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We present a model-independent, sound-horizon-free measurement of the Hubble constant H0 using
baryon acoustic oscillation (BAO) tracers from the Dark Energy Spectroscopic Instrument data release 2
(DESI DR2). The function reconstructions are performed using the artificial neural network method, which
is a completely data-driven approach that avoids the mild Λ cold dark matter prior dependence. Our
approach is based on the distance duality relation and combines three complementary observational probes,
such as type Ia supernovae (SNe), cosmic chronometer, and DESI DR2 BAO—without requiring any
knowledge of the sound horizon scale rd or any assumption about the absolute luminosity of SNe Ia. We
obtain a joint constraint of H0 ¼ 71.5� 2.2 km s−1 Mpc−1 at 68% confidence for 1000 bootstrap
realizations and 4096 neurons, which is consistent with the tip of the red giant branch result and the
SH0ES measurement within 0.6σ, consistent with the Planck 2020 result within 2σ. Our results favor a
higher value of H0 compared to the Planck cosmic microwave background inference, adding independent
support for the reality of the Hubble tension.
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I. INTRODUCTION

The Hubble (H0) tension is the most fundamental
problem in modern cosmology, which describes the present
expansion rate of the Universe. Despite decades of obser-
vational effort, the value of H0 is still under intense debate,
with measurements from different probes yielding results
that are statistically inconsistent with each other. On one
side of the tension, measurements based on the early
Universe consistently favor a lower value of H0. The most
precise of these comes from the Planck Collaboration,
whose analysis of the cosmic microwave background
(CMB) anisotropies within the standard Λ cold dark matter
(ΛCDM) model yields H0 ¼ 67.4� 0.5 km s−1 Mpc−1

[1]. On the other side, measurements anchored in the local
Universe consistently prefer a higher value. The most
prominent of these is the SH0ES result, which uses type
Ia supernovae (SNe Ia) calibrated via Cepheid variable stars
to obtain H0 ¼ 73.04� 1.04 km s−1 Mpc−1 [2], in tension
with Planck at the 5σ–6σ level. A third independent
measurement using the tip of the red giant branch
(TRGB) as a distance calibrator finds an intermediate value

of H0 ¼ 69.8� 1.9 km s−1 Mpc−1 [3], consistent with
both Planck and SH0ES within 2σ. A key limitation of
both the CMB and the local distance ladder approaches is
that they rely on calibrations that introduce model depend-
ence. The CMB measurement requires assuming ΛCDM to
extrapolate from the acoustic scale at recombination to the
present-day expansion rate, making the inferred H0 sensi-
tive to the assumed cosmological model. The local distance
ladder requires anchoring the absolute luminosity of SNe Ia
through Cepheid or TRGB calibrations, which carry their
own systematic uncertainties and have been the subject of
ongoing debate [2,4]. These dependencies motivate the
development of completely independent, model-free meth-
ods for measuring H0 that bypass both the early-Universe
physics and the local calibration problem simultaneously.
Baryon acoustic oscillations (BAOs) offer a promising

path in this direction. BAOs are the remnant imprint of sound
waves that propagated through the primordial plasma before
recombination, and they manifest as a preferred scale in the
distribution of galaxies at ∼150 Mpc. As a standard ruler,
BAO measurements provide precise constraints on cosmo-
logical distances across a wide range of redshifts. The Dark
Energy Spectroscopic Instrument (DESI) [5] represents the
state of the art inBAOsurveys, coveringover14; 200 deg2 of
sky and targeting multiple Galaxy tracers across the redshift
range 0.1 < z < 4.2. The recently released DESI data
release 2 (DR2) [6,7] provides BAO measurements of
unprecedented precision from nine tracers, including one
brightGalaxy sample (BGS), three luminous redGalaxybins
(LRG1, LRG2, LRG3), one combined LRG3þ ELG1 bin,
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two emission-line Galaxy bins (ELG1, ELG2), one quasar
bin (QSO), and the Lyman-α forest (Lyα), spanning the
redshift range 0.295 ≤ z ≤ 2.330.
Anelegantmethod for extractingH0 fromBAOdata along

with SNe Ia and cosmic chronometer (CC) data without any
sound horizon calibration was proposed in [8] and sub-
sequently applied toDESIDR1BAO,SNe Ia, andCCdata in
[9]. The method combines three independent observational
probes—SNe Ia, CCs, and BAO—through the distance
duality relation, which holds in any metric theory of gravity.
By forming a specific ratio of the three measured quantities,
the sound horizon rd cancels exactly, the absolutemagnitude
of SNe Ia never appears, and the result depends only
on directly observable distances and expansion rates.
Using DESI DR1 BAO data and Gaussian process (GP)
regression for function reconstruction [9] obtained H0 ¼
68.4þ1.0

