid variables
and SNIa consistently yield a higher value, Hy =73.04+
1.04 km s~ Mpc™' [7], further supported by recent ana-
lyses incorporating James Webb Space Telescope (JWST)
observations [8] and extended distance ladder studies [9].
In contrast, baryon acoustic oscillation (BAO) measure-
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ments provide an independent probe of the expansion
history by utilizing the sound horizon at the baryon
drag epoch, r; ~ 147 Mpc, as a standard ruler [10]. This
scale, imprinted in the large-scale distribution of matter
and observed in the galaxy two-point correlation func-
tion, enables precise constraints on both the comoving
angular diameter distance Dy(z) and the Hubble para-
meter H(z) over a wide redshift range. Large spectroscop-
ic surveys such as WiggleZ, SDSS-III BOSS [11-13],
and more recently the Dark Energy Spectroscopic Instru-
ment (DESI) have significantly improved the precision of
BAO measurements, with the latest DESI Data Release 2
(DR2), covering 0.1 <z<4.2, reporting H,=68.51+
0.58 kms~' Mpc™' [14, 15], in closer agreement with
early-Universe estimates. The contrast between the high-
er values inferred from supernova-based distance ladder
measurements and the lower values obtained from BAO
lies at the core of the Hubble tension.

More recently, this growing inconsistency has placed
increasing pressure on the standard ACDM framework
[16], motivating a systematic re-examination of its under-
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lying assumptions and possible extensions. A broad class
of theoretical approaches has been proposed to address
this tension, particularly those that modify the late-time
expansion history H(z) at redshifts z <2 [17-19]. Among
these, dynamical dark energy models replace the cosmo-
logical constant with a time-dependent component char-
acterized by an evolving equation of state parameter
w = p/p, thereby introducing additional degrees of free-
dom that must account for nearly 70 percent of the
present energy budget of the Universe [20-24]. While
such models raise important questions regarding the
physical origin and non-detection of these fields, recent
observational developments have renewed interest in
these scenarios. In particular, the latest BAO measure-
ments from the DESI collaboration [3, 14, 19, 25, 26], ex-
tending earlier results from SDSS surveys, have signific-
antly enhanced the precision of cosmological constraints.
Complementary information is provided by Type Ia su-
pernova datasets, including the Pantheon (PN) and Pan-
theon+SHOES compilations as well as the Dark Energy
Survey five-year sample (DES SN5YR), which offer im-
proved control over systematic uncertainties [27-32].
When combined with local measurements from. the
SHOES program, these datasets consistently favor a high-
er value of H, [33]. Within this observational context, re-
cent Bayesian analyses-especially those /incorporating
DESI data-have indicated a statistical preference for dy-
namical dark energy models over the standard ACDM
scenario [4, 34-36], even after accounting for the pres-
ence of additional free parameters. This emerging prefer-
ence suggests that deviations from a simple cosmological
constant (w=—1) may be favored, potentially providing
new insights into the nature of cosmic acceleration and its
connection to the Hubble tension [37—41].

An alternative and conceptually distinct approach in-
volves modifying the underlying theory of gravity rather
than introducing new energy components. In this context,
cosmic acceleration arises from deviations from General
Relativity (GR) on large scales, leading to modifications
in the expansion history and the inferred cosmological
parameters [42—50]. Such theories can, in principle, influ-
ence both early and late-time physics either by altering
the sound horizon scale or by modifying the late-time dy-
namics thereby offering additional flexibility in address-
ing the Hubble tension. Among the various modified
gravity frameworks, symmetric teleparallel gravity, or
f(Q) gravity, has recently gained significant attention
[51]. In this formulation, gravity is described in terms of
the non-metricity scalar O, and the gravitational action is
generalized to an arbitrary function f(Q), introducing
new dynamical degrees of freedom capable of driving
cosmic acceleration without invoking a cosmological
constant [52—58]. The f(Q) framework is particularly ap-
pealing in the context of the Hubble tension, as it modi-
fies the effective Friedmann equations and can produce

deviations in the late-time expansion rate while pre-
serving the well-established predictions of early-Uni-
verse cosmology [59-62]. Consequently, these models
can effectively mimic dynamical dark energy behavior,
including a redshift-dependent equation of state, and of-
fer a viable pathway toward reconciling the discrepancy
in Hy [63-68]. Recent studies show that EDE motivated
by the Hubble tension can increase the inferred «,
strengthening tension with USR-based PBH formation
[69]. In another model-independent test, the detection of
a Cosmic Graviton Background (AN.g,g =~ 0.054) could
rule out realistic inflationary scenarios, offering a poten-
tial probe of alternatives such as bouncing and emergent
cosmologies [70, 71]. Confronting such models with re-
cent observational datasets including BAO measure-
ments from DESI, supernova compilations such as Pan-
theon+ and DES SN5YR, and local determinations of the
Hubble constant provides a crucial test of whether modi-
fications to gravity can alleviate the tension and yield an
improved description of the observed Universe relative to
the standard ACDM model [1, 3, 18, 72-75].

In this work, we investigate the implications of sym-
metric teleparallel gravity within the context of the
Hubble tension by f(Q) model with a comprehensive set
of late-time observational data. In particular, we consider
multiple Type la supernova compilations, including the
Pantheon, Pantheon+ combined with SHOES, and the
DES SNS5YR, which together provide robust constraints
on the expansion history over a wide redshift range.
These datasets are further complemented by BAO meas-
urements from SDSS and the latest results from the
DESI, as well as cosmic chronometer (CC) data that of-
fer direct estimates of the Hubble parameter. The primary
objective of this analysis is to examine how modifica-
tions arising from symmetric teleparallel gravity, spe-
cifically within the framework of f(Q) theories, influ-
ence the late-time expansion dynamics and whether they
can alleviate the existing tension in H, measurements. To
this end, we consider two representative functional forms
of f(Q): a logarithmic model and a nonlinear saturation
model, both of which introduce deviations from the
standard ACDM behavior through geometric effects.

The structure of the paper is organized as follows. In
Section II, we present the theoretical framework of f(Q)
gravity and derive the corresponding cosmological field
equations for a homogeneous and isotropic Universe.
Section III describes the observational datasets employed
in this study and outlines the statistical methodology used
for parameter estimation. In Section IV, we introduce the
specific functional forms of the proposed models and de-
rive the associated expressions for the Hubble expansion
rate. This section also presents the observational con-
straints obtained within a Bayesian framework using the
combined datasets, together with a comparative analysis
of Model I and Model II. Finally, in Section V, we sum-
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marize the main results and discuss their implications for
the Hubble tension, as well as the viability of modified
gravity as an alternative to the standard cosmological
model.

II. FIELD EQUATIONS OF f(Q) GRAVITY
The action of f(Q) gravity [51] is given by

1
s=1 / & x\=Zf(Q)+S . (1)

where we use natural units in which 82G/c* =1, and §,,
denotes the matter action. Varying the action with re-
spect to the metric tensor yields the field equations as

2 o 1
ﬁva (\/__ngPHV) - Efgyv

+fQ (P;ut/ngﬁ _ZQZ'BP(Y v) = Tyvv (2)
where f, =df/00. In addition, variation with respect to
the affine connection yields

V.V, (V=gfoP) =0, (©))
which governs the dynamics associated with the connec-
tion.

The tensor P¢

> conjugate to nonmetricity, is defined
as

@ 1 @ 1 @ 1 @ 95 1 @
Pl = 3%t 2+ 3@ - Qg0 00 @

where parentheses denote symmetrization, A, = 2(A,,+
A,,). The two independent traces of the nonmetricity
tensor are defined as

Qa = g(r/l er/ls Qa = go‘/l Qo’ml~ (5)
The nonmetricity scalar Q can then be written as
Q = _Qavaa”V~ (6)

To investigate the cosmological implications, we con-
sider a spatially flat, homogeneous, and isotropic Fried-
mann-Lemaitre-Robertson-Walker (FLRW) spacetime
described by

ds® = —df* +a*(t) (dx* + dy* +d?) , @)

where a(?) is the scale factor. In the coincident gauge, the

connection coefficients vanish, and the metric is the only
dynamical variable. Choosing a different gauge would in-
troduce nontrivial contributions from the connection [51,
71]. For the metric in Eq. (7), the nonmetricity scalar re-
duces to

0 =6H", ®)
where H = a/a denotes the Hubble parameter.

