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ARTICLE INFO ABSTRACT

Editor: P. Brax Several studies in the literature have found a disagreement between compressed data on Baryon Acoustic
Oscillations (BAO) derived using two distinct methodologies: the two-dimensional (2D, transverse or angular)
BAO, which extracts the BAO signal from the analysis of the angular two-point correlation function; and the three-
dimensional (3D or anisotropic) BAO, which also exploits the radial clustering signal imprinted on the large-scale
structure of the universe. This discrepancy is worrisome, since many of the points contained in these data sets
are obtained from the same parent catalogs of tracers and, therefore, we would expect them to be consistent.
Since BAO measurements play a pivotal role in the building of the inverse distance ladder, this mismatch impacts
the discourse on the Hubble tension and the study of theoretical solutions to the latter. So far, the discrepancy
between 2D and 3D BAO has been only pointed out in the context of fitting analyses of cosmological models or
parametrizations that, in practice, involve the choice of a concrete calibration of the comoving sound horizon
at the baryon-drag epoch. In this Letter, for the first time, we quantify the tension in a much cleaner way, with
the aid of apparent magnitudes of supernovae of Type Ia (SNIa) and excluding the radial component of the 3D
BAO. We avoid the use of any calibration and cosmological model in the process. At this point we assume that
the Etherington (a.k.a distance duality) relation holds. We use state-of-the-art measurements in our analysis, and
study how the results change when the angular components of the 3D BAO data from BOSS/eBOSS are substituted
by the recent data from DESI Y1. We find the tension to exist at the level of ~ 2¢ and ~ 2.5¢, respectively, when
the SNIa of the Pantheon+ compilation are used, and at ~ 4.6 when the latter are replaced with those of DES
Y5. In view of these results, we then apply a calibrator-independent method to investigate the robustness of the
distance duality relation when analyzed not only with 3D BAO measurements, but also with 2D BAO. This is a
test of fundamental physics, which covers, among other aspects, variations of the speed of light with the cosmic
expansion or possible interactions between the dark and electromagnetic sectors. We do not find any significant
hint for a violation of the cosmic distance duality relation in any of the considered data sets.
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1. Introduction

Baryon Acoustic Oscillations (BAO), as standardizable rulers, and
Supernovae of Type Ia (SNIa), as standardizable candles, stand out as
two pivotal observational tools in cosmology. They were crucial for the
discovery [1,2] and subsequent characterization of the late-time accel-
eration of the universe [3,4] and, hence, for the consolidation of ACDM
as the current standard cosmological model [5-7]. BAO and SNIa are a
source of precious background information [8-12]. They are excellent
independent probes of the geometry and energy content of the universe,
complementary to Cosmic Microwave Background (CMB) experiments
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[13,14], weak gravitational lensing measurements [15] and a plethora
of emerging cosmological probes like cosmic chronometers, gamma-ray
bursts or quasars, among others [16].

Importantly, SNIa and BAO are also instrumental in the discussion of
the Hubble tension. The mismatch between the direct cosmic distance
ladder measurement of H,, by the SHOES Team [17], which is model-
independent, and the value inferred by the Planck Collaboration from
the analysis of the CMB temperature, polarization and lensing spectra
assuming ACDM [13] is already reaching the 5¢ level. When combined
with SNIa, anisotropic (or 3D) BAO, calibrated with the value of the
comoving sound horizon at the baryon-drag epoch measured by Planck
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Fig. 1. 2D and 3D BAO measurements of §(z) =r,/D,,(z), see Tables 1 and 2,
and Sec. 2. In black, we show the theoretical curve obtained with the best-fit
Planck/ACDM model (TT,TE,EE+lowE+lensing analysis, [13]). The inner plot
shows a zoom in the redshift range z € [0.2,0.9].

considering standard physics before the decoupling time (r;, ~ 147 Mpc),
lead to values of H|, fully in accordance with the Planck/ACDM esti-
mate, rendering the tension with the local measurement high, see e.g.
[18-21]. This method for estimating H, using r; as an anchor is known
as the inverse distance ladder (IDL). The only way to reconcile the
IDL result obtained with 3D BAO with the SHOES measurement keep-
ing standard pre-recombination physics is by a sudden growth of the
SNIa absolute magnitude accompanied by a fast phantom-like increase
of H(z) at z 50.1 [22-26], while sticking to the Planck/ACDM behav-
ior at higher redshifts. It is well-known that a phantom transition alone
cannot solve this problem [27-30]. Alternatively, a very local transition
in the SNIa absolute magnitude at z < 0.01 [31-34] or the existence of
unaccounted for systematic effects in the first or second rungs of the
direct distance ladder could also do the job [35-39].