−0.8 km s−1 Mpc−1, consistent with Planck within 1σ
and in 4.3σ tension with SH0ES. Recent nonparametric
studies of the expansion history using DESI BAO and
SN Ia data have provided new insights into the Hubble
tension [10], motivating the model-independent analysis.
Furthermore, CMB and Pantheon+SH0ES data have been
used to investigate the ability of the Λ̃CDM model and its
two-parameter extension, the eΛ̃CDM model (in which the
critical indices δG and δΛ governing the redshift running ofG
andΛ are treated as independent parameters), to alleviate the
H0 tension in light of the recent DESI DR2 results [11].
In this work, we present a model-independent measure-

ment of the Hubble constant H0 using the latest BAO
measurements from DESI DR2 [6,7] via the artificial neural
network (ANN) reconstruction method. In recent years,
ANN-based methods have shown outstanding performance
in solving cosmological problems in both accuracy and
efficiency [12–15]. Our approach is based on the distance
duality relation (DDR) and combines three complementary
observational probes such as SNe Ia, CC, and BAO—
without requiring any knowledge of the sound horizon
scale rd or any assumption about the absolute luminosity of
SNe Ia. Basically, we extend the analysis in [9] in two
important ways. First, we replace the GP reconstruction
with the ANN reconstruction bootstrap approach in [12],
which is a completely data-driven approach that makes no
assumption about the functional form of the reconstructed
quantities and does not require a kernel assumption to
perform its regression analysis, unlike the GP case1 [16].

Second, we apply the method to the newly released DESI
DR2 BAO data, which provides seven independent
anisotropic tracers compared to the five available in
DR1, adding ELG1 at z ¼ 0.955 and QSO at z ¼ 1.484
as new independent redshift bins and significantly
improving the precision of the existing measurements.
We perform the analysis with two bootstrap configurations
of ðNboot; Niter; NneuronsÞ ¼ ð500; 30000; 4096Þ and (1000,
30 000, 4096) to verify the stability of our results, and we
propagate all sources of uncertainty, including the SNe Ia
calibration constant σaB , ensuring a robust and complete
propagation of all sources of uncertainty through the ANN
reconstruction.
This paper is organized as follows. In Sec. II, we describe

the theoretical framework method, the three observational
datasets, and the ANN reconstruction method. In Sec. III,
we describe the H0 posterior construction for each BAO
redshift and joint constraint. In Sec. IV, we present our
results at each BAO redshift and the joint constraint, in
comparison with the literature, and discuss the implications
for the Hubble tension. In Sec. V, our findings are
summarized.

II. METHODOLOGY

A. Method

The Hubble constant H0 describes the present expansion
rate of the Universe and appears in all cosmological
distance measures. In this work, we determine H0 in a
fully model-independent manner by combining three com-
plementary observational probes through the DDR. The
DDR states that, in any metric theory of gravity, provided
photons travel along null geodesics and their number is
conserved. In the framework of DDR, two cosmological
distances, i.e., the luminosity distance dLðzÞ and the
angular diameter distance dAðzÞ at the same redshift z
are connected as

dLðzÞ ¼ ð1þ zÞ2dAðzÞ: ð1Þ

This relation has been extensively tested and confirmed
observationally [17–21]. Combining Eq. (1) with the
definitions of the three observable quantities: ΞSNIaðzÞ ¼
H0dLðzÞ is the unanchored luminosity distance from type
Ia supernovae, HCCðzÞ is the Hubble parameter from
cosmic chronometers, and ΞBAOðzÞ ¼ HðzÞdAðzÞ is a
sound-horizon-free combination from baryon acoustic
oscillation measurements, the Hubble constant can be
written as [9]