The matter content of the Universe is modeled as a
perfect fluid with energy-momentum tensor

Tpv = (P"‘P)M#Mv"']?g#v, (9)
where p and p denote the energy density and pressure, re-
spectively,.and u, is the four-velocity of the fluid. Substi-
tuting the FLRW metric into the field equations yields the
modified Friedmann equations

1
6H fo= 5./ =p. (10)

) 1
(12H2fQQ+fQ)H:—§(p+p). (11)

These equations determine the cosmological dynamics in
f(Q) gravity.

With the decomposition f(Q) = Q + ®(Q), the preced-
ing equations can be rewritten as

1
3H? =p+ -0 - 0Dy,

: (12)

. 1 .
—3H*-2H =p+Qdp - 7@ +2H20Pgq + Dp).
(13)

Constructing a viable cosmological model requires spe-
cifying a functional form for ®(Q).

II. OBSERVATIONAL DATA SETS AND STAT-
ISTICAL METHODOLOGY

To constrain the model parameters, we perform a
Bayesian analysis using a Markov chain Monte Carlo
(MCMC) approach implemented with the publicly avail-
able emcee package [76], which uses an affine-invariant
ensemble sampler. This algorithm is well suited to effi-
ciently exploring correlated, high-dimensional parameter
spaces. The posterior probability distribution is given by
P(O|D) < L(D|®)I1(®), where L denotes the likelihood
function and II(®) represents the prior on the parameter
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vector ®. Assuming Gaussian-distributed observational
uncertainties, the total likelihood is expressed in terms of
the combined chi-square as

Xi(®) = Xee +Xsn T XBao: (14)
We evolve multiple chains (walkers) in parallel to ensure
appropriate sampling of the posterior distribution. Con-
vergence is assessed using standard diagnostics, includ-
ing the stabilization of chain means and the integrated
autocorrelation time. Only samples from the converged,
post-burn-in phase are used to derive parameter con-
straints.

Cosmic Chronometers (CC): We use a compilation
of 31 measurements of the Hubble parameter obtained us-
ing the CC technique [77, 78]. This method provides dir-
ect estimates of H(z) by measuring the differential age
evolution of passively evolving galaxies and exploiting
the relation H(z) = —1-%. Because it relies on relative
age differences, Az/At, it is less sensitive to systematic
uncertainties than methods based on absolute age determ-
inations [37, 79, 80]. Galaxy age estimates are based on
well-calibrated stellar population synthesis models
[81-84], and the method remains largely independent of
any assumed cosmological model or distance ladder cal-
ibration. The corresponding chi-square function is’ given

by

H(Zn ®) Hobs(zz)]

o cc(Zt

Xec(®) = Z

: (15)

where H(z;,®) and H,(z;) denote the theoretical and ob-
served values, respectively, and o¢c(z;) denotes the meas-
urement uncertainty.

Type Ia Supernovae: Another key dataset employed
in our MCMC analysis consists of Type la supernova
(SNe Ia) observations [5, 6]. These events, which typic-
ally originate from thermonuclear explosions in binary
systems, are particularly important in cosmology because
of their nearly uniform intrinsic luminosity. This prop-
erty allows them to be used as standardizable candles for
measuring distances to high-redshift galaxies, thereby
constraining the expansion history of the Universe.

The primary observable in supernova cosmology is
the distance modulus, defined as the difference between
the apparent magnitude m and the absolute magnitude M
[85], given by

Mz, ®) =m—M = 5log,,[D.(z;,0)] +25, (16)

where the luminosity distance is given by

D1(2,0) = c(1+2) / (17)

0 H(ZI’G)'

Here, ¢ denotes the speed of light, and H(z,®) is the
model-dependent Hubble parameter.

In this work, we use two major SNe Ia compilations:
the Pantheon dataset and its extended version, Panthecon+
combined with SHOES [7, 28, 29, 33]. The Pantheon
sample comprises 1048 spectroscopically confirmed su-
pernovae spanning the redshift range 0.01 <z<2.3,
providing a robust baseline for cosmological analysis [27,
86]. The Pantheon+SHOES compilation extends this data-
set to 1701 light-curve measurements from 1550 con-
firmed SNe la [10, 87-89], incorporating Cepheid-calib-
rated host-galaxy’ distances from the SHOES program.
This calibration plays a crucial role in breaking the de-
generacy between the absolute magnitude M and the
Hubble constant H, thereby enabling tighter constraints
on cosmological parameters.

For both the Pantheon and Pantheon+SHOES datasets,
the absolute magnitude M is treated as a nuisance para-
meter and marginalized over during the MCMC analysis.
The theoretical predictions for the distance modulus are
compared with observations, and parameter estimation is
performed by minimizing the corresponding chi-square
function.

Xen = A" C™'Ap, (18)
where Au = u(z;,0) — uops(zi), and C denotes the covari-
ance matrix, including both statistical and systematic un-
certainties.

In addition to these datasets, we also consider the
Dark Energy Survey five-year supernova sample (DES-
SN5YR), which comprises 1829 SNe Ia and provides an
independent, homogeneous dataset with improved con-
trol of observational systematics [30-32]. We use the
publicly released DES-SN5YR distance-modulus data to-
gether with the corresponding full statistical and system-
atic covariance matrix. The published distance moduli are
constructed using the reference normalization of H,
stated in Ref. [90]. This reference value is part of the nor-
malization adopted for the released distance-modulus
data and is not imposed as a fixed value or external prior
on H, in our analysis.

Since the unanchored DES-SNSYR Hubble diagram
does not independently determine the absolute supernova
luminosity, the absolute magnitude and H, remain degen-
erate [32]. Therefore, rather than fixing the absolute mag-
nitude M, we account for the corresponding additive cal-
ibration uncertainty by introducing a nuisance offset M
and analytically marginalizing over it. In particular, de-
fining Ap = fops — i, WE USE
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Xops(M) = (A — M1 Cppg(Au— M1), (19)
where Cpgs is the full DES-SN5YR covariance matrix.
Assuming a flat prior on M, this nuisance parameter can
be marginalized analytically, yielding

BZ
2 _
XDES,marg - - E’ (20)
where
A=Au"CppsAu, B=Au"Cpil, C=1"Cpigl.  (21)

Thus, the DES-SN5YR data constrain the relative dis-
tance—redshift relation, with the absolute SN calibration
marginalized over, thereby avoiding the introduction of
an artificial absolute calibration for H,. The resulting
DES contribution is then combined with the other obser-
vational datasets in the total likelihood. For the Pantheon
and Pantheon+SHOES datasets, the absolute magnitude M
is explicitly included as a nuisance parameter in the fit-
ting procedure, and the corresponding fitted value is-re-
ported in the tables. For DES-SN5YR, we do not report a
separate value of M because the absolute SN calibration
is marginalized over in the likelihood rather than inde-
pendently determined from the unanchored DES Hubble
diagram.

Baryon Acoustic Oscillations (BAQO): In this analys-
is, we use a combined BAO dataset from several large-
scale structure surveys. These comprise the 6dF Galaxy
Survey at an effective redshift z.x = 0.106 [91], the SDSS
Main Galaxy Sample at z. = 0.15 [92], the BOSS DR11
Lyman-a forest measurement at z.; = 2.4, the SDSS-IV
eBOSS DRI14 quasar observations at z. = {0.98,1.23,
1.52,1.94} [93], and the consensus BAO results from
SDSS-IIT BOSS DR12 at z = {0.38,0.51,0.61} [12]. The
full covariance matrices associated with these measure-
ments are included in the likelihood analysis to ensure a
consistent statistical treatment.

