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In this paper, we present and validate the galaxy sample used for the analysis of the baryon acoustic
oscillation (BAO) signal in the Dark Energy Survey (DES) Y6 data. The definition is based on a color and
redshift-dependent magnitude cut optimized to select galaxies at redshifts higher than 0.6, while ensuring a
high-quality photo-z determination. The optimization is performed using a Fisher forecast algorithm,
finding the optimal i-magnitude cut to be given by i < 19.64þ 2.894zph. For the optimal sample, we
forecast an increase in precision in the BAO measurement of ∼25% with respect to the Y3 analysis. Our
BAO sample has a total of 15,937,556 galaxies in the redshift range 0.6 < zph < 1.2, and its angular mask

covers 4; 273.42 deg2 to a depth of i ¼ 22.5. We validate its redshift distributions with three different
methods: directional neighborhood fitting algorithm (DNF), which is our primary photo-z estimation;
direct calibration with spectroscopic redshifts from VIPERS, which is a spectroscopic galaxy sample that
overlaps with our BAO sample and is complete within our selection cuts; and clustering redshift using
SDSS galaxies. The fiducial redshift distribution is a combination of these three techniques performed by
modifying the mean and width of the DNF distributions to match those of VIPERS and clustering redshift.
In this paper, we also describe the methodology used to mitigate the effect of observational systematics,
which is analogous to the one used in the Y3 analysis. This paper is one of the two dedicated to the analysis
of the BAO signal in DES Y6. In its companion paper, we present the angular diameter distance constraints
obtained through the fitting to the BAO scale.

DOI: 10.1103/PhysRevD.110.063514

I. INTRODUCTION

Baryon acoustic oscillations (BAO) are one of the most
remarkable predictions of the formation of structures in the
Universe [1–4]. Since its first detection in 2005 [5], the
measurement of the BAO scale has been one of the most
important probes of dark energy and also one of the main
scientific drivers in the design and construction of galaxy
surveys.
The BAO signal has already been detected many times in

spectroscopic [6–19] and photometric [20–26] datasets for
galaxies, but also in the distribution of QSOs [27] and
Lyman-α absorbers [28,29], in a wide variety of redshifts,
from z ¼ 0.2 to z < 3. The estimation of the evolution of
the BAO scale with time is a direct measurement of the
expansion history of the Universe and, therefore, an
excellent cosmology observable. All these measurements
are compatible with the ΛCDM cosmological model.
In this context, the Dark Energy Survey (DES) [30,31]

aims to measure the BAO scale in the distribution of
galaxies as one of its main objectives. In the DES Year 1
(Y1) analysis [25], we measured the BAO scale at an
effective redshift of 0.81 with a sample that covered
1; 336 deg2. Because of this limited area, the detection
had a low significance. On the other hand, in the DES
Year 3 (Y3) analysis [26], we measured the BAO scale at an
effective redshift of 0.835. The Y3 sample had a total of

7,031,993 galaxies and covered 4; 108.47 deg2. Unlike in
the case of the Y1, the significance of the detection in the
Y3 was of about 3σ in the determination of the BAO
feature. The BAO distance measurement obtained was
DMðzeff ¼ 0.835Þ=rd ¼ 18.92� 0.51 [where DMðzÞ is
the comoving angular diameter distance, and rd is the
sound horizon scale], making it the most precise BAO
distance measurement from imaging data alone ever (2.7%
precision), and competitive with the latest transverse ones
from spectroscopic samples at z > 0.75. This result was
consistent with Planck’s prediction at the level of 2.3σ. In
the DES Year 6 (Y6) analysis, i.e., the dataset analyzed
here, we expect to measure the BAO feature at an effective
redshift of 0.867 with 25% more precision compared to the
Y3. Furthermore, this measurement will be combined with
the other DES cosmological observables to estimate the
most precise measurements on dark energy by combination
of BAO with 3 × 2pt (galaxy clusteringþ weak lensing)
and type Ia supernovae, similarly to what we did in the
Y3 analysis [26].
Detecting the BAO signal in photometric surveys poses

a significant challenge due to the inherent smearing
caused by the imprecise redshift determination. To
mitigate this issue, it is crucial to identify a galaxy
population exhibiting a distinctive spectral feature that
can be captured using broadband filters. Generally, the
preferred approach involves selecting old, well-evolved
galaxies with a prominent 4,000 Å break [32–35]. This
characteristic imparts a reddish appearance to the galaxies*juan.menafernandez@lpsc.in2p3.fr
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and often serves as the primary criterion for target
selection in galaxy surveys.
In [34], we developed a color selection to choose

galaxies in the DES Y1 analysis, calibrated through a
set of synthetic SED distributions and optimized for red-
shifts z > 0.5. This same color selection was the one used
for the DES Y3 analysis since we found it to be appropriate
for the Y3 as well. In this new release, we reoptimize the
Y1/Y3 sample selection. Also, since for the Y6, we have
better data quality (deeper and more homogeneous) than for
the Y3, i.e., less noisy magnitude estimations (because of
the longer exposure time), we can afford to go deeper in
magnitude (and also in redshift), which allows us to go up
to zph ¼ 1.2 (compared to the zph ¼ 1.0 limit of the Y1
analysis, or the zph ¼ 1.1 limit of the Y3).
The structure of the paper is as follows: In Sec. II A, we

present the parent DES Y6 data and the directional
neighborhood titting algorithm [36], or DNF, which is
the fiducial photo-z code used within DES; in Sec. III, we
describe the optimization of the DES Y6 BAO selection,
together with the extra quality cuts we apply and its
footprint; in Sec. IV, we present the validation of the
redshift distributions of our optimal Y6 sample, for which
we perform a direct calibration with VIPERS and also
compare with the results from clustering redshift (WZ)
using SDSS galaxies (the fiducial redshift distributions
used in our analysis are a combination of DNF, VIPERS
and WZ); in Sec. V, we describe the methodology used to
mitigate the effect of observational systematics; in Sec. VI
we show the unblinded clustering measurements of our
BAO sample; and in Sec. VII, we show our conclusions to
this analysis. The Y6 BAO sample will be eventually
released at https://des.ncsa.illinois.edu/
releases, together with all the other DES Y6 products.
In its companion paper [37], we measure the BAO scale

as a function of redshift, using the sample optimized here.
We run the analysis in configuration and Fourier spaces
[using the wðθÞ and Cl statistics, respectively] and also
using the projected correlation function (PCF) estimator
[using the ξpðs⊥Þ statistics]. Our fiducial measurement is
the combination of the three estimators.

II. DES Y6 DATA

The operations of the Dark Energy Survey ended in
2019, after six years of data-taking. DES used the Blanco
4m telescope at Cerro Tololo Inter-American Observatory
(CTIO) in Chile and observed ∼5; 000 deg2 of the
southern sky in five broadband filters (bands), grizY,
ranging from ∼400 nm to ∼1; 060 nm [38,39], using the
DECam [40] camera. Its images were processed with the
DES Data Management system hosted at NCSA and
coadded on colocated points in the sky for each band,
from which catalogs of objects are produced using the
combined detection in riz bands [41]. These final catalogs
have been released as the public Data Release 2 of the
project [42].

A. Gold catalog

The coadd catalog is further enhanced into a Y6 Gold
catalog [43]. This is a value-added data product that
includes additional columns and other ancillary data such
as survey property maps, that were not included in DR2 but
are used for galaxy clustering analyses for Y6 data among
other applications. This catalog is the basis of the BAO
sample, in particular, the 2.1 version. A short summary of
the main features of Y6 Gold relevant to the BAO sample is
provided below.
(1) A more robust and precise photometry estimate:

Flux measurements in Y6 employ a bulge plus disk
model for the fit across epochs and bands, with
masking of nearby objects (using the code fitVD,
see Sec. 3 of [44] for a description). As a change
with respect to the Y3 Gold approach, the bulge and
disk size ratio has been fixed in order to improve the
robustness of the measurement and reduce uncer-
tainties in the derived parameters.

(2) An improved star-galaxy classifier: The quantity
EXT_MASH measures the deviation of an object from
a pointlike source using five categories ranging from
0 (most pointlike) to 4 (most extendedlike). These
categories are created as regions in the size (BDF_T)
vs signal-to-noise (BDF_S2N) space of the fitvd1

quantities of the Y6 Gold photometry. In those cases
where fitvd is not available, we use SEXTRACTOR

variables (see [42]).
(3) Additional quality flags: The column FLAGS_GOLD is

a bitmask that summarizes a collection of flags
coming from the detection and measurement algo-
rithms and at the same time adds specific features of
DES images that have shown up during the years to
avoid including them in standard analyses.