H0 ¼
ΞSNIaðzÞHCCðzÞ
ð1þ zÞ2ΞBAOðzÞ

; ð2Þ

Since H0 appears in both ΞSNIa and HCC, the right-hand
side of Eq. (2) is independent of H0, making the approach
genuinely self-consistent. Crucially, no cosmological

1Both GP and ANN are powerful approaches for reconstruct-
ing smooth functions from sparse data. GP provides a natural
probabilistic uncertainty estimate through its covariance struc-
ture, but requires a prior choice of kernel function that encodes
assumptions about the smoothness and correlation length of the
reconstructed quantity. In contrast, ANN requires no such kernel
assumption and learns the functional form directly from the data,
making it a more assumption-free reconstruction approach, and
comparing their results offers a valuable consistency check on the
reconstruction procedure.
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model, no sound horizon calibration, and no assumption
about the absolute magnitude of SNe Ia are required.

B. Observational datasets

1. Type la supernovae—Pantheon+

The SNe Ia data are taken from the Pantheonþ SH0ES
compilation [22], which includes 1701 light-curve mea-
surements from 1550 distinct supernovae spanning the
redshift range z∈ ½0.001; 2.26�. We exclude supernovae at
z < 0.01 to avoid peculiar-velocity contamination, and we
exclude the 77 Cepheid calibrators to prevent any implicit
H0 prior from entering our analysis. After these cuts, our
working sample contains ∼1590 SNe Ia.
The observed B-band magnitude mB of each supernova

is related to the unanchored luminosity distance through

ΞSNIaðzÞ≡H0dLðzÞ ¼ 100.2mBþaB; ð3Þ

where the calibration constant aB ¼ 0.71273� 0.00176
absorbs the degeneracy between H0 and the absolute
magnitude MB [23]. The total uncertainty on ΞSNIa arises
from both the photometric uncertainty σmB

and the cali-
bration uncertainty σaB as independent contributions,

σΞSNIa
¼ ΞSNIa · lnð10Þ ·

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0.2σmB

Þ2 þ σ2aB

q
: ð4Þ

The inclusion of σaB in the above equation ensures that the
calibration uncertainty is fully propagated into the final H0

posterior, which is essential for a robust error budget.

2. Cosmic chronometer

The Hubble parameter HðzÞ is measured directly from
the differential ages of passively evolving massive galaxies
via the CC method [24–30],

HðzÞ ¼ −
1

1þ z
dz
dt

: ð5Þ

Since the redshift z is measured spectroscopically with high
accuracy, and the differential age evolution dt is derived
from the spectral evolution of massive early-type galaxies
that formed the bulk of their stellar mass at z > 2–3without
major subsequent star-formation episodes, this method is
model independent. We use 32 CC measurements that span
0.07 ≤ z ≤ 1.965 [31].

3. DESI BAO DR2

We use BAO measurements from the second data release
of DESI, which includes observations of galaxies and
quasars [7], as well as Lyman-α tracers [6]. These mea-
surements cover both isotropic and anisotropic BAO
constraints over 0.295 ≤ z ≤ 2.330, divided into nine red-
shift bins [6]. The DESI BAO DR2 measurements provide

constraints that are expressed in terms of the transverse
comoving distanceDM=rd, the Hubble horizonDH=rd, and
the angle-averaged distance DVðzÞ=rd, all normalized to
the comoving sound horizon at the drag epoch, rd. By
forming the ratio of the transverse comoving distance and
the Hubble horizon, the sound horizon cancels exactly and
we get

ΞBAOðzÞ≡HðzÞdAðzÞ ¼
cðDM=rdÞ

ðDH=rdÞð1þ zÞ ¼
cDM

DHð1þ zÞ ;

ð6Þ

so that no CMB-based prior on rd is needed. The
uncertainty on ΞBAO is propagated using the full covariance
between DM=rd and DH=rd, characterized by their corre-
lation coefficient ρ,