The BAO observables are expressed in terms of the
Hubble distance Dg(z), the comoving angular diameter
distance Dy(z), and the volume-averaged distance Dy(z),
which are defined as

Dy(2) = H() (22)

Du(z) = (1+2)Da(2), (23)
1/3

Dy(@) = |1+’ DA ——| (24)

H(z)

where the angular diameter distance is related to the Iu-

minosity distance by D4(z) = (1 +z)72D.(z). These quant-
ities are combined into observable vectors F(z;,®), typic-
ally normalized by the sound horizon scale at the baryon
drag epoch.

An important aspect of BAO analyses is the inherent
degeneracy between the sound horizon r; and the Hubble
constant H,. This degeneracy arises because BAO meas-
urements primarily constrain the combination c¢/(Hyr,),
making it difficult to determine these parameters inde-
pendently from BAO data alone. Breaking this degener-
acy requires additional cosmological information or ex-
ternal priors on ry, often obtained from cosmic mi-
crowave background (CMB) measurements or Big Bang
nucleosynthesis (BBN) considerations.

In this work, the comoving sound horizon at the drag
epoch (z; 2 1059.94) is evaluated as [94]

wor G ©s)
/1/(1+&) da (26)
RV a2H(a) 1+(j§bg) ’

where we adopt Q0 =0.02242, Q,,=2.469x107 [94],
To=2.7255K [95], and the fiducial value r,4(z) =
147.05Mpc. The sound horizon represents the maximum
comoving distance that acoustic waves can propagate
through the tightly coupled photon—baryon plasma be-
fore recombination and therefore provides a standard
ruler for BAO measurements. BAO observations thus
constrain the expansion history through combinations of
the Hubble parameter and the comoving angular-diamet-
er distance, usually expressed in terms of Dy(z) = ¢/H(z)
and D, (z) relative to the sound horizon.

For a given cosmological model, the theoretical BAO
quantities are evaluated from the corresponding expan-
sion history H(z) and compared with the observed meas-
urements. In particular, depending on the type of BAO
observable, the relevant quantities can be written as

ey @

where
D= s, Dl =c OZ ey

and
Dy(2) = {ng(;)} " (29)
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Thus, the BAO data provide an important complement-
ary constraint on the background expansion history and
help break parameter degeneracies in the supernova and
cosmic-chronometer datasets.

The corresponding chi-square statistic is given by

X5r0(©) = AFT o AF, (30)
where AF = F(z;,0) — Fos(z), F(z;,®) denotes the theor-
etical BAO observable for the parameter set ®, and
Fos(z;) represents the corresponding observed quantity.
Here, Cgao denotes the covariance matrix, which ac-
counts for correlations among the BAO measurements.

The sound horizon is primarily determined by the pre-
recombination expansion history and therefore provides a
link between early- and late-Universe cosmology. In par-
ticular, the CMB acoustic scale precisely constrains the
combination of r, and the distance to the last-scattering
surface. Consequently, inferring a larger value of H
from late-time observations generally requires careful
consideration of the assumed sound horizon. In the
present analysis, we use the standard sound-horizon pre-
scription and focus on testing modifications to the late-
time expansion history within the f(Q) framework. A
complete assessment of the early-Universe consistency of
these models would require a joint analysis with CMB
likelihoods and a model-independent treatment of the r,
prior, which we leave for future work.

The latest DESI Data Release- BAO measurements
provide an important extension of earlier BAO datasets
used in cosmological analyses. Unlike previous BAO
compilations, DESI provides substantially improved
BAO measurements over a broad redshift range, 0.1
z < 4.2, using multiple galaxy and quasar tracers. The ex-
panded redshift coverage and improved precision enable
tests of the expansion history across a wider range of cos-
mic epochs. In particular, when combined with Type Ia
supernovae, the DESI measurements indicate possible
redshift-dependent deviations from the standard ACDM
expansion history, making them particularly relevant for
testing late-time modified-gravity scenarios. Recent stud-
ies combining DESI BAO measurements with a BBN pri-
or have yielded an estimate of the Hubble constant of ap-
proximately H,~ 68.51 +0.58 kms~! Mpc™', independent
of CMB constraints [14, 19]. Although this value is mar-
ginally higher than earlier Planck-based results, it re-
mains in significant tension with local determinations
from the SHOES collaboration. This persistent discrep-
ancy highlights the importance of BAO measurements for
constraining cosmological parameters and emphasizes the
need for joint analyses with complementary probes.

For each model and observational data combination,
we assess the goodness of fit using the minimum chi-
square statistic, y2,,, which is obtained from the maxim-

um likelihood function L, as

Xi = =2InLy,. 30D

To compare the cosmological models with the stand-
ard ACDM framework, we employ the Akaike Informa-
tion Criterion (AIC) [96], which accounts for both good-
ness of fit and the number of free parameters £ in the
model. The AIC is expressed as:

AIC = x2. +2k. (32)
A lower AIC value generally indicates a more favorable
model, as it reflects a better balance between fitting the
observational data accurately and avoiding unnecessary
model complexity. Although adding parameters may im-
prove the fit, the AIC includes a penalty term that dis-
courages overparameterized models.

We further evaluate the models using the Bayesian
Information Criterion (BIC) [97], which imposes a
stronger penalty on models with larger parameter spaces.
The BIC is defined as

BIC = x2,, +kInm, (33)
where m represents the total number of observational data
points. As with the AIC, lower BIC values indicate a pre-
ferred model. However, because the penalty term de-
pends on the sample size, the BIC penalizes overly com-
plex models more strongly, especially for large datasets.

As a complementary Bayesian model-selection cri-
terion, we also consider the Deviance Information Cri-
terion (DIC) [98], which is particularly useful for models
constrained by their posterior parameter distributions.
The DIC is defined as

DIC = 2D(6) — D(6), (34)
where D(0) = —2InL(f) denotes the deviance, D(f) is its
posterior mean, and D(6) is the deviance evaluated at the
posterior mean of the model parameters. Unlike the AIC
and BIC, the DIC accounts for the effective complexity
of a model through the posterior distribution, rather than
simply using the total number of free parameters. A lower
DIC value indicates a preferred model, and differences in
DIC provide a measure of the relative statistical support
for competing models.

To quantify the relative performance of the scenarios
considered relative to the reference ACDM model, we
calculate the corresponding differences in the AIC, BIC,
and DIC. These are defined as

AAIC = AIC o0 — AlCAcpy = Ay, + 24k, (35)
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ABIC = BIC 041 — BICAcpm = Ax2,, + Aklnm,  (36)

and

ADIC = DICyo4e1 — DICacpum- (37
Here, Ak = kmodel —kacom and Axqy, = x 2min,model —X 3nin,ACDM'
Smaller values of AAIC, ABIC, and ADIC indicate a stat-
istical preference for the considered model over ACDM,
whereas values close to zero indicate comparable per-
formance. Negative values favor the considered model,
whereas positive values favor the reference ACDM mod-
el.

The best-fit parameters for the ACDM model for each
data set combination are given in Table 4 of Appendix-I.

The statistical results for both f(Q) models, including
X2, AAIC, ABIC, and ADIC, are summarized in Tables
1 and 2.

IV. ANALYSIS f(Q) MODELS

The specific choice of the function f(Q) plays a cent-
ral role in determining the cosmological dynamics, as it
provides a purely geometric mechanism for describing
the accelerated expansion of the Universe. General Re-
lativity is recovered in the limiting case f(Q)= Q+2A,
whereas more general functional forms introduce addi-
tional contributions involving derivatives of f(Q). These
contributions enrich the gravitational dynamics and lead
to a broader range of cosmological behaviors. Several
functional forms of f(Q) have been investigated in the lit-
erature. In particular, the power-exponential model pro-

Table 1. Constraints on Model-I parameters for different dataset combinations.

