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We present a measurement of the angular baryon acoustic oscillation (BAO) scale from the completed
Dark Energy Survey (DES) dataset excluding the area of overlap with the Dark Energy Spectroscopic
Instrument (DESI). We follow the same methodology and validation process as in the DES Y6 BAO
analysis. We interpret the impact of this measurement in the context of the statistical preference for w0wa

cold dark matter (CDM) over ΛCDM when combined with DES Y5 Type Ia supernovae (SN), Planck
CMB, and DESI BAO. Based on our previous work, using the full Y6 DES BAO sample, in combination
with SN, CMB and DESI data release 1 (DR1) BAO, added 0.3σ in this preference (from 3.7σ to 4.0σ), but
this ignored possible correlations between datasets. Using our new DESI-independent DES BAO
likelihood instead, we find a smaller increase in the statistical preference for w0waCDM, from 3.7σ to
3.8σ when using DESI DR1 BAO, and from 4.0σ to 4.1σ when updating to the more recent DESI data
release 2 (DR2) BAO. These significances reduce to 3.1σ when using the new calibrated DES SN-Dovekie.
Alongside this work, we publicly release BAOFIT_WTHETA, the BAO fitting code for the angular correlation
function used in the DES Y6 BAO analysis.
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I. INTRODUCTION

Baryon acoustic oscillations (BAOs) provide one of the
most robust and well-understood probes of the expansion
history of the Universe. Originating from sound waves
propagating in the early Universe, the BAO feature leaves a
characteristic imprint in the large-scale distribution of
matter, visible today in the clustering of galaxies and the
CMB. Since its first detections in galaxy redshift surveys
[1,2], the BAO signal has become a cornerstone of
precision cosmology, offering a “standard ruler” to measure
cosmological distances and constrain the nature of dark
energy.
Over the past two decades, spectroscopic surveys such as

the six-degree Field Galaxy Survey (6dFGS) [3], the
WiggleZ dark energy survey [4–7], and the [extended]
Baryonic Oscillations Spectroscopic Survey ([e]BOSS),
part of the Sloan Digital Sky Survey (SDSS) series [8–
17], have provided increasingly precise BAO measure-
ments across a wide range of redshifts. Building on this
legacy, the Dark Energy Spectroscopic Instrument (DESI)
is now delivering even more precise and higher-redshift
BAO measurements [18,19]. Complementary to these,
photometric surveys enable BAO studies over much larger
volumes, albeit with reduced radial resolution. Recent
analyses from the Dark Energy Survey (DES) [20–22]
and the Dark Energy Camera Legacy Survey (DECaLS)
[23,24] have demonstrated the feasibility and competitive-
ness of photometric BAO measurements, reinforcing their
role as a cross-check on spectroscopic results.
DES was designed to probe the origin of cosmic

acceleration by mapping hundreds of millions of galaxies
and measuring the large-scale structure (LSS) of the
Universe with unprecedented precision [25]. Conducted
with the 570-megapixel Dark Energy Camera (DECam)
mounted on the 4-meter Blanco Telescope at the Cerro
Tololo Inter-American Observatory in Chile [26], DES
observed approximately 5; 000 deg2 of the southern sky in
five optical–near-infrared bands (grizY) over six observing
seasons from 2013 to 2019. DES uses several comple-
mentary cosmological probes, including, but not limited to,
weak gravitational lensing, galaxy clustering (including
BAO), Type Ia supernovae and galaxy cluster abundances.
Importantly for BAO science, the survey’s depth and area
enable precise angular galaxy clustering measurements out
to a redshift of about 1.2, providing one of the largest and
most homogeneous photometric datasets to date.
Using the complete DES dataset, covering 6 years of

DES observations (DES Y6), we measured the angular
BAO scale at an effective redshift of zeff ¼ 0.851 [22]. We
used a galaxy sample optimized for BAO science in the
redshift range 0.6 < z < 1.2, comprising nearly 16 million
galaxies over 4; 273.42 deg2 [27], hereafter the DES Y6
BAO sample. To mitigate confirmation bias, the analysis
was performed blind. A battery of preunblinding tests had
to be passed before unblinding the final result, together

with many robustness checks. The consensus measurement
constrained the ratio of the angular distance to the sound
horizon scale to DMðzeffÞ=rd ¼ 19.51� 0.41, representing
a 2.1% precision, marking it as the most precise angular
BAO measurement from any photometric survey. Notably,
this measurement was found to be 4.3% and 2.1σ below the
angular BAO scale predicted by Planck when assuming the
Λ cold dark matter (CDM) model.
On the other hand, DESI provides the state-of-the-art

three-dimensional BAO measurements. DESI maps the
LSS of the Universe by obtaining optical spectra for tens
of millions of galaxies and quasars, constructing a 3D map
spanning the nearby Universe out to redshift of about 3.5
[28,29]. The DESI survey footprint encompasses approx-
imately 14; 000 deg2, covering regions in both the north
and south galactic caps, with a small overlap with DES in
the southern hemisphere. One of DESI’s primary scientific
goals is to measure the BAO signal with unprecedented
precision, both along and across the line of sight. The BAO
measurements and cosmological constraints using the
DESI Data Release 1 (DR1; first year of DESI data) were
released in 2024 [18,30], and the ones for the Data Release
2 (DR2; first three years of DESI data), in 2025 [19].
In a recent study [31], we investigated the cosmological

implications of a joint analysis of the two DES expansion
history probes—BAO [22] and Type Ia supernovae (SN)
[32]—combined with external datasets, namely the CMB
from Planck [33], within the framework of ΛCDM and
several extended models: kΛCDM, wCDM, w0waCDM,
and νΛCDM. We found tensions among the datasets in
ΛCDM, kΛCDM, wCDM, and νΛCDM, indicating that no
combination of parameters within these models could
simultaneously explain all observations. The w0waCDM
model, which allows a time-dependent dark energy equa-
tion of state, was the only one capable of reconciling the
different observables, and therefore we focus on it in what
follows.
Combining DES BAO, DES SN and CMB, we found a

3.0σ preference for w0waCDM according to the Δχ2
criterion. By contrast, combining DES SN, CMB and
DESI DR1 BAO gave 3.7σ, which further increased to
4.0σ when DES BAO was also included. This 0.3σ increase
is the primary motivation for the analysis presented in this
paper. However, because the DES and DESI survey foot-
prints partially overlap, a direct combination of their BAO
constraints is nontrivial, as correlations between the two
datasets are expected—an effect that was neglected in [31].
Since this work builds upon the analysis of [31], which
relied on DESI DR1 BAO data, here we include both the
DESI DR1 and the more recent DR2 BAO measurements.
The first part of this analysis is devoted to constructing a

DES BAO likelihood that can be directly combined with
that of DESI. To achieve this, we exclude the region of the
sky where the DES and DESI samples overlap, and
measure the BAO signal in the remaining DES footprint.
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We refer to it as “DES BAO-noDESI.” This procedure leads
to slightly larger uncertainties compared to our fiducial
analysis (i.e., compared to including all the DES area), but
ensures that the resulting measurements are statistically
independent of those from DESI. We construct two alter-
native DES BAO likelihoods depending on how much DES
area we exclude: one designed for combination with DESI
DR1=2, which forms the basis of the cosmological analysis
in this work, and another intended for future joint analyses
with DESI DR3=4. The robustness of our BAO measure-
ments is further established through validation against
1,952 galaxy mock catalogs, designed to match the proper-
ties of the DES data.
The second part of this work focuses on deriving

constraints on cosmological parameters within both
ΛCDM and its extension w0waCDM. We combine the
DES Y5 SN sample [32]—used as our baseline in this
analysis for consistency with [31]—with Planck CMB data
[33], DESI DR1=2 BAO measurements [18,19,30], and the
DES BAO-noDESI measurement presented in this work.
The combination of all these datasets allows us to improve
constraints on w0waCDM and assess whether the resulting
level of tension with ΛCDM is strengthened or alleviated.
Finally, we also examine how adopting the newly calibrated
DES SN–Dovekie sample [34] affects our cosmological
constraints and the inferred tension with ΛCDM.
The structure of the paper is as follows: in Sec. II, we

present the methodology followed to exclude the DESI area
from the DES Y6 BAO sample, which we also apply to the
simulations; in Sec. III we summarize the methodology
followed to measure the BAO feature on the two-point
angular correlation function, including the estimation of the
covariances and the sources of BAO systematics; in Sec. IV,
we present the BAO measurements on our data samples; in
Sec. V, we describe the inference of cosmological param-
eters and the results in both ΛCDM and w0waCDM
models; and in Sec. VI, we present the conclusions to
our analysis.