ρ ¼ CovðDM=rd;DH=rdÞ
σDM=rdσDH=rd

; ð7Þ

giving

σ2ΞBAO
¼

�
∂Ξ

∂ðDM=rdÞ
σDM=rd

�
2

þ
�

∂Ξ
∂ðDH=rdÞ

σDH=rd

�
2

þ 2ρ
∂Ξ

∂ðDM=rdÞ
∂Ξ

∂ðDH=rdÞ
σDM=rdσDH=rd : ð8Þ

In this work, we use seven anisotropic DESI DR2
tracers: three luminous red Galaxy bins (LRG1 at
z ¼ 0.510, LRG2 at z ¼ 0.706, LRG3 at z ¼ 0.922),
two emission-line Galaxy bins (ELG1 at z ¼ 0.955,
ELG2 at z ¼ 1.321), one quasar bin (QSO at
z ¼ 1.484), and the Lyman-α forest (Lyα at z ¼ 2.330).
The ELG1 and QSO bins are new in DR2 and were not
available in the DR1. From the full DESI DR2 BAO catalog
we exclude two data points. The first is the BGS at
z ¼ 0.295, which provides only an isotropic BAO meas-
urement and does not report the individual DM=rd and
DH=rd values required by Eq. (6); without both transverse
and line-of-sight distance ratios the sound-horizon-free
combination ΞBAO cannot be constructed. The second
excluded point is the combined LRG3þ ELG1 bin at
z ¼ 0.934, which overlaps in redshift with the individual
LRG3 (z ¼ 0.922) and ELG1 (z ¼ 0.955) bins that we
retain separately; including it alongside the individual bins
would introduce a double counting of the same galaxies
and produce correlated data points in our joint posterior.
The remaining seven tracers span the redshift range
0.510 ≤ z ≤ 2.330 and constitute a set of independent
BAO measurements suitable for our H0 analysis.

C. ANN function reconstruction

The BAO measurements exist only at seven discrete
redshifts. To evaluate ΞSNIaðzÞ and HCCðzÞ at exactly these
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redshifts, we reconstruct smooth continuous functions from
the data using the ANN reconstruction method [12]. This
approach is completely data driven and makes no
assumption about the functional form of the reconstructed
quantity or about the Gaussian nature of the observational
uncertainties.

1. Network architecture and training procedure

The network consists of
(i) an input layer accepting the scalar2 redshift z;
(ii) one hidden layer with 4096 neurons and an ex-

ponential linear unit activation function [32],

fðxÞ ¼
�
x; for x > 0

αðex − 1Þ; for x ≤ 0
ð9Þ

with α ¼ 1;
(iii) an output layer with two neurons returning the

reconstructed function value and its uncertainty
simultaneously;

(iv) batch normalization3 [33] applied before the hidden
layer for the CC reconstruction; disabled for the
SNe Ia reconstruction [12].

The choice of one hidden layer and 4096 neurons
follows directly from the risk-minimization procedure of
[12]. In their study, they evaluated 32 network architectures
by systematically varying the number of hidden layers from
one to four and the number of neurons per layer across eight
values spanning the range [128, 16384]. They found that, as
the number of neurons increases, the risk decreases first and
then increases, reaching its minimum when the number of
neurons is 4096. Therefore, we adopt a network containing
4096 neurons in the hidden layer as the optimal choice and
apply it to the reconstruction.
The network is trained by minimizing the mean absolute

deviation loss function

L ¼ 1

mp

Xm
i¼1

Xp
j¼1

jŶij − Yijj; ð10Þ

where Ŷ is the network prediction, Y contains the
observed values and their uncertainties, m is the batch
size, and p ¼ 2 is the number of output neurons. The
Adam optimizer [34] is used with an initial learning rate of
0.01, reduced to 10−5 via a cosine annealing schedule over

30 000 training iterations. The batch size is set to half the
number of data points in each dataset. Furthermore, we set
the number of iterations to be 30 000, which is large
enough to ensure the loss function no longer decreases.
We additionally tested Niter ¼ 20 000 and Niter ¼ 40 000
and found that all configurations yield fully consistent H0

constraints within their uncertainties, confirming that the
network has fully converged at our fiducial choice
of Niter ¼ 30 000.

2. Log-space reconstruction for SN Ia

Since ΞSNIa spans several orders of magnitude across the
redshift range z∈ ½0.01; 2.26�, we perform the ANN
reconstruction in fðzÞ ¼ log10ðΞSNIaÞ space for numerical
stability. The log-space uncertainty is

σf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0.2σmB

Þ2 þ σ2aB

q
; ð11Þ

which correctly includes the aB calibration uncertainty.
After reconstruction, the results are converted back via
ΞSNIa ¼ 10f̄ and σΞSNIa

¼ ΞSNIa · lnð10Þ · σf̄, where f̄ and
σf̄ are the reconstructed log-space mean and standard
deviation, respectively.