Model I H, Quo n M Xoin AAIC ABIC ADIC
CC+PN+SDSS 69.2+16 0.320£0.011 ~0.792:09% ~19.373+004 1045.14 0.20 5.19 0.15
CC+PN+DESI 68.5+1.4 0.305*0.908¢ —01749:004¢ ~19.394+0038 1056.85 1.34 6.34 1.19

CC+PN(SHOES)+SDSS 70.154087 03690910 20.676*00% ~19.377+092 1667.01 0.21 5.68 0.17

CC+PN(SHOES)+DESI 69.80*034 0.3247+00087 ~0.772+0030 —19.414+0025 1681.41 3.83 9.29 3.75

CC+DES+SDSS 69.04+0.35 0.3442+00047 -0.702+0428 * 1699.50 1.60 7.14 1.44

CC+DES+DESI 69.85+0.26 0.3270*55579 -0.772+333 * 1713.39 3.20 8.73 3.09
Table 2. Model II parameter constraints for different dataset combinations.

Model I H, Qo M X AAIC ABIC ADIC
CC+PN+SDSS 70.0+1.6 0.340+0.011 0.292+397¢ -19.330%558 1047.23 2.29 7.28 2.21
CC+PN+DESI 70.9%13 0.3584+90081 0.14539%5 —-19.271*343% 1058.54 3.03 8.03 2.88

CC+PN(SHOES)+SDSS 70.24+08¢ 0.390+0.011 0.111%004 ~19.35013%3 1669.99 3.19 8.66 2.97

CC+PN(SHOES)+DESI 69.88 £0.83 0.377310.0088 0.08070.930 ~19.359+0022 1681.92 434 9.80 4.12
CC+DES+SDSS 68.15%93 0.3569 +0.0054 0.133+093 * 1698.78 0.88 6.41 0.67
CC+DES+DESI 67.25%0% 0.3591+30072 0.030+0.018 * 1712.36 217 7.70 1.98

Table 3. The inferred H, values and their corresponding tensions with the Planck and SHOES measurements are presented for Model

I and Model II. The tensions are expressed in units of .

Dataset combination H, Model Totanck / Tstors H, Model 11 Tpranck / Tstoxs
CC+PN+SDSS 69.2+15 1.06/2.01 70.0+1.6 1.58/1.59
CC+PN+DESI 68.5+1.4 0.79/2.60 70.913 2.49/1.35

CC+PN(SHOES)+SDSS 70.15%38) 2.60/2.13 70.24+580 2.64/2.07
CC+PN(SHOES)+DESI 69.8079% 2.42/2.42 69.88+0.83 2.46/2.37
CC+DES+SDSS 69.04 +0.35 2.37/3.65 68.15153 1.16/4.40
CC+DES+DESI 69.85+0.26 3.64/2.98 67.2573% 0.03/5.36




Rahul Bhagat, Kesava Chodavarapu, B. Mishra

Chin. Phys. C 51, (2026)

Table 4. Constraints on ACDM parameters for different dataset combinations.

ACDM Hy Quo M X AIC BIC DIC
CC+PN+SDSS 69.1+1.7 0.297+40 -19.370%3%2 1046.94 1052.94 1067.92 1050.94
CC+PN+DESI 67921940 0.2994700076 ~19.415%0914 1057.51 1063.51 1078.50 1061.51

CC+PN(SHOES)+SDSS 70.81+0.72 0.359:016 ~19.368+9.92 1668.80 1674.80 1691.19 1672.80
CC+PN(SHOES)+DESI 6877103 0.3176:99120 —19.447+0018 1679.58 1685.58 1701.97 1685.58
CC+DES+SDSS 6931102 0.325+0.016 * 1699.90 1703.90 1714.97 1703.90
CC+DES+DESI 703002 0.2848+00051 * 1712.19 1716.19 1727.26 1716.19
posed in [54, 64, 65, 99] exhibits interesting cosmologic- = 2 41)
al features, including the ability to account for late-time Qo

cosmic acceleration and to provide an effective descrip-
tion of observational data. Similarly, the power-law mod-
el studied by Paliathanasis [25] leads to field equations
that can be formulated as an integrable Hamiltonian sys-
tem and, for specific choices of the model parameters, ad-
mits an analytical expression for the dynamical dark en-
ergy equation-of-state (EoS) parameter. In the present
work, we consider two functional forms of ®(Q) to illus-
trate how different choices of ®(Q) can accommodate
late-time cosmic expansion and potentially alleviate the
H, tension while providing viable geometric alternatives
to the standard cosmological model.

A. Model I: Logarithmic f(Q) Model

In Model I, we consider a logarithmic functional form
for ®(Q), defined as

Qn+l
o

Q

(2 ):

where Q = 6H?(z) and Q, = 6H?. The normalization con-
stant a is obtained by evaluating the modified Friedmann
equation at the present epoch, which yields

Q) =a

(38)

Q=1
e

a=

(39)

The logarithmic dependence in ®(Q) introduces a
scale-dependent correction to the standard linear form
f(Q)=Q, where Q, serves as a reference scale associ-
ated with the present-day cosmological epoch. In particu-
lar, the correction vanishes at Q = Q.

O(Qo) = 0. (40)
The parameter n controls how the modification depends
on the nonmetricity scale and therefore determines how
rapidly deviations from the standard f(Q)=Q cosmo-
logy evolve with Q. For convenience, we introduce the
dimensionless variable

The logarithmic correction can then be expressed as

®(Q) = aQpx" ' In x. (42)
Since the full gravitational Lagrangian is given by
F(Q)=0+D(Q), (43)
The first derivative with respect to Q is
fo=l+ax"[(n+ Dinx+1], (44)
and the second derivative is
foo = gx” [n(n+ Dlnx+Qn+1)]. (45)

These derivatives are useful for assessing the theoret-
ical viability of the model. In particular, a necessary con-
dition for preserving the correct sign of the gravitational
kinetic term is

fo>0. (46)

For Model I, this condition can be written explicitly as

l+a (g())n {(n+ 1)ln<é) + l} > 0.

Therefore, the cosmological solutions should remain in
the region of parameter space where f, is positive and
does not vanish.

We next examine the asymptotic behavior of the log-
arithmic correction in the high- and low-curvature re-
gimes. Since Q = 6H?, the limit Q > Q, corresponds to
the high-curvature regime, whereas Q < Q, represents
the low-curvature regime. The relative contribution of the

(47)
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modification to the leading Q term is

Q

() n(5):

For the parameter range favored by the observational
analysis, Model I consistently favors negative values of n.
In the high-curvature limit, Q/Qy — oo, one obtains

®(Q) _

0 (48)

o\ (@
(@> ln(@> — 0, n<0. (49)
Consequently,
D(0)
— — 0, — 00, 50
0 0 (50)

Thus, although the logarithmic correction does not neces-
sarily vanish, it becomes subdominant to the leading Q
contribution in the high-curvature regime. Furthermore,

Jo— 1, Q — oo, (51)
for n<0. Thus, Model I asymptotically approaches the
standard behavior f(Q) ~ Q in the high-curvature regime.
This feature is desirable because it suppresses the relat-
ive contribution of the modified-gravity correction dur-
ing epochs characterized by large nonmetricity.

The low-curvature limit requires more careful consid-
eration. For the observationally preferred range -1 <
n < 0, the correction behaves as

D(Q) o« Q"' In Q. (52)
Since n+1 > 0 over this range, the correction itself satis-
fies

O(Q) — 0, 0—-0. (53)
Therefore, the modification of the background function
f(Q) formally vanishes in this limit. However, its derivat-

ives behave differently. In particular,

fo—10cQ"InQ, (54)
which becomes singular as Q — 0 for n<0. Similarly,
the second derivative fpp may also become singular in
this limit. Thus, although ®(Q) tends to zero for
-1 <n <0, the logarithmic Model I does not have a fully
regular derivative structure in the strict limit Q — 0. The
observational constraints are obtained from finite-red-

shift cosmological solutions and therefore correspond to a
finite range of Q. Consequently, the formal singular beha-
vior as Q — 0 does not, by itself, imply a breakdown of
the background solutions over the observationally relev-
ant range. Nevertheless, it indicates that the very low-
curvature regime requires a dedicated theoretical invest-
igation before the model can be regarded as globally vi-
able.