Paradoxically, when the IDL is built using angular (transversal or
2D) BAO data one gets a very different answer [40]. In this case, one
can explain with late-time new physics the large values of the Hubble
constant and absolute magnitude of SNIa measured by SHOES respect-
ing the constancy of the latter [24]. The effective dark energy density
must become, though, negative at z > 2 and, hence, transversal BAO
require new physics at much higher redshifts [24].} Akarsu et al. [43]
have found that, in the context of a model with a sign-switching cosmo-
logical constant, it is possible to get rid of the H,, and growth tensions
when angular BAO is employed in the fitting analysis, instead of 3D
BAO (see also [44]). Fitting results improve even more if dark energy
is of quintessence type at late times, after the transition, something that
can be realized in the model with phantom matter proposed by Gémez-
Valent and Sola Peracaula [45]. Interestingly, a negative cosmological
constant could also induce a larger abundance of extremely massive
galaxies at z > 5 and, therefore, have a positive bearing on the tension
with the data from the James Webb Space Telescope [46,47]. Analyses of
interacting dark energy [48] and bimetric gravity [49] carried out with
2D and 3D BAO data lead to completely inconsistent results too.

The aforementioned conflict between anisotropic and angular BAO
data is evident from Fig. 1. It clearly points to the existence of unknown
systematic errors affecting one or both BAO data sets, or to an underesti-
mation of their uncertainties. 2D BAO analyses make use of the angular
two-point correlation function or the angular power spectrum, and mea-
sure the angular position of the BAO peak. They do not require the use
of a fiducial model to convert redshifts and angles into positions in a

1 Analyses using binning with cosmic chronometers and SNIa also suggest
hints of negative dark energy densities at z > 1 [41,42]. This preference is ob-
served at approximately 26 C.L.
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3D tracer map [50]. This is why it is usually claimed to be only weakly
dependent on a cosmological model (see e.g. [51]).

Anisotropic BAO, instead, employ a fiducial cosmological model to
build the 3D maps of tracers in redshift space. The impact of the fiducial
cosmology has been demonstrated to induce only small shifts in the in-
ferred cosmological distances when it does not differ significantly from
the true model [52-57]. However, Anselmi et al. [58] argued that these
works only check the unbiasedness of the results, not the uncertainties,
and do not explore a wide enough range of the fiducial parameter val-
ues to be compatible with many of the measured BAO distances, which
extend to parameter values far from the Planck/ACDM best-fit model.
In fact, Anselmi et al. [59] showed that fitting the two-point function
while fixing the cosmological and the non-linear-damping parameters
at fiducial values leads to an underestimation of the errors by a factor
of two, which could certainly mitigate the tension between the 3D and
2D BAO measurements.

While this discrepancy as well as its impact on the Hubble tension
has been pointed out previously in the literature [40,24], so far there has
been no accurate quantification of the statistical tension between these
two BAO data sets. In this work, we provide a method to perform this
quantification in a quite model-independent way. We apply it to state-
of-the-art BAO data, including the anisotropic measurements reported
by DESI in their first year release, and compare these results with those
obtained using the 3D BAO data from BOSS/eBOSS. Moreover, we also
study the effect of a possible underestimation of the 3D BAO uncertain-
ties on our results. This is motivated by the work by Anselmi et al. [59].

In the first part of the Letter we take the fulfillment of the Etherington
relation [60], a.k.a distance duality relation (DDR), for granted. In terms
of the redshift z, the latter reads,

Dy (2)=(1+2Dy(2), )

with D;(z) and D ,(z) the luminosity and angular diameter distances,
respectively. The Etherington relation holds in metric theories of gravity
with photons conserved and propagating in null geodesics. Thus, any
deviation from this relation, which would imply that
_ D (z)

n(z)= (722D, #1 2
in some redshift range(s), would hint at new physics either in the gravity
sector or beyond the standard model of particle physics. Among other
possibilities, this could be the case of models with a time-varying speed
of light (see e.g. [61,62]) or theories with a coupling between photons
and fields in the dark sector, e.g. with axions or axion-like particles (see
e.g. [63,64]). Of course, these deviations could also hint at the existence
of unknown systematic errors in the data.