D. Bootstrap uncertainty quantification

A single ANN training produces one reconstruction
curve. To quantify the full propagation of observational
uncertainties through the reconstruction, we follow the
bootstrap procedure in [12] with Nboot ¼ 500 and 1000
realizations. The main idea is that we repeat the entire
training process Nboot times, each time on a slightly
different version of the data obtained by randomly per-
turbing each observation within its measurement uncer-
tainty. This produces Nboot independent reconstruction
curves, whose mean and spread at each redshift directly
reflect the best estimate and the propagated uncertainty of
the reconstructed function, respectively.
Formally, for each realization k ¼ 1;…; Nboot, a per-

turbed dataset is constructed by drawing from the meas-
urement uncertainties,

yk ¼ yobs þ δk; δk ∼N ð0; σobsÞ; ð12Þ

and a fresh ANN model is independently trained on each
perturbed dataset yk and evaluated on a fine redshift grid of
600 uniformly spaced points. After all Nboot realizations,
the reconstruction mean and 1σ uncertainty at each redshift
are computed as

f̄ðzÞ ¼ 1

Nboot

XNboot

k¼1

fkðzÞ; ð13Þ

2A scalar is a single numerical value.
3Batch normalization standardizes the distribution of layer

activations within each training batch, stabilizing the optimiza-
tion landscape and reducing sensitivity to the random initializa-
tion of network weights. For the SNe Ia reconstruction, batch
normalization is deliberately disabled following [12], where it
was found that it does not improve performance and can slightly
degrade the smoothness of the reconstructed curve at high
redshift where the data become sparse.
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σf̄ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

Nboot − 1

XNboot

k¼1

½fkðzÞ − f̄ðzÞ�2
vuut ; ð14Þ

where fkðzÞ denotes HkðzÞ for the CC reconstruction and

log10ðΞðkÞ
SNIaÞ for the SNe Ia reconstruction. This procedure

is applied separately to the CC HðzÞ and SNe Ia
log10ðΞSNIaÞ reconstructions. The spread of the bootstrap
ensemble naturally captures how measurement uncertain-
ties propagate through the nonlinear ANN mapping,

without assuming any particular shape for the reconstructed
function or its uncertainty. The results of the reconstruc-
tions for 1000 bootstrap realizations are presented in Fig. 1.

III. H0 POSTERIOR CONSTRUCTION

A. Individual posteriors at each BAO redshift

At each BAO effective redshift zj (j ¼ 1;…; 7), we
construct an H0 posterior as follows. The Nboot bootstrap
curves obtained from the ANN reconstruction are first

FIG. 1. Left: the reconstruction of the Hubble parameterHðzÞ from 32 CC measurements. Right: the reconstruction of the unanchored
luminosity distance ΞSNIaðzÞ ¼ H0dLðzÞ from the Pantheonþ type Ia supernova sample using the ANN with 1000 bootstrap
realizations. The blue shaded band shows the 1σ uncertainty of the ANN reconstruction and the blue solid line shows the ANN mean.
The red points with error bars are the observational data.

TABLE I. The Hubble constant H0 (km s−1 Mpc−1) recovered at each DESI DR2 BAO redshift bin using the
ANN reconstruction [12] with 500 and 1000 bootstrap realizations, compared with the GP-based DR1 results in [9].
The row labeled Joint (H0) gives the combined constraint obtained by multiplying all seven individual posteriors at
the 68% confidence level.

Tracer H0 (500 bootstrap) H0 (1000 bootstrap) GP results, DESI DR1 BAO

z ¼ 0.510 (LRG1) 67.3þ3.9
−4.3 67.2þ4.2

−4.3 63.4þ2.3
−2.1

z ¼ 0.706 (LRG2) 69.3þ4.9
−4.5 69.4þ4.4

−4.5 72.4þ2.8
−2.5

z ¼ 0.922 (LRG3) 73.8þ5.6
−5.0 73.9þ5.8

−5.5 70.8þ1.8
−1.8

z ¼ 0.955 (ELG1)a 78.2þ7.3
−5.0 78.7þ6.8

−6.1 � � �
z ¼ 1.321 (ELG2) 77.7þ6.5

−6.0 77.5þ7.1
−6.0 67.9þ2.9

−2.4

z ¼ 1.484 ðQSOÞa 72.3þ7.4
−6.5 72.6þ7.7

−6.8 � � �
z ¼ 2.330 (Lyα)b 59.2þ14.9

−11.1 60.1þ15.2
−12.7 67.5þ2.3

−2.3

Joint(H0) 71.8þ2.3
−2.1 71.5þ2.2

−2.2 68.4þ1.0
−0.8

aDESI DR1 did not include ELG1 (z ¼ 0.955) and QSO (z ¼ 1.484) as separate anisotropic tracers; these redshift
bins are new in DR2.