The corresponding evolution equation for the model,
in which the normalized Hubble parameter is defined as
E(z) = H(z)/H,, takes the form

E(@)* = Q,,,(1+ 2P + aE(2)*" " log (E(2)?)

=20E@)’"" [(n+ Dlog (E@)*) +1],  (55)

This system is nonlinear and cannot be solved analytic-
ally; therefore, numerical techniques are required for
parameter estimation. The resulting parameter estimates
are summarized in Table 1, and the corresponding confid-
ence contours and posterior distributions are shown in
Fig. 1. In the limit @ — 0, the model reduces to standard
GR, thereby recovering the ACDM behavior.

For the dataset combination CC+PN+SDSS, the Hub-
ble constant is constrained to Hy = 69.2*1¢ km s~ Mpc™',
with Q,,0=0.320+£0.011 and n=-0.792*)0%. Replacing
SDSS with DESI (CC+PN+DESI) slightly shifts the cent-
ral value to Hy = 68.5+ 1.4 and yields tighter constraints
on Q,, and n, reflecting the improved precision of the
DESI measurements. This trend is also evident in the pos-
terior distributions in Fig. 2, where the DESI-based histo-
gram is narrower than the corresponding SDSS result, in-
dicating reduced parameter uncertainties.

When the PN(SHOES) dataset is included, the in-

— CC+Pantheon+BAO(SDSS)

— CC+Pantheon+DESI

— CC+Pantheon&SHOES+BAO(SDSS)
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Fig. 1. (color online) Contour plot of the combined dataset
comprising CC, Pantheon, Pantheon+SHOES, BAO (SDSS),

and DESI for Model 1.
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Posterior Distribution of Hp in Logarithmic f{Q) Cosmology
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Fig. 2.  (color online) Posterior probability distributions of
the Hubble constant H, for Model I, obtained from different

combinations of observational datasets.

ferred value of the Hubble constant increases, as expec-
ted from the Cepheid calibration. Specifically, for
CC+PN(SHOES)+SDSS, we obtain  Hy=70.157)%,
whereas the CC+PN(SHOES)+DESI combination yields
H, = 69.80%0%;. In both cases, the uncertainties are re-
duced compared with the Pantheon-only results, and the
parameter n shifts toward less negative values, indicating
a mild dependence of the model dynamics on the choice
of supernova dataset. In the histogram panel, these com-
binations produce posterior peaks shifted toward higher
values of H,, bringing the results closer to the SHOES
local measurement.

A more substantial tightening of the constraints is ob-
served when the DES SN5YR dataset is employed. For
CC+DES+SDSS, the Hubble constant is constrained to
Hy =69.04 +0.35, while for CC+DES+DESI, it becomes
Hy = 69.85+0.26. The corresponding values of Q,,, and n
are also tightly constrained, with uncertainties signific-
antly smaller than those obtained from Pantheon-based
datasets. This improvement is primarily due to the larger
sample size and reduced systematic uncertainties of the
DES SN5YR dataset. The posterior distributions are con-
siderably sharper, demonstrating the strong constraining
power of the DES SNSYR data. Across all dataset com-
binations, the matter density parameter Q,, remains
within the range 0.30—0.37, consistent with standard cos-
mological estimates. The model parameter » consistently
takes negative values, typically around n ~ —0.7, indicat-
ing deviations from the ACDM limit while maintaining
compatibility with observational data. Furthermore, the
histogram distributions in Fig. 2 show that the inferred
values of H, generally lie between the Planck and SHOES
measurements, suggesting that the model may provide a
possible route toward alleviating the H, tension.

B. Model II: Nonlinear Saturation f(Q) Model

In Model II, we consider a nonlinear saturating form
of ®(Q) designed to regulate higher-order contributions
of the nonmetricity scalar and provide controlled evolu-

tion of the cosmological dynamics across different
epochs. The functional form is given by

1+gg)_n} ,

where the parameter n controls the strength and rate of
the nonlinear saturation, while a determines the overall
amplitude of the modification. The normalization con-
stant «a is determined by evaluating the modified Fried-
mann equation at the present epoch, yielding

D(Q) = aQo {1 - ( (56)

2"(1-Q,,)

S 2—1-2n" 7

This functional form is considered because it intro-
duces-a bounded nonlinear correction to the standard
f(Q) = Q theory. In contrast to the logarithmic correction
considered in Model I, the nonlinear structure of Model 11
suppresses the modification's relative contribution at
large values of the nonmetricity scalar. This provides a
complementary phenomenological realization in which
late-time expansion can be modified, while the correc-
tion becomes progressively less important in the high-
curvature regime. Thus, Model II allows us to investigate
whether a saturating modification of the nonmetricity sec-
tor can provide a viable cosmological background while
remaining close to standard gravitational behavior at suf-
ficiently large Q.

For convenience, we introduce the dimensionless
variable X = 5.

The modification can then be expressed as

O(Q) =a0y [1 -1+ xz)fn} ; (58)
and the full gravitational function is
F(Q)=0+D(Q). (59)
The first derivative of f(Q) with respect to Q is
fo=1+2anx(1+x*)™"", (60)
while the second derivative is
2an 2N-n-2 2
fQQ=?(1+x) [1-Qn+1)x7]. (61)
0

These derivatives are useful for analyzing the behavior of
the gravitational sector and the stability of the cosmolo-
gical solutions.

A necessary condition for maintaining the correct sign
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of the gravitational kinetic term is

fo>0. (62)

For Model II, this condition can be written explicitly as

1+201an (1 + g;)‘”‘l > 0.

0

(63)

Consequently, the physically relevant cosmological solu-
tions should remain within the region of parameter space
in which f, remains positive and does not cross zero.

The asymptotic behavior of Model II can be ex-
amined by considering the low- and high-curvature lim-
its. Since Q = 6H?, the limits 0 < Q, and Q > Q, corres-
pond to the low- and high-curvature regimes, respect-
ively. For Q < Qy, or x < 1, the nonlinear term can be
expanded as

, nn+l1) ,

A+x)"=1-nx*+ X+ 0. (64)
Consequently,
B(Q) = a0y [ =" D Loas|, (69
or equivalently,
O an(n+1) Q! p
(D(Q)—an@—#ag +0(0"). (66)
Hence,
@) -0, 0—0] (67)
and therefore
Q) -0, Q0—0. (68)
Furthermore,
_ 0 3
fo=1+2an—+0(Q"), (69)
Qo
which gives
fo— 1, 0-0] (70)

Thus, the nonlinear saturation model has a regular low-
curvature limit for both ®(Q) and fj.

The high-curvature behavior is obtained by consider-
ing Q> Qy, or equivalently x > 1. In this regime,

A+x)™"=x

(71)

In the observationally preferred region of Model 11, n > 0;
therefore,

(72)

Consequently,

D(Q) = aQo,

Q — co. (73)
Although the modification tends to a finite constant, its
contribution relative to the leading nonmetricity term
vanishes:

°0) _ o[ (1,2 e
0 "0 {1 <1+Q§> } 0, Q0 - (74)
Therefore,
o(0)
— >0, — 00, 75
0 0 (75)

and the leading-order behavior of the theory approaches

f(Q) = Q+aQo. (76)
Because the additional term remains constant as Q in-
creases, its relative effect on the gravitational dynamics
becomes negligible. Moreover,

fo=1+2anx "' +0(x), (77)
so that
T N X (78)
for n > 0. Similarly,
foo =0, Q — co. (79)

Thus, Model II has a regular high-curvature limit in
which the modification becomes subdominant to the
standard Q contribution.

