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ABSTRACT

With about 1.5 billion galaxies expected to be observed, the very large number of objects in the Euclid photometric survey will allow for precise
studies of galaxy clustering from a single survey, over a large range of redshifts, 0.2 < z < 2.5. In this work, we use photometric redshifts
Zph to extract the baryon acoustic oscillation signal (BAO) from the Flagship galaxy mock catalogue with a tomographic approach to constrain the
evolution of the Universe and infer its cosmological parameters. We measured the two-point angular correlation function in 13 redshift bins. A
template-fitting approach was applied to the measurement to extract the shift of the BAO peak through the transverse Alcock—Paczynski parameter
a. A joint analysis of all redshift bins was performed to constrain « at the effective redshift z.¢ = 0.77 with Markov chain Monte Carlo and profile
likelihood techniques. We also extracted one «; parameter per redshift bin to quantify its evolution as a function of time. From these 13 «;, which
are directly proportional to the ratio D, /r4, we constrain the product of the reduced Hubble constant and the sound horizon at the drag epoch, /& ry,
and the matter density parameter Q,,. From the joint analysis, we constrain Da /rq = 10.764*00%9 at the 68% confidence level, which represents a
three-fold improvement over current constraints from the Dark Energy Survey. As expected, the constraining power in the analysis of each redshift
bin is lower, with an uncertainty ranging from + 1.23 to +0.289. From these results, we constrain Q, = 0.296*%% and hry = 99.357422 Mpc.

~0.059 —4.55
We quantify the influence of analysis choices such as the template, scale cuts, and redshift bins, and systematic effects such as redshift-space

distortions, over our constraints, both at the level of the extracted a; parameters and at the level of cosmological inference.

Key words. Cosmology: theory — large-scale structure of the Universe — cosmological parameters

1. Introduction

As a stage IV survey, Euclid (Laureijs et al. 2011; Euclid Collab-
oration: Mellier et al. 2025) was primarily designed to constrain
dark energy with two main probes: weak lensing and spectro-
scopic galaxy clustering. The former will make use of galaxy
shapes observed with the Visible Camera (VIS, Euclid Collab-
oration: Cropper et al. 2025) and their photometric redshifts
obtained with the photometer of the Near-Infrared Spectrome-
ter and Photometer (NISP, Euclid Collaboration: Jahnke et al.
2025) together with ground-based observations. The latter will
use the precise measurements of galaxy redshifts obtained with
the spectrometer of the NISP. Euclid will provide a photometric
sample of about 1.5 billion galaxies that can be used not only
for weak lensing, but also for many other probes such as photo-
metric galaxy clustering. The combination of weak gravitational
lensing with photometric galaxy clustering will provide strong
cosmological constraints (Euclid Collaboration: Blanchard et al.
2020; Tutusaus et al. 2020), which motivates considering this
probe in addition to the standard spectroscopic galaxy cluster-
ing.

The clustering of galaxies puts constraints on the expansion
history of the Universe. One of its most constraining features is
the size of the baryon acoustic oscillations (BAOs). The BAO
scale is a characteristic scale of the Universe that corresponds
to the imprint left in the distribution of galaxies by primordial
oscillations of the baryons when they were still coupled to pho-
tons. These oscillations were created by the interplay between

the radiation pressure force supported by photons and the grav-
itational pull of dark matter overdensities. When baryons and
photons decoupled at the drag epoch, oscillations stopped and
froze at a scale known as the BAO scale. It can be observed as
a peak in the correlation function of the galaxy density field or
a succession of peaks in its power spectrum. While it is fixed
in comoving coordinates, the apparent size of the BAO scale in-
creases as the Universe expands so that constraining this scale at
different redshifts provides information on the expansion rate of
the Universe.

The BAO signal is traditionally constrained in 3D with
spectroscopic redshifts but given the current accuracy and pre-
cision of photometric redshifts, useful information from the
BAO signal can also be extracted using photometric samples.
The first observations of the BAO signal in galaxy surveys
were performed with the Sloan Digital Sky Survey (Eisenstein
et al. 2005) and the 2-degree Field Galaxy Redshift Survey
(Percival et al. 2001; Cole et al. 2005) and recently reached new
levels of precision with the 0.52% joint constraints on BAO ob-
tained by the Dark Energy Spectroscopic Instrument first year of
observations (DESI Collaboration: Adame et al. 2025) and with
constraints varying between 2.1% and 7.3% obtained on individ-
ual bins in its second data release (DESI Collaboration: Abdul
Karim et al. 2025, no joint constraint on «). Spectroscopic red-
shift measurements are very accurate but not fast enough to ob-
tain the redshift of all galaxies detected in the photometric sam-
ple. Euclid uses slitless spectroscopy, allowing for multiple spec-
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tra to be measured in a single exposure. However, the mission
optimisation resulted in Euclid being capable of reliably detect-
ing emission lines down to a flux limit of 2 x 107'® ergs~! cm=2
in its wide survey (Euclid Collaboration: Mellier et al. 2025). On
the contrary, photometric redshifts are obtained from multi-band
wide filters instead of spectra so they can be measured for all the
galaxies of the photometric sample. Despite their lower accu-
racy, they are now available for such a large number of galaxies
that they can be used to put significant constraints on cosmology.
One recent example is the latest results from the Dark Energy
Survey (DES), which constrain the BAO shift parameter @ with
an uncertainty of 2.1% at z.¢ = 0.85 (DES Collaboration: Ab-
bott et al. 2024, DES Y6 from now on) with a sample of almost
16 million galaxies selected among over 300 million observed.
To do so, a tomographic approach is typically used, dividing the
full galaxy sample into redshift bins and measuring the angu-
lar correlation function or angular power spectrum in each bin.
In DES Y6, six bins were defined between 0.6 < z,, < 1.2. In
this context, the Euclid photometric survey can increase its con-
straining power by including its photometric sample for galaxy
clustering studies in addition to weak lensing analyses. One ad-
vantage of Euclid is that it will provide numerous photometric
redshifts (about 1.5 x 10%) in a much larger redshift range than
was previously available, covering 0.2 < z,, < 2.5.

In this work, we study how well the Euclid photometric sam-
ple will be able to constrain the BAO scale, using the Flagship
simulation (Euclid Collaboration: Castander et al. 2025). We
consider two analyses: one in which we extract the BAO scale
in each of the 13 redshift bins, yielding 13 values of « and thus
the evolution of the parameter as a function of redshift, and a
second in which we conduct a joint analysis of all the redshift
bins to constrain a single value of @. We adopt the 13 redshift
bins described in Euclid Collaboration: Mellier et al. (2025) as
this was shown to optimise Euclid Data Release 3 (DR3) analy-
sis results (Euclid Collaboration: Pocino et al. 2021). Here, we
focus on the two-point angular correlation function in config-
uration space w(f) as an observable to detect the BAO signal in
the Flagship galaxy mock catalogue. While Euclid is expected to
cover an area of about 14 000 deg? (Euclid Collaboration: Mel-
lier et al. 2025), the Flagship simulation covers 37% of this area.
This means that the area used in this work is intermediate be-
tween DR1 and DR2 for Euclid, which are expected to cover
approximately 2500 and 7500 deg?, respectively. We want to
quantify our ability to constrain this signal as well as estimate
the weight of different choices in the setup of the analysis.

The paper is organised as follows. In Sect. 2, we present the
data from the Flagship simulation used throughout this work.
We describe the theoretical framework of the analysis in Sect. 3
with the computation of the two-point angular correlation func-
tion model, its estimator, and its covariance. The method used
to extract the BAO scale and to infer cosmological parameters is
detailed in Sect. 4. Results are reported and discussed in Sect. 5,
including our joint analysis, the individual redshift bin analy-
sis, and cosmological constraints along with their robustness to
choices of fitting templates, scale cuts, redshift-space distortions
(RSDs), and redshift binning scheme. We present our main con-
clusions in Sect. 6.

2. Data

We use the Flagship v.2.1.10 galaxy mock sample (Euclid Col-
laboration: Castander et al. 2025) available on CosmoHub ! (Tal-

! https://cosmohub.pic.es/catalogs/353
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lada et al. 2020; Carretero et al. 2017) created from the Flagship
N-body dark matter simulation (Potter et al. 2017). This simu-
lation assumes the following flat A cold dark matter (ACDM)
cosmology: matter density parameter Q,, = 0.319, baryon den-
sity parameter Q, = 0.049, dark energy density parameter
Qpn = 0.681 — Q — Q,, with a radiation density parameter
Q, = 0.00005509 and Q, = 0.00140343 for massive neutri-
nos, dark energy equation of state parameter wge = —1.0, re-
duced Hubble constant 2 = 0.67, spectral index of the primordial
power spectrum n; = 0.96, and its amplitude A, = 2.1 x 107°
at k = 0.05Mpc~'. This simulation considers a 3.6 ™! Gpc-
side box with 4 x 10'? particles of mass 10° A~' M. The main
output of the simulation is a lightcone that spans redshifts be-
tween 0 and 3. Dark matter haloes were identified down to
10'° 7~! M, with ROCKSTAR (Behroozi et al. 2013). These haloes
were then populated with galaxies with halo abundance match-
ing and halo occupation distribution techniques following Car-
retero et al. (2015). Galaxy luminosities were calibrated with
a combination of the luminosity functions from Blanton et al.
(2003), Blanton et al. (2005a), and Dahlen et al. (2005). Galaxy
clustering measurements were calibrated as a function of colour
and luminosity following Zehavi et al. (2011) and the colour-
magnitude diagram from Blanton et al. (2005b) was used as a
reference.