Tests of the Etherington relation have been carried out using SNIa in
combination with 3D BAO [65-69], cosmic chronometers [70], strong
lensing time delays [71] or data on compact radio quasars [72], and
even with luminosity distances from high-redshift quasars and data from
strong gravitational lenses [73]. See also [74]. They scrutinize a broader
range of assumptions compared to other more specific tests, such as
those conducted to study the validity of the cosmological principle, see,
e.g., [75,76]. No significant deviation from the DDR has been found
so far. In view of the tension between the 2D and 3D BAO data sets,
we deem interesting and very timely to also study what happens if we
employ angular BAO, instead of 3D BAO, to test the Etherington relation
and see whether the tension between these two data sets reflects also
into differences at the level of the DDR. Moreover, we will compare the
results obtained with anisotropic BAO from BOSS/eBOSS and DESI Y1 to
determine if conclusions on the validity of the Etherington relation have
changed with the new data. It is of utmost importance to check whether
this relation holds, since it is taken for granted in our quantification of
the tension between the 2D and 3D BAO. Thus, any significant departure
from the DDR would invalidate the results obtained in the first part of
the paper.
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Table 1

List with the anisotropic BAO data points used in this work. See the quoted
references for details. As explained in Sec. 2, we use two alternative 3D BAO
data sets, one containing the BOSS/eBOSS data points and another one with the
DESI Y1 data.

Survey z D,/ry References

BOSS DR12 0.32  6.5986 +0.1337
0.57 9.389+0.103

Gil-Marin et al. [77]

eBOSS DR16Q 148 12.18+0.32 Hou et al. [78]
Lya-FeBOSSDR16 2334 112503 du Mas des Bourboux et al. [79]
LRG1 DESI Y1 051 9.02+0.17 Adame et al. [80]

LRG2 DESI Y1 071  9.85+0.19 Adame et al. [80]

LRG3+ELGI DESI Y1 093  11.25+0.16 Adame et al. [80]

ELG2 DESI Y1 1.32 11.98+£0.30 Adame et al. [80]

Lya-F DESI Y1 2.33 11.92+£0.29 Adame et al. [81]

This Letter is structured as follows. In Sec. 2 we explain the
methodology and the data sets employed in our analyses. We describe
the method used to quantify the tension between the angular and
anisotropic BAO measurements and also the calibrator-independent test
of the Etherington relation. In Sec. 3 we present our results and discuss
how they change when we substitute the BOSS/eBOSS data by the re-
cent DESI data, and also the impact of the SNIa sample employed in the
analysis. Finally, in Sec. 4 we present our conclusions and outlook.

2. Methodology and data

We use the comoving sound horizon r; as a cosmic standard ruler.
Galaxy surveys have been able to measure the angle

0(z)= 3)

d
Dy (2)
at various redshifts, with D,,(z) = (1 + z)D 4(z) the comoving angular
diameter distance. We employ the anisotropic and angular BAO data
listed in Tables 1 and 2, respectively. In the case of the 3D BAO, we
use two alternative data sets: one contains the data from BOSS/eBOSS,
whereas the other contains the data from DESI Y1. We refer to these
two data sets as 3D_BOSS and 3D_DESI, respectively. The BOSS/eBOSS
and DESI compressed data points have been obtained from catalogs with
partially overlapping population and non-disjoint patches in the sky, so
we opt not to combine them and proceed as explained above in order to
avoid double counting issues, since the correlations between these two
sets of data are not known.

The model- and calibrator-independent methods that we will employ
to quantify the tension between the 3D and 2D BAO data sets and the
test of the DDR make only use of the angular component of the 3D BAO
measurements. Thus, we exclude the radial components and the data
points provided in terms of the dilation scale.

As already explained in the Introduction, our first aim in this Letter
is to quantify the tension between the angular and anisotropic BAO data
sets. It is clear that this quantification cannot be carried out through a
direct (one-to-one) comparison of the data points contained in the two
BAO data sets, since their redshifts are different. In order to do it in
a model-independent and parametrization-independent way, we make
use of SNIa and the method described below.

Let us start with a brief description of the SNIa data. The relation
between the luminosity distance and the apparent magnitude m of a
standard candle is given by

DL(Z)>

1 Mpc )

m(z) = M + 25+ 5log;, <

where M is its absolute magnitude. In this paper, we employ SNIa as
standard candles. We make use of two different SNIa samples sepa-
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Table 2

List with the 16 2D BAO data points used in this work, with 5,,(2) [rad] =
rq/I(1 +2)D ,(z)]. The 2D BAO data point of DES Y6 has been computed using
the values of a = (D, /r;)/(D 4/7¢)|pianck €Xtracted with the angular correlation
function (ACF) and the angular power spectrum (APS) methods, which read
apcp = 0.952 £ 0.023 and a,pg = 0.962 + 0.022, respectively, with a Pearson
correlation coefficient p = 0.863 [82]. We have considered the full covariance
matrix in the weighted average computation of the central value and the uncer-
tainty. See the quoted references for further details.