(4) A pixelized footprint mask with detection fraction
information: An angular mask in HEALPix format
containing a positive value for a given pixel if
(a) It has, at least, two exposures in each of the

griz bands.
(b) It covers, at least, 50% of the HEALPix combined

griz coverage area.
This value is equal to the combined griz coverage area,
determined by a higher resolution subpixelization. In
addition, each object has a FLAGS_FOOTPRINT value with
this information as well and at the same time, an assurance
that the object has been indeed observed through the
NITER_MODEL variable in griz.
(5) An astrophysical foregrounds mask: The Y6

Gold dataset incorporates a mask that selects re-
gions marked as having potentially problematic
astrophysical foregrounds, such as bright stars from
the 2 MASS catalog, large nearby galaxies or
extended globular clusters and dwarf spheroidals.

1https://github.com/esheldon/fitvd.
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This mask is incorporated into the angular mask
used to select the BAO sample and estimate the
galaxy clustering, as described in Sec. III A.

(6) Survey property maps: The Y6 Gold survey property
maps are data structures that track the spatial dis-
tribution on the sky of specific observation character-
istics or astrophysical measurements, which might
impact the detectability of sources and their features.
We use these maps (in HEALPix format) to reduce the
effect of systematic errors on galaxy clustering, as
described in [45] and detailed for Y6 data in Sec. V.

(7) A photometric redshift estimate: In Y6, the fiducial
photometric redshift estimate is DNF, which is
described in Sec. II B.

The Y6 Gold catalog version used for this analysis
corresponds to the internal release version 2.1, which has
some minor differences with the upcoming publicly
released Y6 Gold catalog (version 2.2). These differences
include:

(i) In Y6 Gold version 2.1, the fitvd photometry used in
the DNF estimates is slightly modified [O(mmag)]
with respect to the photometry in the tables, corre-
sponding to small differences in photometric cor-
rections applied to the magnitudes.

(ii) In Y6 Gold version 2.1, the DNF estimates include
the Y band to ensure better coverage at higher
redshift. At the same time, the robustness of the
measurement is more insensitive to Y band survey
property systematics (Sec. V).

(iii) In Y6 Gold version 2.1, the FLAGS_FOOTPRINT
flag includes detection fraction information, which
is separated in subsequent versions into footprint
binary mask and survey property detection frac-
tion mask.

(iv) In Y6 Gold version 2.1, an additional masking on
three particular tiles that had corrupt flux values was
added, totaling ∼1.5 square degrees.

B. DNF redshifts

In order to assign galaxies to each redshift bin, we use
the photo-z estimate given by the directional neighborhood
fitting (DNF) algorithm [36], which was trained using
grizY2 magnitudes onto a large spectroscopic reference
sample. DNF is a nonparametric method that uses a training
set of galaxies with known spectroscopic redshifts to
establish the relationship between the observed magnitudes
and the true redshifts. The training set, compiled and
validated in [46], is described in [43].
DNF works by fitting a linear function in the neighbor-

hood (magnitude-color space) to the target galaxy within
the training set, where the function predicts the redshift of a
galaxy based on its magnitudes. The key point of DNF is

that it takes into account the fact that the relationship
between magnitudes and redshift may vary in different
regions of the magnitude-color space. The algorithm
defines a “direction” in the magnitude-color space to look
for neighbors on the training set and thus, it fits a different
linear function of magnitudes for each galaxy. This allows
DNF to capture more complex relationships between colors
and redshift than other methods [36].
DNF predicts the point estimate of the photo-z (called

DNF_Z in the DES catalogs), as well as the redshift of the
closest neighbor (DNF_ZN) and the full PDF distribution.3

The photo-z estimate DNF_Z is computed as

zph ≡ DNF Z ¼
X
i

ai ·mi; ð1Þ

where i denotes a sum over magnitudes, ai is a parameter
vector andmi are the magnitudes in the different bands. The
vector ai is obtained by fitting the linear function using a
least square regression to the set of neighbors considered.
Later, DNF_Z is used to assign galaxies to the redshift bins
used in our BAO analysis.

III. SAMPLE SELECTION

As we mentioned earlier, the same sample selection was
used for both the Y1 and the Y3 BAO analyses, namely

1.7 < i − zþ 2ðr − iÞ ðcolor selectionÞ;
17.5 < i < 19þ 3zph ðflux selectionÞ;
0.6 < zph < zmax

ph ðphoto-z rangeÞ; ð2Þ

where r, i and z are the magnitudes in the riz bands,
respectively; zph is the photometric redshift, which is given
by DNF_Z (as defined in Sec. II B); and zmax

ph is the maximum
photometric redshift.
(1) Color selection. The color selection of Eq. (2) was

defined during the Y1 BAO analysis in order to
select galaxies beyond zph ¼ 0.5, following the
spectral energy distribution (SED) for elliptical
galaxies. Further details about this selection cut
can be found in Fig. 5 of [34], where we estimated
the colors of a set of SED templates as a function
of redshift seen through the DES filter pass-bands.
We used the same one for the Y3 analysis, and we
adopted it for the Y6 as well.

(2) Flux selection. In this work, we reoptimize the flux
selection of Eq. (2). To do so, we leave the intercept
on the y axis and the slope as free parameters; i.e.,

17.5 < i < aþ bzph: ð3Þ

2In the case of the Y3 analysis, we did not include the
magnitudes in the Y band, but we do in Y6.

3In previous DES analyses, DNF_Z and DNF_ZN were referred to
as Z_MEAN and Z_MC, respectively.
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(3) Photo-z range. The maximum redshift, zmax
ph , was 1.0

for the Y1 and 1.1 for the Y3. For the Y6, it will be
set to 1.2.

Besides these selection cuts, by default, we apply the
following quality cuts to the Y6 Gold catalog4:

EXT MASH ≥ 3;

FLAGS GOLD ¼ 0;

N IMAGES ½GRIZY� > 1: ð4Þ

EXT_MASH and FLAGS_GOLD were already defined in
Sec. II A. N_IMAGES_ [GRIZY] is the number of grizY
band exposures at the object location (from the HEALPix

map). All these flags are described in more detail in [43].

A. Angular mask

The angular mask is constructed similarly to the one
we used for the Y3 analysis; see [45]. In order to build it,
we required:
(1) Pixels must be in the Y6 Gold footprint (see

Sec. II A) and have an effective coverage > 80%.
(2) Pixels must not be affected by foreground sources,

like regions around bright stars or extended galaxies.
(3) Pixels must have a 10σ depth in i greater than 22.5.

The resultant footprint is shown in Fig. 1, showing the
i-band depth in each pixel. It is worth mentioning that this
is the parent mask, not the final mask, from which our BAO
sample is made.
Different to the previous release, for the Y6 analysis, we

aim to optimize the sample selection as a function of the
i-magnitude cut; see Eq. (3). Therefore, it is necessary to
carefully account for the depth maps related to our foot-
print. Each pixel plotted in Fig. 1 reaches a different depth
in the i band, which effectively limits the area of the mask

as a function of the i-magnitude cut that we set, imax. In
Fig. 2, we show the area of the angular mask as a function
of this imax. The deeper we want our sample to be, the more
area of the full footprint we need to remove. The orange
dashed line shown in this figure corresponds to the Y3
i-magnitude limit, which was simply imax ¼ 19þ 3zmax

ph ¼
19þ 3 × 1.1 ¼ 22.3 (directly computed using zmax

ph ¼ 1.1).
The green dashed line corresponds to the i-magnitude limit
chosen for the Y6, which will be set to 22.5. The area of
such mask is 4; 357.01 deg2, which can be compared with
the total area of the original angular mask, which is
4; 374.20 deg2: We conclude that we barely lose any area
by setting the i ¼ 22.5 limit. The final version of the Y6
BAO angular mask will have a slightly smaller area,
4; 273.42 deg2 (see Sec. III C for further details).
Since for the Y6, we have better data quality than for the

Y3, i.e., less noisy magnitude estimations (because of the
longer exposure time), we can afford to go deeper in
magnitude (and also in redshift). However, we cannot
arbitrarily go to higher magnitudes: first, because we would
lose area; second, because photo-z precision worsens as
magnitude increases in the faint limit; and third, galaxies
would be more affected by observational systematics. In
order to mitigate the impact of redshift uncertainties and
inaccuracies, we choose to limit our sample to

i < 22.5: ð5Þ
The reason to choose this particular value is that we do not
have reference spectra for fainter galaxies; i.e., we would
not be able to trust and/or validate the photo-z of a fainter
galaxy sample. In fact, to calibrate the photometric

FIG. 1. Footprint for the DES Y6 data. Each pixel is colored as
a function of its depth in the i band. The total area of the footprint
considering the detection fraction of each pixel is 4; 374.20 deg2.