We applied a magnitude cut at /; < 24.5 in the VIS I; band
with the additional constraint that only objects with properly de-
termined photometric redshifts are considered (phz_flags =
®). This sample covers one octant of the sky between right as-
cension 145° < RA < 235° and declination 0° < Dec < 90° for
a total area of 5157 deg®. Following Euclid Collaboration: Mel-
lier et al. (2025), we divided the sample into 13 equipopulated
redshift bins of z,n. The normalised redshift distributions p;(z)
of the 13 bins are shown in Fig. 1. This division yields a large
statistical sample, with about 34.8 million galaxies per redshift
bin. At the end of Sect. 5.1, we also consider a different sample
used for a DR1-like setting with six equipopulated redshift bins,
a selection cut at I, < 23.5, and covering 2500 deg?. The result-
ing redshift bin limits are 0.2, 0.396, 0.507, 0.657, 0.84, 1.04,
and 2.5 with about 10.8 million galaxies per bin.

Photometric redshifts are defined as the first mode of the
probability density functions (PDFs) obtained with the k-nearest
neighbours algorithm NNPZ (Tanaka et al. 2018) by matching
galaxy magnitude and colours to a reference sample of 2 mil-
lion galaxies simulated up to the depth of the Euclid calibra-
tion field I; = 29.4 and whose PDFs are obtained using the
template-fitting code Phosphoros (Euclid Collaboration: Tucci
et al. 2025). The photometric redshift PDF of each galaxy is
computed as a weighted average of the PDF of the neighbours
found by NNPZ, the weight being the inverse of the y? distance
between the galaxy and the neighbour in the magnitude and
colour space. The constraint phz_flags = 0 ensures that the
galaxy had enough neighbours found to properly derive the pho-
tometric redshift when NNPZ was applied. The photometry used
to infer these redshifts has the level of noise expected from the
depth of the ground-based observations of the Legacy Survey of
Space and Time (LSST, Ivezi¢ et al. 2019) for all galaxies, which
is optimistic (u = 24.4, g = 25.6, r = 25.7,i = 25.0, z = 24.3,
y = 24.3). We used the normalised mean absolute deviation to
compare the quality of these photometric redshifts,

onMap = 1.4826 median (JAz — median (Az)|), ))]

where Az = (Zph — Zirue)(1 +Zgue) " The complete table of oxmaD
and other metrics is given for all redshift bins in Appendix B and
shown in Fig. B.1. The fiducial cosmology used in this paper is a
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Fig. 1. True redshift distribution of the galaxies from Flagship 2.1 se-
lected in 13 equipopulated photometric redshift bins.

flat ACDM cosmology, defined by a set of parameters that match
the fiducial cosmology of the Flagship simulation.

3. Two-point angular correlation function

In this section, we describe the observable relevant to galaxy
clustering with the photometric survey that is considered in this
analysis: the galaxy two-point angular correlation function. We
also present its estimator and its covariance.

3.1. Theory

As we process information projected into bins of redshift, we
consider the galaxy two-point angular correlation function w(6),
defined as (e.g. Crocce et al. 2011)

20+1
W(o) = Y == C(O) Pucos 6), @
>0

with P, being the Legendre polynomial and C(¢) the angular
power spectrum defined as

C{) =4n f %S%(k) A7 (k). 3)
0

In Eq. (3), k is the wavenumber and P, stands for the dimension-
less power spectrum of the primordial curvature perturbations
@(k) that we model with HMCode (Mead et al. 2021) as imple-
mented in the Boltzmann code CAMB (Challinor & Lewis 2011).
The term A, is the sum of the transfer function of number counts
for the galaxy density field, AP, and the linear RSD contribution,

ARSD (Chisari et al. 2019):
Ac(k) = AP (k) + AFSP (k) )

where the two terms are defined, respectively, as

AP (k) = fo " dz p(2) b@) Tstk,2) jie (k) 5)
and

s (142) pl2)
ARSD (k) = fo dz ;szmm Ji k) ©6)

where p(z) is the normalised galaxy redshift distribution, b(z) is
the linear galaxy bias, zy.x is the maximum redshift of the survey
that we fix to 3 because p(z > 3) = 0, j, is the spherical Bessel
function of order ¢, j7 its second derivative, and r(z) is the co-
moving radial distance. In Eqs. (5) and (6), the transfer function
Tx(k,z) of a quantity, X, is defined as the ratio X(k,z)/®(k) so
that T is the transfer function of the matter overdensity d(k, z)
and T is the transfer function of the divergence of the comoving
velocity field. Discussed in Lepori et al. (2022) regarding full-
shape analyses of photometric galaxy clustering, we checked
that the effect of magnification bias on « is smaller than 0.2 &
in most redshift bins, which is why no Ay(k) term as defined in
Eq. (26) of Chisari et al. (2019) is included in the model. Other
relativistic effects are completely sub-dominant and not included
either (see Eq. 10 and Appendix A of Alonso & Ferreira 2015).

To accurately model large scales at £ < 220 needed for BAO
analysis, non-Limber integrals were computed using the Fang—
Krause-Eifler—MacCrann (FKEM) method described in Fang
et al. (2020a), while the faster Limber approximation (Kaiser
1992) was used at £ € [220, 10000]. We checked that the effect
of the Limber approximation on C(¢) is smaller than 1% in this
range of £. Throughout this work, the theoretical w(6) was com-
puted using the Core Cosmology Library (Chisari et al. 2019).
We refer to wsq(6) when the theoretical w(8) was computed with
the fiducial cosmological parameters defined in Sect. 2.

3.2. Estimator

The two-point angular correlation function was computed from
the Flagship galaxy mock catalogue (see Sect. 2) with the
Landy-Szalay estimator (Landy & Szalay 1993)

Nop — 2N + N,
w(f) = DD NDR RR , 7)
RR

where Ny, Npr, and Ny, are the normalised pair counts at an-
gular separation 6 where D stands for data and R for a random
point. The random catalogues were created by sampling the foot-
print of the Flagship simulation defined by a HEALPix mask of
Ngige = 4096, which is equivalent to an angular resolution of
0°014. We used 30 times as many random points as galaxies,
yielding 1.04 x 10° points per redshift bin. The angular bin-
ning has a resolution of 071 and spans between 6, = 0212
(intermediate between the optimistic and pessimistic scenarios
considered in Euclid Collaboration: Blanchard et al. 2020) and
Omax = Gsro + 225, with

T4, fid
(1 + zer) Da,fid(zer)

®)

Osno =

evaluated at the mean redshift of the bin z.g for the cosmology
of the simulation given in Sect. 2. The measurement of w(6) was
performed with the code TreeCorr (Jarvis et al. 2004).

3.3. Covariance

Two approaches were considered to compute the covariance of
the two-point angular correlation function. For individual bin
analyses, in which one value of the a parameter is fitted for each
redshift bin, we used the jackknife covariance matrix built from
the data vector measured with TreeCorr, while joint analyses
used an analytical covariance computed with CosmoCov (Krause
& Eifler 2017). The jackknife covariance was computed by re-
sampling Nyacn = 500 patches of approximately 10 deg? each.
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This choice was made to ensure that the jackknife uncertain-
ties converged with respect to the number of patches. For in-
stance, using Npaceh = 210 yields jackknife errors that are nearly
20% larger than those obtained with Npyen = 500 on large
scales, whereas increasing the number from 500 to 1000 patches
changes the errors by only ~ 5%. The use of an analytical covari-
ance was made necessary by the noise in the jackknife covari-
ance of the 13 redshift bins, even with 500 patches. Increasing to
a larger number of patches yields very little improvement in that
regard.
The jackknife covariance matrix was computed with

Cov'®(wij (0), wi (6))

Npatch -1 S (n) — n) 1 — ’
= B (W @) - Wy 0) (wl) @) - Fu @) . )

N,
patch =1

where n is the index of the jackknife realisation, w;; (6) is the
correlation of redshift bins 7 and j at angular separation 6, and
w;; stands for the mean over all jackknife realisations for each
angular separation w;; (6) = Npiwh Z:/fl‘“h wE;) ).

We checked that the jackknife covariance matrix of each in-
dividual redshift bin is numerically stable with condition num-
bers ranging from 2.3 x 10* for the covariance of the last redshift
bin to 2.2 10° for the first bin. Multiplying each of the jackknife
covariances by its inverse yields the identity matrix, as expected
from a numerically stable matrix, with a ratio between the di-
agonal and off-diagonal terms larger than 10'3. In the Markov
chain Monte Carlo (MCMC) analyses of Sect. 5, the inverse of
the covariance was corrected by the Hartlap multiplicative factor
defined in Hartlap et al. (2007):

Npatch - Nb -2
Npatch -1

where N, is the number of angular bins in the data vector.