Survey z Op a0 [degl] References
SSDS DR12 0.11 19.8 £3.26 de Carvalho et al. [51]
SDSS DR7 0.235 9.06 +0.23 Alcaniz et al. [83]
0.365 6.33+0.22
SDSS DR10 0.45 4.77+0.17 Carvalho et al. [84]
0.47 5.02+0.25
0.49 4.99+0.21
0.51 4.81+0.17
0.53 4.29+0.30
0.55 425+0.25
SDSS DR11 0.57 4.59 +0.36 Carvalho et al. [85]
0.59 4.39+0.33
0.61 3.85+0.31
0.63 3.90+0.43
0.65 3.55+0.16
DES Y6 0.85 2.932 +0.068 Abbott et al. [82]
BOSS DR12Q 2.225 1.77 £0.31 de Carvalho et al. [86]

rately: the Pantheon+ compilation [871,% which is a collection of 1701
lightcurves of 1550 distinct SNIa in the redshift range 0.001 < z < 2.26.
In particular, we consider a subsample of 1624 data points, since we
do not include those SNIa lying in Cepheid host galaxies, although we
have explicitly checked that the impact of these objects on our results
is completely negligible; and the recently released DES Y5 compilation
[881,° which consists of a total of 1829 SNIa spanning the redshift range
0.025 < z < 1.13. For cosmological purposes, the fundamental differ-
ence between these two SNIa samples is the higher statistics of DES Y5
compared to Pantheon+, especially for z > 0.5, where the number of
high-quality SNIa is fivefold those of Pantheon+. This difference will be
particularly relevant in our discussion since most of the BAO data points
lie in that region.

From Egs. (3) and (4) it is straightforward to write the luminosity
and angular diameter distances in terms of the calibrators (M and r,)
and the measured quantities (m(z) and 6(z)). Plugging these expressions
into Eq. (2) we obtain,

_10"®/39(z) 1075-M/SMpc

n(z) = 1+2) P )

If the Etherington relation is fulfilled (i.e., if #(z) = 1) and if we have
measurements of 6(z) and m(z) at the same redshift, we can compute
the degeneracy direction in the calibrators’ plane,
. 1oM/s = 10"P0G) ®)
105(1 + z)

with 7; =r; /(1 Mpc) the dimensionless sound horizon. This calculation
is independent of the curvature of the universe, which we do not need to
specify. We do not have SNIa and BAO data at the very same redshifts,
of course, but this is not a major complication, since we can employ
some interpolation method to obtain the constrained values of m(z) at
the BAO redshifts.

One of these methods is the Gaussian Processes (GP) regression tech-
nique [89], which can be used to reconstruct functions from Gaussian

2 https://github.com/PantheonPlusSHOES/DataRelease.
3 hittps://github.com/des-science/DES-SN5YR.
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distributed data under very minimal assumptions. Thanks to the defi-
nition of a kernel function, which in most cases depends only on two
hyperparameters, one can track the correlations between points where
data are absent. In principle, one should marginalize over these hyper-
parameters to account for the propagation of their uncertainties to the
reconstructed function. However, due to the large covariance matrix of
the SNIa samples, this process is very expensive from a computational
point of view. In this work, we opt to follow the same approach already
tested in [76], where it is shown that differences in the reconstructed
shapes obtained with the marginalization and optimization procedures
are smaller than (.16 in the case under study, thus not impacting signifi-
cantly the final results. We make use of the publicly available GaPP code
developed by Seikel et al. [90]. Using GP we generate N = 10* samples
of SNIa apparent magnitudes at the BAO redshifts z;. For each redshift
z;, we also draw N realizations of 6(z;) from a Gaussian distribution that
has as mean the measured value and as standard deviation the associ-
ated uncertainty. With this information we can obtain a distribution of N
values of the product 7, 10M/5 (Eq. (6)) at each BAO redshift. There ex-
ist non-null correlations, since we employ correlated SNIa data. On the
other hand, we expect non-zero positive correlations between several
data points in the 2D and 3D data samples, simply because they have
been obtained from the same parent catalogs of tracers (cf. Tables 1 and
2). However, these correlation coefficients have not been quantified, so
we cannot use them in our analysis. This fact will lead us to estimate, in
practice, a conservative lower bound of the tension between the angular
and anisotropic BAO data sets, see Sec. 3.1 for details.