FIG. 2. Area of the Y6 footprint mask as a function of the
i-magnitude limit (blue solid line). The orange dashed line
indicates the limit for the Y3 analysis (imax ¼ 22.3), whereas
the green dashed line represents the same but for the Y6
(imax ¼ 22.5). We find that we barely lose any area after
applying the i ¼ 22.5 cut (we still have 4; 357.01 deg2 from
the total of 4; 374.20 deg2).

4These quality cuts were eventually reoptimized at a later stage
during the analysis, as described in Sec. III C.
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redshifts in Sec. IV, we use VIPERS, which is a complete
spectroscopic sample above redshift 0.5, but only up to
i < 22.5 (see [47] for further details).

B. Optimization of the selection cuts

1. Forecast method

The forecasting method we use is based upon the
methodology developed in [48]. Following [48,49] and
assuming the likelihood function of the band powers of the
galaxy power spectrum to be Gaussian, the Fisher matrix
can be approximated as

Fij ¼
Z

kmax

kmin

d3k
2ð2πÞ3 VeffðkÞ

∂ logPGðkÞ
∂pi

∂ logPGðkÞ
∂pj

¼
Z

1

−1
dμ

Z
kmax

kmin

2πk2dk
2ð2πÞ3 Veffðk; μÞ

×
∂ logPGðk; μÞ

∂pi

∂ logPGðk; μÞ
∂pj

: ð6Þ

PGðkÞ is the observed galaxy power spectrum at k, μ is the
cosine of the angle of k with respect to the line of sight

(LOS), pi are the cosmological parameters to be con-
strained and Veff is the effective volume of the survey, given
by

Veffðk; μÞ ¼
Z

d3r

�
ngalðrÞPGðk; μÞ

ngalðrÞPGðk; μÞ þ 1

�
2

¼
� ð1þ βμ2Þ2PðkÞ
ð1þ βμ2Þ2PðkÞ þ n−1gal

�
2

Vsurvey: ð7Þ

Here, ngalðrÞ is the comoving number density of galaxies
(that we assumed constant in angular position), and β is the
linear redshift-space-distortion parameter. Also, Vsurvey is
given by

Vsurvey ¼
4π

3
fsky½χðzmaxÞ3 − χðzminÞ3�: ð8Þ

This Fisher matrix can then be approximated based on
how well we can center the location of the baryonic peak,
i.e., the sound horizon scale so at the drag epoch when
observed in the reference cosmology. Following [48], the
fractional error on the location of the peak can be written as

σlog so ¼
σso
so

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
F−1
log so

q
¼

�
VsurveyA2

0

Z
kmax

kmin

dk
k2 exp ð−2ðkΣSilkÞ1.4Þ exp ð−2k2Σ2

totÞ�
PðkÞ
P0.2

þ 1
ngalP0.2

�
2

�−1=2
; ð9Þ

where A0 is a constant factor normalizing the baryonic
power spectrum [48], P0.2 is the galaxy power spectrum at
k ¼ 0.2 h=Mpc at the given redshift and the factors ΣSilk
and Σtot give the broadening of the BAO peak with a
Gaussian function due to the Silk damping effect and the
Lagrangian displacement, respectively. From Eq. (9), it
follows that the distance precision depends only on the
survey volume, the number density of galaxies and the
redshift of the survey. However, for photometric redshift
surveys such as DES, it also depends on the width of the
photo-z distribution, Σz, since photometric redshift errors
result in an exponential suppression of the power spectrum,

P → P expð−k2μ2Σ2
zÞ: ð10Þ

σlog so is equivalent to the fractional error on the distance
estimation when the physical location of the peak is well
known from the CMB [48]. We compute it for each redshift
bin and then combine these as

σBAO ¼
�X
zbin

1

ðσzbinlog so
Þ2
�
−1=2

: ð11Þ

In order to run the forecasts, we need:
(i) zmin and zmax.

(ii) The area of the angular mask, Amask, which depends
on the i-magnitude limit of the sample (see Fig. 2). It
allows us to compute fsky.

(iii) The value of Σz for each individual redshift
bin (calculated using the expression given in
Appendix A).

(iv) The number of galaxies, Ngal, in each redshift bin,
from which we compute the number density as

ngal ¼
Ngal

Amask
: ð12Þ

2. Optimization algorithm

Here, we describe the algorithm developed to optimize
the sample selection. We first run the algorithm in five-bin
samples with photo-z between 0.6 and 1.1 and then extend
the analysis to six-bin samples with photo-z between 0.6
and 1.2.
In order to optimize the sample selection for the best

BAO scale measurement, we need to include, at least, one
free parameter in our sample selection. We add this freedom
in the flux selection leaving the slope and the intercept on
y axis as free parameters: 17.5 < i < aþ bzph, as we
discussed earlier (the other cuts are fixed by the survey
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characteristics). Setting a ¼ 19 and b ¼ 3 corresponds to
the Y3 selection, Eq. (2). As mentioned earlier, we impose
an extra cut requiring i < 22.5, Eq. (5). We allow a and b to
vary in the ranges

19 ≤ a ≤ 22; 1.5 ≤ b ≤ 3.5; ð13Þ

with 100 linearly spaced values in each interval (for a
total of 10,000 test samples) in order to search for their
optimal values. The optimization algorithm works as
follows:
(1) Select a pair of values for a and b.
(2) Compute imax ¼ minðaþ bzmax

ph ; 22.5Þ, where
zmax
ph ¼ 1.1.5 By default, we set the i-magnitude
limit to 22.5. However, depending on the values
of a and b, for some samples aþ bzmax

ph < 22.5
and, therefore, we would unnecessarily lose area
for them if we simply set imax ¼ 22.5. Therefore,
the correct way to compute imax for a given sample
is to calculate the minimum between aþ bzmax

ph

and 22.5.
(3) Remove pixels with depth in the i-magnitude band

smaller than imax from the angular mask. Compute
the total area of the remaining pixels, taking into
account the detection fraction of each of them. This
step implies using a different angular mask for each
sample (as a function of the value of imax).

(4) Create a galaxy sample applying the Y6 quality cuts,
defined by Eq. (4), and also the corresponding
selection cuts to the Y6 Gold Catalog.

(5) Compute σ68 and count the number of galaxies Ngal
in each redshift bin for the galaxy sample created
in step 4.

(6) Compute σBAO with the Fisher forecast code using
the area of the angular mask (computed in step 3),
σ68 and Ngal (both of them computed in step 4),
as explained in Sec. III B 1.

We apply this algorithm to the grid in the ða; bÞ plane
defined by Eq. (13) and find that the minimum value for
σBAO is

σY6−optBAO ¼ 0.0170: ð14Þ

The corresponding optimal parameters are a ¼ 19.64 and
b ¼ 2.894, which are well within the limits of the ða; bÞ
plane we previously defined.
As already mentioned, Y6 photometric redshifts are

more accurate and therefore, we can further optimize the
BAO sample by increasing the photo-z range, i.e., adding

one more redshift bin from 1.1 to 1.2. We run the forecasts
in the same ða; bÞ plane as before and find that the
minimum value for σBAO is

σY6−optBAO ¼ 0.0162; ð15Þ

which is smaller than the minimum value for the five-bin
case displayed in Eq. (14); i.e., σBAO decreases when
adding one extra redshift bin, as expected. The optimal
parameters found for the six-bin case are exactly the same
as the ones we found for the five-bin one, namely

aY6−opt ¼ 19.64;

bY6−opt ¼ 2.894; ð16Þ

i.e., adding one extra redshift bin does not impact the
optimal values for a and b.
In Fig. 3, we show the σBAO heat map obtained from the

forecasts as a function of a and b. The sample with the
lowest σBAO is shown as a white star, but we also include
the next 20 samples with the lowest values of σBAO as red
points. We find that all of them lie in a diagonal-like region
in which the forecasted error reaches its minimum value;
i.e., all the samples in this region have, approximately, the
same σBAO. We studied several properties for all these
samples: the width of the photo-z distribution, the total
number of galaxies, the limiting magnitude and the number
of photo-z outliers. However, we did not find any signifi-
cant difference between them: All their properties were
quite similar. Therefore, we decided to choose the values of
a and b corresponding to the sample with the lowest σBAO,

FIG. 3. Heat map of σBAO obtained for samples selected with
different values of a and b following Eq. (3). The white star
represents the sample with the lowest σBAO, whereas the red
points correspond to the next 20 samples with lower values for
this variable. The optimal sample has a ¼ 19.64 and b ¼ 2.894
and a value of σBAO ¼ 0.0162.