The analytical covariance used in Sect. 5.3 is the sum of the
Gaussian and super-sample contributions, leaving aside the con-
nected non-Gaussian term from modes within the footprint. The
Gaussian term was computed using CosmoCov as in Krause &
Eifler (2017) and Fang et al. (2020b), with a correction for the
survey footprint as in Troxel et al. (2018) and without consider-
ing the Limber approximation (Fang et al. 2020a)

Y= , (10)

4765, oK
Cov® (€0 Cul0)) = 5375 [(Cik(f) v n—")

b o5& %,
X [Cﬂw') + _—’] + (c,-m + _—”][C,»k(f'> + 4]} . D
n; n; n;
with C;; the angular power spectrum of redshift bins i and j, Q
the survey area, 7 the effective number density of galaxies, and
i, j, k, and [ are the indices of the redshift bins. The two-point
angular correlation function was then computed from angular
power spectra with (DES Collaboration: Abbott et al. 2024)

Cov (wi; (8), wu (8))
o+ D2+ 1)

(4m)? P(6) P (') Cov® (Cij (), Cu (f’)) ,

or
(12)

with P, the Legendre polynomial averaged over angular bins
Jort dx Pex) [P (x) = Pyl

Xmin — Xmin , (13)
Xmax — Xmin (2€ + 1)(Xmax — Xmin)

=
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in which x = cos(6) with 6yin, Omax the lower and upper limits of
each angular bin.

As for the super-sample covariance (SSC) contribution to
the covariance, it was computed following the fast approxima-
tion from Lacasa & Grain (2019) extended to partial-sky in
Gouyou Beauchamps et al. (2022) to go beyond the full-sky ap-
proximation by taking into account the footprint of the survey

CovSSC (wij (6), wia () ~ Wij (6) Wia (6) S s » (14)
where Ww;; (6) was computed as

. 20+ 1

iy () = ) =5 — Re Cij(0) Pe(cos 6) =t (R wij)(®),  (15)

14

. Poal (k.
with R, the response 8%%;‘)“) of the galaxy power spectrum to

variations in the background density, 6. The S ; 3 matrix element
was computed using the implementation from PySSC? as

Wi(z1) W(z1) Wi(z2) Wiz2) 0221, 22)
[avi Wiz) Wizy) [dVa Wilzo) Wiza)
(16)

Sijkl = de] dv,

where W; is the kernel of the observable in redshift bin i, the
kernel being the normalised redshift distribution p;(z) in the case
of photometric galaxy clustering. The comoving volume element
dV = r*(z)(dr/dz) dz was integrated between z = 0 and z =
Zmax = 3. The variance of the background density o2 is, for a
survey with a window function ‘W (angular mask) of angular
power spectrum CV:

1
2 — W
0 (z1,22) = o é L+ 1HCm O C,z1,22),s

(a7

where the angular matter power spectrum between redshifts
z1 and z, was obtained from the 3D matter cross-spectrum
Pu(k|z12) = D(z1) D(22) Pu(k,z = 0) with

2 Kmax .
Ct,z1,22) = - f I dk Pr(k|z1) je (kry) je (kra) . (18)

Kin

where D(z) is the linear growth factor, r; = r(z;) is the comoving
radial distance, ki, = 0.1/7(Zmax), and kpax = 10/7(Zmin)-

We used the anafast routine from the HEALPix® library
(Zonca et al. 2019; Gérski et al. 2005) to compute CW. We made
the approximation of a constant R, = 5, which reduces the con-
volution product to a multiplication. A detailed discussion on
the response of the SSC can be found in Euclid Collaboration:
Sciotti et al. (2024). The approximation on R, used in this work
has an impact that does not exceed 0.5% on @ and 3% on its un-
certainty in all redshift bins, which is expected given the angular
scales and redshifts considered.

4. Methodology
4.1. Galaxy bias

A fit of the linear galaxy bias b(z) was performed in each
redshift bin using the jackknife covariance and the residuals
w(60) —bzwﬁd,bzl (6), where wggq =1 denotes the theoretical angular

2 https://github.com/fabienlacasa/PySSC
3 http://healpix.sf.net


https://github.com/fabienlacasa/PySSC
http://healpix.sf.net

Euclid Collaboration: Duret et al.: Baryon acoustic oscillation analysis of photometric galaxy clustering in configuration space

Table 1. Priors used for the template-fitting parameters.

a 103 Ao
[0.8,1.2] [-1,1]

1°4;i#0) B
[=5.5] [0.2,6]

Notes. With the first template, defined in Eq. (20), the A; parameters
have a unit of deg’. For the other templates, defined in Sect. 5.5, the
units should be adapted to have a template T'(a, ) of unit consistent
with w(6).

correlation function defined in Eq. (2) computed with the Flag-
ship cosmology and a galaxy bias b = 1. We used scales between
(0°5 and 4° in this full shape fit. A third-order polynomial was
then fitted to the result

b(z) = b3z’ + bor> + bz + by, (19)
which was then used in Eq. (5) to compute the theoretical model
of the two-point angular correlation function.

4.2. BAO template fitting

To extract the BAO feature from the photometric sample, we per-
formed the fitting between the measured w(6) and a template de-
rived from the theoretical two-point angular correlation function
wiq(6) computed for the fiducial cosmology described in Sect. 2.
The template is defined as

T (a,0) := BWﬁd(dQ)"‘AO"‘% + % (20)
where « is the transverse Alcock—Paczynski parameter quantify-
ing an eventual shift of the BAO peak between the measured w(6)
and the fiducial wqq(6). The nuisance parameters B, Ag, Aj, and
A, are needed to marginalise over the shape of w(6) and absorb
residual effects such as non-linear galaxy bias to only extract
information from the BAO peak. Different template parametri-
sations can be used and we verify in Sect. 5.5 that the choice of
polynomial has minimal impact on the & parameter. The parame-
ter of interest in this work is « and, since the fiducial cosmology
used to compute wgg(6) is the same as the simulation, we ex-
pect to recover @ = 1. On the contrary, using a different fiducial
cosmology to compute wgq(6) should result in o # 1.

We considered one set of nuisance parameters per redshift
bin, since these parameters can in principle vary with redshift.
This represents a total of 53 parameters for the joint analy-
sis and 5 parameters for the analysis of each of the 13 bins.
In the joint analysis, we included the cross-covariance from
the redshift bins. The MCMC technique was used to quantify
the uncertainty on @ marginalised over the nuisance parame-
ters. The emcee sampler introduced in Foreman-Mackey et al.
(2013) was used with the Gelman—Rubin convergence stopping
criterion described in Gelman & Rubin (1992) with a threshold
Rgr — 1 = 0.005 for analyses on individual redshift bins and
Rgr — 1 = 0.02 for joint analyses. These thresholds were chosen
to stop chains when parameter values and uncertainties reached
a plateau. Uniform priors applied to the template parameters are
presented in Table 1.

As a comparison to MCMC, we also considered the fre-
quentist approach of profile likelihood to provide constraints in
the joint analysis. We obtained the profile likelihood Ay?(a) =
o) - )(2(01)|m. by computing the best fit y for each value of o
between 0.8 and 1.2 in steps of 0.001. We then fitted an 8th-order
polynomial to this profile to compute Ay?. The 1o uncertainty

on a is then given by Ay? = 1. In the joint analysis, the resolu-
tion of the grid of @ on which this polynomial was evaluated was
increased to use steps of 0.0001 to match the increased constrain-
ing power. We also used this frequentist approach to quantify the
significance of the BAO detection as

12

Ader = |2 @min) = X2 wigge(@min)| 21)

evaluated at the @i, value minimising 7 (a). The 2 wiggle WS

computed using the w(6) in which the BAO peak was removed
with the filter proposed in Kirkby et al. (2013), unlike the w(6)
used to obtain y%. The code iminuit based on the MINUIT
algorithm was used to this effect (Dembinski et al. 2020; James
& Roos 1975).

4.3. Cosmological parameters

Extracting the transverse Alcock—Paczynski a parameter in suc-
cessive tomographic bins of redshift allows us to constrain the
evolution of the expansion of the Universe. Indeed, the @ param-
eter can be expressed as

_ DA 145a

= —_—, (22)
ra Da fa

where Dy is the angular diameter distance, r4 corresponds to the
sound horizon at the drag epoch, and the fid label stands for the
values in the fiducial cosmology. The details of the computation
of r4 can be found in Appendix A. We sampled over & rq and Q,
with MCMC, comparing the @; value for each redshift bin to the
theoretical expected value of the fiducial cosmology. In Eq. (22),
the respective quantities are all evaluated at the effective redshift.
The effective redshift of bin i is defined as
"Tmax
i [ dzzpia. 23)
0

where p;(z) is the normalised distribution of photometric red-
shifts shown in Fig. 1. We checked that using the median red-
shift of each redshift bin did not affect the constraints on A ry
and Q, significantly (shifts of 0.06 o and 0.02 o, respectively).
We used large uniform priors Q,, € U[0.1,0.9] and hrqy €
U [20,1000] Mpc.