II. DATA AND SIMULATIONS

One of the main goals of this paper is to provide an
alternative DES Y6 BAO likelihood that is fully indepen-
dent of DESI. To achieve this, we remove the region of sky
where DES and DESI overlap, ensuring that the two
samples are statistically independent.
In this Section, we describe the DES Y6 BAO sample

and simulations, together with the procedure to remove
their overlap with DESI. All the data products of the DES
Y6 BAO analysis we use here (sample, simulations, mask)
are publicly available at the DES database.1

A. The DESI-independent DES BAO sample

1. The DES Y6 BAO sample

The DES Y6 BAO sample is described in detail in Mena-
Fernández et al. [27]. This sample was created using a red
selection given by

1.7 < ði − zÞ þ 2ðr − iÞ; ð1Þ

since red galaxies are expected to have better redshift
estimates and higher galaxy bias, both of which improve
the expected BAO signal. It also includes a cut in the i band

i < 22.5 ð2Þ

to ensure high quality in our validation pipeline, and a
redshift-dependent magnitude limit, also in the i band,
given by

i < 19.64þ 2.894zph; ð3Þ

which was reoptimized in [27] for the DES Y6 analysis to
maximize the BAO signal. Its redshift range is

0.6 < zph < 1.2; ð4Þ

where zph is the photometric redshift estimate (see Ref. [22]
for further details), and its effective redshift is zeff ¼ 0.851.
For most of the analysis, we divide it into six tomographic
bins of width Δzph ¼ 0.1.

2. Excluding the DESI area

We begin with the same angular mask used in the fiducial
DES Y6 BAO analysis, covering an area of 4; 273.42 deg2

and described in [27]. Our objective is to divide this mask
into two complementary parts: one excluding the DESI
footprint (the DES no-DESI region) and one retaining only
the overlapping area (the DES DESI region). We consider
two approaches for this split:

(i) DR1tiles split. Designed for combination with
DESI DR1 or DR2. In this case, we use the DESI
angular mask constructed from the publicly avail-
able DESI DR1 tiles2 to exclude its overlap with
the DES Y6 BAO mask. The resulting no-DESI
mask covers 3; 224.72 deg2, which we denote as
DR1tiles_noDESI. The complementary DES
DESI mask spans 1; 048.72 deg2 and is denoted
as DR1tiles_DESI. Both masks are shown in the
left panel of Fig. 1.

(ii) Deccut split. Designed for future combinations
with DESI DR3 and DR4. Here, we retain only

1https://des.ncsa.illinois.edu/releases/y6a2/Y6bao.

2https://data.desi.lbl.gov/public/dr1/survey/ops/surveyops/tags/
1.0/ops/tiles-main.ecsv.
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pixels with Dec < −23.5 deg in the DES mask,
following the DESI DR4 survey plan to extend to
this declination. The resulting no-DESI mask has an
area of 2; 935.23 deg2, referred to as DECCUT_NO-

DESI, while the complementary DES DESI mask
covers 1; 338.19 deg2 and is referred to as Dec-
cut_DESI. These masks are shown in the right
panel of Fig. 1.

The sample used for the combination with DESI DR1=2
(DR1tiles_noDESI) covers a slightly larger area than
the sample designed for the combination with DR3=4
(DECCUT_NODESI). As a result, the statistical uncertainty
of the BAO measurement is expected to be smaller for the
former. In this work, we therefore adopt the DR2-compat-
ible sample as our default, as DR2 is the most recent DESI
BAO dataset available at the time of this analysis. The
complementary DES DESI samples (DR1tiles_DESI
and Deccut_DESI) are used to perform consistency
checks.
The effective redshift of the different splits is the same as

that of the full sample, zeff ¼ 0.851. The redshift distribu-
tions are the same compared to the full sample, and
therefore we use the same nðzÞ as in the fiducial Y6
BAO analysis for both the theoretical templates and the
covariances (see Ref. [27]). The different masks are
summarized in Table I, where we include their descriptions

and covered areas. In Table II, we display the number of
galaxies per redshift bin of the different samples after
applying each of the masks and the full sample for
comparison purposes.

3. Mitigating LSS systematics

The procedure used to mitigate imaging systematics in
the clustering signal for the DES Y6 BAO analysis is
described in [22,27], where the iterative systematic decon-
tamination (ISD) algorithm was applied [35–39]. In short,
ISD identifies correlations between galaxy density and a set
of imaging properties, iteratively removes, them and pro-
duces a HEALPIX weight map that is applied whenmeasuring
the two-point correlation functions (see Sec. II B). A more
thorough description of the weights for the BAO sample can
be found in [27].

B. Clustering statistics

Here, we describe the production of the random catalogs
and the measurements of the two-point angular correlation
functions that we use as data vectors to measure the BAO
signal.
The starting point to measure all clustering statistics is

the creation of a random catalog. We create an independent
random catalog for each of the four galaxy samples

FIG. 1. Splits of the DES Y6 BAO angular mask into the overlapping area with DESI (yellow, DES DESI region) and the
nonoverlapping one (purple, DES no-DESI region). Left: split performed using a DESI mask created from the DESI DR1 tiles. Right:
split performed with a cut at Dec ¼ −23.5 deg.

TABLE I. Different masks used in this paper and the area they cover in squared degrees. The area of the DR1tiles_noDESI sample,
which we use for cosmological inference in this analysis, represents 75.5% of the full footprint.

Name Description Goal Area (deg2)

Full mask Fiducial DES Y6 BAO mask � � � 4,273.42
DR1tiles_noDESI Removed the overlap with DESI using mask

from public DR1 tiles
Combination with DESI DR1=2 3,224.72

DR1tiles_DESI Complementary to DR1tiles_noDESI Cross-check 1,048.72
DECCUT_NODESI Kept Dec < −23.5 Combination with DESI DR3=4 2,935.23
Deccut_DESI Complementary to DECCUT_NODESI Cross-check 1,338.19
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considered in this paper, each of them having 20 times as
many objects as its corresponding sample. This amount of
randoms was found to be more than sufficient to avoid any
additional noise coming from them, as discussed in [22].
The random catalog is created by sampling the masks
described in Sec. II A 2 while downsampling the pixels
according to their coverage fraction, which is always larger
than 80%.
Once we have the random sample, the two-point angular

correlation function (ACF) is estimated using the Landy-
Szalay estimator [40] as

wðθÞ ¼ DDðθÞ − 2DRðθÞ þ RRðθÞ
RRðθÞ ; ð5Þ

where DD, DR and RR are the normalized counts of data-
data, data-random and random-random pairs, respectively,

separated by θ � Δθ=2, with Δθ being the bin size. We
measure the ACF with a bin size of Δθ ¼ 0.05 deg, but
we also combine them in broader bins (in particular,
Δθ ¼ 0.10, 0.15, 0.20 and 0.25 deg). As in [22], our
default binning is set to Δθ ¼ 0.20 deg.
The angular correlation functions for the two no-DESI

samples are shown in Fig. 2, together with those of the full
sample for comparison purposes. The error bars come from
the COSMOLIKE covariance matrices, described in
Sec. III B, computed for each of the samples. We see that
the three of them are consistent.

C. The COLA mocks

We use the same mock catalogs as in the fiducial DES
Y6 BAO analysis [22] for the validation of our BAO
analysis. These mocks were produced using the ICE-COLA

TABLE II. Number of galaxies per redshift bin for each of the BAO sample splits and the full sample for comparison purposes.

zph bin

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Total

Sample [0.6, 0.7] [0.7, 0.8] [0.8, 0.9] [0.9, 1.0] [1.0, 1.1] [1.1, 1.2] [0.6, 1.2]

Full sample 2,854,542 3,266,097 3,898,672 3,404,744 1,752,169 761,332 15,937,556
DR1tiles_noDESI 2,162,619 2,472,245 2,949,553 2,562,757 1,315,824 571,741 12,034,739
DR1tiles_DESI 691,923 793,852 949,119 841,987 436,345 189,591 3,902,817
DECCUT_NODESI 1,965,506 2,252,526 2,695,701 2,333,589 1,194,901 519,579 10,961,802
Deccut_DESI 889,036 1,013,571 1,202,971 1,071,155 557,268 241,753 4,975,754

FIG. 2. Angular correlation functions, or wðθÞ, for the full sample and the two no-DESI samples (DR1tiles_noDESI and
DECCUT_NODESI). The error bars come from the COSMOLIKE covariance matrices, described in Sec. III B, computed for each of the
samples. Points are slightly shifted horizontally to avoid overlap.
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code [41], a light cone implementation of COLA [42] that
combines second-order Lagrangian perturbation theory
with a particle-mesh gravity solver, allowing us to effi-
ciently simulate large cosmological volumes. Galaxies
were populated using hybrid halo occupation distribution
and halo abundance matching models, with two free
parameters per tomographic bin.
We have a total of 1,952 COLA mocks designed to closely

match several key properties of the data, such as the
observed volume, galaxy number density, true and photo-
metric redshift distributions, and evolution of clustering
with redshift. Each simulation contains 20483 particles in a
cubic box of length 1536 Mpc=h. We replicate this volume
64 times using periodic boundary conditions to cover the
full sky and boost the statistical power without dramatically
increasing computational cost, which gives us a light cone
up to z ¼ 1.43. The production and validation are described
in [22], following the methodology from [43], which builds
up on [44]. Hereafter, we refer to them as COLA mocks.
The underlying cosmological parameters of the simu-

lations match those of the MICE Grand Challenge simu-
lation [45,46], hereafter denoted as the MICE cosmology.
The MICE cosmological parameters are explicitly listed in
Table III.
We apply the masks listed in Table I to the 1,952 COLA

mocks and measure the angular two-point correlation
functions for all of them [4 masks × 1952 mocks ×
6 redshift bins ¼ 46; 848 wðθÞ measurements], following
the methodology described in Sec. II B, to perform a one-
on-one comparison with the analysis of the data. We note
that these mocks are not used for computing covariances
(see Sec. III B) due to the replications of the boxes
explained above, which were found to yield spurious
correlations in [43]. The main goal of these mocks is to
validate the analysis and interpret statistical fluctuations.