5As we already mentioned, we run the optimization algorithm
for five-bin samples in the redshift range 0.6 < zph < 1.1 first and
then add another redshift bin from 1.1 < zph < 1.2 and run the
algorithm for six-bin samples.
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i.e., the ones displayed in Eq. (16). Therefore, the final
selection of the Y6 sample is given by

1.7 < i − zþ 2ðr − iÞ;
17.5 < i < 19.64þ 2.894zph;

i < 22.5;

0.6 < zph < 1.2: ð17Þ
In Table I, we summarize the results of the forecast

applied to several different samples. We include the results
for the Y3 BAO sample, a Y6 sample selected using the Y3
cuts with five and six redshift bins [i.e., applying Eq. (2)
with zmax

ph ¼ 1.1 and 1.2, respectively] and the Y6 optimal
sample with five and six redshift bins. We note that the six-
bin cases always improve with respect to the five-bin ones.
We also find that the optimal five-bin case is already better
than the Y3-selectionlike six-bin one (forecasted errors of
1.70% and 1.76%, respectively). The lowest value of σBAO
corresponds to the six-bin optimal Y6 sample, as expected.
From these numbers, we conclude that we expect the error
associated with the BAO distance measurement to be
reduced by about 25% with respect to the Y3 analysis;
i.e., it goes from 2.14% to 1.62%, which is an important
increase in precision. Part of this increase in precision is
due to the higher quality of the Y6 data (2.14% to 1.85%),
part is due to the optimization of the selection cuts (1.85%
to 1.70%) and part is due to the increase in redshift (1.70%
to 1.62%).

C. Improvement of the quality cuts

In order to remove objects with large magnitude errors,
additional magnitude cuts were imposed to the selection,
which in consequence produced poor photo-z estimates. On
average, these cuts ensure that galaxies have a signal-to-
noise ratio greater than 3 in grz bands:

g < 25.5; r < 25; z < 24: ð18Þ

The star-galaxy separator was modified from the original
EXT MASH ≥ 3; see Eq. (4), to EXT MASH ¼ 4, which
proved to better remove the remaining stellar contamina-
tion. The Y6 BAO mask was also slightly modified in order
to remove regions with globular clusters and image
artifacts, as detailed Sec. VA. The final mask has an area
of 4; 273.42 deg2. Around 5% of the galaxies of the Y6
optimal sample were removed with the combined effect
of applying the new quality cuts and the modified angu-
lar mask.
In Table II, we display the properties of the final version

of the Y6 BAO sample. We find that in the Y6 analysis, we
have, approximately, doubled the number of galaxies in our
sample with respect to the Y3 [50]. The main reason for this
is the new i-magnitude limit of i < 19.64þ 2.894zph vs
i < 19þ 3zph in Y3, which allows us to go deeper in every
redshift bin, e.g., i < 21.67 in the first redshift bin for Y6 vs
i < 21.1 in the Y3.

IV. REDSHIFT CALIBRATION

In this section, we validate the redshift distributions of our
BAO sample. Even though we could just use the VIPERS
Z_SPEC values for this (spectroscopic complete sample within
our redshift/magnitude selection), we supplement them with
the redshift distributions estimated using clustering redshifts
(WZ). Both these methods produce somewhat noisy redshift
distributions, which is the reason why we use the smoother
DNF redshift distributions as templates and shift and stretch
them with respect to these two as our fiducial choice (which
we label as “fiducial” throughout this paper). This section is
divided into three subsections: In Sec. IVA, we perform a
direct calibration of our photometric redshifts using
VIPERS; in Sec. IVB, we estimate the redshift distributions
using the WZ technique; and in Sec. IVC, we describe the
algorithm developed to shift and stretch the DNF redshift
distributions to make them match the properties of VIPERS
Z_SPEC and WZ.
In Fig. 4, we show the redshift distributions for all the

different methods we just mentioned. DNF provides two

TABLE I. Summary of the results of the Fisher forecast code
applied to different samples. We include the cases of running the
code using the properties of the Y3 sample; those of the Y6
sample selected with the same selection cuts as in the Y3 (five
and six redshift bins); and also those of the optimal Y6 sample
(five and six redshift bins). As expected, the most precise sample
to measure the BAO feature is the optimal one with six redshift
bins (highlighted case).

Case σBAO

Y3 ………………… 0.0214
Y6-Y3sel (Five redshift bins) 0.0185
Y6-Y3sel (Six redshift bins) . 0.0176
Y6-opt (Five redshift bins) .. 0.0170
Y6-opt (Six redshift bins) 0.0162

TABLE II. Main properties of the Y6 BAO sample as a function
of redshift: number of galaxies and dispersion on the photo-z,
computed using DNF_ZN and DNF_Z as described in Appendix A.
The sample covers 4; 273.42 deg2, with a total of 15,937,556
galaxies. The effective redshift of the sample is zeff ¼ 0.867, as
computed in [37].

Bin Ngal σ68

0.6 < zph < 0.7 2,854,542 0.0232
0.7 < zph < 0.8 3,266,097 0.0254
0.8 < zph < 0.9 3,898,672 0.0292
0.9 < zph < 1.0 3,404,744 0.0358
1.0 < zph < 1.1 1,752,169 0.0403
1.1 < zph < 1.2 761,332 0.0415
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alternative estimations of the redshift distributions:
nðDNF ZNÞ and PDF. The first one is obtained as histograms
of DNF_ZN in redshift bins defined by DNF_Z, whereas the
second one is obtained as the stacking of individual galaxy
PDFs [36]. These two are shown in Fig. 4 as blue histo-
grams and green lines, respectively. We find that the
distributions of DNF_ZN are quite smooth, the last redshift
bin being the noisiest one. This is somewhat expected since

the last redshift bin is the one with the lowest number
density and also the one for which it is more complicated
to estimate the photo z (there are fewer galaxies in the
spectroscopic training sample at higher redshifts). The
combination of these two effects yields to a decrease in
the photo-z quality at such high redshifts and also makes
the redshift distributions noisier. On the other hand, we find
that DNF PDF is qualitatively similar to DNF_ZN but

FIG. 4. Redshift distributions of the Y6 BAO analysis. In the case of DNF, we show both DNF_ZN and the stacking of DNF PDF (blue
histograms and green lines, respectively). We also include the distributions of VIPERS Z_SPEC (orange points with error bars), WZ
(black points with error bars) and the fiducial choice (red lines), which corresponds to the redshift distributions of DNF PDF but shifted
and stretched with respect to WZ in the first four redshift bins and with respect to VIPERS Z_SPEC in the last two, following the
methodology described in Sec. IV C. The mean and width of all these redshift distributions (computed using the expressions given in
Appendix A) are displayed in Table III and plotted in Fig. 5.

TABLE III. Mean and width of the redshift distributions, computed using the expressions given in Appendix A, for DNF_ZN, DNF
PDF, VIPERS Z_SPEC, WZ and the fiducial choice.

hzi W68

Bin DNF_ZN DNF PDF Z_SPEC WZ fiducial DNF_ZN DNF PDF Z_SPEC WZ fiducial

0.6 < zph < 0.7 0.654 0.658 0.650 0.644 0.646 0.050 0.051 0.045 0.047 0.047
0.7 < zph < 0.8 0.752 0.754 0.746 0.743 0.747 0.058 0.057 0.050 0.057 0.056
0.8 < zph < 0.9 0.844 0.847 0.849 0.848 0.842 0.063 0.065 0.056 0.059 0.060
0.9 < zph < 1.0 0.929 0.934 0.931 0.941 0.938 0.077 0.079 0.061 0.066 0.071
1.0 < zph < 1.1 1.013 1.020 1.023 � � � 1.023 0.086 0.089 0.067 � � � 0.071
1.1 < zph < 1.2 1.107 1.111 1.111 � � � 1.122 0.093 0.096 0.077 � � � 0.075
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smoother (since it is computed as the stacking of large
amounts of individual galaxy PDFs). Besides the DNF
results, in Fig. 4, we also include the redshift distributions
of VIPERS Z_SPEC, WZ and the fiducial choice, which are
further discussed later.
In Table III, we show the mean and width of the different

redshift distributions shown in Fig. 4. The results shown in
this table were computed with the expressions given in
Appendix A and are plotted in Fig. 5 for visualization
purposes. We find that the properties of DNF_ZN and DNF
PDF are quite similar. Also, those of VIPERS Z_SPEC and
WZ are in very good agreement. It is also important to note
that both DNF_ZN and DNF PDF are biased and wider with
respect to Z_SPEC and WZ, which is the reason why we
cannot use directly use the results from DNF as the redshift
distributions of our sample (and the reason why we will
shift and stretch them to match the properties of VIPERS
and WZ, which are closer to the underlying true redshift
distributions).