5. Results
5.1. Individual bins BAO measurement

In this section, we present the constraints obtained by applying
the template fit to one redshift bin at a time, yielding 13 values of
the @ parameter. This reduces the constraining power over each
a with respect to a joint analysis but gives information about
the redshift evolution that can be used to constrain cosmological
parameters as explained in Sect. 4.3. It is also a more relevant
analysis in our setup given the caveat of fitting a unique « ex-
plained at the end of Sect. 5.3. The scale cuts used are G, = 026,
Omax = Osr0+2°5, visible as grey bands in Fig. 2 and are discussed
in detail in Sect. 5.6. We clearly observe that the BAO peak shifts
to smaller angular separations as redshift increases, moving from
7° in the first redshift bin to 126 in the last. We study the impact
of a different choice of scale cuts in Sect. 5.6.

We first report the estimate of the linear galaxy bias, shown
in Fig. 3 with the best fit obtained for b3 = 0.2681, b, =
—0.4090, b; = 0.6944, and by = 0.9493 as the coeflicients of
Eq. (19). These values of the bias coefficients are then used to
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Fig. 2. Two-point angular correlation function measured on the Flagship simulation in 13 redshift bins. The errors come from the analytical
covariance presented in Sect. 3.3. The orange curve is the correlation function computed using the template from Eq. (20) evaluated with the
parameters inferred from MCMC in each redshift bin while the red curve uses parameters from a joint analysis of all redshift bins. Scale cuts
are shown as grey bands and are defined as Oy, = 076, Oax = a0 + 225, Where 6g,0 is the expected position of the BAO peak in the fiducial

cosmology.

compute the fiducial wgq(f) that is injected in the template of
Eq. (20). The shape of w(6) and eventual non-linearities of the
galaxy bias at small scales or systematic effects are absorbed by
the template nuisance parameters without affecting a, our pa-
rameter of interest.

Table 2 groups the results for « in all 13 redshift bins, along
with the associated sigma level of BAO detection. We first notice
that the 1 o uncertainty is larger at low redshift. This is due to
the smearing of the BAO signal by the variations in the peak
position in each bin, in addition to the non-linear evolution of
the large-scale structures under the effect of gravitation. This is
clearly visible in Fig. 2 where the BAO signal is much more
peaked at higher redshift. The parameter « is compatible with
a = 1 within 1 o in all redshift bins with the exception of bin 11
at zeg = 1.245 for which we find a 1.3 ¢ shift. This bin is also
the one with the strongest constraining power, explained by the
high redshift and small scatter of photometric redshifts onmap =
0.024. As for the level of detection of the BAO signal, we find
four redshift bins with no significant detection, bins 1, 3, 4, and
6. Otherwise, the significance of the detections ranges between
1.1 and 4.0 o detections, with a maximum at z.¢ = 1.245 and the
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Fig. 3. Galaxy bias measured on Flagship 2.1 between (025 and 4° and
its polynomial fit.

1 o uncertainty on « decreases as the detection level increases,
as expected. The evolution of D /r4 as a function of redshift can
be seen in Fig. 4 along with the results obtained with a DR1-like
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Table 2. Values of « extracted from the MCMC analysis in each of the
13 redshift bins.

Bin  zeg a Da/ra Ager (0)
10290 1.026*012  6.509+0774 -
2 0374 1.0447007 78477079
30436 095770012 738851092 -
4 0527 1.003*0M¢  9.155+133 -
50613 1.0027097  9.8354077 1]
6 0705 09850087 10249+0905 -
70802 0932:992 10.1601978 1.8
8  0.858 1.052007 11716*0746 18
9 0972 1.0377007  11.948%097 23
10 1.090 1.0157092  11.988%033 30
11 1.245 10317002 12.429702% 4
12 1488 0.996700% 12.171*04% 25
131922 09917093 120091046 2.9

Notes. The detection level is defined in Eq. (21). When the significance
is smaller than 1 o, the result is considered as a non-detection and indi-
cated with a dash.

14 F T T T T 7

12 ! _—H—--E" --{—{ ________ 5

Fiducial ]

DR3, equipopulated
/ DRI1, equipopulated
{ DRS3, equidistant 1

0.5 1 1.5 2
Zeff

Fig. 4. Comparison of the constraints on Dy /ry with equipopulated and
equidistant redshift bins for DR3 and DR1.

selection and a different binning scheme, discussed, respectively,
at the end of this section and in Sect. 5.8.

When averaged over all redshift bins, the shift between the
results obtained with the jackknife and with the analytical co-
variances is smaller than 0.3 o with the measured data vector and
0.08 o with a noise-free synthetic data vector computed similarly
to the theoretical model, used to check that the shifts observed
with respect to @ = 1 are explained by the quality of the mea-
sured w(6).

The impact of the choice of fiducial cosmology was inves-
tigated by varying & from 0.67 to 0.73. Galaxy bias was fitted
again before repeating the MCMC analysis bin by bin. We ex-

1 _____ = Py - | g ey gy [ g mp g [ g o= ey s s gy [ g g—y——
h=0.73

= stk —— Qedm = 0.281 |
I : — Qcam = 0.259
S 0
<
2 -05¢ ]

—1 T T S T S S

0.5 0.8 1 1.2 1.5 1.8
Zeff

Fig. 5. Effect of the fiducial cosmology on « in all redshift bins for
three variations replacing 2 = 0.67 by 2 = 0.73 and Q. = 0.270
by Qcam = 0.281 or Qg = 0.259. The dashed line shows a relative
difference of 1%. The effect of the fiducial cosmology is negligible with
respect to the uncertainties varying between + 0.13 and + 0.024.

Table 3. Values of « extracted from the MCMC analysis in a DR1-like
setting in each equipopulated redshift bin.

Bin Zoff a Dy/rqg Aget (0)

1 0307 1.055%012 696410673 -
] 0.96

2 0432 10217018 836410967 -

30578 1.086700% 103727064 13
RE 190

4 0727 09097013 9571719 L1

5 0.893 1.016*3120  11.450*13%2 -

6 1325 1.0457007  12.68010%% 1.1

pect a shift of @ by a factor
D =0.73,Q =0.
ath =073, Qn) rah = 0.67, 0o, @m) _ ) gor (24)

ra(h = 0.73, wp, wm) Da(h = 0.67, Q)

After correction by this shift, we measure a remaining maxi-
mum relative difference |Aal/a of 0.01, the average over all red-
shift bins being 0.0012. This is illustrated in Fig. 5. As an addi-
tional test, we varied Qcgm by = 5 0 panck, keeping 7 = 0.67 and
Qp = 0.049. With Q.4 = 0.281 and Qg = 0.259, we find a
remaining maximum relative difference |Aa|/a of, respectively,
0.9% and 0.4%, the average over all redshift bins being 0.31%
and 0.13%. These variations are negligible compared to the un-
certainties on «, which shows that the analysis is robust against
the choice of fiducial cosmology.

We also provide constraints in a DR1-like setting with a sam-
ple divided into six redshift bins. The measurement of w(6) and
BAO analysis were done following the same procedure. In this
case, we find that the constraints on « in bins 1 to 6, listed in
Table 3, are in agreement with @ = 1 within 1 0. If we com-
pare bins of similar effective redshifts, the constraints are about
20% weaker than with 13 bins in the first bins and significantly
worse in the last two bins. The detection of the BAO signal is
overall weaker than with 13 redshift bins, with no significant de-
tection in bins 1, 2, and 5. These results are expected from the
larger uncertainties on w(6) and the larger bins: intra-bin vari-
ations in the BAO scale dilute the signal. Note that the LSST-
like photometry assumed to infer photometric redshifts is even
more optimistic for this setting than for the previous one, since
this photometry will not be available at the time of this data re-
lease. Instead, photometry from the Dark Energy Survey will be
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Fig. 6. Constraints on hry and Q,,, from BAO. They are in agreement
with the fiducial values hry = 98.58 Mpc and Q,, = 0.319, shown in
blue, within 0.34 0 and 0.18 o, respectively.

used (Abbott et al. 2018). For this reason, the fact that the red-
shift distribution p(z) is well known is only true with the Flag-
ship simulation. With data, calibrating the p(z) bias and stretch
prior to the analysis will be mandatory, as in DES Collaboration:
Abbott et al. (2024). Ideally, these nuisance parameters for the
bias and stretch of p(z) will be marginalised over in the MCMC
analysis of DR1 data as in Euclid Collaboration: Bertmann et al.
(2026). These constraints could probably be improved with anal-
ysis choices tailored to this sample, for example with different
scale cuts.

5.2. Cosmological constraints from BAO

One can constrain Q, and hry by sampling them in their de-
pendence with respect to the values of «;, i € [1,13] (Eq. 22
and Appendix A) obtained by template fitting in each individ-
ual bin. We list in Table 2 the values of @; and the associ-
ated uncertainties obtained by MCMC analysis. In order to ac-
count for correlations between different redshift bins, we esti-
mate their covariance from the «; values extracted from w(6)
measured in the jackknife samples. The first three bins are ex-
cluded from the cosmological analysis because the model itself
contains too little BAO signal there: this is confirmed by obtain-
ing Aget < 10 when fitting a noise-free synthetic data vector
instead of the measured w(6). In Fig. 6, we show the constraints
obtained on hrg and Qn. We measure Qn, = 0.296*0070 and

hrq = 99.35%2 Mpc, in agreement with the simulation cosmol-
ogy within 0.34 o and 0.18 o, respectively. We acknowledge that
these constraints are weak when compared to DESI DR2, which
yields Q,, = 0.2975 + 0.0086, hrq = 101.54 + 0.73 Mpc (DESI
Collaboration: Abdul Karim et al. 2025). This is explained by the
fact that we only use the transverse Alcock—Paczynski parameter
and not the radial component ¢ and by the lack of optimisation
of the galaxy sample and redshift binning.