III. BAO METHODOLOGY

In this Section, we present the methodology adopted to
measure the BAO signal from the two-point angular
correlation function, describe the covariance matrices used
in the BAO fits, and discuss the treatment of systematic
uncertainties affecting the measurement. We closely follow
the same methodology as in the fiducial DES Y6 BAO

analysis, see Ref. [22], but also highlight the main
differences.

A. The BAO fit

We extract the BAO feature from the two-point angular
correlation function using a template-based method. The
methodology followed is described in detail in [22,47], and
is based on [48]. The specific implementation used here is
released together with this paper in BAOfit_wtheta,3

and it is a minor update with respect to the code used for the
fiducial angular correlation function analysis of [22]. A
detailed description of the code’s functionality can be found
in Appendix. We summarize the methodology below.
We start from the linear matter power spectrum gen-

erated using CAMB [49]. We include the broadening of the
BAO peak due to nonlinearities [50,51] by splitting the
power spectrum into a no-wiggle (Pnw) and a wiggle
(Plin − Pnw) component as

Pðk; μÞ ¼ ðbþ μ2fÞ2½ðPlin − PnwÞe−k2Σ2ðμÞ þ Pnw�: ð6Þ

The wiggle component is smoothed anisotropically through
the damping scale, ΣðμÞ. In the previous expression, we
also included the effect from the linear galaxy bias (b) and
redshift space distortions (μ2f) [52], with the latter propor-
tional to the growth rate f. We model the no-wiggle
component using a 1D Gaussian smoothing in log-space
following Appendix A of [53].4 We also follow the infrared
resummation model from [56,57] to compute the damping
scale ΣðμÞ [58,59] relative to the line of sight (see details in
[47]). This is consistent with the modeling used in the
fiducial DES Y6 BAO analysis [22].
Once we have the matter power spectrum, we decompose

it into multipoles, PlðkÞ, perform a Hankel transform to
obtain the configuration space multipoles, ξlðsÞ, and then
reconstruct the anisotropic redshift-space correlation func-
tion, ξðs; μÞ for each tomographic bin. From there, the
angular correlation function of the ith tomographic bin is
obtained as

wiðθÞ ¼
Z

dz1

×
Z

dz2niðz1Þniðz2Þξiðsðz1; z2; θÞ; μðz1; z2; θÞÞ;

ð7Þ

where the niðzÞ is the redshift distribution of that bin (we
only calculate the galaxy clustering autocorrelations).

TABLE III. Cosmological parameters used for the template
when measuring the BAO feature on the COLA mocks (MICE

cosmology) and the DES BAO data (PLANCK cosmology).

MICE PLANCK

Ωm 0.25 0.31
Ωb 0.044 0.0481
h 0.7 0.676
σ8 0.8 0.8
ns 0.95 0.97

3https://github.com/juanejo95/BAOfit_wtheta.
4BAOfit_wtheta also allows for using other implementa-

tions of the no-wiggle matter power spectrum, namely the ones
available in COSMOPRIMO (https://github.com/cosmodesi/cosmo
primo.git) (e.g., the one described in Appendix D of [54] or the
one in Appendix D of [55]).
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Our model contains the BAO template component
wtemplateðθÞ described by Eq. (7), a BAO scaling parameter
α, an amplitude rescaling factor A (per tomographic bin)
and a smooth component BðθÞ (also per tomographic bin),

wi
modelðθ;ΘÞ ¼ Aiwi

templateðαθÞ þ BiðθÞ: ð8Þ

Here, Θ denotes the free parameters of our BAO model: α,
the amplitude A and the broadband parameters aj included
in BðθÞ, which we will discuss below. The parameter α
quantifies the shift in the position of the BAO peak in the
data with respect to the one in the template,

α ¼ DMðzÞ
rd

rfidd
Dfid

M ðzÞ ; ð9Þ

where DMðzÞ is the comoving angular diameter distance
and rd is the sound horizon scale. The superscript “fid”
indicates quantities evaluated at the fiducial cosmology of
the template (for our analysis, we use two different
cosmologies: MICE for the COLA mocks and PLANCK for
the DES data,5 and their corresponding cosmological
parameters are listed in Table III). The term BðθÞ is
introduced to absorb smooth components (not sharp fea-
tures) that may come from remaining theoretical or
observational systematic errors in the galaxy clustering
signal. We model them as a sum of power laws,

BiðθÞ ¼
X
j

aij
θj

; ð10Þ

where aij are the broadband parameters of the ith tomo-
graphic bin. We use j ¼ 0, 1, 2 by default in this paper (see
Ref. [22] for a more detailed discussion on this choice). The
total number of free parameters (α, Ai and aij) is, therefore,

1þ 4 × ðnumber of redshift binsÞ ¼ 25: ð11Þ

Finally, the χ2 to be minimized in our BAO-fitting
procedure is given by

χ2ðΘÞ ¼
X
i;j

X
m;n

Δwiðθm;ΘÞðcov−1Þi;jm;nΔwjðθn;ΘÞ; ð12Þ

where

Δwiðθ;ΘÞ ¼ wi
dataðθÞ − wi

modelðθ;ΘÞ; ð13Þ

with the model given by Eq. (8) and the covariance
described in Sec. III B. The indices i, j denote tomographic
bins, whereas the indices m, n denote angular bins.
Although the χ2 given by Eq. (12) formally depends on
both α and the nuisance parameters of the BAO model
(amplitudes and broadband terms), in practice we follow a
profile-likelihood procedure to obtain a χ2 that depends
only on α. For each value of α, we determine the optimal
amplitude parameters Ai while analytically fitting the
broadband parameters aij. This is described in [22].

B. Covariance

The covariance is estimated using the COSMOLIKE code
[60–62], which was also used for both the DES Y3 and Y6
BAO analyses [22,47]. We stick to the use of Gaussian
covariance matrices since we tested the impact of including
non-Gaussian contributions, such as the trispectrum and the
super-sample covariance terms, and found that they do not
impact our results.
The covariance matrices require as inputs,
(1) Area of the angular mask (see Table I).
(2) Number of galaxies per redshift bin (see Table II).
(3) Cosmological parameters. As mentioned earlier, for

the COLA mocks, we use MICE cosmology (matching
the underlying cosmology of the mocks). For the
data, we use PLANCK. The cosmological parameters
for both cosmologies are shown in Table III.

(4) Redshift distributions. For the COLA mocks, we use
the average nðzÞ of the 1,952 mocks, which repro-
duces very well the one of the data (see Fig. 2 of
[22]). For the data, we use the fiducial nðzÞ from the
Y6 BAO analysis (shown in Fig. 4 of [27]).

(5) Linear galaxy bias per redshift bin. For the COLA

mocks, we estimate them from the average of the
1,952 simulations. We perform this measurement
only for the DES no-DESI and DES DESI COLA

mocks, since the bias for the full-area mocks was
already obtained in [22]. For the data, we measure
them from the unblinded wðθÞ. In both cases, the
measurement of the linear galaxy bias is performed
in the theta range 0.5 deg < θ < 2 deg.

C. BAO systematics

We estimate the error budget when measuring the BAO
signal for two different sources of systematics:

(i) Bias in α due to uncertainties in the redshift dis-
tributions. Since the redshift distributions enter the
projection in redshift when computing the angular
correlation function from the three-dimensional
correlation function, uncertainties in them can
slightly shift the inferred BAO angular position.
In [22], this effect was quantified by testing several
redshift distributions, including two alternatives
derived from our photo-z algorithm, one from an

5We use MICE cosmology for the mocks so the template
matches the underlying cosmological parameters of the simu-
lations. For the data, we use PLANCK, since we expect the
cosmology of the data to be closer to it. However, as shown
in [22], the choice of the cosmological parameters for the
template does not bias our BAO distance measurements.
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overlapping spectroscopic sample, one from the
clustering-z technique, and the fiducial one, which
effectively combines the three methods. This leads
to an estimated systematic uncertainty of σredshiftth;sys ¼
0.0045 for the angular correlation function.6

(ii) Bias in α due to the nonlinear evolution of the BAO
peak. Nonlinear evolution of the LSS predicts a shift
in the BAO position of the order of δα ∼þ0.5%with
respect to the linear case, with the exact value
depending on the redshift range, linear bias and
halo occupation distribution of the sample [50,51].
In [22], this effect was quantified from the COLA

mocks, finding a systematic of σmodeling
th;sys ¼ 0.0057.7

The total systematic budget from these two contributions is
given by their sum in quadrature,

σtotth;sys ¼ 0.0073: ð14Þ

In Sec. IV B, we add this number in quadrature to the
statistical error obtained from the BAO fits to compute the
total error in α.