We can measure the same quantity 7, x 10M/3 from the BAO data at

different redshifts, which is very convenient since it allows us to estab-
lish a bridge between the various BAO data and use it to quantify the
tension. The next step is to estimate representative values of 7,10M/3
for the 2D and 3D BAO data sets. To do so we need to obtain first their
distribution out of the Markov chain. This will allow us to quantify the
tension between the two data sets, by means of the tension between
the corresponding values of 7,10M/5. As a starting point, we employ
the so-called Edgeworth expansion (see [91] and references therein) to
compute an analytical approximation of the underlying (exact) distribu-
tion,
F@®=6G[1+ ékijkhijk(%,ﬂ) + ] , %)
which is a multivariate function with the same dimensionality as the to-
tal number of BAO data points contained in the 3D and 2D data sets.
This expression is valid when the departures from Gaussianity are suffi-
ciently small. The second term inside the brackets and the dots account
for non-Gaussian corrections. We have explicitly checked that in the
case under study it is more than sufficient to keep only the first correc-
tion. In Eq. (7), x' = d' — yi!, with d' = 7,10M/3|, and ji the mean vector,
i.e. y' = (F,10M/3],). The subscript i labels the BAO data point, which
can belong to the 2D or 3D BAO data sets. A= C~! is the inverse of the
covariance matrix, with elements C” = (x'x/). G(X, ) is the multivari-
ate Gaussian distribution built from that mean and covariance matrix,
and k7% = (x'x/x¥) are the elements of the so-called skewness matrix.
Finally,

R (R) = Ay djy g XX X! = (A Ay + e + A dip)x! (8)

is the Hermite tensor of order 3. In Egs. (7) and (8) we have employed
Einstein’s summation convention. All these objects can be directly com-
puted from the chain. Once we build the distribution of Eq. (7), we can
sample it treating it as a two-dimensional distribution for 7,10M /5, with
one dimension for the 2D BAO data set, and the other for the 3D BAO
data set, i.e. f(x,p,X3p). When the non-Gaussian features are negligi-
ble, the resulting distribution reduces of course to a Gaussian with the
following weighted mean vector /i and inverse covariance matrix 4,

}“U:ZZ}“U’ )

i€l jeJ

~ _ 7-1 .
Ay =470 >
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with

N
v =2, X ik (10)
iel j=1

and N the total number of BAO data points contained in the 2D and 3D
data sets. Here we have indicated sums over all the elements contained
in the data set I as )., with I referring to the 2D or 3D BAO data
sets. If we perform the analysis with 3D_BOSS and Pantheon+, N = 20;
if, instead, we use 3D_DESI, N =21. When we employ DES Y5, our anal-
ysis is restricted to z < 1.13, since this is the maximum redshift of the
SNIa sample. Hence, our BAO data set reduces to N = 17 if we employ
3D_BOSS and N = 18 if we employ 3D_DESI.

To quantify the tension between the anisotropic and angular BAO
data we can just build the histogram of y? = —21In f(x,p, X3p) resulting
from the sampling of the two-dimensional distribution obtained with
the procedure described above, and then compute the p-value associ-
ated to the hypothesis of having only one single BAO data set (built
out from the joint 2D and 3D BAO data sets). In point of fact, we can
obtain the full distribution of p-values, which allows us to compute
also the associated uncertainty. The smaller the p-value, the more the
hypothesis is excluded, of course, indicating greater inconsistency be-
tween the two data sets. We repeat this exercise with both 3D_BOSS and
3D_DESI (one at a time) in combination with 2D BAO to determine if the
level of tension between the angular and the anisotropic BAO data sets
changes. In addition, we also test the impact of the SNIa sample by re-
placing Pantheon+ with DES Y5. We present the results of this analysis
in Sec. 3.1.

In the second part of the paper, we test the Etherington relation
following the calibrator-independent method employed by Tonghua
et al. [72]. It is based on the quantity

n(z) _ 10mE50(z) <1+z,>
n(z)  10mPg(z;) \ 1+

an

ni; =

which is built from the ratio of Eq. (5) at two different redshifts. Avoid-
ing the use of the calibrators of the distance ladders in this test is impor-
tant not to propagate possible biases that might have been introduced in
their measurement. This is relevant on account of the Hubble tension.
Departures of #; ; from unity could hint at a violation of the DDR. In
Sec. 3.2 we show our results obtained with 2D, 3D_BOSS and 3D_DESI
BAO, in combination with the SNIa of the Pantheon+ or DES Y5 com-
pilations.