The asymptotic properties of Model II therefore dif-
fer qualitatively from those of the logarithmic Model I. In
Model I, the favored negative values of n suppress the re-
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lative correction at high curvature but can lead to a singu-
lar derivative structure in the formal Q — 0 limit. In con-
trast, Model II is constructed so that ®(Q) vanishes quad-
ratically near Q =0 and approaches a finite constant at
large Q. Consequently, the nonlinear saturation form
provides a more regular interpolation between the low-
and high-curvature regimes.

The positivity condition f, >0 provides an important
necessary viability criterion for Model II. Using the ob-
servationally constrained parameters, this condition can
be evaluated along the corresponding cosmological back-
ground solutions. In particular, the observational analysis
yields positive values of n for all dataset combinations
considered, with the preferred value approaching zero
when the more precise DES and DESI data are included.
This behavior indicates that the nonlinear modification
becomes progressively weaker for the most tightly con-
strained dataset combinations.

However, the condition f, > 0 is a necessary gravita-
tional-sector viability condition and does not, by itself,
establish complete perturbative ghost freedom. A com-
plete stability analysis requires expanding the action to
second order in scalar, vector, and tensor perturbations
and examining the corresponding kinetic and gradient
terms. In particular, the absence of ghost instabilities re-
quires positive kinetic coefficients, while the absence of
gradient instabilities requires non-negative squared
propagation speeds. Therefore, the present analysis estab-
lishes the background asymptotic behavior and the basic
condition f, >0, but it does not constitute a complete
proof of ghost-free perturbative stability.

The nonlinear saturation form nevertheless has a the-
oretically desirable feature: both the Q - 0 and Q — ~
limits remain regular at the level of ®(Q) and f;, with the
latter approaching the standard value f, = 1. A complete
scalar-, vector-, and tensor-perturbation analysis, includ-
ing the explicit ghost and gradient-stability conditions, is
beyond the scope of the present background-level obser-
vational study and will be considered in future work.

The evolution equation for the normalized Hubble
parameter E(z) = H(z)/H, takes the form

E@)P?=Q,,(0+2°+a

80
—a(1+E@Y) ™" [E@*@n+1)+1], (80)

which, similar to Model I, is nonlinear and must be
solved numerically. This formulation effectively sup-
presses large deviations at high redshift while allowing
controlled modifications at late cosmic times.

The constraints on the model parameters derived from
various combinations of observational datasets are
presented in Table 2, and the corresponding confidence
contours are shown in Fig. 3. These datasets include CC,
Type la supernovae (Pantheon, Pantheon+SHOES, and
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Fig.-3.  (color online) Contour plot for the combined CC,
Pantheon, Pantheon+SHOES, BAO(SDSS), and DESI data-
sets for Model-II.

DES SN5YR), and BAO measurements from SDSS and
DESI. The contour plots illustrate the correlations among
the cosmological parameters (Hp,<,0,7) and show that
the allowed parameter space becomes progressively more
constrained with the inclusion of more precise datasets,
particularly DESI observations.

For the CC+PN+SDSS combination, the Hubble con-
stant is constrained to be Hy,=70.0+1.6kms' Mpc™',
with Q,,0=0.340+0.011 and n=0.292*]97%. The corres-
ponding contours in Fig. 3 show relatively broad allowed
regions, particularly in the (Hy,n) plane, indicating weak-
er constraints on the nonlinear parameter n. When DESI
data are used instead (CC+PN+DESI), the value shifts to
H,y =70.9%12, accompanied by tighter constraints on €,
and a noticeable decrease in the parameter n, reflecting
the impact of higher-precision BAO measurements. This
improvement is evident in Fig. 3, where the confidence
regions shrink considerably compared with the SDSS
case.

Including the PN(SHOES) dataset leads to a moderate
shift in the inferred parameters. For CC+PN(SHOES)+
SDSS, we obtain H, =70.2473%¢, whereas the CC+
PN(SHOES)+DESI combination yields Hy = 69.88 +0.83.
In both cases, the uncertainties are reduced compared
with the Pantheon-only combinations, and the parameter
n decreases further, suggesting weaker deviations from
the standard cosmological model when local calibration
data are included.

To further examine the behavior of the Hubble con-
stant in this model, the posterior distributions of H, for
all dataset combinations are presented in Fig. 4. The fig-
ure shows that the Pantheon- and Pantheon+SHOES-
based combinations generally favor values around
Hy~70km s~ Mpc™', lying between the SHOES and



Non-Metricity Corrections Approach to Alleviate Ay Tension: The Logarithmic and ...

Chin. Phys. C 51, (2026)

Planck reference measurements. This indicates that the
nonlinear saturation f(Q) model naturally accommodates
intermediate values of the Hubble constant and partially
alleviates the tension between local and early-Universe
observations.

A distinct behavior is observed when the DES
SN5YR dataset is considered. For CC+DES+SDSS, the
Hubble constant is constrained to H, = 68.15337, where-
as CC+DES+DESI gives H, = 67.25730. These results
provide significantly tighter constraints, particularly in
the latter case, where the uncertainty in H, is reduced to
below 0.5%. This trend is consistently reflected in both
figures. In Fig. 3, the confidence contours become sub-
stantially smaller and more localized, while Fig. 4 shows
that the DES-based datasets shift the posterior distribu-
tions toward lower values of H,. This shift is especially
pronounced for the CC+DES+DESI combination, whose
peak lies close to the Planck measurement. Moreover, the
CC+DES+DESI case produces the narrowest posterior
distribution among all combinations, highlighting the
strong constraining power of the combined DES and
DESI observations.

The matter density parameter Q,, remains tightly
constrained across all dataset combinations, generally fa-
voring slightly higher values than Model I, typically in
the range 0.34—0.39. The contour structure in Fig. 3 fur-
ther indicates a mild correlation between Q,,, and n, with
smaller values of n associated with slightly larger matter
densities. The model parameter » is‘consistently positive
in this case, with values decreasing from ~ 0.3 for Pan-
theon-based datasets to ~0.03 for the CC+DES+DESI
combination. This behavior suggests that the inclusion of
increasingly precise observational data systematically
drives the nonlinear saturation f(Q) model closer to the
ACDM limit, corresponding to smaller deviations from
standard cosmology.

C. Comparison between Model I and Model 11
A direct comparison of Model I (logarithmic) and

Posterior Distribution of Ho in Non-linear f(Q) Cosmology
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Fig. 4. (color online) Posterior probability distributions for

the Hubble constant H, in Model II, obtained from different
combinations of observational datasets.

Model II (nonlinear saturation) reveals both the robust-
ness of the inferred cosmological parameters and their
sensitivity to dataset choice across two distinct function-
al forms of f(Q) gravity. Fig. 5 displays the estimated
values of Hj at the three vertices corresponding to Model
I, Model II, and ACDM for all six dataset combinations.
The overall compactness of the polygon formed by each
dataset trace indicates that the two modified gravity mod-
els and ACDM occupy largely overlapping regions of
parameter space with respect to Hy. For the CC+PN+
SDSS combination, Model 1 yields Hy = 69.2*1% km s™'
Mpc!, whereas Model I yields Hy=70.0+1.6 km s’
Mpc!, a difference well within the lo uncertainties.
Similarly, for CC+PN+DESI, Model I gives H, = 68.5+
1.4, whereas Model II gives H,=70.9%]3. Across these
baseline combinations, Model I consistently returns H,
values ‘closer to the intermediate range between the
Planck CMB and SHOES distance-ladder results, where-
as-Model I exhibits slightly greater scatter. This sug-
gests that the logarithmic correction provides a more
stable geometric response to the underlying data.