D. Differences with the Y6 BAO analysis

In Table IV, we show the default settings used in this
paper for the BAO fits, which are the same as we used in
the fiducial Y6 BAO analysis, see Ref. [22]. Besides the
reduced area, the main difference with respect to the
fiducial Y6 analysis is that here we only use the two-point
angular correlation function, wðθÞ, as our galaxy clustering
measurement.
While the fiducial DES Y6 analysis [22] combined three

clustering statistics—the angular correlation function wðθÞ,
the angular power spectrum Cl [63] and the projected
correlation function ξpðsÞ [64–66]—to maximize statistical
power, in this work we focus exclusively on the angular
correlation function. Calculating and validating the cross-
covariance between different estimators (particularly

Fourier-space statistics) becomes computationally expen-
sive and methodologically complex when applied to the
irregular geometry of the no-DESI footprint. By restricting
to wðθÞ, we can conservatively apply the systematic error
budget from Eq. (14) rigorously characterized for the ACF
in the Y6 analysis, ensuring robustness without the need to
revalidate the full consensus framework on the reduced
samples.8

IV. MEASUREMENT OF THE BAO

In this Section, we present the BAO measurements for
the no-DESI samples. We follow a blind procedure: first, in
Sec. IVA, we verify that the shifts in α and the increases in
σα after removing the DESI overlap are consistent with
mock statistics, considering only relative shifts and ratios
rather than absolute values; second, in Sec. IV B, we
present the unblinded measurements.

A. Preunblinding tests

Our goal here is to check whether the changes
in α (Δα≡ α − αfull sample) and the increases in σα
(Rσα ≡ σα=σ

full sample
α ) measured on the DES Y6 BAO

sample when removing the area of overlap with DESI
are consistent with the statistics of the COLA mocks
(for which we do the same splits as in the data).
Therefore, here we do not show the explicit values for α
in the data or their errors, but rather differences or ratios
with respect to the full sample.
In Table V, we display Δα for the different data splits,

both for the BAO sample and the mocks. In the case of the
mocks, we show the 90 and 99% intervals defined by their
statistics. We see that the shifts in αmeasured in the data are
well within the 90% regions defined by the mocks for all
the different splits besides DECCUT_NODESI, which has a
relatively high shift (corresponding to the 97.7% interval,
still within the 99% one). Both DES no-DESI samples

TABLE IV. Default settings for the theoretical template and the covariance, and scales used for the BAO fits.

COLA mocks DES BAO data

Covariance and Template wðθÞ
Cosmology MICE PLANCK

Redshift distributions Mean of mocks Fiducial from [22]
Galaxy bias Measured from mean of mocks Measured from data

Scales for the BAO fits
θ range (deg) [0.5, 5] [0.5, 5]
θ binning (deg) 0.2 0.2

6This value corresponds to the most extreme case, labeled “All
ACF” in Table I of [22].

7This value corresponds to the “i ¼ 0, 1, 2” entry in Table II
of [22].

8Based on the results in Table VIII of [22], this choice degrades
the expected precision from 2.1% to 2.4%, corresponding to an
approximately 14% increase in the statistical uncertainty relative
to the combined analysis.
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show a preference for higher α relative to the full footprint,
while the DES DESI samples prefer a lower value.
In Table VI, we display Rσα for the different data splits,

both for the data and for the mocks. We find that the results
on the data are consistent with the 90% intervals defined by
the mocks for all the cases. The increases in σα obtained on
the data when removing regions of the footprint are
consistent with the ones we would expect from the
rescaling of the area (i.e., computing Afull=A from the data
displayed in Table I).
All these tests demonstrate that the observed shifts in α

and σα are consistent with statistical fluctuations expected
from the COLA mocks, with no indication of systematic
biases induced by removing the DESI-overlap region.
Based on these results, we proceeded to the unblinding
of the BAO measurements.

B. Unblinded measurements

In Table VII, we present the unblinded BAO measure-
ments for the various data splits. The table includes
measurements obtained using the fiducial settings
(“Fiducial” column, which applies the LSS systematics
weights and uses θmin ¼ 0.5 deg and Δθ ¼ 0.2 deg), as
well as those derived without applying the LSS weights
(“no-wsys” column), and with modified scale cuts
(“θmin ¼ 1 deg”, “Δθ ¼ 0.05 deg” and “Δθ ¼ 0.1 deg”
columns). The quoted uncertainties already include the
contribution from BAO systematics as defined in Eq. (14).
We find that the best-fit α values and their uncertainties
remain stable when the imaging systematics weights are
omitted—which primarily affect the amplitude of the two-
point correlation function but not the BAO position—and
when the scale cuts are varied, showcasing the robustness
of our measurements.
We note that the fiducial result for the full sample

(0.9534� 0.0228) is consistent to within <0.1σ with the
fiducial Y6 BAO analysis of the ACF (0.9517� 0.0227,
from Table VIII of [22]), as expected given that we employ
the same analysis pipeline with only minor updates.
The uncertainty in α obtained for each sample follows

the expected trend: DR1tiles_noDESI yields a slightly
smaller error than DECCUT_NODESI, consistent with its
larger area (see Table I). Conversely, DR1tiles_DESI
shows a slightly larger error than Deccut_DESI, reflect-
ing its smaller area.
The BAO measurement adopted in Sec. V for the

cosmological parameter inference corresponds to the
DR1tiles_noDESI sample (α ¼ 0.9690� 0.0296, high-
lighted in bold). As we already discussed in the previous
Section, the best-fit value of α for DR1tiles_noDESI
increases by 1.56% relative to the full sample. Since the
uncertainty in α is larger due to the smaller area, this
measurement is consistent within ∼1σ with the prediction
from PLANCK (α ¼ 1), whereas the full sample shows a ∼2σ
tension. Conversely, the α value for the DR1tiles_DESI

TABLE V. Difference in the best-fit α between the different
splits and the full sample. We show the result on the data and the
90 and 99% intervals from the COLA mocks.

ðα − αfull sampleÞ × 100 Data 90% mocks 99% mocks

DR1tiles_noDESI 1.56 [−1.88, 2.04] [−3.50, 3.50]
DR1tiles_DESI −4.29 [−6.41, 6.24] [−13.03, 9.67]

DECCUT_NODESI 2.92 [−2.28, 2.28] [−3.96, 3.82]
Deccut_DESI −2.73 [−5.84, 5.52] [−10.66, 9.47]

TABLE VI. Ratio of σα between the different sample splits and
the full sample. We show the result on the data and the 90% and
99% intervals from the COLA mocks.

σα=σ
full sample
α Data 90% mocks 99% mocks

DR1tiles_noDESI 1.32 [1.02, 1.41] [0.94, 1.69]
DR1tiles_DESI 2.86 [1.76, 3.86] [1.41, 5.74]

DECCUT_NODESI 1.40 [1.06, 1.55] [0.94, 1.97]
Deccut_DESI 2.11 [1.53, 3.19] [1.24, 4.25]

TABLE VII. Results of the BAO fits (α) on the DES BAO data for the different splits. For each case, we display the fiducial result
(which applies the LSS systematics weights and uses θmin ¼ 0.5 deg and Δθ ¼ 0.2 deg) and the ones obtained when not applying the
LSS weights and when changing the scale cuts. The errors already contain the contribution from systematics given by Eq. (14). The
highlighted case (DR1tiles_noDESI) is the DES BAO likelihood we use for the cosmological analysis in Sec. V. The values of α and
their uncertainties are reported to four decimal places, matching the convention of [22] and allowing small variations between different
cases to be more easily discerned. The fiducial result for the full sample (0.9534� 0.0228) is consistent to within<0.1σ with the fiducial
Y6 BAO result for the ACF (0.9517� 0.0227, from Table VIII of [22]).

Dataset Fiducial no-wsys θmin ¼ 1 deg Δθ ¼ 0.05 deg Δθ ¼ 0.1 deg

Full sample 0.9534� 0.0228 0.9558� 0.0232 0.9514� 0.0228 0.9497� 0.0228 0.9506� 0.0228

DR1tiles_noDESI 0.9690� 0.0296 0.9742� 0.0304 0.9618� 0.0287 0.9646� 0.0274 0.9662� 0.0280
DR1tiles_DESI 0.9105� 0.0627 0.9177� 0.0625 0.9041� 0.0636 0.9197� 0.0646 0.9197� 0.0641

DECCUT_NODESI 0.9826� 0.0313 0.9890� 0.0313 0.9786� 0.0317 0.9798� 0.0301 0.9810� 0.0306
Deccut_DESI 0.9261� 0.0465 0.9301� 0.0461 0.9201� 0.0488 0.9325� 0.0476 0.9329� 0.0473
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sample, which is complementary to DR1tiles_noDESI,
decreases with respect to the full sample, such that their
weighted average remains consistent with the fiducial result.
In Fig. 3, we show the Δχ2ðαÞ≡ χ2ðαÞ − χ2min as a

function of α for DR1tiles_noDESI and DECCUT_

NODESI. We also include the full sample for comparison.
The three curves have been stretched to account for the
systematic uncertainty given byEq. (14). The colored dashed
lines show the Δχ2 obtained when fitting the data with a
template without BAO, and we use them to estimate the
significance of the detection of theBAOpeak.We see that for
both no-DESI samples, the significance is a bit lower than for
the full sample case (as expected), but it is still between 3 and
4σ in the entire α range.
In Fig. 4, we show the results of the BAO fits for the

individual redshift bins for the two no-DESI samples
(DR1tiles_noDESI and DECCUT_NODESI), and also
the full sample for comparison. The first redshift bin
(labeled as “bin 1” but not included in the figure) has a
nondetection of the BAO for both no-DESI samples,
similarly to the full sample (which is well explained by
the statistics of the mocks, see Ref. [22]), and therefore it is
omitted from the plot. We find that the measurements in
bins 2, 5 and 6 are consistent between the three samples.
However, the full sample has the lowest α in bins 3 and 4
among the three, which explains why its best-fit alpha when
fitting all bins together is the lowest (see Fig. 3). On the
other hand, DECCUT_NODESI has the largest α in these two

bins, which is consistent with it having the largest α when
fitting all bins together.