3. Results
3.1. Tension between angular and anisotropic BAO

In the left upper plot of Fig. 2 we show the constraints on the product
7y x 10M/5 defined in Eq. (6), obtained by making use of the individ-
ual BAO angles in combination with the SNIa apparent magnitudes of
Pantheon+ or DES Y5. In the lower plots we also present the overall
constraints obtained from each BAO data set, see the horizontal bands
at 68% C.L. and the results reported in Table 3. The contour plot on the
top right complements the preceding information and helps to better
assess visually the tension between the 2D and 3D BAO data sets. The
latter points to a ~ 2¢° C.L. tension when the anisotropic BOSS data are
used, and grows up to the ~ 2.5¢ C.L. with DESI. This result is obtained
employing SNIa from Pantheon+. If, instead, we perform the analysis
using the DES Y5 SNIa sample, the statistical significance of the ten-
sion reaches the ~ 4.6¢ level with both BOSS and DESI. This increase is
mainly driven by the high number of SNIa observed within the redshift
range 0.5 < z $0.9 by DES Y5, which is roughly five times the num-
ber of SNIa in the same range as reported by Pantheon+ [88]. Most of
the BAO data used in this work lie precisely in that region (see, respec-
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Fig. 2. Left upper plot: Constraints at 68% C.L. on the product 7, x 10M/5 obtained making use of the SNIa of Pantheon+ or DES Y5 and the individual 3D and 2D
BAO data points. We follow the method explained in Sec. 2. We plot the points obtained with DES Y5 shifted by Az =0.01 to visually distinguish them from those
obtained with Pantheon+. We only show the points at z < 1.4 because at higher redshifts error bars are large and exceed the displayed range of values. Lower plots:
Same as the left upper plot, but with a zoom in the range z € [0.05,0.95] using the Pantheon+ and DES Y5 samples, respectively. The horizontal bands represent the
2D, 3D_BOSS and 3D_DESI BAO constraints at 68% C.L. Right upper plot: The corresponding contours at 68% and 95% C.L obtained using GetDist [93]. The dashed
straight line in black represents the null hypothesis of consistency between the 3D and 2D BAO data sets, i.e., 7, - 10M/5 |, =F, - 10M/3],.

Table 3

Constraints at 68% C.L. on the product 7,10M/5 for the 2D and 3D BAO data
sets obtained using the SNIa from Pantheon+ and DES Y5, following the proce-
dure explained in Sec. 2. They incorporate possible deviations from Gaussianity,
encapsulated in Eq. (7), which are, in any case, derisory, as we have explic-
itly checked by comparing these results with those obtained with Egs. (9)-(10).
The level of tension between the 2D and 3D BAO data sets is quantified by the
p-value, reported in the third and fifth columns of the table for the case of Pan-
theon+ and DES Y5, respectively. In the second rows of 3D_BOSS and 3D_DESI,
we present the results obtained by doubling the uncertainties associated with
the 3D BAO measurements. These results are labeled with an asterisk.

BAO data Pantheon+ DES Y5

set 7 10M/3 p-value Fa10M/5 p-value
2D (2023+027)-107° - (19.98+£0.24)- 107 -
3DBOSS  (19.19+033)-107  0.048709%%  (1848+0.22)-107 <107
3D_BOSS*  (19.10+0.48)-1073  0.116*)01  (18.47+0.38)-107 <1073
3D_DESI (18.95+0.37)-1073  0.018%0%  (1834+0.26)- 107 <107
3D_DESI* (1898 £0.53)- 103 0.105720%  (18.29+043)-103 <1073

—0.008

tively, the left upper plot and the horizontal bands in the lower panels
of Fig. 2).*

4 The replacement of the SNIa from Pantheon+ with those from DES Y5 also
enhances the evidence for dynamical dark energy from 2.5¢ to ~4¢ C.L. when
these data sets are combined with DESI+CMB data [12]. Although the discussion
at hand is different from the one in that paper, this is another manifestation
of the significant statistical power of the DES Y5 SNIa compilation. Given the
impact that the SNIa data have in these analyses and the differences observed
with Pantheon+ and DES Y5, it will be important to track the effect of systematic
errors in these samples [92].

It is also important to note that the roughly circular shape of the con-
tour lines in Fig. 2 responds to the fact that the correlations introduced
by SNIa turn out to be very small and we have not considered corre-
lations between the 2D and 3D BAO data sets (see Sec. 2). A positive
correlation between these two data sets would leave the individual un-
certainties of 7, x 10M/3 stable, but the shape of the contour lines would
be more elongated in the direction of the straight line shown in the top
right plot of Fig. 2. Therefore, the effective distance (measured in terms
of A y2) between the best-fit point and the straight line would be larger
and the tension between the 3D and 2D BAO data would increase. This
is why we actually obtain a lower bound of the tension by neglecting
the existing correlations between the anisotropic and angular BAO data.