bThe Lyα redshift (z ¼ 2.330) exceeds the Pantheonþ SNe Ia coverage (z≲ 2.26); the reconstruction relies on
mild extrapolation, which may introduce a small bias.
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interpolated to zj, yielding Nboot values each of ΞðkÞ
SNIaðzjÞ

and HðkÞ
CCðzjÞ. Simultaneously, an independent set of Nboot

samples of ΞBAOðzjÞ is drawn from its Gaussian measure-
ment distribution,

ΞðkÞ
BAOðzjÞ ∼N ðΞBAOðzjÞ; σΞBAO

ðzjÞÞ; ð15Þ

which accounts for the observational uncertainty reported
by DESI DR2. For each sample k, the Hubble constant is
then evaluated directly from Eq. (2),

HðkÞ
0 ¼ ΞðkÞ

SNIa ·H
ðkÞ
CC

ð1þ zjÞ2 · ΞðkÞ
BAO

; ð16Þ

combining the three independently reconstructed quantities
at the same redshift. A physical sanity cut of 40 < H0 <
120 km s−1 Mpc−1 is applied to remove any unphysical
outliers that may arise from rare extreme bootstrap real-
izations. The individual H0 posterior at zj is then estimated
from the surviving samples using a Gaussian kernel density
estimator with Silverman bandwidth selection, which
makes no assumption about the shape of the distribution
and naturally captures any asymmetry or non-Gaussianity
in the posterior. The central value and asymmetric 1σ
uncertainties are finally reported as the median and the 16th
and 84th percentiles of the sample distribution.

B. The joint constraint

The seven individual H0 posteriors PjðH0Þ are sta-
tistically independent because they are evaluated at differ-
ent redshifts using independent BAO measurements. Their
product therefore gives the joint posterior,

PjointðH0Þ ∝
Y7
j¼1

PjðH0Þ: ð17Þ

The joint posterior is evaluated on a grid of 3000 points
spanning H0 ∈ ½50; 90� km s−1 Mpc−1, normalized by
numerical integration, and its median and 68% credible
interval are extracted from the cumulative distribution
function.
We repeat this procedure independently for two con-

figurations: ðNboot; Niter; NneuronsÞ ¼ ð500; 30000; 4096Þ
and ðNboot; Niter; NneuronsÞ ¼ ð1000; 30000; 4096Þ, where
Nboot is the number of bootstrap realizations, Niter is the
number of training iterations, and Nneurons is the number of
neurons in the hidden layer.4 This allows us to verify the
stability of our results with respect to the number of
bootstrap realizations while keeping the network architec-
ture and training procedure fixed. The two configurations
yield consistent results within their uncertainties, as
detailed in Table I and the individual H0 posterior PDFs
at each of the seven BAO redshifts, together with the joint
posterior, obtained from theNboot ¼ 1000 configuration are
displayed in Fig. 2.

IV. RESULTS AND DISCUSSIONS

Our core idea is to measure the sound-horizon-free
Hubble constant H0 using the latest BAO measurements
from DESI DR2 [6,7] via the ANN reconstruction method.
Our approach is based on the DDR, which allows us to
direct measurement of the Hubble constant without requir-
ing any knowledge of the sound horizon scale rd because
the quantity ΞBAO is constructed from the ratio DM=DH so
that the sound horizon scale rd cancels exactly and
eliminates any dependence on CMB-based calibration.
Furthermore, we combine it with two more complementary
observational probes through DDR, such as the unanchored
luminosity distance ΞSNIaðzÞ ¼ H0dLðzÞ relation and
HCCðzÞ relation using available compilations of SNe Ia
data and CC, respectively. Before computing H0, we
reconstruct the Hubble function HCCðzÞ and the unanch-
ored luminosity distance ΞSNIaðzÞ ¼ H0dLðzÞ using 32 CC
data and Pantheonþ samples, respectively, using the ANN
with 1000 bootstrap realizations. We can see it in Fig. 1,
which is also consistent with the fiducial ΛCDM model
(H0 ¼ 70 and Ωm0 ¼ 0.3) within 1σ at all redshifts. Note
that here we just compare our results with the fiducial
ΛCDMmodel without adopting it as a prior in our analysis.
Both reconstructions confirm that the ANN method