V. COSMOLOGICAL CONSTRAINTS

In this Section, we describe the methodology used for the
cosmological inference, summarize the datasets employed,
and present the resulting cosmological constraints and
associated levels of tension with ΛCDM when interpreting
the data within the w0waCDM framework.

A. Methods

Here, we outline the procedures used for the cos-
mological inference and for quantifying the tension
with ΛCDM.

1. Parameter inference

To derive constraints on the parameters p given the data
D under the model M, we construct the posterior prob-
ability distribution, PðpjD;MÞ, according to Bayes’s
theorem as

PðpjD;MÞ ¼ LðDjp;MÞΠðpjMÞ
ZðDjMÞ ; ð15Þ

where ΠðpjMÞ is the prior probability distribution for
the parameters, LðDjp;MÞ is the likelihood of observing
the data given the model parameters and ZðDjMÞ is the
Bayesian evidence, defined as

ZðDjMÞ ¼
Z

dpLðDjp;MÞΠðpjMÞ: ð16Þ

FIG. 3. Δχ2 profile for the full sample and the two no-DESI
samples (DR1tiles_noDESI and DECCUT_NODESI), given by
Eq. (12) following the minimization procedure described in [22].
The three curves have been stretched to account for the systematic
uncertainty given by Eq. (14). In colored dashed lines, we show
the Δχ2 obtained when trying to fit the data with a template
without BAO. The 1, 2, 3, 4 and 5σ limits are shown as horizontal
black dashed black lines. Based on our BAO-detection criteria
(see [22]), bin 1 has a non-detection and, therefore, it is omitted
from the plot.

FIG. 4. Results of the BAO fits for the individual redshift bins
for the full sample and the two no-DESI samples (DR1tiles_
noDESI and DECCUT_NODESI). Bin 1 has a nondetection and,
therefore, it is omitted from the plot.
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Assuming Gaussianity, the likelihood can be written as

LðDjp;MÞ ∝ exp

�
−
1

2
χ2ðDjp;MÞ

�
; ð17Þ

where the χ2 function quantifies the goodness of fit between
the model M and the data D,

χ2ðDjp;MÞ ¼ ½D − tðp;MÞ�TC−1½D − tðp;MÞ�: ð18Þ

Here, C denotes the covariance matrix of the measure-
ments, and tðp;MÞ is the theoretical prediction for the
observables given the cosmological parameters p and the
modelM. Throughout this work, we utilize the likelihoods
and χ2 functions for each of the datasets described in
Sec. V B. We treat the likelihoods of different datasets as
uncorrelated.
The complete list of sampled parameters and their prior

ranges is provided in Table VIII. Additionally, when
working with the w0waCDM model, we impose the prior
condition w0 þ wa < 0, ensuring that wðaÞ < 0 at all
redshifts and thereby excluding parameter regions incom-
patible with a radiation-dominated early Universe.
We sample the posterior distributions using the

NAUTILUS sampler [67], a modern nested sampling algo-
rithm designed for efficient exploration of high-dimen-
sional and potentially multimodal posterior distributions.
Our analysis is implemented within the COSMOSIS

9 frame-
work [68], which serves as our primary inference pipeline.
We compute the theoretical predictions with the CAMB

Boltzmann solver [49,69] and use the HALOFIT Takahashi

model [70,71] for the nonlinear matter power spectrum
when analyzing the CMB likelihood.
Parameter constraints are reported as the mean values,

and we use the GETDIST
10 package [72] to compute equal-

posterior credible regions and visualize the posterior
distributions. We examine the 68% credible regions and
use their distance from the mean to determine (potentially
asymmetric) 1σ errors, following the exact same method-
ology as in [31].

2. Quantifying deviations from ΛCDM
To estimate the preference for the w0waCDM model

relative to ΛCDM, we compute the difference in the best-fit
χ2 values between the two models (for a given dataset or
combination of datasets).11 For the chains that include the
CMB likelihood, there are several additional parameters
compared to those that do not include it (see Table VIII).
We note that aPlanck has a Gaussian prior, which makes it
difficult to directly maximize the likelihood (which does
not encode information about the priors), as the posterior
might prefer a value for this parameter that is too far from
the Gaussian prior and yields a higher likelihood. For this
reason, we maximize the posterior instead, which from
Eq. (15) can be written as

PðpjD;MÞ ¼ LðDjp;MÞΠGðpjMÞΠflatðMÞ
ZðDjMÞ ; ð19Þ

where ΠGðpjMÞ denotes the Gaussian priors and ΠflatðMÞ
the flat priors. Since ΠflatðMÞ does not depend on the
parameters p, the best fit for LðDjp;MÞΠGðpjMÞ will be
the same vector of parameters pMAP that maximizes the
posterior. The vector of parameters pMAP is searched in the
following way: we identify the 50 samples with the highest
posterior in the original chain file, and use these as starting
points for a local maximization of the posterior employing
the Powell algorithm [73], a derivative-free optimization
method.
Evaluating Eq. (19) at p ¼ pMAP, taking logarithms on

both sides, and defining

½χ2P�M ≡ −2 logPðpMAPjD;MÞ; ð20Þ

½χ2LΠG
�
M

≡ −2 log ðLðDjpMAP;MÞΠGðpMAPjMÞÞ; ð21Þ

we get

½χ2P�M ¼ ½χ2LΠG
�
M

− 2 logΠflatðMÞ; ð22Þ

TABLE VIII. Sampled parameters and priors used in the
ΛCDM and w0waCDM analyses. The parameters τ, As × 109,
ns and aPlanck are varied in all the chains used for this analysis
since all of them include CMB from Planck. Square brackets
denote a flat prior, while parentheses denote a Gaussian prior of
the form N ðμ; σÞ, with μ and σ being the mean and standard
deviation, respectively. The parameter

P
mν is fixed to 0.06 eV.

Parameter Prior

ΛCDM
H0 [km s−1Mpc−1] [55, 91]
Ωm [0.1, 0.9]
Ωb [0.03, 0.07]
τ [0.04, 0.15]
As × 109 [0.5, 5.0]
ns [0.87, 1.07]
aPlanck (1.0, 0.0025)

w0waCDM
w0 [−3, −0.33]
wa [−3, 3]

9https://cosmosis.readthedocs.io/.

10https://github.com/cmbant/getdist.
11Unlike in [31], in the present analysis we do not use

tensiometer (https://github.com/mraveri/tensiometer) to
evaluate the tension with ΛCDM when interpreting our datasets
under w0waCDM, but differences in best-fit χ2 instead. However,
we verified that both methods give consistent results.
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which represents a χ2-like posterior-based goodness of fit
for model M. The difference in χ2 we use for the model
comparison in this paper is, then, given by

Δχ2 ¼ ½χ2P �w0waCDM
− ½χ2P�ΛCDM þ 2 logΠflatðw0waCDMÞ

− 2 logΠflatðΛCDMÞ: ð23Þ

Taking the priors from Table VIII, we get

Δχ2 ¼ ½χ2P�w0waCDM
− ½χ2P �ΛCDM − 2 logð16.02Þ: ð24Þ

This correction removes the Bayesian prior volume factors
to recover the frequentist profile likelihood ratio, allowing
direct comparison with DESI methodology.
Finally, to translateΔχ2 into the statistical significance of

this improvement, we quote the corresponding frequentist
significance Nσ for a 1D Gaussian distribution,

CDFχ2ðΔχ2j2 d:o:f:Þ ¼
1ffiffiffiffiffiffi
2π

p
Z

Nσ

−Nσ

e−t
2=2dt; ð25Þ

where the left-hand side denotes the cumulative distribution
of the χ2 function. This is equivalent to what was done by
the DESI collaboration in [19].

B. Datasets

Here, we describe the different datasets used for the
cosmological inference in this analysis.

1. DES BAO

Our main DES BAO likelihood for this analysis comes
from the DR1tiles_noDESI sample, and is shown in
green in Fig. 3. The best-fit α can be found in Table VII
(fiducial case),

αð0.851Þ ¼ 0.9690� 0.0296; ð26Þ
which already contains the contribution from statistical and
systematic errors. Equivalently,

DMð0.851Þ=rd ¼ 19.74� 0.60: ð27Þ

Hereafter, we refer to it as “DES BAO-noDESI,” or
“BAO-noDESI” for simplicity. It is important to note that
analyses based on DES BAO data alone (i.e., without
combining with DESI) should use the fiducial Y6 like-
lihood, as it yields a more precise angular BAO measure-
ment. This one is displayed in Eq. 34 of [22]: αð0.851Þ ¼
0.9571� 0.0201. In this paper, we also use this BAO
likelihood for comparison purposes, and we refer to it as
“BAO-full.”