Following the methodology explained in Sec. 2, we also compute
the distribution of p-values associated with the hypothesis of having

only one single BAO data set. We obtain a p-value of 0.048ig:gg§ and

0.018J_r8:g(1)£ when employing the SNIa of Pantheon+ in combination with
3D_BOSS and 3D_DESI, respectively. When we use the SNIa of DES Y5,
instead, the p-values become smaller than 105, see Table 3. These more
quantitative results are fully aligned with those of Fig. 2 and highlight a
significant tension between the two types of BAO data. This tension per-
sists across different SNIa compilations but is particularly pronounced
with the DES Y5 data.

It is crucial to emphasize again that this significant tension is derived
in a largely model-independent way, assuming only the validity of the
Etherington relation. The addition of the radial component of the 3D
BAO data, which has not been considered in our analysis because it is not
feasible to incorporate it following a model- and calibrator-independent
approach, increases the tension even more. This explains why fitting
analyses with angular and anisotropic BAO data lead to completely dif-
ferent results, as shown in, for example, [48,45,49]. In particular, they
require different solutions to the Hubble tension [24].
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Fig. 3. Constraints at 68% C.L. on #(z), as defined in Eq. (12), obtained making use of the 3D and 2D BAO data sets in combination with the SNIa of the Pantheon+
and DES Y5 compilations. The x-axes are in logarithmic scale for the sake of a better visualization. We write the z values of the various BAO data points employed
in the construction of #(z), except in the region of redshifts in the 2D BAO plot where the density of points is too high, see Table 2.

Several recent works have pointed out that the DESI BAO data ob-
tained from luminous red galaxies at z = 0.51 are possibly driving the
signs of dynamical dark energy found by combining DESI with CMB, ob-
servational Hubble data and SNIa [12,94-96]. It is therefore worthwhile
to closely examine these data and their impact on our results. However,
the ~ 20 offset of the DESI data at z = 0.51 from the Planck/ACDM
model reported by Adame et al. [80] is only found in the radial mea-
surement, D (2)/ry =c/H(2)r,, i.e., it is not present in the transversal
BAO component (see their Figure 15 and also our Fig. 1). The latter is
fully consistent with Planck/ACDM, as are the other 3D BAO data. Thus,
we can conclude that this data point is not playing a major role in our
analysis, apart from tightening the constraint on the product 7, x 10M /5
extracted with 3D_DESI.

Finally, motivated by the work by Anselmi et al. [59], we have also
studied to what extent the tension loosens if we increase the uncertain-
ties of the 3D BAO measurements by a factor of two. The results are
displayed in Table 3. The p-values are approximately 0.1 in this case
when the 2D BAO is combined with both 3D BAO data sets using the
SNIa of Pantheon+, resulting in a discrepancy of less than 2¢ and, hence,
in no significant statistical tension. When the SNIa of Pantheon+ are re-
placed with those of DES Y5 the statistical tension remains, instead,
at ~ 3.5¢ C.L. An underestimation of the 3D BAO uncertainties as the
one estimated by Anselmi et al. [59] could mitigate the tension between
angular and anisotropic measurements, improving in this way their con-
cordance. However, the tension persists at high confidence level in the
light of the most complete SNIa sample even when the uncertainties of
the anisotropic BAO data are increased by a factor two.

3.2. Test of the Etherington relation
We follow the procedure described in the last part of Sec. 2 to obtain

the values of #; ;,; (Eq. (11)) using the various BAO and SNIa data sets.
For each of them, we compute the following function

N;-1
(2= Y 110G = 2)0( - 2), 12
i=1

where ©(-) is the Heaviside step function, and we show the resulting
68% C.L. constraints on it in Fig. 3. Eq. (12) accounts for all the in-
dependent N; — 1 couples of z. The subscript I labels the BAO+SNIa
data set employed in the calculation and N; is the number of BAO data
points contained in it. Eq. (12) allows us to present the results in a very
visual way and maximizes the statistical content of our sample without
unnecessary repetition. There are only N; — 1 independent values of 7, ;
out of the N;(N; — 1) non-zero values that can be computed using the
N values of 5(z;), with i € I.

Eq. (12) can be used to detect deviations from the DDR. In each
of the bins, the quantity #; ; # 1if n(z;) # n(z)). This can only happen
if n(z;) # 1 or/and n(z ) # 1 This obviously implies a violation of the
DDR. On the other hand, #; ; = 1 if n(z;) = n(z;). If the derivative of 5(z),
f(z) =dn/dz, is well-defined, we can always do

n(z)=n(z=0)+ / f(Zhdz' . 13)
0

Assuming that z ;> z;, the condition 7(z;) = n(z ) is satisfied if f(z)=0
Vz €[z;,z;]. Hence, our diagnostic is sensitive to sources of violation of
the DDR in the redshift interval between z; and z;. Thus, our estimator
7i;(z) is able to detect violations of the Etherington relation by construc-
tion. The only limitation of our method is the precision of the available
data.