We checked how excluding different redshift bins from this
analysis affects the cosmological constraints. The baseline anal-
ysis excludes the first three redshift bins so we consider the «;,
i € [3,13] obtained by template fitting on w(f) measured on
Flagship. The associated result is shown at the top of Fig. 7 for
Qu (left panel) and & r4 (right panel), with the uncertainty of the
baseline in grey. Then, we removed one redshift bin at a time.
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Fig. 7. Comparison of cosmological parameters obtained when redshift
bins are removed from the analysis. The fiducial values of the simulation
are highlighted as a vertical dashed line. The baseline including bins 4
to 13 is at the top as a reference, with its associated uncertainty shown
in grey.

Redshift bins 3 to 6 have only a marginal effect on the value of
Q. and hry, with a slight increase in the uncertainty of 4% to
15% for Q,, and 3% to 11% for hryq. Redshift bin 7 seems to
have a large weight in shifting €, and /& ry towards smaller and
larger values, respectively: when it is excluded, we find estimates
of Q, and hrq that are shifted by 1 and 1.2 o with respect to
the fiducial values, in units of the baseline uncertainty, while the
uncertainties are 46% and 16% larger. Removing the other bins
has a much smaller effect, with variations of the uncertainties
that are within 7%. Two exceptions are bin 11, which increases
the uncertainty of Q,, by 22% owing to its strong constraining
power, and bin 13, which shifts Q,, by 1.30 and hrg by 1o
while increasing the uncertainty of the latter by 11%.

5.3. Joint BAO measurement

We now present the constraints on @ obtained with a joint anal-
ysis of the 13 redshift bins. We used the template as defined in
Sect. 4.2 extended to have bin-specific nuisance parameters B;,
Ay, Ay, and Ay with i € [1, 13]. We used the analytical covari-
ance (Gaussian and SSC) for this joint analysis.

For this joint analysis with all redshift bins, we report a con-
straint of @ = 1.0011*:9078, obtained with a profile likelihood
approach (Ade et al. 2014). This approach consists in minimis-
ing the y? while fixing a parameter at various values to obtain
a profile of x? as a function of this parameter. Repeating this
with another model of w(6), we can then obtain the difference
of the profiles, Ay?. This result might seem optimistic given that
it represents an improvement by a factor of 3 with respect to
the latest results from the DES Y6 analysis, which yields a con-
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are successively removed. Bin 11 with effective redshift z.s = 1.245
has a larger effect on the joint constraints compared to other bins, as
one can see from the shift and increase in the uncertainty when it is not
included. Selecting high- or low-redshift bins, respectively, induces a
1.3 or 2.8 0y vins shift towards higher or lower values for a.

straint of « at the 2.4% level with the angular two-point corre-
lation function. However, several factors need to be taken into
account in this comparison. The first one is that this work uses
data from a simulation and so it is inherently optimistic since
it is free from systematic effects while DES Y6 uses real ob-
servations and has to correct them. In DES Y6, 5 redshift bins
between 0.7 < z < 1.2 are used whereas the Flagship sample is
here divided into 13 redshift bins between 0.2 < z < 2.5, which
increases significantly the constraining power of the joint analy-
sis. We quantified the significance of the BAO detection defined
in Sect. 4.2 to be Ager = 10.3 o with our data compared to 3.5 o
in DES Y6. We also find significantly tighter constraints in each
individual redshift bin, contributing to this result.

For this joint analysis, we find that the results obtained with
profile likelihood and MCMC differ significantly because of the
combined effect of the strong constraining power and the inter-
play between the theoretical model and our data at scales smaller
than 1°, which creates oscillations in the posterior distribution.
This results in a poor exploration of a noisy posterior distribu-
tion where the MCMC becomes trapped in a local maximum,
whereas the polynomial fit used in the profile likelihood method-
ology introduced at the end of Sect. 4.2 circumvents this issue.
Investigations of this issue are provided in Appendix C. The poor
exploration by the MCMC persists even when we increased the
standard deviation of the initialisation values of the walkers from
10~ to 1072, when we changed the move strategy or adopted
a larger stretch scale parameter. Increasing the Core Cosmol-
ogy Library internal spline parameter ELL_MAX_CORR con-
trolling the maximum ¢ used in the FFTLog computation of
w(8) from its default value of 60 000 to 150 000 completely re-
moves these oscillations. We then obtain a joint constraint of
a = 1.0055f8:88§(1). The constraint obtained from MCMC with
this new parameter value is @ = 1.0049 £0.0059, in better agree-
ment with the profile likelihood result.

We further investigate this result by using a similar approach
to DES Y6 by excluding redshift bins in which the BAO sig-
nal is not detected with sufficient strength. In this case, Age is
computed for each individual redshift bin and a non-detection
is then defined as a detection level Ag; < 1. A non-detection
in the first bin (0.6 < z < 0.7) is the reason why 5 bins were
used in the analysis of DES Y6 instead of 6. After excluding

the redshift bins with no significant detection, we report a value
a = 1.0023”_’818822, almost identical to the result obtained when
including all the redshift bins. The fact that the increase in the
uncertainty is as small as 4.5% despite removing three out of 13
bins can be understood by the fact that if redshift bins have no
significant detection of the BAO signal then they provide very
little constraining power on a. We check the robustness of our
result with respect to all the redshift bins included in the joint

analysis in Sect. 5.4.

An important caveat to fitting a unique « to all redshift bins
is that it assumes a perfect match between the fiducial cosmol-
ogy and the true cosmology of the Universe, which is unknown.
Any mismatch leads to a variation in « that depends on red-
shift. This effect can be quantified thanks to the definition of
a in Eq. (22) in which Dy and rq are computed for different
cosmologies while Dp g4 and rq sq are constant at the fiducial
cosmology of the Flagship simulation. We checked that varying
Qcam, b, and h by 5% leads to a maximum expected variation
in @ of 1% between the first and last redshift bin. This maxi-
mum variation in «@ scales linearly as a(zeg = 1.922)/a(zeq =
0.290) o< 0.2 A(Qcam, b, /). This corresponds to having a one
sigma shift between the first and last redshift bin (joint con-
straint of 0.78%) if the fiducial cosmology is wrong with re-
spect to the true one by 2.1 0 pjanck18(Qedm) and 2.3 0 pranck18(b)
at the same time (Planck Collaboration: Aghanim et al. 2020,
TT,TE,EE+lowE+lensing). Given the constraint obtained on «,
this effect is non-negligible and is a limit to this joint analysis.
For this reason, the main analysis is performed in individual red-
shift bins in Sect. 5.1.

5.4. Robustness validation

In this section, the impact of the different redshift bins in the
joint analysis is evaluated by removing each of the 13 redshift
bins, one at a time. The constraints on « for all these cases are
shown in Fig. 8. While most bins have very little effect on the
constraints, removing the redshift bin 11 at z.g = 1.245 from
the joint analysis decreases @ by 1 o pins- It also increases un-
certainties by 11%, which is expected given that we remove one
of the redshift bins with the most constraining power. This con-
straining power can be understood by studying the properties
of the photometric redshifts computed for the Flagship galaxy
mock catalogue. Indeed, comparing them to the true redshifts
of the simulation using the same binning, we find that with a
measure of the scatter oyvap robust to outliers and defined in
Eq. (1), bin 11 has a scatter that is about 25% smaller than bins
12 and 13. The combination of good photometric redshifts and
high redshift explains the importance of this bin.

If we compare constraints from bins with redshift z.g <
0.9 to the baseline with all bins, we find that « is shifted
by 2.8 011 bins towards smaller values and its uncertainty is in-
creased by a factor of two. On the contrary, including high-
redshift bins z.¢ > 0.9 and removing low-redshift bins, the shift
towards a larger value of « is limited to 1.3 04y bins.- The uncer-
tainty is only increased by 14.6%, in this case. These results can
be understood in light of the constraints from individual bins de-
tailed in Table 2. Bins at zeg < 0.9 with the largest level of sig-
nificance of BAO detection are biased towards low values of «;,
which explains why the joint value of @ increases when they are
removed. On the other hand, bins at z.¢ > 0.9 are overall biased
towards larger values of «;, which explains why removing them
decreases the value of the joint @. The large difference in the un-
certainty values for these last two cases (1.3 against 2.8 04 bins)
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Fig. 9. Comparison of templates for BAO fitting as a function of the redshift bin. The first panel represents the shift of @ with respect to the
reference (template 1). We highlight by transparency templates 2, 4, 5, and 6, which do not include a term in -2 to showcase the fact that they
all have larger shifts at low redshift. The 1% dashed blue lines are a reference to guide the eye rather than a goal, given that the uncertainty on
« is much larger in the first bins. In the second panel, we see that the highlighted templates underestimate the uncertainty while the last panel

. L -1/2
represents the agreement of the various measurements computed in sigmas as | — @l (0'2 + o-fef) .

can be explained by the much tighter constraints obtained at high
redshift, where the BAO peak is not smeared.