A. Direct calibration with VIPERS
spectroscopic redshifts

We calibrate our photo-z using VIPERS, similarly to
what we did during the Y3 BAO analysis [50]. VIPERS is a
complete spectroscopic sample for redshifts above 0.5 and

up to i ¼ 22.5, see [47] (the same i-magnitude limit we
set for our BAO sample), with an overlapping area of
16.3 deg2 with DES. Therefore, the distributions of the
spectroscopic redshifts of VIPERS in redshift bins defined
by DNF_Z provide a direct estimation of the true redshift
distributions of our BAO sample6 (this is explicitly shown
in Appendix B). These distributions are plotted as orange
points with error bars in Fig. 4.
One caveat is that, due to the small overlap between

VIPERS and DES, the Z_SPEC distributions are noisy,
particularly in the last two redshift bins. Also, as we
mentioned earlier, the distributions of Z_SPEC are narrower
than those from DNF (see Table III). For these two reasons,
we use Z_SPEC to shift and stretch the DNF redshift
distributions for redshifts above 1.0. For redshifts below
1.0, we use clustering redshift, which we describe next.

B. Clustering redshift (WZ)

There are alternative ways to estimate the redshift
distributions of our BAO sample, such as the clustering
redshift technique [51]. Clustering redshifts make use of
the fact that galaxies with unknown redshifts reside in the
same structures as galaxies that have known redshifts.
Thus, spatial cross-correlations can be used to estimate the
redshift distribution of the sample with unknown redshifts.
The modern approach of using this data to obtain a precise
estimate of a redshift distribution can be traced back to [51].
Since then, it has been implemented and further developed
in the literature; see [52–59] for reference. This technique
was already validated and applied to the Y3 MAGLIM

sample in order to calibrate its redshift distributions
in [60] and we use the methodology choices from that
work. In that case and also in this one, spectroscopic
galaxies from BOSS [61] and its extension, eBOSS [62,63],
are used to cross-correlate with our sample. These samples
overlap about 15% of the DES footprint.
In Fig. 4, we show the redshift distributions for WZ

(black points with error bars). Because of the lack of
spectroscopic galaxies in the redshift range 1.0 < z < 1.2,
it was not possible to estimate them for the last two bins.7

We find that WZ is consistent with Z_SPEC; see the results
displayed in Table III. Since we have two independent
determinations of the redshift distributions that agree, i.e.,
VIPERS Z_SPEC and WZ, we consider them as validated.
As in the case of Z_SPEC, WZ is also somewhat noisy. To

address the problem of the noisy nature ofWZ and VIPERS
Z_SPEC, for the fiducial analysis of the data, we decided to
use a modified version of the DNF redshift distributions as

FIG. 5. Top panel: average redshift of the different redshift
distributions of the Y6 analysis. For visualization purposes, we
subtracted the middle redshift, which is given by the average of
the limits for each redshift bin (0.65, 0.75, 0.85, 0.95, 1.05 and
1.15, respectively). Bottom panel: width of the different redshift
distributions of the Y6 analysis. Cases included in this plot:
DNF_ZN (blue), DNF PDF (green), Z_SPEC (orange), WZ (black)
and fiducial choice (red).

6What we actually use is not the complete VIPERS sample, but
those galaxies of VIPERS that are also part of the BAO sample.

7We do actually have SDSS galaxies in the redshift range
1.0 < z < 1.1. However, because of the tails of the distribution, it
was not possible to cover the whole redshift range when
computing the redshift distribution in that bin.
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our default choice: shifted and stretched to match the
properties of WZ in the first four redshift bins and Z_SPEC in
the last two. Therefore, DNF nðzÞ8 are used as templates for
the shape of our fiducial redshift distributions.

C. Shift and stretch algorithm

Here, we describe the algorithm developed to per-
form the shift and stretch of DNF_ZN and DNF PDF. We
run the shift and stretch of a given nðzÞ in two differ-
ent steps:
(1) Shift of the original nðzÞ. The shifted redshift

distribution is, simply, given by

nshiftedðz;ΔzÞ ¼ nðz − ΔzÞ: ð19Þ

(2) Stretch of the shifted nðzÞ. The shifted and stretched
redshift distribution is given by

n2−paramðz;Δz; σzÞ
¼ nshiftedðσzðz − hziΔzÞ þ hziΔz;ΔzÞ; ð20Þ

where

hziΔz ≡
Z

dz nshiftedðz;ΔzÞ: ð21Þ

We, then, compute the best fit parameters Δz and σz by
minimizing

χ2ðΔz; σzÞ ¼
X
i

�
n2−paramðzi;Δz; σzÞ − nrefðziÞ

ΔnrefðziÞ
�
2

: ð22Þ

Since the redshift distributions we shift and stretch are
either DNF_ZN or DNF PDF, we neglect their contribution to
the denominator of the previous expression since their shot
noise is much smaller than that of the reference red-
shift distribution, which is either VIPERS or WZ. This
methodology is similar to the one used for the DES Y3
3 × 2pt analysis; see [64]. In that context, these shift and
stretch parameters appear because of our uncertainty in the
photo z and this implementation is particularly useful since
it allows us to fit them when running the 3 × 2pt chains.
Using the algorithm we just described, we perform the

shift and stretch of DNF PDF with respect to WZ in the first
four redshift bins and with respect to Z_SPEC in the last two.
The resulting redshift distributions are shown as red lines in
Fig. 4, where we can check that they are as smooth as the
original DNF PDF, but shifted and stretched. From the
results displayed in Table III, we find that the fiducial

choice has a similar mean and width to those of WZ in the
first four redshift bins and to those of Z_SPEC in the last two,
as intended. These are the redshift distributions used
to generate the BAO template to run the BAO fits on the
data in [37].
For the projected correlation function (PCF) estimator

that we use to measure the BAO in [37], the shift and stretch
algorithm is adapted to work in 22 logarithmic redshift
bins, instead of the fiducial six redshift bins. This is
described in Appendix C.

V. CORRECTING FOR OBSERVATIONAL
SYSTEMATICS

In order to reduce the impact of observational systematics,
we apply two complementary strategies: We first mask
pixels with potentially problematic values and, next, we
compute correcting weights that are applied to our galaxy
sample. Both steps rely on survey property (SP) maps, which
are pixel maps that keep track of spatial variations of the
different systematic effects concerning the imaging of the
data. Among these SP maps, we consider effects such as
the seeing (FWHM) and the limiting magnitude, but also
astrophysical foregrounds, such as contamination from the
stellar density and galactic dust extinction.

A. Masking observational systematics

As a first step to mitigate the impact of observational
systematic effects, we apply an angular mask to our galaxy
sample, which removes potentially problematic regions of
the footprint. This mask is applied on top of the Y6 angular
mask we described in Sec. III A (and after running the
optimization of the sample). The procedure is similar,
though less strict, to the one used for the DES Y6 lens
galaxy samples [65]:

(i) We start with the baseline mask that defines our
footprint at a HEALPix resolution of Nside ¼ 4096

(∼0.74 arcmin2) using the criteria detailed in
Sec. III A.

(ii) Within this footprint, we mask regions that have
image artifacts. From visual inspection, it was found
that extreme values of the mean surface brightness
per pixel (SB_MEAN) identified regions with im-
aging artifacts, such as the wings of bright stars. In
particular, the most extreme image artifacts corre-
spond to pixels of the SB_MEAN quantity with
values higher than 99.99% of them, so we mask
those pixels out. We do this separately for all
SB_MEAN maps in griz bands. This cut removes
∼0.02% of the area (see [65,66] for more details).

(iii) We also mask areas with excess of diffuse emission
due to galactic cirrus. We use a convolutional neural
network to estimate the probability of galactic cirrus
being present in a given pixel, which gives us the
mean nebulosity prob quantity, NEB_MEAN.

8We can use either DNF_ZN or DNF PDF as templates, but we
decided to use the latter as our fiducial. The reason is that both
have similar properties (see the results displayed in Table III
and/or Fig. 5), but DNF PDF has a much smoother shape
(see Fig. 4).
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We use visual inspection of this variable to define
a threshold of NEB MEAN > 0.5 (more details
in [65,66]). This cut is applied for each photometric
band separately (griz).