2. DES SN

Since this paper is a follow-up to [31], we adopt the DES
Y5 SN sample [32] as our baseline supernova dataset.

However, in the next Section, we also describe the newly
calibrated DES SN–Dovekie sample [34], which we like-
wise use in our cosmological inference.
DES released in 2024 the Hubble diagram based on Type

Ia supernovae discovered over five years by the DES-SN
program [32]. Over 30,000 supernova candidates were
identified using photometric data, from which 1,635 high-
quality SN Ia-like events with spectroscopic host-galaxy
redshifts were selected. These are included in the Hubble
diagram with weights reflecting their Type Ia classification
probabilities as estimated by SuperNNova [74–76].
Additionally, 194 low-redshift (z < 0.1) spectroscopically
confirmed Type Ia SN from external surveys are incorpo-
rated. Both samples are combined and referred to as “SN”
in the cosmological analysis. All SN distances and their
associated covariance matrices are publicly available.12

The DES Y5 SN analysis builds upon the DES Y3 SN
study [77], with details on photometric calibration, light-
curve fitting, and standardization given in [76,78–80]. Host
galaxy properties are described in [81], and systematic
uncertainties are detailed in [76].
The standardized SN distance modulus is given by

μobs ¼ mx þ αx1 − βcþ γGhostðM⋆Þ −M − Δμbias; ð28Þ

where mx, x1, and c are light-curve parameters, α, β, and γ
are global nuisance parameters, andGhostðM⋆Þ accounts for
host galaxy mass effects. The absolute magnitude M is
degenerate with the Hubble constant H0 and is combined
into a single parameter M ¼ M þ 5 log10 ðc=H0Þ that is
analytically marginalized over in the SN likelihood [32].

3. DES SN-Dovekie

The DES Supernova Program has recently produced an
updated Type Ia Hubble diagram [34], hereafter referred to
as the DES SN-Dovekie sample. This reanalysis of the five-
year DES-SN program includes an improved photometric
cross-calibration (incorporating white-dwarf standards),
retraining of the SALT3 light-curve model and correction
of a numerical approximation in the host-galaxy color-law.
The resulting sample comprises 1,623 likely SN Ia from
DES (compared to the 1,635 from [32]) and 197 low-
redshift spectroscopically confirmed SN from external
surveys (compared to the 194 from [32]). This updated
dataset uses the same formalism as previous DES SN
releases but benefits from the enhanced calibration and
improved systematics modeling.

4. Planck CMB

We use the same Planck CMB likelihood as in our
previous analysis [31]. We incorporate measurements of the
CMB temperature and polarization anisotropies using the

12https://github.com/des-science/DES-SN5YR.
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Planck 2018 likelihood [82], which we refer to simply as
“CMB” throughout this work. For multipoles l ≥ 30, we
use the Plik-lite likelihood, which marginalizes over
Planck foregrounds and nuisance parameters and includes
data up to lmax ¼ 2, 508 for TT, and up to lmax ¼ 1, 996
for TE and EE spectra. At low multipoles (2 ≤ l < 30),
we follow the standard Planck approach, employing the
Commander likelihood for the TT spectrum and SimAll
for EE polarization. CMB lensing constraints are not
included in our analysis.
Including the CMB likelihood requires us to extend the

parameter space beyond that used in background-only
studies. In particular, we fit the amplitude As and spectral
index ns of the primordial curvature power spectrum, as
well as the optical depth to reionization, τ. We also
marginalize over a global Planck calibration parameter,
aPlanck, treated as a nuisance parameter. The priors for these
quantities are listed in Table VIII.

5. DESI BAO

As this paper is a follow-up to [31], we include BAO
measurements from both DESI DR1 [18] and the newer
DESI DR2 [19]. Although DR1 has been superseded by
DR2, it was the dataset used in [31], where we found that
ignoring correlations and adding DES BAO-full to the
combination SN+CMB+DESI-DR1 increased the prefer-
ence for w0waCDM from 3.7σ to 4.0σ. Including DR1 here
allows us to revisit that analysis and assess how this
preference changes when replacing DES BAO-full with
DES BAO-noDESI.
The DESI DR1 and DR2 BAO analyses provide robust

measurements of the BAO distance scale from the aniso-
tropic clustering of galaxies in configuration space, using
the first year and the first three years of DESI data,
respectively. The BAO feature is extracted from the two-
point correlation functions of different galaxy tracers,
yielding measurements of the comoving angular diameter
distance relative to the sound horizon scale, DMðzÞ=rd, and
the product of the Hubble parameter and the sound horizon
scale, HðzÞrd, at multiple effective redshifts.
In Fig. 5, we show the angular BAO distance ladder,

including the results from DESI DR2, our BAO-full
measurement and the BAO-noDESI one (DR1tiles_
noDESI sample). In the DESI DR2 analysis, the Bright
Galaxy Survey (BGS) tracer was analyzed using a 1D BAO
fit, whereas all other tracers used a 2D fit. Therefore, for
BGS we present DV=rd in place of DM=rd in the plot, and
its uncertainty is shown as 1.5 × σðDV=rdÞ.13 However, for
the chains we use the full DESI DR2 BAO likelihood,
considering both DM=rd and DH=rd when available, and
DV=rd for BGS. As we discussed earlier, the no-DESI

measurement has a higher α and a larger uncertainty (due to
the reduced area) compared to the full sample, making it
consistent within ∼1σ with the prediction using PLANCK

cosmology (black horizontal line).

C. Results

Here, we present the cosmological constraints under
ΛCDM and w0waCDM, with particular emphasis on how
they change when incorporating our new DES BAO-
noDESI likelihood. We also quantify the level of preference
for w0waCDM relative to the standard ΛCDM model. The
results are organized into three Subsections: (1) Sec. V C 1,
which uses DESI DR1 (follow-up of [31]); (2) Sec. V C 2,
which updates to DESI DR2; and (3) Sec. V C 3, which
employs the DES SN–Dovekie dataset.

1. Combination with DESI DR1

In Table IX, we display the constraints on cosmological
parameters, in both ΛCDM and w0waCDM, for various
combinations of datasets that include DESI DR1.
In ΛCDM, adding BAO-noDESI to the combination

SN+CMB+DESI-DR1 slightly decreases the central value
of Ωm and slightly increases the one of H0, while Ωb
remains essentially unchanged. However, we get slightly
better constraints in these three parameters. We must note
that some care is required when interpreting these datasets
jointly within ΛCDM, as the SN and CMB measurements
already exhibit a 1.7σ tension between them (see Table IV
of [31]). A comparable discrepancy is found between DESI

FIG. 5. Ratio between the DMðzÞ=rd measured using the BAO
feature at different redshifts and the prediction from the cosmo-
logical parameters determined by Planck-2018, assuming ΛCDM
(black line). We include all the measurements from the DESI
DR2 BAO analysis in different colors, the fiducial DES Y6 BAO
measurement as a golden star and the DES no-DESI BAO
measurement as a brown star (from the DR1tiles_noDESI
sample). We shifted the redshift of the latter so that it does not
overlap with the measurement on the full sample, but they share
the same effective redshift.

13Assuming spherical symmetry, the DMðzÞ constraints are
50% less precise with respect to the spherically averaged
measurement, see Ref. [83].
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BAO and the CMB, and an even larger one between DESI
BAO and SN. These tensions between datasets are what led
us to consider alternative models to ΛCDM in [31], where
we found that w0waCDM was the only one reconciling all
our observables.
In w0waCDM, the inclusion of BAO-noDESI to the

combination SN+CMB+DESI-DR1 also produces minor
but interesting shifts in w0 and wa, although, unlike in
ΛCDM, the constraining power remains the same. Adding
BAO-noDESI slightly shifts w0 toward higher values and
wa toward lower values, i.e., further away from ΛCDM.

In the left panel of Fig. 6, we show the constraints in
the ðw0; waÞ plane for the different dataset combina-
tions included in Table IX. As we already concluded
from Table IX, the addition of DES BAO-noDESI to
SN+CMB+DESI-DR1 does not tighten the constraints in
this parameter space. However, it shifts the contours
slightly away from ΛCDM, favoring marginally higher val-
ues of w0 and slightly lower values of wa. For comparison
purposes, we also show our best constraint from [31]
(BAO-full+SN+CMB).

TABLE IX. 68% credible region (1σ) of cosmological parameters under ΛCDM and w0waCDM for different data combinations
including DESI DR1.