When the PN(SHOES) dataset is incorporated, both
models exhibit a systematic upward shift in the inferred
Hy, regardless of the BAO counterpart used. For
CC+PN(SHOES)+DESI, Model I gives H,=69.80*)%1,
and Model II gives H,=69.88+0.83, in near-perfect
agreement. Likewise, for CC+PN(SHOES)+SDSS, the
values are Hy =~ 70.15 (Model I) and H, =~ 70.24 (Model
IT). This behavior is clearly captured in the radar plot by
the green trace (CC+Pantheon&SHOES+BAO(SDSS)),
which consistently extends to the outermost ring near
73.9 at the Model I vertex — the largest H, excursion re-
corded across the entire comparison. These findings con-
firm that SHOES calibration systematically drives H, up-
ward independently of the underlying gravity model, in-
dicating that the observational calibration is the domin-
ant source of this shift.

Datasets
N CC+Pantheon+BAO(SDSS)
CC+Pantheon+DESI
CC+Pantheon&SHOES+BAO(SDSS)
I CC+Pantheon&SHOES+DESI
CC+DES+BAO(SDSS)
CC+DES+DESI

Model-I

Model-Il

ACDM

Fig. 5. (color online) The plot illustrates the inferred H, val-
ues (in km s™' Mpc™") for Model 1, Model II, and ACDM
across six dataset combinations; the radial scale ranges from
66.2 to 73.9 kms™' Mpc ™.
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The DES SN5YR dataset imposes the tightest con-
straints in both models, as indicated by the clustering of
the yellow (CC+DES+SDSS) and cyan (CC+DES+DESI)
traces near the center of the radar plot and by their sub-
stantially reduced uncertainties. For CC+DES+DESI,
Model I yields Hy = 69.85+0.26, whereas Model II gives
Hy = 67.25702% km s™' Mpc™'. The central values differ by
approximately 2.6 km s™' Mpc™', yet both have sub-per-
cent uncertainties. Here, the distinction between the two
models is most pronounced: Model I returns H, =
69.85+0.26, which remains well within the intermediate
range that can ease the tension, whereas Model II yields
H, = 67.25%0%, which lies closer to the Planck estimate
and therefore provides less leverage in addressing the
Hubble tension. Similarly, for CC+DES+SDSS, Model 1
gives H,=69.04+0.35, compared with H,=68.15%3)
from Model II, reinforcing the same trend. This systemat-
ic difference indicates that the logarithmic functional
form of Model I, owing to its unbounded growth at large
nonmetricity, is better able than the saturating correction
of Model II to sustain H, at values capable of partially al-
leviating the tension with local distance-ladder measure-
ments.

In Model I, n controls the power-law dependence of
the logarithmic nonmetricity correction on. the scale
Q/Qy. The preferred value, n ~ —0.7, implies that the rel-
ative contribution of the modification is suppressed at
high curvature while allowing a scale-dependent modific-
ation at late times. In Model II, n controls the rate of non-
linear saturation of the correction. For n > 0, the modific-
ation approaches a finite value at high Q, whereas n=0
gives ®(Q) =0 and recovers the standard f(Q) = Q limit.
The preferred value decreases from approximately n ~ 0.3
for the CC+PN+SDSS combination toward n ~0 for the
combinations involving DES and DESI, indicating a pro-
gressively weaker nonlinear modification.

The prior range of n was chosen to be sufficiently
broad to encompass the relevant modified-gravity behavi-
or and was fixed independently of the observational res-
ults. We adopted a flat prior, and the MCMC analysis ex-
plored the entire adopted prior interval rather than being
restricted to the region favored by the data. Thus, the pos-
terior constraints on n are determined by the observation-
al likelihood rather than imposed by the prior choice. Re-

Comparison of AAIC and ABIC

gions outside the adopted prior interval were not con-
sidered in the present analysis.

To quantify the extent to which the proposed models
alleviate the Hubble tension, we calculate the tension
between the inferred H, values and the Planck and
SHOES determinations. The tension is defined as

|Hy — Hy|

Voi+ok

For the quoted Planck and SHOES measurements, the
corresponding discrepancy is 4.68c. The resulting ten-
sion values for the two f(Q) models are presented in Ta-
ble 3. Model I reduces the discrepancy with SHOES to ap-
proximately 2.0-3.7¢0 for the dataset combinations con-
sidered. Model II shows stronger alleviation for some
combinations, with the tension reaching as low as 1.350
for the. CC+PN+DESI dataset. However, the tension re-
mains dataset dependent, and some combinations yield a
substantially larger discrepancy with SHOES. These res-
ults indicate that the proposed f(Q) models can partially
alleviate the Hubble tension.

The AAIC and ABIC values presented in Tables 1 and
2, and visualised in Fig. 6, statistically reinforce this con-
clusion. For Model I, AAIC ranges from a minimum of
0.20 (CC+PN+SDSS) to a maximum of 3.83 (CC+
PN(SHOES)+DESI), with the corresponding ABIC val-
ues spanning 5.19 to 9.29. According to the Jeffreys
scale, AAIC < 2 implies substantial support relative to the
reference model, while 2 < AAIC < 4 indicates a positive
but weaker preference. Model I has substantial statistical
support from the CC+PN+SDSS and CC+PN(SHOES)+
SDSS combinations and positive support from the re-
maining combinations, establishing it as a statistically vi-
able alternative to ACDM across the full range of data-
sets considered. For Model II, AAIC ranges from 0.88
(CC+DES+SDSS) to 4.34 (CC+PN(SHOES)+DESI), with
ABIC spanning 6.41 to 9.80. Although Model II achieves
a lower AAIC =0.88 than Model I (1.60) for CC+DES+
SDSS — visible as a crossing of the two AIC lines at data-
set index 4 in Fig. 6 — this advantage occurs precisely for
the configuration in which Model II yields a lower H,,
offering less capacity to ease the Hubble tension. For
CCH+PN(SHOES)+DESI (dataset index 3), both models

Typ=

=
5
!

Models
-@- Model-l : AAIC
1 4l Model-Il : AAIC
—A— Model-I : ABIC
6 @ Model-Il : ABIC

@

Datasets
CC+PN+SDSS
CC+PN+DESI
CC+SHOES+SDSS
CC+SHOES+DESI
CC+DES+SDSS
CC+DES+DESI

0 1 2

Information Criteria Difference

Fig. 6.
id and dashed lines represent AAIC and ABIC, respectively.

3 4 5

Datasets

(color online) Variations in AAIC and ABIC for Model I and Model II relative to ACDM across six dataset combinations. Sol-
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reach their largest information-criterion differences
(AAIC =3.83 and 4.34; ABIC =9.29 and 9.80 for Mod-
els T and II, respectively), with Model I retaining the
smaller penalty throughout. The BIC curves lie systemat-
ically above the AIC curves for both models across all
dataset combinations, reflecting the expected large-n pen-
alty, while the two models closely track each other in
their information-criterion profiles. We also consider the
Deviance Information Criterion (DIC), which accounts
for both goodness of fit and the effective complexity of
the model. The ADIC values for Model I range from 0.15
to 3.75, whereas those for Model II range from 0.67 to
4.12. Model 1 yields the smallest ADIC for CC+PN+
SDSS (ADIC=0.15) and remains below 2 for the
CC+PN+SDSS, CC+PN+DESI, CC+PN(SHOES)+SDSS,
CC+DES+SDSS, and CC+DES+DESI combinations, in-
dicating a comparatively small DIC difference relative to
ACDM. Model II also shows competitive DIC values for
CC+PN+SDSS and CC+DES+SDSS, with ADIC =2.21
and 0.67, respectively, but reaches its largest difference
of 4.12 for CC+PN(SHOES)+DESI. Taken together, the
AIC, BIC, and DIC results show that Model I is gener-
ally more competitive with ACDM than Model II across
the considered dataset combinations. In particular, Model
I simultaneously provides relatively small information-
criterion differences and higher H, values for most data-
sets, making the logarithmic correction a more consistent
candidate for partially alleviating the Hubble tension.
Nevertheless, the statistical preference remains dataset
dependent, and neither model is_ strongly preferred over
ACDM for all observational combinations.