5.5. Comparison of fitting templates

The polynomial correction applied in the template is defined ar-
bitrarily and different choices can be found in the literature. It is
important to check whether the polynomial includes enough or-
ders to absorb the shape of w(6) and eventual non-linearities of
the galaxy bias. In this context, we explored ten different com-
binations of orders leading to ten templates using the same scale
cuts and fiducial cosmology as for the analysis of the individual
bins. The templates considered in this analysis are

— template 1: Bwxg(af) + Apg + Ay 0l +A,072,

— template 2: Bwgq(af) + Ag + A0+ A 07",

— template 3: Bwxg(af) + Ag + A10 + Ay 672,

— template 4: Bwgq(af) + Ag + A0 + A6,

— template 5: Bwgg(af) + Ag + Ay 071 + A2,

— template 6: Bwgq(af) + Ag + A, 67!,

— template 7: Bwgg(af) + Ao + Ay 0l +A,072+ 45073,

— template 8: Bwgg(af)+Ag+A; 7'+ A, 072+ A3 03+ 4,674,
— template 9: Bwgg(af) + Ag + Ay 0+ 4,072 + A50,

— template 10: Bwig(af) + Ag+ A 07" + A, 072 + A30 + A,0% .

The comparison of the resulting « for each template with re-
spect to the fiducial template 1 is shown in Fig. 9. Constraints
from templates 2, 4, 5, and 6 are highlighted because they are
consistent with each other and significantly different from the
reference at low redshift. These templates do not have a term in
1/6%. From this observation, it seems that this order is needed.
We find that the 10 uncertainty on « is systematically under-
estimated by 10% with templates 2, 4, 5, and 6. This result is
still observed when a noise-free synthetic data vector is used
instead of the measured two-point correlation function. On the
contrary, we see almost no variation in the results between the
other templates with additional orders 673,607%,0,6%, at the ex-
ception of templates 7 and, to a lesser extent, 8. These templates
yield significantly larger uncertainties on « in bins 7 and 9, up to
46%. Among these other templates, the agreement of the various

/2 .
o , remains

within 0.15 o when varying the reference template. When cos-
mological constraints are inferred, as shown in Fig. 10, we find

measurements of @, defined as | — @] (0'2 + 02 )
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Fig. 10. Comparison of templates 1, 4, and 7 for BAO fitting at the
level of cosmological parameters. Templates 7 and 8 show contours
that are the least biased, whereas template 4 exhibits the largest shifts
with 0.63 o and 0.45 o on Q,, and £ ry4. Other templates have similarly-
biased contours.

that templates 7 and 8 yield the least biased results. For template
8, the shifts are 0.07 o in Q,, and 0.23 o in h ry , while for tem-
plate 7 they are 0.12 o and 0.05 o, respectively. The third least
biased constraints are obtained with template 1, with shifts of
0.34 0 and 0.18 o, as mentioned above. Template 4 performs the
worst, with biases of 0.63 o~ and 0.45 o~. Given the results at the
level of @ constraints, we nevertheless adopt template 1 for the
main analysis. However, it would be interesting to investigate
why template 7 leads to improved cosmological constraints.

Another important aspect of the robustness of the template
is to be able to handle shifts of the fiducial cosmology with re-
spect to the true cosmology. As such, the previous comparison
was repeated in a setup where the fiducial cosmology was al-
tered to differ from the cosmology from the Flagship simulation,
using & = 0.73 instead of & = 0.67. In this case, we find that
the absolute shift of @ with respect to the expected value of 1
averaged over all redshift bins (|1 — a|) for templates 1, 3, 7, 8§,
9, 10 (we exclude templates without order 67?) is, respectively,
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Table 4. Values of « obtained with various templates using a fiducial cosmology that differs from the simulation cosmology (2 = 0.73 against

h =0.67).

Template Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8 Bin 9 Bin 10 Bin 11 Bin 12 Bin 13 (|1 — a|) {(oes)

1 1.013 1.046 0.969 1.011 1.012 0.996 0.949 1.069 1.047
1.038 1.057 0.956 1.014 1.003 0.979 0.949 1.066 1.038
1.010 1.042 0.970 1.027 1.010 0.996 0.952 1.068 1.056 1.032
0.992 1.052 0.969 1.017 1.015 1.000 0.956 1.070 1.059 1.032
1.034 1.052 0.970 1.016 1.005 0.994 0.949 1.067 1.049 1.032
1.026 1.052 0.967 1.016 1.012 0.993 0.947 1.063 1.048

—_
o O 00 W

1.032
1.033

1.049
1.048
1.047
1.045
1.048
1.048

1.011
1.012
1.013
1.015
1.012
1.012

1.010
1.009
1.007
1.005
1.009
1.010

0.030
0.033
0.030
0.030
0.031
0.032

0.068
0.064
0.070
0.070
0.067

1.032 0.062

Notes. The templates used here are the reference template 1 and templates including higher polynomial orders. The columns (|1 — @|) and {o¢s)
are, respectively, the bias and the uncertainty of @ averaged over all redshift bins. We find that template 1 has the smallest {(o¢s) among templates

of minimum bias (|1 — a|) = 0.03.

_ T T T T T T T T T — T T 3 @
L, 0.5 F % Bin 1 F L Bin3 | L . ;i Bin 4 3,
S ¥ 5 o Aﬂlvﬂl 0 e}
i 3}’5,;_""""""75 Ehak R A B I I M, 2
— 3 1 F° S O T TP e L T <
Ml I P —— T Attt
S ?w Sem® .‘? t" §
—1.5 L fesitho L) . . . . . . . ] u " 1 <
0 2 4 6 0 1.5 3 45 0 1.2 2.4 36 0 1 2 3 5
& o5l Bins | | Bin6 | | Bin7 | | -, :#tddaiigg
3 a0t . . : .
i -%"—f;:::_::nvmrﬂ**" ek ”—:—ujjf——u—uttrv-v -------- :—.—: ----------- st et e 9
“l‘ —0.5 : 1 r 1 F : 1 r 1
S HLLEITIIIE Bin 8
—-1.5 L L L L L L L L L L L 1
0 07 14 21 0 0.7 1.4 21 0 0.6 1.2 1.8 0 0.6 1.2 1.8
. ' 11y | ' ' ' ' C ' ' ' 3 @
% 05 PELLALLLL N Tetetrgan | caes 11 : : =
:° S . o)
[ Rt (Y S N [ — N S . = ——— — JUVEVEVE LY D Sy i S o e —_
= . . R : 9 &
‘_I‘ —05 7 1 r H 1 T 1 r 1 QT
S Bin 9 Bin 10 Bin 11 Bin 12 §
—-1.5 L L L L L L L L L L L L 1<
0 0.5 1 1.5 30 0.4 0.8 1.2 0 0.3 06 0.9 0 0.3 0.6 0.9
i ' ' . ' min emin min
ol  Bin13 Ornin [deg] [deg] Omin [deg]
S T S
= . ¢ 2
‘_I‘ —0.5 : o T
S T
—-1.5 : : : 1
0 02 04 006
emin [deg]

Fig. 11. Bias (a — 1)/, of a with respect to its uncertainty from Table 2 as a function of ,;, and 6, (colour) in the 13 redshift bins of the
analysis. The dashed line corresponds to @ — 1 = 0. In this analysis, « is obtained by best fit rather than MCMC. In almost all redshift bins,

including small scales helps in recovering an unbiased estimate of «.

0.030, 0.033, 0.030, 0.030, 0.031, and 0.032. Table 4 presents the
results of this test, showing no preference for including higher
orders in the template polynomial when it comes to robustness
with respect to the choice of fiducial cosmology.

5.6. Effect of the scale cuts

The large redshift range 0.2 < z < 2.5 included in this con-
figuration space analysis entails that 6, varies between 1°6
and 7°. In this situation, using a single scale cut for all bins or
a redshift-dependent one is not obvious. We performed a first
study of how « varies as a function of 6,;, and .« with a fit-
ting approach on a grid defined by 6,y € [0°2, 6054, — 1°] and

Omax € [Osro + 1°, 0540 + 3°] by steps of 0°1. The smallest data
vector considered is 65, = 1° with 20 points.

The results of this study are shown in Fig. 11. The bias (@ —
1)/o, varies with 6y, with a clear cut-off at 8 = 1°. Increasing
Omin beyond this cut-off tends to bias a, especially at low redshift,
where the BAO signal is smeared by intra-bin variations of the
BAO scale. While a pronounced evolution of @ with Opyax — G50
is visible at low redshift when 6,;, > 1°, no clear trend can be

found when 0,,;, < 1°, where the bias is the smallest.