Dataset H0 (km s−1Mpc−1) Ωm Ωb w0 wa

ΛCDM
SN + CMB + DESI-DR1 67.81þ0.40

−0.40 0.3091þ0.0054
−0.0053 0.0488þ0.0005

−0.0005 � � � � � �
BAO-noDESI + SNþ CMB + DESI-DR1 67.86þ0.39

−0.38 0.3084þ0.0052
−0.0052 0.0488þ0.0004

−0.0004 � � � � � �
w0waCDM
SN + CMB + DESI-DR1 67.24þ0.66

−0.65 0.3164þ0.0066
−0.0067 0.0495þ0.0010

−0.0010 −0.725þ0.067
−0.074 −1.06þ0.36

−0.29
BAO-noDESI + SNþ CMB + DESI-DR1 67.28þ0.66

−0.65 0.3160þ0.0067
−0.0067 0.0495þ0.0010

−0.0010 −0.720þ0.068
−0.068 −1.00þ0.35

−0.29

TABLE X. 68% credible region (1σ) of cosmological parameters under ΛCDM and w0waCDM for different data combinations
including DESI DR2.

Dataset H0 (km s−1 Mpc−1) Ωm Ωb w0 wa

ΛCDM
SN + CMB + DESI-DR2 68.30þ0.28

−0.28 0.3025þ0.0036
−0.0036 0.0483þ0.0003

−0.0003 � � � � � �
BAO-noDESI + SNþ CMB + DESI-DR2 68.32þ0.28

−0.28 0.3023þ0.0035
−0.0035 0.0482þ0.0003

−0.0003 � � � � � �
w0waCDM
SN + CMB + DESI-DR2 66.86þ0.55

−0.55 0.3186þ0.0056
−0.0055 0.0502þ0.0008

−0.0008 −0.753þ0.057
−0.057 −0.84þ0.24

−0.22
BAO-noDESI + SNþ CMB + DESI-DR2 66.88þ0.56

−0.56 0.3183þ0.0056
−0.0056 0.0502þ0.0009

−0.0009 −0.752þ0.057
−0.057 −0.85þ0.25

−0.21

FIG. 6. Constraints on the ðw0; waÞ plane from different data combinations. The left and center panels show the constraints from
SN+CMB+DESI and BAO-noDESI+SN+CMB+DESI, using DESI DR1 (left) and DESI DR2 (center). For comparison, we also include
the BAO-full+SN+CMB constraints from [31] in both. The right panel shows the shift in the contours (for the combination with DESI
DR2) when using the DES SN–Dovekie sample.
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In Table XI, we display the Δχ2 between ΛCDM and
w0waCDM for the different data combinations and their
conversion to Nσ , following the methodology described in
Sec. VA 2. The combination SN+CMB+DESI-DR1 gives
Δχ2 ¼ −16.9, corresponding to a 3.7σ preference for
w0waCDM.14 Adding BAO-noDESI on top of this slightly
increases the preference to Δχ2 ¼ −17.6 (3.8σ), indicating
that the BAO-noDESI measurements contribute additional,
albeit modest, information that strengthens the evidence for
w0waCDM.15 This increase in the significance is consistent
with w0 moving toward higher values and wa moving
toward lower values when including BAO-noDESI, which
we found in Table IX and Fig. 6 (left panel). For
comparison purposes, in Table XI we also include the
results from BAO-full+SN+CMB, our best constraint from
[31], which exhibits a tension of 3.0σ with ΛCDM.
Finally, ignoring correlations and combining

SN+CMB+DESI-DR1 with DES BAO-full instead of
BAO-noDESI, the Δχ2 further decreases to Δχ2 ¼ −18.9
(4.0σ), consistent with the results derived in [31] for the
same combination of datasets (where we used POLYCHORD

[84] instead of NAUTILUS as the sampler). We emphasize
that the actual value for Nσ should be interpreted as lying
between the two limiting cases: (1) removing all the overlap
with DESI (i.e., using BAO-noDESI) and (2) ignoring the
correlation between DES and DESI (i.e., using BAO-full).
Some nonzero correlation is expected between the DES
and DESI BAO measurements, but certainly not a 100%

correlation, so the true result should fall between these two
extremes.

2. Combination with DESI DR2

In Table IX, we display the constraints on cosmological
parameters, in both ΛCDM and w0waCDM, for various
combinations of datasets that include DESI DR2.
In ΛCDM, a similar trend is observed in the shifts of the

parameters when adding BAO-noDESI to the combination
SN+CMB+DESI-DR2 as we found when using DESI DR1,
but with no improvement in the constraining power,
indicating that the DESI DR2 dataset already provides
tight constraints, and the inclusion of BAO-noDESI adds
only modest complementary information. Again, DESI
DR2 BAO and CMB results are in tension when interpreted
in ΛCDM, as reported in [19].16

In w0waCDM, just like in the case of DESI-DR1, adding
BAO-noDESI to the combination SN+CMB+DESI-DR2
slightly moves w0 toward higher values and wa toward
lower values, i.e., further away from ΛCDM. This effect
was more noticeable when using DESI DR1 due to its
weaker constraining power compared to DR2. Overall,
these results indicate that BAO-noDESI can slightly refine
dark energy constraints, but the combination of SN, CMB,
and DESI data—especially DR2—dominates the parameter
determination, and the fits remain robust with respect to the
addition of our DES BAO dataset.
In the central panel of Fig. 6, we present the constraints

in the ðw0; waÞ plane for the different dataset combinations
included in Table X. The conclusions are similar to those
when using DESI DR1, although the shift was more
visually apparent when using DESI DR1 (left panel)
because of its weaker constraining power, which made
the relative effect of BAO-noDESI more noticeable. For
comparison purposes, we also show our best constraint
from [31] (BAO-full+SN+CMB). Relative to the updated
combination BAO-noDESI+SN+CMB+DESI-DR2 (cen-
tral panel), the constraints from [31] are significantly
weaker, illustrating the substantial improvement obtained
when incorporating DESI DR2 BAO measurements.
The Δχ2 between the best-fit χ2 for ΛCDM and

w0waCDM for the different data combinations and their
conversion to Nσ are listed in Table XI. For DESI DR2, the
trend is similar but the overall preference is slightly
stronger. SN+CMB+DESI-DR2 alone yields Δχ2 ¼
−19.7 (4.0σ),17 and the addition of BAO-noDESI shifts

TABLE XI. Significance of the preference for w0waCDM over
ΛCDM. The second column displays theΔχ2 between the best-fit
w0waCDM and ΛCDM models. Negative Δχ2 values indicate
that the w0waCDM model provides a better fit. The third column
shows the corresponding significances (in Nσ).

Dataset Δχ2
Significance

(Nσ)

Excluding DESI
BAO-full + SNþ CMB −12.1 3.0
Including DESI DR1
SN + CMB + DESI-DR1 −16.9 3.7
BAO-noDESI + SNþ CMB + DESI-DR1 −17.6 3.8
BAO-full + SNþ CMB + DESI-DR1 −18.9 4.0
including DESI DR2
SN + CMB + DESI-DR2 −19.7 4.0
BAO-noDESI + SNþ CMB + DESI-DR2 −20.0 4.1
BAO-full + SNþ CMB + DESI-DR2 −20.5 4.1

14This result can be compared with the one quoted by the DESI
collaboration in [30], where they found a value of 3.9σ for the
same combination of datasets (but including CMB lensing).

15This is not due to our DES BAO measurement being
inconsistent with ΛCDM, but rather to the existing tensions
between these datasets when interpreted under ΛCDM.

16Although the DESI analysis in [19] includes CMB lensing—
unlike the present work—the reported tensions persist when
CMB lensing is excluded.

17This result can be compared with the one quoted by the DESI
collaboration in [19], where they found a value of 4.2σ for the
same combination of datasets (but including CMB lensing and
using CamSpec [85,86] as the Planck likelihood, which is built on
NPIPE PR4 data release from the Planck collaboration, instead
of our Plik choice based on PR3).
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this marginally to −20.0 (4.1σ). Ignoring correlations
between DES and DESI and using the full DES BAO
likelihood instead gives Δχ2 ¼ −20.5, maintaining the
4.1σ preference.
The combination SN+CMB+DESI-DR2 provides tighter

constraints and a slightly higher Nσ than SN+CMB+DESI-
DR1, as expected from the improved precision of the DR2
dataset. In both cases, adding BAO-noDESI leads to only
modest decreases in Δχ2, although the impact is somewhat
larger for DESI DR1. Specifically, the inclusion of BAO-
noDESI decreases Δχ2 by 0.7 for SN+CMB+DESI-DR1
(from −16.9 to −17.6), compared to 0.3 for SN+CMB
+DESI-DR2 (from −19.7 to −20.0), reflecting the higher
constraining power of the latter. Overall, these results show
that BAO-noDESI contributes complementary information
that slightly strengthens the evidence for w0waCDM.
Finally, ignoring correlations and combining SN+CMB+

DESI-DR2 with DES BAO-full instead of BAO-noDESI,
the Δχ2 further decreases to Δχ2 ¼ −20.5 (4.1σ).