V. RESULTS AND DISCUSSIONS

In this work, we investigated the cosmological im-
plications of two representative f(Q) gravity models
within the framework of symmetric teleparallel gravity
using a comprehensive set of late-time observational
datasets, including CC, Type Ia supernova compilations
(Pantheon, Pantheon+SHOES, and DES SN5YR), and ba-
ryon acoustic oscillation (BAO) measurements from
SDSS and DESI.

For the logarithmic Model-I, the inferred values of the
Hubble constant generally lie in the range H, ~ 68.5 —
70.2km s~ Mpc™', depending on the adopted dataset
combination. In particular, the inclusion of the
Pantheon+SHOES compilation systematically shifts the
preferred value of H, toward higher values, bringing the
results closer to the local SHOES determination. The
DESI datasets substantially improve the precision of the
constraints compared with SDSS, producing narrower
confidence contours and posterior distributions.
Moreover, the DES SN5YR dataset yields the tightest
parameter constraints, with uncertainties reduced to sub-
percent levels in some combinations. Across all datasets,

the model parameter » remains negative, indicating devi-
ations from the ACDM limit while maintaining consist-
ency with cosmological observations. Importantly, the
posterior distributions show that the logarithmic correc-
tion naturally favors intermediate values of H, between
the Planck and SHOES measurements, suggesting that
Model-I can partially alleviate the Hubble tension.

For the nonlinear saturation Model-II, the cosmolo-
gical constraints exhibit somewhat different behavior.
The Pantheon and Pantheon+SHOES combinations again
favor values around H, ~ 70 km s~' Mpc™', but the inclu-
sion of DES and DESI data systematically drives the in-
ferred Hubble constant toward lower values closer to the
Planck estimate. In particular, the CC+DES+DESI com-
bination yields H,=67.25*)3 km s~ Mpc™', which is
strongly consistent with early-Universe measurements but
less effective in addressing the local Hubble tension. The
nonlinear parameter » remains positive and gradually ap-
proaches zero as the datasets become more precise, indic-
ating that the model tends toward the ACDM limit when
confronted with stronger observational constraints. This
behavior suggests that the saturation mechanism sup-
presses large deviations from standard cosmology at late
times.

A direct comparison of the two models shows that
Model-I generally provides a more favorable framework
for easing the Hubble tension. The logarithmic correction
consistently predicts intermediate values of H, that re-
main statistically compatible with both early- and late-
Universe measurements, whereas Model-II tends to con-
verge toward the lower values favored by Planck. This
distinction becomes especially pronounced for the
DES+DESI combinations, for which Model-I retains H,
values near 70 km s™! Mpc™', while Model-II approaches
the standard ACDM prediction. These results indicate
that the logarithmic form of the nonmetricity correction
introduces a more flexible late-time expansion history
capable of sustaining larger Hubble values without signi-
ficantly degrading the fit to observational data.

The statistical comparison based on the AIC, BIC,
and DIC further supports these conclusions. Both models
remain statistically competitive with the ACDM cosmo-
logy, with relatively small values of AAIC, ABIC, and
ADIC across all dataset combinations. However, Model-I
generally exhibits lower information-criterion differ-
ences than Model-II, particularly for the Pantheon-based
datasets, indicating a better balance between model com-
plexity and goodness of fit. Although Model-II performs
slightly better for the CC+DES+SDSS combination, this
occurs precisely in the regime where the inferred value of
H, shifts closer to the Planck estimate, reducing its ef-
fectiveness in addressing the Hubble tension.

For completeness, we also analyzed the standard
ACDM model using the same observational datasets. The
results show that the inferred value of H, remains highly
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sensitive to the adopted late-time observations. Pantheon-
only combinations yield values close to the Planck estim-
ate, whereas Pantheont+SHOES combinations shift the
preferred H, upward toward the local SHOES measure-
ment. DESI data consistently provide tighter constraints
than SDSS, highlighting the increasing precision of re-
cent BAO observations. Overall, the ACDM framework
continues to provide an excellent fit to the available data,
although the dependence of H, on dataset selection
demonstrates that the Hubble tension remains unresolved
within the standard cosmological scenario.

In summary, the two f(Q) models provide viable de-
scriptions of the observed late-time expansion history
while exhibiting distinct effects on the inferred value of
Hy. The logarithmic model shows a comparatively
stronger tendency to shift the inferred H, toward the loc-
al SHOES measurement, whereas the nonlinear model
provides a consistent fit with a weaker departure from the
standard f(Q) = Q behavior for some dataset combina-
tions. These results indicate that modifications of the non-
metricity sector can influence the late-time expansion rate
and, consequently, affect the value of the Hubble con-
stant inferred from cosmological observations. The "stat-
istical analysis further shows that the relative perform-
ance of the two models depends on the dataset combina-
tion, reflecting the complementary constraining power of
the different observational probes. In particular, the inclu-
sion of recent BAO measurements provides additional
constraints on the expansion history and helps distin-
guish between the different functional forms of f(Q). The
combined observational results therefore support the vi-
ability of these models as phenomenological alternatives
to ACDM, while also indicating that their ability to alle-
viate the H, tension is insufficient to claim a complete
resolution. The logarithmic model appears particularly
promising in this respect, as it provides closer agreement
with the local determination of H, while maintaining
compatibility with the considered cosmological datasets.
Further improvements in observational precision will be
important for determining whether this preference per-
sists and whether modified late-time dynamics are genu-
inely required.
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APPENDIX-I

The parameter constraints for the ACDM model de-
rived from different combinations of the CC, Pantheon/

Pantheon+SHOES, DES, SDSS, and DESI datasets are
summarized in Table 4. The analysis shows that the es-
timated value of the Hubble constant, Hy, depends sensit-
ively on the choice of observational datasets. For combin-
ations including Pantheon and BAO data, the inferred
values of H, lie in the range 67.9-69.1 km s™' Mpc™', re-
maining broadly consistent with the Planck CMB estim-
ate. In contrast, including the Pantheont+SHOES compi-
lation shifts the preferred value of H, toward higher val-
ues, reaching 70.81+0.72kms™' Mpc™' for the CC+
PN(SHOES)+SDSS dataset combination and thereby re-
ducing the tension with the local SHOES measurement.

The matter density parameter Q,, is tightly con-
strained for all dataset combinations, with values in the
range Q,,o ~0.28—0.36. In particular, the DESI combina-
tions proyide significantly tighter bounds than the SDSS
datasets, indicating the improved constraining power of
the recent DESI BAO measurements. The absolute mag-
nitude parameter M is also well constrained in the Pan-
theon-based analyses, with best-fit values around
M=~=194.

The minimum chi-square values and the correspond-
ing information criteria (AIC, BIC, and DIC) indicate that
all dataset combinations provide statistically acceptable
fits within the ACDM framework. However, the DESI
datasets generally yield slightly lower information-cri-
terion values than the SDSS datasets, suggesting margin-
ally better consistency with the ACDM cosmology. Over-
all, the results demonstrate that the standard ACDM mod-
el continues to provide an excellent description of cur-
rent cosmological observations, while the inferred value
of H, still exhibits a noticeable dependence on the adop-
ted late-time datasets (Fig. 7).

The posterior distributions further illustrate the data-
set dependence of H, (Fig. 8). The Pantheont+SHOES

— CC+Pantheon+BAO(SDSS)
— CC+Pantheon+DESI
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M
Fig. 7.  (color online) Contour plot for the combined CC,

Pantheon, Pantheon+SHOES, BAO(SDSS), and DESI data
sets under ACDM.
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Fig. 8.

Posterior Distribution of Hy in ACDM Cosmology
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combinations of observational datasets.

combinations favor higher values of the Hubble constant,
closer to the SHOES estimate (~ 73 km s™' Mpc™"), where-
as the Pantheon and DES-based combinations remain
closer to the Planck prediction (~67.4kms™' Mpc™).
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(color online) Posterior probability distributions of the Hubble constant, H,, for the ACDM model, obtained from different

Similarly, the combined contour plots show correlations
among Hy, Q,, and M, indicating that DESI data yield
narrower confidence contours and therefore tighter cos-
mological parameter constraints.
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