Following these observations, we then carried out an MCMC
study on a smaller grid defined as 6, € [0°5, 027] with the same
0°1 resolution and 6px € [Oao + 1°, G0 + 225] with steps of
(0°5. On this grid, no significant variation in @ was observed with
both O, and Opax — Gsao. The same observations were made
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Fig. 12. Theoretical two-point correlation function computed with and
without RSDs using the redshift distributions of four redshift bins from
the Flagship simulation shown in Fig. 1.

when the analytical Gaussian covariance was used instead of
the jackknife covariance. The final scale cut chosen was then
Omin = 026, Omax = Opao +2°95, as it yielded the most robust results
across all redshift bins. In the O, Onax grid used for the MCMC,
the «; extracted in all bins are in agreement within 0.06 o~ on av-
erage and at most 0.25 0.

5.7. Impact of RSDs

In this section, we checked whether including RSDs in the theo-
retical model described in Sect. 3.1 affects the constraints on a.
The effect of RSDs over the two-point angular correlation func-
tion is illustrated in Fig. 12. The correlation function amplitude
is increased at large scales and low redshift. This is the Kaiser
effect, explained by the inflow of galaxies towards overdensities,
which is stronger at low redshift (Kaiser 1987).

However, the actual position of the BAO scale remains un-
changed and we see that this is reflected in the constraints ob-
tained from MCMC analysis. When RSDs are included, the tem-
plate nuisance parameters compensate for the effect of RSDs
with a significant decrease in A;, while Ay and A, are slightly
increased. This trend holds in all redshift bins except the last one
where the amplitude of the shifts becomes negligible. The rela-
tive difference |Aal/a averaged over all redshift bins is 0.25%,
the maximum being 0.5%. As for the uncertainty of «, its varia-
tions do not exceed 3.7% and are on average 1.4%. Thanks to the
template-fitting approach, the analysis is robust with respect to
RSDs. In any case, as explained in Sect. 3.1, RSDs are included
in the analysis.

5.8. Effect of the redshift binning scheme

In this section, we show the effect of the choice of using equidis-
tant redshift bins compared to the constraints obtained with
equipopulated bins while keeping the same fiducial choice of
template and scale cuts. This choice results in bins of width
Az = 0.177. For this analysis, the two-point correlation function
and galaxy bias were measured in the same way as described in
Sect. 3.2 for the equipopulated binning scheme. The rest of the
analysis was carried out in an identical way. Using this binning
scheme, we obtain equivalent constraints for redshift bins of sim-
ilar z., as reported in Table 5. Note that the equidistant binning
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Table 5. Values of « extracted from MCMC in each equidistant redshift
bin.

Bin  zes a Da/rq Ager (0)
0.090 0.599
10311 1.076*09%%  7.165*0:% -
2 0442 097470143 g g5+l -
3063 097170086 g645+085 -
0.076 0.830
40806 0.94670976  10.331*98%0 15
0.056 0.644
50961 1.033700%¢  11.8717064 1.6
6 1126 10077092 119631068 2
7 1286 1.022:002 123650266 4]
8 1474 10057095 122777048 26
9 1.641 0.955700%  11.678:0%1L 22
10 1.82 099610028 121247031 34
111993 096270028 11.613703% 34
12 2174 09377907 11.179708%9 2.1
132365 100170018 1176870212 46

Notes. As there are more redshift bins at higher redshifts, the detection
of the BAO signal is stronger than with equipopulated bins.

does not entail regularly spaced values of z.¢. The effective red-
shifts are still computed with Eq. (23). By construction, we have
more bins with high z.¢ where the BAO signal is not smeared
by the non-linear evolution of structures due to gravitation. Si-
multaneously, thinner redshift bins present a BAO signal that is
less diluted by intra-bin variations in the BAO scale. However,
the decrease in number density entails that the error bars of the
two-point correlation function are larger at high redshift. In our
case, this compromise yields more bins with high detection lev-
els and tight constraints on a. We also find several bins with low
values of a, two of them being more than 1 o away from a = 1,
at Zeg = 1.993 and 2.174.

Given these results, it seems that the equidistant scheme may
be more suitable for the BAO analysis than the equipopulated
scheme initially chosen to match the choice that maximises the
dark energy figure of merit of the 3x2-point analysis for Euclid.
In future Euclid BAO photometric analyses, an optimisation of
the photometric sample selection will be necessary.

6. Conclusions

In this work, we have estimated our ability to constrain cos-
mological parameters with the photometric sample of Euclid
through a BAO analysis of the Flagship galaxy mock catalogue,
whose area is intermediate between the expected observed sur-
vey area at DR1 and DR2. We have measured the two-point
correlation function in 13 redshift bins. We have extracted con-
straints on the BAO signal through the o parameter in each red-
shift bin but also using all bins jointly. The significance of the
BAO detection was quantified to reach Ageq = 10.3 o with the
joint analysis, a three-fold improvement with respect to the latest
results in photometric surveys (DES Y6), with similar or better
constraints in all redshift bins, while also covering a large range
of redshifts, 0.2 < z < 2.5. This result shows how powerful pho-
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tometric galaxy clustering can be with Euclid. From these BAO
constraints, we have derived constraints on different cosmologi-
cal parameters: Q, = 0.2967097 and hrq = 99.3572 Mpc in a
flat ACDM cosmology.

We have also studied different analysis choices, showing that
scale cuts can have a non-negligible effect on the value of the «
parameter. Indeed, if 6, > 1°, then we observe a bias, even
for low-redshift bins where the BAO peak is at large scales. On
the contrary, while omitting the order 62 in the template biases
the resulting cosmological constraints, there is no need to in-
clude higher orders in the template functional form used to fit
the BAO feature. The template is robust to the choice of fiducial
cosmology, with variations |A«|/a not exceeding 0.0031 when
averaged over all redshifts, well below the uncertainties of
given in Table 2. The template is efficient when it comes to ab-
sorbing effects that affect the amplitude of the two-point angular
correlation function such as RSDs: including or removing them
from the model, the constraints on @ remain unchanged at all
redshifts. An important point that was seen in both joint and in-
dividual redshift bin analyses is the robustness with respect to
the redshift bins included in the analysis. We have also checked
that there is no significant bias when a synthetic data vector is
used. However, when we consider the data vector measured on
the Flagship simulation, we have observed a shift of the « pa-
rameter and an increase in its uncertainty when redshift bin 11
is excluded. This effect is seen in both the joint analysis and the
cosmological parameters inferred from «;, i € [3,13]. This is
explained by the fact that this bin has the largest BAO detection
significance. This detailed study of the effect of each redshift bin
will be mandatory in future works, given that the strength of the
BAO signal and its effect on cosmological constraints change
with redshift.

Results from Sect. 5.8 suggest that there is margin for im-
provement in the constraints obtained from a BAO analysis by
optimising the redshift binning scheme. A galaxy sample selec-
tion taking into account both redshift and colour could be an-
other possible point of improvement for these results. However,
it is very promising to see that with a simulated area of 37% of
what is expected of Euclid DR3, the constraints on « are already
improved by a factor of three with respect to the current best
constraints from a single photometric survey.
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Appendix A: Computation of rq

In our analysis, we computed rq following the fast approxi-
mations described by equations (2) to (6) in Eisenstein & Hu
(1998). In these equations, we updated the CMB temperature to
its value Tcmp = 2.725 K reported in the final FIRAS CMB re-
sults (Mather et al. 1999). We report here the expressions used
for the redshift z.q and wavenumber of the particle horizon keq

at matter-radiation equality, where ®,7 = ;.C7M12’ as well as the
expression used for Zgrag:
Zeq = 2.5 X 10* w0y ®5% — 1 (A1)
keq = 0.0746 w053 ; (A2)
Zaragbt = 0313w (1+0.607 ™) ; (A.3)
Zdragp2 = 0.238 W02 (A4)
025! .
= m drag,b2

Zdrag = 1345 W (1 + Zdrag,b1 Wy N ) . (A5)
(A.6)

Then we compute the distance r4 as

3 1000
Rig = 22002) _ 3 5, @z 1000 (A7)
4py(zdrag) 1+ Zdrag

3pb(Zeq) 4 1000
= =31.5w,®;5 ——; A.8
« 4py(zeq) bT27 1+ Zeq ( )

2 6 1 + Rgrae + /Rarae + R,
ra = g YL Rume + VR + Ry (A.9)
3keq \ Req 1+ /Req

The prefactor 1345 in Eq. (A.6) was taken from Eq. (E-2) in
Hu & Sugiyama (1996) rather than the 1291 prefactor used in
Eisenstein & Hu (1998) as it provides significantly better agree-
ment with the results from the Boltzmann codes CAMB and CLASS
(Blas et al. 2011). Varying h, €, or Q, in [0.6, 0.8], [0.039,
0.059], and [0.17, 0.37], respectively, while fixing the other pa-
rameters to the fiducial values of Flagship, we find an average

relative difference r:‘é:;g — 1 of =0.04%, 0.01%, and 0.03% us-
ing 1345 as a prefactor against rd’if‘;g — 1 of 2.7%, 2.7%, and

2.6% using 1291.