3. Impact of DES SN-Dovekie

In the right panel of Fig. 6, we show the constraints in the
ðw0; waÞ plane when using SN-Dovekie (purple) compared
to the baseline DES Y5 SN (green). We see that the
contours shift toward ΛCDM.
Table XII shows the analogous results to Table XI (Δχ2

and Nσ) but using SN-Dovekie instead of DES Y5 SN.
Compared to the results shown in Table XI, we see that
using SN-Dovekie significantly alleviates the tension with
ΛCDM, consistent with the visual inspection of the right
panel of Fig. 6. For the combinations with DESI DR1, Nσ

decreases by about 0.8σ, and for the combinations with
DESI DR2, by about 0.9σ.
These shifts toward ΛCDM are related to the fact

that, in ΛCDM, SN-Dovekie prefers a value of Ωm of
0.330� 0.015, significantly lower than the one preferred
by the baseline DES Y5 SN (0.352� 0.017), making it
more consistent with the value preferred by BAO and
CMB. This has an effect in the ðΩm; w0; waÞ space when

interpreting the data under w0waCDM, in particular push-
ingΩm half a sigma lower when using SN-Dovekie, and w0

and wa half a sigma closer to ΛCDM [34]. However, we
still see that including DES BAO-noDESI to the combi-
nation SN-Dovekie+CMB+DESI slightly decreases Δχ2
and, therefore, slightly increases Nσ.

VI. CONCLUSIONS

In the first part of this work, we constructed an alter-
native DES Y6 BAO likelihood that is fully independent of
DESI, enabling robust joint analyses of the two datasets.
Starting from the fiducial DES Y6 BAO sample [27], we
developed mask-level procedures to remove all regions
overlapping with DESI. We defined two prescriptions for
this separation: the DR1tiles split, optimized for combi-
nations with DESI DR1 and DR2, and the Deccut split,
designed for future combinations with DESI DR3 and
DR4. These selections produce complementary DES no-
DESI and DES DESI regions with well-defined areas and
redshift distributions identical to those of the full sample.
Unlike the fiducial DES Y6 BAO analysis [22], which
combined ACF, angular power spectrum (APS), and
projected correlation function (PCF), here we derived the
BAO signal exclusively from the ACF.
We applied the same systematics-mitigation and cluster-

ing-measurement pipelines used in the fiducial DES Y6
BAO analysis. Validation was performed with the 1,952
DES Y6 ICE-COLA mocks, to which we applied the same
mask splits, enabling direct, one-to-one comparisons
between data and simulations. Together, these elements
yielded a validated and fully DESI-independent DES Y6
BAO likelihood, suitable for combination with current and
upcoming DESI releases.
Although less constraining than the full sample, the no-

DESI selections retained sufficient statistical power for
precise BAO measurements, and their angular correlation
functions remained consistent with those of the complete
DES Y6 sample. For the DR1tiles_noDESI sample, we
obtained a 3.1% BAOmeasurement at redshift 0.851, while
the DECCUT_NODESI sample yields 3.2% (larger due to

TABLE XII. Same as Table X but using DES SN-Dovekie as the SN dataset.

Dataset Δχ2 Significance (Nσ)

Excluding DESI
BAO-full + SN-Dovekie + CMB −8.0 2.4

Including DESI DR1
SN-Dovekie + CMB + DESI-DR1 −11.1 2.9
BAO-noDESI + SN-Dovekie + CMB + DESI-DR1 −11.7 3.0
BAO-full + SN-Dovekie + CMB + DESI-DR1 −12.7 3.1

Including DESI DR2
SN-Dovekie + CMB + DESI-DR2 −12.4 3.1
BAO-noDESI + SN-Dovekie + CMB + DESI-DR2 −12.6 3.1
BAO-full + SN-Dovekie + CMB + DESI-DR2 −13.2 3.2
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its reduced area), compared to 2.4% for the full sample.
The latter was found to be fully consistent with the ACF-
only measurement reported in [22] (differences below
0.1σ), as both analyses relied on the same pipeline with
modest refinements.
The recovered BAO-scaling parameter, α, showed

shifts of 1.56% (DR1tiles_noDESI) and 2.92%
(DECCUT_NODESI) relative to the full-sample result, both
of which were within the statistical expectations from the
mocks. The increases in σα after removing the DESI
overlap were likewise consistent with the simulations
and with the scaling expected from the reduced areas.
In the second part of the paper, we assessed the

information provided by our new DES BAO-noDESI
likelihood for w0waCDM constraints when combined with
DES SN, Planck CMB, and DESI BAO. We focused on the
DES BAO DR1tiles_noDESI sample here, which is
appropriate for combinations with DESI DR1 or DR2; for
future DESI releases (DR3 and DR4), the DECCUT_NODESI

sample should be used instead.
The combination of SN, CMB and DESI BAO data

showed a preference for w0waCDM over ΛCDM. Using
DESI DR1 yieldedΔχ2 ¼ −16.9 (a 3.7σ preference), which
slightly strengthened to Δχ2 ¼ −17.6 (3.8σ) when adding
DES BAO-noDESI. Using DESI DR2 instead, the prefer-
ence increased to Δχ2 ¼ −19.7 (4.0σ) and Δχ2 ¼ −20.0
(4.1σ), respectively. These results demonstrated that the
DES BAO-noDESI measurements made a slight contribu-
tion to the preference for w0waCDM when interpreting all
datasets together. When ignoring correlations between DES
and DESI and instead combining SNþ CMBþ DESI with
DES BAO-full, the Δχ2 values decreased further: from
−17.6 to −18.9 when using DESI DR1, and from −20.0 to
−20.5 when using DESI DR2. The larger shifts in Δχ2
observed for DESI DR1 reflected its lower constraining
power compared to DR2.
We also studied the impact of using the newly calibrated

DES SN-Dovekie sample [34] instead of the baseline DES
Y5 SN. For the combinations with DESI DR1, the values
for Nσ mentioned before decreased by about 0.8σ, and for
the combinations with DESI DR2, by about 0.9σ. The level
of tension was, therefore, reduced when using SN-Dovekie.
However, it was still above 3.0σ for all data combinations
that included DES BAO-noDESI.
The BAO-fitting pipeline used in this analysis, BAOfit_

wtheta, has been publicly released on GitHub [87] along-
side this paper. It corresponds to a lightly updated version of
the code employed in the fiducial DES Y6 BAO ACF
analysis [22]. A detailed description of the code’s function-
ality is provided in Appendix. Finally, we are also publicly
releasing the two DESI-independent DES BAO likelihoods
produced in this work (DR1tiles_noDESI and DECCUT_

NODESI), which will be made available in COSMOSIS. We
emphasize, however, that analyses using DES BAO data
should rely on the fiducial likelihood of [22] unless they are
explicitly designed to be combined with DESI.

ACKNOWLEDGMENTS

Funding for the DES Projects has been provided by the
U.S. Department of Energy, the U.S. National Science
Foundation, the Ministry of Science and Education of
Spain, the Science and Technology Facilities Council of the
United Kingdom, the Higher Education Funding Council
for England, the National Center for Supercomputing
Applications at the University of Illinois at Urbana-
Champaign, the Kavli Institute of Cosmological Physics
at the University of Chicago, the Center for Cosmology and
Astro-Particle Physics at the Ohio State University, the
Mitchell Institute for Fundamental Physics and Astronomy
at Texas A&M University, Financiadora de Estudos e
Projetos, Fundação Carlos Chagas Filho de Amparo à
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APPENDIX: BAOFIT_WTHETA

BAOfit_wtheta [87] is organized into four main
modules, each implementing a specific set of functionalities:
utils_data.py, utils_cosmology.py, utils_
template.py and utils_baofit.py. Each module
contains one or more classes designed to handle specific
tasks, summarized below. Notebooks illustrating how to
compute and plot the theoretical angular correlation function,

as well as how to run BAO fits and analyze the results, are
provided in the notebooks subfolder of the GitHub link.

1. utils_data.py

This module provides classes for handling the redshift
distributions, data wðθÞ and covariance used for the fits.

(i) RedshiftDistributions: Loads and manages
the redshift distributions.

(ii) GetThetaLimits: Computes θ limits for each
redshift bin to be used for the fits.

(iii) WThetaDataCovariance: Handles the loading
and processing of the data wðθÞ and the associated
covariance matrix.

2. utils_cosmology.py

This module handles cosmological parameters.
(i) CosmologicalParameters: Initializes the cos-

mological parameters for a specified template cos-
mology.

3. utils_template.py

This module provides classes to initialize and compute
the theoretical wðθÞ that are used as templates for the
BAO fits.

(i) TemplateInitializer: Sets up the template
wðθÞ environment.

(ii) PowerSpectrumMultipoles: Computes the
multipoles of the power spectrum PlðkÞ for each
redshift bin from the theoretical power spec-
trum PðkÞ.

(iii) CorrelationFunctionMultipoles: Com-
putes the multipoles of the correlation function
ξlðrÞ from the power spectrum multipoles PlðkÞ.

(iv) WThetaCalculator: Computes the angular cor-
relation function wðθÞ by projecting in redshift the
correlation function multipoles ξlðrÞ using the red-
shift distributions.

(v) CellCalculator: Computes the angular power
spectra Cl from the angular correlation function
wðθÞ for each redshift bin.

4. utils_baofit.py

This module provides classes to set up and perform BAO
fits using the angular correlation function wðθÞ.

(i) vWThetaModelGalaxyBias: Initializes the
model wðθÞ for the linear galaxy bias fit (optional).

(ii) WThetaModelBAO: Initializes the model wðθÞ for
the BAO fits.

(iii) BAOFitInitializer: Sets up the BAO fitting
environment.

(iv) BAOFit: Performs the BAO fits and saves the results.
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