(iv) We use the intersection of these masks with a
foreground mask that excludes pixels with globular
clusters.

Finally, we create a joint mask that includes the three
different cuts described above. The area of the resulting
mask is 4; 273.42 deg2. In Table IV, we detail the area
removed by each cut with respect to the baseline mask.
Note that the fraction of area removed on the final joint
mask is not exactly equal to the sum of the areas
removed by the individual cuts since the cirrus maps
are correlated.

B. Galaxy weights

Even after applying the quality cuts both on the sample
definition and on the angular mask, there are observational
effects that still may induce noncosmological clustering
signal on the galaxy density field. This is due to the
variation of the observing conditions, such as seeing or sky
brightness and to other aspects of the survey strategy,
such as exposure time and airmass, during the period of
observations. Astrophysical foregrounds, e.g., the stellar
density (see Sec. V C) or galactic dust, are also sources of
systematic error on the clustering signal.
The different sources of observational systematics that

we consider are characterized by HEALPix maps of
Nside ¼ 4096, which we refer to as survey property maps,
or SP maps. Here, we detail the list of SP maps considered
as our fiducial set of contamination templates (more
information can be found in [43]) and [65]):

(i) AIRMASS (grizY): mangle weighted mean value of
the secant of the zenith angle.

(ii) FWHM (grizY): mangle weighted mean value of the
FWHM of the 2D elliptical Moffat function that fits
best the PSF model from PSFEx.

(iii) SKYSIGMA (grizY): mangle weighted mean value
of standard deviation on the sky brightness.

(iv) MAGLIM (grizY): mangle weighted mean value of
the 10σ magnitude limit in 2 arcsec aperture dia-
meter estimated by mangle.

(v) SFD98: EðB − VÞ interstellar extinction map esti-
mated from a map of dust IR emission [67].

(vi) GAIA: Gaia EDR3 map with i > 17 cut [68].
(vii) DIVOT_edensity_GAIA: approximation of the

local background over-subtraction by fitting a sim-
ple empirical model to Gaia stars of different
magnitudes by using large aperture fluxes [43].

We note that this set of template maps is a subset of all Y6
available SP maps. We made this selection based on the
same criterion as in Y3, by which we group together maps
according to their spatial correlation and their physical
meaning, and we select a representative from each
group (see [50,69] and [65] for details on criterion applied
to Y6).
Regarding the NEB_MEAN and SB_MEAN maps

introduced in the previous section, they are highly non-
Gaussian and, therefore, ill suited for use in the standard
regression-based algorithm described next. Furthermore, it
is only the most extreme values of these maps that are
problematic, and thus, we use them only to define the
masks, but not to assign the systematic weights.
In order to account for and correct for these observational

systematics on the clustering, we have applied the iterative
systematics decontamination (ISD) method, which was
also used for the Y3 BAO analysis. This method is
described in detail in [50,69,70] and compared to other
clustering systematic mitigation methods in [71]. ISD starts
from the hypothesis that true galaxy number density
fluctuations do not correlate with those of observing
conditions. The metric used to characterize the significance
of the systematic contamination is the so-called 1D relation,
which shows the relation between the observed galaxy
number density as a function of the values of a given SP
map. We compute the 1D relations by binning the SP map
values in 10 bins defined in such a way that they cover
equal areas on the final footprint (i.e., after applying the
joint mask introduced in the previous section). From this
point, the basics of ISD are synthesized as follows:

(i) Fix a threshold, T1D, for the systematic contami-
nation.

(ii) Obtain the 1D relation of observed galaxy number
density ng with respect to each SP map and compute
Δχ2 ¼ χ2null − χ2model, where χ2null corresponds to the
fit to null test (i.e., no systematic impact on ng) and
χ2model corresponds to a linear fit.

(iii) Obtain Δχ2 from the same 1D relations between the
ng measured on a set of 1000 lognormal mocks and
the same SP maps.

(iv) Define the 1D significance of the systematic con-
tamination as S1D ¼ Δχ2=Δχ268, where Δχ268 corre-
sponds to the value that explains 68% of the mocks.

(v) For the SP map with the highest S1D and provided it
is larger than our threshold, T1D, we generate
weights by taking the best linear fit function ob-
tained on the corresponding 1D relation from the

TABLE IV. Area removed by each of the systematic cuts with
respect to the baseline mask. The final joint mask is the definitive
Y6 BAO sample area.

Mask Area [deg2] Removed area [%]

Baseline 4,357.01 -
SB MEAN > 99.99% 4,355.98 0.024
NEB MEAN > 0.5 4,277.24 1.831
Globular clusters 4,354.15 0.066
Joint mask 4,273.42 1.919
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previous steps and evaluating its inverse on the
Nside ¼ 4096 pixels of that SP map.

(vi) Apply the resulting weight map multiplicatively,
pixel by pixel, to the BAO sample.

(vii) Repeat the process iteratively for the newly weighted
sample.

Once all the maps have S1D below T1D for the iteratively
weighted sample, the final result is a weight for each
galaxy, which is computed as the product of all the weights
derived in each iteration of the algorithm.
In Fig. 6, we show, as an example, the process that one

SP map undergoes after being flagged as significant by
ISD. The red dashed line represents the 1D relation of the
MAGLIM map in the r-band for the first redshift bin of the
unweighted BAO sample, while the blue dashed line shows
the same relation after applying correcting weights com-
puted for this SP map. All the other 1D relations are
explicitly shown in Fig. 9 of Appendix D.
We run ISD for each redshift bin of the BAO sample

independently. The significance threshold used for the Y3
BAO analysis was T1D ¼ 4. However, validation tests on
lognormal mocks showed there is no overcorrection when
using T1D ¼ 2 and therefore, for Y6, we decide to use this
threshold, lowering the risk of undercorrection biases on
wðθÞ. Nevertheless, we note that the measurement of the
BAO peak position is highly insensitive to the effect of the
observational systematics that we consider, as tested in
Sec. VII of [37]. This provides an additional level of
protection against under- and overcorrections.
The list of SP maps found to have the most significant

impact on each redshift bin is shown in Table V. Comparing
these results with the Y3 ones (see [50]), we observe a
reduction in the number of SP maps we have to correct for,
even if we use a stricter threshold. This is mainly due to the
higher homogeneity of the survey, but also to the additional
effort on masking out pixels with extreme SP values, as
described in Sec. VA, as well as the deeper Y6 data and the

optimized sample selection. We note the fact that we need
to correct for more maps as the redshift increases, which is
expected since faint objects are more sensitive to variations
in observing conditions. Among all SP maps considered,
we find that those causing the most significant contami-
nations are the FWHM and MAGLIM maps on different
photometric bands and also the two GAIA-related maps.
Finally, in order to validate the corrections provided by

the systematic weights, we run a set of validation tests,
which we describe in Appendix E.

C. Stellar fraction correction

While most observational systematics modulate the
observed number density multiplicatively, ngalðθÞ →
ð1þ fðθÞÞngalðθÞ, residual stellar contamination represents
an additional and undesired population in our sample,
which contributes additively as ngalðθÞ→ngalðθÞþnstarðθÞ.
Defining the overdensity of each population as δX¼
nX=n̄X−1, with X∈fgal;starg and fstar¼ n̄star=ðn̄galþn̄starÞ,

δobs ¼ δgal þ fstarðδstar − δgalÞ: ð23Þ

In the limit where the density of stars is smoothly varying
relative to the density of galaxies, we can approximate
δstar ∼ 0. Therefore, the net effect is a suppression of galaxy
fluctuations by an overall factor,

δobs ≈ δgalð1 − fstarÞ: ð24Þ

This is equivalent to modifying the integral constraint and
is an effect that is perfectly degenerate with linear galaxy
bias, as noted in [72]. The contribution from spatially
varying contamination that is neglected in Eq. (24) is
captured to first order by the standard treatment described
in Sec. V B when computing galaxy weights through the
inclusion of a stellar density map from Gaia, and so we only
need to estimate an overall average fstar (see also [73],
wherein a similar approach is applied with HSC data).
We estimate stellar contamination through the same

procedure used for the Y6 lens galaxy samples [65] and
refer the reader there for more detail. Briefly, we match our

FIG. 6. Example of a 1D relation from our set of fiducial SP
maps, before (red triangles) and after (blue dots) being corrected
using the weights obtained with ISD. Dashed lines correspond to
the best linear fits in each case.

TABLE V. List of SP maps found to have an impact on the Y6
BAO sample at each redshift bin.