Appendix B: Statistics of Flagship z,,

In this appendix, we present complementary statistics regarding
the photometric redshifts of the sample described in Sect. 2. In
addition to the normalised median absolute deviation o-nmap in-
troduced in Eq. (1), we consider the mean scaled bias

(B.1)

Zph — Ztrue
AZgcaled = <—>

1+ Zire

and the outlier fractions at 5, 10, and 15% 1,05, 70.10, and 19 15
defined as the fraction of galaxies for which the scaled bias is
larger than 0.05, 0.10, and 0.15. These metrics are grouped in
Table B.1 for the main sample used in the majority of this work
and defined with 13 equipopulated redshift bins. Table B.2 lists
the same results for the sample from Sect. 5.8 with 13 equidis-
tant bins and Table B.3 describes the properties of the DR1-like
sample used at the end of Sect. 5.1.

These metrics are illustrated in Fig. B.1 as a function of the
effective redshift of the various bins used in the three galaxy
samples. However, it is difficult to establish direct relationships
between these metrics and the inferred values of a.
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Appendix C: Profile likelihood comparisons

In order to understand the oscillations observed in the posterior
distribution of « in the individual bins and in the joint analy-
sis, we used the profile likelihood approach since, in our case,
MCMC poorly explores the a parameter space. The reason is il-
lustrated in Fig. C.1, where the A)(z profile shown in red, with
its associated polynomial fit in green, yields @ = 1.0011%0.978.
Restricting the range of the polynomial fit to the interval a €
[0.9965, 1.0025], we were able to recreate the behaviour of the
MCMC analysis, trapped in a local extremum, and obtain a value
of @ = 0.9999 + 0.0004 similar to the one obtained with MCMC.

In the first analyses, we show the results obtained for bin 11
as it is the one with the largest oscillations in its posterior distri-
bution, or alternatively, in the A)(z profile. However, most of the
following tests were also repeated in the other bins with similar
conclusions. The first sanity check performed was to compare
three optimisation methods used to compute the Ay? profile over
the range a € [0.8,1.2]:

— the mnprofile function of the iminuit library, which di-
rectly returns the y? profile given the negative log-likelihood
function and the grid of @ values;

— the minimize function of the scipy library, used to min-
imise the negative log-likelihood at each value of «;

— the same scipy minimisation approach but, following DES
Collaboration: Abbott et al. (2024), with analytical marginal-
isation over the nuisance parameters A;.

The three methods yield rigorously the same result, as expected.
We then compared the profiles obtained with various covariance
matrices: the jackknife covariance used for the analysis of in-
dividual bins and a variant where the covariance is cleaned by
removing eigenvalues smaller than 5x 1071 (eigenvalue decom-
position, EVD). This method allows for the inversion of the em-
pirical covariance of the 13 redshift bins, enabling a joint analy-
sis. We also considered the analytical Gaussian covariance with
SSC used for the joint analysis and a variant where we added
20% of the jackknife covariance off-diagonal terms. The choice
of this last variant is motivated by the fact that off-diagonal terms
are close to zero in the analytical covariance and may underesti-
mate the covariance between data points. As shown in Fig. C.2,
the local minima are extremely deep with the analytical covari-
ance. They are significantly shallower when a fraction of off-
diagonal terms of the jackknife covariance is added and almost
completely smoothed out with the jackknife covariances, which
is consistent with their respective constraining power. However,
the local minima are present with all covariances at the exact
same « values in the profile so the covariance type is not the
cause of the issue. Note that each Ay? profile was computed by
removing its own minimum y? so that we clearly see each profile
and the fact that oscillations are at the same positions.

If the measurement from the Flagship simulation is replaced
with a noiseless synthetic data vector, the profile becomes com-
pletely smooth, which suggests that the data is an important el-
ement in the explanation of this issue. To estimate the effect of
each data point, we computed the profile while removing one
point at a time. The most significant effect is observed when the
second data point (at § = (0°87) is ignored while removing other
points yields variants of the profiles with the largest oscillations.
In the other redshift bins, it is always one of the first points,
at 6 < 1°, which induces the strongest oscillations and in most
cases, the adjacent points also have a significant effect. Instead of
removing completely the second data point in bin 11, we shifted
it in Fig. C.3 to verify if it is an outlier for the data despite the
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Fig. B.1. Metrics of zy, as a function of the different bins effective redshift for the three galaxy samples considered in this work.

Table B.1. Statistics of the z;;, of the sample defined with 13 equipopulated redshift bins used in the majority of this work.

Metric Binl Bin2 Bin3 Bin4 Bin5 Bin6 Bin7 Bin 8 Bin9 Binl0 Binll Binl12 Binl3

AZgcaea  0.004  0.003 -0.013 -0.008 0.007 0.013 0.015 0.005 0.014  0.02 0.021 0.017  0.006

onmap  0.042 0.044  0.027 0.036 0.018 0.023 0.025 0.029  0.023 0.025 0.024  0.031 0.033
10.15 0.028 0.008  0.002 0.001 0.002 0.005 0.001 <0.001 0.002 0.003 0.004  0.006  0.003
170.10 0.081 0.025 0.011 0.004 0.015 0.013 0.015 0.002  0.006 0.013 0.013 0.028  0.017
10.05 0.153 0.145 0.066 0.072 0.043 0.146 0.078 0.079 0.087 0.129 0.109 0.172 0.111

Table B.2. Statistics of the z,, of the sample defined with 13 equidistant redshift bins used in Sect. 5.8.

Metric Binl Bin2 Bin3 Bin4 Bin5 Bin6 Bin7 Bin8 Bin9 Binl0 Binll Binl2 Binl3

AZscalea 0.004  —-0.012 0.008 0.012 0.013 0.019 0.023 0.018 0.007 0.008 0.006 0.001 <0.001

onmap  0.049  0.034 0.022 0.028 0.025 0.024 0.022 0.035 0.034 0.039 0.027 0.028 0.031
70.15 0.02 0.002 0.003 0.001 0.002 0.002 0.006 0.007 0.004 0.004 0.002 0.001 <0.001
70.10 0.058 0.009 0.011 0.01 0.006 0.01 0.02 0.029 0.021 0.021 0.013 0.007 0.009
10.05 0.167 0.07 0.071 0.103 0.098 0.108 0.12 0.195 0.116 0.138  0.107 0.07 0.078

absence of visible outlier behaviour in Fig. 2. We applied a fac-
tor towards larger or smaller values incrementally before finding
a value for which the recovered profile is the smoothest. We find
that this occurs for a value of the second data point which is
4.5% smaller, equivalent to a 0.60 shift where o is the uncer-
tainty of the data point. In this case, the median peak-to-peak
amplitude of the y? oscillations decreases from 4.6 to 0.8. As a
consequence, it seems that the data point is not an outlier from
the point of view of the data. Instead, it is from the point of view
of the likelihood surface that this point is an outlier, at a position
that can favour different values of model parameters if shifted
towards lower or higher values.

We also investigated the template-fitting model used. We
checked that using template 7 instead of 1 (adding atermin 1/ )

does not alleviate this issue. We also compare template 1 to the
model used in the DES Y6 BAO analysis of DES Collaboration:
Abbott et al. (2024). This time, the associated profile is smooth,
even with the analytical covariance. Further investigations re-
vealed that the explanation of these oscillations is the Core Cos-
mology Library internal parameter ELL_MAX_CORR. It con-
trols the maximum ¢ of the spline used when computing w(6)
from angular power spectra with FFTLog. Its default value of
60 000 had to be increased to 100000 to remove oscillations in
redshift bin 11, as one can see from the Ay? profiles in Fig. C.4.
To remove oscillations in all redshift bins, ELL. MAX_ CORR
was increased to 150 000.

In the joint analysis, we find that using ELL_MAX_CORR =
150000 instead of 60000 considerably reduces the tension be-
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Table B.3. Statistics of the zp;, of the sample defined with 6 equipopulated redshift bins used at the end of Sect. 5.1.

Metric Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6
AZgcaea  —0.003  —-0.002 -0.012 < 0.001 -0.001 0.005
onmap  0.031 0.028 0.022 0.02 0.016 0.022
10.15 0.0003 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
70.10 0.0052 0.0007 0.0001 < 0.0001 0.0002 0.0007
10.05 0.056 0.049 0.004 0.013 0.01 0.029
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Fig. C.1. Comparison of the profile likelihood from the joint analysis of
all redshift bins.
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Fig. C.2. Comparison of the influence of the covariance over the profile
for bin 11.

tween the theoretical model and the measured data vector at
0 < 1°, as seen from the previous results. In Fig. C.5, we see
that the profile is now smooth. The constraining power of the
joint analysis obtained using this new parameter value is equiv-
alent, yielding @ = 1.0055f8:88§(1). With MCMC, we find a 27%
tighter constraint @ = 1.0049 + 0.0059. We note that with nested
sampling, using the nautilus sampler (Lange 2023; Feroz et al.

2019), we find @ = 1.0053+90978.
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Fig. C.3. Comparison of the influence of the second data point over the
profile of bin 11 when it is shifted.
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Fig. C.4. Profile obtained for bin 11 when varying the Core Cosmology
Library internal parameter ELL_MAX_CORR.
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Fig. C.5. Constraint on « from the joint analysis of all redshift bins
using the default ELL_MAX CORR = 60000 against 150 000. The
latter yields a smooth likelihood profile.
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