FIG. 2. Posterior probability distribution functions (PDFs) of
the Hubble constant H0 at each of the seven DESI DR2 BAO
redshifts (colored curves), together with the joint posterior
obtained by multiplying all seven PDFs (black solid curve).

4Because of the computational cost of training 1000 indepen-
dent ANN models each for 30 000 iterations with 4096 neurons,
these calculations were performed on a high-performance work-
station equipped with an AMD EPYC 9124 16-core processor
running at up to 3.7 GHz. Processor specifications: 16 cores,
CPU max frequency 3.7 GHz, L2 cache 16 MiB, L3 cache
64 MiB, 64-bit x86 architecture.
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provides reliable and smooth function estimates from the
available data. Further, we computed the sound-horizon-
free BAO combination ΞBAO ¼ HðzÞdAðzÞ from the seven
DESI DR2 BAO measurements at their respective effective
redshifts shown in Fig. 3. The values increase monoton-
ically with redshift as expected from the expansion history
of the Universe, and the uncertainties are relatively small
for the LRG and ELG tracers at intermediate redshifts,
becoming larger for the QSO and Lyα tracers at higher
redshifts, where the signal-to-noise ratio of the BAO
measurement decreases.
By using all reconstruction methods and theH0 posterior

construction method mentioned in Sec. III, we obtained the
individual H0 posterior PDFs at each of the seven DESI
DR2 BAO redshifts from the Nboot ¼ 1000 configuration,
which are shown in Fig. 2. The colored curves represent the
individual tracer posteriors, and the black curve shows the
joint constraint obtained by multiplying all seven PDFs. We
repeat the process independently for the 500 and 1000
bootstrap configurations to verify the stability of our results
with respect to the number of bootstrap realizations, while
keeping the network architecture and training procedure
fixed. The two configurations yield consistent results
within their uncertainties, as summarized in Table I.
Several features of the individual posteriors are worth

noting. For instance, the LRG1 tracer at z ¼ 0.510 gives the
lowest individual H0 estimate, whereas the ELG1 tracer at
z ¼ 0.955 and the ELG2 tracer at z ¼ 1.321 give the
highest. This spread is illustrated in Fig. 4, which displays
H0 as a function of effective redshift. Importantly, the
individual estimates are broadly consistent with one
another within their relatively large uncertainties. This
consistency suggests no strong evidence for a redshift
evolution of H0 across the range 0.510 ≤ z ≤ 2.330. Such
an agreement provides a useful test of the cosmological
principle—if H0 varied significantly with redshift, it would

suggest either an inhomogeneous expansion history or
systematic effects in one or more of the datasets. It is
worth noting that since H0 is an integration constant in the
Friedmann-Lemaître-Robertson-Walker framework [35],
any statistically significant redshift variation of H0 in a
model-independent analysis would constitute direct evi-
dence for a breakdown of the cosmological principle,
independent of any assumed cosmological model [36].
In this context, the marginally increasing-decreasing trend
in H0 visible in Fig. 4 is consistent with the decreasing-
increasing trend in Ωm reported in [37], reflecting the well-
known negative correlation between H0 and Ωm in flat
ΛCDM, and suggests that tomographic analyses of H0

across redshift offer a valuable consistency check on the
cosmological principle [36]. The Lyα tracer at z ¼ 2.330
lies beyond the Pantheonþ SNe Ia coverage, so the SNe Ia
reconstruction at this redshift involves mild extrapolation.
As a result, the Lyα posterior is broader, and its central
value is somewhat lower than the other tracers.
Multiplying all seven individual posteriors, we obtain the