Bin SP maps used to correct for with T1D ¼ 2

0.6 < zph < 0.7 MAGLIM-r
0.7 < zph < 0.8 FWHM-z, GAIA, FWHM-Y
0.8 < zph < 0.9 GAIA, FWHM-Y, FWHM-r
0.9 < zph < 1.0 FWHM-z
1.0 < zph < 1.1 DIVOT_edensity_GAIA, FWHM-z
1.1 < zph < 1.2 DIVOT_edensity_GAIA, FWHM-z,

FWHM-Y, MAGLIM-z
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FIG. 7. Clustering measurements for the six tomographic redshift bins of our BAO sample. The column on the left shows the angular
correlation function [wðθÞ], the middle one shows the angular power spectra (Cl) and the one on the right shows the projected
correlation function [ξpðs⊥Þ]. We show the results for the cases of not correcting and correcting the systematics (blue and orange points
with error bars, respectively). The errors were computed from the diagonals of the fiducial COSMOLIKE covariance matrix (or Gaussian
covariance for ξp) used to run the BAO fits in [37]. The blue band corresponds to the 1σ region coming from the 1952 COLA simulations
generated for our analysis (i.e., the average clustering signal of the COLA mocks � the square root of the diagonal of their covariance);
see [37] for further details.
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BAO sample to the public DECaLS DR9 catalog [74],
which includes forced unWISE photometry9 [75]. Because
of a peak in stellar SEDs at ∼1.6 μm, redshifted galaxies
appear relatively brighter in the unWISE W1 band, making
stars and galaxies appear in different parts of the ðr − z;
z −W1Þ color space.10 For each redshift bin, we plot the
density of matched objects in the ðr − z; z −W1Þ color
space and define a piecewise linear relation that traces the
trough between the peaks that are NIR bright (galaxies) and
those that are NIR faint (stars).
We compute fstar as the fraction of all objects on the

NIR-faint side of the piecewise separation in each bin,
finding

fstar ¼ ½2.3%; 2.7%; 3.3%; 2.3%; 0.8%; 0.7%�; ð25Þ

with 1σ uncertainty of roughly 0.15%.
The resultant clustering measurements, i.e.,wðθÞ,Cl and

ξpðs⊥Þ, are corrected by a factor of ð1 − fstarÞ−2 to account
for this, though for template-based BAO measurements,
such as the one we run in [37], this effect is negligible due
to its degeneracy with other nuisance parameters.

VI. UNBLINDING THE CLUSTERING
MEASUREMENTS

As we already mentioned, in [37] we measure the BAO
distance scale using the clustering measurements from the
sample optimized in this paper. The analysis is performed
blind, which effectively means that the results of our
measurements cannot be reported and that the clustering
measurements on the data cannot be plotted until a battery of
robustness tests has been passed (these tests are described in
detail in [37]). This blinding criteria are similar to the one
used during the Y3 BAO analysis, see [26]. By the time we
included this section in the paper, these tests had already
been passed and we were ready to unblind the clustering
measurements of our sample.
In Fig. 7, we show the angular correlation functions

(wðθÞ), the angular power spectra (Cl) and the projected
correlation function [ξpðs⊥Þ] for the different redshift bins.
These are the three different estimators that we use to
measure the BAO feature in [37]. We include the cases of
not correcting and correcting for the observational system-
atics (blue and orange points with error-bars, respectively),
as described in Sec. V B. The errors were computed
from the diagonals of the fiducial COSMOLIKE covariance
matrix (or Gaussian covariance for ξp) used to run the BAO
fits in [37]. The blue band corresponds to the 1σ region

computed from the 1952 COLA simulations generated
for our analysis—i.e., the average clustering signal of the
COLA mocks � the square root of the diagonal of their
covariance—see [37] for further details on the simulations.
The effect of the observational systematics is an increase
in the amplitude of the clustering. This increase in the
amplitude becomes more important with redshift, the last
two redshift bins being the ones with the highest
contamination.

VII. CONCLUSIONS

In this paper, we have presented the data used in the DES
Y6 analysis for cosmological constraints from the meas-
urement of the BAO distance scale. The sample selection
has been optimized with respect to the one used in the Y1
and Y3 analyses: The optimal flux selection is 17.5 < i <
19.64þ 2.894zph, with 17.5 < i < 19þ 3zph being the one
used for the Y1/Y3. Compared to the Y3 sample, the Y6
optimal sample has one more redshift bin, 1.1 < zph < 1.2,
increasing its effective redshift from 0.835 to 0.867. The
sample covers 4; 273.42 deg2 to a depth of i < 22.5, a very
similar area to that of the Y3, which was 4; 108.57 deg2. It
contains 15,937,556 galaxies, compared to the 7 million
galaxies of the Y3 sample. This large increase in the
number of galaxies with respect to the Y3 is due to the
optimized i-magnitude cut. We forecast an increase in
the precision of the measurement of the BAO scale of
around 25% with respect to the Y3 result using our Y6
optimal sample.
We have calibrated the photometric redshift distributions

using VIPERS, a spectroscopic sample, that has an over-
lapping area of 16.3 deg2 with the DES footprint and which
is complete within our optimal sample selection. This
allowed us to use the distributions of VIPERS Z_SPEC as
the true redshift distributions of our sample. We also used
WZ estimations of the redshift distributions to compare to
those of Z_SPEC and found a very good agreement between
them. Because of the noisy nature of both Z_SPEC and WZ,
and because of DNF giving wider redshift distributions
compared to these two, the redshift distributions used for
the fiducial analysis on the data are a combination of DNF
results, Z_SPEC and WZ: DNF PDF shifted and stretched to
match the properties of WZ in the first four bins and those
of VIPERS Z_SPEC in the last two.
Systematics have been mitigated using the ISD algo-

rithm, which was also the fiducial in the Y3 analysis [69].
The residual stellar contamination, which contributes
additively to the number density of our galaxy sample,
has been corrected with a novel technique, which is further
described in [65]. We have found a fraction of stellar
contamination from 0.7% to 3.3% in the final BAO sample,
depending on the redshift bin. This is corrected at the level
of the clustering measurement, either wðθÞ, Cl or ξpðs⊥Þ,
multiplying by ð1 − fstarÞ−2. As a final result, we included

9We define matches as those objects in each catalog with
<1 arcsec distance between them. 99.8% of our sample appears
in DECaLS.

10E.g., [76] used a cut in this space to remove most of the stars
from the DESI LRG target sample, and our approach is inspired
by that work.
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the unblinded clustering measurements of our data [wðθÞ,
Cl and ξpðs⊥Þ], correcting and not correcting for the
observational systematics. The measurement of the BAO
scale using these clustering measurements and its cosmo-
logical implications are described in [37].
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APPENDIX A: REDSHIFT-RELATED
QUANTITIES

It is worth defining several photo-z-dependent quantities
that we use throughout this paper:

(i) hzi. We define it as the mean photometric redshift
of a given redshift bin weighted with the redshift
distribution, nðzÞ, of that same redshift bin,

hzi ¼
Z

dz znðzÞ: ðA1Þ

(ii) W68. We define it as the width in redshift that
encloses 68% of the integral of the redshift distri-
bution; i.e., it is given by

W68 ¼
b − a
2

ðA2Þ

such that

Z
a

0

dz nðzÞ ¼
Z

∞

b
dz nðzÞ ¼ 0.1585: ðA3Þ

(iii) σ68 (¼ Σz). We define it as the size of the region that
encloses 68% of the distribution of

DNF Z − DNF ZN

1þ DNF ZN
: ðA4Þ

Unlike the previous two, σ68 is a DNF-related
quantity and cannot be computed for all our alter-
native estimations of the redshift distributions.

APPENDIX B: CALIBRATION OF
PHOTOMETRIC REDSHIFTS USING VIPERS

Our goal here is to explicitly calibrate our photo-z using
VIPERS. In order to do so, we compare the redshift
distributions of the BAO sample, computed with DNF_ZN,
with those of VIPERS, also computed with DNF_ZN (we
actually use the subsample of VIPERS matched to the BAO
sample). If these two are statistically compatible, we can use
the distributions of Z_SPEC as our true redshift distributions
since VIPERS is representative of our full sample. Given that

VIPERS is complete and is defined within the selection cuts
of our samples, this holds true, but here we explicitly
demonstrate it.
The first step to validate the photo-z is to select those

galaxies from VIPERS that also belong to the BAO sample.
Hereafter, we refer to this sample as VIPERS for simplicity.
After matching with the BAO sample, we end up with
11,202 VIPERS galaxies; i.e., VIPERS represents, approx-
imately, a 0.066% of the total number of galaxies in the
BAO sample. It is also worth mentioning that, in order to
take into account the spectroscopic success ratio of
VIPERS, which is encoded in the variable SSR of the
VIPERS catalog [47], we must weight each VIPERS
galaxy with 1=SSR.
To quantitatively compare the distributions of DNF_ZN of

the BAO sample and VIPERS (both of them shown in
Fig. 4 as blue histograms and blue points with error bars,
respectively), we calculate the χ2 between them as

χ2 ¼
X
i

½nBAOðziÞ − nVIPERSðziÞ�2
ΔnVIPERSðziÞ2

; ðB1Þ

where the sum over i means summing over histogram bins,
and ΔnðzÞ is the shot-noise contribution to the error in the
redshift distributions (which is negligible for the BAO
sample, because of the large number of galaxies compared
to that of VIPERS). In Table VI, we show the reduced χ2

obtained using Eq. (B1) and also their corresponding
p-values, for each redshift bin. All the χ2 and p-values
show that both samples are compatible.