We do not find any significant hint of a violation of the DDR. This
result supports the validity of the Etherington relation, which is used to
quantify the tension between the two BAO data sets in Sec. 3.1. Regard-
less of the BAO and SNIa data sets employed in the analysis, the quantity
7i(z) is compatible with 1 at approximately 1 — 26 C.L. While this result
is consistent with previous analyses using the anisotropic 3D_BOSS data
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set (see e.g., [69]), our study represents the first investigation in the lit-
erature to test the DDR using both the 3D and 2D BAO data sets, and
the SNIa compilation from DES Y5. The tension between the anisotropic
and angular BAO data sets discussed in Section 3.1 does not manifest as
a deviation from the DDR when considering the angular BAO data. To
date, uncertainties on 7j;(z) are still large, especially at high redshift,
where they can reach 100% due to large errors in SNIa data.

4. Conclusions and outlook

We have devoted this Letter to the quantification of the existing
tension between the angular and anisotropic data on baryon acoustic
oscillations, employing a novel and quite model-independent approach
which only relies on the fulfilment of the Etherington relation and is
also independent of the calibrators of the direct and inverse distance
ladders. By construction, our method excludes the radial 3D BAO data.
We find a tension at ~ 2¢ C.L. between the 2D BAO and the anisotropic
data set constructed with BOSS/eBOSS data when using the SNIa from
the Pantheon+ compilation. This tension increases to approximately
~2.50 C.L. when we employ the first data release of DESI instead of
BOSS/eBOSS. The replacement of the Pantheon+ SNIa with those of
DES Y5 triggers a substantial increase of the tension, which now reaches
the 4.60 C.L. This can be considered a lower bound of the actual tension
because we cannot account for the positive correlations between the 2D
and 3D BAO data sets, as these correlations have not been reported in
the literature.

The statistical significance of the aforesaid discrepancy would be
softened if, for some reason, the BAO uncertainties had been underes-
timated. This is a plausible possibility according to Anselmi et al. [59],
who found that the errors in standard anisotropic BAO analyses might
be underestimated by a factor of two. In order to assess the impact of
this possible underestimation on our results we have repeated the anal-
ysis doubling the uncertainties of 3D_BOSS and 3D_DESI and find that
the tension decreases below the 2¢ C.L. with Pantheon+ and remains
at 3.5¢0 C.L. with DES Y5. This tells us that the tension between angular
and anisotropic BAO can be mitigated if the error bars in the compressed
BAO data are not being properly estimated in current analyses. How-
ever, it is still pretty high according to the latest SNIa sample.

In view of the existing tension between 2D and 3D BAO, which grows
even more in the context of model-dependent analyses thanks to the in-
clusion of the radial 3D component, we have also deemed interesting
to check whether this mismatch can be translated into a deviation from
the Etherington relation. This is also a consistency test, since we have
assumed the validity of the latter in the first part of the paper. We have
applied a calibrator- and model-independent approach previously used
by Tonghua et al. [72] that lets us obtain constraints on the violation of
the distance-duality relation. This is the first time this method is applied
using BAO data, and also the first time that the robustness of the Ether-
ington relation is studied using angular BAO and the SNIa of DES Y5.
Our constraints are quite loose. They allow for violations of ~ 20% be-
low z ~ 0.8 — 1 at 68% C.L., and even greater at larger redshifts. When
we combine 3D BAO and DES Y5 SNIa, though, the maximum devia-
tions are of about 10%. We do not find any compelling evidence for
departures from the standard scenario neither in the anisotropic nor
the 2D BAO data sets. The maximum incompatibility with the DDR is
found to exist at ~ 1o C.L. in some redshift ranges for the 3D_DESI and
2D BAO data sets, which is not significant at all. Stronger constraints
have been obtained in the literature, but they typically require the use
of parametrizations of #(z) and, hence, additional assumptions to those
considered in this Letter.

In the era of precision cosmology and the existing tensions afflicting
the standard ACDM model, it is crucial to elucidate what is causing the
discrepancies between the various BAO data sets. This is pivotal to find
out, for instance, the origin of the Hubble tension [40,24]. It will be im-
portant to re-assess the level of tension between angular and anisotropic
BAO once the new data releases from DESI and future data from Eu-
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clid become available. Hopefully, these surveys will provide both 3D
and 2D BAO data, extracted by the same collaborations. This would be
extremely healthy and useful for the community in order to test both
methods and pinpoint possible sources of biases. In this Letter we have
presented a model- and calibrator-independent methodology that can
be applied in these future works.
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