joint constraint: H0 ¼ 71.8þ2.3
−2.1 km s−1 Mpc−1 for 500

bootstrap realizations and H0 ¼ 71.5þ2.2
−2.2 km s−1 Mpc−1

for 1000 bootstrap realizations at the 68% confidence level.
We compare our joint H0 result with selected results from
the literature, which we can see in Fig. 5. Our result is
consistent with the SH0ES and the TRGB measurements
within 0.6σ tension. With respect to the Planck 2020 CMB
result, our measurement shows a ∼2σ tension. Compared
with the GP-based DR1 result of [9], our value is higher by
∼1.3σ, which we attribute to three sources. First, we use the
ANN bootstrap method [12], which is completely data
driven and requires no prior mean function, whereas [9]
adopts GP regression with the ΛCDM model as the prior
mean function, which introduces a mild model dependence
that could bias the reconstruction toward lower H0 values
consistent with Planck. Second, we use seven anisotropic

FIG. 3. Sound-horizon-free BAO combination ΞBAOðzÞ ¼
HðzÞdAðzÞ computed from the seven DESI DR2 BAO measure-
ments at their respective effective redshifts.

FIG. 4. Hubble constant H0 as a function of effective redshift
zeff for each of the seven DESI DR2 BAO tracers (colored
circles).
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DESI DR2 tracers compared to the five DR1 tracers used in
[9], with the two new tracers ELG1 and QSO individually
preferring higher H0 values as seen in Table I, which
naturally shifts the joint constraint upward. These two
effects are likely the main reasons for the difference. Third,
we propagate the full σaB calibration uncertainty analyti-
cally into the SNe Ia uncertainty at the data level via
Eq. (4), before the reconstruction begins. This ensures the
calibration uncertainty is fully sampled across all N_boot
bootstrap realizations and naturally propagated into the
final H0 posterior Ref. [9], which incorporates σaB through
the full covariance matrix of the GP regression, our
approach propagates it directly and analytically at the data
level.

V. CONCLUSIONS

In this work, we obtained a model-independent result,
free from any sound horizon calibration and any SNe Ia
luminosity assumption, which favors a higher value of H0

closer to the SH0ES and TRGB measurements than the
Planck CMB inference. The key advantage of our approach
is that it relies solely on directly observable quantities, such
as the unanchored luminosity distance from SNe Ia, the
Hubble parameter from CC, and the sound-horizon-free
BAO combination from DESI DR2—without invoking any
cosmological model at any stage of the analysis. This
makes our result a truly independent data point in the
Hubble tension debate, free from the model-dependent
assumptions that affect both the Planck CMB inference and
the local distance ladder. The consistency of our results

across both the 500 and 1000 bootstrap realizations con-
firms the internal stability and robustness of the ANN
reconstruction method.
Moreover, several factors contribute to the relatively

large uncertainties in our individual tracer estimates com-
pared with the GP-based results in [9]. First, the bootstrap
ANN procedure introduces additional variance from the
random weight initialization and the stochastic training
process in each realization. Second, the two new DR2
tracers, such as ELG1 and QSO, have relatively larger BAO
measurement uncertainties compared to the LRG tracers,
which broadens their individual posteriors. Despite these
larger individual uncertainties, the joint constraint benefits
from the addition of two new independent redshift bins
compared to DR1, demonstrating the value of the expanded
DESI DR2 dataset. Third, we propagate the calibration
uncertainty σaB analytically at the data level before the
reconstruction begins, whereas [9] incorporates it through
the GP covariance matrix, which enters the uncertainty at a
different stage of the analysis.
Looking ahead, the forthcoming DESI DR3 and the final

five-year dataset, which will cover the full 14; 200 deg2 of
the survey footprint across a wider redshift range, will
provide BAO measurements of significantly higher pre-
cision than the current DR2, and combined with our
framework are expected to reduce the joint H0 uncertainty
to the subpercent level. Furthermore, the Vera Rubin
Observatory Legacy Survey of Space and Time [38] will
extend the SNe Ia coverage to z ∼ 3, eliminating the mild
extrapolation currently required at the Lyα redshift
(z ¼ 2.330) and making all tracers fully reliable.
Together, these next-generation datasets will allow our
completely model-independent framework to provide a
definitive and independent contribution to resolving the
Hubble tension in the coming decade.
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FIG. 5. Comparison of the joint H0 constraint from this work
(navy square) with selected results from the literature. Error bars
represent 1σ uncertainties.
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