APPENDIX C: CALIBRATION OF THE
REDSHIFT DISTRIBUTIONS FOR THE PCF

In the projected correlation function (PCF) modeling,
we need to utilize fine Δzph bins in order to accurately
sample the true redshift distributions [77]. Compared to the
Y3 [78], in the Y6 analysis, we go to higher redshifts, and
that makes this task even more challenging. Rather than
using uniform Δzph bins as in the Y3 analysis, we adopt 22
logarithmic bins in the redshift range from 0.6 to 1.2. We
calibrate these distributions following the same method as
the fiducial six-bin case discussed in Sec. IV C; i.e., we

TABLE VI. Reduced χ2 between the redshift distributions of
DNF_ZN of the Y6 BAO sample and VIPERS.

Bin χ2=dof p-value

0.6 < zph < 0.7 1.29 0.23
0.7 < zph < 0.8 0.87 0.57
0.8 < zph < 0.9 1.08 0.37
0.9 < zph < 1.0 1.68 0.08
1.0 < zph < 1.1 1.54 0.12
1.1 < zph < 1.2 1.07 0.38
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start with the smooth DNF PDF redshift distributions and
then apply our shift and stretch algorithm to calibrate them
using the proxy distribution derived from theWZ technique
or the matched VIPERS Z_SPEC one. For the first 17 bins
(up to zph ¼ 1.02), they are calibrated using the WZ
method, whereas for the remaining five bins, they are
calibrated using VIPERS Z_SPEC. This is consistent with
what we did in Sec. IV, in which we used WZ for the first
four redshift bins (i.e., below redshift 1.0) and VIPERS
Z_SPEC for the last two (i.e., for redshifts between 1.0
and 1.2).
In Fig. 8, we compare the original DNF PDF and the

shifted and stretched ones. For clarity, we split the bins into
three panels, with the upper, middle and bottom panels
corresponding to the bin number modulo 3 being 1, 2, and
0, respectively. We have also plotted the proxy WZ or
VIPERS Z_SPEC distributions. The PDF distribution is
generally wider than the calibrated one, as expected. The
correction also tends to shift the distribution to a slightly
lower redshift and this shift is observed in most of the
redshift bins.

APPENDIX D: EVOLUTION OF THE 1D
RELATIONS WITH THE WEIGHTING PROCESS

In this appendix, we present the evolution of the 1D
relation (and, therefore, of the contamination significance)
for each of the SP maps we found necessary to correct for,
according to ISD. This evolution is illustrated in Fig. 9,
where for each of the SP maps from Table V, we show their
1D relation before (in red) and after (in blue) correcting for
them at their corresponding iteration. We also show their
status at the intermediate iterations (in black).

APPENDIX E: WEIGHTS VALIDATION TESTS

To check the correct functioning of ISD and the weight
obtained with it, we run this method again on the weighted
BAO sample using the fiducial set of SP maps presented in
Sec. V B. In doing so, we simply evaluate the correct
functioning of the method, since by definition all those SP
maps should be found to have S1D < 2, so no additional
corrections should be needed. We find no remaining levels
of contamination at S1D > 2 coming from any of the
fiducial SP maps. After this, we run ISD on the weighted
BAO sample, this time using the full list of available SP
maps in Y6 (see [43]) and [65]), that is, without limiting the
list of contamination templates to the fiducial set presented
in Sec. V B. Proceeding this way, we test the validity of our
fiducial set of SP maps as a representative set of contami-
nation templates. With this configuration, ISD finds minor
levels of additional contamination at some redshift bins in
the form of additional (one to three) SP maps to be
corrected for. However, these numbers are compatible with
statistical fluctuations around a strict significance thresh-
old, and, given the negligible impact of the weights on the
BAO peak, we decided not to incorporate those maps in the
final set of corrections. Lastly, we test the assumption of
linearity for the corrections by comparing the distribution
of χ2null measured on the weighted BAO sample for all SP
maps with a theoretical χ2 distribution with Ndof ¼ 10 (the
number of bins used for the 1D relations). Deviations from
linearity of the 1D relations and, therefore, of the corre-
sponding (linear) corrections, should appear as deviations
from a χ2 behavior of χ2null. The results of this test are
depicted in Fig. 10. We conclude that the systematic
corrections provided by ISD show no significant deviations
from linearity. At the forth and sixth redshift bins, we
observe two outlier values of χ2null, but checking the 1D
relations of those two SP maps, we find them still
compatible with linearity (χ2model ¼ 11.6 and 14.1 with
Ndof ¼ 8). Their slightly outlier values are explained by
mild levels of residual contamination not higher than ∼4%
at the 1D level, which ISD does not flag as significant
enough.

FIG. 8. Redshift distributions for the 22 PCF logarithmic bins.
The distributions in the upper, middle and bottom panels
correspond to the bin whose bin number modulo 3 is 1, 2,
and 0, respectively. The original DNF PDF (dashed) and the
shifted and stretched (solid) distributions are compared. The
proxy distributions used for the correction are shown in markers:
circles for WZ (the first 17 bins) and triangles for matched
VIPERS Z_SPEC (the remaining five bins).
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FIG. 9. Evolution of the 1D relations as a function of the correcting iteration for each SP map we correct for. Each row corresponds
to a redshift bin, starting from the second one (see Fig. 6 for the first bin). Red triangles show the 1D relation of each of the SP maps
from Table V before correcting for them, blue dots correspond to their 1D relations right after correcting for them and the markers in
black show their status at the intermediate iterations. Dashed lines represent the best linear fits in each case (from which Δχ2model is
computed).
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FIG. 10. Distribution of χ2null computed on the weighted Y6 BAO sample for all available SP maps. The solid orange line showcases a
theoretical χ2 distribution with Ndof ¼ 10. We find no significant deviations of χ2null from the theoretical distribution, meaning that the
linear assumption for the systematic correction is valid to the extent, i.e., significance threshold, that we consider.
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[8] E. Gaztañaga, A. Cabré, and L. Hui, Mon. Not. R. Astron.
Soc. 399, 1663 (2009).

[9] W. J. Percival et al., Mon. Not. R. Astron. Soc. 401, 2148
(2010).

[10] F. Beutler, C. Blake, M. Colless, D. Heath Jones, L.
Staveley-Smith, L. Campbell, Q. Parker, W. Saunders,
and F. Watson, Mon. Not. R. Astron. Soc. 416, 3017 (2011).

[11] C. Blake et al., Mon. Not. R. Astron. Soc. 415, 2892 (2011).
[12] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival, A.

Burden, and M. Manera, Mon. Not. R. Astron. Soc. 449,
835 (2015).

[13] S. Alam et al., Mon. Not. R. Astron. Soc. 470, 2617 (2017).
[14] J. E. Bautista et al., Mon. Not. R. Astron. Soc. 500, 736

(2021).
[15] H. Gil-Marín et al., Mon. Not. R. Astron. Soc. 498, 2492

(2020).
[16] A. De Mattia et al., Mon. Not. R. Astron. Soc. 501, 5616

(2021).
[17] J. Hou et al., Mon. Not. R. Astron. Soc. 500, 1201 (2021).
[18] R. Neveux et al., Mon. Not. R. Astron. Soc. 499, 210

(2020).
[19] S. Alam et al., Phys. Rev. D 103, 083533 (2021).
[20] N. Padmanabhan et al., Mon. Not. R. Astron. Soc. 378, 852

(2007).
[21] J. Estrada, E. Sefusatti, and J. A. Frieman, Astrophys. J.

692, 265 (2009).
[22] G. Hütsi, Mon. Not. R. Astron. Soc. 401, 2477 (2010).
[23] M. Crocce, E. Gaztañaga, A. Cabré, A. Carnero, and E.
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